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Abstract
At first glance the pathogenesis of a urinary tract infection (UTI) may seem
straightforward, but it involves layers of complexity that extend beyond the simple
notion of bacterial binding to and subsequent invasion of urothelial host cells. UTIs
are governed by a plethora of various processes where, on one side, the host contrives
defense mechanisms to fight against bacterial invasion and on the other side bacteria
acquire virulence factors to ensure their survival. In the majority of UTI cases, the
bacteria engaged in this struggle belong to Escherichia coli. As a commensal
constituent of the intestinal flora, E. coli finds itself outside of its natural habitat in the
urinary tract. However, several strains of E. coli have acquired pathogenic traits to
allow them not just to survive in the urinary tract, but also to grow and persist in it.
The very first step of a UTI is the adhesion of uropathogenic E. coli (UPEC) to the
urothelium. After adhesion, UPEC invade urothelial cells and form intracellular
biofilm-like communities, in which they are protected from host defenses and from
which they can re-emerge. When UPEC flux out of the intracellular communities, they
can either spread out on the luminal surface or they can penetrate into underlying cell
layers where they can form quiescent intracellular reservoirs. These intracellular
reservoirs are a major driving force of UPEC persistence in the urinary tract. The
intracellular component of UTI pathogenesis is predicated on initial adhesion, which
is mediated by the bacterial lectin FimH. Located at the tip of type 6 pili, the bacterial
adhesin FimH binds to terminal mannose residues on high-mannose N-glycans of
urothelial transmembrane glycoproteins. The adhesive properties of FimH and its
specificity for α-D-mannose have spurred studies into the development of antiadhesive glycomimetics, also known as FimH antagonists. The mode of action of FimH
antagonists is simple, but elegant in its simplicity. By outcompeting natural mannose
glycans on host urothelial cells, antagonists can saturate bacterial FimH and block
bacteria from latching onto the urothelial surface. Without this contact, UPEC cannot
trigger the pathogenic cascade that ultimately establishes a UTI. Accordingly, as they
lack firm adherence to the urothelium, bacteria are simply washed away through
micturition. The effect of FimH antagonists is neither bacteriolytic nor bacteriostatic,
making it highly likely that this anti-adhesive approach to UTI treatment will not
impose selection pressure on UPEC. This, in turn, makes FimH antagonists an
attractive alternative to conventional antibiotics, which have been plagued by the
emergence of antibiotic resistance.
The development of FimH antagonists has advanced markedly since their inception
over four decades ago. High affinity FimH antagonists are now identified routinely
and as a consequence, the drug development process has shifted from being purely
affinity driven to being a balancing act between pharmacodynamics (PD) and
pharmacokinetics (PK). This shift in focus is exemplified in Publication , and
Publication !: In Publication ,, bioisosteric iterations on key residues of the canonical
biphenyl aglycone scaffold lead to the identification of a FimH antagonist with an
optimized PK/PD profile. In a preventive UTI mouse model, this FimH antagonist was

able to reduce the bacterial load in the bladder by a factor of !"", even outclassing
one of the commonly prescribed antibiotics for UTI, ciprofloxacin. In Publication ,, we
further experimented on the biphenyl scaffold to balance two ostensibly diametrical
key determinants of pharmacokinetics: solubility and permeability. FimH antagonists
were investigated with regards to those pharmacokinetic properties after changes in
the substitution pattern of their biphenyl moiety or after the introduction of
heterocyclic structures—adding to the existing body of research for this prominent
class of FimH antagonists.
In Manuscript !, the focus is back on binding affinity. Individual hydroxyl groups of
α-D-mannose were investigated for their energy contributions to the overall binding
affinity for FimH. Among other things, this study demonstrated why the only potent
FimH antagonists are modified at (C2)-OH and how modifying any other hydroxyl
group will inevitably lead to a diminished binding affinity. Indeed, drug design of
FimH antagonists has been constrained almost exclusively to attaching an aglycone
moiety to (C*)-OH of α-D-mannose. Strategies to improve the binding affinity have
mostly centered on improving interactions between the aglycone of the FimH
antagonist and a hydrophobic element adjacent to the mannose-binding pocket of the
FimH lectin. Known as the tyrosine gate, this hydrophobic element forms π-π
interactions with the aromatic aglycone of a FimH antagonist. In Manuscript ! we took
a closer look at the tyrosine gate, which is a crucial determinant of antagonist design,
and turned our focus away from synthetic antagonists towards natural mannose
glycans. We hypothesize that the tyrosine gate is not significantly participatory in the
binding of natural mannose glycans and that its existence and proximity to the
mannose-binding pocket might be serendipity more than physiological functionality.
Publication &–! deal with the conformational heterogeneity of the FimH lectin.
Publication , marked the first time that all conformational states of FimH were
characterized structurally. We explored the implications of this conformational
heterogeneity on the binding kinetics of the FimH lectin at both the molecular and
cellular level. In Publication ,, we investigated the conformational variability of
different FimH variants by generating fimbriated E. coli strains with an isogenic
background. These bacterial strains fimbriated with FimH of differential degrees of
conformational variability were tested in a flow chamber assay in an attempt to
observe bacteria in an environment that emulated the physiological conditions
encountered by UPEC in the urinary tract. All FimH variants showed very distinct
binding profiles under flow conditions. We then analyzed the inhibitory potency of
FimH antagonists for these varying FimH variants, essentially measuring binding
affinity as a function of the conformational variability of FimH.
The evaluation of FimH antagonists in target-based assays has mostly relied on a
FimH construct that is locked in a particular conformation. Publication ! represents
our effort to take the conformational heterogeneity of FimH into account when
evaluating FimH antagonists in target-based assays and reveals that the corresponding
affinities were overestimated almost consistently by 344-fold.
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Introduction

Epidemiology
Urinary tract infections (UTIs) are among the most common bacterial infections
worldwide, both in community and hospital settings. In the most recent Global
Burden of Diseases Study, UTIs ranked first among 89 monitored diseases and injuries
in age-standardized percentage change of incident cases from 2334 to $%&' with an
increase of +,.+%. The age-standardized percentage change for prevalent UTI cases in
the same time period was almost identical at 12.4%.! Epidemiological studies showed
that ~&'% of all women will have an UTI during their lifetime.! Of this cohort, ,-%
will suffer from a recrudescence of symptoms within six months due to a recurrent
UTI.! In terms of health care costs and taking the USA as example, community
acquired UTIs were estimated to accrue 2.4 billion US dollars anually.!

Classification and diagnosis
UTIs are typically classified into lower and upper UTIs depending on the anatomic
location of the infection. Infections in the bladder (cystitis) or the urethra (urethritis)
are classified as lower UTIs, whereas infections in the kidneys (pyelonephritis) are
classified as upper UTIs.
Furthermore, UTIs are diagnosed as either uncomplicated or complicated. An
uncomplicated UTI occurs in healthy premenopausal women who are not pregnant
and do not have signs or a medical history suggestive of an abnormal urinary tract.!
UTI cases of patients that do not match this description are diagnosed as complicated
and include male patients, patients with comorbidities, e.g., diabetes and renal
insufficiency, patients with a spinal cord injury (neurogenic bladder), and patients
who are immunocompromised.! Complicated UTIs also involve patients who have
genitourinary abnormalities or who are catheterized. Catheters account for up to 9:%
of all nosocomial UTIs!,# and for up to &'% of all UTIs in intensive care settings;!
although the latter number was reported to be in decline.! Catheter-associated UTIs
highlight the significance of preventive treatment, since the predisposition of patients
to UTIs when catheterized is well established.
Common symptoms of patients with an acute uncomplicated cystitis are urinary
frequency and urgency, dysuria, stranguria, hematuria, and suprapubic pain. Often,
cystitis is also characterized by a sudden onset and severity of these symptoms.!

Virulence factors
A UTI starts with uropathogenic bacteria colonizing the periurethral mucosa and
ascending through the urethra to the bladder and in some cases even further to the
kidneys. In +,% of uncomplicated acute cystitis or pyelonephritis cases the causative
uropathogen is Escherichia coli.!" Usually, E. coli is a commensal constituent of the
human intestinal flora. However, some strains of E. coli have developed pathogenic
traits and the capacity to survive outside of the intestinal tract while maintaining
3
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survival capabilities in the intestinal tract. One such extraintestinal E. coli pathovar is
uropathogenic E. coli (UPEC). By colonizing the normally sterile environment in the
urinary tract, UPEC triggers several host immune responses, including cytokine
production, neutrophil influx, and exfoliation of infected bladder epithelial cells. In an
effort to combat these immune reactions, UPEC has developed a myriad of virulence
factors to safeguard its extraintestinal survival, growth, and persistence. These
virulence factors are usually encoded on specific regions of the bacterial genome.
Known as pathogenicity islands (PAIs), these regions are in part assembled through
horizontal gene transfer. PAIs are thought to be the reason why genomes of
extraintestinal pathogenic E. coli, such as those of UPEC, are generally larger than the
genomes of commensal E. coli isolates. Comparing prototypical UPEC isolates such as
CFT$%!, $!%, and UTI,- with the E. coli K-!" laboratory strain MG!011 revealed that
genomes of UPEC isolates were larger by 5-!"% and contained --!!% more open
reading frames.!!–!" Virulence factors encoded by UPEC include capsule antigens, iron
acquisition systems, secreted toxins, adhesins, and flagella. While different virulence
factors assume different functions, all of them serve the same purpose, which is to
allow UPEC to survive, grow, and persist in the urinary tract. Some of the functions of
the aforementioned virulence factors are explained in the ensuing paragraphs and
depicted in Fig. ,.
Capsule antigens. Capsular surface polysaccharides, classified as K antigens in E. coli
serotyping, are high molecular weight polysaccharides that cover the bacterial surface
and protect bacteria from opsonophagocytosis and complement-mediated killing.!"
Capsular polysaccharides are present in virtually all UPEC strains.!" Besides their
extracellular function, K antigens also confer intracellular protection and growth.
Iron acquisition systems. Iron is an essential factor in many biological processes of
prokaryotic and eukaryotic cells. Despite its importance, free ferric ion (Fe!+)
concentration is limited to )*-!" M due to the poor solubility of ferric hydroxide.!"
Transferrin, an iron-transporting blood plasma protein, further reduces the free Fe!+
concentration to *+-!" M in an homeostatic effort to maintain iron-dependent cellular
functions while avoiding iron-induced toxicity.!" Under this selection pressure,
bacteria have evolved aggressive iron acquisition systems, as they themselves require
cytoplasmic iron concentrations of 01-! to $%-! M for optimal growth.!" For instance,
bacteria secrete high-affinity Fe!+ chelators known as siderophores to scavenge iron
from human transferrin and subsequently transport and concentrate it in the bacterial
cytosol. In this fight for iron, UPEC has developed multiple siderophores and iron
acquisition systems to ensure iron supply.!"
Secreted toxins. Encoded by nearly -.% of UPEC isolates, α-hemolysin (HlyA) can
be an integral part of the bacterial armament.!",$% High levels of HlyA can perforate
host cell membranes in a calcium-dependent mechanism,!"–!" leading to cell lysis and
releasing nutrients and other factors, such as iron, that are vital for bacterial growth. It
is unclear if HlyA concentrations sufficient to cause cell lysis are in fact reached often
4
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enough to warrant physiological relevance. Instead, sublytic concentrations may be
more significant.!" At these concentrations, HlyA may affect host signaling pathways
that attenuate host immunity, as observed for other pore-forming toxins.!" Another
important toxin encoded by approximately one third of UPEC isolates is cytotoxic
necrotizing factor -, which elicits its toxicity through activation of Rho family GTPases.
Their activation leads to a rearrangement of cytoskeletal actin and to membrane
ruffling.!",!$ The significance of these processes will be clarified later on.
Flagella. Flagella are not required for UPEC colonization of the urinary tract, but were
shown to outcompete non-flagellated mutants in a murine UTI model.!",!$ Flagellar
motility facilitated UPEC evasion of host immune responses, as well as periurethral
dissemination and ascension.!",$%
UPEC virulence factors affect UTI pathogenesis to varying degrees; among them,
adhesins have emerged as most critical. Every pathogenic mechanism of UPEC,
including colonization and invasion, is predicated on the ability of UPEC to adhere to
urothelial cells. The primary adhesion organelles in UPEC are supramolecular
heterooligomeric filaments protruding from the bacterial cell surface known as
fimbriae or pili. Individual UPEC strains can encode several pili,!" the most common
types of which include type 1, P, S, and F1C pili.!" UPEC can modulate pilus expression
through phase variation, which is a mechanism that makes it possible for UPEC to
toggle between the expression of different pilus types in response to the host
environment.!" This genetic cross-talk expands the host specificity of UPEC. In the
lower urinary tract, the pilus type with the strongest correlation to UTI pathogenesis
are type ( pili.!!,!#

Figure (. Course of a UTI showing the plethora of pathogenic mechanisms through which UPEC attempt to
gain the upper hand against the host. Reprinted by permission from Springer Nature Terms and Conditions for
RightsLink Permissions Springer Customer Service Centre GmbH: Ref. %&. !"
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Structure and function of type ! pili
Because of their ubiquity, type 3 pili were not always considered important for UTI
pathogenesis. After all, type 3 pili are common within the family of
Enterobacteriaceae!" and were found to be expressed by up to +,% of all wild-type E.
coli strains.!" However, the significance of type # pili for UTI pathogenesis was
demonstrated when a study linked type 0 pili expression to the severity of UTIs in
children.!! In the same study, type / pilus positive E. coli isolates were significantly
more persistent in the murine urinary tract and triggered a greater immune response
compared to type , pili negative isolates.!!
Under the electron microscope, type 2 pili appear as stiff, rod-like filaments of up to
! µm length that cover the entire bacterial cell surface (Fig. 'C).!" The stiffness
originates from the pilus rod, which is composed of up to %’''' copies of the major
fimbrial subunit FimA. These fimbrial subunits are twisted into a right-handed helix
with a diameter of - nm.!",!$ In contrast to the pilus rod, the adjacent fibrillar tip is
linear and flexible, consisting of only three fimbrial subunits that are arranged in the
following order: FimF, FimG, and FimH (Fig. 'A). The latter subunit, FimH, located at
the tip of the type * pilus structure, is the effector that mediates adhesion to the
urothelium.!"–!"
The genes pertaining to the expression, construction, and structural integrity of type 3
pili are organized in the fim operon (Fig +B). After ribosomal synthesis, fimbrial
subunits are secreted into the periplasm via the Sec-translocase pathway.!" All fimbrial
subunits share an immunoglobulin (Ig)-like fold, in which the C-terminal β-strand is
missing, making the subunits inherently unstable.!" Upon secretion into the
periplasm, fimbrial subunits are bound by the cognate FimC chaperone, which
catalyzes their proper folding (Fig. 'A).!!,!# This takes place through a mechanism
called donor strand complementation, in which FimC donates a peptide segment that
complements the otherwise incomplete Ig-like fold.!",!$ Final subunit polymerization
into the type * pilus and subsequent extracellular translocation occurs at the outer
membrane assembly platform, which is known as the FimD usher (Fig &A).!"–!" When
a subunit gets incorporated into the pilus, the donor strand previously provided by
FimC is replaced by a complementary N-terminal extension strand of the preceding
subunit in a process called donor strand exchange.!",!$ These donor strand
complemented supramolecular complexes have high energy barriers for unfolding and
dissociation, which accounts for the remarkable stability of type 1 pili.!"
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Figure (. (A) Schematic representation of the type 5 pilus structure and its assembly in the periplasm.
!"
Reprinted from ref. () with permission from Elsevier. (B) fim gene cluster encoding all fimbrial subunits. (C)
Electron micrograph of negatively stained, piliated E. coli obtained by transmission electron microscopy. The
!"
scale bar corresponds to !"" nm. Reprinted from ref. &' with permission from Elsevier.

Type & pili expression is phase variable, which allows UPEC to regulate piliation in
response to environmental factors. On the genetic level, phase variation is controlled
by a %&' bp DNA segment (fimS) containing the fim promoter and functioning as an
epigenetic switch.!" Depending on the direction of this switch, bacteria are either
piliated (ON) or non-piliated (OFF). Inversion of fimS is regulated by two
recombinases, FimB and FimE, which are encoded immediately upstream of fimS (Fig.
!B).!" FimB is able to mediate switching in either direction, whereas FimE can only
effect a switch from ON to OFF.!" Various environmental factors and signals can affect
inversion, including pH, osmolarity, temperature, growth medium, and induced stress
and stringent responses triggered by carbon and amino acid scarcity.!!–!" This
susceptibility to inversion can have significant implications. For instance, in a UTI
mouse model, bacteria collected from urine, bladder, and kidneys were all piliated,
while the same strain only had a 01% subpopulation of piliated bacteria when cultured
in vitro.!! In another example, which is detailed in Publication , entitled “The
Conformational Variability of FimH: Which Conformation Represents the Therapeutic
Target?”, several E. coli strains were studied in cell-based binding assays to investigate
the binding properties of different FimH variants. To exclude piliation as
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differentiating factor, E. coli strains were produced with an isogenic background and
equal piliation was verified by immunostaining.

The urothelial receptor of FimH
Located at the tip of type ! pili and responsible for bacterial adhesion to the
urothelium, the FimH adhesin binds specifically to mannose or, more physiologically
relevant, to mannosylated glycoproteins as found on urothelial cells.!"–!"
Carbohydrate-binding proteins like FimH are also known as lectins. While the binding
specificity of the FimH lectin was known, the identity of the mannosylated urothelial
receptor was only revealed several years later. Successful identification of this receptor
was based on previous studies elucidating the structure of the urothelium, which is
stratified into an umbrella, intermediate, and basal cell layer. Inspection of the
luminal umbrella cells, also known as facet cells or superficial cells, revealed that their
apical plasma membrane is formed by scalloped plaques. These urothelial plaques
cover over '(% of the cell apical surface.!",!$ The membrane in the plaque regions is
asymmetrically thickened, which is the reason why plaques are also known as
asymmetric unit membranes (AUM).!"–!! An AUM is composed of thousands of AUM
particles,!" which are supramolecular structures consisting of six subunits arranged in
an inner and outer hexagon. Overall, AUM particles are 9: nm in diameter and form
two-dimensional crystals.!",!" The major component of AUM particles are
transmembrane proteins called uroplakins, consisting of UPIa, UPIb, UPII, UPIIIa, and
UPIIIb (Fig. !);!" the latter uroplakin only constitutes a minor part of the urothelial
plaques.!" It seemed reasonable to assume that the urothelial receptor would belong
to this family of transmembrane proteins. Indeed, in vitro binding studies with bovine
and murine urothelial plaques confirmed that FimH selectively bound to UPIa.!",$%
This seemed puzzling at first, considering the %&% sequence homology between UPIa
and UPIb, and their structural similarity as both uroplakins have four transmembrane
domains and two extracellular loops. However, of the two uroplakins, only UPIa
carries high-mannose glycans at its N-glycosylation site,!" which ultimately account
for selective FimH binding.
Apodaca

UPIa
UP Ia

UPII
UP II

UPIIIa
UP IIIa

UPIb
UP Ib

UPIIIb
UP IIIb

Figure 5: The uroplakins. UPIa and UPIb are members of the tetraspanning family of proteins that cross the plasma membrane four times.
!"
UPII,
UPIIIa,
and UPIIIb are
single-pass
I membrane
proteins. They
share a conserved
Figure
!. Membrane
topology
of type
all uroplakin
receptors.
Reproduced
from ref.domain
-.. (shown in red) at the start of the
transmembrane region that in UPIIIa and UPIIIb extends toward the N-terminus. The region of the extracellular domain of UPIIIb colored in
yellow is >90% identical to a portion of the human DNA mismatch repair enzyme-related PMSR6 protein. The small green circles represent
potential sites for N-linked glycan addition. The brackets denote known pairing interactions between UP isoforms. Figure adapted from
reference (18).
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UPIa is readily accessible for bacteria to attach. In fact, in a mouse model, scanning
and high-resolution transmission electron microscopy showed bacteria to be in direct
contact with urothelial plaques via type & pili (Fig. !A–D).!" While the pilus
architecture was the same in vivo as in broth culture, the average pilus length was
markedly decreased in vivo. Presumably, the shorter pilus length was due to
retraction, pulling the bacterium closer to the urothelial apical surface.!" This
retraction can serve several purposes, including maximizing bacterial contact to
urothelial plaques while simultaneously minimizing contact surface between
bacterium and bladder content. Additionally, shortening of the distance between
bacterium and cell surface may impede nascent pilus growth, which could result in an
accumulation of pilus subunits in the periplasm. Known from other pilus types, such
an accumulation can activate a signal transduction pathway that halts pilus growth.!"

The urothelium as a dynamic barrier
The main function of the urothelium is to serve as barrier to urine. The urothelium
also aids in maintaining urine composition as delivered from the kidneys by regulating
transepithelial transport and diffusion of water, ions, solutes, macromolecules, and
toxic metabolites.!" As the cystic filling state varies, this barrier function has to be
maintained under periodic pressure changes. The urothelium responds to mechanical
stimuli like this through a pool of dynamic fusiform vesicles.!",!$ For instance,
accumulation of urine triggers exocytosis of fusiform vesicles through a cyclic AMP
(cAMP)-dependent mechanism, effectively increasing the bladder surface area to
accommodate the larger volume.!" Upon bladder voiding, the apical membrane is
quickly internalized in an effort to minimize the urothelial surface area that is exposed
to urine.!",!$ Paradoxically, fusiform vesicles were also found to facilitate UTI
pathogenesis. After UPEC attachment in the urinary tract, fusiform vesicles close to
the site of UPEC binding were observed to form a tubular invagination (Fig. !E), i.e.,
fusiform vesicles literally pave the way for UPEC to invade urothelial umbrella cells.!"

9
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Figure !. (A-D) Type ( pili-mediated bacterial adhesion to murine urothelial plaques. (A-C) Same electron
micrograph with increasing magnification from left to right. From ref. !". Reprinted with permission from
AAAS. (D) High-resolution freeze-dry/deep-etch electron micrograph. Reproduced from ref. !! (Copyright
!!
!""", National Academy of Sciences). (E) Electron micrograph showing how bacteria invade an urothelial
umbrella cell through a tubular invagination. Reproduced from ref. () (Copyright +,,-, American
Physiological Society).

The role of fusiform vesicles becomes even more convoluted considering that UPEC
binding to UPIa triggers a signal transduction pathway as part of a host defense
mechanism. This signaling pathway leads to cAMP-induced exocytosis of UPEC in
fusiform vesicles.!" This underscores the dichotomous nature of fusiform vesicles as
they simultaneously act in ways that promote and fight infection. Vesicular trafficking
may be only one of several mechanisms involved in both bacterial pathogenicity and
host immunity; however, it illuminates a recurrent theme in UTIs, which is the
exploitation of host immune responses by bacteria to facilitate their extraintestinal
survival.

Cellular processes upon infection
Upon binding to UPIa, UPEC induces a rearrangement of the actin cytoskeleton,
which makes it possible for UPEC to invade urothelial umbrella cells.!" In addition to
UPIa, FimH can bind other urothelial host receptors, including the high-mannose
gylcan carrying α!β! integrins (Fig. ,).!" Generally, integrins act as surface adhesion
molecules by regulating the actin cytoskeleton; hence, their role in UTIs is quite
unsurprising. In the case of FimH-α!β! integrin interactions, cytoskeletal
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rearrangements are mediated by activation of the Rho family of GTPases, e.g., Rac$
and Cdc'(, as well as other signaling factors, including focal adhesion kinase, Src
kinase, and PI,-kinase.!"–!" Once internalized, UPEC can be extruded from urothelial
umbrella cells through different mechanisms, a number of which result in UPEC
exocytosis within fusiform vesicles. One such mechanism was mentioned earlier and
involves a signal cascade initiated by FimH-UPIa binding.!" Another signaling
pathway is initiated through Toll-like receptor + (TLR+), which recognizes bacterial
lipopolysaccharides (LPS) and induces cAMP production through adenylyl cyclase
(AC$) activation, concluding in vesicular exocytosis of UPEC.
One of the major immune effector cells at work during UTIs are polymorphonuclear
leukocytes (PMNs).!",$% PMNs are recruited to the site of infection through cytokine
signaling, which mainly involves IL-! and IL-!. Several signaling pathways lead to
cytokine production and are initiated by bacterial LPS stimulating TLR9 (Fig. ').!"–!"

UPEC forms intracellular bacterial communities
Initially, UPEC was considered to be a solely extracellular pathogen.!" If this were true,
PMN recruitment by urothelial cells would have endowed the host with the capacity
to easily fight off a UTI. However, as delineated so far, UPEC is capable of invading
urothelial umbrella cells by binding to several cell adhesion receptors, making it an
extra- as well as intracellular pathogen. In a mouse model, UPEC was shown to
coalesce into biofilm-like communities within the cytoplasm (Fig. '). These
intracellular bacterial communities (IBCs) followed a designated multistage
maturation process.!! In the early IBC stage, rod-shaped and nonmotile UPEC formed
a loose and amorphous collection (Fig. !A) with an average doubling time of 34–
!" min. From a *+! inoculum, *+! to $%! CFUs were internalized and produced between
! and &'' IBCs, exemplifying how relatively rare IBC formation actually is. Clonally,
each IBC originated from a single bacterium. Following the early IBC stage is the
middle IBC stage, in which bacteria appeared coccoid (Fig. !B). Symmetrical in shape
and with their average cell length reduced, bacteria packed more densely and
occupied the majority of the umbrella cell cytoplasm. In this stage, bacteria formed
organized colonies with specific biofilm-like characteristics, including exhibiting
longer doubling times (># h) and being encapsulated in a protective polysacchariderich matrix.!" In the late IBC stage, which is the last maturation step, bacteria on the
outer edge of the IBCs reverted back to their rod-shaped appearance and became
highly motile. Their motility was mostly based on flagellar movements. These bacteria
separated from IBCs, fluxing out into the lumen (Fig. !D-E) to recolonize and reinfect
host urothelial cells.!!
PMNs are highly efficient in differentiating infected from noninfected umbrella cells,
swarming the former cell type and waiting for reemerging bacteria. Once in contact,
PMNs engulf and engorge themselves with bacteria (Fig. '), eliminating them in the
process. However, in this mouse model,!! PMNs were never able to completely
eradicate the bacterial population. As it turned out, a subpopulation of intracellular
11

Introduction
bacteria failed to septate because of the activation of the cell division inhibitor called
SulA, causing bacteria to grow into filaments (Fig !C, !F).!",!$ These filaments had an
average length of -- µm and could be up to $% µm long.!! After reemergence, the
majority of extracellular bacteria were filamentous, indicating that filamentation
translates into a survival advantage. Indeed, while the latter type of bacteria were
typically cleared by PMNs, filamentous bacteria were able to evade PMN activity.!! In
the bladder lumen, filamentous bacteria initiated septation, releasing rod-shaped
daughter cells to restart the colonization process. Initially, these findings were
exclusively based on observations made in a mouse model, raising the question
whether IBCs are also formed in the human urothelium. Since then, studies have
addressed and answered this question by successfully detecting IBCs in cases of
human UTIs.!"–!"

Figure !. Developmental stages of intracellular UPEC in a UTI mouse model. (A) Early IBC stage: UPEC appear
rod-shaped and are loosely packed. (B) Middle IBC stage: UPEC are coccoid and pack densely in a more
organized fashion. (C) UPEC have grown into filaments (red) and release rod-shaped daughter cells (green)
into the bladder lumen. (A-C) Reproduced from ref. ,- (Copyright ,--., National Academy of Sciences). (D-E)
Late IBC stage: UPEC on the edge of IBCs flux out into the lumen. Urothelial umbrella cells are colored in red.
(F) After fluxing out, extracellular UPEC bacteria are predominantly filamentous (green). (D-F) Reproduced
from ref. (( (Copyright ,--., National Academy of Sciences).

To recapitulate, SulA-mediated filamentation is not simply a morphological
adaptation. Instead, it is an indispensable pathogenic mechanism for UPEC to evade
host immunity, to maximize the number of infectious bacteria, and to initiate
recolonization.
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UPEC forms quiescent intracellular reservoirs
Host urothelial cells are not defenseless against bacterial invasion. In an effort to rid
themselves of IBCs, they initiate apoptosis by activating caspase /, which results in
exfoliation of infected umbrella cells.!" However, instead of eliminating UPEC, host
cells inadvertently grant it access to underlying transitional cell layers. Notably, UPEC
itself pursues several strategies to penetrate deeper into the urothelium, including
lysing umbrella cells by bursting out of IBCs or by secreting toxins. Hence, a
designated host immune response instead becomes another item in the toolbox of
UPEC pathogenicity. Invasion of transitional cells did not lead to formation of IBCs.
Rather, a transitional cell contains only a limited number of - to ./ bacteria.!" In
contrast to the metabolically active bacteria from IBCs, bacteria within transitional
cells were non-replicating. Because of their latent state, these bacterial communities
are also known as quiescent intracellular reservoirs (QIRs, Fig. ').!" Their quiescent
nature and deep tissue penetration makes QIRs less susceptible to antibiotic agents
and potentially less immunogenic.!","$,"%,"& UPEC invade transitional cells through lateendosome like compartments that are ingrained in a network of actin filaments (Fig.
!).!",$$ These filaments put up a barrier to the exchange of nutrients and growth factors
between the cytosol and the endosomal compartment, accounting for the low mitotic
activity of internalized UPEC. Indeed, bacterial growth was restored upon removal of
the actin network.!! In time, transitional cells differentiate into umbrella cells,!"
engaging actin filaments in the process by rearranging their network. This in turn
triggers QIRs to become active and to transform into an IBC,!! whereupon UPEC
undergo IBC maturation in order to recolonize the urothelium. Paradoxically,
urothelial turnover, which is a protective host mechanism and supposed to restore the
urothelium after self-inflicted damage, signals bacteria the optimal time to become
active again. Through this mechanism, QIRs serve as seeds for reinfection,!" which
explains the high rate of recurrent UTIs. Notably, this also explains a study, in which
up to &'% of recurrent UTIs were found to be caused by the same E. coli strain that
had caused the original infection.!""

Current and future treatment strategies
Usually, acute uncomplicated cystitis is a benign and self-limiting condition. As such,
the primary goal of treating a UTI is symptom alleviation. The relatively benign nature
of an uncomplicated UTI coupled with its high prevalence and incidence rate lead the
Infectious Diseases Society of America (IDSA) to amend their guidelines. When
deciding on a treatment option, physicians are now advised to give equal weight to
drug effectiveness and the risk of ecologic adverse effects.!,#$# First-line antimicrobial
agents for UTI treatment include nitrofurantoin, trimethoprim-sulfamethoxazole
(TMP/SMZ), fosfomycin, and pivmecillinam.! Antimicrobial resistance is a major
public health problem and the number of multidrug-resistant bacteria is on the rise
globally. This holds true for UPEC strains, which have shown increasing rates of
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antimicrobial resistance in a study monitoring their use in UTI therapy between 8999
and %&'&.!"#
There are several points in time during a prototypical UTI, at which the reliance of
UPEC on a particular virulence factor is critical for its survival, growth, or persistence
in the urinary tract (Fig. '). Each of these critical time points represents a possibility to
identify a new target and a new way of interfering with a UTI. Arguably, FimHmediated adhesion to the urothelium is the most critical step in UTI pathogenesis as
every other pathogenic mechanism hinges on the initial adhesion. An anti-adhesive
therapeutic approach, in which synthetic ligands outcompete uroplakin Ia for FimH
binding and prevent bacterial adhesion, may therefore hold the most promise to be a
successful alternative to antibiotics. Such FimH antagonists may have the added
benefit of not inducing bacterial resistance as they do not act in a bacteriostatic or
bacteriolytic mode and hence, do not exert a selection pressure on pathogenic
bacteria.

FimH structure
It is absolutely essential to have structural and mechanistic insight into a target before
the drug development process can be conceptualized. Of course, this holds true for a
potential anti-adhesive therapy based on FimH antagonists. As mentioned earlier,
FimH is the terminal subunit on type 3 pili and mediates bacterial adhesion by
specifically binding to mannose moieties on uroplakin Ia. The 9: kDa lectin with -./
amino acids (aa) is the only fimbrial subunit to have two domains. The N-terminal
domain of FimH has a jellyroll fold (Fig. 2), contains the mannose-binding site, and is
called lectin domain (FimHLD, aa !–!"#). It is linked via three amino acids (aa !"8–!"#)
to the immunoglobulin-like C-terminal domain, which anchors FimH to the pilus and
is appropriately termed pilin domain (FimHPD, aa #$%–!"#). Just like all other fimbrial
subunits, FimH lacks a single β-strand at the C-term, causing FimH to be inherently
unstable. Indeed, in several studies, monomeric FimH was shown to be
insoluble.!",!!,$%",$%! In drug development, the significance of having the target of
interest in a purified form to then be used in target-based assays cannot be
understated. Therefore, different strategies were pursued to obtain a stable form of the
FimH lectin. These FimH constructs and the concomitant implications of their
utilization will be delineated in the last section of this introduction.
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A

B

Figure !. (A) Structure and (B) β-sheet topology of the FimH lectin domain (PDB: 5XO8).

FimH forms catch-bonds
The urinary tract represents an especially challenging environment for UPEC. Periodic
filling and emptying of the bladder impedes bacterial adherence and colonization by
varying the shear stress acting on UPEC. In this environment of periodically changing
conditions, UPEC have developed a crucial counteracting mechanism by which they
modulate their FimH-mannose binding affinity to promote adherence and
colonization. This mechanism is intimately linked to the conformational dynamics of
FimH and its two-domain architecture. In the absence of urine flow, FimH is present
in the low affinity conformation, which is characterized by an open and flat mannosebinding pocket.!"#,!"% In this conformation, the FimHLD and FimHPD are in close
contact (Fig. !A) via three loops: the swing (aa 23–!!), insertion (aa ../–!!"), and
linker loop (aa ,-.–!"#).!"# Upon mannose binding, FimH adopts the medium affinity
conformation, in which the clamp loop (aa 2–!") moves ~" Å towards the ligand (Fig.
!B, loop highlighted in green), forming a deep and well-defined binding pocket in the
process.!"# This enclosing loop movement amounts to the only substantial
conformational change. As the bladder is emptied, flow arises and the shear stress
acting on UPEC increases. FimH molecules that are anchoring UPEC to the
urothelium change from the medium to the high affinity conformation as shear stress
pulls the two FimH domains apart. Separation of the domains causes an elongation of
the FimHLD by rearranging the three loops that connect it to the FimHPD (Fig. 'C).!"#
Hence, all conformational changes are restricted to the FimHLD, illustrating that the
FimHPD acts as a negative allosteric regulator.!"#,!"% As the FimHPD is pulled away by
shear stress, the dissociation constant (KD) of the FimH-mannose complex decreases
!""- to $,!!!-fold.!"#,!"% This decrease in KD is based on the fact that ligand
dissociation happens -..,!!!-times slower from the high affinity than from the
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medium affinity conformation.!"# Strikingly, these remarkable thermodynamic and
kinetic differences are not manifested in structural differences in the mannosebinding pocket. However, the clamp loop, which is part of the mannose-binding
pocket, shows clear differences between the two conformations in terms of structural
dynamics as demonstrated in MD simulations. In the medium affinity conformation,
the clamp loop exhibits a relatively high degree of flexibility with root mean square
fluctuations for residues in the loop mostly averaging between 2–! Å. Upon domain
separation, those fluctuations are reduced by up to -./ Å.!"# This type of allosteric
mechanism, in which structural changes are mediated as changes in dynamics rather
than changes in static structure, is known as dynamic allostery.!"#,!"%
Epithelium
UP1a

UP1a

UP1a
Bladder lumen

LD

LD

LD
FimH

increasing
shear stress

PD
PD

A

B

PD

C

Figure !. Schematic representation of FimH-uroplakin Ia (UP!a) interactions. Crystal structures corresponding
to the individual interactions are shown in boxes below the cartoon. (A) In the absence of flow, FimH is in the
low affinity conformation (PDB: 3XOD), which is characterized by an open binding site and connected
domains. (B) Upon mannose binding, FimH switches to the medium affinity conformation (PDB: @XOE). The
only conformational change having occurred is the occluding loop (green) movement towards mannose. (C)
Bladder voiding brings with it shear stress, which disrupts the interdomain interactions by pulling the domains
apart. This locks FimH in the high affinity conformation (PDB: <XOB) through dynamic allostery. LD, lectin
domain; PD, pilin domain.

The change from the medium to the high affinity conformation is crucial
physiologically in both function and timing as it allows UPEC to strengthen their
adhesive bonds to the urothelium at a time where otherwise they would be swept
away by the bulk flow of urine. Adhesive bonds that exhibit this counterintuitive

16

Introduction
dependence, in which the bond lifetime extends under increasing shear stress, are
known as catch-bonds. The structural and kinetic elucidation of the catch-bond
mechanism of FimH is presented in detail in Publication !: “Catch-bond mechanism of
the bacterial adhesin FimH”.
The capability of FimH to form catch-bonds has been known since .//..!!",!!!
Functional aspects of the mechanism, e.g., that it is based on an allosteric linkage
between FimHPD and FimHLD was also previously studied.!"#,!!%,!!& Thus, the importance
of the high affinity conformation as a mechanism for UPEC to evade clearance during
bladder voiding has long been evident. However, the existence of another bound state
with faster binding kinetics and lower affinity, namely the medium affinity
conformation, is also important for UTI pathogenesis. In the absence of flow, FimH is
bound to mannose in the medium affinity conformation. This interaction is highly
dynamic, which translates into transient interactions between UPEC and urothelium.
These short-lived adhesive bonds allow UPEC to maintain flagellar motility in order to
optimally colonize the mannosylated urothelial surface.!"#,!!% In contrast, a piliated E.
coli strain where the FimH lectin was locked in the high affinity state!"# predominantly
formed permanent interactions to the surface, rendering bacteria immobile.!"# The
nature of such adhesive bonds lead to the formation of microcolonies and uneven
surface colonization.!!"
It is assumed that the existence of a second bound conformation with lower affinity
might also protect bacteria from Tamm-Horsfall protein (THP). As the most abundant
urinary protein, THP is a vital host defense factor. It carries high-mannose moieties,
which mediate binding to FimH. At physiological concentration, THP saturates FimH
binding sites and prevents UPEC from binding to uroplakin Ia.!!" At low shear stress
conditions, the dynamic binding properties of the medium affinity conformation may
allow UPEC to rapidly dissociate from THP and evade THP-mediated clearance.

Positive selection for pathoadaptive FimH variants
FimH is a very conserved protein with over ()% sequence homology among clinical
and commensal isolates. When they occur, allelic variations never affect the binding
site.!!",!!$ Instead, sequence variations are usually located in or close to the interdomain
region. Considering the allosteric regulation of FimH, which is dependent on
interdomain interactions, sequence variations located in the interdomain region may
have a more nuanced effect on the binding affinity as if they were directly in the
binding site. Such fimH allelic variants were found to be under positive selection in
UPEC isolates compared to commensal E. coli strains. Interestingly, pathoadaptive
FimH variants conferred moderate instead of high mannose-binding affinity.!!"–!"# In
line with arguments made in the previous section, this allows UPEC to form catchbonds and to adjust its binding affinity to the existing conditions in the urinary tract.
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Targeting the FimH binding pocket with FimH antagonists
(Table #) The idea to pursue an anti-adhesive UTI treatment approach by targeting
type & pili is not new. Almost four decades ago, n-methyl α-D-mannopyranoside (!)
was identified as a potent competitive inhibitor, able of attenuating mannose binding
by piliated E. coli in a mouse model.!"! In the following years, more potent FimH
antagonists were discovered, e.g., p-nitrophenyl (!) and &-methylumbelliferyl α-Dmannopyranoside (!).!"" These aromatic antagonists inhibited yeast agglutination and
hemagglutination much stronger than !, leading researchers to speculate about a
potential hydrophobic region next to the binding site.!"",!"$ Retrospectively, the affinity
of α-D-mannosides can be rationalized conclusively based on the wealth of structural
information that is available today. The binding pocket in all ligand-bound crystals of
FimH reveals a highly optimized hydrogen bond network (Fig. !). α-D-mannose is
coordinated via nine hydrogen bonds involving the side chains of Asp'(, Gln-..,
Asn$%&, and Asp$,-, as well as the main chain of Phe$ and Asp,9. Additionally, one
structural water molecule forms a bridged hydrogen bond from 5-OH of the α-Dmannose to Phe+.
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Figure !. Schematic representation of the FimH binding pocket. Hydrogen bonds accepted (red) and donated
(blue) by the ligand are drawn as observed in the crystal structure of n-heptyl α-D-mannopyranoside in
complex with the isolated FimH lectin domain (PDB: !BUQ). This image was created and provided by Pascal
Zihlmann, which is gratefully acknowledged.

The hypothesis of a hydrophobic region close to the binding site also turned out to be
true, as evidenced in the first ligand-bound crystal structure of FimH in which the
entrance to the binding pocket was lined by a hydrophobic ridge, consisting of Tyr78,
Ile$%, Tyr+,-, and Phe+3%.!!" The structural elements that compose this hydrophobic
ridge belong to Tyr$% and Tyr*+,. Also known as the tyrosine gate, these two tyrosines
engage agylcones of FimH antagonists in hydrophobic interactions. Outside of the
binding pocket, the tyrosine gate represents the major structural element to be
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successfully targeted by FimH antagonists. X-ray crystallography and NMR studies
showed that Tyr-. is highly flexible and capable of optimizing interactions with a
given FimH antagonist by reorienting itself according to the shape and orientation of
the aglycone.!"#,!"% The tyrosine gate was most effectively targeted with aromatic
aglycones because of optimal π-π stacking interactions. Having emerged as one of the
most effective structural elements of the aglycone moiety of FimH antagonists, phenyl
rings were systematically substituted with different elements and functional groups to
optimize the binding affinity.!"#,!"% Such studies lead to the development of biphenyl
α-D-mannopyranosides where the first phenyl ring was substituted at the orthoposition with a substituent (e.g., Cl, CF!, Me) that optimally complemented the empty
space in the cavity.!"# These studies also showed that π-π stacking interactions could
be enhanced by substituting the second phenyl ring at the para- and/or meta-position
with an electron withdrawing group (!).!"#,!"%,!"& Other potent aromatic aglycones
include indolinylphenyls (!),!"# isoquinolones (!),!"! and squaric acid derivatives (!).!"#
Favorable interactions between the tyrosine gate and FimH antagonists are also
formed with aliphatic aglycones, albeit not as strongly as with aromatic aglycones. A
study testing a series of FimH antagonists with a linear aliphatic aglycone from methyl
(!) to n-octyl α-D-mannopyranoside showed that these hydrophobic interactions were
most pronounced for n-heptyl α-D-mannopyranoside (!), which bound ~+, times
stronger to FimHLD than !.!""
Another structure-based strategy has been to target Arg-. through ionic or hydrogen
bonding.!"#,!%! Crystal structures of FimH antagonists targeting Arg56 revealed a new
binding mode, in which the FimH antagonist (!) only formed hydrophobic
interactions with Tyr/0 as its aglycone turned away from Tyr/01 towards Arg56.!"#,!%!
Efforts in the design of FimH antagonists have not been limited to monovalent
antagonists. Knowledge of the cluster effect!"# of type ( pili has spurred research into
multivalent FimH antagonists. These antagonists contain multiple mannose moieties
with the aim to bind several FimH molecules and benefit from avidity effects. Indeed,
multivalent antagonists had increased affinities compared to their monovalent
analogues. As of yet, the underlying binding mechanism is not completely understood.
Rather than actual bacterial clustering, the increased affinity may originate from an
increase in the local concentration of α-D-mannosides, which would shift the binding
equilibrium towards complex formation. While pharmacodynamically (PD) viable,
multivalent FimH antagonists suffer from poor pharmacokinetic (PK) properties; their
large size coupled with their high polarity significantly impair the ability of
multivalent antagonists to permeate through membranes, which is a prerequisite for
oral bioavailability.
As the structural and mechanistic understanding of the FimH lectin has grown, drug
development efforts have culminated in FimH antagonists with subnanomolar
dissociation constants for FimHLD. A kinetic investigation revealed that the high
affinities are based on extremely slow dissociation rate constants, translating into long
half-lives of several hours.!"# With oral bioavailability in mind, efforts in designing
FimH antagonists have not been driven purely by improving binding thermodynamics
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and binding kinetics; instead, such efforts attempt to reach an optimal balance
between PK and PD.!"#,!"%–!"!,!"$,!"% Publication ! of this thesis titled “FimH Antagonists:
Bioisosteres To Improve the in Vitro and in Vivo PK/PD Profile” exemplifies such a
balanced approach in designing FimH antagonists. A biphenyl antagonist (!") with an
ortho-chloro substituent on the first phenyl ring and a para-cyano substitutent on the
second phenyl ring was identified as the most balanced antagonist in the series.
Having a low dissociation constant of 0.2 nM for FimHLD and optimal PK properties,
this antagonist reduced the bacterial load in the mouse bladder as effectively as an
equimolar dose of ciprofloxacin.

20

Introduction
Table '. Representative FimH antagonists of established and effective structural classes.
HO

OH
O

HO
HO

Structural classes

O

O

Early aromatic
agylcones
(ref. '(()

O

O

NO 2
Me

!
Aliphatic aglycone
(ref. '(', ref. '**)

O

!
O

Me

!

!
Me

CF3
O

O

CONHMe
COOMe

Biphenyl aglycone
(ref. !"# (!),
ref. !"! (!),
ref. #$% (#')

CONHMe

!

!
Cl
O

CN

!"

Indolinylphenyl
aglycone
(ref. '())

O
NO 2
N

!
Me
O

O

Isoquinolone agylcone
(ref. '(')

NH

!
O

Squaric acid derivative
(ref. '())
!

21

NH

NH

O

O

Introduction

Deciding on a FimH construct
Target-based assays are a critical tool in the drug development process to screen
binding properties of potential drug molecules. Under optimal circumstances, the
target of interest can be expressed recombinantly, purified in its native form, and
produced in high yield. However, because of the structural instability of monomeric
FimH,!",!!,$%",!"# these goals were not easily attainable at first. Initially, recombinant
FimH was either expressed in complex with the FimC chaperone or as isolated
FimHLD.!!",!$$ In retrospect, it is evident that these two constructs did not represent the
conformational heterogeneity of FimH. Instead, FimH was locked in the high affinity
conformation in both constructs, either because FimC is wedged between the two
domains disrupting interdomain interactions, or because the FimHLD cannot establish
interactions with the FimHPD due to truncation. In ./00, FimH was produced
recombinantly in its native state for the first time by expressing it in context of the
fibrillar tip.!"# This construct was mainly used to further mechanistic insights into
FimH; efforts in designing FimH antagonists, however, still relied on the isolated
FimHLD as the construct of choice in target-based assays. Recently, FimH was
expressed in full length as a stable and soluble bimolecular complex.!"# In this
construct, a short peptide segment corresponding to the N-terminal extension strand
of the cognate FimG subunit stabilizes the incomplete Ig-like fold of the FimHPD.
Production and characterization of this full-length FimH construct is described in
detail in Publication ! “Catch-bond mechanism of the bacterial adhesin FimH”. By
virtue of this full-length FimH construct, it was possible to screen FimH antagonists
against a target that exhibits the conformational heterogeneity of the native FimH
lectin. Results of that undertaking are presented and discussed in Publication ,:
“Urinary Tract Infection: Which Conformation of the Bacterial Lectin FimH is
Therapeutically Relevant?”
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ABSTRACT: Urinary tract infections (UTIs), predominantly caused by
uropathogenic Escherichia coli (UPEC), belong to the most prevalent infectious
diseases worldwide. The attachment of UPEC to host cells is mediated by FimH, a
mannose-binding adhesin at the tip of bacterial type 1 pili. To date, UTIs are mainly
treated with antibiotics, leading to the ubiquitous problem of increasing resistance
against most of the currently available antimicrobials. Therefore, new treatment
strategies are urgently needed. Here, we describe the development of an orally
available FimH antagonist. Starting from the carboxylate substituted biphenyl α-Dmannoside 9, aﬃnity and the relevant pharmacokinetic parameters (solubility,
permeability, renal excretion) were substantially improved by a bioisosteric
approach. With 3′-chloro-4′-(α-D-mannopyranosyloxy)biphenyl-4-carbonitrile
(10j) a FimH antagonist with an optimal in vitro PK/PD proﬁle was identiﬁed.
Orally applied, 10j was eﬀective in a mouse model of UTI by reducing the bacterial
load in the bladder by about 1000-fold.

■

INTRODUCTION

to the oligomannosides of the glycoprotein uroplakin Ia on the
epithelial cell surface.12 The pilin domain anchors the adhesin to
the pilus and regulates the switch between two conformational
states of the CRD with high and low aﬃnity for mannosides,
respectively.
More than 3 decades ago, Sharon and co-workers described
various oligomannosides and aryl α-D-mannosides as potential
antagonists of the FimH-mediated bacterial adhesion.13,14
However, only weak interactions in the milli- to micromolar
range were observed. In recent years, several high-aﬃnity
monovalent mannose-based FimH antagonists with various
aglycones like n-alkyl, 15 phenyl, 16 dioxocyclobutenylaminophenyl, 17 umbelliferyl, 16 biphenyl, 18−22 indol(in)ylphenyl,23 triazolyl,24 and thiazolylamino25 have been reported.
In addition, diﬀerent multivalent presentations of the mannose
have been synthesized26−32 and a heptavalent presentation of nheptyl α-D-mannoside (1) tethered to β-cyclodextin proved to be
highly eﬀective when applied together with the UTI89 bacterial
strain through a catheter into the bladder of C3H/HeN mice.32
Importantly, adverse side eﬀects resulting from nonselective
binding of FimH antagonists (they are all α-D-mannopyrano-

Urinary tract infection (UTI) is one of the most frequent
infectious diseases worldwide and aﬀects millions of people every
year.1 In more than 70% of the reported cases, uropathogenic
Escherichia coli (UPEC) is the causal pathogen.2 Acute,
uncomplicated lower urinary tract infection, commonly referred
to as cystitis, requires an antibiotic treatment for symptom relief
(i.e., reduction of dysuria, frequent and urgent urination,
bacteriuria, pyuria) and for prevention of more devastating or
even life threatening complications like pyelonephritis and
urosepsis.3,4 However, the repeated use of antibacterial chemotherapeutics provokes antimicrobial resistance leading to treatment failure.5 Hence, a new approach for the prevention and
treatment of UTI with orally applicable therapeutics is urgently
needed.6
UPEC undergo a well-deﬁned infection cycle within the host.7
The key step in pathogenesis is bacterial adhesion to the
epithelial cells in the lower urinary tract.8 This interaction
prevents UPEC from clearance by the bulk ﬂow of urine and
enables the bacteria to colonize the epithelial cells. The adhesion
is mediated by the virulence factor FimH located at the tip of
bacterial type 1 pili.9,10 FimH consists of two immunoglobulinlike domains: the N-terminal lectin domain and (connected by a
short linker) the C-terminal pilin domain.11 The lectin domain
encloses the carbohydrate recognition domain (CRD) that binds
© 2015 American Chemical Society
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Figure 1. Monovalent FimH antagonists 1−4 acting as reference compounds and 5−8 which have been orally explored in in vivo disease models.

sides) to mannose receptors of the human host system have
recently been ruled out.33
The high aﬃnities of the monovalent α-D-mannopyranosides
are based on optimal interactions with the main structural
features of the CRD:34−37 ﬁrst, the mannose binding pocket
accommodating the mannose moiety by means of an extended
hydrogen bond network and, second, the entrance to the binding
site composed of three hydrophobic amino acids (Tyr48,
Tyr137, and Ile52) and therefore referred to as “tyrosine gate”
hosting aliphatic and aromatic aglycones. As an example, n-heptyl
α-D-mannopyranoside (1) exhibits nanomolar aﬃnity due to
hydrophobic contacts of the alkyl aglycone with the hydrophobic
residues of the tyrosine gate.15 Furthermore, aromatic aglycones,
such as present in mannosides 2 and 3 (Figure 1), provide strong
π−π stacking interactions with the tyrosine gate. This interaction
is further favored by the addition of an electron withdrawing
substituent on the terminal ring of the biaryl portion (→4).18,19
Recent in vivo PK studies in mice proved the high potential of
the biphenyl α-D-mannosides 5−8 for an oral treatment,
although high doses (≥50 mg/kg) were necessary to achieve
the minimal concentrations required for the antiadhesive eﬀect in
the urinary bladder.19−21 Moreover, the therapeutic eﬀect could
only be maintained for a few hours, i.e., 4 h for a po (per os)
single-dose application of 7 (50 mg/kg), because of rapid
elimination by glomerular ﬁltration and low reabsorption from
the primary urine in the renal tubules.20
To date, the physicochemical properties aﬀecting the rate of
renal excretion, i.e., lipophilicity and plasma protein binding
(PPB), or metabolic liabilities promoting nonrenal elimination
pathways have been barely investigated for FimH antagonists.
The goal of the present study was to optimize the biphenyl α-Dmannoside with respect to oral bioavailability and renal
excretion. Starting from antagonist 919 (Figure 2), we
synthesized new biphenyl derivatives, characterized their aﬃnity
to the CRD, structurally investigated their binding mode, and
determined physicochemical and pharmacokinetic parameters
predictive for intestinal absorption and renal elimination.
Furthermore, we determined in vivo PK (pharmacokinetics) of
the most promising new antagonists in a mouse model. After oral
administration, the compound with the best PK proﬁle proved
eﬀective in reducing the bacterial loads upon bladder infection in
a mouse model of UTI.

Figure 2. Bioisosteric replacement of the carboxylic acid substituent of
biphenyl α-D-mannopyranoside 9.

■

RESULTS AND DISCUSSION
As previously reported, the carboxylate substituent present in the
biphenyl mannoside 9 (its electron withdrawing potential being
essential for an enhanced drug target interaction) strongly
decreases the lipophilicity of the antagonist (log D7.4 < −1.5 19)
in comparison to the n-heptyl (→1, log P = 1.7 19) or the
unsubstituted biphenyl aglycone (→3, log P = 2.1 22). Since low
lipophilicity is a major reason for low intestinal absorption and
rapid renal excretion of the systemically available antagonist,19,23
we aspired to improve oral bioavailability as well as renal
excretion by replacing the carboxylate in 9 with various
bioisosteric groups39 (Figure 2).
Synthesis. Iodide 11 was prepared from peracetylated
mannose and 4-iodophenol in the presence of BF3·Et2O.22 In a
palladium-catalyzed Miyaura−Suzuki coupling40 with the
boronic acid or boronate derivatives 12a−g, the biphenyl
derivatives 13a−g were obtained in good to excellent yields.
Final deprotection yielded the test compounds 10a−g. When
microwave-assisted reaction conditions41 were utilized, the
conversion of arylnitrile 13g to tetrazole 14 proceeded rapidly
and with good yield. After deprotection of 14 using Zemplén
conditions, the test compound 10h was obtained (Scheme 1).
The cyanobenzamide derivative 10i (Scheme 2) was obtained
from 9 by peracetylation (→15) followed by conversion of the
2222
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a

Scheme 1

a

(a) Pd(Cl2)dppf·CH2Cl2, K3PO4, DMF, 80 °C, 4 h (13a−g, 44−99%); (b) NaOMe, MeOH, rt, 4 h (10a−h, 29−86%); (c) TMSN3, Bu2Sn(O),
DME, 150 °C, microwave, 10 min (81%).

Scheme 2a

a
(a) (i) Ac2O, DMAP, pyridine, 0 °C to rt, overnight; (ii) sat. NaHCO3 aq, DCM, rt, 2 h (15, 53%); (b) 1-chloro-N,N,2-trimethyl-1-propenylamine,
toluene, 0 °C to rt, 2 h; (c) NaH, NH2CN, DMF, 0 °C to rt, overnight; (d) NaOMe, MeOH, rt, 4 h (10i, 21% for three steps).

Scheme 3a

a

(a) BF3·Et2O, CH2Cl2, 40 °C (76%); (b) Pd(Cl2)dppf·CH2Cl2, K3PO4, DMF, 80 °C (75%); (c) NaOMe, MeOH, rt, 4 h (48%).

carboxylic acid into its acid chloride with 1-chloro-N,N,2trimethyl-1-propenylamine.42 Without isolation, the acid
chloride was reacted with sodium hydrogen cyanamide in
DMF followed by deacetylation under Zemplén conditions to
yield the test compound 10i.
Finally, to further improve the pharmacokinetic properties of
mannoside 10g18 (see Table 3), a chloride substituent was
introduced to the ortho-position of the aromatic ring adjacent to
the anomeric oxygen. For its synthesis, peracetylated α-Dmannose (16) was coupled with 2-chloro-4-iodophenol (17)
using BF3·Et2O as promotor (→18, 76%). After the introduction

of the second aromatic ring by Miyaura−Suzuki coupling (→19,
75%), deprotection yielded mannoside 10j (Scheme 3).
Binding Aﬃnity. The binding aﬃnity of heptyl mannoside 1,
the biphenyl mannosides 3, 9, 20,18 and the bioisosteres 10a−j
was determined in a competitive ﬂuorescence polarization assay
(FP assay) and with isothermal titration calorimetry (ITC). A
protein construct consisting of the CRD with a C-terminal Histag with a thrombin cleavage site (FimH-CRD-Th-His6) was
used for all experiments.43
Competitive Fluorescence Polarization Assay. For the
rapid evaluation of binding aﬃnity, we established a competitive
2223
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a

Scheme 4

a

(a) 1-[(1-(Cyano-2-ethoxy-2-oxoethylideneaminooxy)dimethylaminomorpholinomethylene)]methanaminium hexaﬂuorophosphate (COMU),
NEt3, ﬂuoresceinamine, DMF, rt, 7 h (22, 19%); b) (i) DIC, NHS, N-Boc-ethylenediamine, DMF, rt, 12 h; (ii) TFA, DCM, rt, 10 min (68%
over two steps), (iii) ﬂuorescein isothiocyanate (FITC), NEt3, DMF, rt, 3 h (23, 48%); (c) (i) DIC, NHS, N-Boc-PEG2-NH2, DMF, rt, 14 h; (ii)
TFA, DCM, rt, 30 min (62% over two steps); (iii) FITC, DMF, rt (24, 65%).

Figure 3. (A) Direct binding curve of the labeled competitor 23 obtained by adding a linear dilution of FimH-CRD (0−100 nM) and a constant
concentration of competitor 23 (5 nM). The KD was determined by ﬁtting the experimental data to a single-site binding ﬁt that accounts for ligand
depletion. In three FP based direct binding experiments the KD of competitor 23 was determined to be 1.7 nM. (B) Inhibition curve of n-heptyl
mannoside (1) from the competitive FP assay. The IC50 value was determined by nonlinear least-squares ﬁtting to a standard four-parameter equation. A
modiﬁed Cheng−Prusoﬀ equation45 was used to calculate the corresponding KD value (KD = 28.3 nM).

binding assay based on ﬂuorescence polarization (FP). Similar
formats have been applied before for the detection of
carbohydrate−lectin interactions.18,44 In this assay, the antagonist of interest displaces a ﬂuorescently labeled competitor from

the binding site, thereby causing a reduction in ﬂuorescence
polarization.45 To identify the optimal competitor, ﬂuorescein
isothiocyanate (FITC) was connected to the FimH ligand 21 by
three linkers of diﬀerent lengths (→22−24, Scheme 4). For
2224
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optimal sensitivity and signal-to-noise ratio, three main
parameters need to be considered: (i) the aﬃnity of the
competitor should not be impaired by the ﬂuorescent label; (ii)
the conformational ﬂexibility of the label upon binding of the
competitor to the CRD should be low; (iii) the ﬂuorescence
properties of the label should not be aﬀected by the connected
ligand.46−48 A change in ﬂuorescence properties was observed for
reporter ligand 22 in which the label was linked to the biphenyl
agylcone by an amide bond. The absorption spectrum revealed a
lack of the characteristic ﬂuorescein absorption peak at 494 nm
(Scheme 4), likely due to an extension of the conjugated system
to the biphenyl moiety of the ligand. The elongated saturated
spacer groups in competitors 23 and 24 ensured that the
expected spectral properties of the dye were retained (Scheme
4).
For the determination of their binding aﬃnity, ﬁxed
concentrations of the reporter ligands 23 and 24 were incubated
for 24 h with a linear dilution of the FimH-CRD (0−100 nM). FP
was measured using a plate reader, with polarized excitation at
485 nm and emission at 528 nm measured through appropriately
oriented polarizers. Fitting the single-site binding function of
Cooper49 to the observed FP data resulted for compound 23 in a
dissociation constant (KD = 1.7 nM, Figure 3A) similar to that of
the unlabeled parent compound 21,19 whereas 24 showed a 5fold lower aﬃnity (9.9 nM) (Scheme 4). Therefore, the reporter
ligand 23 fulﬁlls all characteristics as an optimal competitor and
was used for the FP assay.
For the test compounds 1, 3, 9, 20, and 10a−j, a 24 h
incubation time was applied before FP was measured because of
the long residence time of FimH antagonists (t1/2 > 3.5 h, Figure
3B50). The 24 h incubation period was empirically determined to
be necessary to reach equilibrium between reporter ligand and
compound of interest. IC50 values were obtained by nonlinear
least-squares regression (standard four-parameter dose−response curve) and converted to KD values using a modiﬁed
Cheng−Prusoﬀ equation.45 This equation accounts for the
ligand depletion eﬀect in competitive titrations involving highaﬃnity interaction partners present in similar concentrations.
Under these conditions, the free concentration of an interacting
species cannot be assumed to equal the total concentration.
The KD values determined for the test compounds 1, 3, 9, 20,
and 10a−j are summarized in Table 1. Against our expectations,
the biphenyl mannosides 3 and 9 exhibit similar aﬃnities (Table
1), despite the presence of an electron withdrawing carboxylate
substituent in antagonist 9. According to the crystal structure of
FimH cocrystallized with the sulfonamide derivative 10e (Figure
4A), the outer aromatic ring of the biphenyl aglycone forms π−π
interactions with the electron rich Tyr48, which is part of the
tyrosine gate of FimH.15 A reduction of electron density of the
aglycone by the electron withdrawing carboxylate was expected
to enforce these π−π stacking interactions and lead to improved
aﬃnity. However, this beneﬁcial eﬀect might be compensated by
an entropic penalty originating from the improved π−π stacking
to Tyr48 that might lead to the reduced ﬂexibility of both protein
and antagonist. Furthermore, a beneﬁcial enthalpy eﬀect might
be partially compensated by an enthalpy penalty originating from
the desolvation of the charged carboxylate in 951 (see also
Experimental Section). Although this substituent is solvent
exposed, at least a partial desolvation may be necessary upon
antagonist binding. To prove this assumption, we replaced the
carboxylate by the corresponding methyl ester (→20)18 in order
to reduce the desolvation penalty and, as predicted by the
Hammett constant σp,52 to further improve the π−π stacking.

Table 1. Aﬃnities (KD) of FimH Antagonists to FimH-CRDTh-His6b

a
The KD value of 10j was approximated to be in the subnanomolar
range. The IC50 value obtained in the competitive FP assay was equal
to the lowest value that can be resolved by the assay, indicating
stoichiometric titration of 10j due to its high aﬃnity. Consequently, its
KD must be below the KD of competitor 23. bDissociation constants
(KD) were determined in a competitive ﬂuorescence polarization assay.
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Figure 4. Ligand binding poses determined by X-ray cocrystallization with compounds 10e resolved to 1.07 Å (A) and 10j resolved to 1.10 Å (B). The
electron density surrounding the aglycone of 10e indicates ﬂexibility of the aglycone and was modeled in two poses. Both compounds bind in a similar
pose with a well-deﬁned hydrogen network surrounding the mannose moiety and π−π stacking interactions between the second aromatic ring and
Tyr48 side chain (A). In contrast, in the FimH-CRD/10j structure the amino acid side chain of Y48 can be modeled in two distinct rotamers, suggesting
ﬂexibility also of the receptor (B).

−3.7 kJ/mol). However, an even greater increase in enthalpy is
likely countered by the enthalpy costs for desolvation of the
electron withdrawing carboxylate.
The gain in enthalpy is in turn compensated by an unfavorable
entropy (−TΔΔS = 3.2 kJ/mol) as a result of the reduced
ﬂexibility of both the antagonist and the Tyr48 side chain caused
by the improved interaction. This is not entirely outweighed by
the beneﬁcial entropy contribution related to the partial
desolvation of the carboxylate and the related release of water
into the bulk. Added together, the enthalpy and entropy
contributions of antagonists 3 and 9 result in similar aﬃnities
(KD of 17.7 and 15.0 nM, respectively).
In contrast, the replacement of the carboxylate group by
various neutral bioisosteres (entries 4−7) reduces the enthalpy
costs for desolvation (see calculated free energies of desolvation,
Experimental Section) and therefore leads to a markedly
improved enthalpy (ΔΔH from −3.5 to −5.8 kJ/mol). As a
result, an up to 5-fold improvement of the KD values was
achieved. Finally, with a cyano substituent (entries 8 and 9), the
enthalpy term was further improved (ΔΔH = −3.7 kJ/mol)
because of a reduced desolvation penalty and improved π−π
stacking interactions. However, this beneﬁcial component is
again partially compensated by a decrease in entropy. This can be
attributed, ﬁrst, to the loss of ﬂexibility of the tightly bound ligand
(Figure 4B) and, second, to the smaller surface area of the cyano
substituent compared to amide, sulfonamide, and sulfone, which
results in a smaller number of water molecules being released to
bulk upon binding.
X-ray Crystallography. To determine the binding poses of
the bioisosters, we cocrystallized the compounds 10e and 10j
with the FimH-CRD (Figure 4). Atomic resolution crystal
structures were obtained at 1.07 Å (10e) and 1.10 Å (10j). As
observed in previous mannoside cocrystal structures,15,18,36 the
mannose moiety forms an extensive hydrogen bond network to
the well-deﬁned binding site with all of its hydroxyl groups. The
biphenyl aglycone is located between the tyrosine gate residues
(Tyr48/Tyr137). The π−π stacking of the second aromatic ring
of the aglycone to the side chain of Tyr48 contributes most to the
interaction energy of the aglycone moiety. Interactions to the
Tyr137 side chain on the other hand are only limited. Whereas a
previously published crystal structure of a biphenyl mannoside in
complex with FimH-CRD suﬀers from crystal contacts of
binding site residues (Tyr48 side chain to backbone oxygen of
Val27) possibly causing the distortion of the binding site,18 the
binding sites of our structures are mostly solvent exposed. This

Indeed, a 6-fold improvement in aﬃnity was achieved. However,
since the methyl ester undergoes rapid enzyme-mediated
hydrolysis in vivo,19 it will not be available at the place of action
in the urinary bladder. The methyl ester was therefore replaced
by metabolically stable bioisosteres39 exhibiting comparable
electron withdrawing properties52 (Table 1, entries 5−13). The
most potent derivatives 10d, 10e, and 10g showed aﬃnities in
the low nanomolar range.
As previously reported,22 a chloro substituent in the orthoposition of the aromatic ring adjacent to the anomeric oxygen is
favorable for aﬃnity and improves the physicochemical properties relevant for oral bioavailability. Indeed, the corresponding
antagonist 10j was the most potent compound tested in this
study.
Isothermal Titration Calorimetry (ITC). To further
conﬁrm our hypothesis regarding π−π stacking and desolvation,
we performed ITC experiments with the reference compound 1,
the unsubstituted biphenyl mannoside 3, the carboxylic acid 9,
and the bioisosteres 10b−e,g,j (Table 2). ITC allows the
simultaneous determination of the stoichiometry (N), the
change in enthalpy (ΔH) and the dissociation constant (KD)
for ligand−protein binding.53,54 The reliable determination of
these three parameters requires well-deﬁned sigmoidal titration
curves characterized by the dimensionless Wiseman parameter c
(c = Mt(0) KD−1, where Mt(0) is the initial macromolecule
concentration).55 To be sure that data can be ﬁtted with
conﬁdence, the c-value should be between 1 and 1000 (ideally
between 5 and 500),56 which could be achieved for the
antagonists 3 and 9. For titrations involving low micromolar
Mt(0) and interactions in the low nanomolar or picomolar range,
as suggested for the bioisosteres 10b−j, c-values above 1000 were
expected. Since these conditions lead to steep titration curves
that do not allow the determination of the curve slope
representing 1/KD, we applied an alternative, competitive format
referred to as displacement assay.57,58 First, FimH-CRD-Th-His6
was preincubated with the low aﬃnity antagonist n-heptyl 2deoxy-α-D-mannopyranoside (25, for synthesis see Supporting
Information). The high-aﬃnity bioisosteres of interest were
titrated into the protein−ligand complex giving well-deﬁned
sigmoidal titration curves.
The resulting KD values (Table 2) correspond well with the
data obtained from the FP assay (Table 1). A comparison of the
thermodynamic ﬁngerprints of antagonists 3 and 9 reveals that
the more favorable enthalpic contribution resulting from
facilitated π−π stacking leads to a net enthalpy gain (ΔΔH =
2226
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Table 2. Thermodynamic Parameters from ITC for Selected FimH Antagonists Binding to

FimH-CRD-Th-His6d

a

95% conﬁdence interval from ﬁtting in parentheses. bGlobal ﬁt including two direct titration measurements. cITC data were previously published
with an n-value of 0.82.37 dn, stoichiometric correction factor.

antagonists. Furthermore, reabsorption of antagonist from the
renal ultraﬁltrate is desirable for maintaining the minimal
antiadhesive concentration in the target organ, namely, the
bladder, over an extended period of time. To estimate the
inﬂuence of the bioisostere approach on oral bioavailability and
the rate of renal excretion, we determined lipophilicity by means
of the octanol−water distribution coeﬃcient (log D7.4),59
aqueous solubility, and membrane permeability in the artiﬁcial
membrane permeability assay (PAMPA)60 and the colorectal
adenocarcinoma (Caco-2) cell monolayer model.61

revealed the ﬂexibility of the aglycone in the FimH-CRD/10e
structure, since the electron density toward the solvent-exposed
sulfonamide indicates that there is not one single orientation.
Therefore, the aglycone was modeled in two distinct poses. In
contrast, in the FimH-CRD/10j structure the amino acid side
chain of Y48 can be modeled in two distinct rotamers, suggesting
ﬂexibility also of the receptor.
Physicochemical Properties and in Vitro Pharmacokinetics. Intestinal absorption and renal excretion are prerequisites for a successful oral treatment of UTI with FimH
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Table 3. Physicochemical and in Vitro Pharmacokinetic Parameters

h

Caco-2 Papp [10−6 cm/s]e
compd

pKa a

log D7.4 b

1
3
20
9
10a
10b
10c
10d
10e
10f

6.5

1.65
2.1 ± 0.1
2.14
<−1.5
0.5 ± 0.1
0.8 ± 0.0
0.2 ± 0.1
0.4 ± 0.0
0.7 ± 0.1
1.1 ± 0.0

10g
10h

3.7

1.4 ± 0.0
−1.4 ± 0.1

10i

2.5

−1.1 ± 0.1

10j

3.88

2.1 ± 0.0

solubility
[μg/mL]/pHc

PAMPA log Pe
[cm/s]/pHd

>3000
21 ± 1/7.4
33.8/6.51
>3000/6.61
12 ± 1/7.4
122 ± 13/7.4
>250/7.4
246 ± 17/7.4
>250/7.4
>150/3.0
>150/7.4
186 ± 4/7.6
11 ± 0/3.0
273 ± 2/7.4
>150/3.0
>150/7.4
192 ± 5/7.4

−4.89
−4.7 ± 0.1/7.4
−4.7
no permeation
−6.8 ± 0.3/7.4
−9.2 ± 1.4/7.4
−7.8 ± 0.3/7.4
−7.2 ± 0.0/7.4
−8.6 ± 0.2/7.4
−7.7 ± 0.8/5.0
−8.8 ± 0.1/7.4
−5.7 ± 0.0/7.4
−9.3 ± 1.4/5.0
−8.8 ± 1.4/7.4
−6.8 ± 0.2/5.0
−7.0 ± 0.1/7.4
−5.2 ± 0.0/7.4

a→b

b→a

PPB f b
[%]f

metabolic stability t1/2
[min]g

7.0 ± 0.6
10.0 ± 0.9
4.23
nd
0.12 ± 0.01
1.10 ± 0.82
0.18 ± 0.07
0.36 ± 0.01
0.28 ± 0.23
0.40 ± 0.02

9.4 ± 0.2
19.0 ± 1.2
nd
nd
0.61 ± 0.03
0.87 ± 0.15
1.30 ± 0.03
1.76 ± 0.12
1.82 ± 0.14
1.90 ± 0.17

81
93 ± 1
93
73
nd
nd
48 ± 2
99 ± 1
>99
nd

13
nd
1.0
>60
nd
nd
>60
>60
>60
nd

2.0 ± 0.1
0.17 ± 0.00

13.2 ± 2.1
0.22 ± 0.01

99 ± 0
nd

>60
nd

0.22 ± 0.14

0.29 ± 0.03

nd

nd

2.2 ± 0.4

22.1 ± 1.5

89 ± 1

>60

a

pKa values were determined by NMR spectroscopy. bOctanol−water distribution coeﬃcients (log D7.4) were determined by a miniaturized shakeﬂask procedure at pH 7.4. Values represent the mean ± SD of sextuplicate measurements.59 cKinetic solubility was measured in a 96-well format
using the μSOL Explorer solubility analyzer at the indicated pH in triplicate. dPe = eﬀective permeability. Passive permeation through an artiﬁcial
membrane was determined by the parallel artiﬁcial membrane permeation assay (PAMPA). Values represent the mean ± SD of quadruplicate
measurements performed at the indicated pH.60 ePapp = apparent permeability. Permeation through a Caco-2 cell monolayer was assessed in the
absorptive (a → b) and secretory (b → a) directions in triplicate.61 fPlasma protein binding (PPB) was determined by equilibrium dialysis in
triplicate.62 gMetabolic stability was determined by incubating the compounds (2 μM) with pooled rat liver microsomes (RLM, 0.5 mg/mL) in the
presence of NADPH (1 mM, compounds 1, 9, 10c−e,g,j) or without NADPH (compound 20).63 hnd = not determined.

Oral Bioavailability. Oral bioavailability of a compound
relies on solubility, permeation through the membranes lining
the intestine, and stability against ﬁrst pass metabolism.64,65 As
discussed by Lipinski66 and Curatolo,67 dose and permeability
deﬁne the minimum aqueous solubility required for oral
administration. Thus, a dose of 1 mg/kg of a moderately
permeable compound requires a solubility of at least 52 μg/mL.
Whereas suﬃcient aqueous solubility (>3000 μg/mL) was
reported for n-heptyl α-mannopyranoside (1),19 the unsubstituted biphenyl α-D-mannopyranoside 3 and the antagonists
bearing a methylcarboxylate, carboxamide, or tetrazole substituent (compounds 20, 10a, and 10h) were found to be scarcely
soluble.22 As proposed by Ishikawa,68 a possible reason is the
apolar and planar aglycone. By contrast, the polar carboxylic acid
moiety present in antagonist 9 or the substituents in the
bioisosteres 10b−j enhance solubility to 122−273 μg/mL, a level
suﬃcient for in vivo PK studies. For in vivo disease studies,
however, dosages of up to 10 mg/kg were foreseen (see below),
requiring a solubility of 520 μg/mL.66,67 For this reason,
surfactant Tween 80 (1%) had to be added.
Furthermore, permeability data derived from PAMPA69 and
the Caco-2 model70 suggest moderate to high permeation of the
moderately lipophilic antagonists 1, 3, and 20 (log D7.4 > 1.6)
through the intestinal membranes. The bioisosteres 10a−f,h,i,
although slightly more permeable than the strongly hydrophilic
carboxylic acid derivative 9, show only low values of permeability
compared to n-heptyl α-D-mannopyranoside (1) or the
unsubstituted biphenyl mannoside 3. However, the p-cyanobiphenyl derivatives 10g and 10j display elevated log D7.4 and
eﬀective permeability (log Pe) in the range for successful
intestinal absorption. Regarding both suﬃcient aqueous
solubility and elevated membrane permeability, the p-cyano
substituted bioisosteres 10g and 10j are thus the most promising

candidates for oral absorption. Moreover, combining the
bioisosteric replacement with the addition of a chloro substituent
in the ortho-position of the aromatic ring adjacent to the
anomeric oxygen (→10j)22 resulted in the most advantageous
physicochemical proﬁle for oral bioavailability.
Renal Excretion. The rate of renal excretion depends on the
rate of glomerular ﬁltration and the propensity to tubular
secretion and reabsorption of an antagonist.71 Only the fraction
that is not bound to plasma proteins is expected to enter the
glomerular ﬁltrate.72 Plasma protein binding (PPB) data
indicating the fraction bound ( f b) are listed in Table 2.62 The
biphenyls 9 and 10c were identiﬁed as moderate binders to
plasma proteins ( f b ≤ 65%), which suggests a low impact of PPB
on antagonist ﬁltration. The f b values of the antagonists 1, 3, 20,
and 10j were between 80% and 93%, whereas the bioisosteres
10d,e,g showed particularly high protein binding ( f b ≥ 99%)
implying slow compound entry into the primary urine. However,
the kinetic aspects of PPB, that is, association and dissociation
rate constants, remain to be determined to quantify precisely the
inﬂuence of PPB on ﬁltration.73
Furthermore, log D7.4 was identiﬁed as key determinant of
tubular reabsorption.74−76 Accordingly, lipophilic compounds
are predominantly reabsorbed from the renal ﬁltrate. Given that
renal clearance is the major route of elimination, this will result in
a slow but steady excretion into the bladder. In contrast,
hydrophilic compounds are poorly reabsorbed and thus quickly
renally eliminated, which leads to high initial compound levels in
the urine but narrows the time range where the minimal
antiadhesive concentration is maintained. Consequently, low
log D7.4 as shown for the antagonists 9, 10h, and 10i implies low
tubular reabsorption and rapid elimination of the ﬁltered
molecules by the urine. Otherwise, log D7.4 between 0.2 and
0.7, such as determined for the bioisosteres 10a-e, suggests
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Table 4. Pharmacokinetic Parameters Determined after a Single iv Application of Compounds 9, 10c, 10e, and 10j in Female C3H/
HeN Micea
plasma
compd

C0 (μg/mL)

dose (mg/kg)

Vz (mL)

t1/2 (h)

AUC0−inf (μg·h/mL)

CLtot (mL/h)

urine, Cmax (μg/mL)

9
10c
10e
10j

40
109.7
151.6
0.36

50
50
50
0.625

25.2
28.3
19.5
52.8

0.33
0.4
1.9
0.17

23.5
25.3
175.1
0.07

53.1
49.4
7.1
218

300
4611
387
10

a

Values were calculated using PKSolver.78 C0, initial concentration; Vz, volume of distribution in terminal phase; AUC, area under the curve; CLtot,
total clearance; Cmax, maximal concentration.

Figure 5. Antagonist concentrations in (A) plasma and (B) urine after a single iv application of 9, 10c, and 10e (50 mg/kg).

Figure 6. Antagonist concentrations in (A) plasma and (B) urine after a single iv and po application of compound 10j (iv, 0.625 mg/kg; po, 1.25 mg/kg).
MAC90 is the minimal antiadhesive concentration to inhibit 90% adhesion (0.094 μg/mL).

(t1/2 > 60 min), suggesting lower propensity to metabolic,
nonrenal elimination pathways.
Considering PPB, lipophilicity, and metabolic stability data, we
therefore expected (i) a steady release of compounds 10d,e,g,j
into the bladder because of high PPB decelerating glomerular
ﬁltration (10d,e,g) and/or high log D7.4 supporting tubular
reabsorption (10g,j), (ii) a fast excretion of antagonists 9 and 10c
via the urine due to low PPB and low log D7.4, and (iii) a rapid
clearance of heptyl mannoside 1 from the body by renal and
metabolic pathways. Compounds featuring high propensity to
renal excretion as major route of elimination (10c, 10e and 10j)
were selected for in vivo PK studies in a mouse model.
Pharmacokinetic Studies in C3H/HeN Mice. This ﬁrst
part of our study explored the predicted eﬀects of lipophilicity,
PPB, and metabolic stability on antagonist disposition and
elimination upon a single dose iv application (50 mg/kg) of
compounds 10c and 10e. The PK parameters of these
applications and those of the previously published carboxylate
9 are summarized in Table 4. The table also contains the results
of the iv administration of compound 10j (0.625 mg/kg).

increasing propensity to tubular reuptake, whereas log D7.4 > 1 as
shown for heptyl mannoside 1 and the biphenyl mannosides 3,
20, 10g, 10f, and 10j is optimal for tubular reabsorption from the
glomerular ﬁltrate and thus for slow renal clearance.
Metabolic Stability. Increasing lipophilicity is usually
paralleled by increasing susceptibility to metabolism.77 Liabilities
toward metabolic clearance pathways that prevent the intact
antagonist from reaching the target in the bladder were therefore
of interest. To assess their propensity to cytochrome P450
(CYP450) mediated metabolism, heptyl mannoside 1, the
carboxylic acid derivative 9, and the bioiosteres 10c−e,g,j were
incubated with rat liver microsomes (RLM, 0.5 mg/mL) in the
presence of the cofactor β-nicotinamide adenine dinucleotide
phosphate (NADPH).63 To conﬁrm the high propensity of the
methyl ester present in antagonist 20 to carboxylesterase (CES)
mediated hydrolysis, this antagonist was incubated with RLM
only. The proﬁles of unchanged compound versus time revealed
high susceptibility of heptyl mannoside 1 to CYP450-mediated
metabolism (t1/2 = 13 min) and rapid hydrolysis of the ester 20
by the hepatic CES (t1/2 = 1.0 min). Otherwise, the bioisosteres
10c−e,g,j were stable against enzyme-mediated bioconversion
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Figure 7. Preventive eﬃcacy of 10j in the UTI mouse model 3 h after infection. The bars depict the median bacterial load with the interquartile range in
the diﬀerent study groups. Shown are the results of the control group (PBS), control group formulation (5% DMSO in PBS containing 1% Tween 80),
and the intervention groups with the preventive applications of either 1.25 or 10 mg/kg 10j po or 8 mg/kg CIP sc (representing the murine dose
equivalent to a human standard dose).81 DL, detection limit. CFU, colony forming units.

(Figure 6B) parallel the plasma curves obtained by the two
modes of application; i.e., high plasma clearance upon iv bolus
injection led to high initial antagonist levels in urine and a rapid
concentration decline. By contrast, sustained plasma concentrations upon po administration resulted in prolonged urine
levels.
As a result, urine concentrations exceed the minimum level
required for the antiadhesive eﬀect as estimated from the in vitro
cell infection model79 (minimal antiadhesion concentration,23
MAC90 = 0.094 μg/mL) for more than 8 h upon oral single-dose
administration (Figure 6B).
Infection Study in C3H/HeN Mice. In a preventive study,
six mice were inoculated with UTI89 following an oral
application of 10j (1.25 mg/kg) 40 min prior to infection.
Three hours after inoculation, the animals were sacriﬁced and
bladder and kidneys were removed. Organs were homogenized
and analyzed for bacterial counts. The eﬀect of the FimH
antagonist was compared to a 8 mg/kg dose of ciproﬂoxacin
(CIP), applied subcutaneously (sc) 10 min before infection. CIP
is used as standard antibiotic therapy in humans for the treatment
of UTI.80 In mice, the dose of 8 mg/kg sc was shown to mimic
the standard human dose regarding peak levels and the AUC24 in
serum.81 The median reductions in bacterial counts in mice
treated with 10j and CIP compared to the control group 3 h after
infection are displayed in Figure 7.

In contrast to the fast plasma clearance of antagonists 9 and
10c (Figure 5A), the methylsulfonamide bioisostere 10e attained
higher initial concentration in plasma (C0) and lower total
clearance (CLtot). Therefore, it could be detected until 6 h after
application, resulting in markedly higher plasma AUC. The
observed high C0 of compound 10e may be attributed to a small
volume of distribution (Vz) resulting from the high PPB ( f b ≥
99%).72 In urine (Figure 5B), the carboxylic acid 9 and the
morpholinomethanone 10c displayed high levels immediately
following administration and a rapid concentration decrease
within the ﬁrst 2 h, reﬂecting the rapid elimination from plasma.
Fast renal excretion as major route of elimination can be
rationalized by the physicochemical properties of the antagonists
9 and 10c, that is, moderate PPB and log D7.4, as well as high
metabolic stability. Otherwise, the methylsulfonamide bioisostere 10e showed sustained compound levels in urine over a
period of 2 h and subsequent slow decrease until 6 h after
administration. This sustained renal excretion is a result of the
interplay of the antagonist’s elevated PPB and log D7.4.
In a second study, the p-cyano bioisostere 10j, characterized by
a high oral absorption potential, was administered as a single dose
iv (0.625 mg/kg) and po (1.25 mg/kg). The plasma
concentration curve upon iv dosing displays a steep decline
within the ﬁrst hour after application, while the po curve shows a
prolonged period where absorption and elimination are in
equilibrium (Figure 6A). The urine concentration proﬁles
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The median value in the untreated control group showed
bacterial counts of 6.6 log10 colony forming units (CFU) in the
bladder and 6 log10 CFU in the kidneys. After oral application of
1.25 mg/kg 10j, bacterial loads in the bladder decreased by 1.78
log10 CFU and 1.07 log10 CFU in the kidneys. The lower
reduction in the kidneys is most likely due to the diﬀering
adhesion mechanisms between bladder and kidneys (type 1 pili
vs P-pili), which is not targeted by 10j.82 With CIP (8 mg/kg sc)
a substantial reduction in both bladder and kidneys (median
reductions of 2.44 log10 and 2.47 log10, respectively) was
observed. Despite the low oral dose of 10j (1.25 mg/kg), the
approximately 100-fold reduction of CFU in the bladder
promised an even higher eﬀect upon dose increase to 10 mg/
kg. Since the solubility of 10j for this increased dose is too low
(192 μg/mL), we used 5% DMSO and surfactant Tween 80
(1%) as solubilizer. To eﬀectively compare the eﬀect of a higher
dose of 10j, a control group receiving the formulation only (5%
DMSO in PBS containing 1% Tween 80, termed control group
formulation) was tested in parallel. When 10 mg/kg 10j was
applied, bacterial loads in the bladder decreased by 2.68 log10
CFU/mL compared to the control group formulation, clearly
exceeding the eﬀect of CIP with a reduction of 2.44 log10 CFU/
mL. However, only a moderate reduction of 1.04 log10 CFU was
achieved in the kidneys.

the excellent PK proﬁle of 10j with steady renal excretion for
more than 8 h after oral application (1.25 mg/kg), suggesting a
long-lasting antiadhesive eﬀect. Finally, the preventive oral
application of 10j (10 mg/kg) reduced the bacterial load in the
bladder by almost 1000-fold 3 h after infection. Although the ﬁrst
3 h of the infection do not represent the complete infection cycle,
they represent the time span of bacteria adhering and invading
urothelial cells.84,85 Nevertheless, the eﬀect of FimH antagonist
10j within a longer infection time and at higher dosing will be the
subject of future investigations.

■

EXPERIMENTAL SECTION

Synthesis. The synthesis of compounds 10a−d, 10f, 10g, 10i, 13a−
d, 13f, 13g, 15, 18, and 25, including compound characterization data,
can be found in the Supporting Information.
General Methods. NMR spectra were recorded on a Bruker Avance
DMX-500 (500.1 MHz) spectrometer. Assignment of 1H and 13C NMR
spectra was achieved using 2D methods (COSY, HSQC, HMBC).
Chemical shifts are expressed in ppm using residual CHCl3, CHD2OD,
or HDO as references. Optical rotations were measured using
PerkinElmer polarimeter 341. Electron spray ionization mass spectra
were obtained on a Waters micromass ZQ. The LC/HRMS analyses
were carried out using a Agilent 1100 LC equipped with a photodiode
array detector and a Micromass QTOF I equipped with a 4 GHz digital
time converter. Microwave-assisted reactions were carried out with a
CEM Discover 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 charring with a molybdate solution (a 0.02 M
solution of ammonium cerium sulfate dihydrate and ammonium
molybdate tetrahydrate in aqueous 10% H2SO4). MPLC separations
were carried out on a CombiFlash Companion or Rf (Teledyne Isco)
equipped with RediSep normal-phase or RP-18 reversed-phase ﬂash
columns. LC−MS separations were done on a Waters system equipped
with sample manager 2767, pump 2525, PDA 2525, and Micromass ZQ.
All compounds used for biological assays are at least of 95% purity based
on HPLC analytical results. Commercially available reagents were
purchased from Fluka, Aldrich, Alfa Aesar, or abcr GmbH & Co. KG
(Germany). Solvents were purchased from Sigma-Aldrich or Acros and
were dried prior to use where indicated. Methanol (MeOH) was dried
by reﬂuxing with sodium methoxide and distilled immediately before
use. Dimethoxyethane (DME) was dried by ﬁltration over Al2O3 (Fluka,
type 5016 A basic).
4′-(2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyloxy)-N-methylbiphenyl-4-sulfonamide (13e). A Schlenk tube was charged with
aryl iodide 1122 (116 mg, 0.21 mmol), 4-(N-methylsulfamoyl)phenylboronic acid (12e, 50 mg, 0.23 mmol), Pd(dppf)Cl2·CH2Cl2 (5
mg, 0.006 mmol), K3PO4 (67 mg, 0.32 mmol), and a stirring bar. The
tube was closed with a rubber septum and was evacuated and ﬂushed
with argon. This procedure was repeated once, and then anhydrous
DMF (1 mL) was added under a stream of argon. The mixture was
degassed in an ultrasonic bath and ﬂushed with argon for 5 min and then
stirred at 80 °C overnight. The reaction mixture was cooled to rt, diluted
with EtOAc (50 mL), and washed with water (50 mL) and brine (50
mL). The organic layer was dried over Na2SO4 and concentrated in
vacuo. The residue was puriﬁed by MPLC on silica gel (petroleum
ether/EtOAc) to aﬀord 13e (105 mg, 84%) as a white solid. [α]D20
+56.4 (c 0.50, MeOH). 1H NMR (500 MHz, CDCl3): δ = 7.92−7.90
(m, 2H, Ar−H), 7.70−7.68 (m, 2H, Ar−H), 7.57−7.55 (m, 2H, Ar−H),
7.21−7.19 (m, 2H, Ar−H), 5.60−5.57 (m, 2H, H-1, H-3), 5.48 (dd, J =
1.8, 3.4 Hz, 1H, H-2), 5.40 (t, J = 10.0 Hz, 1H, H-4), 4.38 (dd, J = 5.4,
10.8 Hz, 1H, NH), 4.30 (dd, J = 4.9, 12.3 Hz, 1H, H-6a), 4.13−4.08 (m,
2H, H-5, H-6b), 2.72 (d, J = 5.4 Hz, 3H, NCH3), 2.22, 2.07, 2.05, 2.04 (4
s, 12H, 4 COCH3). 13C NMR (126 MHz, CDCl3): δ = 170.55, 170.06,
170.03, 169.75 (4 CO), 155.97, 144.81, 137.16, 134.09, 128.62, 127.85,
127.39, 117.01 (Ar−C), 95.78 (C-1), 69.34 (C-5), 69.31 (C-2), 68.81
(C-3), 65.86 (C-4), 62.07 (C-6), 29.44 (NHCH3), 20.92, 20.74, 20.72
(4C, 4 COCH3). ESI-MS m/z, calcd for C27H31NNaO12S [M + Na]+:
616.1. Found: 616.1.

■

SUMMARY AND CONCLUSION
Recently, numerous monovalent alkyl and aryl α-D-mannopyranosides have been described as potent FimH antagonists.
However, most of them suﬀer from insuﬃcient pharmacokinetic
properties, i.e., modest bioavailability and short duration of the
therapeutic eﬀect in the bladder, their site of action. As a
consequence, high doses at short intervals are required to achieve
antiadhesive eﬀects over an extended period of time. Therefore,
the goal of the present study was an appropriate optimization of
the pharmacokinetic proﬁle of biphenyl α-D-mannopyranosides
while keeping their high aﬃnity to the CRD of FimH. The
starting point was the biphenylcarboxylate 9 where the critical
carboxylate was replaced by bioisosteres.39,83
With a series of bioisosteres, a 3- to 5-fold improvement of
aﬃnity was achieved compared to 9. Although binding
necessitates only partial desolvation of the carboxylate and its
bioisosteric replacements, a reduction of the enthalpy penalty for
desolvation51 was identiﬁed as the source of the improved aﬃnity
exhibited by the bioisosteres. Thermodynamic evaluation of
antagonists 10b−e revealed almost identical enthalpy contribution to binding. However, for antagonists with the p-cyano
substituent (10g and 10j) an enhancement of up to −8.7 kJ/mol
was observed, indicating a reduced desolvation penalty and an
improved stacking as derived from the crystal structure of 10j
cocrystallized with the CRD of FimH (Figure 4B). On the other
hand, higher aﬃnity originating from a reduction of conformational ﬂexibility of ligand and protein resulted in a concomitant
entropy penalty of up to 6.5 kJ/mol.
In addition to the improved pharmacodynamics, the relevant
pharmacokinetic parameters (solubility, permeability, renal
excretion) were substantially improved. With 3′-chloro-4′-(αD-mannopyranosyloxy)biphenyl-4-carbonitrile (10j), a FimH
antagonist with an optimal in vitro PK/PD proﬁle was identiﬁed.
The p-cyano substituent conferred lipophilicity and high binding
to plasma proteins, which slowed the rate of renal excretion.
Despite higher lipophilicity, antagonist 10j was insusceptible to
CYP450-mediated metabolism and therefore predominantly
eliminated via the renal pathway. In vivo experiments conﬁrmed
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4′-(α-D-Mannopyranosyloxy)-N-methylbiphenyl-4-sulfonamide (10e). To a solution of 13e (40 mg, 0.07 mmol) in dry MeOH (5
mL) was added freshly prepared 1 M NaOMe/MeOH (0.1 equiv) under
argon. The mixture was stirred at rt until the reaction was complete
(monitored by TLC), then neutralized with Amberlyst-15 (H+) ionexchange resin, ﬁltered, and concentrated in vacuo. The residue was
puriﬁed by MPLC on silica gel (DCM/MeOH, 10:1 to 7:1) to aﬀord
10e (22 mg, 76%) as white solid. [α]D20 +105.7 (c 0.30, MeOH). 1H
NMR (500 MHz, CD3OD): δ = 7.90−7.88 (m, 2H, Ar−H), 7.80−7.79
(m, 2H, Ar−H), 7.66−7.64 (m, 2H, Ar−H), 7.26−7.25 (m, 2H, Ar−H),
5.58 (d, J = 1.7 Hz, 1H, H-1), 4.06 (dd, J = 1.8, 3.3 Hz, 1H, H-2), 3.96
(dd, J = 3.4, 9.5 Hz, 1H, H-3), 3.79−3.74 (m, 3H, H-4, H-6a, H-6b), 3.63
(ddd, J = 2.5, 5.2, 9.7 Hz, 1H, H-5), 2.57 (s, 3H, NHCH3). 13C NMR
(126 MHz, CD3OD): δ = 158.34, 146.13, 138.67, 134.55, 129.53,
128.82, 128.21, 118.29 (Ar−C), 100.09 (C-1), 75.53 (C-5), 72.42 (C3), 71.96 (C-2), 68.32 (C-4), 62.68 (C-6), 29.31 (NHCH3). HRMS m/
z, calcd for C19H23NNaO8S [M + Na]+: 448.1037. Found: 448.1038.
5-(4′-(2,3,4,6-Tetra-O-acetyl-α- D -mannopyranosyloxy)biphenyl-4-yl)-1H-tetrazole (14). A Schlenk tube was charged with
13g (30 mg, 0.06 mmol), trimethylsilyl azide (16 μL, 0.12 mmol),
dibutyltin oxide (2 mg, 0.006 mmol), DME (1 mL), and a stirring bar.
The mixture was heated to 150 °C for 10 min by microwave irradiation.
The reaction mixture was cooled to rt and then concentrated in vacuo.
The residue was puriﬁed by MPLC on silica gel (DCM/MeOH, 9:1 to
8:1) to aﬀord 14 (26 mg, 81%) as a colorless oil. [α]D20 +56.1 (c 0.3,
MeOH). 1H NMR (500 MHz, CDCl3): δ = 8.25−8.15 (m, 2H, Ar−H),
7.75−7.65 (m, 2H, Ar−H), 7.60−7.55 (m, 2H, Ar−H), 7.20−7.17 (m,
2H, Ar−H), 5.64−5.55 (m, 2H, H-1, H-3), 5.49 (dd, J = 1.7, 3.3 Hz, 1H,
H-2), 5.40 (t, J = 10.1 Hz, 1H, H-4), 4.31 (dd, J = 5.3, 12.4 Hz, 1H, H6a), 4.17−4.06 (m, 2H, H-5, H-6b), 2.22, 2.07, 2.06, 2.05 (4 s, 12H, 4
COCH3). 13C NMR (126 MHz, CDCl3): δ = 170.67, 170.14, 170.11,
169.81 (4 CO), 155.61, 128.36, 127.84, 127.49, 116.93 (Ar−C), 95.78
(C-1), 69.36 (C-5), 69.26 (C-2), 68.90 (C-3), 65.89 (C-4), 62.12 (C-6),
20.92, 20.76, 20.73 (4 COCH3). ESI-MS m/z, calcd for C27H28N4NaO10
[M + Na]+: 591.2. Found: 591.1.
5-(4′-(α-D-Mannopyranosyloxy)biphenyl-4-yl)-1H-tetrazole
(10h). Prepared according to the procedure described for 10e from 14
(26 mg, 0.03 mmol). Yield: 18 mg (quant) as a white solid. [α]D20
+112.1 (c 0.1, MeOH/H2O, 2:1). 1H NMR (500 MHz, CD3OD): δ =
7.98−7.96 (m, 2H, Ar−H), 7.72−7.71 (m, 2H, Ar−H), 7.58−7.54 (m,
2H, Ar−H), 7.16−7.13 (m, 2H, Ar−H), 5.46 (d, J = 1.7 Hz, 1H, H-1),
3.94 (dd, J = 1.9, 3.5 Hz, 1H, H-2), 3.83 (dd, J = 3.4, 9.5 Hz, 1H, H-3),
3.68−3.61 (m, 3H, H-4, H-6a, H-6b), 3.52 (ddd, J = 2.5, 5.4, 9.7 Hz, 1H,
H-5). 13C NMR (126 MHz, CD3OD): δ = 158.19, 145.07, 134.97,
129.29, 128.74, 128.55, 118.26 (Ar−C), 100.13 (C-1), 75.52 (C-5),
72.42 (C-3), 71.98 (C-2), 68.33 (C-4), 62.69 (C-6). HRMS m/z, calcd
for C19H21N4O6 [M + H]+: 401.1456. Found: 401.1450.
4′-(2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyloxy)-3′-chlorobiphenyl-4-carbonitrile (19). Prepared according to the procedure
described for 13e from aryl iodide 1823 (79 mg, 0.135 mmol), 12g (22
mg, 0.15 mmol), Pd(dppf)Cl2·CH2Cl2 (3.3 mg, 4 μmol), and K3PO4 (57
mg, 0.27 mmol). Yield: 57 mg (75%) as a white solid. [α]D20 +77.7 (c 0.5,
CHCl3). 1H NMR (500 MHz, CDCl3): δ = 7.72 (d, J = 8.3 Hz, 2H, Ar−
H), 7.63 (m, 3H, Ar−H), 7.43 (dd, J = 2.2, 8.6 Hz, 1H, Ar−H), 7.27 (d, J
= 8.6 Hz, 1H, Ar−H), 5.64−5.59 (m, 2H, H-1, H-2), 5.54 (dd, J = 1.9,
3.2 Hz, 1H, H-3), 5.41 (t, J = 10.1 Hz, 1H, H-4), 4.28 (dd, J = 5.2, 12.3
Hz, 1H, H-6a), 4.17 (ddd, J = 2.1, 5.1, 10.0 Hz, 1H, H-5), 4.10 (dd, J =
2.2, 12.3 Hz, 1H, H-6b), 2.21 (s, 3H, COCH3), 2.12- 2.00 (m, 9H, 3
COCH3). 13C NMR (126 MHz, CDCl3): δ = 170.54, 170.08, 169.90,
169.84, (4C, CO) 151.67, 143.61, 135.29, 132.87, 129.41, 127.53,
126.60, 125.20, 118.79, 117.36, 111.47 (Ar−C, CN), 96.72 (C-1), 70.00
(C-5), 69.39 (C-3), 68.82 (C-2), 65.86 (C-4), 62.16 (C-6), 20.98, 20.81,
20.79, 20.78 (4 COCH3). ESI-MS m/z, calcd for C27H26ClNNaO10 [M
+ Na]+: 582.1. Found: 582.1.
3′-Chloro-4′-(α-D-mannopyranosyloxy)biphenyl-4-carbonitrile (10j). Prepared according to the procedure described for 10e from
19 (36 mg, 0.06 mmol). Yield: 12 mg (48%) as a white solid. [α]D20
+109.4 (c 0.23, MeOH). 1H NMR (500 MHz, CD3OD): δ = 7.80−7.72
(m, 5H, Ar−H), 7.59 (dd, J = 2.2, 8.6 Hz, 1H, Ar−H), 7.48 (d, J = 8.7 Hz,
1H, Ar−H), 5.62 (d, J = 1.4 Hz, 1H, H-1), 4.12 (dd, J = 1.8, 3.3 Hz, 1H,

H-2), 4.00 (dd, J = 3.4, 9.5 Hz, 1H, H-3), 3.83−3.68 (m, 3H, H-4, H-6a,
H-6b), 3.63 (ddd, J = 2.3, 5.4, 9.6 Hz, 1H, H-5). 13C NMR (126 MHz,
CD3OD): δ = 153.65, 145.15, 135.42, 133.86, 129.82, 128.53, 127.87,
125.47, 119.70, 118.59 (Ar−C), 111.97 (CN), 100.66 (C-1), 76.05 (C5), 72.39 (C-3), 71.80 (C-2), 68.20 (C-4), 62.65 (C-6). IR (KBr), ν =
3400 (OH), 2227 (CN), 1606, 1487 (Ar−CC) cm−1. HRMS m/z,
calcd for C19H18ClNNaO6 [M + Na]+: 414.0715. Found: 414.0721.
3′-Chloro-N-(3′,6′-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9′-xanthen]-5-yl)-4′-(α-Dmannopyranosyloxy)biphenyl-4-carboxamide (22). Compound
21 (10.0 mg, 0.024 mmol), ﬂuoresceinamine isomer I (12.7 mg, 0.037
mmol), and COMU (20.9 mg, 0.049 mmol) were dissolved in dry DMF
(1 mL). Then NEt3 (10 μL, 0.073 mmol) was added and the mixture was
stirred at rt for 7 h. 1 N HCl in DMF was added until acid reaction on pH
paper and the mixture was concentrated. The residue was dissolved in
DCM/MeOH (3:1) and loaded onto a silica gel column. The complex
mixture of compounds was only partially resolved. The fractions
containing the product were collected, concentrated, and puriﬁed by
preparative HPLC (gradient H2O/MeCN, +0.2% HCO2H) to aﬀord
compound 22 (5 mg, 19%). [α]D20 +21.1 (c 0.10, MeOH). 1H NMR
(500 MHz, CD3OD): δ = 8.26 (d, J = 8.4 Hz, 2H, Ar−H), 7.88−7.74 (m,
3H, Ar−H), 7.66 (dd, J = 2.2, 8.6 Hz, 1H, Ar−H), 7.51 (d, J = 8.7 Hz,
1H, Ar−H), 7.29 (dd, J = 1.9, 5.3 Hz, 2H, Ar−H), 7.19 (dd, J = 2.1, 8.3
Hz, 1H, Ar−H), 7.08−6.99 (m, 2H, Ar−H), 6.95 (d, J = 8.7 Hz, 1H, Ar−
H), 6.72 (dd, J = 5.5, 10.6, Hz, 2H, Ar−H), 6.61 (dd, J = 2.3, 8.7 Hz, 1H,
Ar−H), 5.65 (s, 1H, H-1), 4.15 (dd, J = 1.8, 3.2 Hz, H-2), 4.03 (dd, J =
3.4, 9.5, Hz, H-3), 3.87−3.72 (m, 3H, H-4, H-6a, H-6b), 3.65 (m, 1H, H5). 13C NMR (126 MHz, CD3OD): δ = 137.50, 136.01, 131.90, 130.24,
130.20, 129.87, 129.24, 128.03, 127.91, 125.79, 125.46, 124.73, 118.99,
118.76, 118.65 (Ar−C), 100.73 (C-1), 76.06 (C-5), 72.42 (C-3), 71.85
(C-2), 68.24 (C-4), 62.69 (C-2). ESI-MS m/z, calcd for C39H31ClNO12
[M + H]+: 740.2. Found: 740.2.
3′-Chloro-N-(2-(3-(3′,6′-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9′-xanthen]-5-yl)thioureido)ethyl)-4′-(α-Dmannopyranosyloxy)biphenyl-4-carboxamide (23). To a stirred
solution of compound 21 (25 mg, 0.061 mmol) in dry DMF (1 mL),
NHS (21 mg, 0.183 mmol) was added, followed by DIC (9.2 mg, 0.073
mmol). The mixture was stirred at rt for 2 h. Then N-Bocethylendiamine (10.7 mg, 0.067 mmol) was added and the reaction
was stirred for 10 h. It was then cooled down to 0 °C, diluted with water,
and concentrated. Chromatography on silica gel (DCM/MeOH)
yielded 23 mg (0.042 mmol, 68%) of tert-butyl (3′-chloro-4′-(α-Dmannopyranosyloxy)biphenyl-4-yl-carboxamido)ethyl)carbamate. This
product was dissolved in DCM (3 mL), and TFA (1 mL) was added.
The solid dissolved during addition of TFA. After 10 min the reaction
was complete. The mixture was evaporated, and excess TFA was
removed in high vacuum. The intermediate N-(2-aminoethyl)-3′chloro-4′-(α-D-mannopyranosyloxy)biphenyl-4-carboxamide TFA salt
(23 mg, 0.042 mmol, quant) was used directly in the next step. It was
dissolved in dry DMF (0.5 mL), and NEt3 (12.8 mg, 0.127 mmol) was
added. The mixture was cooled to 0 °C. Then FITC (14.8 mg, 0.038
mmol) was added and the mixture was stirred for 3 h in the dark. The
mixture was then coevaporated with water, taken up in MeOH/10% aq
acetic acid and evaporated. Chromatography on silica gel (DCM/
MeOH) yielded compound 23, contaminated with triethylammonium
acetate. The compound was then redissolved in MeOH, and 0.5 N HCl
in MeOH was added. The mixture was evaporated and chromatographed on silica gel to yield pure 23 (15 mg, 47%). [α]D20 +12.1 (c 0.30,
MeOH). 1H NMR (500 MHz, CD3OD): δ = 8.12 (s, 1H), 7.92 (d, J =
8.3 Hz, 2H, Ar−H), 7.70 (dd, J = 5.0, 13.1 Hz, 2H, Ar−H), 7.64 (d, J =
8.3 Hz, 2H, Ar−H), 7.54 (dd, J = 2.2, 8.6 Hz, 1H, Ar−H), 7.46 (d, J = 8.7
Hz, 1H, Ar−H), 7.09 (d, J = 8.2 Hz, 1H, Ar−H), 6.74 (s, 2H), 6.69 (d, J
= 1.4 Hz, 2H, Ar−H), 6.55 (d, J = 8.4 Hz, 2H, Ar−H), 5.63 (d, J = 1.3 Hz,
H-1), 4.15 (dd, J = 1.8, 3.1 Hz, H-2), 4.03 (dd, J = 3.4, 9.5 Hz, H-3), 3.94
(s, 2H, CH2), 3.86−3.64 (m, 6H, H-4, H-5, H-6, CH2). 13C NMR (126
MHz, CD3OD): δ = 153.21, 143.84, 136.41, 129.66, 129.18, 127.76,
127.70, 125.37, 118.64, 103.62 (Ar−C), 100.75 (C-1), 76.00 (C-5),
72.41 (C-3), 71.86 (C-2), 68.24 (C-4), 62.69 (C-6), 40.76 (CH2). ESIMS m/z, calcd for C42H37ClN3O12S [M + H]+: 842.2. Found: 842.2.
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3′-Chloro-N-(2-(2-(2-(3-(3′,6′-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9′-xanthen]-5-yl)thioureido)ethoxy)ethoxy)ethyl)-4′-(α-D-mannopyranosyloxy)biphenyl-4-carboxamide
(24). Compound 21 (280 mg, 0.68 mmol) was dissolved in dry DMF (5
mL) under argon. Then NHS (235 mg, 2.04 mmol) was added, followed
by DIC (0.12 mL, 0.78 mmol) and the mixture was stirred at rt for 4 h.
Then Boc-PEG2-NH2 (186 mg, 0.75 mmol) was added, and the mixture
was stirred at rt under argon for 10 h. It was then slowly diluted with
water and concentrated. The residue was puriﬁed by chromatography on
silica gel (DCM/MeOH) to give tert-butyl (2-(2-(2-(3′-chloro-4′-(α-Dmannopyranosyloxy)biphenyl-4-ylcarboxamido)ethoxy)ethoxy)ethyl)carbamate (300 mg, 0.468 mmol, 69%). Then the carbamate was
suspended in DCM (3 mL), and TFA (1 mL) was added dropwise at rt.
After 30 min, the solvents were evaporated and the crude mixture was
dissolved in CHCl3/MeOH (6:4, +0.5% conc NH4OH) and transferred
to a silica gel column, eluting with the same solvent mixture, to yield N(2-(2-(2-aminoethoxy)ethoxy)ethyl)-3′-chloro-4′-(α-Dmannopyranosyloxy)biphenyl-4-carboxamide (228 mg, 90%). A
fraction of the amine (10 mg, 0.018 mmol) was dissolved in dry DMF
(0.5 mL) and cooled to 0 °C. FITC (6.5 mg, 0.017 mmol) was added,
and the mixture was stirred for 1 h. The mixture was concentrated and
the residue was puriﬁed by chromatography on silica (DCM/MeOH) to
yield 24 (10 mg, 65%). 1H NMR (500 MHz, CD3OD): δ = 8.21 (d, J =
1.4 Hz, 1H, Ar−H), 7.88 (d, J = 8.3 Hz, 2H, Ar−H), 7.68 (d, J = 2.2 Hz,
2H, Ar−H), 7.63 (d, J = 8.3 Hz, 2H, Ar−H), 7.53 (dd, J = 2.2, 8.6 Hz,
1H, Ar−H), 7.43 (d, J = 8.7 Hz, 1H, Ar−H), 7.09 (d, J = 8.2 Hz, 1H, Ar−
H), 6.68 (d, J = 2.3 Hz, 2H, Ar−H), 6.65 (dd, J = 2.6, 8.6 Hz, 2H, Ar−H),
6.53 (dd, J = 1.6, 8.7 Hz, 2H, Ar−H), 5.61 (d, J = 1.3 Hz, 1H, H-1), 4.14
(dd, J = 1.8, 3.2, Hz, 1H, H-2), 4.03 (dd, J = 3.4, 9.5 Hz, 1H, H-3), 3.93−
3.53 (m, 16H), 3.37 (s, 2H, NCH2), 1.30 (s, 2H, CH2). 13C NMR (126
MHz, CD3OD): δ = 170.01 (CO), 153.17, 143.72, 136.37, 134.37,
130.39, 129.69, 129.04, 127.78, 127.73, 125.35, 118.60, 103.60 (Ar−C),
100.72 (C-1), 75.97 (C-5), 72.41 (C-3), 71.86, 71.40, 70.59 (5C, C-2,
OCH2), 68.23 (C-4), 62.64 (C-6), 49.88, 45.49, 40.97 (CH2). ESI-MS
m/z, calcd for C46H45ClN3O14S [M + H]+: 930.2. Found: 930.4.
Competitive Fluorescence Polarization Assay. Expression and
Puriﬁcation of CRD of FimH. A recombinant protein consisting of the
CRD of FimH linked to a 6His-tag via a thrombin cleavage site (FimHCRD-Th-His6) was expressed in E. coli strain HM125 and puriﬁed by
aﬃnity chromatography as previously described.43
KD Determination of FITC-Labeled Ligands. The functionalized
ligands (23, 24) were prepared as a 10 mM stock solution in pure
DMSO (Sigma-Aldrich, Buchs, Switzerland). All further dilutions of
compounds and FimH-CRD-Th-His6 protein were prepared in assay
buﬀer (20 mM HEPES, 150 mM NaCl, 50 μg/mL BSA, pH 7.4). BSA
was added to the assay buﬀer to prevent nonspeciﬁc binding of protein
to the plastic surface. Binding isotherms for the ﬂuorescent ligands were
obtained in direct binding studies by adding a constant concentration of
ligand (ﬁnal concentration 5 nM) and a linear dilution of protein (ﬁnal
concentration 0−100 nM) to a ﬁnal volume of 200 μL in 96-well, black,
ﬂat bottom NBS plates (Corning Inc., Corning, NY, USA). After
incubation of the plate for 24 h at rt with gentle shaking, the ﬂuorescence
polarization was measured with the Synergy H1 hybrid multimode
microplate reader (BioTek Instruments Inc., Winooski, VT, USA) with
polarized excitation at 485 nm and emission measured at 528 nm
through polarizing ﬁlters parallel and perpendicularly oriented to the
incident polarized light. KD values were determined by plotting the FP
readout as a function of the protein concentration and applying the
following single-site binding equation (eq 1) that accounts for ligand
depletion:

Sobs = SF + (SB − SF)
⎛C + C + K −
P
L
D
× ⎜⎜
⎝

KD Determination of FimH Antagonists. The ﬂuorescently labeled
ligand 23 was used for the competitive ﬂuorescence polarization assay. A
linear dilution of nonlabeled FimH antagonist with ﬁnal concentrations
ranging from 0 to 10 μM was titrated into 96-well, black, ﬂat-bottom
NBS plates (Corning Inc.) to a ﬁnal volume of 200 μL containing a
constant concentration of protein (ﬁnal concentration 25 nM) and
FITC-labeled ligand which was ﬁxed at a higher concentration in
competitive binding assays than in direct binding experiments to obtain
higher ﬂuorescence intensities (ﬁnal concentration 20 nM). Prior to
measuring the ﬂuorescence polarization, the plates were incubated on a
shaker for 24 h at rt until the reaction reached equilibrium. The IC50
value was determined with Prism (GraphPad Software Inc., La Jolla, CA,
USA) by applying a standard four-parameter IC50 function. The
obtained IC50 values were converted into their corresponding KD values
using the derivation of the Cheng−Prusoﬀ equation.45 This variation of
the Cheng−Prusoﬀ equation is applied to competition assays with tightbinding inhibitors and includes terms to correct for ligand depletion
eﬀects. However, the KD for antagonists having a higher aﬃnity toward
FimH than the labeled ligand could not be accurately determined.45
Isothermal Titration Calorimetry (ITC). All ITC experiments
were performed with the FimH-CRD-Th-His6 protein using a VP-ITC
instrument from MicroCal, Inc. (Malvern Instruments, Worcestershire,
U.K.) with a sample cell volume of 1.4523 mL. The measurements were
performed with 0−5% DMSO at 25 °C, a stirring speed of 307 rpm, and
10 μcal s−1 reference power. The protein samples were dialyzed in assay
buﬀer prior to all experiments. Because of the high protein consumption
of ITC, only the experiments for the reference compounds (1, 3, and
25) were measured in duplicates. Compounds 1, 3, 9, and 25 were
measured in a direct fashion by titration of ligand (100−2,000 μM) into
protein (8.6−55 μM) with injections of 3−8 μL at intervals of 10 min to
ensure nonoverlapping peaks. The quantity c = Mt(0) KD−1, where
Mt(0) is the initial macromolecule concentration, is of importance in
titration microcalorimetry. The c-values of the direct titrations were
below 1000 and thus within the reliable range. For the compounds 10b−
e, 10g, and 10j additional competitive ITC experiments were performed
because of their high aﬃnity resulting in c-values above 1000 for direct
titrations. These ligands (600 μM) were titrated into protein (30 μM),
which was preincubated with compound 25 (300 μM) resulting in
sigmoidal titration curves. Because of slow reaction kinetics, titration
intervals of 20 min were used.
Baseline correction and peak integration were performed using the
Origin 7 software (OriginLab, Northampton, MA, USA). An initial 2 μL
injection was excluded from data analysis. Baseline subtraction and
curve-ﬁtting with the three variables N (concentration correction
factor), KD (dissociation constant), and ΔH° (change in enthalpy) were
performed with the SEDPHAT software, version 10.40 (National
Institutes of Health).86 A global ﬁtting analysis was performed for the
competition titration (10b−e, 10g, or 10j competing for the protein
binding site with compound 25) and the direct titration of the
competitor (compound 25 binding to protein) to ﬁt for KD. ΔH° and N
were ﬁtted from direct titrations of 10b−e, 10g, or 10j into protein. For
the compounds 3, 9, and 25 binding to protein all variables could be
determined from a global analysis of the direct titration.
The thermodynamic parameters were calculated with the following
equation (eq 2):

ΔG° = ΔH ° − T ΔS° = RT ln KD = − RT ln KA

(2)

where ΔG°, ΔH°, and ΔS° are the changes in free energy, enthalpy, and
entropy of binding, respectively, T is the absolute temperature, and R is
the universal gas constant (8.314 J mol−1 K−1). The 95% conﬁdence
intervals of the measurements were calculated for the two variables KD
and ΔH° with the one-dimensional error surface projection within the
SEDPHAT software.
Calculation of the Free Energy of Desolvation. The threedimensional representation for each of the aglycons (4-methoxybiphenyl scaﬀold, Figure 8) was built in the Maestro87 modeling
environment, and the global minimum conformation was identiﬁed by
performing 500 iterations of the mixed torsional/low-mode conformational sampling in combination with the OPLS-2005 force-ﬁeld and the
implicit solvent model (water) as implemented in the Macromodel

(C P + C L + KD)2 − 4C PC L ⎞⎟
⎟
2C L
⎠
(1)

where Sobs is the observed signal from the ligand, SF is the signal from
free ligand, SB is the signal from bound ligand, CP is the total
concentration of protein, and CL is the total concentration of ligand.49
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X-ray Analysis of the Antagonists 10e and 10j Cocrystallized
with FimH-CRD. FimH-CRD/10e Cocrystallization. Initial FimHCRD (18 mg/mL in 20 mM HEPES, pH 7.4) crystals were obtained in
complex with 4-(5-nitroindolin-1-yl)phenyl α-D-mannopyranoside (5
mM).23 Crystals were grown in sitting-drop vapor diﬀusion at 20 °C
with 200 nL of protein−antagonist mixture together with 200 nL of
precipitant solution in well D3 (0.2 M sodium phosphate monobasic
monohydrate, 20% w/v PEG 3,350) of the PEG/Ion HT screen
(Hampton Research, CA, USA). Cubic crystals appeared within 1 week,
which served as cross-seeding crystals. A solution of FimH-CRD (20
mg/mL) and 10e (5 mM) was mixed with 0.2 M sodium phosphate
monobasic monohydrate, 20% w/v PEG 400 with 0.5 μL of each
solution. Streak-seeding was performed after 1 day of incubation. Cubic
FimH-CRD/10e crystals formed within 24 h. Crystals were ﬂash cooled
to 100 K with perﬂuoropolyether cryo oil (Hampton Research, CA,
USA) as cryoprotectant. Data were collected with synchrotron radiation
(λ = 0.999 99 Å) at the PXIII beamline, Swiss Light Source, Switzerland.
FimH-CRD/10j Cocrystallization. Cocrystals were initially grown in
sitting-drop vapor diﬀusion at 20 °C with 0.5 μL of a mixture of FimHCRD (20 mg/mL) and 10j (5 mM) together with 0.5 μL of 0.1 M
HEPES, pH 7.5, 2 M ammonium sulfate. Platelike crystals formed within
2 weeks and were used as seeds for subsequent crystallization.
Diﬀraction quality crystals were grown by streak-seeding in 0.5 μL of
FimH-CRD (10 mg/mL) with 10j (2.5 mM) and 0.5 μL of 0.1 M
HEPES, pH 7.5, 1.25 M ammonium sulfate. The drops were covered
with perﬂuoropolyether cryo oil prior to ﬂash cooling to 100 K. Data
were collected with synchrotron radiation (λ = 1.000 03 Å) at the PXIII
beamline, Swiss Light Source, Switzerland.
Structure Determination and Reﬁnement. Data were indexed and
integrated with the XDS package93 for the FimH-CRD/10e cocrystal
structure, and with mosﬂm94 for the FimH-CRD/10j cocrystal structure
(Table 6). Scaling was performed with XDS and SCALA included in the
CCP4 suite, respectively.95 Structures were solved by molecular

Figure 8. 4-Methoxybiphenyl scaﬀold of aglycons.
9.9.88 The global minimum structures were used as input for the
AMSOL 7.1 program89 to obtain the free energy of desolvation ΔGdes
(Table 5) with the SM5.4A solvation model90 and the AM191 level of
theory (used keywords “AM1 SM5.4A SOLVNT=WATER TRUES”).

Table 5. Aqueous Free Energy of Desolvation
R

ΔGdes [kJ/mol]

neutral
H
CONHCH3
COOCH3
SO2NHCH3
SO2CH3
4-morpholineamide
CN
deprotonated
COO−
SO2-N−-Me

15.6
39.9
23.0
65.5
56.4
45.3
22.0
298.2
342.0

Determination of the MAC90 by Flow Cytometry. The MAC90
was determined in principle as in the previously published ﬂow
cytometry assay79 but with some modiﬁcations. The human epithelial
bladder carcinoma cell line 5637 (DSMZ, Braunschweig, Germany) was
grown in RPMI 1640 medium, supplemented with 10% fetal calf serum
(FCS), 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 °C, 5%
CO2. All solutions were purchased from Invitrogen (Basel, Switzerland).
The cells were subcultured 1:6 twice per week [using trypsin/EDTA
(Sigma-Aldrich) for the detachment]. Two days before infection, 1.8 ×
105 cells were seeded in each well of a 24-well plate in RPMI 1640
containing 10% FCS without antibiotics. The cell density was
approximately (3−5) × 105 cells/well at the assay day.
For infection, the GFP-expressing clinical E. coli isolate UTI8992
(UTI89 wt) and the GFP-expressing FimA-H knockout strain UTI89
Δf imA-H were used (strains were provided by Prof. Urs Jenal, Biocenter,
University of Basel, Switzerland).79 Bacteria were cultivated at 37 °C in
10 mL Luria−Bertani (LB) broth (Becton, Dickinson and Company)
overnight, harvested by centrifugation (3800 rpm, 10 min), and washed
three times in phosphate buﬀered saline (PBS, Sigma-Aldrich), and a
bacterial solution of OD600 of 0.75 in RPMI + 10% FCS was prepared.
For the determination of the MAC90 value, the IC90, linear dilutions of
the FimH antagonist were prepared in 5% DMSO and PBS. Bacteria and
antagonists were preincubated for 10 min at 37 °C, before cells were
infected with either only 200 μL of bacterial solution of UTI89 or UTI89
Δf imA-H (positive and negative controls), or 225 μL of the
preincubated bacteria−antagonist mixture. Infection lasted for 1.5 h.
During this time infected cells were incubated at 37 °C. Then, cells were
washed with PBS and detached from wells by the addition of 150 μL of
trypsin and incubation at 37 °C for 10 min, before ﬂushing from wells
PBS containing 2% FCS and transferred to tubes. To dilute the trypsin,
cells were centrifuged at 13 000 rpm, 1 min, 600 μL of the supernatant
was discarded, and the pellet was resuspended in the remaining 300 μL
of PBS containing 2% FCS. Samples were stored on ice until
measurement. Before analysis with the ﬂow cytometer (Becton
Dickinson, FACSCanto II), the samples were gently mixed and ﬁltered
using a 35 μm nylon mesh (Corning Life Sciences) to prevent cellular
aggregation. Cells were gated with linear scaling for side scatter (SSC)
and forward scatter (FSC) and GFP intensity of live cells was evaluated.
IC90 values were determined by plotting the concentration of the
antagonist in a logarithmic mode versus the mean ﬂuorescence intensity
(MFI) of living cells and by ﬁtting a dose−response curve (variable
slope, four parameters) with the Prism software (GraphPad Prism).

Table 6. Data Collection and Reﬁnement Statistics for FimHCRD/10e and FimH-CRD/10j Cocrystals
FimH-CRD/10e
PDB code
space group
no. of molecules in
the asymmetric
unit
a, b, c (Å)
α, β, γ (deg)
beamline
resolution range
(Å)a
unique
observationsa
average
multiplicitya
completeness (%)
Rmerge a
mean I/σ(I) a
resolution range
(Å)
R, Rfree
rms deviation from
ideal bond length
(Å)
rms deviation from
ideal bond angle
(deg)
a

2234
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4CSS
P212121
1

FimH-CRD/10j
4CST
P212121
1

Cell Dimensions
48.38, 56.23, 61.59
90, 90, 90
Data Collection
Swiss Light Source PXIII
30.0−1.07 (1.13−1.07)

Swiss Light Source PXIII
23.5−1.10 (1.12−1.10)

72000 (9354)

66470 (2500)

10.9 (3.7)

5.4 (2.4)

96.1 (78.0)
0.056 (0.57)
21.5 (2.22)
Reﬁnement
15.7−1.07

97.2 (76.5)
0.051 (0.305)
15.5 (2.9)

11.2, 13.2
0.010

11.4, 13.0
0.010

1.170

1.420

48.84, 55.89, 61.00
90, 90, 90

23.5−1.10

Values in parentheses are for highest-resolution shell.
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log D7.4 = log⎜
⎟
cB
o/b ⎠
⎝

96

replacement with PHASER using the FimH-CRD-butyl α-Dmannopyranoside complex (PDB code 1UWF) as search model. The
structures were iteratively built using the COOT software97 and reﬁned
with the PHENIX software.98 Geometric restraints for 10e and 10j were
generated with PRODRG.99 The models were validated using
molprobity.100 Residues 113−115 were not modeled in the 10e
structure because of disorder. Furthermore, the ligand was modeled in
two possible conformations. For both ligands, electron density is
reduced on the second aromatic ring because of ﬂexibility of the ligand.
Physicochemical and in Vitro Pharmacokinetic Studies.
Materials. Dimethyl sulfoxide (DMSO), 1-propanol, 1-octanol,
Dulbecco’s modiﬁed Eagle medium (DMEM)−high glucose, Lglutamine solution, penicillin−streptomycin solution, Dulbecco’s
phosphate buﬀered saline (DPBS), trypsin−EDTA solution, magnesium chloride hexahydrate, and reduced nicotinamide adenine
dinucleotide phosphate (NADPH) were purchased from Sigma-Aldrich.
MEM nonessential amino acid (MEM-NEAA) solution, fetal bovine
serum (FBS), and DMEM without sodium pyruvate and phenol red
were bought from Invitrogen (Carlsbad, CA, USA). PRISMA HT
universal buﬀer, GIT-0 Lipid Solution, and Acceptor Sink Buﬀer were
ordered from pIon (Woburn, MA, USA). Human plasma was bought
from Biopredic (Rennes, France), and acetonitrile (MeCN) and
methanol (MeOH) were from Acros Organics (Geel, Belgium). Pooled
male rat liver microsomes were purchased from BD Bioscience
(Franklin Lakes, NJ, USA). Tris(hydroxymethyl)aminomethane
(TRIS) was obtained from AppliChem (Darmstadt, Germany). The
Caco-2 cells were kindly provided by Prof. G. Imanidis, FHNW,
Muttenz, and originated from the American Type Culture Collection
(Rockville, MD, USA).
pKa. The pKa values were determined as described elsewhere.101 In
brief, the pH of a sample solution was gradually changed and the
chemical shift of protons adjacent to ionizable centers was monitored by
1
H 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.
log D7.4. The in silico prediction tool ALOGPS102 was used to
estimate log P values of the compounds. Depending on these values, the
compounds were classiﬁed into three categories: hydrophilic compounds (log P 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 7).

Table 7. Compound Classiﬁcation Based on Estimated log P
Values
compd type

log P

ratio (1-octanol/buﬀer)

hydrophilic
moderately lipophilic
lipophilic

<0
0−1
>1

30:140, 40:130
70:110, 110:70
3:180, 4:180

(3)

Aqueous Solubility. Solubility was determined in a 96-well format
using the μSOL Explorer solubility analyzer (pIon, version 3.4.0.5). For
each compound, measurements were performed at pH 3.0 and 7.4 in
triplicate. For this purpose, six wells of a deep well plate, that is, three
wells per pH value, were ﬁlled with 300 μL of PRISMA HT universal
buﬀer, adjusted to pH 3.0 or 7.4 by adding the requested amount of
NaOH (0.5 M). Aliquots (3 μL) of a compound stock solution (10−50
mM in DMSO) were added and thoroughly mixed. The ﬁnal sample
concentration was 0.1−0.5 mM, and the residual DMSO concentration
was 1.0% (v/v) in the buﬀer solutions. After 15 h, the solutions were
ﬁltered (0.2 μm 96-well ﬁlter plates) using a vacuum to collect manifold
(Whatman Ltd., Maidstone, U.K.) to remove the precipitates. Equal
amounts of ﬁltrate and 1-propanol were mixed and transferred to a 96well plate for UV/vis detection (190−500 nm, SpectraMax 190). The
amount of material dissolved was calculated by comparison with UV/vis
spectra obtained from reference samples, which were prepared by
dissolving compound stock solution in a 1:1 mixture of buﬀer and 1propanol (ﬁnal concentrations 0.017−0.083 mM).
Parallel Artiﬁcial Membrane Permeation Assay (PAMPA). Eﬀective
permeability (log Pe) was determined in a 96-well format with the
PAMPA.60 For each compound, measurements were performed at pH
5.0 and 7.4 in quadruplicates. Eight wells of a deep well plate, that is, four
wells per pH value, were ﬁlled with 650 μL of PRISMA HT universal
buﬀer adjusted to pH 5.0 or 7.4 by adding the requested amount of
NaOH (0.5 M). Samples (150 μL) were withdrawn from each well to
determine the blank spectra by UV/vis spectroscopy (190−500 nm,
SpectraMax 190). Then analyte dissolved in DMSO was added to the
remaining buﬀer 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 ﬁltered. Afterward,
samples (150 μL) were withdrawn to determine the reference spectra.
Further 200 μL was transferred to each well of the donor plate of the
PAMPA sandwich (pIon, P/N 110163). The ﬁlter membranes at the
bottom of the acceptor plate were infused with 5 μL of GIT-0 lipid
solution, and 200 μL of Acceptor Sink Buﬀer was ﬁlled into each
acceptor well. The sandwich was assembled, placed in the GutBox, and
left undisturbed for 16 h. Then it was disassembled and samples (150
μL) were transferred from each donor and acceptor well to UV plates for
determination of the UV/vis spectra. Eﬀective permeability (log Pe) was
calculated from the compound ﬂux deduced from the spectra, the ﬁlter
area, and the initial sample concentration in the donor well with the aid
of the PAMPA Explorer software (pIon, version 3.5).
Colorectal Adenocarcinoma (Caco-2) Cell Permeation Assay.
Caco-2 cells were cultivated in tissue culture ﬂasks (BD Biosciences)
with DMEM high glucose medium, containing L-glutamine (2 mM),
nonessential amino acids (0.1 mM), penicillin (100 U/mL),
streptomycin (100 μg/mL), and fetal bovine serum (10%). The cells
were kept at 37 °C in humidiﬁed air containing 5% CO2, and the
medium was changed every second 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 5.3 × 105 cells per well to
Transwell six-well plates (Corning Inc.) with 2.5 mL of culture medium
in the basolateral and 1.8 mL in the apical compartment. The medium
was renewed on alternate days. Permeation experiments were
performed between days 19 and 21 after seeding. Prior to the
experiment, the integrity of the Caco-2 monolayers was evaluated by
measuring the transepithelial electrical resistance (TEER) with an
Endohm tissue resistance instrument (World Precision Instruments
Inc., Sarasota, FL, USA). Only wells with TEER values higher than 250
Ω cm2 were used. Experiments were performed in the apical-tobasolateral (absorptive) and basolateral-to-apical (secretory) directions
in triplicate. Transport medium (DMEM without sodium pyruvate and
phenol red) was withdrawn from the donor compartments of three wells
and replaced by the same volume of compound stock solution (10 mM
in DMSO) to reach an initial sample concentration of 62.5 μM. The
Transwell plate was then shaken (600 rpm, 37 °C) on a Heidolph

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, that is, three determinations per 1-octanol/buﬀer ratio,
were performed 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 a Heidolph Titramax 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 LC−MS.
The log D7.4 coeﬃcient 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 eq 3:
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Titramax 1000 plate-shaker. Samples (40 μL) were withdrawn from the
donor and acceptor compartments 30 min after initiation of the
experiment, and the compound concentrations were determined by
LC−MS (see below). Apparent permeability (Papp) was calculated
according to eq 4:

Papp =

dQ 1
dt Ac0

collision energy, polarity were optimized individually for each analyte,
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 Quantitative Analysis software
(version B.01.04).
In Vivo Studies. Animals. Female C3H/HeN mice weighing
between 19 and 25 g were obtained from Charles River Laboratories
(Sulzfeld, Germany) or Harlan (Venray, The Netherlands) and were
housed three or four per cage. The mice were kept under speciﬁc
pathogen-free conditions in the Animal House of the Department of
Biomedicine, University Hospital of Basel, and animal experimentation
guidelines according to the regulations of the Swiss veterinary law were
followed. After 7 days of acclimatization, 9- to 10-week-old mice were
used for the studies. Animals had free access to chow and water at any
time and were kept in a 12 h/12 h light/dark cycle. For administration
volumes and sampling the good practice guidelines were followed.103
Pharmacokinetic Studies. The single-dose studies for the ﬁrst
experiment set were performed by intravenous application of FimH
antagonists at a dosage of 50 mg/kg body weight, followed by plasma
and urine sampling. Antagonists were diluted in PBS (Sigma-Aldrich)
for injection into the tail vein. Blood and urine samples (10 μL) were
taken at 6 and 30 min and at 1, 2, 4, 6, and 8 h after injection. For the PK
studies with 10j, the antagonist was dissolved in PBS with 5% DMSO
(Sigma-Aldrich) and injected into the tail vain (0.625 mg/kg) or given
orally (1.25 mg/kg) using a gavage (syringes from BD Micro Fine, U100 Insuline, 30 G with BD Microlance 3, 25 G needles, Becton
Dickinson and Soft-Ject, 1 mL syringes from Henke Sass Wolf; gavage
from Fine Science Tools). Blood and urine were sampled (10 μL) after
7, 13, 20, 30, 45 min and after 1, 1.5, 2, 2.5, 3, 4, 6, 8, and 24 h. Both blood
and urine samples were directly diluted after sampling with MeOH
(Acros Organics) to precipitate the proteins and centrifuged for 11 min
at 13 000 rpm. The supernatants were transferred to a 96-well plate
(Agilent Technologies, 0.5 mL, polypropylene), and the analyte
concentrations were determined by LC−MS (see above).
Infection Study. For all infection studies, the drinking water of the
mice was replaced by water containing 5% glucose (monohydrate from
AppliChem, BioChemica), 3 days before the start of the experiment. 10j
was dosed at 1.25 mg/kg (in 5% DMSO and PBS) and 10 mg/kg (in 5%
DMSO in PBS containing 1% Tween 80, all purchased from SigmaAldrich) and applied orally via gavage to six and four mice, respectively,
as described in the section Pharmacokinetic Studies, 40 min prior to
infection. Ciproﬂoxacin (Ciproxin solution, 2 mg/mL, Bayer) was dosed
with 8 mg/kg, which would correspond to a human dose of 500 mg,81
subcutaneously 10 min prior to infection with UTI89 to 4 mice. The
values for the control group (PBS, po) resulted from the infection of 11
mice. Four mice were orally treated with the formulation vehicle for 10j
(5% DMSO in PBS containing 1% Tween 80) and termed controls
formulation. Before infection, remaining urine in the bladder was
expelled by gentle pressure on the abdomen. Mice were anesthetized in
2.5 vol % isoﬂurane/oxygen mixture (Attane, Minrad Inc., USA) and
placed on their back. Infection was performed transurethrally using a
polyethylene catheter (Intramedic polyethylene tubing, inner diameter
0.28 mm, outer diameter 0.61 mm, Becton Dickinson), on a syringe
(Hamilton Gastight Syringe 50 μL, removable 30G needle, BGB
Analytik AG, Switzerland). After gentle insertion of the catheter into the
bladder, 50 μL of bacterial suspension of UTI89 (5.5 × 109 to 2.25 ×
1010 CFU/mL) was slowly injected. This corresponded to approximately 107−108 CFU per mouse. Mice were killed by CO2 3 h after
inoculation, and bladder and kidneys were aseptically removed. Organs
were homogenized in 1 mL of PBS using a tissue lyser (Retsch,
Germany). Serial dilutions of bladder and kidneys were plated on Levine
Eosin Methylene Blue Agar plates (Becton Dickinson), and CFUs were
counted after overnight incubation at 37 °C.

(4)
−1

where dQ/dt is the compound ﬂux (mol s ), A is the surface area of the
monolayer (cm2), and c0 is the initial concentration in the donor
compartment (mol cm−3).60 After the experiment, TEER values were
assessed again for each well and results from wells with values below 250
Ω cm2 were discarded.
Plasma Protein Binding (PPB). PPB was determined in a 96-well
format using a high throughput dialysis block (HTD96b; HTDialysis
LCC, Gales Ferry, CT, USA). For each compound, measurements were
performed in triplicate. Dialysis membranes (MWCO 12-14 K;
HTDialysis LCC) were hydrated according to the instructions of the
manufacturer and placed into the dialysis block. Human plasma was
centrifuged (5800 rpm, 5 °C, 10 min), the pH of the supernatant
(without ﬂoating plasma lipids) was adjusted to 7.4 by adding the
requested amount of HCl (4 M), and analyte was added to yield a ﬁnal
concentration of 10 μM. Equal volumes (150 μL) of plasma containing
the analyte or TRIS-HCl buﬀer (0.1 M, pH 7.4) were transferred to the
compartments separated by the dialysis membrane. The block was
covered with a sealing ﬁlm and left undisturbed (5 h, 37 °C). Afterward,
samples (90 μL) were withdrawn from the buﬀer compartments and
diluted with plasma (10 μL). From the plasma compartments, samples
(10 μL) were withdrawn and diluted with TRIS-HCl buﬀer (90 μL).
The solutions were further diluted with ice-cooled MeCN (300 μL) to
precipitate the proteins and centrifuged (3600 rpm, 4 °C, 10 min). The
supernatants (50 μL) were retrieved, and the analyte concentrations
were determined by LC−MS (see below). The fraction bound ( f b) was
calculated as follows (eq 5):

fb = 1 −

cb
cp

(5)

where cb is the concentration of the analyte withdrawn from the buﬀer
compartment before dilution and cp is the concentration in the plasma
compartment. The values were accepted if the recovery of analyte was
between 80% and 120% of the initial amount.
Cytochrome P450 Mediated Metabolism. Incubations consisted of
pooled male rat liver microsomes (0.5 mg microsomal protein/mL), test
compound (2 μM), MgCl2 (2 mM), and NADPH (1 mM) in a total
volume of 300 μL TRIS-HCl buﬀer (0.1 M, pH 7.4) and were performed
in a 96-well plate on a Thermomixer Comfort (Eppendorf).
Compounds and microsomes were preincubated (37 °C, 700 rpm, 10
min) before NADPH was 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 MeOH, centrifuged (3600 rpm, 4 °C, 10 min), and 80 μL
of supernatant was transferred to a 96-well plate for LC−MS analysis
(see below). The metabolic half-life (t1/2) was calculated from the slope
of the linear regression from the log percentage remaining compound
versus incubation time relationship. Control experiments without
NADPH were performed in parallel.
LC−MS Measurements. Analyses were performed using an 1100/
1200 series HPLC system coupled to a 6410 triple quadrupole 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 used was 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 eluent A (H2O containing 0.1% formic acid (for 10a−
f,h,i), or 10 mM ammonium acetate, pH 5.0 in 95:5, H2O/MeCN (for
10g,j)) and eluent B (MeCN containing 0.1% formic acid). The ﬂow
rate was maintained at 0.6 mL/min. The gradient was ramped from 95%
A/5% B to 5% A/95% B over 1 min 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,
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Synthesis
General methods. NMR spectra were recorded on a Bruker Avance DMX-500 (500.1 MHz)
spectrometer. Assignment of 1H and

13

C NMR spectra was achieved using 2D methods

(COSY, HSQC, HMBC). Chemical shifts are expressed in ppm using residual CHCl3,
CHD2OD or 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. The LC/HRMS analysis were carried out using a Agilent 1100 LC equipped
with a photodiode array detector and a Micromass QTOF I equipped with a 4 GHz digitaltime converter. Microwave-assisted reactions were carried out with a CEM Discover 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 charring with a molybdate solution (a
0.02 M solution of ammonium cerium sulfate dihydrate and ammonium molybdate
tetrahydrate in aqueous 10% H2SO4). MPLC separations were carried out on a CombiFlash
Companion or Rf (Teledyne Isco) equipped with RediSep normal-phase or RP-18 reversedphase flash columns. LC-MS separations were done on a Waters system equipped with
sample manager 2767, pump 2525, PDA 2525 and micromass ZQ. All compounds used for
biological assays are at least of 95% purity based on HPLC analytical results. Commercially
available reagents were purchased from Fluka, Aldrich, Alfa Aesar or abcr GmbH & Co. KG
(Germany). Solvents were purchased from Sigma-Aldrich or Acros and were dried prior to
use where indicated. Methanol (MeOH) was dried by refluxing with sodium methoxide and
distilled immediately before use. Dimethoxyethane (DME) was dried by filtration over Al2O3
(Fluka, type 5016 A basic).
General procedure A for palladium-catalyzed Miyaura-Suzuki coupling. A Schlenk tube
was charged with aryl iodide 11S1 (1.0 eq), boronic acid or boronate 12a-d, f, g (1.1 eq),
Pd(dppf)Cl2⋅CH2Cl2 (0.03 eq), K3PO4 (1.5 eq) and a stirring bar. The tube was closed with a
rubber septum and was evacuated and flushed with argon. This procedure was repeated once,
and then anhydrous DMF (2 mL) was added under a stream of argon. The mixture was
degassed in an ultrasonic bath and flushed with argon for 5 min, and then stirred at 80 °C
overnight. The reaction mixture was cooled to rt, diluted with EtOAc (50 mL), and washed
with water (50 mL) and brine (50 mL). The organic layer was dried over Na2SO4 and
concentrated in vacuo. The residue was purified by MPLC on silica gel (petroleum
ether/EtOAc) to afford 13a-d, f, g.
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General procedure B for deacetylation. To a solution of 13a-d, f, g (1.0 eq) in dry MeOH
(5 mL) was added freshly prepared 1 M NaOMe/MeOH (0.1 eq) under argon. The mixture
was stirred at rt until the reaction was complete (monitored by TLC), then neutralized with
Amberlyst-15 (H+) ion-exchange resin, filtered and concentrated in vacuo. The residue was
purified by MPLC on silica gel (DCM/MeOH, 10:1-7:1) to afford 10a-d, f, g as white solids.
4’-(2,3,4,6-Tetra-O-acetyl-α
α -D-mannopyranosyloxy)-biphenyl-4-carboxamide

(13a).

Prepared according to general procedure A from 11 (150 mg, 0.27 mmol), (4carbamoylphenyl)boronic acid (12a, 49 mg, 0.30 mmol), Pd(dppf)Cl2⋅CH2Cl2 (6.6 mg, 0.008
mmol) and K3PO4 (86 mg, 0.41 mmol). Yield: 108 mg (73%) as yellow oil. [α]D20 +70.7 (c
0.60, EtOAc); 1H NMR (500 MHz, CDCl3): δ = 7.89-7.87 (m, 2H, Ar-H), 7.63-7.62 (m, 2H,
Ar-H), 7.57-7.55 (m, 2H, Ar-H), 7.19-7.17 (m, 2H, Ar-H), 6.18 (br, 1H, NH), 5.85 (br, 1H,
NH), 5.60-5.57 (m, 2H, H-1, H-3), 5.48 (dd, J = 1.8, 3.5 Hz, 1H, H-2), 5.40 (t, J = 10.1 Hz,
1H, H-4), 4.30 (dd, J = 5.3, 12.4 Hz, 1H, H-6a), 4.17-4.03 (m, 2H, H-5, H-6b), 2.22, 2.07,
2.05, 2.04 (4 s, 12H, 4 COCH3); 13C NMR (126 MHz, CDCl3): δ = 170.68, 170.17, 170.14,
169.88, 169.12 (5 CO), 155.77, 144.07, 134.85, 131.83, 128.58, 128.10, 127.04, 117.02 (ArC), 95.89 (C-1), 69.47 (C-5), 69.38 (C-2), 68.96 (C-3), 66.00 (C-4), 62.20 (C-6), 21.03, 20.86,
20.84, 20.83 (4 COCH3); ESI-MS: m/z: Calcd for C27H29NNaO11 [M+Na]+: 566.2, found:
566.2.
4’-(2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyloxy)-N-methyl-biphenyl-4-carboxamide
(13b). Prepared according to general procedure A from 11 (50 mg, 0.09 mmol), (4(methylcarbamoyl)phenyl)boronic acid (12b, 18 mg, 0.10 mmol), Pd(dppf)Cl2⋅CH2Cl2 (3 mg,
0.003 mmol) and K3PO4 (29 mg, 0.14 mmol). Yield: 32 mg (63%) as colorless oil. [α]D20
+76.1 (c 0.60, EtOAc); 1H NMR (500 MHz, CDCl3): δ = 7.83-7.81 (m, 2H, Ar-H), 7.60-7.53
(m, 4H, Ar-H), 7.17-7.15 (m, 2H, Ar-H), 6.30 (d, J = 4.8 Hz, 1H, NH), 5.58-5.56 (m, 2H, H1, H-3), 5.46 (dd, J = 1.8, 3.4 Hz, 1H, H-2), 5.38 (t, J = 10.0 Hz, 1H, H-4), 4.28 (dd, J = 5.1,
12.1 Hz, 1H, H-6a), 4.12-4.06 (m, 2H, H-5, H-6b), 3.03 (d, J = 4.8 Hz, 3H, NHCH3), 2.20,
2.05, 2.03, 2.02 (4 s, 12H, 4 COCH3);

13

CNMR (126 MHz, CDCl3): δ = 170.66, 170.14,

170.11, 169.86, 167.99 (5 CO), 155.65, 143.36, 134.97, 133.17, 128.51, 127.53, 126.96,
116.98 (Ar-C), 95.88 (C-1), 69.46 (C-5), 69.35 (C-2), 68.96 (C-3), 65.98 (C-4), 62.19 (C-6),
26.99 (NHCH3), 21.02, 20.84, 20.82, 20.81 (4 COCH3); ESI-MS: m/z: Calcd for C28H32NO11
[M+H]+: 558.2, found: 558.3.
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4’-(2,3,4,6-Tetra-O-acetyl-α
α -D-mannopyranosyloxy)-biphenyl-4-yl-(morpholino)methanone (13c). Prepared according to general procedure A from 11 (110 mg, 0.20 mmol),
pinacol 4-(morpholine-4-carbonyl)phenylboronate (12c, 70 mg, 0.22 mmol), Pd(dppf)Cl2⋅
CH2Cl2 (5 mg, 0.006 mmol) and K3PO4 (64 mg, 0.30 mmol). Yield: 139 mg (99%) as yellow
oil. [α]D20 +62.0 (c 0.40, MeOH); 1H NMR (500 MHz, CDCl3): δ = 7.60-7.47 (m, 6H, Ar-H),
7.19-7.17 (m, 2H, Ar-H), 5.60-5.58 (m, 2H, H-1, H-3), 5.47 (dd, J = 1.9, 3.4 Hz, 1H, H-2),
5.40 (t, J = 10.1 Hz, 1H, H-4), 4.30 (dd, J = 5.1, 12.2 Hz, 1H, H-6a), 4.14-4.08 (m, 2H, H-6b,
H-5), 3.78-3.45 (m, 8H, 4 CH2), 2.22, 2.09, 2.07, 2.04 (4 s, 12H, 4 COCH3); 13C NMR (126
MHz, CDCl3): δ = 170.55, 170.26, 170.05, 170.01, 169.76 (5 CO), 155.50, 142.00, 135.03,
133.82, 128.36, 127.80, 126.94, 116.90 (Ar-C), 95.81 (C-1), 69.38 (C-5), 68.85 (C-2), 66.94
(C-3), 65.90 (C-4), 62.09 (C-6), 20.92, 20.74, 20.72, 20.71 (4 COCH3); ESI-MS: m/z: Calcd
for C31H35NNaO12 [M+Na]+: 636.2, found: 636.3.
4'-(Methylsulfonyl)-biphenyl-4-yl

2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside

(13d).

Prepared according to general procedure A from 11 (50 mg, 0.09 mmol), 4-(methylsulfonyl)phenylboronic acid (12d, 20 mg, 0.10 mmol), Pd(dppf)Cl2⋅CH2Cl2 (3 mg, 0.003 mmol) and
K3PO4 (29 mg, 0.14 mmol). Yield: 23 mg (44%) as a yellow solid. [α]D20 +78.3 (c 0.60,
EtOAc); 1H NMR (500 MHz, CDCl3): δ = 8.00-7.99 (m, 2H, Ar-H), 7.74-7.72 (m, 2H, Ar-H),
7.59-7.56 (m, 2H, Ar-H), 7.23-7.18 (m, 2H, Ar-H), 5.60-5.56 (m, 2H, H-1, H-3), 5.47 (dd, J =
1.8, 3.4 Hz, 1H, H-2), 5.40 (t, J =10.0 Hz, 1H, H-4), 4.30 (dd, J = 4.9, 12.0 Hz, 1H, H-6a),
4.13-4.08 (m, 2H, H-5, H-6b), 3.10 (s, 3H, SO2CH3), 2.22, 2.07, 2.05, 2.04 (4 s, 12H, 4
COCH3); 13C NMR (126 MHz, CDCl3): δ = 170.53, 170.05, 170.02, 169.73 (4 CO), 156.11,
145.82, 138.86, 133.89, 128.71, 128.00, 127.61, 117.05 (Ar-C), 95.77 (C-1), 69.32 (2C, C-2,
C-5), 68.80 (C-3), 65.84 (C-4), 62.06 (C-6), 44.65 (SO2CH3), 20.91, 20.74, 20.72 (4C, 4
COCH3); ESI-MS: m/z: Calcd for C27H30NaO12S [M+Na]+: 601.1, found: 601.1.
3',5'-Difluoro-4'-hydroxy-biphenyl-4-yl

2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside

(13f). Prepared according to general procedure A from 11 (100 mg, 0.18 mmol), pinacol (3,5difluoro-4-hydroxyphenyl)boronate (12f, 51 mg, 0.20 mmol), Pd(dppf)Cl2⋅CH2Cl2 (5 mg,
0.006 mmol) and K3PO4 (57 mg, 0.27 mmol). Yield: 57 mg (52%) as colorless oil. [α]D20
+64.9 (c 0.70, MeOH); 1H NMR (500 MHz, CDCl3): δ = 7.44-7.38 (m, 2H, Ar-H), 7.15-7.11
(m, 2H, Ar-H), 7.10-7.02 (m, 2H, Ar-H), 5.90 (bs, 1H, OH), 5.59 (dd, J = 3.6, 10.1 Hz, 1H,
H-3), 5.56 (d, J = 1.8 Hz, 1H, H-1), 5.47 (dd, J = 1.8, 3.5 Hz, 1H, H-2), 5.40 (t, J = 10.1 Hz,
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1H, H-4), 4.30 (dd, J = 4.8, 12.0 Hz, 1H, H-6a), 4.14-4.08 (m, 2H, H-6b, H-5), 2.22, 2.07,
2.06, 2.05 (4 s, 12H, 4 COCH3); 13C NMR (126 MHz, CDCl3): δ = 170.83, 170.31, 170.25,
169.99 (4 CO), 155.43 (Ar-C), 152.19 (d, J = 241.0 Hz, Ar-C), 152.14 (d, J = 241.0 Hz, ArC), 133.82 (Ar-C), 132.29 (d, J = 20.6 Hz, Ar-C), 127.93, 117.02 (Ar-C), 110.04 (d, J = 6.4
Hz, Ar-C), 109.91 (d, J = 6.4 Hz, Ar-C), 95.90 (C-1), 69.53 (C-5), 69.34 (C-2), 68.97 (C-3),
66.02 (C-4), 62.23 (C-6), 21.02, 20.85, 20.82, 20.81 (4 COCH3); ESI-MS: m/z: Calcd for
C26H26F2NaO11 [M+Na]+: 575.1, found: 575.2.
α -D-mannopyranosyloxy)-biphenyl-4-carbonitrile
4’-(2,3,4,6-Tetra-O-acetyl-α

(13g).

Prepared according to general procedure A from 11 (330 mg, 0.60 mmol), 4cyanophenylboronic acid (12g, 96 mg, 0.65 mmol), Pd(dppf)Cl2⋅CH2Cl2 (15 mg, 0.018 mmol)
and K3PO4 (192 mg, 0.90 mmol). Yield: 187 mg (59%) as colorless oil. [α]D20 +72.9 (c 0.80,
MeOH); 1H NMR (500 MHz, CD3OD): δ = 7.73-7.71 (m, 2H, Ar-H), 7.65-7.64 (m, 2H, ArH), 7.57-7.53 (m, 2H, Ar-H), 7.21-7.19 (m, 2H, Ar-H), 5.60-5.57 (m, 2H, H-1, H-3), 5.47 (dd,
J = 1.9, 3.4 Hz, 1H, H-2), 5.40 (t, J = 10.1 Hz, 1H, H-4), 4.30 (dd, J = 5.1, 12.2 Hz, 1H, H6a), 4.14-4.08 (m, 2H, H-6b, H-5), 2.22, 2.07, 2.06, 2.04 (4 s, 12H, 4 COCH3); 13C NMR (126
MHz, CD3OD): δ = 170.62, 170.14, 170.11, 169.83 (4 CO), 156.16, 144.87, 134.05, 132.77,
128.64, 127.46 (Ar-C), 119.05 (CN), 117.15, 110.77 (Ar-C), 95.86 (C-1), 69.42 (2C, C-2, C5), 68.90 (C-3), 65.94 (C-4), 62.16 (C-6), 21.01, 20.84, 20.82 (4C, 4 COCH3); ESI-MS: m/z:
Calcd for C27H27NNaO10 [M+Na]+: 548.2, found: 548.2.
4’-(α-D-Mannopyranosyloxy)-biphenyl-4-carboxamide (10a). Prepared according to
general procedure B from 13a (30 mg, 0.05 mmol). Yield: 6 mg (29%) as a white solid. [α]D20
+133.0 (c 0.30, dioxane/H2O, 2:1); 1H NMR (500 MHz, DMSO-d6): δ = 7.98-7.94 (m, 2H,
Ar-H), 7.72-7.70 (m, 2H, Ar-H), 7.67-7.64 (m, 2H, Ar-H), 7.27-7.23 (m, 2H, Ar-H), 5.57 (d,
J = 1.6 Hz, 1H, H-1), 4.05 (dd, J = 1.8, 3.4 Hz, 1H, H-2), 3.95 (dd, J = 3.4, 9.4 Hz, 1H, H-3),
3.85-3.70 (m, 3H, H-4, H-6a, H-6b), 3.64 (m, 1H, H-5); 13C NMR (126 MHz, DMSO-d6): δ =
167.80 (CO), 156.39, 142.33, 132.78, 132.36, 128.13, 127.96, 125.93, 117.16 (Ar-C), 98.73
(C-1), 74.89 (C-5), 70.59 (C-3), 70.00 (C-2), 66.62 (C-4), 60.96 (C-6); HRMS: m/z: Calcd for
C19H22NO7 [M+H]+: 376.1391, found: 376.1394.
4’-(α-D-Mannopyranosyloxy)-N-methyl-biphenyl-4-carboxamide

(10b).

Prepared

according to general procedure B from 13b (30 mg, 0.05 mmol). Yield: 13 mg (62%) as a
white solid. [α]D20 +117.0 (c 0.30, MeOH/H2O, 5:1); 1H NMR (500 MHz, CD3OD): δ = 7.85S5
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7.83 (m, 2H, Ar-H), 7.66-7.64 (m, 2H, Ar-H), 7.61-7.58 (m, 2H, Ar-H), 7.21-7.19 (m, 2H,
Ar-H), 5.52 (d, J = 1.5 Hz, 1H, H-1), 4.00 (dd, J = 1.9, 3.4 Hz, 1H, H-2), 3.90 (dd, J = 3.4,
9.5 Hz, 1H, H-3), 3.75-3.69 (m, 3H, H-4, H-6a, H-6b), 3.59 (ddd, J = 2.4, 5.1, 9.7 Hz, 1H, H5), 2.91 (s, 3H, NHCH3);

13

C NMR (126 MHz, CD3OD): δ = 170.51 (CO), 158.04, 145.09,

135.28, 133.78, 129.29, 128.80, 127.64, 118.20 (Ar-C), 100.13 (C-1), 75.49 (C-5), 72.41 (C2), 71.98 (C-3), 68.32 (C-4), 62.67 (C-6), 26.94 (NHCH3); HRMS: m/z: Calcd for C20H24NO7
[M+H]+: 390.1547, found: 390.1551.
α -D-Mannopyranosyloxy)-biphenyl-4-yl-(morpholino)methanone
4’-(α

(10c).

Prepared

according to general procedure B from 13c (50 mg, 0.08 mmol). Yield: 27 mg (75%) as a
white solid. [α]D20 +96.5 (c 0.40, MeOH); 1H NMR (500 MHz, CD3OD): δ = 7.71-7.70 (m,
2H, Ar-H), 7.63-7.63 (m, 2H, Ar-H), 7.52-7.50 (m, 2H, Ar-H), 7.25-7.23 (m, 2H, Ar-H), 5.56
(d, J = 1.7 Hz, 1H, H-1), 4.05 (dd, J = 1.8, 3.4 Hz, 1H, H-2), 3.95 (dd, J = 3.5, 9.5 Hz, 1H, H3), 3.78-3.54 (m, 12H, H-4, H-5, H-6a, H-6b, 4 CH2);

13

C NMR (126 MHz, CD3OD): δ =

172.29 (CO), 158.00, 143.86, 135.30, 134.66, 129.25, 128.90, 127.85, 118.23 (Ar-C), 100.14
(C-1), 75.50 (C-5), 72.42 (C-3), 71.99 (C-2), 68.33, 62.69 (6C, C-4, C-6, 4 CH2); HRMS:
m/z: Calcd for C23H28NO8 [M+H]+: 446.1809, found: 446.1813.
4'-(Methylsulfonyl)-biphenyl-4-yl α-D-mannopyranoside (10d). Prepared according to
general procedure B from 13d (20 mg, 0.03 mmol). Yield: 12 mg (86%) as a white solid.
[α]D20 +105.8 (c 0.20, DCM/MeOH, 1:3); 1H NMR (500 MHz, DMSO-d6): δ = 7.90-7.88 (m,
2H, Ar), 7.76-7.74 (m, 2H, Ar), 7.58-7.56 (m, 2H, Ar-H), 7.17-7.15 (m, 2H, Ar-H), 5.46 (d, J
= 1.7 Hz, 1H, H-1), 3.93 (dd, J = 1.9, 3.5 Hz, 1H, H-2), 3.81 (dd, J = 3.4, 9.5 Hz, 1H, H-3),
3.69-3.61 (m, 3H, H-4, H-6a, H-6b), 3.50 (ddd, J = 2.5, 5.4, 9.7 Hz, 1H, H-5), 3.05 (SO2CH3);
13

C NMR (126 MHz, DMSO-d6): δ = 156.95, 144.60, 138.94, 131.86, 128.36, 127.57, 126.98,

117.24 (Ar-C), 98.78 (C-1), 75.07 (C-5), 70.63 (C-3), 70.00 (C-2), 66.67 (C-4), 61.02 (C-6),
43.58 (SO2CH3); HRMS: m/z: Calcd for C19H22NaO8S [M+Na]+: 433.0928, found: 433.0928.
3',5'-Difluoro-4'-hydroxy-biphenyl-4-yl α-D-mannopyranoside (10f). Prepared according
to general procedure B from 13f (40 mg, 0.07 mmol). Yield: 21 mg (78%) as a white solid.
[α]D20 +117.6 (c 0.40, MeOH); 1H NMR (500 MHz, CD3OD): δ = 7.52-7.49 (m, 2H, Ar-H),
7.19-7.14 (m, 4H, Ar-H), 5.54 (d, J = 1.7 Hz, 1H, H-1), 4.04 (dd, J = 1.8, 3.4 Hz, 1H, H-2),
3.94 (dd, J = 3.5, 9.5 Hz, 1H, H-3), 3.78-3.73 (m, 3H, H-4, H-6a, H-6b), 3.63 (ddd, J = 2.5,
5.1, 9.8 Hz, 1H, H-5); 13C NMR (126 MHz, CD3OD): δ = 157.56 (Ar-C), 154.26 (d, J = 240.0
S6
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Hz, Ar-C), 154.21 (d, J = 240.0 Hz, Ar-C), 134.38 (t, J = 2.3 Hz, Ar-C), 132.92, 128.64,
118.16 (Ar-C), 110.59 (d, J = 6.6 Hz, Ar-C), 110.46 (d, J = 6.6 Hz, Ar-C), 100.15 (C-1),
75.44 (C-5), 72.42 (C-3), 71.99 (C-2), 68.32 (C-4), 62.66 (C-6); HRMS: m/z: Calcd for
C18H18F2NaO7 [M+Na]+: 407.0913, found: 407.0913.
α -D-Mannopyranosyloxy)-biphenyl-4-carbonitrile (10g). Prepared according to general
4’-(α
procedure B from 13g (40 mg, 0.08 mmol). Yield: 16 mg (60%) as a white solid. 1H NMR
(500 MHz, CD3OD): δ = 7.82-7.75 (m, 4H, Ar-H), 7.69-7.63 (m, 2H, Ar-H), 7.30-7.23 (m,
2H, Ar-H), 5.58 (d, J = 1.7 Hz, 1H, H-1), 4.05 (dd, J = 1.8, 3.4 Hz, 1H, H-2), 3.94 (dd, J =
3.4, 9.5 Hz, 1H, H-3), 3.83-3.71 (m, 3H, H-4, H-6a, H-6b), 3.62 (ddd, J = 2.5, 5.3, 9.8 Hz,
1H, H-5). The spectroscopic data were in accordance with literature values.S2
4’-(2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyloxy)-biphenyl-4-carboxylic acid (15). To
a solution of 9S3 (59 mg, 0.16 mmol) in pyridine (6 mL) was added acetic anhydride (2 mL) at
0 °C under argon. The mixture was allowed to warm up to rt and stirred overnight. The
mixture was concentrated and the residue was treated with DCM/satd. aq. NaHCO3 (1:1, 50
mL) for 1 h. The organic layer was washed subsequently with 1 N aq. HCl (25 mL) and water
(25 mL), dried over Na2SO4 and concentrated in vacuo. The residue was purified by MPLC
on silica gel (DCM/iPrOH, 15:1) to afford 15 (45 mg, 53%) as a white solid. [α]D20 +71.9 (c
0.40, EtOAc); 1H NMR (500 MHz, CDCl3): δ = 8.25-8.15 (m, 2H, Ar-H), 7.70 - 7.63 (m, 2H,
Ar-H), 7.60-7.55 (m, 2H, Ar-H), 7.20-7.17 (m, 2H, Ar-H), 5.64-5.55 (m, 2H, H-1, H-3), 5.49
(dd, J = 1.8, 3.4 Hz, 1H, H-2), 5.41 (t, J = 10.1 Hz, 1H, H-4), 4.31 (dd, J = 5.5, 12.5 Hz, 1H,
H-6a), 4.10-4.08 (m, 2H, H-5, H-6b), 2.22, 2.07, 2.06, 2.05 (4s, 12H, 4 COCH3);

13

C NMR

(126 MHz, CDCl3): δ = 171.72, 170.71, 170.16, 170.14, 169.90 (5 CO), 155.86, 145.61,
134.75, 130.87, 128.65, 128.49, 127.97, 127.18, 126.84, 122.22, 117.00 (Ar-C), 95.82 (C-1),
69.43 (C-5), 69.34 (C-2), 68.94 (C-3), 65.97 (C-4), 62.18 (C-6), 20.98, 20.80, 20.79, 20.77 (4
COCH3); ESI-MS: m/z: Calcd for C27H28NaO12 [M+Na]+: 567.1, found: 567.1.
N-Cyano-4’-(α-D-mannopyranosyloxy)-biphenyl-4-carboxamide (10i). To a solution of 15
(40 mg, 0.07 mmol) in toluene was added 1-chloro-N,N-2-trimethyl-1-propenylamine (19 µL,
0.15 mmol) at 0 °C under argon. The mixture was allowed to warm up to rt in 4 h. Then the
reaction mixture was concentrated and dried in vacuo overnight. The residue was dissolved in
DMF (1 mL) and treated at 0 °C with a freshly prepared solution of NaNHCN in DMF
[NH2CN (6 mg, 0.15 mmol) and 60% NaH (6 mg, 0.15 mmol) in DMF (0.5 mL)]. The
S7
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reaction mixture was stirred at rt overnight and then concentrated in vacuo. The residue was
deacetylated according to general procedure B and the crude product was purified by MPLC
(H2O/MeOH, 1:1) on RP18 to afford 10i (6 mg, 21% for three steps) as a white solid. [α]D20
+44.7 (c 0.10, MeOH); 1H NMR (500 MHz, CD3OD): δ = 8.02-7.95 (m, 2H, Ar-H), 7.80-7.63
(m, 4H, Ar-H), 7.30-7.22 (m, 2H, Ar-H), 5.57 (s, 1H, H-1), 4.05 (s, 1H, H-2), 3.95 (dd, J =
3.2, 9.4 Hz, 1H, H-3), 3.84-3.71 (m, 3H, H-4, H-6a, H-6b), 3.66-3.62 (m, 1H, H-5); 13C NMR
(126 MHz, CD3OD): δ = 158.37, 134.86, 130.09, 129.46, 127.82, 118.28 (Ar-C), 101.41
(CN), 100.16 (C-1), 75.54 (C-5), 72.44 (C-3), 71.98 (C-2), 68.37 (C-4), 62.71 (C-6); HRMS:
m/z: Calcd for C20H20N2NaO7 [M+Na]+: 423.1163, found: 423.1167.
2-Chloro-4-iodophenyl 2,3,4,6-tetra-O-acetyl-α
α -D-mannopyranoside (18). In a dry flask
activated molecular sieves 4Å (300 mg), α-D-mannose pentaacetate (16, 390 mg, 0.77 mmol)
and 2-chloro-4-iodophenol (17, 235 mg, 0.90 mmol) were dissolved in dry CH2Cl2 (3 mL)
under argon. BF3·Et2O (freshly distilled, 290 µL, 2.3 mmol) was added dropwise and the
mixture was stirred for 20 h at 40 °C. After cooling to rt the mixture was diluted with CH2Cl2
(75 mL), filtered through celite and subsequently washed with satd. aq. NaHCO3 (75 mL),
water (75 mL) and brine (75 mL). The organic phase was dried over Na2SO4 and concentrated
under reduced pressure. The crude product was purified via flash column chromatography
(petroleum ether/EtOAc, 1:0 to 1:1) to yield 19 (345 mg, 76%). Spectroscopic data were in
accordance with reported values.S4
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α -D-mannopyranoside (25)
Synthesis of n-heptyl 2-deoxy-α
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Scheme S1. a) PhCH(OMe)2, p-TsOH, DMF, 50 °C, 5 h (94%); b) Bu2Sn(O), toluene, TBAB, BnBr, reflux
(91%); c) TCDI, DCE, reflux (91%); d) Bu3SnH, toluene, reflux, 6 h (58%); e) 80% aq. AcOH, 80 °C, 1 h
(64%); f) H2 (4 bar), cat. Pd(OH)2/C, MeOH, rt, (72%).

n-Heptyl 4,6-O-benzylidene-α-D-mannopyranoside (26). To a solution of 1S5 (527 mg,
1.89 mmol) in dry DMF (6.0 mL) were added benzaldehyde dimethylacetal (0.56 mL) and pTsOH (18 mg) at rt. The reaction mixture was stirred at 50 °C for 5 h, then diluted with DCM,
washed with 5% aq. NaHCO3 and brine. The organic layer was dried over Na2SO4 and
concentrated. The residue was purified by flash chromatography on silica gel (petroleum
ether/EtOAc, 3:1-3:2) to give 26 (650 mg, 94%) as a glassy solid. 1H NMR (500 MHz,
CD3OD): δ = 7.51-7.49 (m, 2H Ar-H), 7.37-7.33 (m, 3H, Ar-H), 5.60 (s, 1H, CHPh), 4.77 (d,
J = 1.0 Hz, 1H, H-1), 4.18 (dd, J = 4.5, 10.0 Hz, 1H, H-6a), 3.95-3.90 (m, 2H, H-3, H-4), 3.88
(m, 1H, H-2), 3.81 (t, J = 10.0 Hz, 1H, H-6b), 3.76-3.41 (m, 2H, H-5, OCH2), 3.46 (dt, J =
6.5, 9.5 Hz, 1H, OCH2), 1.62 (m, 2H, CH2), 1.36 (m, 8H, 4 CH2), 0.91 (t, J = 7.0 Hz, 3H,
CH3);

13

C NMR (126 MHz; CD3OD): δ = 139.31, 129.87, 129.02, 127.52 (Ar-C), 103.36

(CHPh), 102.59 (C-1), 80.20 (C-3), 72.74 (C-2), 69.87 (C-6), 69.61 (C-4), 68.77 (OCH2),
65.25 (C-5), 33.01, 30.57, 30.17, 27.29, 23.70 (5 CH2), 14.46 (CH3); ESI-MS: m/z: Calcd for
C20H30NaO6 [M+Na]+: 389.2, found: 389.1.
n-Heptyl 3-O-benzyl-4,6-O-benzylidene-α-D-mannopyranoside (27). To a solution of 26
(152 mg, 0.414 mmol) in dry toluene (8 mL) was added dibutyltin oxide (112 mg, 0.456
mmol) at rt. The suspension was refluxed for 6 h and concentrated to dryness under reduced
pressure. To a solution of the residue in dry toluene (8 mL) were added tetrabutylammonium
bromide (TBAB) (147 mg, 0.456 mmol) and benzyl bromide (59 µL, 0.5 mmol). The mixture
was stirred at 95 °C overnight, concentrated to dryness, and purified by flash chromatography
S9
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on silica gel (petroleum ether/EtOAc, 9:1-4:1) to give 27 (172 mg, 91%) as colorless oil.
[α]D20 +34.2 (c 1.43, MeOH); 1H NMR (500 MHz, CDCl3): δ = 7.51-7.49 (m, 2H, Ar-H),
7.40-7.33 (m, 8H, Ar-H), 5.62 (s, 1H, PhCH), 4.86 (m, 1H, H-1), 4.87 (d, J = 11.5 Hz, 1H,
CH2Ph), 4.73 (d, J = 11.5 Hz, 1H, CH2Ph), 4.27 (m, 1H, H-6a), 4.14-4.06 (m, 2H, H-4, H-2),
3.94 (dd, J = 3.0, 9.5 Hz, 1H, H-3), 3.88-3.82 (m, 2H, H-5, H-6b), 3.67 (m, 1H, OCH2), 3.41
(m, 1H, OCH2), 2.64 (s, 1H, OH), 1.57 (m, 2H, CH2), 1.29 (m, 8H, 4 CH2), 0.89 (t, J = 7.0
Hz, 3H, CH3);

13

C NMR (126 MHz, CDCl3): δ = 138.05, 137.53, 128.90, 128.45, 128.22,

127.88, 127.77, 126.01 (Ar-C), 101.52 (CHPh), 99.87 (C-1), 78.93 (C-4), 75.79 (C-3), 73.04
(CH2Ph), 70.10 (C-2), 68.92 (C-6), 67.97 (OCH2), 63.19 (C-5), 32.75, 29.37, 29.05, 26.04,
22.61 (5 CH2), 14.09 (CH3); HRMS: m/z: Calcd for C27H36NaO6 [M+Na]+: 479.2410, found:
479.2414.
n-Heptyl

α -D3-O-benzyl-4,6-O-benzylidene-2-O-(thiocarbonylimidazol-1-yl)-α

mannopyranoside

(28).

A

mixture

of

27

(210

mg,

0.46

mmol)

and

N,N’-

thiocarbonyldiimidazole (246 mg, 1.38 mmol) in DCE (5.0 mL) was refluxed overnight. The
solution was concentrated in vacuo, the residue was diluted with DCM, and washed with 1 N
aq. HCl and brine. The organic layer was dried over Na2SO4 and evaporated to dryness. The
residue was purified by flash chromatography on silica gel (petroleum ether/EtOAc, 3:1-3:2)
to afford 28 (238 mg, 91%) as yellow oil. [α]D20 -9.8 (c 0.44, CH2Cl2); 1H NMR (500 MHz,
CDCl3): δ = 8.39 (s, 1H, Ar-H), 7.67 (s, 1H, Ar-H), 7.51 (dd, J = 7.5, 2.5 Hz, 2H, Ar-H),
7.42-7.36 (m, 3H, Ar-H), 7.29-7.27 (m, 5H, Ar-H), 7.07 (d, J = 0.5 Hz, 1H, Ar-H), 5.90 (dd, J
= 1.5, 3.5 Hz, 1H, H-2), 5.67 (s, 1H, CHPh), 5.01 (d, J = 1.5 Hz, 1H, H-1), 4.73 (q, J = 12.0
Hz, 2H, CH2Ph), 4.31 (dd, J = 4.5, 10.0 Hz, 1H, H-6a), 4.19 (dd, J = 3.5, 10.0 Hz, 1H, H-3),
4.04 (t, J = 10.0 Hz, 1H, H-4), 3.94 (td, J = 4.5, 10.0 Hz, 1H, H-5), 3.85 (t, J = 10.0 Hz, 1H,
H-6b), 3.69 (dt, J = 6.5, 9.5 Hz, 1H, OCH2), 3.46 (dt, J = 6.5, 9.5 Hz, 1H, OCH2), 1.61 (m,
2H, CH2), 1.31 (m, 8H, 4 CH2), 0.90 (t, J = 7.0 Hz, 3H, CH3); 13C NMR (126 MHz, CDCl3):

δ = 183.59 (CS), 137.65, 137.17, 131.04, 129.05, 128.37, 128.24, 127.77, 127.57, 126.07,
109.96 (Ar-C), 101.75 (PhCH), 97.24 (C-1), 79.24 (C-4), 78.80 (C-2), 73.91 (C-3), 72.87
(CH2Ph), 68.80 (C-6), 68.54 (OCH2), 63.68 (C-5), 31.73, 29.24, 29.00, 25.93, 22.60 (5 CH2),
14.09 (CH3); HRMS: m/z: Calcd for C31H38N2NaO6S [M+Na]+: 589.2348, found: 589.2351.
n-Heptyl 3-O-benzyl-4,6-O-benzylidene-2-deoxy-α-D-mannopyranoside (29). A solution
of 28 (238 mg, 0.419 mmol) in dry toluene (2 mL) was added dropwise over 10 min to a
stirred solution of refluxing toluene (6 mL) and tributylstannane (0.169 mL, 0.63 mmol)
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under argon. The reaction mixture was refluxed for 6 h, then the solvent was removed in
vacuo and the residue was purified by chromatography on silica gel (petroleum ether/EtOAc,
16:1-4:1) to afford 29 (107 mg, 58%) as colorless oil. [α]D20 +49.9 (c 1.07, MeOH); 1H NMR
(500 MHz, CDCl3): δ = 7.52 (dd, J = 7.5, 2.5 Hz, 1H, Ar-H), 7.41-7.25 (m, 9H, Ar-H), 5.63
(s, 1H, CHPh), 4.90 (d, J = 3.5 Hz, 1H, H-1), 4.86 (d, J = 12.0 Hz, 1H, CH2Ph), 4.69 (d, J =
12.0 Hz, 1H, CH2Ph), 4.26 (dd, J = 4.5, 10.0 Hz, 1H, H-6a), 4.05 (ddd, J = 5.0, 9.0, 11.0 Hz,
1H, H-3), 3.83 (m, 1H, H-5), 3.77 (t, J = 10.0 Hz, 1H, H-6b), 3.70 (t, J = 9.0 Hz, 1H, H-4),
3.62 (dt, J = 6.5, 9.5 Hz, 1H, OCH2), 3.35 (dt, J = 6.5, 9.5 Hz, 1H, OCH2), 2.28 (ddd, J = 1.0,
5.0, 13.5 Hz, 1H, H-2e), 1.81 (ddd, J = 3.5, 11.5, 13.5 Hz, 1H, H-2a), 1.58 (m, 2H, CH2), 1.30
(m, 8H, 4 CH2), 0.89 (t, J = 7.0 Hz, 3H, CH3);

13

C NMR (126 MHz, CDCl3): δ = 138.76,

137.63, 128.84, 128.32, 128.21, 127.62, 127.49, 126.02 (Ar-C), 101.29 (CHPh), 97.93 (C-1),
83.99 (C-4), 73.12 (C-3), 72.97 (CH2Ph), 69.16 (C-6), 67.65 (OCH2), 62.89 (C-5), 36.58 (C2), 31.75, 29.49, 29.08, 26.13, 22.61 (5 CH2), 14.09 (CH3); HRMS: m/z: Calcd for
C27H36NaO5 [M+Na]+: 463.2460, found: 463.2453.
n-Heptyl 3-O-benzyl-2-deoxy-α
α -D-mannopyranoside (30). A solution of 29 (66 mg, 0.15
mmol) in 80% aq. AcOH (1.25 mL) was stirred at 80 °C for 1 h and then concentrated to
dryness. The residue was purified by chromatography on silica gel (petroleum ether/EtOAc,
4:1-3:2) to afford 30 (33.7 mg, 64%), which was directly used in the next step.
n-Heptyl 2-deoxy-α-D-mannopyranoside (25). A suspension of 30 (30 mg, 0.085 mmol)
and 10% Pd(OH)2/C (5.2 mg) in MeOH (5.0 mL) was hydrogenated (4 bar H2) in a Parr
shaker at rt for 5 h. Then, the mixture was filtered through a pad of celite and the filtrate was
concentrated in vacuo. The residue was purified by flash chromatography on silica gel
(DCM/MeOH, 10:1) to give 25 (18 mg, 72%) as a white solid. [α]D20 +106.1 (c 0.12, MeOH);
1

H NMR (500 MHz, CD3OD): δ = 4.87 (d, J = 2.5 Hz, 1H, H-1), 3.85-3.79 (m, 2H, H-3, H-

6a), 3.70-3.66 (m, 2H, H-6b, OCH2), 3.52 (m, 1H, H-5), 3.33 (m, 1H, OCH2), 3.23 (t, J = 9.5
Hz, 1H, H-4), 2.04 (dd, J = 5.0, 13.0 Hz, 1H, H-2a), 1.62-1.57 (m, 3H, H-2e, CH2), 1.32 (m,
8H, 4 CH2), 0.91 (t, J = 7.0 Hz, 3H, CH3); 13C NMR (125 MHz, CD3OD): δ = 98.58 (C-1),
73.97 (C-5), 73.34 (C-4), 69.99 (C-3), 68.26 (OCH2), 62.85 (C-6), 39.00 (C-2), 33.02, 30.70,
30.30, 27.40, 23.71 (5 CH2), 14.43 (CH3); HRMS: m/z: Calcd for C13H26NaO5 [M+Na]+:
285.1678, found: 285.1678.
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HPLC data of the target compounds:
Method A: System: Beckman Coulter Gold, consisting of pump 126, DAD 168 (190-400 nm)
and auto-sampler 508. Column: Waters Atlantis T3, 3 µm, 2.1 × 100 mm. A: H2O + 0.1%
TFA; B: MeCN + 0.1% TFA. Gradient: 0% B → 70% B (20 min); 70% B (2 min); 70% B →
5% B (3 min); 5% B → 0% B (2 min); flow rate: 0.5 mL/min.
Method B: System: Agilent 1100/1200 with UV detector (190-410 nm) and Waters 2420
ELSD. Column: Waters Atlantis T3, 3 µm, 2.1 × 100 mm. A: H2O + 0.1% TFA; B:
H2O/MeCN (90:10) + 0.1% TFA. Detection: UV (214 nm) and light scattering (LS). ELSD
parameters: Nebulizer control 70%, drift tube temperature 50°C, gas pressure 50 psi, gain
500. Gradient: 5% B (1 min), 5% B → 70% B (15 min), 70% B (1 min), 70% B → 5% B (3
min); flow rate: 0.5 mL/min.
Table S1. HPLC data of the target compounds.
Compound

Formula

Method

Retention [min]

Detection

Purity [%]

10a

C19H21NO7

A

13.25

254 nm

> 99.5

10b

C20H23NO7

A

15.10

254 nm

99.3

10c

C23H27NO8

A

12.63

254 nm

98.6

10d

C19H22O8S

A

15.78

254 nm

98.7

10e

C19H23NO8S

A

13.17

285 nm

98.9

10f

C18H18F2O7

A

13.43

285 nm

> 99.5

10g

C19H19NO6

B

10.68

LS

> 99.5

10h

C19H20N4O6

A

12.73

254 nm

> 99.5

10i

C20H20N2O7

A

14.73

296 nm

> 80a)

10j

C19H18ClNO6

B

9.79

LS

> 99.5

22

C39H30ClNO12

B

12.82

LS

93

23

C42H36ClN3O12S

B

9.89

LS

> 99.5

24

C47H46ClN3O14S

B

12.10

LS

> 99.5

25

C13H26O5

B

15.12

LS

> 99.5

a) The minor peaks presumably stem from the possible tautomers of the cyanamide
substituent.
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HPLC traces of the target compounds:
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H NMR spectra of the synthetic compounds:
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Ligand–receptor interactions that are reinforced by mechanical stress, so-called catch-bonds,
play a major role in cell–cell adhesion. They critically contribute to widespread urinary tract
infections by pathogenic Escherichia coli strains. These pathogens attach to host epithelia
via the adhesin FimH, a two-domain protein at the tip of type I pili recognizing terminal
mannoses on epithelial glycoproteins. Here we establish peptide-complemented FimH
as a model system for fimbrial FimH function. We reveal a three-state mechanism of FimH
catch-bond formation based on crystal structures of all states, kinetic analysis of ligand
interaction and molecular dynamics simulations. In the absence of tensile force, the FimH
pilin domain allosterically accelerates spontaneous ligand dissociation from the FimH lectin
domain by 100,000-fold, resulting in weak affinity. Separation of the FimH domains under
stress abolishes allosteric interplay and increases the affinity of the lectin domain. Cell
tracking demonstrates that rapid ligand dissociation from FimH supports motility of piliated
E. coli on mannosylated surfaces in the absence of shear force.
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ell–cell adhesion often occurs under dynamically varying
conditions and mechanical stress. In many cell–cell
adhesion systems, the lifetime of adhesin–receptor
complexes is increased under tensile mechanical force via
‘catch-bonds’, which permit capture or retention of cells under
flow conditions while still allowing for release under reduced
mechanical force. Catch-bond interactions are prominent in
vascular systems and are formed, for example, by selectins for
leukocyte recruitment1,2, by cadherins controlling tissue
integrity3,4 in the epithelial adhesion of cancer cells5 and by the
interactions between T-cell receptors (TCRs) and peptide-bound
major histocompatibility complexes (MHC) on antigenpresenting cells6,7. Catch-bonds also play a major role in
bacterial adhesion and infection by uropathogenic Escherichia
coli strains, which are responsible for the vast majority of urinary
tract infections (UTIs) in humans8. A first critical step in the
establishment of infection is bacterial adhesion to urothelial cells
under flow conditions, which is mediated by 0.1 ! 2 mm long,
proteinaceous filaments on the bacterial surface termed type 1
pili9,10. Type 1 pili are composed of up to 3,000 copies of the
subunit FimA building the pilus rod, as well as the subunits FimF,
FimG and FimH forming the distal tip fibrillum11. The adhesin
FimH at the fimbrial tip specifically binds in a catch-bond mode12
to terminal a-D-linked mannoses of N-linked glycans of the
receptor uroplakin 1a on urinary epithelial cells13. Owing to its
important role in establishing infection, FimH is an attractive
target for the development of anti-adhesive drugs for UTI
treatment14,15.
FimH is a two-domain protein, composed of an N-terminal,
mannoside-binding lectin domain (FimHL) and a C-terminal
pilin domain (FimHP). FimHP possesses an incomplete
immunoglobulin-like fold that is completed by insertion of an
N-terminal donor strand of FimG, the subsequent subunit in
pilus assembly11. The two-domain architecture of FimH is a
prerequisite for catch-bond formation because the interactions
between FimHL and FimHP determine the conformational state
and ligand-binding properties of FimHL (refs 12,16,17).
A ‘compressed’ FimHL conformation was observed in the
crystal structure of FimH in the context of the type 1 pilus tip
fibrillum in the absence of ligands, with an open binding site and
interactions to FimHP mediated via three loop segments: the
swing (amino acids (aa.) 27–33), linker (aa. 154–160) and
insertion loops (aa. 112–118)17. In contrast, an ‘extended’ FimHL
conformation was observed in crystal structures of the isolated,
ligand-bound FimHL domain18–23 and in the complex between
FimH and the pilus assembly chaperone FimC, where FimC
prevents the interactions between FimHL and FimHP (ref. 24).
This extended form of FimHL is characterized by a closed ligandbinding pocket and rearranged swing, linker and insertion loops.
Notably, isolated FimHL was reported to show a ligand-binding
affinity about two orders of magnitude higher than that of fulllength FimH in the tip fibrillum17,25. Together with mutagenesis
experiments disrupting the interdomain interface26, these data
indicated that ligand-binding is linked to domain separation in
FimH, and that mechanical force shifts the ligand-binding affinity
towards that of the isolated FimHL. However, fundamental
aspects of the mechanism underlying the force-dependent
binding of FimH remained unknown: (i) How is domainassociated, full-length FimH interacting with ligands? (ii) Does
ligand-binding directly induce domain separation? (iii) How are
interdomain interactions linked to the ligand-binding affinity of
FimH and the kinetics of ligand-binding and dissociation?
To address these questions, we designed a stable, soluble
variant of full-length FimH that is equivalent in its structural and
functional properties to those of FimH in the assembled fimbrial
tip. This variant allowed us to obtain high-resolution structural
2

snapshots of all functional states of FimH and to obtain a
complete characterization of ligand-binding kinetics in solution.
Together with molecular dynamics simulations, these data reveal
a three-state mechanism of FimH catch-bond formation. FimHP
accelerates ligand release from FimHL via dynamic allostery by
100,000-fold. In addition, using single-cell tracking experiments,
we show that the modulation of ligand affinity by FimHP is not
only required for adhesion under mechanical stress, but also for
efficient bacterial surface motility in the absence of shear force.
Our results provide a first complete structural and kinetic
description of a catch-bond system and establish a framework for
the analysis of the distinct catch-bond mechanisms in other
systems, which also commonly couple interdomain interactions
to ligand affinity.
Results
Construction of a peptide-complemented FimH. Isolated FimH
with its non-complemented pilin domain is only marginally
stable and shows aggregation tendency under physiological conditions27. To establish a stable, isolated FimH molecule with all
properties of FimH in the tip fibrillum, we complemented FimHP
with the donor-strand peptide of FimG (FimG residues 1 ! 14;
termed DsG). The FimH " DsG complex was obtained in good
yields and purified after an in vitro reaction, mimicking the first
donor-strand exchange (DSE) reaction during pilus assembly
in vivo. In this reaction, the FimG donor strand displaces the pilus
assembly chaperone FimC from FimH (Fig. 1a):
kDSE

FimC " FimH þ DsG !! FimH " DsG þ FimC
!
"
pH 7:0; 37 !C; kDSE $ 0:5 M ! 1 s ! 1

ð1Þ

The experiments described in the following were performed
with FimH from the faecal E. coli strain F18 (FimHF18), which
is structurally identical to the most prevalent variants in
uropathogenic infection25, and FimH from the wild-type E. coli
strain K12 (FimHK12), which differ in three amino acids in
FimHL (K12-F18: Val27Ala, Asn70Ser, Ser78Asn; Supplementary
Fig. 1a). The isolated lectin domains (residues 1–159) of both
FimH variants (FimHK12
and FimHF18
L
L ) were produced by direct
expression in the E. coli periplasm and were purified as
described27.
Ligand-free FimH . DsG resembles FimH in the fimbrial tip.
The crystal structure of the binary complex FimHF18 " DsG was
determined at atomic resolution by molecular replacement
(Table 1). FimHF18 " DsG comprises the jellyroll fold FimHL and
the immunoglobulin-like FimHP domain complemented with the
FimG donor strand (Fig. 1b and Supplementary Fig. 1b). It closely
resembles unliganded FimH in the fimbrial tip complex
(Fig. 1c)17, with a root-mean-square deviation of Ca positions (Ca
r.m.s.d.) of 1.1 Å. The individual FimHP and FimHL domains are
even more closely resembling unliganded, fimbrial FimH (r.m.s.d.
0.45 and 0.55 Å, respectively) and undergo only a minimal hingebending rotation of 4! (Fig. 1c).
The DsG peptide in FimHF18 " DsG is in identical position as
compared with the N-terminal FimG extension in the fimbrial tip
structure; it interacts with b-strand 2 and 9 of FimHP (Fig. 1d).
All contacts in the FimHL–FimHP interdomain region
(Supplementary Fig. 1c,d)17 as well as the conformation of the
empty ligand-binding pocket observed in FimH in the fimbrial tip
are preserved in FimHF18 " DsG. Thus, FimHF18 " DsG represents
the ligand-free state of fimbrial FimH, with Associated FimHL
and FimHP (Afree state) and is an elegant minimal system to
analyse the crosstalk between ligand-binding and interdomain
interactions underlying the formation of catch-bonds by FimH.
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Figure 1 | FimH . DsG resembles fimbrial tip FimH. (a) Preparation of the FimH ! DsG complex by DSE. Left: reaction scheme of the DSE reaction, in which
DsG displaces the FimC chaperone from the FimH pilin domain. Right: kinetics of the FimH ! DsG complex formation at 37 !C, monitored by analytical gel
filtration. DSE was initiated by mixing the FimC ! FimH complex (15 mM) with excess DsG peptide (50 mM). Samples were removed after different
incubation times, rapidly cooled on ice and immediately subjected to gel filtration. The reaction can be followed by the decrease in the FimC ! FimH complex
concentration and the simultaneous increase in the concentrations of FimH ! DsG and free FimC (FimC and FimH ! DsG coelute as a single peak at B12 ml).
The chromatogram at the bottom shows that the FimC ! FimH complex is stable against dissociation/aggregation under the chosen conditions. The rate
constant of DSE estimated from these data is B0.5 M " 1 s " 1. (b) Structure of FimHF18 ! DsG (lectin domain FimHL, red; pilin domain FimHP, yellow;
DsG, blue; circle and square indicate N- and C termini, respectively). (c) FimH from the fimbrial tip structure (left, PDB ID: 3JWN (ref. 17); FimG, blue;
FimF, green) is superposed onto FimHF18 ! DsG based on their pilin domains (aa. 160–279), in the superposition (right) fimbrial FimH is shown in grey.
(d) Close-up on the DsG peptide (stick representation) bound to FimHF18 ! DsG with 2Fo–Fc electron density map. Backbone hydrogen bonds of the DsG
peptide and b-strands 2 (b2) and 9 (b9) of FimHP are indicated.

Persistence of domain association in ligand-bound FimH . DsG.
To test whether ligand-binding causes domain separation in FimH,
we determined the co-crystal structure of the ternary complex of
FimHF18 ! DsG with n-heptyl a-D-mannoside (HM), an established
model ligand of FimH20, as well as crystal structures of the isolated
FimHF18
and FimHK12
lectin domains in complex with HM
L
L
(Table 1). FimHF18 ! DsG ! HM adopts the same closed conformation
of the ligand-binding site as previously observed in other FimHL–
ligand complexes (Fig. 2a,b and Supplementary Fig. 2)28. The
mannopyranose moiety of HM is coordinated by the side chains of
Asp54, Gln133, Asn135 and Asp140, and the main chain of Phe1
and Asp47, and the n-heptyl aglycone of HM is sandwiched
between Tyr48 and Tyr137. Compared with the Afree form, all
loops surrounding the binding pocket close down onto the HM
ligand. The most substantial conformational difference to Afree is
observed for the clamp loop (aa. 8–16), whose tip moves almost 6 Å
towards HM (Supplementary Fig. 1e,f).

Besides the closing of the ligand-binding pocket, the overall
conformation of ligand-free FimHL in Afree and HM-bound
FimHF18 ! DsG is closely similar (Ca r.m.s.d. 1.1 Å; Fig. 2a,b and
Supplementary Fig. 2). Unexpectedly, the structural change in the
ligand-binding site in FimHF18 ! DsG ! HM was not transmitted to
the domain interface, where the interdomain contacts and the
conformations of the swing, linker and insertion loops remained
intact. The lectin domain in the FimHF18 ! DsG ! HM complex
thus differs drastically from HM-bound isolated FimHL domains
with respect to the swing, linker and insertion loop conformations (Fig. 2c). On the basis of the persistence of the domain
Association in the ligand-bound form, this state of FimH was
termed Abound.
To test the stability of the Abound state against domain
separation and to exclude potential effects of selective crystallization, a molecular dynamics (MD) simulation of the Abound
state was conducted using the CHARMM36 force field of the
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Table 1 | Data collection and refinement statistics

Data collection
Space group
Cell dimensions
a, b, c (Å)
a, b, g (!)
Resolution (Å)
Rmerge
CC1/2
I/sI
Completeness
(%)
Redundancy
Refinement
Resolution (Å)
No. reflections
Rwork/Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s deviations
Bond length
(Å)
Bond angles
(!)

FimHF18 . DsG

FimHK12 . DsG

FimHK12 . DsG . HM

FimHF18 . DsG . HM

FimHK12 . DsF . HM

. HM
FimHF18
L

. HM
FimHK12
L

C121

C121

P1

P 21 3

I 21 21 21

C 2 2 21

P 21 21 21

99.3, 35.5, 72.8
90, 105, 90
70–1.14 (1.21–1.14)
0.039 (0.760)
100.0 (68.0)
16.6 (1.6)
97.6 (83.5)

99.5, 35.6, 72.9
90, 105, 90
48–1.14 (1.2–1.14)
0.038 (0.691)
100.0 (84.2)
17.8 (2.8)
94.7.0 (81.5)

56.5, 77.6, 78.1
101.5, 111.1, 96.3
52–2.54 (2.63–2.54)
0.161 (0.859)
99.2 (82.2)
8.79 (2.0)
90.7 (89.4)

128.4, 128.4, 128.4
90, 90, 90
128–2.4 (2.5–2.4)
0.207 (2.424)
99.8 (56.3)
18.3 (1.6)
99.9 (99.9)

94.5, 147.1, 250.8
90, 90, 90
48.1–3.0 (3.19–3.0)
0.427 (1.741)
95.8 (46.7)
14.4 (1.2)
99.9 (98.7)

140.1, 176.1, 28.3
90, 90, 90
54–1.42 (1.47–1.42)
0.121 (1.242)
100.0 (71.0)
17.9 (2.0)
98.9 (94.4)

63.0 68.4 95.9
90, 90, 90
52–1.7 (1.76–1.7)
0.129 (1.278)
99.9 (57.7)
15.1 (1.7)
96.9 (79.3)

3.1 (2.5)

3.2 (2.5)

3.4 (3.5)

20.4 (20.0)

6.6 (4.1)

16.9 (13.4)

11.5 (6.3)

52.6–2.54
122641 (11994)
0.227/0.276
8855
8690
—
165

74.1–2.4
567915 (28396)
0.155/0.179
2866
2558
19
284

48.13–3.0
172553 (35275)
0.220/0.251
8751
8652
86
13

54–1.42
83287 (6222)
0.149/0.175
3099
2427
57
596

52.6–1.7
518524 (23173)
0.171/0.196
3232
2407
38
471

70.1–1.14
273774 (87283)
0.165/0.185
3102
2590
—
512

47.9–1.14
277806 (85217)
0.153/0.175
3086
2590
—
496

13.8
—
26.2

13.3
—
23.6

43.7
39.7
22.4

33.5
21.3
39.1

53.2
32.3
25.9

13.2
23.0
28.2

21.3
20.7
40.6

0.009

0.01

0.019

0.013

0.004

0.015

0.004

1.29

1.45

1.78

1.38

0.82

1.62

1.02

*Values in parenthesis are for the highest resolution shell.

NAMD package (Supplementary Fig. 3a,b). The domain association remained intact over 100 ns of simulation time without
substantial changes in the domain interface; fluctuations were
limited to the clamp loop region close to the ligand-binding site.
On in silico removal of the HM ligand after initial equilibration,
the Abound state underwent a spontaneous transition to the Afree
state after B75 ns of simulation time via an opening of the clamp
loop (Supplementary Fig. 3c,d), reproducing the experimentally
observed dependence of the binding-site conformation on ligandbinding. Thus, the MD simulations indicate that Abound is a stable
conformational state of FimH induced by ligand-binding.
Trapping of a domain-separated state of full-length FimH. The
increase in apparent affinity of FimH to its target glycans under
tensile mechanical forces12,29 has previously been linked to a
separation of the FimHL and FimHP (ref. 17). To trap a potential
domain-separated state of FimH for structural characterization in
the absence of tensile force, we considered FimH variants with
weakened interdomain interactions. We had shown previously
that FimHP also accepts the donor strand of the non-cognate
subunit FimF (DsF). However, FimHP is slightly less stabilized by
complementation with DsF than with the natural donor-strand
DsG30. We hypothesized that such complementation with DsF
instead of DsG could also result in a mild destabilization of the
interdomain interface in full-length FimH.
We then determined the co-crystal structure of FimHK12 ! DsF
with HM (FimHK12 ! DsF ! HM) at 3.0 Å resolution with four
molecules in the asymmetric unit. Three FimHK12 ! DsF ! HM
molecules closely resembled the Abound state (r.m.s.d. of 0.6 Å to
FimHF18 ! DsG ! HM) with a preserved interdomain interface. In
the fourth molecule, however, the FimHL and FimHP domains
were separated and they adopted a drastically different relative
orientation with an angle between the domains of B45! instead
of B150! in the other three molecules (Fig. 2a). FimHP is
virtually identical in all four FimH molecules in the crystal
(r.m.s.d. 0.4 Å). In contrast, the FimHL domain differs
4

significantly between the fourth, domain-separated and the three
full-length FimH molecules in the crystal. It shows closest
similarity to the isolated FimHL ! HM (r.m.s.d. 0.45 Å); in
particular, all interdomain loops adopt identical conformations,
which are incompatible with domain association (Figs 2c and 3).
Remarkably, in the bent fourth molecule, no interactions between
FimHL and FimHP other than the direct covalent linkage are
detected, equivalent to a breakdown of the total 500 Å2
interdomain interface of the Abound state (Fig. 3). This molecule
thus represents a third state, the domain-Separated, ligandbound state of FimH, Sbound. The complete absence of noncovalent interdomain interactions indicates that the Sbound state
does not possess a defined relative domain orientation in solution,
and that the observed, kinked conformation has been selected
only by crystal packing.
To analyse the transition trajectory of the Abound to the Sbound
state, we removed the FimHP domain after equilibration from the
Abound state in silico for a 180-ns molecular dynamics simulation
(Supplementary Fig. 3e,f). In contrast to the transition between
the Abound and Afree states on ligand removal, a sharp transition
to the conformation of FimHL in the Sbound state was not
observed. The conformation only slowly moved towards Sbound;
however, the FimHL loops that had formed in the former
interdomain interaction kept fluctuating throughout the
simulation, indicating lower cooperativity and potentially a
higher activation energy for the Abound-Sbound compared with
the Abound-Afree transition.
A comparison of the structural dynamics in the Abound and
Sbound states clearly reveals differences in the FimHL–FimHP
interface region. The root-mean-square fluctuations of atom
positions (r.m.s.f.) increase in the swing and insertion loop
from a background level of B0.7 Å in Abound to 1.5 and 2 Å in
Sbound, respectively. Surprisingly, despite the virtually identical
conformations of the entire ligand-binding site depicted by X-ray
crystallography (Fig. 2b), the clamp loop, which exhibits the most
significant conformational changes between the open and closed
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Figure 2 | Crystallographic analysis of FimH conformational states. (a)
in the Afree (left) and in the Abound states (FimHF18 ! DsG ! HM) in
comparison with the Sbound state of FimHK12 ! DsF ! HM and the isolated FimHF18
L ! HM (right). The FimHL, FimHP, DsF and DsG are coloured in red, yellow,
green and blue. The experimentally in crystallo trapped orientation of FimHP in FimHK12 ! DsF ! HM and a modelled position based on a hinge motion
stretching around Gly157 is indicated. A schematic representation for each crystal structure, similar to Fig. 1a, is given. The tip of the clamp loop and the C
terminus of FimHL are indicated as a circle and diamond, respectively. (b) Comparison of the conformation of the ligand-binding site in the Abound (red) and
Sbound (orange) states with the isolated lectin domain FimHL (grey) and (c) comparison of the interdomain interface of the lectin domain.

Abound state

HL

conformations, exhibits strongly reduced fluctuations in Sbound,
with r.m.s.f. decreasing by up to 1.5 Å (Supplementary Fig. 3g,h).
This change in clamp loop dynamics provides a mechanistic link
between domain association and ligand-binding in full-length
FimH.
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HL

Ala113

HP

Va

l15

5

HP

Val28

Val28
8.5Å
Tyr278

Val155
4.1Å
Arg166

4.8Å
Phe278

15.8Å
18.5Å
Arg166

Tyr278
15.3Å
Phe278

Ala113

Figure 3 | The interdomain region in the Sbound state. Close-up of the
interdomain region of FimHK12 ! DsF ! HM in the Abound form (left) and
FimHK12 ! DsF ! HM in the Sbound state (right). A cartoon representation for
each crystal structure, similar to Fig. 1a, is given. Key residues in the
interface are shown as sticks. FimHP, FimHL and DsF are coloured in yellow,
red and green, respectively.

Domain association alters FimH–ligand-binding kinetics.
To analyse the ligand-binding properties of FimH ! DsG, we
exploited the increase in intrinsic tryptophan fluorescence in the
FimH ! DsG complexes of B10% on HM binding (Fig. 4a). This
difference was used to measure the dissociation constant of HM
binding by equilibrium titration (Fig. 4b) and the rates of HM
binding and dissociation by stopped-flow fluorescence kinetics
(Fig. 4c,d). The FimH ! DsG constructs showed uniform binding
and dissociation kinetics, consistent with the view that domainseparated states of FimH are not significantly populated in
the absence of shear force. The results revealed equilibrium
dissociation constants (Kd) of 3.6 and 9.9 mM for FimHK12 ! DsG
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Figure 4 | Kinetics of HM binding and release by full-length FimH. (a) Fluorescence spectra (excitation at 280 nm) of FimHF18
(2 mM; red lines) and
L
FimHF18 ! DsG (2 mM; black lines) in the absence (solid lines) or presence of 200 mM HM (dotted lines). (b) Equilibrium titration of FimHF18 ! DsG (2 mM)
with HM, recorded via the fluorescence increase at 320 nm. The total concentration of HM is plotted against the recorded fluorescence signal. Data were
fitted (solid line) according to equation (2) (cf. experimental section) and yielded a Kd value of 9.9±1.5 mM. (c) Stopped-flow fluorescence kinetics of HM
binding to FimHF18 ! DsG (1.0 mM), recorded via the fluorescence change above 320 nm. The HM concentration was varied between 0 and 50 mM. Five
representative traces are shown (HM concentrations are given in mM). The fluorescence traces were globally fitted according to a second-order binding
and first-order dissociation reaction (solid lines; Table 2). (d) Amplitudes of the reactions monitored in c, plotted against the total HM concentration. Data
were fitted (solid line) according to equation (2), yielding a Kd value of 12±1 mM.

and FimHF18 ! DsG, respectively (Table 2). HM binding to
FimH ! DsG is extremely dynamic and was characterized by fast
association rates (kon) of 5.0 " 106 and 4.9 " 106 M # 1s # 1,
respectively, and rapid dissociation reactions (Supplementary
Fig. 4). The rates of HM dissociation (koff) of 22 and 58 s # 1 for
FimHK12 ! DsG and FimHF18 ! DsG translate into dissociation
half-lives of only 32 and 12 ms, respectively.
In contrast to full-length FimH, isolated FimHK12
showed no
L
change in tryptophan fluorescence on HM binding. We therefore
determined the HM affinity of isolated FimHL indirectly
by a competition experiment based on a newly designed
fluorescent ligand, the fluorescein-labelled a-D-mannoside
GN-FP-4 (Supplementary Fig. 5a–e and Supplementary Note 1).
Displacement of GN-FP-4 from FimHL by increasing HM
concentrations under equilibrium conditions showed that both
FimHK12
and FimHF18
bind HM with 3,300-fold higher affinity
L
L
compared with the respective FimH ! DsG complexes (Kd values
1.1 and 3.0 nM, respectively; Fig. 5a and Table 2). In an inverse
competition experiment (Supplementary Fig. 5f–j), in which HM
in preformed FimHL ! HM complexes was displaced by GN-FP-4,
off-rates of 2.0 " 10 # 4 and 3.5 " 10 # 4 s # 1 were determined for
FimHK12
and FimHF18
L
L , respectively, corresponding to dissociation half-lives of 58 and 33 min (Table 2). On the basis of these
measured off-rates and equilibrium dissociation constants, kon
rates of 1.8 " 105 and 1.2 " 105 M # 1 s # 1 were calculated for
6

FimHK12
and FimHF18
L
L , respectively. The on-rates for the isolated
FimHL domains are thus 30-fold lower than those of the
corresponding full-length FimH ! DsG complexes.
Together, these results demonstrate that the 3,300-fold higher
affinity of the isolated FimHL compared with full-length FimH
results from a more than 100,000-fold lower ligand dissociation
rate in isolated FimHL, combined with a ligand-binding rate
reduced by only 30-fold (Table 3). The 3,300-fold higher affinity
for HM of FimHL relative to FimH ! DsG translates into a free
energy of 20 kJ mol # 1 for the interaction between FimHL and
FimHP in full-length FimH. This corresponds very well with
the mechanical work required for domain separation, as a
displacement of FimHL from FimHP by 11 Å for complete
domain separation (Fig. 2a)17, and a force of 40 pN required to
populate the domain-separated state of FimH31 yields a value of
26.5 kJ mol # 1.
Domain association in FimH promotes bacterial motility.
Uropathogenic E. coli require firm adhesion to the urinary
epithelium under flow conditions to escape clearance by urine
excretion. On the other hand, bacterial adhesion must be weak
enough in the absence of external shear to allow flagellar motility
as a prerequisite for the invasion of new tissue areas32,33. While
the role of FimH catch-bond binding for adhesion under flow
conditions had clearly been demonstrated12,29,34, the relevance of
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Figure 5 | HM binding and release by the isolated FimH lectin domain FimHL. Analysis of FimHL ! HM interactions based on competition between
HM and the synthetic fluorescent GN-FP-4 ligand. (a) HM binding to FimHL analysed by displacement of GN-FP-4 from FimHL variants as indicated.
An equimolar mixture of FimHL and GN-FP-4 (1 mM each) was incubated with different HM concentrations (10 nM–3.2 mM) for 418 h. GN-FP-4
displacement is monitored by a decrease in fluorescence polarization at 528±20 nm (excitation at 485 nm). Data were fitted (solid lines) according to a
mechanism in which two ligands compete for the same binding site, with fixed Kd values for GN-FP-4 binding (cf. Table 2). (b) Kinetics of HM dissociation
from FimHL. A solution with equimolar concentrations of FimHL and HM (3 mM each, guaranteeing 495% occupancy with HM) was mixed with excess
GN-FP-4 (10 mM), and the decrease in GN-FP-4 fluorescence at 520 nm as a consequence of HM dissociation and GN-FP-4 binding was recorded
(Supplementary Fig. 5f–j). The obtained first-order kinetics are independent of the GN-FP-4 concentration and thus directly monitor HM dissociation.

Table 2 | Kinetics and thermodynamics of HM binding to FimHL or FimH ! DsG at pH 7.4 and 25 !C.
Protein
FimHK12
L
FimHK12 ! DsG
FimHF18
L
FimHF18 ! DsG

kon (M " 1 s " 1)
1.8±0.6 # 105(d)
5.0±0.1 # 106
1.2±0.4 # 105(d)
4.9±0.1 # 106

koff (s " 1)
2.0±0.4 # 10 " 4
2.2±0.1 # 101
3.5±0.8 # 10 " 4
5.8±0.1 # 101

koff/kon (M)(a)
n.a.
4.3±0.1 # 10 " 6
n.a.
1.2±0.04 # 10 " 5

Kd (amplitude analysis; M)(b)
n.a.
4.2±0.3 # 10 " 6
n.a.
1.2±0.1 # 10 " 5

Kd (equilibrium titration; M)(c)
1.1±0.1 # 10 " 9(e)
3.6±0.3 # 10 " 6
3.0±0.2 # 10 " 9(e)
9.9±1.5 # 10 " 6

HM, n-heptyl a-D-mannoside.
The rate constants kon and koff were determined from experiments as shown in Figs 4 and 5. The KD values for the complex formation between HM constructs and the different FimH constructs were
determined (a) from the ratio of rate constants (koff/kon), (b) from the analysis of the amplitudes as in Fig. 4d and (c) from equilibrium titration as in Fig. 4b. (d) kon values were calculated with koff and Kd.
(e) Values of Kd were obtained from competition equilibria with the fluorescent mannoside GN-FP-4 (Fig. 5a) and the following Kd values of GN-FP-4 binding determined in Supplementary Fig. 5: FimHLK12:
" 10 M.
Kd ¼ 7.0±0.1 # 10 " 11 M; FimHF18
L : Kd ¼ 1.8±0.2 # 10

Table 3 | Comparison of HM binding by variants of FimHL
versus FimH ! DsG.
FimH
variant
K12
F18

kon (FimH ! DsG)/
kon (FimHL)
28
41

koff (FimH ! DsG)/
koff (FimHL)
110,000
170,000

Kd (FimH ! DsG)/
Kd (FimHL)
3,300
3,300

HM, n-heptyl a-D-mannoside.

rapid ligand dissociation under static conditions for flagellar
motility remained unclear because of the complex interplay of
flagellar swimming and the avidity of multivalent surface
interactions by hundreds of E. coli pili. Here we employed
single-cell tracking of piliated E. coli cells moving on surfaces
coated with mono-mannosylated bovine serum albumin
(1M-BSA), an established model system for analysing FimHbased adhesion12,29, for a classification of cell motility into two
states, attached or mobile (for details see Methods and
Supplementary Fig. 6). To study the influence of FimH
interdomain interactions, we compared isogenic E. coli strains
producing either wild-type FimHF18 or the FimHF18-variant

Ala188Asp, which is characterized by a destabilized interaction
between FimHP and FimHL (ref. 26) and serves here to mimic the
Sbound state in the absence of shear force35. The overall fraction of
adherent FimHF18-piliated bacteria on 1M-BSA-coated surfaces
was identical to background levels on non-adhesive BSA-coated
surfaces at 10–12% of tracked bacteria (Fig. 6a). In contrast,
FimHF18–Ala188Asp-piliated bacteria showed an increased
fraction of adherent cells of 24% already at the beginning of
cell tracking after a 1-min dead time, which further increased
during the 5-min observation period to 48% (Fig. 6a and
Supplementary Movies 1 and 2).
Cell tracking permitted quantitative analysis of the transition
of individual cells between a mobile and an attached state
(Supplementary Fig. 7). On non-adhesive control surfaces coated
only with BSA, less than 2% of all FimHF18- or FimHF18–
Ala188Asp bacteria showed shifts between the two states of
motion (Fig. 6b and Supplementary Fig. 7c). However, on
adhesive 1M-BSA surfaces, 13.9% of all FimHF18 tracks (green in
Fig. 6b) exhibited a single transient attachment event with a mean
duration of 6.9 s (Supplementary Fig. 7d). For FimHF18–
Ala188Asp-piliated bacteria, only 7.2% of the cells showed
attachment/detachment, but with fivefold longer adhesion
(35.2 s; Supplementary Fig. 7d). Remarkably, the fraction of cells
that permanently stayed attached after adhesion to 1M-BSA until
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Figure 6 | Cell-tracking analysis of bacterial motility on mannosylated surfaces. E. coli cells piliated with FimHF18 or the FimHF18-Ala188Asp variants
were tracked under static conditions in the absence of shear force. (a) The fraction of bacteria attached to mannose-coated (1M-BSA) or BSA-coated
surface (negative control) at the beginning of the time-lapse movies (white bars) and after 5 min (black bars) are given. Bacterial motility on 1M-BSA was
analysed in the absence and presence of HM. The delay between application of bacteria and movie recording was B1 min. (b) Fraction of tracked cells that
were pre-attached (yellow; speed o0.5 mm s " 1), permanently attach (red), were mobile (white), transiently attach (green) or permanently detach (blue)
during the entire observation time (5 min). Right: schematic depiction of the observed cell behaviour. FimHF18-piliated E. coli show almost exclusively
transient attachment events on 1M-BSA. FimHF18-Ala188Asp-piliated E. coli show less transient attachment but enhanced permanent attachment to
1M-BSA. Transient and permanent attachment to 1M-BSA is significantly reduced in the presence of HM. For each experiment five to seven independent
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bladder epithelium. (b) Shear force increases the population of the Sbound state of FimH, in which the pilin and lectin domains are separated. The
dissociation of Sbound under shear force is slowed down up to 100,000-fold compared with Abound. The indicated rate constants and half-lives correspond
to the interaction between FimHF18 and the model ligand HM. Rate limiting reactions are indicated by solid arrows, and fast, non-limiting reactions by
dashed arrows.

the end of the observation period was much larger for FimHF18–
Ala188Asp (11.5%) than for FimHF18 (0.6%; red in Fig. 6b).
Those permanently attached cells escape kinetic analysis; thus, the
true average attachment time for FimHF18–Ala188Asp must be
considerably larger than 35.2 s. Permanent attachment is also the
main cause of the increased fraction of attached cells for
FimHF18–Ala188Asp-piliated bacteria (Fig. 6a).
Altogether, cell-tracking analysis revealed that enforced
domain separation in the FimHF18–Ala188Asp variant resulted
in reduced detachment rates and a larger proportion of
permanently attached cells. These results directly demonstrate,
at the cellular level, the importance of fast, spontaneous ligand
dissociation catalysed by interdomain allostery in FimH–ligand
8

complexes for bacterial motility in the absence of tensile
mechanical forces.
Discussion
The characterization of full-length FimH had so far been
restricted to the analysis of the adhesive properties of piliated
E. coli cells and binding studies with the purified type 1 pilus tip
fibrillum. With the FimH ! DsG complex, we have now established a model system for quantitative studies of the interaction of
FimH with carbohydrate ligands. Soluble FimH ! DsG efficiently
mimicks FimH in the context of the assembled tip fibrillum, is
readily available in milligram quantities and permits the
determination of ligand-binding and release kinetics in solution.
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Using FimH ! DsG, we obtained high-resolution snapshots of
three functionally relevant states of FimH (Fig. 7). In the absence
of ligands, FimH adopts the Afree state with associated FimHL and
FimHP and an open conformation of the ligand-binding site,
which is responsible for the 30-fold faster ligand-binding of
full-length FimH as compared with the isolated FimHL domain.
Ligand-binding in the absence of shear force induces the Abound
state with a closed binding site. In contrast to earlier
hypotheses17, the transition from Afree to Abound is restricted to
the ligand-binding site, while all interactions between FimHL and
FimHP observed in the Afree state remain preserved in Abound.
The Afree-Abound transition most likely follows an induced fit
mechanism, in which the formation of an encounter complex
between FimH ! DsG and HM is rate-limiting and followed by a
fast, unimolecular rearrangement to the Abound state, in
agreement with the observation that binding of the model
ligand HM remained rate-limiting for the formation of Abound
even at the highest HM concentrations used. Stopped-flowbinding kinetics indicate that the lifetime of the proposed
encounter complex before Abound formation is below 1 ms
(Fig. 4c). Under tensile mechanical force applied to the FimH–
ligand complex, mimicked here by the destabilized variant
FimH ! DsF and crystal packing forces, the domain-separated
state of FimH, Sbound, is formed. In the Sbound state, FimHL and
FimHP no longer interact specifically and are only connected via
the linker segment comprising FimH residues 154–160. In this
Sbound state, FimHL adopts a conformation closely resembling
isolated FimHL with bound ligand.
Notably, ligand dissociation from FimH ! DsG is 100,000-fold
faster than that from the isolated FimHL domain. This is striking
because the respective crystal structures revealed indistinguishable ligand interactions and binding-site conformations in the
FimH ! DsG ! HM and FimHL ! HM complexes (Fig. 2b). MD
simulations identified a considerable increase in the conformational dynamics of the FimHL–ligand-enclosing clamp loop in the
Abound state as the most likely cause of the dramatic increase in
koff in the FimH ! DsG ! HM complex. The altered dynamics in
FimHL in the Abound state are the result of the presence of FimHP,
which can be described as a negative allosteric regulator36–38.
The allosteric communication from the FimHP–FimHL interface
to the ligand-binding site reaches over 40 Å, and is mediated via
changes in protein dynamics rather than in static structure,
in line with a general model of dynamic allostery39,40. Our
data demonstrate that the interdomain interactions in FimH
(i) maintain the open conformation of the binding pocket and
guarantee rapid ligand-binding and (ii) intramolecularly catalyse
ligand dissociation by more than 100,000-fold. Rapid ligand-binding
and short lifetimes of the FimH ligand complex allow for rapid
dissociation of individual pili from their ligands in the absence of
shear force. Our biophysical data demonstrate that this mechanism
is conserved between the K12 and the F18 E. coli strains.
Different mechanistic models, such as the two-pathway41, the
deformation42 and the sliding re-binding model43, have been
developed to describe catch-bond interactions, often based on
powerful single-molecule atomic force measurements. These
models included the principle of allosteric control of ligandbinding affinity26,31, which was clearly fully confirmed in our
present study. However, these conceptual models did not
reveal the underlying atomic-scale mechanisms in different
catch-bond systems. For most catch-bond systems, including
the cadherin–catenin binding to actin filaments3,44, integrin
epithelial cell adhesion45,46 and TCR–MHC interactions6,7,47,
structural information is, if at all, available only for one state
or from computer simulations. One exception is the selectins,
which employ catch-bond binding for leukocyte recruitment.
Selectins are multidomain cell surface receptors, which consist

of a lectin domain for complex carbohydrate binding, linked
via an epidermal growth factor (EGF)-like domain to a
variable number of short consensus repeat domains and a
transmembrane-anchoring helix. Selectins exist in two
conformations, a bent and an extended one, which differ in the
angle between their lectin and EGF-like domain. Ligand-binding
and conformational changes in the ligand-binding site are directly
linked via a complex allosteric coupling mechanism to the
adoption of the extended conformation48,49. Tensile mechanical
force under flow conditions acts along the axis of the ligandbinding site and the Lec-EGF interface resulting in a stabilization
of the extended conformation and thus increased ligand complex
lifetimes2,49. Moreover, in FimH, catch-bond behaviour is
mediated by the interplay of a lectin and an anchoring domain
that does not interact with the ligand. Ligand-binding by FimH
in the absence of shear force results in a closing of the
ligand-binding site, but, in contrast to selectins, is not directly
linked to altered interdomain interactions. Here mechanical force
promotes domain separation and completely releases FimHL
from FimHP, which acts as an activator of ligand release via
dynamic allostery. Remarkably, selectins and the fimbrial adhesin
FimH thus employ entirely different mechanisms for establishing
catch-bond behaviour by crosstalk between a lectin and an
anchoring domain that provides tethering to a shaft. In both
systems, the selectins and fimbrial adhesion, the shaft structures
linking the terminal lectin/coupling domains to the cell surface,
may contribute to the overall catch-bond behaviour, either via
directly influencing coupling domain behaviour or via their
general elastic properties50,51.
The cell-tracking experiments indicate the importance of rapid
ligand release from the high-mannose-type glycoprotein receptor
uroplakin 1a in the lower urinary tract52 for flagellar motility of
piliated bacteria, and hence their ability to colonize new tissue
areas under certain conditions during infection12,29,53. This
provides a plausible explanation for the fact that low-affinity
FimH variants were preserved in numerous uropathogenic E. coli
strains. Binding of terminal mannoses with low affinity in the
absence of shear force may also play a role in preventing the
clearance of uropathogenic E. coli from the urinary tract by
competitive binding to the Tamm–Horsfall protein in the urine54.
In turn, populating the Sbound state with an extremely low
dissociation rate ensures tight bacterial adhesion under the
mechanical forces of urine excretion. FimH is a promising target
for anti-adhesive therapy of UTI because FimH antagonists, in
contrast to antibiotics, are not exerting selection pressure towards
resistance formation18,55,56. Previous ligand-binding studies on
the isolated FimHL domain mimic the domain-separated Sbound
state of FimH. This state is characterized by extremely low
off-rates and is promoted in vivo only after ligand-binding and
the onset of flow conditions. Our kinetic data on ligand
dissociation from full-length FimH demonstrate that rapid,
competitive displacement of FimH from its carbohydrate
ligands by FimH antagonists is well possible in the absence of
shear force. Thus, full-length FimH (for example, in the form of
the FimH ! DsG complex established in this study) instead of the
isolated FimHL domain is the relevant target for the development
of anti-adhesive drugs. Importantly, the concept of the
FimH ! DsG model system can now be expanded to other
related adhesive pilus adhesins. In combination with the novel
fluorescent GN-FP-4 ligand, this model system paves the way for
efficient screening for anti-adhesive drug candidates.
Methods

Materials. The synthetic DsG (sequence: ADVTITVNGKVVAKR) and DsF
peptide (sequence: ADSTITIRGYVRDNG; 495% purity) were purchased from
JPT (Germany). Guanidinium chloride (‘AA-Grade’ for spectroscopy) was
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obtained from NIGU Chemie (Germany). Standard chemical of highest purity
available was obtained Sigma, Merck or AppliChem. If not mentioned otherwise,
chromatography media for protein purification were purchased from GE
Healthcare (UK). Oligonucleotides were from Microsynth (Switzerland).

the non-natural interaction between FimHP and DsF, the FimHK12 ! DsF complex
was formed four times faster than the FimHK12 ! DsG complex at pH 7.0 and 37 !C,
with a rate constant of 2.2±0.5 M " 1 s " 1. The FimH ! DsF complex was stable
against dissociation and unspecific aggregation.

Construction of expression plasmids. Expression plasmids for the periplasmic
production of the E. coli F18 FimH lectin domain (FimHF18
L ) and for the
periplasmic co-expression of full-length FimHF18 with FimC were based on the
expression plasmids pfimHL and pfimH-fimC-ATG, respectively, for the analogous
proteins from E. coli K12 (ref. 27). Six silent mutations replacing rare codons were
introduced into the E. coli F18 fimH gene (fimHF18) contained in the plasmid
pGB2-24 (ref. 57) with the QuikChange mutagenesis kit (Agilent Technologies,
Switzerland) to improve periplasmic expression. The coding sequence of the
modified fimHF18 gene was amplified by PCR using the primers 50 -GATCCTCTA
GAGGAGGGATGATTGTAATGAAACGAG-30 and 50 -TTTCAAGCTTATTGA
TAAACAAAAGTCACG-30 and cloned into pfimH-fimC-ATG27 via the XbaI and
HindIII sites (thereby replacing the fimHK12 gene) and yielded pfimHF18–fimC–
ATG. The gene encoding FimHF18
was amplified with the primers 50 -GATCCTCT
L
AGAGGAGGGATGATTGTAATGAAACGAG-30 and 50 -CAGCCAAGCTTAG
CCAGTAGGCACCACCAC-30 and ligated via the XbaI and HindIII sites into
is
ptrc99a-f1-stopp27. Protein production in the resulting plasmid pfimHF18
L
under control of the trc–promotor/lac operator.

Determination of protein concentrations. Protein concentrations were measured
via the specific absorbance at 280 nm, using the following extinction coefficients
(FimHK12 and FimHF18 have identical extinction coefficients): FimC ! FimH
(59,090 M " 1 cm " 1), FimHL (24,670 M " 1 cm " 1), FimH ! DsG (35,090 M " 1
cm " 1) and FimH ! DsF (36,580 M " 1 cm " 1). The concentrations of DsG and DsF
were determined via their absorbance at 205 nm (42,650 and 49,700 M " 1 cm " 1,
respectively).

Protein production and purification. For purification of the complexes
FimC ! FimHK12 and FimC ! FimHF18, E. coli HM125 harbouring the corresponding co-expression plasmid was grown at 30 !C in 2YT medium containing
ampicillin (100 mg ml " 1). At an OD600 of 1.5, isopropyl-b-D-thiogalactoside
(IPTG) was added to a final concentration of 1 mM. The cells were further grown
for 12 " 18 h, harvested by centrifugation, suspended in cold 50 mM Tris-HCl pH
7.5, 150 mM NaCl, 5 mM EDTA, 1 mg ml " 1 polymyxin B sulfate (18 ml l " 1
of culture) and stirred at 4 !C for 1.5 h. After centrifugation, the supernatant
(periplasmic extract) was dialysed against 20 mM Tris-HCl pH 8.0 and applied to a
QA52 (Whatman, Maidstone, UK) column equilibrated with the same buffer. The
flow-through containing the respective FimC ! FimH complex was dialysed against
20 mM MOPS–NaOH pH 7.0, loaded onto a Resource S column equilibrated with
the same buffer and the complexes were eluted with a linear NaCl gradient
(0 " 400 mM). Fractions containing FimC ! FimH were pooled and loaded onto a
Superdex 75 (HiLoad 26/60) column equilibrated with 20 mM NaH2PO4–NaOH
pH 7.4, 50 mM NaCl. Fractions containing the pure complex were pooled and
stored at 4 !C until further use. Typically, 3 " 5 mg of the purified complex were
obtained per litre of bacterial culture.
For expression of the isolated E. coli FimHK12
and FimHF18
L
L , E. coli HM125
transformed with the respective expression plasmid was grown at 30 !C in M9
medium containing ampicillin (100 mg ml " 1) to an OD600 of 1.0, and expression
was induced with 1 mM IPTG. After further growth for 12 h, cells were subjected to
periplasmic extraction (see above). The extracts were mixed with 0.11 volumes of
1 M acetic acid–NaOH pH 4.5, dialysed against 10 mM acetic acid–NaOH pH 4.5
and then loaded onto a SP-Sepharose column equilibrated with the same buffer.
The flow-through was collected and its pH was adjusted to 8.0 by addition of 1 M
Tris-HCl pH 8.2. This solution was then applied to a Q-Sepharose column
equilibrated with 20 mM Tris-HCl pH 8.0. The flow-through containing FimHL
was loaded onto a Resource S column dialysed against 20 mM formic acid–NaOH
pH 4.0. The protein was eluted with a linear NaCl gradient (0 " 1 M). Fractions
containing pure FimHL were pooled, dialysed against water and stored at " 20 !C.
The identity of the purified proteins was confirmed by electrospray ionization
(ESI)–mass spectrometry (FimHF18
L : calculated: 16,934.9 Da; measured:
16,935.0 Da; FimHK12
L : calculated: 16,963.0 Da; measured: 16,962.8 Da). About
11 mg of the pure FimHL was obtained per litre of bacterial culture.
complexes. The respective
Production of FimH . DsG and
FimC ! FimH complex (40 mM) was incubated with a threefold molar excess of the
DsG peptide and incubated in 20 mM NaH2PO4–NaOH, pH 7.0, 50 mM NaCl for
48 h at 37 !C. The reaction mixture containing isolated FimC, the FimH ! DsG
complex and excess DsG was dialysed against 20 mM acetic acid–NaOH pH 4.5
and loaded onto a Resource S (6 ml) column equilibrated with the same buffer.
The FimH ! DsG complex was eluted with a linear NaCl gradient (0 " 400 mM).
Fractions containing the pure complex were pooled, dialysed against water and
stored at 4 !C. The FimH ! DsG partially dissociated during ESI–mass spectrometry
analysis, so that masses of the intact complexes and free FimH were obtained:
FimHK12 ! DsG: calculated mass: 30,635.3 Da; measured mass: 30,636.0 Da;
FimHF18 ! DsG: calculated mass: 30,607.3 Da; measured mass: 30,607.0 Da;
FimHK12: calculated mass: 29,064.5 Da; measured mass: 29,064.0 Da; FimHF18:
calculated mass: 29,036.4 Da; measured mass: 29,036.0 Da. The overall yields of the
purified FimH ! DsG complexes relative to the initial amount of FimC ! FimH were
in the range of 50–55%. The FimHK12 ! DsF complex was generated and purified
as described for the FimH ! DsG complexes (FimHK12 ! DsF: calculated mass:
30,702.2 Da; measured mass: 30,702.5 Da). The FimH ! DsF complex was prepared
from the FimC ! FimH complex after mixing with DsF exactly according to the
protocol described above for FimH ! DsG and obtained in similar yields. Despite
FimHK12 . DsF

10

Synthesis of the fluorescent-labelled FimH ligand GN-FP-4. To a stirred
solution of mannoside 1 (25 mg, 0.061 mmol)55 in dry dimethylformamide (DMF;
1 ml), N-hydroxysuccinimide (21 mg, 0.183 mmol) was added, followed by
N,N0 -dicyclohexylcarbodiimide (9.2 mg, 0.073 mmol). The mixture was stirred at
room temperature for 2 h, then N-Boc-ethylendiamine (10.7 mg, 0.067 mmol) was
added and the reaction was stirred for an additional 10 h. After cooling to 0 !C,
the reaction mixture was diluted with water and concentrated. Chromatography
on silica gel (CH2Cl2/MeOH) yielded 23 mg (0.042 mmol, 68%) of tert-butyl
(30 -chloro-40 -(a-D-mannopyranosyloxy)-biphenyl-4-yl-carboxamido)ethyl)carbamate.
This product was dissolved in CH2Cl2 (3 ml) and trifluoroacetic acid (TFA, 1 ml)
was added. The solid dissolved during addition of TFA. After 10 min at room
temperature the reaction was complete. The mixture was evaporated and excess
TFA was removed in high vacuum. The intermediate N-(2-aminoethyl)-30 chloro-40 -(a-D-mannopyranosyloxy)-biphenyl-4-carboxamide TFA salt (23 mg,
0.042 mmol, quant.) was used without purification in the next step. After
dissolution in dry DMF (0.5 ml), triethylamine (12.8 mg, 0.127 mmol) was added.
The mixture was cooled to 0 !C, then fluorescein isocyanate (14.8 mg, 0.038 mmol)
was added and the mixture was stirred for 3 h in the dark. After the addition of
water, DMF was removed azeotropically, the residue dissolved in MeOH/10%
acetic acid and evaporated. Chromatography on silica gel (CH2Cl2/MeOH) yielded
compound 2, contaminated with triethylammonium acetate. Therefore, after
dissolution in MeOH, 0.5 N HCl in MeOH was added, the mixture evaporated
and chromatographed on silica gel to yield pure compound GN-FP-4 ((30 -ChloroN-(2-(3-(30 ,60 -dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,90 -xanthen]-5-yl)thioureido)ethyl)-40 -(a-D-mannopyranosyloxy)-biphenyl-4-carboxamide)58
1
(15 mg, 47%). [a]20
D þ 12.1 (c 0.3, MeOH); H NMR (500 MHz, CD3OD): d ¼ 8.12
(s, 1H), 7.92 (d, J ¼ 8.3 Hz, 2H, Ar–H), 7.70 (dd, J ¼ 5.0, 13.1 Hz, 2H, Ar–H), 7.64
(d, J ¼ 8.3 Hz, 2H, Ar–H), 7.54 (dd, J ¼ 2.2, 8.6 Hz, 1H, Ar–H), 7.46 (d, J ¼ 8.7 Hz,
1H, Ar–H), 7.09 (d, J ¼ 8.2 Hz, 1H, Ar–H), 6.74 (s, 2H), 6.69 (d, J ¼ 1.4 Hz, 2H,
Ar–H), 6.55 (d, J ¼ 8.4 Hz, 2H, Ar–H), 5.63 (d, J ¼ 1.3 Hz, H-1), 4.15 (dd, J ¼ 1.8,
3.1 Hz, H-2), 4.03 (dd, J ¼ 3.4, 9.5 Hz, H-3), 3.94 (s, 2H, CH2), 3.86-3.64 (m, 6H,
H-4, H-5, H-6, CH2); 13C NMR (126 MHz, CD3OD): d ¼ 153.21, 143.84, 136.41,
129.66, 129.18, 127.76, 127.70, 125.37, 118.64, 103.62 (Ar-C), 100.75 (C-1), 76.00
(C-5), 72.41 (C-3), 71.86 (C-2), 68.24 (C-4), 62.69 (C-6), 40.76 (CH2); ESI–MS:
m/z: Calculated for C42H37ClN3O12S [M þ H] þ : 842.2, found: 842.2.
Fluorescence spectroscopy. Fluorescence emission spectra of FimH variants were
recorded between 300 and 450 nm (excitation at 280 nm) at 25 !C in 1.0 % 0.4-cm
quartz cuvettes on a QM 7/2003 spectrofluorimeter (PTI, USA) equipped with a
magnetic stirrer. Protein concentrations were 1 " 2 mM in 20 mM MOPS–NaOH
pH 7.4. Fluorescence spectra of GN-FP-4 (e495 nm ¼ 54,900 M " 1 cm " 1) were
recorded between 500 and 650 nm (excitation at 497 nm) in the same buffer.
Kinetics of HM binding to FimH . DsG. The rate constants of binding (kon) and
dissociation (koff) for the complex between FimH ! DsG and HM were measured at
25 !C in 20 mM MOPS–NaOH pH 7.4 in a SX20 stopped-flow instrument (Applied
Photophysics, UK). A constant FimH ! DsG concentration of 1 or 2 mM was used.
FimH ! DsG was mixed with different concentrations of HM (2 " 100 mM), and
binding was monitored by the increase in fluorescence above 320 nm (excitation at
280 nm). The fluorescence traces were globally fitted with Dynafit59 according to a
second-order binding and first-order dissociation reaction. As an additional
control, the fluorescence amplitudes of the individual reactions were plotted against
the total HM concentration and fitted according to equation (2). The deduced
dissociation constants reproduced the Kd values obtained with equilibrium titration
within experimental error.
Equilibrium titration of FimH . DsG with HM. The binding equilibrium between
FimH ! DsG and HM was followed at 25 !C in 20 mM MOPS–NaOH pH 7.4 on a
QM 7/2003 spectrofluorometer (PTI) by the increase in fluorescence at 320 nm on
HM binding (excitation at 280 nm). Measurements were performed with a stirred
1 % 0.4-cm quartz cuvette. The concentration of FimH ! DsG was kept constant at
2 mM and the concentration of HM was varied between 0 and 200 mM. The samples
were equilibrated overnight, and their fluorescence intensities were recorded for
30 s and averaged. The fluorescence intensities were plotted against total HM
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concentration and fitted according to equation (2)
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
½P'0 þ ½L'0 þ K d " ð½P'0 þ ½L'0 þ K d Þ2 " 4 % ½P'0 %½L'0
F ¼ ðF 1 " F 0 Þ %
þ F0
2 % ½P'0

ð2Þ

where F is the monitored fluorescence signal, F0 is the fluorescence signal in
absence of ligand, FN is the fluorescence signal at full saturation with ligand, Kd is
the dissociation constant, [P]0 is the total concentration of FimH % DsG and [L]0 is
the total concentration of HM.

Equilibrium titration of FimHL with GN-FP-4. The binding equilibrium between
FimHL and GN-FP-4 at 25 !C in 20 mM MOPS–NaOH pH 7.4, supplemented with
0.001% Tween 20 to prevent unspecific adsorption effects at nanomolar concentrations, was recorded by the decrease in GN-FP-4 fluorescence at 520 nm
(excitation at 497 nm). Measurements were performed with a stirred 1 ) 0.4-cm
quartz cuvette. The concentration of GN-FP-4 was kept constant at 1.0 or 2.0 nM
and the concentration of FimHL was varied between 0 and 10 nM. The samples
were equilibrated overnight, and their fluorescence intensities at 520 nm were
recorded for 30 s and averaged. The experimental data were fitted according to
equation (2).
Displacement of HM from the FimHL by GN-FP-4. The rate constant of
dissociation (koff) for HM from FimHL at 25 !C in 20 mM MOPS–NaOH pH 7.4
was measured indirectly by binding of excess GN-FP-4 to FimHL after dissociation
of HM, recorded with the decrease in GN-FP-4 fluorescence at 520 nm (excitation
at 497 nm). A mixture of FimHL and HM (3 mM each), pre-incubated for at least
18 h, was mixed with different amounts of excess GN-FP-4 (final concentrations:
10 " 40 mM), and GN-FP-4 fluorescence was recorded every 10 min for 10 s,
averaged and the data fitted according to first-order kinetics. The obtained rate
constants were independent of GN-FP-4 concentration and thus identical to the
dissociation rate of HM from FimHL.
Determination of the FimHL . HM dissociation constant. The affinity of
FimHL for HM at 25 !C in 20 mM MOPS–NaOH pH 7.4 was determined by the
competition between HM and GN-FP-4 for binding to FimHL. A mixture of FimHL
and GN-FP-4 (1 mM each) was incubated with different concentrations of HM
(10–3.2 mM) and incubated for at least 18 h. The displacement of GN-FP-4 by HM
was recorded on by the decrease in the fluorescence polarization at 528±20 nm
(excitation at 485±20 nm) on a microplate reader (Biotek, USA), using flat blackbottom 96-well microtitre plates (Greiner, Austria). The fluorescence polarization
data were fitted with Dynafit59 according to an equilibrium competition
mechanism, with the total concentrations of FimHL, GN-FP-4 and HM (variable)
and the respective Kd of GN-FP-4 (Table 2) as input, and Kd of HM and the
fluorescence polarization at zero and infinite HM concentration as open
parameters.
Crystallization of FimH variants. All crystallization experiments were performed
at 4 !C with the sitting drop vapour diffusion method. For crystallization,
FimHF18 % DsG and FimHK12 % DsG (0.1 " 0.2 ml, 15 mg ml " 1 in H2O) was mixed
with 0.1 " 0.2 ml of precipitant (25% (w/v) polyethylene glycol (PEG) 3350, 0.2 M
magnesium chloride, 0.1 M BisTris-HCl pH 5.5 at 4 !C. Crystals of FimHF18 % DsG
and FimHK12 % DsG grew within 4 " 6 weeks and are of the space group C2, with
one molecule per asymmetric unit. FimHK12 % DsG crystals in space group P1 grew
at 0.2 M Na Malonate, 20% PEG3350 within 2 months at 4 !C. For crystallization of
the FimHF18 % DsG % HM complex, a threefold excess over FimH % DsG was used
(protein concentration and protein/precipitant ratios were as described for
FimH % DsG). Crystals of the space group P213 appeared after 1 month in 30% (v/v)
2-Methyl-2,4-pentanediol, 0.1 M sodium cacodylate, 0.2 M magnesium acetate pH
6.5 at 4 !C. FimHK12 % DsF % HM crystals appeared after 2 months in 30% w/v PEG
5000, 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) monohydrate, 0.2 M
ammonium sulfate pH 6.5 at 20 !C (2.5-fold excess of ligand over protein).
FimHF18
L % HM crystallized in 17% PEG 2000 MME, 0.1 M HEPES–NaOH pH 7.5 at
4 !C. FimHK12
% HM crystallized in 1.5 M (NH4)2SO4, 0.2 M Na acetate pH 5.5 at
L
20 !C.
Crystallographic data collection. All crystals, except for FimHF18 % DsG % HM,
were cryo-preserved by the addition of ethane-1,2-diol to a final concentration
of 20% (v/v). The precipitant solution used for the crystallization of
FimHF18 % DsG % HM already contained 30% (v/v) methyl-2,4-pentanediol,
which acts as cryoprotectant. Crystals were flash-cooled in liquid nitrogen. All
measurements were carried out at the SLS beamline X06DA and X06SA (Swiss
Light Source, Paul Scherrer Institute, Switzerland) at 100 K. All data were
integrated, indexed and scaled using the XDS software package60 (5% of the
reflections were set aside as test set). Data collection statistics are summarized
in Table 1.
Crystallographic structure determination. All structures were solved by
molecular replacement using structures of isolated FimHL (AA1-158, PDB ID:

3MCY18, and the pilin domain of FimC % FimH (AA160-297, PDB ID: 1QUN24,
as search models with the programme Phaser61). Model building and structure
refinement were performed with Coot (ref. 62) and PHENIX (ref. 63). Twelve out
of thirteen residues could be built for the FimG donor strands in the crystal
structures, and only the C-terminal lysine residue had weak electron density.
Refinement statistics are summarized in Table 1.
Molecular dynamics simulations. Four molecular systems were prepared
for FimHF18. The first system was constructed using the Abound state of
FimHF18 % DsG % HM (Supplementary Fig. 3a,b) and the second system is equivalent
but HM was removed (Supplementary Fig. 3c,d). The third system contains only
the FimHL and HM from the Abound X-ray structure (Supplementary Fig. 3e,f). The
fourth system was prepared for FimHL and HM based on the Sbound state in the
FimHK12 % DsF % HM crystal structure (Supplementary Fig. 3g,h).
The CHARMM-GUI web server64 was used to prepare the molecular systems,
which were solvated with TIP3 water molecules and ionized with 50 mM NaCl.
Each system contains between 50,000 and 60,000 atoms. All simulations were
performed with the NAMD simulation package (version 2.9) (ref. 65). The
CHARMM36 force field was used for the protein, and parameters for HM were
generated using the CHARMM General Force Field programme (version 0.9.7
beta). Electrostatic interactions were calculated using the particle-mesh Ewald
method66 with a grid spacing of 1 Å. The cutoff for the van der Waals interactions
was taken at 12 Å with a switching function used after 10 Å. Time step for the
integration of dynamics was 2 fs. Simulations were performed in an isothermal–
isobaric ensemble, with a pressure of 1 atm and a temperature of 300 K.
Cell tracking on mannose–BSA-coated surfaces. The E. coli KB18 strain67
was kindly provided by Professor Evgeni Sokurenko and served as host for the
generation of recombinant strains. KB18 contains the pPKL114 plasmid57, which
encodes the whole fim operon with a translational stop linker upstream of the fimH
gene. KB18 was co-transformed with the pGB2-24 plasmid, which was isolated
from the ELT115 strain and encodes fimHJ96 (kindly provided by Professor Evgeni
Sokurenko). Single-nucleotide point mutations were introduced in fimHJ96 using
overlap extension PCR following standard molecular techniques to obtain fimHF18
and fimHF18-Ala188Asp. The PCR products were cloned into pGB2-24 by the
ApaLI and SphI sites, and KB18 was transformed with the resulting plasmid.
E. coli strains were grown from frozen stocks in LB medium supplemented with
antibiotics (100 mg ml " 1 ampicillin and 25 mg ml " 1 chloramphenicol) until late
log phase (OD600 of 1.0–1.2) and diluted to an OD600 of 0.01 before movie
acquisition.
Cell culture dishes (35 mm, Corning Inc., Corning, NY) were incubated with
50 ml of 50 mg ml " 1 1M-BSA in 0.02 M bicarbonate buffer for 75 min at 37 !C. The
dishes were then washed three times and quenched with 0.1% PBS–BSA to remove
unbound 1M-BSA and block remaining sites on the plastic surface to prevent
nonspecific binding of bacteria. Controls were prepared by treating cell culture
dishes with 0.1% PBS–BSA only. The bacterial suspension was added to the cell
culture dishes for microscopy studies.
Cell tracking was carried out at room temperature under static conditions.
A bacterial suspension of 50 ml in the late logarithmic growth phase was placed
onto the cell culture dishes (diluted to OD600 of 0.01), and a cover slide was placed
on top. The delay between sample placement and start of the movie acquisition was
about 1 min. Time-lapse movies were recorded with a ) 20 phase contrast
objective using a CMOS digital camera (The Imaging Source Europe, Bremen,
Germany) mounted on a Nikon Ti Eclipse inverted microscope and using the NIS
Elements Basic Research software (Nikon, Zurich, Switzerland). Phase contrast
images in an B5-mm-thick surface layer were taken at four to five frames
per second over 5 min. The dead time of movie acquisition was B1 min. The
resulting images were segmented by creating a projection of the average intensities
over all frames to remove the background and by subsequent thresholding using
the Maximum Entropy method in Fiji68 to obtain binary images (examples shown
in Supplementary Movies 1 and 2). The segmented movies were imported into
Imaris (Bitplane, Zurich, Switzerland) and tracked through the autoregressive
algorithm. A time filter was applied to exclude all tracks with a length below 15 s.
Tracks longer than 15 s were reviewed individually and edited manually, if
necessary. Five to seven independent movies were recorded for each experimental
set-up: FimHF18 or FimHF18-Ala188Asp on 1M-BSA-coated dishes and FimHF18
and FimHF18-Ala188Asp on BSA-coated cell culture dishes. E. coli piliated with
FimHF18 or FimHF18-Ala188Asp binding to 1M-BSA in the absence (1,815 and
1,283 individual tracks, respectively) and in the presence of 200 mM HM (1,175 and
1,071 individual tracks, respectively) were analysed respectively. For E. coli piliated
with FimHF18 or FimHF18-Ala188Asp binding to BSA 1,314 and 1,065 individual
tracks, respectively, were analysed. Bacteria with a speed of o0.5 mm s " 1 were
classified as attached, all other bacteria were classified as mobile. Owing to
limitation in the spatial and temporal resolution of movie acquisition, we did not
further subdivide bacterial swimming into motility behaviours as ‘rolling’29,53,
‘roaming’, ‘orbiting’ and so on. The individual cell tracks were classified into four
classes: no motility change during observation (pre-attached or mobile), transient
attachment, permanent attachment and permanent detachment. For FimHF18 on
1M-BSA surfaces, 13.9% (251 out of 1,815 tracks) of all tracks showed a single
transient attachment event (Supplementary Fig. 7d). In total, 67 out of the 251
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bacteria that underwent a first transient adhesion attached and detached from the
surface a second time. For these cells, the average time between detachment and
re-attachment was only 13.5 s (Supplementary Fig. 7e), suggesting that re-binding
may be favoured by proximity to the surface as compared with the initial
attachment. The mean velocity on 1M-BSA, as compared with BSA-coated
surfaces, was reduced for both FimHF18-piliated (4.2 and 7.4 mm s ! 1, respectively)
and FimHF18–Ala188Asp-piliated bacteria (3.5 and 8.1 mm s ! 1, respectively;
Supplementary Fig. 7a,b). This reduction of the mean velocity originates from two
different phenomena: in FimHF18-piliated cells it is caused by a change from fast
swimming to a slower mode of motion (Supplementary Fig. 7b; Supplementary
Movie 1), which is consistent with bacterial surface rolling due to weak, short-lived
mannose-based interactions29,53. In contrast, for FimHF18–Ala188Asp-piliated
bacteria, the reduction of the mean velocity results from an increase in the fraction
of adherent cells on 1M-BSA compared with BSA (see main text). In the presence
of 200 mM HM, the mean velocity on 1M-BSA is increased for both FimHF18piliated (6.5 mm s ! 1) and FimHF18–Ala188Asp-piliated bacteria (5.9 mm s ! 1;
Supplementary Fig. 7a) and transient and permanent attachment is reduced by
75% and 85%, respectively (Fig. 6 and Supplementary Fig. 7c).
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Supplementary Figure 1 Analysis of FimH sequence and conformational states. (a)
Sequence variations between FimHK12 and FimHF18. Sequence alignment of FimH from
the nonpathogenic E. coli strain K12 and the E. coli strain F18. (b) Stereo view of the
electron density around the DsG peptide (stick representation) bound to FimHF18·DsG.
The 2FoFc map is shown in a radius of 2 Å around atoms belonging to the DsG peptide at
1.5σ contour level. (c,d) Comparison of the inter-domain region of FimH in the binary
complex and FimHF18·DsG (Afree) and of unliganded FimH in the context of the tip
fibrillum. Enlarged view on the domain interface of FimHF18·DsG (b) and the tip
structure (c) (3JNW.pdb). (e,f) Closing of the mannose binding pocket upon substrate
binding. Surface representation of the FimH lectin domain in (e) the open conformation
of FimHF18·DsG (Afree, red) and (f) the closed conformation in FimHF18·DsG·HM
(Abound, grey). The tip of the clamp loop is indicated in both structures with an asterisk.
The ligand HM is shown in stick representation (carbon atom: yellow; oxygen atom: red)
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Supplementary Figure 2 Crystallographic analysis of the FimH ligand-binding site and
the inter-domain interface of FimH in different conformational states. Top panel: Ribbon
representation of the Afree, Abound, Sbound state and FimHL·HM represented by individual
crystal structures. A schematic representation for each conformational state of FimH,
similar to Fig. 1a and 2, is given. FimHL, FimHP, DsF and DsG are colored in red,
yellow, green and blue, respectively. The experimentally in crystallo trapped orientation
of FimHP in FimHK12·DsF·HM and a modeled position (green) based on a hinge motion
stretching around Gly157 is indicated. Lower panels: Pairwise comparison of the ligandbinding site and the inter-domain interface between conformational states as indicated.
Upon ligand binding, the N-terminal FimHL residues preceding the clamp loop (residues
3
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1‒7) and the neighboring, large β-strand (aa. 142‒152) slightly change their position. In
addition, the loop segments 46‒53 and 137‒142 gently rearrange, resulting in a parallel
alignment of the aromatic rings of Tyr48 and Tyr137, which sandwich the n-heptyl
moiety of HM.
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Supplementary Figure 3 Molecular dynamics simulation of FimH conformational
states. (a, b) Molecular dynamics simulation for the analysis of conformational stability
of the Abound state of FimH. (a) Structural comparison of snapshots at 0 ns (red) and 100
ns (blue) of a simulation run of the Abound state with ligand. (b) rmsd against the X-ray
template structures of the Abound and Afree state during the MD simulation run of the
Abound state. (c) Structural comparison of snapshots of the MD simulation run for Abound
after removal of the ligand in silico. Snapshots are taken between 70 ns and 100 ns
simulation time every 2 ns (colored from red to blue along simulation time). (d) rmsd
against the X-ray template structures of the Abound and Afree state during the MD
simulation run of the Abound state after removal of the ligand in silico. (e, f) Molecular
dynamics simulation of the Abound state of FimH upon in silico removal of FimHP. (e)
Structural comparison of snapshots every 20 ns along the 180 ns trajectory colored from
red to blue along simulation time. (f) rmsd against FimHL in the X-ray template structures
of the Abound and Afree state during the MD simulation run of the Abound state upon
removal of FimHP. (g, h) Dynamics of FimHL in molecular dynamics simulations of the
Abound and Sbound state of FimH (g) Structural comparison of snapshots every 5 ns along
100 ns colored from red to blue along simulation time. (h) Root mean square fluctuations
of atomic coordinates in FimHL during the MD simulation runs of the Abound and Sbound
states of FimH. Structural fluctuations are increased by at least a factor of two in the
swing, insertion and linker loop region, but also in the clamp loop region around residue
10.
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12
·DsG. (a) Fluorescence
Supplementary Figure 4 HM binding and release by FimHK12
spectra (excitation at 280 nm) of FimHLK12 (2 !M) (red lines) and FimHK12·DsG (2 !M)
(black lines) in the absence (solid lines) or presence of 200 !M n-heptyl "-D-mannoside
(HM) (dashed lines). (b) Equilibrium titration of FimHK12·DsG (2 !M) with HM,
recorded via the fluorescence increase at 320 nm. The total concentration of HM is
plotted against the recorded fluorescence signal. Data were fitted (solid line) according to
equation (2) (cf. experimental section) and yielded a Kd value of 3.6 ± 0.3 !M. (c)
Stopped-flow fluorescence kinetics of HM binding to FimHK12·DsG (2.0 !M), recorded
via the fluorescence change above 320 nm. The HM concentration was varied between
zero and 60 !M. Five representative traces are shown (HM concentrations are given in
!M). The fluorescence traces were globally fitted according to a second-order binding
and first-order dissociation reaction (solid lines) (Table 1). (d) Amplitudes of the
reactions monitored in (c), plotted against the total HM concentration. Data were fitted
(solid line) according to equation (2), yielding a Kd value of 4.2 ± 0.3 !M.
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Supplementary Figure 5 Synthesis and spectroscopic properties of the fluorescent
ligand GN-FP-4 and its application to determine ligand affinity and ligand binding
kinetics. (a) Reaction conditions of GN-FP-4 synthesis: i) DIC, NHS, N-Bocethylenediamine, DMF, rt, 12 h; ii) TFA, DCM, rt, 10 min (68% over two steps), iii)
fluorescein isothiocyanate (FITC), NEt3, DMF, rt, 3 h (48%). (b) Absorbance spectrum
of 10 µM GN-FP-4. (c) Fluorescence spectra of GN-FP-4 (1 µM) before (red line) and
after (black line) addition of one molar equivalent of FimHLK12. The results, together with
the high affinity of the FimHLK12·GN-FP-4 complex (0.08 nM), show that the GN-FP-4
fluorescence decreases about 2-fold upon binding. (d, e) Equilibrium titration of GN-FP4 (1.0 nM) with FimHLK12 (d) or FimHLF18 (E) at pH 7.4 and 25 °C, recorded via the
decrease in GN-FP-4 fluorescence at 520 nm upon binding to the FimH lectin domain
(excitation at 497 nm). Titrations were performed at constant GN-FP-4 concentrations of
8
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1 nM (blue circles) or 2 nM (red rhombs) and globally fitted according to equation 2
(solid lines). Samples contained 0.001% Tween 20 to prevent unspecific adsorption of
GN-FP-4 to tubes or cuvettes. Determination of the rate constant of dissociation of HM
from FimHLF18 (f,g) or FimHLK12 (h,i) by displacement of HM with GN-FP-4 (pH 7.4, 25
°C). In all experiments, the 1:1 complex between FimHL and HM (3 µM each) was mixed
with excess GN-FP-4 (concentrations given in µM in F‒I). As the kinetics of GN-FP-4
binding were independent of GN-FP-4 concentration (g,h,i), the rate-limiting step of GNFP-4 binding was the dissociation of HM from FimHL. The decrease in GN-FP-4
fluorescence thus coincided with the dissociation of the FimHL·HM complex. (f,h) raw
fluorescence data; (g,i), superimposed, normalized fluorescence kinetics. (j) Rate
constants and half-lifes of HM association at different concentrations of excess GN-FP-4.
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Supplementary Figure 6 Cell tracking data processing and analysis. (a) Time-lapse
movies were recorded, with four to five frames per second over five minutes. The
resulting images were segmented by creating a projection of the average intensities over
all frames to remove the background and by subsequent thresholding binary images were
obtained. Bacteria were tracked through an autoregressive algorithm and a time filter was
applied, and only tracks >15 s were analyzed. (b) From the movies the x,y-position of the
tracked bacteria during the time of observation was determined (left), rainbow color
coded, with red indicating the starting and magenta the endpoint of observation. (c) The
speed of the bacteria was extracted and plotted against the observation time. Bacteria
with a speed of <0.5 µm s-1 were classified as attached (indicated by the red dotted line),
all other as swimming. The tracks were classified in four classes: mobile (motility > 0.5
µm s-1) (c), permanent attachment (d), permanent detachment (e), and transient
attachment (f). The time point zero indicates the start of movie acquisition.
10
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Supplementary Figure 7 Cell-tracking analysis of bacterial motility on and adhesion to
mannosylated surfaces. Differences of FimHF18 and FimHF18-Ala188Asp mediated
adhesion of piliated E. coli to 1M-BSA- and BSA coated surfaces. The Ala188Asp amino
acid substitution destabilizes the FimHL / FimHP domain interface and is a mimic for an
increased population of the shear induced domain separated state Sbound 1,2. (a) The mean
speed of all bacteria within the time of observation is given. The speed for E. coli is
significantly slowed on 1M-BSA compared to BSA-coated surface and reflects enhanced
FimH dependent adhesion. Upon addition of 100 µM n-heptyl !-D-mannoside (HM)
bacterial velocity on 1M-BSA is increased. (b) Distribution histogram of the mean speed
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of tracks analyzed. (c) Fraction of tracked cells that are pre-attached (yellow bar)(<0.5
µm s-1), permanently attached (red bar), mobile (white bar), transiently attached (yellow
bar) or permanently detached (blue bar) within the observation. FimHF18-piliated E. coli
almost exclusively show transient attachment. FimHF18-Ala188Asp piliated E. coli show
less transient (7.2 %), but mainly permanent attachment (11.5 %) to 1M-BSA. Transient
and permanent attachment to 1M-BSA is significantly reduced in the presence of HM. (d)
In 1815 analyzed tracks of E. coli FimHF18 on 1M-BSA 251 tracks (13.9 %) showed a
transient attachment event: At the beginning of the observation the bacteria were mobile,
then attached to 1M-BSA surface and after a duration of attachment of several seconds
the bacteria detached from the surface and turn back swimming. The fraction of these cell
tracks is plotted against the duration of attachment. The mean duration of transient
attachment is 6.9 s. E. coli FimHF18 attach mainly for a few seconds. In addition, the
fraction of FimHF18-Ala188Asp piliated bacteria that show a transient attachment event
(88 out of 1’314 tracks) is plotted against the duration of attachment. The mean duration
of attachment is 35.2 s, five times longer than for FimHF18. (e) For FimHF18 piliated
bacteria on 1M-BSA (251 of 1’815 tracks) we found 67 tracks showing two transient
attachment events (Phenotype: mobile, transient attachment, mobile, transient attachment,
mobile) with a mean duration of attachment of 13.5 s.
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Supplementary Notes
The newly designed probe ligand GN-FP-4 exhibits an about two-fold decrease in
fluorescence at 520 nm (Supplementary Figs. 5a,b) and an about 7-fold increase in
fluorescence polarization upon binding to isolated FimHL (Fig. 5a). Equilibrium
fluorescence titration experiments revealed that GN-FP-4 binds with subnanomolar
affinity to FimHLK12 and FimHLF18 (Kd values of 70 and 180 pM, respectively)
(Supplementary Figs. 5d,e). With this 16-fold higher affinity compared to HM, GN-FP-4
is a promising reporter molecule for identifying high-affinity FimH binders via
compound library screening. In an inverse competition experiment, in which HM in
preformed FimHL·HM complexes was displaced by GN-FP-4, the rate of HM
displacement by GN-FP-4 proved to be first-order and independent of GN-FP-4
concentration (Supplementary Figs. 5f-j), demonstrating that HM dissociation was rate
limiting for ligand exchange. Consequently, the observed rate in GN-FP-4 fluorescence
decrease was identical to the rate of dissociation of HM from the isolated lectin domains.
GN-FP-4 can thus also be used to screen FimH ligands for low off-rates.
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The Conformational Variability of FimH: Which
Conformation Represents the Therapeutic Target?
Deniz Eris+, Roland C. Preston+, Meike Scharenberg, Fabian Hulliger, Daniela Abgottspon,
Lijuan Pang, Xiaohua Jiang, Oliver Schwardt, and Beat Ernst*[a]
FimH is a bacterial lectin found at the tips of type 1 pili of uropathogenic Escherichia coli (UPEC). It mediates shear-enhanced
adhesion to mannosylated surfaces. Binding of UPEC to urothelial cells initiates the infection cycle leading to urinary tract
infections (UTIs). Antiadhesive glycomimetics based on a-dmannopyranose offer an attractive alternative to the conventional antibiotic treatment because they do not induce a selection pressure and are therefore expected to have a reduced resistance potential. Genetic variation of the fimH gene in clinically isolated UPEC has been associated with distinct mannose
binding phenotypes. For this reason, we investigated the mannose binding characteristics of four FimH variants with mannose-based ligands under static and hydrodynamic conditions.
The selected FimH variants showed individually different bind-

ing behavior under both sets of conditions as a result of the
conformational variability of FimH. Clinically relevant FimH variants typically exist in a dynamic conformational equilibrium.
Additionally, we evaluated inhibitory potencies of four FimH
antagonists representing different structural classes. Inhibitory
potencies of three of the tested antagonists were dependent
on the binding phenotype and hence on the conformational
equilibrium of the FimH variant. However, the squarate derivative was the notable exception and inhibited FimH variants
irrespective of their binding phenotype. Information on antagonist affinities towards various FimH variants has remained
largely unconsidered despite being essential for successful antiadhesion therapy.

Introduction
Urinary tract infections (UTIs) are among the most prevalent
bacterial infections, with millions of people affected each year.
In 70–90 % of all cases, UTIs are caused by uropathogenic Escherichia coli (UPEC),[1] which initiate the infection cycle by adhering to urothelial cells. This adhesion is mediated by the bacterial lectin FimH, expressed on type 1 pili of UPEC, and is the
result of interaction between FimH and the highly mannosylated glycoproteins present on urothelial cells.[2]
Type 1 pili are filamentous organelles protruding from the
bacterial cell surface and each consisting of a rigid helical rod
and a short tip fibrillum with FimH at its distal end.[3] FimH is
composed of two domains: an N-terminal lectin domain
(FimHLD) exhibiting the mannose binding pocket, and a C-terminal pilin domain (FimHPD) that anchors the adhesin to the
rest of the pilus. Interdomain interactions were shown to determine the conformational state of FimH and to regulate its
mannose binding affinity through an allosteric linkage of the
interdomain region and the mannose binding pocket.[4]
[a] D. Eris,+ Dr. R. C. Preston,+ Dr. M. Scharenberg, F. Hulliger,
Dr. D. Abgottspon, Dr. L. Pang, Dr. X. Jiang, Dr. O. Schwardt,
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In the native state of FimH, the domains are in close contact
through three loop segments, causing FimHLD to adopt a compressed conformation with an open binding site (Figure 1 A).
This conformation is called the low-affinity conformation, and
its crystal structure was observed when FimH was expressed in
the context of the type 1 tip fibrillum[4c] and, more recently,
when it was expressed as bimolecular complex stabilized by
a synthetic peptide corresponding to the N-terminal extension
strand of the natively following subunit FimG.[4d] Upon ligand
binding, a loop forming the ridge of the open binding site
closes on the ligand, forming a deep and well-defined mannose binding pocket (Figure 1 B).[4d] In this study, this conformation is referred to as the medium-affinity conformation. Separation of the FimHLD and FimHPD causes the three loops connecting the two domains to rearrange and to shift the FimHLD
into an elongated conformation (Figure 1 C). In this conformation, FimH has the highest observed mannose binding affinity,
so this conformation is called the high-affinity conformation.
Strikingly, structural changes associated with this conformational change are restricted to the interdomain region. It is
therefore believed that these conformational changes are
propagated from the interdomain region to the binding site
through dynamic allostery,[4d] which manifests in differential
protein dynamics rather than differential protein structures.[5]
Anything leading to domain separation induces conformational change to the high-affinity conformation: examples include
when the chaperone FimC is wedged between FimHLD and
FimHPD,[6] when only the isolated FimHLD is expressed (i.e.,
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Figure 1. Schematic representation of FimH–uroplakin Ia (UP1a) interactions.
FimH crystal structures that correspond to the individual interactions are
shown in boxes.[4d] A) In the absence of urine flow, FimH is in the low-affinity
conformation, characterized by an open binding pocket and intertwined domains (PDB ID: 4XOD). B) Upon ligand binding, FimH adopts the medium-affinity conformation (PDB ID: 4XOE), in which a loop (highlighted in green in
crystal structures) closes on the ligand, forming a deep and well-defined
binding pocket. C) As urine flow arises, the domains are pulled apart, inducing the high-affinity conformation (PDB ID: 4XOB). LD: lectin domain. PD:
pilin domain.

when FimHPD is missing),[7] or when crystal packing forces the
separation of the two domains.[4d]
Notably, it has also been shown that force can induce
domain separation leading to the adoption of the high-affinity
conformation.[4b] This explains previous observations of type 1
piliated E. coli forming adhesive bonds to a mannosylated surface that strengthen with increasing shear stress.[4a, 8] This type
of bond is called a catch-bond and, in the case of type 1 piliated E. coli and the mannosylated urothelium, is a direct consequence of the conformational heterogeneity of FimH. In the
absence of flow in the urinary tract, FimH exists in its native
low-affinity conformation (Figure 1 A) and in equilibrium with
the medium-affinity conformation, which is adopted upon
binding to the highly mannosylated glycoprotein uroplakin Ia
present on the host cells (Figure 1 B). When urine flow increases, shear stress induces a conformational change from the
medium- to the high-affinity conformation, thus making it possible for bacteria to bind more firmly to mannose ligands of uroplakin Ia (Figure 1 C). Through this mechanism, bacteria in the
urinary tract can resist clearance by the shear stress that arises
during micturition.
This allosteric conformational change is related to the genetic variability of fimH that has been observed among UPEC and
was shown to alter their mannose binding phenotype. Remarkably, the majority of naturally occurring variations were located
not in or close to the mannose binding site but rather in the
interdomain region.[9] Previous studies strongly implied an alloChemBioChem 2016, 17, 1012 – 1020
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steric mechanism through which variations in the interdomain
region caused differential mannose binding affinities.[4a, b]
Recent structural elucidations of FimH, as mentioned above,
have substantiated these findings and clarified the mechanism.[4d]
FimH-mediated adhesion of UPEC to the urothelium is indispensable for initiating an UTI[2a] and, as a result, has attracted
a lot of attention as a potential target for the treatment of
UTIs. In contrast with conventional treatment with antibiotics,
which increasingly suffers from bacterial resistance, antiadhesive FimH antagonists provide a new therapeutic opportunity
to treat and prevent UTIs because they should not exert selection pressure on UPEC and would therefore be expected to
have a reduced resistance potential. Efforts in developing
potent FimH antagonists have led to the identification of several promising classes of a-d-mannopyranoside derivatives,
with examples including alkyl-,[7a] biphenyl-,[7c, 10] indolylphenyland indolinylphenyl-,[11] and squarate-substituted a-d-mannopyranosides.[12] In addition, multivalent FimH antagonists have
been developed with the goal of improving binding affinity
through avidity.[13]
In vitro evaluation of FimH antagonists is usually performed
in target-based assays based either on the recombinantly expressed FimHLD[14] or on FimH in complex with FimC.[15] In both
instances there are no interdomain interactions, either because
the FimHPD is absent altogether or because FimC is wedged
between the domains. Consequently, FimH is locked in the
high-affinity conformation and so provides an incomplete
system for antagonist evaluation. In cell-based in vitro assays,
a single clinical isolate—UTI89[16]—with high mannose affinity
is commonly used.[17] However, UPEC strains express different
FimH variants that cover a wide range of mannose binding
affinities.[18] Optimally, FimH antagonists should be efficacious
against all physiologically relevant FimH variants, but this
matter has remained uninvestigated to date.
Therefore, we identified commonly found mutations in UPEC
in clinical isolates from patients suffering from acute cystitis,
and generated isogenic E. coli strains expressing the corresponding FimH variants. We characterized the mannose binding phenotypes of these strains under static and hydrodynamic
conditions. Furthermore, we evaluated the potential of four
structural classes of FimH antagonists to inhibit bacterial binding of different FimH variants to a mannosylated surface. To
the best of our knowledge, this is the first time that the dependence of antagonist affinities on the conformational variability of different FimH variants has been systematically investigated.

Results
Genetic variability of FimH
Generally, FimH is a highly conserved protein, with over 90 %
sequence identity in clinical and commensal isolates.[18c] However, sequence analysis of the fimH genes in 57 clinical UPEC
isolates from patients suffering from acute cystitis revealed numerous mutations (Figures 2 and 3), none of which involved
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R166H (10 %). Notably, these were almost exclusively found in
combination with the V27A mutation.
Interestingly, the S62A mutation as found in the uropathogenic UTI89 strain, which is frequently used in in vitro and in
vivo studies, was not found in any of the 57 clinical isolates.
Bacterial adhesion of FimH variants
E. coli strains expressing different FimH variants were generated with an isogenic background to overcome the problems of
phase variation and differential type 1 pili expression.[20] A set
of four naturally occurring FimH variants covering a wide
range of mannose binding affinities was selected (Table 1). Additionally, an artificial mutant carrying the A188D mutation—
which is presumed to destabilize the interaction between the
FimHLD and FimHPD, and consequently to lock the FimH adhesin in the high-affinity state (FimHhigh)—was generated.[4a, 21]
Equal type 1 pili expression among the isogenic strains was
confirmed by immunostaining with an anti-type 1 pili antibody
(Figure 4 B).[20, 22]

Figure 2. Mutations of the fimH gene identified in 57 clinical isolates. Mutations are mapped as red spheres (Ca atoms) both on the high-affinity conformation (left, PDB ID: 1QUN) and on the low-affinity conformation (right,
PDB ID: 3JWN) crystal structures. Sphere size correlates with the frequency
of the mutation found in 57 clinical isolates. The orange sphere corresponds
to the S62A mutation found in the clinical isolate UTI89, which is frequently
used in in vitro and in vivo studies. Green spheres represent residues involved in ligand binding.[7a]

Table 1. E. coli strains used in this study.
FimH variant E. coli background Mutations
DFimH
FimHJ96
FimHF18
FimHUTI89
FimHB126
FimHhigh

Figure 3. Sequence analysis of 57 UPEC strains isolated from patients with
acute cystitis. The most frequently observed mutations in residues with the
highest variability are indicated. FimHJ96 was regarded as the wild type.

the residues in the binding site (Figure 2), in agreement with
sequence analysis performed in previous studies.[18a, c]
FimH as found in the uropathogenic E. coli strain J96[19] was
the most common variant represented in this set of clinical isolates, at a 14 % frequency (considered to be the wild type
here). The most common mutations were V27A, N70S, and
S78N, which together correspond to the FimH variant of the
fecal F18 isolate and were found in 7 % of all sequenced isolates. Combined with additional mutations, A27/S70/N78 was
identified in 21 % of all sequenced isolates. Other frequently
found mutations include G66S (9 %), V128M/G (9 %), and
ChemBioChem 2016, 17, 1012 – 1020
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AAEC191A
KB18
KB18
KB18
KB18
KB18

Original refs.

–
[33]
wild type
[33]
V27A, N70S, S78N
[33]
V27A, S62A, N70S, S78N [16]
V27A, V128M
–
A188D
[4a], [21]

The mannose binding profile was evaluated in static binding
assays either with mannosylated BSA (1M-BSA) or with ribonuclease B (RNase B), which is a glycoprotein bearing oligomannose-type structures (Man5GlcNAc2 to Man9GlcNAc2,[23] Figure 4 C). 1M-BSA contains 35 mannose units per BSA molecule[24] and exposes a single mannose unit per BSA functionalization site.[25] On the other hand, RNase B was used as trimannose substrate,[26] due to its terminally exposed trimannose
epitope. Bacteria were exposed to surfaces coated with 1MBSA or RNase B, and bacterial binding was measured through
the fluorescence intensities of nucleic-acid-stained cells. The
natural FimH variants exhibited diverse binding to the two glycoproteins. A DFimH strain (KB18) that expresses only a few,
nonadhesive pili (Figure 4 A)[8a] was included as negative control and showed no binding to either of the mannosylated surfaces, thus demonstrating that binding to these surfaces was
exclusively FimH-dependent.
Binding to RNase B was slightly higher than to 1M-BSA, due
to the presence of terminal Mana(1–3)Man and Mana(1–6)Man
motifs instead of single mannose moieties.[26] The artificial variant FimHhigh showed the highest binding affinity, followed by
FimHUTI89 and FimHJ96. The FimHF18 and FimHB126 variants exhibited only weak binding. Bacterial binding on both surfaces
showed the same tendencies for all tested FimH variants. Differences in binding strengths were more pronounced on 1MBSA than on RNase B (Figure 4 C).
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Figure 4. Characterization of isogenic bacteria expressing naturally occurring FimH variants. A) Electron micrographs showing type 1 piliation of the isogenic
strain expressing FimHUTI89 (bottom) in comparison with DFimH (top, KB18 strain). B) Homologous type 1 pili expression verified by FACS analysis after labeling
with antibodies raised against type 1 pili and detection with fluorescently labeled secondary antibody. C) Bacterial binding under static conditions measured
on surfaces coated with 1M-BSA (50 mg mLˇ1, white) and RNase B (2 mg mLˇ1, gray). Bound bacteria were fluorescently labeled with SYTO 16 (2 mm). Error bars
represent the standard errors of the means of two experiments, each performed in duplicate. D) Bacterial binding on 1M-BSA (50 mg mLˇ1) under flow conditions was measured at shear stresses from 0.01 to 1.0 pN mmˇ2. Bound bacteria were counted after 10 min of perfusion at three points along the center of the
flow path. Error bars represent the standard errors of the means of at least two experiments.

Furthermore, we also assessed the binding behavior of the
FimH variants on a 1M-BSA surface under physiological flow
conditions, using shear stresses of 0.01 to 1.0 pN mmˇ2 (Figure 4 D). The FimHJ96, FimHF18, and FimHB126 variants showed
catch-bond behavior within the applied shear stress range,
consistent with previous results[4a, 8b, c, 27] and a consequence of
the force-induced conformational change from the mediumto the high-affinity conformation. In agreement with the static
binding assay, maximum bacterial binding was highest for
FimHJ96, followed by FimHF18 and then by FimHB126, with the
FimHB126 showing only limited binding. Interestingly, the trend
in binding strength was inversely correlated to the shear stress
at which maximum bacterial adhesion occurred: FimHJ96
peaked at 0.05 pN mmˇ2, FimHF18 at 0.1 pN mmˇ2, and FimHB126
at 0.15 pN mmˇ2. The FimHhigh variant showed the strongest
binding, which was constant up to a shear stress of
0.1 pN mmˇ2. More importantly, it showed a monophasic response to the exertion of shear stress; this is in strong contrast
to the biphasic responses observed for the natural FimH variants described above. In the context of the force-dependent
conformational change of FimH, this observation is indicative
of the expression of conformationally homogeneous FimH and
supports the initial presumption of FimHhigh being locked in
the high-affinity state. A previous study investigating binding
ChemBioChem 2016, 17, 1012 – 1020
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of FimHJ96 and FimHhigh to 1M-BSA under flow conditions has
shown the same distinction of catch-bond or slip-bond behavior.[4a] To the best of our knowledge, FimHUTI89 has remained
uninvestigated under flow conditions as applied in this study
(on 1M-BSA and from 0.01 to 1 pN mmˇ2). The FimHUTI89 variant
showed weaker adhesion overall than FimHhigh, but it was capable of adhering across a wider range of applied shear stresses. Unexpectedly, the binding curve of FimHUTI89 resembled
that of FimHhigh rather than those of the other natural FimH
variants (Figure 4 D). In conclusion, the selection of FimH variants covered a wide range of mannose binding phenotypes,
representing clinical isolates in a comprehensive manner.
Antagonist binding to FimH variants
The inhibitory potencies of FimH antagonists against clinically
and functionally relevant FimH variants were determined in
a cell-based competitive binding assay under static conditions.
To the best of our knowledge, this is the first time that FimH
antagonists have been tested with various FimH variants to
assess antagonist affinities with respect to FimH variability. Importantly, thanks to their identical genetic backgrounds, differences in the binding phenotypes of FimH variants exclusively
reflect functional differences in the FimH protein. Antagonist
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affinities were determined as IC50 values that were determined
by allowing antagonists to compete for FimH binding with surfaces coated with RNase B. RNase B was chosen as the mannose-based competitor ligand because the binding to 1M-BSA
was too weak for the low-affinity FimH variants. A set of FimH
antagonists bearing four structurally different aglycone moieties—an alkyl-substituted (n-heptyl, compound 1),[7a] an indolinylphenyl-substituted (compound 2),[11] a biphenyl-substituted
(compound 3),[10] and a squarate-substituted (compound 4)[7h]
derivative—was chosen (Scheme 1).

Scheme 1. FimH antagonists tested with FimH variants in a static cell-based
competitive binding assay: a-d-mannopyranoside substituted with an nheptyl chain (1), an indolinylphenyl derivative (2), a biphenyl derivative (3),
and a squarate derivative (4).

FimH antagonists 1–4 exhibited IC50 values in the micromolar range for all five FimH variants (Table 2). Relative inhibitory
potencies (rIPs) were calculated for all antagonists for a given
FimH variant, with the IC50 value of antagonist 1 taken as reference. This facilitated intra-assay and inter-assay comparisons.
Antagonist 1, with an alkyl aglycone, turned out to be the
weakest antagonist for all FimH variants. Antagonists 2 and 3
showed similar increases in rIP, relative to antagonist 1, for all

Table 2. Antagonist affinities for FimH variants, determined as IC50 values
in a static cell-based competitive binding assay. Antagonists competed
for FimH binding with a surface coated with RNase B. Relative inhibitory
potencies (rIPs) were calculated for each FimH variant with the IC50 of antagonist 1 as reference. Competition assays were performed in duplicate
and at least twice. Experimental errors are given as standard deviations.

FimH
antagonist

1
IC50 [mm]

2
3
4
rIP IC50 [mm] rIP IC50 [mm] rIP IC50 [mm] rIP

FimHhigh
FimHUTI89
FimHJ96
FimHF18
FimHB126

21.8 ⌃ 12.9
48.7 ⌃ 4.9
66.2 ⌃ 16.2
83.0 ⌃ 20.0
97.4 ⌃ 26.2

1
1
1
1
1

1.5 ⌃ 0.5
3.0 ⌃ 0.5
4.4 ⌃ 0.8
8.4 ⌃ 0.7
9.9 ⌃ 1.8

15
16
15
10
10

1.5 ⌃ 0.1
3.5 ⌃ 0.7
3.6 ⌃ 0.7
4.5 ⌃ 1.5
5.4 ⌃ 0.5

15
14
18
18
18

1.6 ⌃ 0.1
2.3 ⌃ 0.2
1.2 ⌃ 0.1
1.3 ⌃ 0.1
1.3 ⌃ 0.6

14
21
55
64
75

the tested FimH variants. In addition, antagonists 1 to 3
showed the same ranking with regard to their affinities for the
different variants. They had the highest affinity for the FimHhigh
variant, followed by FimHUTI89 and then FimHJ96. Binding affinities for lower-affinity variants FimHF18 and FimHB126 were similarly low. The largest difference in IC50 value between FimH
variants in absolute terms was observed for antagonist 1 (IC50
values of 97.4 mm for FimHB126 and 21.8 mm for FimHhigh), and in
relative terms for antagonist 2, with a more than sixfold lower
affinity towards FimHB126 (9.9 mm) than towards FimHhigh
(1.5 mm).
The squarate derivative 4 was the most potent antagonist,
with affinities in the low-micromolar range (1–2 mm). Most notably, and unlike antagonists 1–3, antagonist 4 showed uniform binding affinities for all FimH variants (Figure 5 B), leading
to considerably differing rIP values ranging from 14- to 75-fold.
Interestingly, despite its potency against the lower-affinity
FimH variants, the squarate derivative 4 did not show a higher
binding affinity for FimHhigh than antagonists 1–3.

Discussion
Colonization of the urinary tract by UPEC, which ultimately
leads to UTIs, is a serious health risk. Bacterial resistance due

Figure 5. A) Competitive assay of binding of FimH antagonists to the FimHJ96 variant in competition with RNase B in a cell-based assay under static conditions.
Error bars represent the standard errors of the means of at least two experiments. B) Correlation of the binding affinities of FimH variants towards 1M-BSA
with the IC50 values obtained for the four FimH antagonist structural classes. Higher 1M-BSA binding of a variant is correlated with a decrease in IC50 in the
cases of antagonists 1–3, whereas no such correlation was observed for antagonist 4, with similar IC50 values for all FimH variants.
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to the repeated use of antibiotics is increasingly problematic.[28]
UTIs, as one of the most common infections worldwide for
which antibiotics are used as first-line treatment, are a major
driving force of this problem. Hence, drug discovery efforts
have been focused on finding alternative treatment options.
The mannose-specific bacterial adhesin FimH, which initiates
the infection cycle, is a prerequisite for the infection to develop and essential for UPEC pathogenicity.[18a] FimH is therefore
a suitable therapeutic target, especially because it is believed
that such an antiadhesive therapy should not trigger bacterial
resistances. It is neither bacteriostatic nor bacteriolytic and
therefore should not exert selection pressure on bacteria.
Over the past decade, a-d-mannopyranosides bearing various aglycones have been explored and found to show micromolar to nanomolar affinities depending on the numerous
assay formats that have been applied. Until recently, the isolated FimHLD was used in cell-free assays, such as in a competitive
binding assay with a glycopolymer,[14] in a fluorescence polarization assay,[7c, g] and in assays based on isothermal titration
calorimetry[7d, 29] and on surface plasmon resonance (SPR).[7a, 30]
Absence of the FimHPD causes the isolated FimHLD to adopt
the high-affinity conformation, leading to incompletely evaluated FimH antagonists because other conformational states of
FimH were neglected. Recently, purified pili have been used in
SPR-based assays to measure affinities and kinetics of FimH in
the context of the whole pilus.[4c] In the pilus-associated structure, FimH is conformationally heterogeneous and can adopt
all reported conformations. However, these SPR measurements
were limited to 1M-BSA.
In contrast to most cell-free assays, cell-based in vitro
assays—hemagglutinin assays[7c, 17b, 31] or a flow-cytometrybased assay,[32] for example—have consistently benefited from
E. coli cells that express full-length FimH. In these assays, the
uropathogenic UTI89 strain was used most frequently and has
become one of the model strains both for cell-based in vitro
assays and for in vivo studies. The S62A mutation in the fimH
gene of UTI89 is crucial for its high binding affinity.[18c] Apart
from this mutation, UTI89 is identical to the FimHF18 variant.
Strikingly, sequence analysis of 57 clinical UTI isolates did not
reveal a single strain with this mutation. Another study detected the mutation at a low frequency of 7 %.[18d]
In this study, FimHUTI89 was shown to have adhesion properties under flow conditions that differed from those of FimH
variants of other natural strains, such as FimHJ96, FimHF18, and
FimHB126. The FimHUTI89 variant did not show a catch-bond behavior within the range of applied shear stress, instead exhibiting slip-bond like behavior as seen for FimHhigh. However, reported studies relating to the shear-stress-dependent binding
of FimHUTI89 have been ambivalent.[21, 27] Recently, binding of
several FimH variants to 1M-BSA was investigated at two shear
stress levels: 0.01 and 0.1 pN mmˇ2. In these experiments and
at these two shear stresses, FimHUTI89 showed binding that was
similar to that of FimHJ96 rather than that of FimHhigh.[27]
However, direct comparisons are difficult because bacterial
binding was only measured at two shear stresses and because
binding was indicated by normalization against the FimH variant that showed the largest number of bound bacteria at that
ChemBioChem 2016, 17, 1012 – 1020
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particular shear stress. Another differentiating factor is that
bacterial binding was determined after 5 min of flow, whereas
the time point was set at 10 min of flow in this study. Adhesion is a nonequilibrium process; consequently, temporal differences could also contribute to the observed discrepancy.
Notably, a study examining surface colonization of type 1 piliated E. coli showed results in accordance with findings reported here. In that study,[21] the strains used variously expressed
FimHF18, FimHUTI89, or FimHhigh. The FimHF18 variant, characterized by a low mannose binding strength, showed rolling behavior on the mannosylated surface. This motion is the result
of short-lived FimH–mannose interactions[4d] that allow
FimHF18-expressing bacteria to spread evenly across the surface;[21] this translates into better colonization in vivo. In contrast, the FimHhigh-expressing strain had only a small population of bacteria capable of forming short-lived interactions
with mannose. The majority of bacteria expressing FimHhigh entered into permanent interactions with the mannosylated surface,[4d] thus rendering the bacteria immobile and leading to
tight microcolonies instead of even surface distribution.[21] Finally, FimHUTI89-expressing bacteria could spread across the surface only to a limited degree and were characterized to a greater extent by the formation of tight microcolonies as observed
for FimHhigh.[21]
These findings, although consistent with the results reported
in this paper for FimHUTI89, also highlight the importance of
FimH variants such as FimHF18 that are characterized by a weaker mannose binding strength and by the ability to form catchbonds. They benefit from higher motility at low shear stress by
forming transient interactions with mannose, and switch to the
high-affinity state upon an increase in shear stress to become
permanently attached to the mannosylated surface and thus
evade clearance.
The implications for drug discovery strategies are significant.
FimH variants with the capacity for dynamic switching between low-, medium-, and high-affinity conformations can
cope with the varying conditions to which they are exposed in
the urinary tract, thus giving them a big physiological advantage over variants such as FimHhigh or FimHUTI89. Consequently,
the conformational heterogeneity of FimH must be taken into
account during antagonist evaluation to draw appropriate conclusions.
Equipped with this information, we were motivated to investigate the efficacy of FimH antagonists towards a set of naturally occurring FimH variants. As mentioned above, numerous
assay formats designed to evaluate FimH binding affinities
have been developed. Some have already been used to assess
differences between FimH variants; however, these FimH variants were expressed as isolated FimHLD, and binding affinities
were identical among variants.[4c]
Variations in FimH are often located in the interdomain
region and affect the binding affinity allosterically. In contrast,
FimHLD is locked in the high-affinity state, and because the
allosteric conformational change is neglected, conformational
effects remain unconsidered. In this study, FimH antagonists
were tested in a cell-based competition assay. The type 1 piliated E. coli strains expressed full-length FimH and had identical
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genetic backgrounds, thus ensuring that any differences in
binding phenotype would be a direct consequence of differential FimH function and not differential pili expression. The
tested FimH antagonists, belonging to four separate structural
classes, were all sufficiently potent to inhibit bacterial adhesion
to a mannosylated surface. In three of the four tested antagonists, affinity correlated with the binding phenotype of FimH
variants. These antagonists showed highest binding affinity towards the strongly mannose binding FimH variant FimHhigh ;
the affinity gradually decreased with the more weakly mannose binding variants. However, this was not the case for the
squarate derivative 4, which showed similar binding affinities
towards all FimH variants. Because the possibility of covalent
binding of squarate derivatives to FimH was excluded,[12] perhaps an alternative mode of action—a binding mode that
does not discriminate between conformations, for example—
might explain this behavior. Antagonists that bind to FimH
without being affected by its conformational variability might
have the most promise in clinical use, because their inhibitory
potency is independent of the mannose binding phenotype of
a particular FimH variant. Convinced by this concept, we are
currently evaluating the binding characteristics of FimH antagonists to all FimH conformations.

Conclusion
In summary, we have investigated the mannose binding phenotypes of a set of naturally occurring FimH variants under
static and hydrodynamic conditions. E. coli strains expressing
these different FimH variants had isogenic backgrounds, and
this guaranteed that differential mannose binding strengths
were a result of differential FimH function. The selection of
variants covered a wide range of binding phenotypes and
revealed slip-bond behavior of FimHUTI89 under hydrodynamic
flow conditions, whereas other natural FimH variants showed
characteristic catch-bond behavior. Catch-bonds are a crucial
mechanism by which UPEC form weak short-lived interactions
to the urothelium in the absence of flow, enabling them to colonize the surface optimally. However, when flow arises, UPEC
switch to strong long-lived interactions to evade clearance.
This mechanism is a direct consequence of the conformational
variability of FimH. Therefore, it is essential for a particular
FimH variant to be conformationally heterogeneous and to
benefit from this force-regulated binding behavior. Until now,
FimH antagonist testing has not addressed this conformational
variability appropriately.
In this study, FimH antagonists were tested with several
FimH variants in a systematic way for the first time. Inhibitory
potencies of the antagonists from different structural classes
were clearly dependent on the mannose binding phenotype of
the FimH variant. Strikingly, inhibitory potencies of the squarate derivative were impervious to varying binding phenotypes.
This study has shown the importance of evaluating a FimH
antagonist with respect to the conformational variability of the
FimH adhesin. Whereas the inhibitory potencies of any two antagonists can be similar for one FimH variant, they can differ
ChemBioChem 2016, 17, 1012 – 1020

www.chembiochem.org

markedly for another variant, thus making their susceptibility
to the conformational variability of FimH a crucial factor in the
lead-finding process.

Experimental Section
Sequencing of clinical isolates: Clinical isolates were collected at
the University Hospital Basel (Switzerland) during 2009 and selectively cultivated. Age and sex of the patient as well as antibiotic resistances were known. Genomic DNA was extracted by using the
Wizard genomic DNA purification kit (Promega, Switzerland), and
the fimH gene was amplified by standard colony PCR by using the
sequencing primers listed in Table S1 in the Supporting Information. DNA samples were submitted to Microsynth (Switzerland) for
sequencing. All sequenced isolates are listed in Table S2.
Generation of isogenic strains: Recombinant strains used in this
study were constructed in the fimH null E. coli host KB18 (kindly
provided by Prof. Evgeni V. Sokurenko, University of Washington,
Seattle, USA).[33] This strain was obtained by transforming the Dfim
K-12 derivative AAEC191A with the pPKL114 plasmid, which encodes the whole fim operon with a translational stop linker upstream
of fimH. The pGB2–24 plasmid, encoding fimHJ96,[34] was isolated
from the ELT115 strain (also kindly provided by E. V. Sokurenko)
and served as template for the generation of point mutants.
Single-nucleotide point mutations in fimH were introduced with
the aid of the primers listed in Table S1 and by using overlap extension PCR with standard molecular techniques. Mutated fimH
was cloned into pGB2–24 through the ApaLI and SphI restriction
sites, replacing fimHJ96. The plasmid was amplified in the E. coli
DH5a strain (Novagen, Switzerland), and the presence of mutations
was confirmed by standard DNA sequencing (Microsynth, Switzerland). KB18 was co-transformed with pGB2–24 by electroporation.
Successful transformation was verified through ampicillin
(pPKL114) and/or chloramphenicol (pGB2–24) resistance.
Preparation of bacterial suspensions: E. coli strains were grown
overnight under shaking conditions at 37 8C in lysogeny broth supplemented with appropriate antibiotics. Bacteria were washed
three times with phosphate-buffered saline (PBS, pH 7.4) and diluted to final concentrations of 1 î 109 CFU mLˇ1 for static binding
assays [5 î 108 CFU mLˇ1 for competitive binding assays and 1.5 î
108 CFU mLˇ1 for flow chamber assays with PBS containing bovine
serum albumin (BSA, 0.2 %)].
Type 1 pili immunostaining: Immunostaining was performed to
verify equal expression of type 1 pili in the different recombinant
strains. Bacteria were incubated for 30 min at 25 8C with rabbit
serum raised against type 1 pili [kindly provided by Prof. K. A. Krogfelt, Statens Serum Institut, Copenhagen, Denmark, 1:300 in PBS,
BSA (2 %)].[20, 22] After a washing step, bacteria were treated with
the anti-rabbit Alexa 647-conjugated secondary antibody
(10 mg mLˇ1, Invitrogen, Switzerland) for 30 min at 25 8C. Bacteria
were washed and resuspended in PBS (300 mL). Samples were measured with a CyAn ADP flow cytometer (BeckmanCoulter, USA). A
total of 5 î 104 bacteria were measured per sample. Data were acquired in a linear mode for side scatter (SSC) or a logarithmic
mode for forward scatter (FSC) by using the red fluorescent channel FL8-H (Alexa 647). Quantification of fluorescent labeling was
evaluated with FlowJo 7.6.3 software (Tree Star, USA). The KB18
strain was used as a negative control, because it expresses only
a few, non-adhesive pili.[8a]
Bacterial binding under flow: Parallel-plate flow chamber assays
were performed essentially as described previously.[8b] Cell culture
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dishes (35 mm, Corning, USA) were coated overnight at 4 8C with
mannosylated bovine serum albumin (1M-BSA, 50 mg mLˇ1, 50 mL,
kindly provided by Prof. Yuan C. Lee, Johns Hopkins University, Baltimore, MD) in bicarbonate buffer (pH 8.5, 20 mm). All subsequent
steps were carried out at 25 8C. The 1M-BSA coated culture dishes
were blocked and washed with PBS containing BSA (2 %). The parallel-plate flow chamber apparatus (GlycoTech, USA) with a gasket
size of 2.5 cm î 0.25 cm î 250 mm was fixed on the culture dish,
vacuum-sealed, and mounted on a Nikon Eclipse Ti phase-contrast
microscope (Nikon, Switzerland). A Harvard Apparatus PHD2000 syringe pump (Instech Laboratories, USA) was used to equilibrate the
system with PBS containing BSA (0.2 %). Bacteria were perfused
with shear stresses between 0.01 and 1.0 pN mmˇ2. The number of
adherent bacteria was counted after 10 min at 20 î magnification
(460 mm î 343 mm field of view) at three different points along the
center of the flow path. Exposure time was set according to the
shear stress to allow distinction of flowing and bound bacteria.
Bacteria were counted automatically with NIS-Elements Advanced
Research 3.2 imaging software (Nikon, Switzerland).
Static bacterial binding and competition assay: MaxiSorp 96-well
plates (Nunc, Germany) were coated with 1M-BSA (50 mg mLˇ1,
50 mL) or RNase B (2 mg mLˇ1, Sigma–Aldrich) diluted in bicarbonate
buffer (pH 8.5, 20 mm) with shaking overnight at 4 8C. Wells were
blocked with PBS containing BSA (2 %) for 2 h under the same conditions. After washing of the blocked wells, bacterial suspension
was added to the plate (50 mL per well). For competitive binding
assays, bacterial suspension (25 mL per well) was pretreated with
a serial dilution of soluble antagonist (25 mL per well) for 15 min
before addition to the plate. The plate was centrifuged for 3 min
at 25 8C and 600 g before incubation for 1 h at 37 8C and 300 rpm.
Unbound bacteria were subsequently removed by washing with
PBS containing BSA (0.2 %). Bound bacteria were labeled for
30 min with the cell-permeable fluorescent dye SYTO 16 (Life Technologies, Switzerland), which was diluted to 2 mm in HEPES
(10 mm). Fluorescence was measured at 485 nm excitation and
528 nm emission with a Synergy HT microplate reader (BioTek,
USA). Static binding assays were performed in duplicate and repeated at least twice. IC50 values from competitive assays were calculated by use of Prism software (GraphPad, USA) and nonlinear,
four-parameter curve fitting.
Transmission electron microscopy: Bacteria from overnight culture were applied to copper grids (200 to 400 mesh per inch)
coated with a Formvar support film. Grids were glow-discharged
shortly before bacterial suspension treatment for 10 min. Afterwards, grids were washed with distilled water and negatively
stained with aqueous uranyl acetate solution (0.5 %) for 30 s. After
air drying, samples were examined under a Philips CM 100 transmission electron microscope at an 100 kV acceleration voltage.
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Table S1. List of primers used in this study. Sequences are given from 5’ to
3’. Mutations are underlined.
Sequencing Primers
Forward

GATAAGCCGTGGCCGGTG

Reverse

GCCCGCATCTGCGGTTGT

Flanking Primers
Forward

GCGTGCACTCAGGGGAACCAT

Reverse

GCGCATGCTTATTGATAAACAAAAGT

V27A mutation
Forward

CCCGCCGTGAATGTGGGGC

Reverse

CACGGCGGGCGCAAGGTTTAC

S62A mutation
Forward

CAACGAGGCGCCGCTTATGGC

Reverse

GCCATAAGCGGCGCCTCGTTG

N70S and S78N mutations
Forward

TTATCTAGTTTTTCCGGGACCGTAAAATATAATGGCAGTAGC

Reverse

GCTACTGCCATTATATTTTACGGTCCCGGAAAAACTAGATAA

V128M mutation
Forward

TTAATTGCCATGCTTATTTTGCGA

Reverse

TCGCAAAATAAGCATGGCAATTAA

A188D mutation
Forward

ACCGTTTATTGTGATAAAAGCCAAAAC

Reverse

GTTTTGGCTTTTATCACAATAAACGGT
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Table S2. List of clinical UPEC isolates with fimH mutations. The sequence of
fimHJ96 (GenBank accession number: FJ865781) was regarded as wild type.
Clinical Isolate

Mutation/s in fimH

B1 1

N7K / V27A / V128M

B1 2

V27A

B1 3

V27A

B1 4

V27A

B1 5

V27A / S78N / A242V

B1 7

G117R

B1 10

No mutations

B1 11

V27A

B1 12

No mutations

B1 14

No mutations

B1 15

V27A / N70S

B1 16

V27A / R166H

B1 17

V27A / N70S / S78N

B1 18

No mutations

B1 19

V27A / G66S / A202V

B1 20

No mutations

B1 23

V27A / V128G / R166H

B1 24

V27A / Q41R / V128M

B1 26

V27A / V128M

B1 27

N70S

B1 29

V27A / T130A / V163I

B1 31

G66S / S78N / A242V

B1 32

V27A / S78N

B1 33

V27A / G66S / N70S / S78N

B1 34

V27A / N70S / S78N

B1 35

No mutations

B1 37

V27A / S78N

B1 38

V27A / A118V

B1 39

V27A / R166H

B1 40

V27A / V128M

B1 45

V27A / L68V / N70S / S78N

B1 46

V27A / N70S / S78N / V163A

B1 47

V27A / N70S / T74I / S78N / V238E

B1 49

V27A / A119V / G273A

B1 51

V27A

B1 53

V27A / N70S / S78N

130

Publication 3

!
B1 55

V27A / N70S / S78N / N147S

B1 56

V27A / N70S / T74I / S78N / V163A

B1 57

V27A

B1 58

V27A / N192∆

B1 59

No mutations

B1 60

V27A / N70S / S78N / A106V / A122V

B1 61

V27A / S78N

B3 1

V27A / R166H

B3 2

V27A / Q279K

B3 3

V27A / N70S / S78N / K101N

B3 4

V27A / T74I

B3 5

V27A / N70S / S78N / A106V

B3 6

V27A / N70S / S78N

B3 7

V27A / A119V

B3 8

V27A / G66S / N70S / S78N

B3 13

V27A / R166H

B3 14

V27A / G66S / N70S / S78N

B3 15

V27A / A119V / G273A

B3 16

V27A

B3 17

No mutations

B3 18

V27A / R166H
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ABSTRACT: Frequent antibiotic treatment of urinary tract infections has
resulted in the emergence of antimicrobial resistance, necessitating alternative
treatment options. One such approach centers around FimH antagonists that
block the bacterial adhesin FimH, which would otherwise mediate binding of
uropathogenic Escherichia coli to the host urothelium to trigger the infection.
Although the FimH lectin can adopt three distinct conformations, the evaluation
of FimH antagonists has mainly been performed with a truncated construct of
FimH locked in one particular conformation. For a successful therapeutic
application, however, FimH antagonists should be eﬃcacious against all physiologically relevant conformations. Therefore, FimH constructs with the capacity to
adopt various conformations were applied. By examining the binding properties
of a series of FimH antagonists in terms of binding aﬃnity and thermodynamics,
we demonstrate that depending on the FimH construct, aﬃnities may be
overestimated by a constant factor of 2 orders of magnitude. In addition, we report several antagonists with excellent aﬃnities for
all FimH conformations.

■

INTRODUCTION
Urinary tract infections (UTIs) are among the most prevalent
infectious diseases worldwide, aﬀecting millions of people every
year.1,2 In the vast majority of reported cases, uropathogenic
strains of Escherichia coli (UPEC) are the causal pathogen.3,4
To date, patients with acute uncomplicated lower urinary tract
infections (cystitis) are mainly treated with antibiotics to relieve
them of symptoms such as dysuria, frequent and urgent
urination, bacteriuria, and pyuria, and to prevent the infection
from exacerbating into a pyelonephritis or urosepsis, which can
be life threatening.5,6 However, the repeated use of antibiotics
has led to increased antimicrobial resistance and as a result to
treatment failure,7−9 highlighting the need for new strategies for
the prevention and treatment of UTIs with orally applicable
therapeutics.10
In search of a new target, it proved fruitful to take a closer
look at the UTI infection cycle. The key step in the establishment of a UTI is the adhesion of UPEC to host urothelial
cells,11,12 enabling their invasion and colonization. Adherence
to the urothelial surface is mediated by the mannose-speciﬁc
lectin FimH located at the tip of bacterial type 1 pili.4,13−17 The
FimH lectin was identiﬁed as an attractive target for an
alternative way of preventing and treating UTIs18,19 by using
mannose-based antagonists as antiadhesive drugs that compete
for FimH binding with mannose residues on high-mannose
N-glycans of the transmembrane glycoprotein uroplakin Ia
(UPIa).20 By blocking the adhesin, FimH antagonists prevent
UPEC from adhering to the urothelial surface and avert every
© 2017 American Chemical Society

subsequent step of the infection cycle, including bacterial
invasion of host cells and formation of bioﬁlms. A substantial
advantage of this antiadhesive approach over conventional
antibiotic treatment is the reduced risk of resistance development as FimH antagonists do not exert selection pressure on
uropathogens.18,21
The full-length FimH adhesin (FimHFL) is composed of two
domains: the N-terminal lectin domain (FimHLD), which is
connected to the C-terminal pilin domain (FimHPD) via a short
linker.22 The FimHLD contains the mannose binding site and is
responsible for binding to mannosylated UPIa on the urothelial
cell surface,19 while the FimHPD anchors the adhesin to the
pilus.23
In the ﬁght against UPEC, several defense mechanisms are at
the host’s disposal, one of which includes the increase of shear
stress in the urinary tract through voiding to wash away
adherent bacteria. To deal with the varying levels of shear
stress, UPEC has developed a defense mechanism of its own;
one that is intimately linked to the conformational dynamics of
the FimH adhesin. It was shown that interdomain interactions
between FimHPD and FimHLD determine the conformational
state of the FimH adhesin (Figure 1) and by extension regulate
the binding aﬃnity for mannose through the allosteric linkage
between the interdomain region and the mannose binding
pocket.22,24−26 Interdomain interactions can be inﬂuenced by
Received: March 9, 2017
Published: May 4, 2017
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Figure 1. Schematic representation of FimH−uroplakin Ia (UPIa) interactions. (A) Originally, FimH exhibits the low-af f inity conformation. (B)
Upon binding to mannose, FimH switches to the medium-af f inity conformation. Corresponding bacteria can still easily dissociate (slip bond behavior)
and explore their surroundings for optimal nutrition supply. (C) During voiding, shear force is acting on the FimH−mannose bond and pulls the
FimHLD and the FimHPL apart, inducing the high-af f inity conformation. Generally, this type of shear force-dependent adhesive bond is known as a
catch bond, and in the case of uropathogenic bacteria enables them to evade clearance through micturition. (D) When shear force ceases, FimH
reverts to the equilibrium between the low-af f inity and medium-af finity conformation. FimHFL, full-length FimH; FimHLD, FimH lectin domain;
FimHPD, FimH pilin domain.

monovalent α-D-mannosides, bearing a wide range of aglycones
including alkyl-, 33,34 phenyl-,35 dioxocyclobutenylaminophenyl-,36 umbelliferyl-,35 biphenyl-,37−42 indol(in)ylphenyl-,43
triazolyl-,44 and thiazolylamino groups.45 In addition, various multivalent presentations of mannose have also been reported.46−52
For the determination of binding aﬃnities of synthetic FimH
antagonists numerous assay formats have been applied. Until
recently, the isolated FimHLD was used in most of those assays,
including target-based assays such as a competitive binding
assay with a glycopolymer,53 a ﬂuorescence polarization
assay,37,38 an isothermal titration calorimetry (ITC) based
assay,42,54 and a surface plasmon resonance based assay.33,55
Using FimHLD instead of native FimHFL was a necessary
compromise to make such assays feasible and was founded on
the fact that monomeric FimHFL is inherently unstable.56−59
However, there is a consequential shortcoming to this strategy,
which was highlighted in a recent NMR study: FimHLD is
locked in the high-af f inity conformation.60 Therefore, evaluations of FimH antagonists in assays based on the FimHLD are
only telling half of the story, as FimHLD is not able to adopt the
native and physiologically more relevant low-af f inity conformation.
In contrast to most target-based assays, cell-based in vitro
assays, for example, hemagglutinin assays37,40,41,61,62 or a ﬂow
cytometry based assay,63 have consistently beneﬁted from
E. coli cells that express FimHFL. In these assays, the uropathogenic E. coli strain UTI89 was used most frequently and became
one of the model strains for cell-based in vitro assays as well as
in vivo studies. The S62A mutation in the f imH gene of UTI89
is crucial for its high binding aﬃnity.64 Apart from this
mutation, UTI89 is identical to the FimHF18 variant, which, in
contrast to FimHUTI89, is characterized by a weak mannosebinding phenotype. Strikingly, sequence analysis of 57 clinical

various factors, including shear stress. In the absence of shear
stress, the FimH adhesin is in the low-af finity conformation
(Figure 1A), in which the FimHPD and FimHLD are in close
contact. Upon binding to oligomannose structures of UPIa,
FimH adopts the medium-af finity conformation (Figure 1B).
On a cellular level, this translates to weak and short-lived
interactions between UPEC and urothelial host cells. Transient
in nature, this interaction endows UPEC the motility to explore
the urothelial surface. While not absolutely necessary for
virulence, motility can contribute markedly to UTI pathogenesis.27,28 One might assume that such bond characteristics
would predispose UPEC to clearance by shear stress, for
example, as present during voiding. However, UPEC is able to
resist clearance through a shear stress-induced allosteric
regulation of its mannose-binding aﬃnity. Shear stress, by
separating the FimHLD from the FimHPD, triggers a conformational change of FimH from the medium-af f inity to the highaf finity conformation (Figure 1C). This enables bacteria to form
long-lived interactions with the host cells and to attach tightly
to the urothelial surface. Aptly named catch bond, this ﬁrm
attachment provides bacteria with the means to withstand the
shear stress to at least a certain extent and to evade clearance.25,29−32 Upon cessation of shear stress, bacteria restore
their state of high motility by switching back to the low-af f inity/
medium-af f inity equilibrium (Figure 1D). Essentially, when
forming adhesive bonds to the urothelium, bacteria follow two
diﬀerent strategies to cope with the varying conditions in the
urinary tract: either a slip bond mechanism in the absence of
ﬂow or a catch bond behavior to resist shear stress.
Over the past decades, eﬀorts in developing potent FimH
antagonists as antiadhesive drugs for the treatment of UTIs
have led to the identiﬁcation of several promising classes of
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Scheme 1. Operational Scheme Adapted from Topliss67a

a

Starting from the biphenyl mannoside 2, the ﬂow diagram supports the identiﬁcation of the most promising substitution pattern on the terminal
aromatic ring in terms of binding aﬃnity. M = more active, E = equally active, L = less active (compared to previous compound). Substituents
investigated in this study are shaded in gray.

■

RESULTS AND DISCUSSION
To diﬀerentiate between antagonist binding to FimHLD and
FimHFL, we carried out an SAR study with the structural class
of biphenyl FimH antagonists, which are known to be highly
potent based on binding studies with the FimHLD.37−43 We
started from the unsubstituted biphenyl α-D-mannoside 2 and
introduced various substituents on the terminal aromatic ring
to optimize the interaction proﬁle. Determining the optimal
substitution pattern on an aromatic lead structure in order to
maximize its potency is a common challenge in drug discovery.
Having to consider numerous substituents and various ring
positions necessitates the synthesis of a high number of
potential compounds. For minimizing the synthetic eﬀort for
the identiﬁcation of the most active derivative, the Topliss
operational scheme can be applied (Scheme 1).67,68 It is a
manual and nonmathematical application of the Hansch
method for the treatment of structure−activity correlations
and enables a good discrimination between π (hydrophobic
eﬀects), σ (electronic eﬀects), and ES (steric eﬀects) based on a
limited number of substituents.69,70
Synthesis of FimH Antagonists. The biphenyl mannosides were synthesized in analogy to previously described routes
(Scheme 2).39,41,42 Biphenyl α-D-mannoside (2) was obtained
by Lewis acid promoted glycosylation of 2-chloro-4-phenylphenol (5) with peracetylated D-mannose 4 (→ 7) and subsequent deprotection under Zemplén conditions. For the synthesis

UTI isolates did not reveal a single strain with the S62A
mutation.65 Another study detected the mutation at a low
frequency of 7%, while showing that in clinical isolates the most
commonly encountered FimH variant corresponded to
FimHF18.66 Optimally, FimH antagonists are eﬃcacious against
all physiologically relevant FimH variants. However, it seems
that target-based as well as most cell-based assays have been
inadvertently biased toward the high-af f inity conformation, with
the low-af f inity conformation having remained largely uninvestigated to date.
In the present study, we want to address this imbalance.
With n-heptyl α-D-mannopyranoside (1) as reference compound, we synthesized a series of new derivatives of biphenyl
α-D-mannoside 2 and determined their binding aﬃnity toward
FimHLD and a stable and soluble FimHFL construct. In the
recently described FimHFL,26 FimH is expressed as bimolecular
complex in which the incomplete fold of FimHPD is complemented by a synthetic donor strand peptide. This represents
an elegant minimal model of native FimHFL, capable of
adopting all reported conformations. To the best of our
knowledge, this is the ﬁrst time that target-based binding assays
with FimH extend beyond the characterization of antagonist
binding to the high-af f inity conformation as represented by
FimHLD. Aside from the binding properties of FimH
antagonists, we also quantiﬁed their in vitro pharmacokinetic
properties to predict oral bioavailability and renal excretion.
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Scheme 2a

a
(a) BF3·Et2O, 40 °C, 1 d (7, 77%, 8, 76%); (b) NaOMe, MeOH, 5−12 h (34−95%); (c) from 8, Pd(dppf)2·CH2Cl2, K3PO4, DMF, 80 °C, 5−12 h
(45−90%).

SAR study. With an aﬃnity of 251 nM, it proved to be nearly
twice as eﬀective compared to the parent compound 2. This
improvement can probably be attributed to a +π-eﬀect, a
+σ-eﬀect, or a combination of both. Expecting an increase of
both the π and σ values, the m,p-dichloro derivative 3b was synthesized next. Considering the lower aﬃnity of 3b (692 nM)
with regards to its precursor 3a (251 nM), the next synthetic
targets according to the Topliss scheme were 3c−e. Compared
to 3a (251 nM), the p-nitro derivative 3e showed a signiﬁcantly
increased aﬃnity (140 nM), This may be attributed to the
lower −π-eﬀect and +σ-eﬀect of the p-nitro substituent. In an
eﬀort to cross-check these results, we synthesized derivatives
3f−h. Interestingly, the p-methyl biphenyl 3g was found to be
nearly as active (297 nM) as its p-chloro counterpart 3a
(251 nM). Consequently, we also investigated the middle
branch in the Topliss operational scheme. However, the
corresponding derivatives 3i−n showed decreased aﬃnities,
which might be ascribed to an unfavorable steric eﬀect of the
o-substitution in 3k−m on the conformation of the biphenyl
moiety or inverse −π- and −σ-eﬀects of the substituents.
The improved aﬃnity for 3e triggered by the p-nitro group
initiated the study of substituents with a similar σ-potential but
a lower π-eﬀect. In an eﬀort to achieve an optimal balance
between the σ/π-eﬀect, derivatives 3o with a p-acetyl group and
3p with p-cyano group were synthesized. Indeed, both
compounds showed an increased aﬃnity for FimHFL, that is,
KD below 100 nM. When the nitro and cyano substituents were
moved to the 3-position, they were then expected to beneﬁt
from stronger −π-eﬀects compare to their p-counterparts while
still maintaining comparable +σ-eﬀects.67,68 This rationale
proved to hold true for 3r, which showed the highest observed
binding aﬃnity for FimHFL of the series with 39.1 nM.
FimHLD: Binding Aﬃnities of Antagonists 2 and 3a−r. For
the isolated FimHLD, antagonists with substituents characterized by a high +σ-eﬀect, for example, a nitro group in the para(→ 3e) or in the meta-position (→ 3r), a cyano group in the
para- (→ 3p) or in the meta-position (→ 3q) or an acetyl
group in the para-position (→ 3o) exhibited aﬃnities even in
the picomolar range. These results are in good agreement with

of the substituted biphenyl derivatives 3a−r, phenol 6 was
mannosylated with 4 to yield iodide 8. Subsequently, a
palladium-catalyzed Suzuki coupling with aryl boronates 9a−r
gave the biphenyls 10a−r in good yields. Final deprotection
yielded the test compounds 3a−r (Table 1).
Binding Aﬃnities. Fluorescent Polarization Assay to
Determine Binding Aﬃnities with FimHFL and FimHLD. Previously described for FimHLD38 and adapted for FimHFL in this
study, this assay is based on a ﬂuorescently labeled FimH
antagonist (here 11) and the dependence of its ﬂuorescence
polarization on FimH binding. The binding aﬃnity of the
ﬂuorescently labeled FimH antagonist 11 and either FimH
protein was ﬁrst determined in a direct binding assay, which is a
prerequisite for the subsequent goal of screening the aﬃnities
of unlabeled antagonists in a competitive setup. The binding
aﬃnity for the high-aﬃnity conformation of FimH (FimHLD)
was previously reported to be 1.7 ± 0.1 nM (n = 3).38 In this
study, we determined the aﬃnity for the low-aﬃnity conformation of FimH (FimHFL) to be 137 ± 20 nM (n = 5, Table 1),
which constitutes a decrease in aﬃnity of nearly 2 orders of
magnitude compared to FimHLD. As a consequence of vastly
diﬀerent binding kinetics, the incubation time leading to equilibration of the binding event diﬀered widely between the two
proteins. Previous studies showed half-lives above an hour for
FimH antagonists in complex with FimHLD, necessitating an
incubation time of at least 24 h for the reaction to reach
equilibrium.55 On the other hand, reported half-lives for FimH
antagonists in complex with FimHFL were in the millisecond
range, requiring little to no incubation time for equilibration
(see Experimental Section).26 The resulting competition
binding curves of the unlabeled antagonists were ﬁtted to an
equilibrium competition binding model to obtain the binding
aﬃnities.71
FimHFL: Binding Aﬃnities of Antagonists 2 and 3a−r. In
the competitive FP assay, the unsubstituted biphenyl mannoside 2 showed a KD of 458 nM for FimHFL (Table 1), that is,
an 8-fold improvement compared to the reference compound
n-heptyl mannoside (1). Based on the Topliss67 scheme
(Scheme 1), the p-chloride 3a served as starting point for our
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Table 1. Aﬃnities of FimH Antagonists for the Low- and High-Aﬃnity Conformation Present in FimHFL and FimHLD,
Respectively, with Corresponding Physicochemical and Pharmacokinetic Parameters

a

Binding aﬃnities of full-length FimH (FimHFL) (n = 1) and the isolated FimH lectin domain (FimHLD) (n = 3, variability expressed as SD) are
given as dissociation constants (KD) and were determined in a competitive ﬂuorescence polarization assay.38 bKinetic solubility was measured in a
96-well format in triplicate using the μSOL Explorer solubility analyzer.72 cOctanol−water partition coeﬃcients (log D7.4) were determined by a
miniaturized shake ﬂask procedure. The values are indicated as mean ± SD of sextuplicate determinations.73 dPermeation through an artiﬁcial
membrane (log Pe, eﬀective permeability) was determined by PAMPA (parallel artiﬁcial membrane permeability assay) in quadruplicate.74

previous ﬁndings on the eﬀect of electron-withdrawing substituents on the biphenyl aglycone.37−39,41
Similar to antagonist 11, n-heptyl mannoside (1) had an
approximately 2 orders of magnitude lower binding aﬃnity for
FimHFL compared to FimHLD, namely, 3600 nM and 28 nM,
respectively. This approximately 100-fold decrease in aﬃnity
from FimHLD to FimHFL can be observed for the entire series
of test compounds, suggesting a potential underlying factor
present (see below). Finally, despite the constant aﬃnity loss of
2 orders of magnitude, we identiﬁed several antagonists with
electron withdrawing substituents in meta- or para-position
(3o−r), which showed aﬃnities for FimHFL below 100 nM.
Binding Thermodynamics of FimHFL and FimHLD. To
address the cause of the approximately 100-fold diﬀerence in

binding aﬃnity of FimH antagonists with FimHFL and FimHLD,
respectively, we studied the binding thermodynamics of the
FimH antagonists 1 and 3p for both FimH proteins by isothermal titration calorimetry (ITC). Analyzing the binding
thermodynamics and complementing these results with
available structural data of the relevant FimH conformations26
provided a possible explanation for the apparent inevitability of
this signiﬁcant and consistent loss in aﬃnity.
Thermodynamic parameters, that is, the change in enthalpy
(ΔHobs
° ), entropy (ΔSobs
° ), and Gibbs energy (ΔGobs
° ), are
shaped by contributions from several processes. Based on
structural information obtained from a comparison of the crystal structures of the diﬀerent aﬃnity states of FimH, a detailed
interpretation of the thermodynamic traits was feasible. It is
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Figure 2. Crystal structures of FimHFL corresponding to the three conformations that FimH is known to adopt. FimH side chains that interact with
the α-D-mannose moiety of n-heptyl mannoside (1), which is embedded in the binding pocket, are shown in stick representation with carbon atoms
colored in gray. Side chains belonging to two tyrosine residues that ﬂank the entrance of the binding pocket are colored in dark blue. The loop,
which closes on the ligand upon binding, is colored in orange and is known as the clamp loop. Hydrogen bonds are indicated as blue dashed lines.
(A2) Low-aﬃnity conformation: unbound FimHFL with the clamp loop facing outward forming an (A1) ill deﬁned and rather ﬂat binding pocket
(PDB 4XOD). (B2) Medium-aﬃnity conformation: FimHFL in complex with 1. The clamp loop has moved toward the ligand forming a (B1) welldeﬁned and deep binding pocket (PDB 4XOE). (C2) High-aﬃnity conformation: FimHFL in complex with 1 when the two domains are pulled apart,
which causes an elongation of the overall structure (PDB 4XOC). FimHPD is not shown. (C1) The binding pocket is identical to the medium-aﬃnity
conformation (PDB 4XOE) (D) Superposition of the bound structures of n-heptyl mannoside (1) in the medium- and high-aﬃnity conformation.
The binding modes are identical.

conformation (Figure 2D) reveals the same extensive hydrogen
bond network for the α-D-mannose moiety of 1, regardless to
which FimH protein it is bound. If the interactions are indeed
the same, the enthalpy would be expected to be similar. As this
is evidently not the case, the large diﬀerence in binding
enthalpy between FimHLD and FimHFL may originate from a
markedly more favorable protein desolvation of FimHFL.
Most interestingly, a comparison of the ITC data obtained
for the interaction of 1 and 3p with both FimH proteins
revealed that the enthalpy and entropy diﬀerences were
essentially identical (Table 2). This leads to the conclusion
that the diﬀerence in binding aﬃnity of a ligand to the two
FimH forms does not depend on the antagonist’s structure but
instead may be an inherent characteristic of the two FimH
proteins.
Ab Initio Calculations. As evident from the crystal
structures (PDB 4XOE and 4XOC), mannoside 1 forms identical hydrogen bond networks with FimHLD or FimHFL.

important to reiterate, that a conformational change from
the low- (Figure 2A) to the medium-aﬃnity conformation
(Figure 2B) takes place when mannoside 1 associates with
FimHFL. In contrast, when binding to FimHLD, mannoside 1
does not induce a conformational change of the lectin. Instead,
the structure of apo FimHLD is superimposable with FimHLD in
complex with ligand 1 (Figure 2D).60,75 With that in mind, the
diﬀerences in binding entropy (35.7 kJ/mol for FimHFL) and
(7.3 kJ/mol for FimHLD) are perfectly in line with the
conformational entropy costs that need to be paid only for the
interaction with FimHFL. Notably, a diﬀerence of −TΔΔS of
more than 28 kJ/mol translates into a decrease in binding
aﬃnity of more than 4 orders of magnitude. However, since the
binding enthalpy for FimHFL (−67.1 kJ/mol) was much more
favorable compared to FimHLD (−50.3 kJ/mol), it compensates
a large portion of the aforementioned entropic penalty. Initially,
this substantial diﬀerence in enthalpy came as a surprise, as
superposition of the medium-aﬃnity and the high-aﬃnity
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Table 2. ITC Results for the FimH Antagonist 1 or 3p Interacting with FimHLD or FimHFLa

a

Cmpd

FimH

1

FimHLD
FimHFL

3p

FimHLD
FimHFL

KD [M]
2.9 ×
3.2 ×
ΔΔ
1.3 ×
1.3 ×
ΔΔ

10−8
10−6 ((2.9−3.4) × 10−6)
10−9
10−7 ((1.1−1.5) × 10−6)

ΔGobs
°

ΔHobs
°

−TΔSobs
°

N

ref

−43.0
−31.4
11.6
−50.7
−39.3
11.4

−50.3
−67.1 (−68.1 to −66.0)
16.8
−60.9
−75.9 (−77.0 to −74.9)
15.0

7.3
35.7
28.4
10.1
36.6
26.5

1.00
0.92

38
this study

1.01
1.07

38
this study

Conﬁdence intervals are given in parentheses.

3-position (→ 3r) led to a substantial drop in solubility below
the critical limit of 50 μg/mL. Moving apolar substituents to
the ortho-position (→ 3k−m) also markedly improved aqueous
solubility, which is in agreement with an increased distortion
angle of the two phenyl moieties, resulting in the disruption of
the molecular planarity.
All biphenyl derivatives showed moderate to high lipophilicity with log D7.4 values ranging from 2.1 to 3.4, which
is an optimal range for oral absorption by passive diﬀusion.
Indeed, permeability data derived from PAMPA74 (log Pe −4.4
to −5.2, Pe, eﬀective permeation) suggested high permeation
through the intestinal membranes for all tested antagonists. In
addition, log D7.4 values in this range were described as key for
tubular reabsorption.85−87 Hence, FimH antagonists 3e, m, p,
q, and r have the potential to be reabsorbed from the renal
tubuli, leading to a slow but steady excretion into the bladder.
In contrast, hydrophilic derivatives are expected to be poorly
reabsorbed and therefore quickly renally eliminated, which
results in high initial drug levels in the urine but limits the time
range where the minimal antiadhesive concentration is
maintained.

Furthermore, its n-heptyl aglycone can be involved in van der
Waals interactions with either of the two tyrosine residues
forming the entrance of the binding pocket. From quantum
mechanical calculations (for details see Experimental Section),
it is apparent that these noncovalent interactions with the
tyrosines of FimHFL and FimHLD are highly similar, yielding
energies of −24.3 and −24.2 kJ/mol, respectively. This further supports the hypothesis that the diﬀerence in enthalpy
(Table 2) arises from a diﬀerence in protein desolvation rather
than a diﬀering binding mode.
Conformational Variability of FimH in E. coli Strains
and Its Signiﬁcance for in Vivo Testing of FimH
Antagonists. Based on the data presented up to this point,
it is reasonable to conclude that binding aﬃnities of FimH
antagonists have been mostly overestimated in target-based
assays with the isolated FimHLD by a factor of approximately
100. In principle, cell-based assays should not be aﬀected by the
same shortcoming, as bacteria express FimHFL; such assays
include hemagglutinin assays37,40,41,61,62 and a ﬂow cytometry
based assay.63 However, E. coli strains expressing diﬀerent
FimH variants can exhibit distinct mannose binding phenotypes.76−78 Hence, the choice of a particular strain becomes a
decisive factor and needs to be taken into account when
evaluating FimH antagonists. The strain most predominantly
used to test FimH antagonists is E. coli UTI89 and was isolated
from a patient suﬀering from cystitis.79 However, studies
investigating the mannose-binding phenotype of E. coli UTI89
and the corresponding FimH variant have been discrepant.80−82
A recent study published by this group suggests that the
conformational equilibrium of FimHUTI89 is predominantly
shifted toward the high-aﬃnity conformation.65 Accordingly,
this suggests that cell-based assays to evaluate FimH antagonists may suﬀer from the same shortcoming as target-based
assays by inadvertently having provided antagonist aﬃnities
that are biased toward the high-aﬃnity conformation.
Physicochemical and Pharmacokinetic Properties of
FimH Antagonists. Lipophilicity (log D7.4),73 aqueous
solubility, and permeability through an artiﬁcial membrane
(PAMPA, log Pe)74 were measured to assess the potential of the
FimH antagonists for intestinal absorption and renal clearance
(Table 1). According to the maximum absorbable dose (MAD)
concept,83,84 an aqueous solubility of at least 50 μg/mL is
required to achieve quantitative absorption of a 1 mg/kg dose
of compound with medium permeability. While an excellent aqueous solubility (>3000 μg/mL) was determined for
compound 1, the unsubstituted parent compound 2 as well as
disubstituted derivatives and antagonists bearing apolar
substituents in the meta- or para-position of the outer aromatic
ring (compounds 3a−3d, 3f−j, 3n, and 3o) were found to be
scarcely soluble. By contrast, the polar cyano moiety (→ 3p,
3q) and the 4-nitro substituent present in 3e enhanced
solubility to 117−227 μg/mL, while a nitro group in the

■

CONCLUSIONS
Ordinarily, FimH antagonists have been tested in target-based
assays with the isolated FimHLD and in cell-based assays mostly
with E. coli UTI89 before ultimately progressing into an in vivo
UTI mouse model. This way of evaluating FimH antagonists
did not take into account that native FimHFL is predominantly
presented in a low-aﬃnity conformation, which switches to a
medium-aﬃnity conformation upon ligand binding and only
under shear stress to a high-aﬃnity conformation.26 In this
study, we developed an assay with FimHFL to measure the
binding aﬃnities of FimH antagonists for the physiologically
more relevant low-aﬃnity conformation. In virulent UPEC
strains, the high-aﬃnity conformation is present only in a
minority of strains whereas FimH variants characterized by a
low mannose-binding aﬃnity constitute the predominant
variant in clinical isolates.66 This highlights the importance of
also ascertaining the binding aﬃnity of FimH antagonists for
native FimHFL.
Generally, binding aﬃnities of synthetic FimH antagonists
for FimHLD have been in the low nanomolar range.36−46 Initial
measurements with FimHFL indicated that these aﬃnities were
overestimated by 2 orders of magnitude, an indication that was
further compounded by the aﬃnities determined for the congeneric series of FimH antagonists tested in this study.
Interestingly, this loss in aﬃnity was constant for nearly all
measured antagonists. Analyzing the binding thermodynamics
of select FimH antagonists revealed that this constant factor of
2 orders of magnitude is independent of the antagonist and
might instead represent an inherent and inescapable characteristic of FimHFL. It should be noted that this eﬀect might only be
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washed with H2O (50 mL) and brine (50 mL), dried over Na2SO4,
concentrated, and puriﬁed by chromatography on silica (petroleum
ether/EtOAc) to aﬀord biphenyl compounds 10a−r.
General Procedure B for Deacetylation. To a solution of 7 or
10a−r (1.0 equiv) in dry MeOH (2 mL) was added freshly prepared
methanolic NaOMe solution (1 M, 0.1 equiv) under argon. The
mixture was stirred at rt until the reaction was complete (2−8 h,
monitored by TLC), then neutralized with acetic acid, ﬁltered, and
concentrated in vacuo. The residue was puriﬁed by chromatography
on silica (DCM/MeOH, 10:1 to 8:1) to aﬀord 2 and 3a−r as white
solids. Further puriﬁcation for biological testing was performed using
preparative LC-MS.
3-Chloro-biphenyl-4-yl α-D-mannopyranoside (2). Prepared
according to general procedure B from 7 (101 mg, 0.19 mmol).
Yield: 65 mg (93%) as a white solid. [α]D20 +87.5 (c 0.067, MeOH/
CHCl3, 1:1). 1H NMR (500 MHz, CD3OD): δ = 7.63 (d, J = 2.2 Hz,
1H, Ar−H), 7.59−7.48 (m, 3H, Ar−H), 7.42 (dd, J = 12.3, 5.0 Hz, 3H,
Ar−H), 7.32 (t, J = 7.4 Hz, 1H, Ar−H), 5.58 (d, J = 1.5 Hz, 1H, H-1),
4.12 (dd, J = 3.3, 1.8 Hz, 1H, H-2), 4.01 (dd, J = 9.5, 3.4 Hz, 1H, H-3),
3.83−3.64 (m, 4H, H-4, H-5, H-6). 13C NMR (126 MHz, CD3OD):
δ = 152.67, 140.68, 137.91, 129.99, 129.49, 128.52, 127.72, 127.50,
125.24, 118.73 (12C, Ar−C), 100.86 (C-1), 75.97 (C-5), 72.43 (C-3),
71.90 (C-2), 68.26 (C-4), 62.69 (C-6). HR-MS m/z: Calcd for
C18H19ClNaO6 [M + Na]+ 389.0762, found 389.0764.
3,4′-Dichloro-biphenyl-4-yl α-D-Mannopyranoside (3a). Prepared
according to general procedure B from 10a (45.6 mg, 0.08 mmol).
Yield: 20 mg (62%) as a white solid. [α]D20 +69.9 (c 0.42, MeOH). 1H
NMR (500 MHz, CD3OD): δ = 7.66 (d, J = 2.2 Hz, 1H, Ar−H),
7.59−7.54 (m, 2H, Ar−H), 7.51 (dd, J = 8.6, 2.3 Hz, 1H, Ar−H),
7.46−7.40 (m, 3H, Ar−H), 5.58 (d, J = 1.6 Hz, 1H, H-1), 4.11 (dd,
J = 3.3, 1.8 Hz, 1H, H-2), 3.99 (dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.81−
3.69 (m, 3H, H-4, H-6), 3.65 (ddd, J = 9.8, 5.5, 2.4 Hz, 1H, H-5). 13C
NMR (126 MHz, CD3OD): δ = 152.92, 139.33, 136.43, 134.57,
130.05, 129.44, 129.23, 127.44, 125.32, 118.70 (12C, Ar−C), 100.79
(C-1), 75.99 (C-5), 72.40 (C-3), 71.86 (C-2), 68.23 (C-4), 62.66
(C-6). HR-MS m/z: Calcd for C18H18Cl2NaO6 [M + Na]+ 423.0373,
found 423.0378.
3,3′,4′-Trichloro-biphenyl-4-yl α-D-Mannopyranoside (3b). Prepared according to general procedure B from 10b (45.3 mg,
0.08 mmol). Yield: 26 mg (80%) as a white solid. [α]D20 +92.8 (c
0.24, MeOH). 1H NMR (500 MHz, CD3OD): δ = 7.70 (d, J = 2.1 Hz,
1H, Ar−H), 7.63 (d, J = 2.2 Hz, 1H, Ar−H), 7.56−7.41 (m, 4H, Ar−
H), 5.60 (d, J = 1.6 Hz, 1H, H-1), 4.12 (dd, J = 3.3, 1.8 Hz, 1H, H-2),
4.00 (dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.81−3.69 (m, 3H, H-4, H-6), 3.64
(ddd, J = 9.7, 5.4, 2.4 Hz, 1H, H-5). 13C NMR (126 MHz, CD3OD):
δ = 153.28, 140.97, 134.91, 133.84, 132.38, 131.98, 129.50, 129.49,
127.51, 127.42, 125.38, 118.60 (12 Ar−C), 100.68 (C-1), 75.99 (C-5),
72.38 (C-3), 71.81 (C-2), 68.19 (C-4), 62.63 (C-6). HR-MS m/z:
Calcd for C18H17Cl3NaO6 [M + Na]+ 456.9983, found 456.9984.
3-Chloro-4′-(triﬂuoromethyl)-biphenyl-4-yl α-D-Mannopyranoside (3c). Prepared according to general procedure B from 10c
(36.2 mg, 0.06 mmol). Yield: 25 mg (95%) as a white solid. [α]D20
+83.0 (c 0.24, MeOH). 1H NMR (500 MHz, CD3OD): δ = 7.84−7.40
(m, 7H, Ar−H), 5.62 (d, J = 1.2 Hz, 1H, H-1), 4.13 (m, 1H, H-2),
4.01 (dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.84−3.71 (m, 3H, H-4, H-6), 3.65
(m, 1H, H-5). 13C NMR (126 MHz, CD3OD): δ = 153.33, 144.34,
135.92, 130.42 (q, J = 32 Hz), 128.3 (q, J = 246 Hz), 128.28, 126.90
(q, J = 3.7 Hz), 125.38, 124.69, 118.62 (13C, 12 Ar−C, CF3), 100.65
(C-1), 75.96 (C-5), 72.38 (C-3), 71.80 (C-2), 68.16 (C-4), 62.57
(C-6). HR-MS m/z: Calcd for C19H18ClF3NaO6 [M + Na]+ 457.0636,
found 457.0641.
2′,3,4′-Trichloro-biphenyl-4-yl α-D-Mannopyranoside (3d). Prepared according to general procedure B from 10d (28.4 mg, 0.05
mmol). Yield: 15 mg (73%) as a white solid. [α]D20 +82.2 (c 0.22,
MeOH). 1H NMR (500 MHz, CD3OD): δ = 7.59−7.28 (m, 6H, Ar−
H), 5.60 (d, J = 1.4 Hz, 1H, H-1), 4.12 (dd, J = 3.3, 1.8 Hz, 1H, H-2),
4.00 (dd, J = 9.4, 3.4 Hz, 1H, H-3), 3.83−3.61 (m, 4H, H-4, H-5, H-6).
13
C NMR (126 MHz, CD3OD): δ = 153.12, 138.93, 135.19, 134.62,
134.33, 133.51, 132.03, 130.68, 130.18, 128.60, 124.47, 117.95, (12
Ar−C), 100.82 (C-1), 76.05 (C-5), 72.41 (C-3), 71.86 (C-2), 68.25

antagonist-independent as long as the mode of action of the
antagonist is unchanged.
We conducted a Topliss-guided SAR study with a series of
α-D-mannosides with varyingly substituted biphenyl agylcones.
Despite the constant loss in aﬃnity of 2 orders of magnitude,
we identiﬁed several antagonists (3o−r) with aﬃnities for
FimHFL below 100 nM. These hits also exhibited substantial
permeability, which, in combination with high aqueous
solubility, suggests high systemic availability after oral dosing.
Furthermore, because of their favorable lipophilicity, these
biphenyls beneﬁt from tubular reabsorption, resulting in a slow
but steady excretion into the bladder. In addition, since
biphenyl mannosides did not show any signs of acute toxicity in
UTI mouse models,36,38,39 selected examples of the reported
antagonists with high aﬃnity for both targets will be included in
in vivo studies to illustrate the potential of FimH antagonists as
oral antiadhesives.

■

EXPERIMENTAL SECTION

Synthesis. General Methods. NMR spectra were recorded on a
Bruker Avance DMX-500 (500 MHz) spectrometer. Assignment of 1H
and 13C NMR spectra was achieved using 2D methods (COSY,
HSQC, HMBC, TOCSY). Chemical shifts are expressed in ppm in
relation to the residual solvent signals (CHCl3 and CHD2OD) on the
δ-scale. Coupling constants J are given in hertz (Hz). Multiplicities
were speciﬁed as follows: s (singlet), d (doublet), dd (doublet of a
doublet), t (triplet), q (quartet), m (multiplet). Commercially
available reagents were purchased from Fluka, Aldrich, Acros, and
Abcr. Dichloromethane (DCM) was dried by ﬁltration over Al2O3
(Fluka, type 5016 A basic). N,N-Dimethylformamide (DMF) was
dried by distillation from calcium hydride. Methanol (MeOH) was
dried by reﬂuxing with sodium methoxide and distilled immediately
before use. Molecular sieves were activated under vacuum at 500 °C
for 1 h immediately before use. Reactions were monitored by TLC
using glass plates coated with silica gel 60 F254 (Merck) and visualized
by using UV light or by charring with a molybdate solution (a 0.02 M
solution of ammonium cerium sulfate dihydrate and ammonium
molybdate tetrahydrate in 10% aq. H2SO4). Column chromatography
was performed on a CombiFlash Companion (Teledyne-ISCO, Inc.)
using RediSep normal phase disposable ﬂash columns (silica gel,
40−63 μm). Reversed phase chromatography was performed on
LiChroprepRP-18 (Merck, 40−63 μm). LC-MS separations were
carried out using Sunﬁre C18 columns (19 × 150 mm2, 5.0 μm) on a
Waters 2525 LC, equipped with Waters 2996 photodiode array and
Waters micromass ZQ MS for detection. Electron spray ionization
mass spectra (ESI-MS) were obtained on a Waters micromass ZQ.
HR-MS analysis were carried out using an Agilent 1100 LC equipped
with a photodiode array detector and a Micromass QTOF I equipped
with a 4 GHz digital-time converter. Optical rotations were measured
using PerkinElmer polarimeter 341.
Compound Purity. Each test compound was puriﬁed by
chromatography on silica (DCM/MeOH) or reversed-phase chromatography (RP-18, H2O/MeOH) prior to HPLC, HRMS, NMR, and
activity testing. The purity of all test compounds was determined by
NMR and HPLC [Agilent 1100/1200 HPLC system equipped with an
Agilent 380 ELSD detector; column, Waters Atlantis T3 dC18, 3 mm,
4.6 × 75 mm2; eluents, A = water + 0.1% TFA; B = 90% MeCN + 10%
water + 0.1% TFA; gradient, 5% B → 95% B (20 min); 95% B
(2 min); 95% B → 5% B (3 min); 5% B → 0% B (2 min); ﬂow rate =
0.5 mL/min. Detection, ELSD] to be ≥95% (for 1H NMR spectra and
HPLC traces see Supporting Information).
General Procedure A for the Synthesis of Biphenyl Compounds.
A two-neck ﬂask was charged with 8 (100 mg, 1.0 equiv), arylboronic
acid or boronate 9a−r (1.1 equiv), Pd(Cl2)dppf·CH2Cl2 (0.03 equiv),
K3PO4 (2 equiv), and a stirring bar under argon. Then anhydrous
DMF (2 mL) was added. The mixture was ﬂushed with argon and
degassed for 5 min, then heated to 80 °C and stirred for 5−12 h. The
reaction mixture was cooled to rt, diluted with EtOAc (50 mL),
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J = 9.5, 3.4 Hz, 1H, H-3), 3.84−3.62 (m, 4H, H-4, H-5, H-6), 2.39 (s,
3H, CH3). 13C NMR (126 MHz, CD3OD): δ = 152.59, 140.64,
139.76, 138.07, 129.88, 129.48, 129.21, 128.37, 127.48, 125.18, 124.85,
118.71 (12 Ar−C) 100.87 (C-1), 75.95 (C-5), 72.43 (C-3), 71.91
(C-2), 68.27 (C-4), 62.68 (C-6), 21.53 (CH3). HR-MS m/z: Calcd for
C19H21ClNaO6 [M + Na]+ 403.0919, found 403.0925.
2′,3-Dichloro-biphenyl-4-yl α-D-Mannopyranoside (3k). Prepared
according to general procedure B from 10k (38.7 mg, 0.07 mmol).
Yield: 20 mg (73%) as a white solid. [α]D20 +85.6 (c 0.3, MeOH). 1H
NMR (500 MHz, CD3OD): δ = 7.53−7.24 (m, 7H, Ar−H), 5.60 (d,
J = 1.3 Hz, 1H, H-1), 4.13 (dd, J = 3.2, 1.8 Hz, 1H, H-2), 4.01 (dd, J =
9.5, 3.4 Hz, 1H, H-3), 3.86−3.64 (m, 4H, H-4, H-5, H-6). 13C NMR
(126 MHz, CD3OD): δ = 152.84, 140.11, 135.85, 133.40, 132.43,
132.05, 131.05, 130.18, 130.15, 128.30, 124.32, 117.89 (12 Ar−C),
100.83 (C-1), 75.98 (C-5), 72.39, 71.86, (C-3, C-2), 68.23 (C-4),
62.66 (C-6). HR-MS m/z: Calcd for C18H18Cl2NaO6 [M + Na]+
423.0373, found 423.0378.
3-Chloro-2′-methyl-biphenyl-4-yl α-D-Mannopyranoside (3l).
Prepared according to general procedure B from 10l (26 mg, 0.05
mmol). Yield: 17 mg (95%) as a white solid. [α]D20 +88.0 (c 0.22,
MeOH). 1H NMR (500 MHz, CD3OD): δ = 7.40−6.93 (m, 7H,
Ar−H), 5.47 (d, J = 1.5 Hz, 1H, H-1), 4.02 (dd, J = 3.3, 1.8 Hz, 1H,
H-2), 3.90 (dd, J = 9.4, 3.4 Hz, 1H, H-3), 3.74−3.55 (m, 4H, H-4, H-5,
H-6), 2.14 (s, 3H, CH3). 13C NMR (126 MHz, CD3OD): δ = 152.30,
141.49, 138.70, 136.37, 131.70, 131.42, 130.62, 129.84, 128.67, 126.97,
124.50, 118.20 (12 Ar−C), 100.97 (C-1), 75.97 (C-5), 72.42 (C-3),
71.91 (C-2), 68.28 (C-4), 62.70 (C-6), 20.52 (CH3). HR-MS m/z:
Calcd for C19H21ClNaO6 [M + Na]+ 403.0919, found 403.0922.
3-Chloro-2′-methoxy-biphenyl-4-yl α-D-Mannopyranoside (3m).
Prepared according to general procedure B from 10m (26.6 mg, 0.05
mmol). Yield: 15 mg (80%) as a white solid. [α]D20 +81.2 (c 0.12,
MeOH). 1H NMR (500 MHz, CD3OD): δ = 7.51 (s, 1H, Ar−H),
7.41−6.93 (m, 6H, Ar−H), 5.56 (d, J = 1.4 Hz, 1H, H-1), 4.11 (dd, J =
3.3, 1.8 Hz, 1H, H2), 4.00 (dd, J = 9.4, 3.4 Hz, 1H, H-3), 3.81 (s, 3H,
OCH3), 3.79−3.66 (m, 4H, H-4, H-5, H-6). 13C NMR (126 MHz,
CD3OD): δ = 157.83, 152.11, 135.39, 132.06, 131.40, 130.08, 130.05,
124.14, 121.98, 117.93, 112.62 (12C, Ar−C), 100.87 (C-1), 75.89
(C-5), 72.41 (C-3), 71.91 (C-2), 68.26 (C-4), 62.67 (C-6), 56.01
(OCH3). HR-MS m/z: Calcd for C19H21ClNaO7 [M + Na]+ 419.0868,
found 419.0871.
3-Chloro-3′-(triﬂuoromethyl)-biphenyl-4-yl α-D-Mannopyranoside (3n). Prepared according to general procedure B from 10n
(60 mg, 0.1 mmol). Yield: 39 mg (91%) as a white solid. [α]D20 +84.3
(c 0.42, MeOH). 1H NMR (500 MHz, CD3OD): δ = 7.87−7.78 (m,
2H, Ar−H), 7.70−7.44 (m, 5H, Ar−H), 5.61 (d, J = 1.1 Hz, 1H, H-1),
4.13 (dd, J = 3.0, 1.7 Hz, 1H, H-2), 4.01 (dd, J = 9.5, 3.4 Hz, 1H, H-3),
3.84−3.60 (m, 4H, H-4, H-5, H-6). 13C NMR (126 MHz, CD3OD):
δ = 153.25, 141.66, 135.98, 132.30 (q, J = 246 Hz), 131.45, 130.85,
128.68 (q, J = 32 Hz), 126.71, 125.42, 125.05 (q, J = 3.8 Hz) 124.55,
124.23 (q, J = 3.8 Hz), 118.68 (12 Ar−C, CF3), 100.71 (C-1), 75.99
(C-5), 72.39 (C-3), 71.82 (C-2), 68.20 (C-4), 62.64 (C-6). HR-MS
m/z: Calcd for C19H18ClF3NaO6 [M + Na]+ 457.0636, found
457.0640.
4′-Acetyl-3-chloro-biphenyl-4-yl α-D-Mannopyranoside (3o). Prepared according to general procedure B from 10o (32 mg, 0.06
mmol). Yield: 21 mg (93%) as a white solid. [α]D20 +103.2 (c 0.27,
MeOH). 1H NMR (500 MHz, CD3OD): δ = 8.06 (d, J = 8.4 Hz,
2H, Ar−H), 7.74 (dd, J = 8.6, 5.3 Hz, 3H, Ar−H), 7.61 (dd, J = 8.6,
2.2 Hz, 1H, Ar−H), 7.48 (d, J = 8.7 Hz, 1H, Ar−H), 5.61 (d, J =
1.3 Hz, 1H, H-1), 4.12 (dd, J = 3.3, 1.8 Hz, 1H, H-2), 4.00 (dd, J = 9.5,
3.4 Hz, 1H, H-3), 3.83−3.59 (m, 4H, H-4, H-5, H-6), 2.63 (s, 3H,
COCH3). 13C NMR (126 MHz, CD3OD): δ = 200.02 (CO), 153.40,
145.29, 137.16, 136.20, 130.22, 129.76, 127.86, 127.80, 125.39, 118.61
(12C, Ar−C), 100.72 (C-1), 76.03 (C-5), 72.40 (C-3), 71.83 (C-2),
68.22 (C-4), 62.66 (C-6), 26.71 (COCH3). HR-MS m/z: Calcd for
C20H21ClNaO7 [M + Na]+ 431.0868, found 431.0869.
3′-Chloro-4′-(α-D-mannopyranosyloxy)-biphenyl-4-carbonitril
(3p).38 Prepared according to general procedure B from 10p (36 mg,
0.06 mmol). Yield: 12 mg (48%) as a white solid. [α]D20 +109.4 (c
0.23, MeOH). 1H NMR (500 MHz, CD3OD): δ = 7.80−7.72 (m, 5H,

(C-4), 62.69 (C-6). HR-MS m/z: Calcd for C18H17Cl3NaO6 [M +
Na]+ 456.9983, found 456.9989.
3-Chloro-4′-nitro-biphenyl-4-yl α-D-Mannopyranoside (3e). Prepared according to general procedure B from 10e (27.3 mg, 0.05
mmol). Yield: 16 mg (83%) as a white solid. [α]D20 +100.2 (c 0.20,
MeOH). 1H NMR (500 MHz, CD3OD): δ = 8.32 (d, J = 8.8 Hz, 2H,
Ar−H), 8.00 (s, 1H, Ar−H), 7.86 (d, J = 8.8 Hz, 2H, Ar−H), 7.82 (d,
J = 2.2 Hz, 1H, Ar−H), 7.67 (dd, J = 8.6, 2.2 Hz, 1H, Ar−H), 7.52 (d,
J = 8.7 Hz, 1H, Ar−H), 5.66 (d, J = 1.3 Hz, 1H, H-1), 4.14 (dd,
J = 3.2, 1.8 Hz, 1H, H-2), 4.02 (dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.85−
3.71 (m, 3H, H-4, H-6), 3.65 (ddd, J = 9.6, 5.4, 2.3 Hz, 1H, H-5). 13C
NMR (126 MHz, CD3OD): δ = 153.86, 148.53, 146.97, 135.06,
130.04, 128.64, 128.10, 125.53, 125.16, 118.60 (12C, Ar−C), 100.68
(C-1), 76.09 (C-5), 72.41 (C-3), 71.82 (C-2), 68.22 (C-4), 62.67
(C-6). HR-MS m/z: Calcd for C18H18ClNNaO8 [M + Na]+ 434.0613,
found 434.0614.
3-Chloro-4′-methoxy-biphenyl-4-yl α-D-Mannopyranoside (3f).
Prepared according to general procedure B from 10f (25 mg, 0.05
mmol). Yield: 13 mg (73%) as a white solid. [α]D20 +84.5 (c 0.16,
CHCl3/MeOH, 1:1). 1H NMR (500 MHz, CD3OD): δ = 7.58 (d,
J = 2.2 Hz, 1H, Ar−H), 7.53−7.43 (m, 3H, Ar−H), 7.39 (d, J =
8.6 Hz, 1H, Ar−H), 6.98 (d, J = 8.8 Hz, 2H, Ar−H), 5.55 (d, J =
1.4 Hz, 1H, H-1), 4.11 (dd, J = 3.3, 1.8 Hz, 1H, H-2), 3.99 (m, 1H, H3), 3.82 (s, 3H, OCH3), 3.81−3.62 (m, 4H, H-4, H-5, H-6). 13C NMR
(126 MHz, CD3OD): δ = 160.88, 152.14, 137.70, 133.08, 129.00,
128.77, 126.97, 125.20, 118.81, 115.38 (12C, Ar−C), 100.92 (C-1),
75.91 (C-5), 72.41 (C-3), 71.90 (C-2), 68.26 (C-4), 62.68 (C-6),
55.76 (OCH3). HR-MS m/z: Calcd for C19H21ClNaO7 [M + Na]+
419.0868, found 419.0865.
3-Chloro-4′-methyl-biphenyl-4-yl α-D-Mannopyranoside (3g).
Prepared according to general procedure B from 10g (38 mg, 0.07
mmol). Yield: 14 mg (53%) as a white solid. [α]D20 +95.1 (c 0.22,
MeOH). 1H NMR (500 MHz, CD3OD): δ = 7.60 (d, J = 2.2 Hz, 1H,
Ar−H), 7.51−7.37 (m, 4H, Ar−H), 7.23 (d, J = 8.0 Hz, 2H, Ar−H),
5.56 (d, J = 1.4 Hz, 1H, H-1), 4.11 (dd, J = 3.2, 1.8 Hz, 1H, H-2), 4.00
(dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.82−3.64 (m, 4H, H-4, H-5, H-6), 2.36
(s, 3H, CH3). 13C NMR (126 MHz, CD3OD): δ = 152.40, 138.43,
137.87, 137.74, 130.59, 129.23, 127.53, 127.21, 125.18, 118.73 (12C,
Ar−C), 100.86 (C-1), 75.91 (C-5), 72.41 (C-3), 71.89 (C-2), 68.24
(C-4), 62.66 (C-6), 21.08 (CH 3 ). HR-MS m/z: Calcd for
C19H21ClNaO6 [M + Na]+ 403.0919, found 403.0924.
3,4′-Dichloro-3′-(triﬂuoromethyl)-biphenyl-4-yl α-D-Mannopyranoside (3h). Prepared according to general procedure B from 10h
(76 mg, 0.12 mmol). Yield: 18 mg (36%) as a white solid. [α]D20 +83.0
(c 0.34, MeOH). 1H NMR (500 MHz, CD3OD): δ = 7.95−7.44 (m,
6H, Ar−H), 5.61 (d, J = 1.4 Hz, 1H, H-1), 4.11 (dd, J = 3.3, 1.8 Hz,
1H, H-2), 4.00 (dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.83−3.68 (m, 3H, H-4,
H-6), 3.63 (ddd, J = 9.6, 5.4, 2.3 Hz, 1H, H-5). 13C NMR (126 MHz,
CD3OD): δ = 153.48, 140.08, 134.83, 133.32, 132.64, 132.04, 129.79,
128.7 (q, J = 246 Hz), 126.71, 126.67, 125.51, 123.27, 118.69 (12
Ar−C, CF3), 100.70 (C-1), 76.05 (C-5), 72.39 (C-3), 71.82 (C-2),
68.21 (C-4), 62.66 (C-6). HR-MS m/z: Calcd for C19H17Cl2F3NaO6
[M + Na]+ 491.0246, found 491.0250.
3,3′-Dichloro-biphenyl-4-yl α-D-Mannopyranoside (3i). Prepared
according to general procedure B from 10i (34 mg, 0.06 mmol). Yield:
15 mg (62%) as a white solid. [α]D20 +96.1 (c 0.21, MeOH). 1H NMR
(500 MHz, CD3OD): δ = 7.64 (d, J = 1.9 Hz, 1H, Ar−H), 7.57 (s, 1H,
Ar−H), 7.55−7.29 (m, 5H, Ar−H), 5.59 (s, 1H, H-1), 4.12 (s, 1H,
H-2), 4.00 (dd, J = 9.5, 3.3 Hz, 1H, H-3), 3.83−3.69 (m, 3H, H-4,
H-6), 3.64 (m, 1H, H-5). 13C NMR (126 MHz, CD3OD): δ = 153.12,
142.67, 136.15, 135.88, 131.47, 129.57, 128.42, 127.66, 127.59, 126.13,
125.32, 118.64 (12 Ar−C), 100.74 (C-1), 75.98 (C-5), 72.39 (C-3),
71.84 (C-2), 68.21 (C-4), 62.65 (C-6). HR-MS m/z: Calcd for
C18H18Cl2NaO6 [M + Na]+ 423.0373, found 423.0378.
3-Chloro-3′-methyl-biphenyl-4-yl α-D-Mannopyranoside (3j).
Prepared according to general procedure B from 10j (40.6 mg, 0.07
mmol). Yield: 26 mg (92%) as a white solid. [α]D20 +98.5 (c 0.30,
MeOH). 1H NMR (500 MHz, CD3OD): δ = 7.61 (d, J = 2.2 Hz, 1H,
Ar−H), 7.39 (m, 5H, Ar−H), 7.15 (d, J = 7.3 Hz, 1H, Ar−H), 5.56 (d,
J = 1.5 Hz, 1H, H-1), 4.11 (dd, J = 3.3, 1.8 Hz, 1H, H-2), 3.99 (dd,
5654
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Ar−H), 7.59 (dd, J = 8.6, 2.2 Hz, 1H, Ar−H), 7.48 (d, J = 8.7 Hz, 1H,
Ar−H), 5.62 (d, J = 1.4 Hz, 1H, H-1), 4.12 (dd, J = 3.3, 1.8 Hz, 1H,
H-2), 4.00 (dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.83−3.68 (m, 3H, H-4,
H-6), 3.63 (ddd, J = 9.6, 5.4, 2.3 Hz, 1H, H-5). 13C NMR (126 MHz,
CD3OD): δ = 153.65, 145.15, 135.42, 133.86, 129.82, 128.53, 127.87,
125.47, 119.70, 118.59, 111.97 (13C, 12 Ar−C, CN), 100.66 (C-1),
76.05 (C-5), 72.39 (C-3), 71.80 (C-2), 68.20 (C-4), 62.65 (C-6). IR
(KBr): ν = 3400 (O−H), 2227 (CN), 1606, 1487 (Ar−CC)
cm−1; HR-MS m/z: Calcd for C19H18ClNNaO6 [M + Na]+ 414.0715,
found 414.0721.
3′-Chloro-4′-(α-D-mannopyranosyloxy)-biphenyl-3-carbonitril
(3q). Prepared according to general procedure B from 10q (84 mg,
0.15 mmol). Yield: 14 mg (34%) as a white solid. [α]D20 +96.3 (c 0.23,
MeOH). 1H NMR (500 MHz, CD3OD): δ = 8.03−7.88 (m, 2H, Ar−
H), 7.71 (m, 2H, Ar−H), 7.65−7.54 (m, 2H, Ar−H), 7.48 (d, J =
8.6 Hz, 1H, Ar−H), 5.61 (d, J = 1.4 Hz, 1H, H-1), 4.12 (dd, J = 3.3,
1.8 Hz, 1H, H-2), 4.00 (dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.85−3.56 (m,
4H, H-4, H-5, H-6). 13C NMR (126 MHz, CD3OD): δ = 153.45,
142.02, 135.30, 132.39, 132.00, 131.28, 131.15, 129.71, 127.74, 125.49,
119.62, 118.68, 114.15 (12 Ar−C, CN), 100.72 (C-1), 76.04 (C-5),
72.40 (C-3), 71.83 (C-2), 68.21 (C-4), 62.66 (C-6). HR-MS m/z:
Calcd for C19H18ClNNaO6 [M + Na]+ 414.0715, found 414.0715.
3-Chloro-3′-nitro-biphenyl-4-yl α-D-Mannopyranoside (3r). Prepared according to general procedure B from 10r (48 mg, 0.08 mmol).
Yield: 32 mg (94%) as a white solid. [α]D20 +93.2 (c 0.52, MeOH). 1H
NMR (500 MHz, CD3OD): δ = 8.47−7.97 (m, 3H, Ar−H), 7.80−
7.48 (m, 4H, Ar−H), 5.63 (s, 1H, H-1), 4.11 (m, 1H, H-2), 4.00 (dd,
J = 9.5, 3.4 Hz, 1H, H-3), 3.82−3.58 (m, 4H, H-4, H-5, H-6). 13C
NMR (126 MHz, CD3OD): δ = 153.56, 150.26, 142.38, 135.13,
133.86, 131.29, 129.78, 127.82, 125.53, 123.09, 122.28, 118.70 (12
Ar−C), 100.71 (C-1), 76.06 (C-5), 72.40 (C-3), 71.82 (C-2), 68.21
(C-4), 62.66 (C-6). HR-MS m/z: Calcd for C18H18ClNNaO8 [M +
Na]+ 434.0613, found 434.0612.
3-Chloro-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranoside (7). To a suspension of activated MS 4 Å (150 mg), α-Dmannose pentaacetate (4, 156 mg, 0.40 mmol), and 2-chloro-4phenylphenol (5, 98 mg, 0.48 mmol) in dry DCM (1.5 mL) was added
dropwise freshly distilled BF3·Et2O (148 μL, 1.2 mmol) under argon.
The mixture was stirred for 24 h at 40 °C. After cooling to rt, the
mixture was diluted with DCM (50 mL), ﬁltered through Celite, and
washed with sat. aq. NaHCO3 (50 mL), water (50 mL), and brine
(50 mL). The organic phase was dried over Na2SO4 and concentrated
under reduced pressure. The crude product was puriﬁed by chromatography on silica (petroleum ether/EtOAc, 1:0 to 1:1) to yield 7
(166 mg, 77%). [α]D20 +72.0 (c 0.47, CHCl3). 1H NMR (500 MHz,
CDCl3): δ = 7.56 (d, J = 1.6 Hz, 1H, Ar−H), 7.45 (d, J = 7.4 Hz, 2H,
Ar−H), 7.32 (m, 4H, Ar−H), 7.17 (m, 1H, Ar−H), 5.63−5.42 (m,
3H, H-1, H-2, H-3), 5.33 (t, J = 10.1 Hz, 1H, H-4), 4.22 (dd, J = 12.2,
5.3 Hz, 1H, H-6a), 4.14 (m, 1H, H-5), 4.04 (d, J = 12.2 Hz, 1H, H6b), 2.14 (s, 3H, COCH3), 2.06−1.88 (m, 9H, 3 COCH3). 13C NMR
(126 MHz, CDCl3): δ = 170.61, 170.08, 169.91, 169.90 (4 CO),
150.64, 139.28, 137.64, 129.25, 129.06, 127.78, 126.97, 126.40, 124.82,
117.43 (12C, Ar−C), 96.86 (C-1), 69.90 (C-5), 69.50 (C-2), 68.93
(C-3), 66.01 (C-4), 62.26 (C-6), 21.01, 20.85, 20.82, 20.80 (4
COCH3). ESI-MS m/z: Calcd for C26H27ClNaO10 [M + Na]+ 557.1,
found 557.2.
2-Chloro-4-iodo-phenyl 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranoside (8).88 According to the procedure for 7, compound 4 (390
mg, 0.77 mmol) was reacted with 2-chloro-4-iodophenol (6, 235 mg,
0.9 mmol) and BF3·Et2O (290 μL, 2.3 mmol) in DCM (3 mL)
containing MS 4 Å (300 mg) for 20 h at 40 °C. Yield: 345 mg, 76%.
Spectroscopic data were in accordance with reported values.88
3,4′-Dichloro-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranoside (10a). Prepared according to general procedure A from
8 (30 mg, 0.052 mmol), 4-chloro-phenylboronic acid (9a, 9.0 mg,
0.57 mmol), Pd(dppf)Cl2·CH2Cl2 (1.3 mg, 1.6 μmol), and K3PO4
(22 mg, 0.1 mmol). Yield: 16 mg (54%) as a white solid. [α]D20 +97.8
(c 0.54, CHCl3). 1H NMR (500 MHz, CD3OD): δ = 7.66−7.23 (m,
7H, Ar−H), 5.67 (s, 1H, H-1), 5.49−5.43 (m, 2H, H-2, H-3), 5.25 (t,
J = 10.0 Hz, 1H, H-4), 4.13 (dd, J = 12.1, 5.4 Hz, 1H, H-6a), 4.05

(ddd, J = 10.1, 5.4, 2.1 Hz, 1H, H-5), 3.98 (dd, J = 12.2, 2.2 Hz, 1H,
H-6b), 2.14−1.80 (m, 12H, 4 COCH3). 13C NMR (126 MHz,
CD3OD): δ = 172.17, 171.51, 171.48 (4C, 4 CO), 151.81, 139.07,
137.34, 134.80, 130.12, 129.73, 129.31, 127.49, 125.65, 118.86 (12C,
Ar−C), 97.67 (C-1), 71.23 (C-5), 70.50, 70.24 (C-2, C-3), 66.97
(C-4), 63.29 (C-6), 20.58, 20.55 (4C, 4 COCH3). ESI-MS m/z: Calcd
for C26H26Cl2NaO10 [M + Na]+ 591.1, found 591.1.
3,3′,4′-Trichloro-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranoside (10b). Prepared according to general procedure A from 8
(79 mg, 0.135 mmol), 3,4-dichloro-phenylboronic acid (9b, 228 mg,
0.15 mmol), Pd(dppf)Cl2·CH2Cl2 (3.3 mg, 4 μmol), and K3PO4 (57
mg, 0.27 mmol). Yield: 52 mg (64%) as a white solid. [α]D20 +66.5
(c 0.23, CHCl3). 1H NMR (500 MHz, CDCl3): δ = 7.59 (dt, J = 8.9,
4.4 Hz, 2H, Ar−H), 7.50 (d, J = 8.3 Hz, 1H, Ar−H), 7.41−7.31 (m,
2H, Ar−H), 7.24 (d, J = 8.6 Hz, 1H, Ar−H), (5.66−5.58 (m, 2H, H-2,
H-3), 5.55 (d, J = 1.9 Hz, 1H, H-1), 5.41 (t, J = 10.1 Hz, 1H, H-4),
4.29 (dd, J = 12.3, 5.2 Hz, 1H, H-6a), 4.18 (ddd, J = 10.1, 5.1, 2.1 Hz,
1H, H-5), 4.10 (m, 1H, H-6b), 2.21 (s, 3H, COCH3), 2.15−1.97 (m,
9H, 3 COCH3). 13C NMR (126 MHz, CDCl3): δ = 170.60, 170.11,
169.92, 169.89 (4 CO), 151.29, 139.26, 135.03, 133.24, 132.06,
131.01, 129.15, 128.81, 126.32, 126.18, 125.12, 117.41 (12C, Ar−C),
96.80 (C-1), 69.99 (C-5), 69.45 (C-3), 68.88 (C-2), 65.93 (C-4),
62.22 (C-6), 21.01, 20.85, 20.83 (4C, 4 COCH3). ESI-MS m/z: Calcd
for C26H26Cl3NaO10 [M + Na]+ 625.0, found 625.0.
3-Chloro-4′-(triﬂuoromethyl)-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranoside (10c). Prepared according to general procedure A from 8 (79 mg, 0.135 mmol), 4-triﬂuoromethyl-phenylboronic acid (9c, 28 mg, 0.15 mmol), Pd(dppf)Cl2·CH2Cl2 (3.3 mg, 4
μmol), and K3PO4 (57 mg, 0.27 mmol). Yield: 46 mg (57%) as a white
solid. [α]D20 +63.8 (c 0.31, CHCl3). 1H NMR (500 MHz, CD3OD):
δ = 7.84−7.77 (m, 3H, Ar−H), 7.74 (d, J = 8.3 Hz, 2H, Ar−H), 7.64
(dd, J = 8.6, 2.3 Hz, 1H, Ar−H), 7.43 (d, J = 8.6 Hz, 1H, Ar−H), 5.81
(s, 1H, H-1), 5.60−5.54 (m, 2H, H-2, H-3), 5.36 (t, J = 10.0 Hz, 1H,
H-4), 4.24 (dd, J = 12.2, 5.4 Hz, 1H, H-6a), 4.14 (ddd, J = 10.0, 5.4,
2.2 Hz, 1H, H-5), 4.09 (dd, J = 12.2, 2.2 Hz, 1H, H-6b), 2.20, 2.07,
2.01, 1.95 (4 s, 12H, 4 COCH3). 13C NMR (126 MHz, CD3OD): δ =
172.18, 171.52, 171.50, 171.48 (4 CO), 152.30, 144.19, 136.90,
130.12, 128.39, 127.89, 126.94, 126.91, 125.75, 118.82 (13C, Ar−C,
CF3), 97.62 (C-1), 71.26 (C-5), 70.49, 70.21 (C-2, C-3), 66.95 (C-4),
63.28 (C-6), 20.59, 20.58, 20.55 (4C, 4 COCH3). ESI-MS m/z: Calcd
for C27H26ClF3NaO10 [M + Na]+ 625.1, found 625.0.
2′,3,4′-Trichloro-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranoside (10d). Prepared according to general procedure A from 8
(79 mg, 0.14 mmol), 2,4-dichloro-phenylboronic acid (9d, 28 mg, 0.15
mmol), Pd(dppf)Cl2·CH2Cl2 (3.3 mg, 4 μmol) and K3PO4 (57 mg,
0.27 mmol). Yield: 48 mg (59%) as a white solid. [α]D20 +58.8 (c 0.56,
CHCl3). 1H NMR (500 MHz, CD3OD): δ = 7.60−7.30 (m, 6H, Ar−
H), 5.79 (s, 1H, H-1), 5.61−5.53 (m, 2H, H-2, H-3), 5.35 (m, 1H,
H-4), 4.24 (dt, J = 11.9, 5.9 Hz, 1H, H-6a), 4.18−4.06 (m, 2H, H-5,
H-6b), 2.19, 2.08, 2.01, 1.96 (4 s, 12H, 4 COCH3). 13C NMR (126
MHz, CD3OD): δ = 172.18, 171.51, 171.48 (4C, 4 CO), 152.01,
138.68, 135.51, 135.36, 134.29, 133.49, 132.33, 130.72, 130.24, 128.66,
124.79, 118.03 (12C, Ar−C), 97.63 (C-1), 71.27 (C-5), 70.49 (C-3),
70.23 (C-2), 66.96 (C-4), 63.30 (C-6), 20.60, 20.56 (4C, 4 COCH3).
ESI-MS m/z: Calcd for C26H25Cl3NaO10 [M + Na]+ 625.0, found
625.0.
3-Chloro-4′-nitro-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranoside (10e). Prepared according to general procedure A
from 8 (41 mg, 0.07 mmol), 4-nitro-phenylboronic acid (9e, 13 mg,
0.08 mmol), Pd(dppf)Cl2·CH2Cl2 (1.7 mg, 2 μmol), and K3PO4
(30 mg, 0.14 mmol). Yield: 31 mg (76%) as a light-yellow solid. [α]D20
+77.1 (c 0.58, CHCl3). 1H NMR (500 MHz, CD3OD): δ = 8.34−8.26
(m, 2H, Ar−H), 7.89−7.77 (m, 3H, Ar−H), 7.67 (dd, J = 8.6, 2.3 Hz,
1H, Ar−H), 7.43 (d, J = 8.7 Hz, 1H, Ar−H), 5.81 (s, 1H, H-1), 5.60−
5.52 (m, 2H, H-2, H-3), 5.36 (m, 1H, H-4), 4.23 (dd, J = 12.1, 5.3 Hz,
1H, H-6a), 4.18−4.04 (m, 2H, H-5, H-6b), 2.20, 2.07, 2.02, 1.95 (4 s,
12H, 4COCH3). 13C NMR (126 MHz, CD3OD): δ = 172.14, 171.49,
171.48, 171.45 (4 CO), 152.73, 148.64, 146.63, 135.95, 130.32,
128.73, 128.11, 125.84, 125.18, 118.76 (12C, Ar−C), 97.59 (C-1),
71.28 (C-5), 70.45, 70.17 (C-2, C-3), 66.91 (C-4), 63.26 (C-6), 20.59,
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3-Chloro-3′-methyl-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-Dmannopyranoside (10j). Prepared according to general procedure A
from 8 (79 mg, 0.135 mmol), 3-methyl-phenylboronic acid (9j, 20 mg,
0.15 mmol), Pd(dppf)Cl2·CH2Cl2 (3.3 mg, 4 μmol), and K3PO4
(57 mg, 0.27 mmol). Yield: 51 mg (69%) as a white solid. [α]D20 +78.2
(c 0.36, CHCl3). 1H NMR (500 MHz, CD3OD): δ = 7.68 (d, J = 2.1
Hz, 1H, Ar−H), 7.53 (dd, J = 8.6, 2.1 Hz, 1H, Ar−H), 7.34 (m, 4H,
Ar−H), 7.17 (d, J = 7.4 Hz, 1H, Ar−H), 5.76 (s, 1H, H-1), 5.59−5.52
(m, 2H, H-2, H-3), 5.35 (t, J = 9.9 Hz, 1H, H-4), 4.24 (dd, J = 12.1,
5.5 Hz, 1H, H-6a), 4.17 (m, 1H, H-5), 4.09 (dd, J = 12.1, 2.1 Hz, 1H,
H-6b), 2.40 (s, 3H, PhCH3), 2.19 (s, 3H, COCH3), 2.09−1.94 (m,
9H, 3 COCH3). 13C NMR (126 MHz, CD3OD): δ = 172.20, 171.53,
171.49 (4C, 4 CO), 151.44, 140.37, 139.83, 138.93, 129.93, 129.75,
129.40, 128.41, 127.52, 125.47, 124.90, 118.82 (12 Ar−C), 97.71
(C-1), 71.19 (C-5), 70.51, 70.28 (C-2, C-3), 66.99 (C-4), 63.31 (C-6),
21.52 (PhCH3), 20.60, 20.59, 20.56 (4C, 4 COCH3). ESI-MS m/z:
Calcd for C27H29ClNaO10 [M + Na]+ 571.1, found 571.1.
2′,3-Dichloro-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranoside (10k). Prepared according to general procedure A from
8 (81 mg, 0.138 mmol), 2-chloro-phenylboronic acid (9k, 24 mg, 0.15
mmol), Pd(dppf)Cl2·CH2Cl2 (3.4 mg, 4 μmol), and K3PO4 (59 mg,
0.28 mmol). Yield: 52 mg (66%) as a white solid. [α]D20 +64.7 (c 0.42,
CHCl3). 1H NMR (500 MHz, CD3OD): δ = 7.48 (dd, J = 8.9, 1.7 Hz,
2H, Ar−H), 7.39−7.30 (m, 5H, Ar−H), 5.77 (s, 1H, H-1), 5.64−5.52
(m, 2H, H-2, H-3), 5.35 (m, 1H, H-4), 4.24 (dd, J = 12.1, 5.6 Hz, 1H,
H-6a), 4.17 (ddd, J = 10.0, 5.6, 2.0 Hz, 1H, H-5), 4.08 (m, 1H, H-6b),
2.19, 2.07, 2.01, 1.96 (4 s, 12H, 4 COCH3). 13C NMR (126 MHz,
CD3OD): δ = 172.16, 171.50, 171.45 (4C, 4 CO), 151.72, 139.84,
136.70, 133.35, 132.42, 132.34, 131.10, 130.31, 130.24, 128.37, 124.63,
117.98 (12 Ar−C), 97.64 (C-1), 71.22 (C-5), 70.47, 70.24 (C-2, C-3),
66.96 (C-4), 63.29 (C-6), 20.62, 20.61, 20.60, 20.57 (4 COCH3). ESIMS m/z: Calcd for C26H26Cl2NaO10 [M + Na]+ 591.1, found 591.0.
3-Chloro-2′-methyl-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-Dmannopyranoside (10l). Prepared according to general procedure A
from 8 (79 mg, 0.14 mmol), 2-methyl-phenylboronic acid (9l, 20 mg,
0.15 mmol), Pd(dppf)Cl2·CH2Cl2 (3.3 mg, 4 μmol), and K3PO4
(57 mg, 0.27 mmol). Yield: 39 mg (53%) as a white solid. [α]D20 +62.9
(c 0.42, CHCl3). 1H NMR (500 MHz, CD3OD): δ = 7.37 (dd, J =
12.9, 5.2 Hz, 2H, Ar−H), 7.29−7.19 (m, 4H, Ar−H), 7.16 (d, J = 6.9
Hz, 1H, Ar−H), 5.76 (s, 1H, H-1), 5.59−5.54 (m, 2H, H-2, H-3), 5.35
(m, 1H, H-4), 4.28−4.03 (m, 3H, H-5, H-6), 2.25 (s, 3H, PhCH3),
2.19, 2.08, 2.02, 1.98 (4 s, 12H, 4 COCH3). 13C NMR (126 MHz,
CD3OD): δ = 172.19, 171.54, 171.50 (4C, 4 CO), 151.24, 141.25,
139.60, 136.36, 132.01, 131.48, 130.60, 129.93, 128.82, 127.04, 124.80,
118.24 (12 Ar−C), 97.81 (C-1), 71.21 (C-5), 70.52, 70.31 (2C, C-2,
C-3), 67.02 (C-4), 63.35 (C-6), 20.60, 20.56, 20.52 (5C, 5 CH3). ESIMS m/z: Calcd for C27H29ClNaO10 [M + Na]+ 571.1, found 571.1.
3-Chloro-2′-methoxy-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-Dmannopyranoside (10m). Prepared according to general procedure
A from 8 (79 mg, 0.135 mmol), 2-methoxy-phenylboronic acid (9m,
23 mg, 0.15 mmol), Pd(dppf)Cl2·CH2Cl2 (3.3 mg, 4 μmol), and
K3PO4 (57 mg, 0.27 mmol). Yield: 34 mg (45%) as a white solid.
[α]D20 +75.0 (c 0.52, CHCl3). 1H NMR (500 MHz, CD3OD): δ =
7.58 (d, J = 2.1 Hz, 1H, Ar−H), 7.42 (dd, J = 8.6, 2.1 Hz, 1H, Ar−H),
7.38−7.25 (m, 3H, Ar−H), 7.08 (d, J = 8.2 Hz, 1H, Ar−H), 7.02 (m,
1H, Ar−H), 5.76 (s, 1H, H-1), 5.58 (dd, J = 8.5, 3.2 Hz, 2H, H-2,
H-3), 5.37 (t, J = 10.0 Hz, 1H, H-4), 4.26 (dd, J = 12.1, 5.6 Hz, 1H,
H-6a), 4.19 (ddd, J = 10.0, 5.7, 2.0 Hz, 1H, H-5), 4.12 (dt, J = 8.5, 5.3
Hz, 1H, H-6b), 3.82 (s, 3H, OCH3), 2.21, 2.10, 2.04, 1.98 (4 s, 12H,
4 COCH3). 13C NMR (126 MHz, CD3OD): δ = 172.23, 171.54,
171.49 (4C, 4 CO), 157.81, 150.91, 136.27, 132.31, 131.42, 130.27,
130.11, 129.80, 124.42, 122.00, 118.00, 112.60 (12 Ar−C), 97.63
(C-1), 71.16, 70.53, 70.30 (C-2, C-3, C-5), 67.02 (C-4), 63.31 (C-6),
55.99 (OCH3), 20.60, 20.59, 20.57 (4C, 4 COCH3). ESI-MS m/z:
Calcd for C27H29ClNaO11 [M + Na]+ 587.1, found 587.2.
3-Chloro-3′-(triﬂuoromethyl)-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranoside (10n). Prepared according to general
procedure A from 8 (80 mg, 0.137 mmol), 3-triﬂuoromethyl-phenylboronic acid (9n, 29 mg, 0.15 mmol), Pd(dppf)Cl2·CH2Cl2 (3.4 mg,
4 μmol), and K3PO4 (58 mg, 0.27 mmol). Yield: 69 mg (83%) as a

20.58, 20.56 (4C, 4 COCH 3 ). ESI-MS m/z: Calcd for
C26H26ClNNaO12 [M + Na]+ 602.1, found 602.1.
3-Chloro-4′-methoxy-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-Dmannopyranoside (10f). Prepared according to general procedure
A from 8 (59.6 mg, 0.1 mmol), 4-methoxyphenylboronic acid (9f,
17 mg, 0.112 mmol), Pd(dppf)Cl2·CH2Cl2 (2.5 mg, 3 μmol), and
K3PO4 (43 mg, 0.2 mmol). Yield: 52 mg (90%) as a white solid. [α]D20
+73.7 (c 0.53, CHCl3). 1H NMR (500 MHz, CD3OD): δ = 7.64 (d,
J = 2.2 Hz, 1H, Ar−H), 7.56−7.46 (m, 3H, Ar−H), 7.33 (d, J =
8.6 Hz, 1H, Ar−H), 7.05−6.95 (m, 2H, Ar−H), 5.73 (s, 1H, H-1),
5.56 (dd, J = 8.1, 3.4 Hz, 2H, H-2, H-3), 5.35 (t, J = 10.1 Hz, 1H,
H-4), 4.23 (dd, J = 12.1, 5.5 Hz, 1H, H-6a), 4.17 (ddd, J = 10.0, 5.6,
2.1 Hz, 1H, H-5), 4.09 (dd, J = 12.1, 2.1 Hz, 1H, H-6b), 3.83 (s, 3H,
OCH3), 2.19 (s, 3H, COCH3), 2.09−1.92 (m, 9H, 3 COCH3). 13C
NMR (126 MHz, CD3OD): δ = 172.19, 171.52, 171.48 (4C, 4 CO),
161.04, 151.01, 138.58, 132.80, 129.26, 128.85, 127.01, 125.50, 118.93,
115.43 (12C, Ar−C), 97.76 (C-1), 71.18 (C-5), 70.52, 70.30 (C-2,
C-3), 67.01 (C-4), 63.32 (C-6), 55.77 (OCH3), 20.59, 20.58, 20.56
(4C, 4 COCH3). ESI-MS m/z: Calcd for C27H29ClKO11 [M+K]+
603.1, found 603.0.
3-Chloro-4′-methyl-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-Dmannopyranoside (10g). Prepared according to general procedure
A from 8 (79 mg, 0.135 mmol), 4-methyl-phenylboronic acid (9g,
20 mg, 0.15 mmol), Pd(dppf)Cl2·CH2Cl2 (3.3 mg, 4 μmol), and
K3PO4 (57 mg, 0.27 mmol). Yield: 50 mg (67%) as a white solid.
[α]D20 +71.9 (c 0.43, CHCl3). 1H NMR (500 MHz, CD3OD): δ =
7.67 (d, J = 2.2 Hz, 1H, Ar−H), 7.52 (dd, J = 8.6, 2.2 Hz, 1H, Ar−H),
7.47 (t, J = 7.3 Hz, 2H, Ar−H), 7.35 (d, J = 8.6 Hz, 1H, Ar−H), 7.25
(d, J = 7.9 Hz, 2H, Ar−H), 5.75 (s, 1H, H-1), 5.59−5.52 (m, 2H, H-2,
H-3), 5.34 (t, J = 10.0 Hz, 1H, H-4), 4.23 (dd, J = 12.1, 5.5 Hz, 1H, H6a), 4.17 (m, 1H, H-5), 4.09 (dd, J = 12.1, 2.1 Hz, 1H, H-6b), 2.37 (s,
3H, PhCH3), 2.20 (s, 3H, COCH3), 2.12−1.92 (m, 9H, 3 COCH3).
13
C NMR (126 MHz, CDCl3): δ = 170.64, 170.10, 169.94, 169.91
(4 CO), 150.42, 137.66, 137.63, 136.41, 129.78, 129.03, 126.81,
126.18, 124.80, 117.47 (12C, Ar−C), 96.90 (C-1), 69.89, 69.53, 68.95
(C-5, C-3, C-2), 66.04 (C-4), 62.29 (C-6), 21.23, 21.02, 20.86, 20.83,
20.82 (5 CH3). ESI-MS m/z: Calcd for C27H29ClNaO10 [M + Na]+
571.1, found 571.1.
3,4′-Dichloro-3′-(triﬂuoromethyl)-biphenyl-4-yl 2,3,4,6-Tetra-Oacetyl-α-D-mannopyranoside (10h). Prepared according to general
procedure A from 8 (80 mg, 0.137 mmol), 3-triﬂuoro-4-chlorophenylboronic acid (9h, 34 mg, 0.151 mmol), Pd(dppf)Cl2· CH2Cl2
(3.4 mg, 4 μmol), and K3PO4 (58 mg, 0.27 mmol). Yield: 70 mg
(80%) as a white solid. [α]D20 +60.7 (c 0.27, CHCl3). 1H NMR
(500 MHz, CD3OD): δ = 7.95 (d, J = 1.9 Hz, 1H, Ar−H), 7.84 (dd, J
= 8.3, 2.0 Hz, 1H, Ar−H), 7.79 (d, J = 2.3 Hz, 1H, Ar−H), 7.72−7.58
(m, 2H, Ar−H), 7.44 (m, 1H, Ar−H), 5.80 (s, 1H, H-1), 5.60−5.51
(m, 2H, H-2, H-3), 5.36 (t, J = 10.0 Hz, 1H, H-4), 4.24 (dd, J = 12.2,
5.3 Hz, 1H, H-6a), 4.18−4.05 (m, 2H, H-5, H-6b), 2.20, 2.08, 2.02,
1.96 (4s, 12H, 4 COCH3). 13C NMR (126 MHz, CD3OD): δ =
172.17, 171.49, 171.47 (4C, 4 CO), 152.43, 139.86, 135.79, 133.40,
132.76, 130.00, 127.78, 126.84, 125.87, 118.88 (12C, Ar−C), 97.65
(C-1), 71.28 (C-5), 70.49, 70.21 (C-2, C-3), 66.94 (C-4), 63.28 (C-5),
20.59, 20.56 (4C, 4 COCH 3 ). ESI-MS m/z: Calcd for
C27H25Cl2F3NaO10 [M + Na]+ 659.1, found 659.0.
3,3′-Dichloro-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranoside (10i). Prepared according to general procedure A from
8 (81 mg, 0.138 mmol), 3-chloro-phenylboronic acid (9i, 24 mg,
0.15 mmol), Pd(dppf)Cl2·CH2Cl2 (3.4 mg, 4 μmol), and K3PO4
(59 mg, 0.28 mmol). Yield: 57 mg (75%) as a white solid. [α]D20 +67.3
(c 0.27, CHCl3). 1H NMR (500 MHz, CD3OD): δ = 7.71 (t, J = 7.8
Hz, 1H, Ar−H), 7.66−7.31 (m, 6H, Ar−H), 5.78 (s, 1H, H-1), 5.61−
5.51 (m, 2H, H-2, H-3), 5.35 (t, J = 10.1 Hz, 1H, H-4), 4.23 (dd, J =
12.2, 5.4 Hz, 1H, H-6a), 4.19−4.02 (m, 2H, H-5, H-6b), 2.19 (s, 3H,
COCH3), 2.11−1.92 (m, 9H, 3 COCH3). 13C NMR (126 MHz,
CD3OD): δ = 172.18, 171.50, 171.48 (4C, 4 CO), 152.04, 142.44,
137.09, 135.96, 131.56, 129.89, 128.65, 127.75, 127.67, 126.23, 125.67,
118.82 (12C, Ar−C) 97.66 (C-1), 71.23, 70.49, 70.23 (C-2, C-3, C-5),
66.95 (C-4), 63.28 (C-6), 20.59, 20.58, 20.55 (4C, 4 COCH3). ESIMS m/z: Calcd for C26H26Cl2NaO10 [M + Na]+ 591.1, found 591.0.
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white solid. [α]D20 +62 (c 0.49, CHCl3). 1H NMR (500 MHz,
CD3OD): δ = 7.86 (m, 2H, Ar−H), 7.77 (d, J = 2.2 Hz, 1H, Ar−H),
7.71−7.59 (m, 3H, Ar−H), 7.43 (d, J = 8.6 Hz, 1H, Ar−H), 5.80
(s, 1H, H-1), 5.66−5.53 (m, 2H, H-2, H-3), 5.38 (t, J = 10.1 Hz, 1H,
H-4), 4.31−4.06 (m, 3H, H-5, H-6), 2.28−1.93 (m, 12H, 4 COCH3).
13
C NMR (126 MHz, CD3OD): δ = 172.15, 171.49, 171.47, 171.46
(4 CO), 152.19, 141.43, 136.92, 132.36 (q, J = 32 Hz), 131.56, 130.93,
128.9 (q, J = 279 Hz), 126.69, 125.77, 125.29 (q, J = 3.8 Hz), 124.53,
124.35 (q, J = 3.9 Hz), 118.88 (13C, 12 Ar−C, CF3), 97.66 (C-1),
71.24 (C-5), 70.47 (C-3), 70.22 (C-2), 66.94 (C-4), 63.27 (C-6),
20.59, 20.58, 20.56, 20.55 (4 COCH3). ESI-MS m/z: Calcd for
C27H26ClF3NaO10 [M + Na]+ 641.1, found 641.1.
4′-Acetyl-3-chloro-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranoside (10o). Prepared according to general procedure A from
8 (64.3 mg, 0.11 mmol), 4-acetylphenylboronic acid (9o, 27 mg, 0.12
mmol), Pd(dppf)Cl2·CH2Cl2 (2.7 mg, 3 μmol), and K3PO4 (47 mg,
0.22 mmol). Yield: 52 mg (82%) as a white solid. [α]D20 +76.9 (c 0.62,
CHCl3). 1H NMR (500 MHz, CD3OD): δ = 8.04 (d, J = 8.4 Hz, 2H,
Ar−H), 7.77 (d, J = 2.2 Hz, 1H, Ar−H), 7.71 (d, J = 8.4 Hz, 2H,
Ar−H), 7.61 (dd, J = 8.6, 2.2 Hz, 1H, Ar−H), 7.38 (d, J = 8.7 Hz, 1H,
Ar−H), 5.78 (s, 1H, H-1), 5.60−5.51 (m, 2H, H-2, H-3), 5.35 (t, J =
10.0 Hz, 1H, H-4), 4.23 (dd, J = 12.2, 5.4 Hz, 1H, H-6a), 4.17−4.01
(m, 2H, H-5, H-6b), 2.62 (s, 3H, PhCOCH3), 2.20, 2.10, 2.04, 1.98
(4 s, 12H, 4 COCH3). 13C NMR (126 MHz, CD3OD): δ = 199.93
(PhCOCH3), 172.14, 171.49, 171.46, 171.45 (4 CO), 152.26, 144.91,
137.30, 137.07, 130.24, 130.03, 127.92, 127.82, 125.70, 118.78 (12 C,
Ar−C), 97.62 (C-1), 71.23 (C-5), 70.46, 70.21 (C-2, C-3), 66.93
(C-4), 63.27 (C-6), 26.73 (PhCOCH3), 20.61, 20.59, 20.57 (4C,
4 COCH3). ESI-MS m/z: Calcd for C28H29ClNaO11 [M + Na]+ 599.1,
found 599.1.
4′-(2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyloxy)-3′-chloro-biphenyl-4-carbonitril (10p). Prepared according to general procedure
A from 8 (79 mg, 0.135 mmol), 4-cyano-phenylboronic acid (9p,
22 mg, 0.15 mmol), Pd(dppf)Cl2·CH2Cl2 (3.3 mg, 4 μmol), and
K3PO4 (57 mg, 0.27 mmol). Yield: 57 mg (75%) as a white solid.
[α]D20 +77.7 (c 0.5, CHCl3). 1H NMR (500 MHz, CDCl3): δ = 7.72
(d, J = 8.3 Hz, 2H, Ar−H), 7.63 (m, 3H, Ar−H), 7.43 (dd, J = 8.6, 2.2
Hz, 1H, Ar−H), 7.27 (d, J = 8.6 Hz, 1H, Ar−H), 5.64−5.59 (m, 2H,
H-1, H-3), 5.54 (dd, J = 3.2, 1.9 Hz, 1H, H-2), 5.41 (t, J = 10.1 Hz,
1H, H-4), 4.28 (dd, J = 12.3, 5.2 Hz, 1H, H-6a), 4.17 (ddd, J = 10.0,
5.1, 2.1 Hz, 1H, H-5), 4.10 (dd, J = 12.3, 2.2 Hz, 1H, H-6b), 2.21
(s, 3H, COCH3), 2.12−2.00 (m, 9H, 3 COCH3). 13C NMR (126
MHz, CDCl3): δ = 170.54, 170.08, 169.90, 169.84, (4 CO) 151.67,
143.61, 135.29, 132.87, 129.41, 127.53, 126.60, 125.20, 118.79, 117.36,
111.47 (13C, Ar−C, CN), 96.72 (C-1), 70.00 (C-5), 69.39 (C-3),
68.82 (C-2), 65.86 (C-4), 62.16 (C-6), 20.98, 20.81, 20.79, 20.78
(4 COCH3). ESI-MS m/z: Calcd for C27H26ClNNaO10 [M + Na]+
582.1, found 582.1.
4′-(2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyloxy)-3′-chloro-biphenyl-3-carbonitril (10q). Prepared according to general procedure
A from 8 (80 mg, 0.137 mmol), 3-cyanophenylboronic acid pinacol
ester (9q, 35 mg, 0.151 mmol), Pd(dppf)Cl2·CH2Cl2 (3.4 mg,
4 μmol), and K3PO4 (58 mg, 0.27 mmol). Yield: 57 mg (74%) as a
white solid. [α]D20 +66.2 (c 0.6, CHCl3). 1H NMR (500 MHz,
CDCl3): δ = 7.83−7.73 (m, 2H, Ar−H), 7.62 (dd, J = 10.4, 5.0 Hz,
2H, Ar−H), 7.55 (t, J = 7.8 Hz, 1H, Ar−H), 7.41 (dd, J = 8.6, 2.2 Hz,
1H, Ar−H), 7.33−7.23 (m, 2H, Ar−H), 5.61 (m, 2H, H-1, H-3), 5.54
(dd, J = 3.3, 1.9 Hz, 1H, H-2), 5.39 (t, J = 10.1 Hz, 1H, H-4), 4.27 (dd,
J = 12.3, 5.2 Hz, 1H, H-6a), 4.22−4.05 (m, 2H, H-5, H-6b), 2.21 (s,
3H, COCH3), 2.14−1.99 (m, 9H, 3 COCH3). 13C NMR (126 MHz,
CDCl3): δ = 170.83, 170.23, 170.12, 170.04 (4 CO), 151.35, 140.43,
134.98, 131.29, 131.11, 130.39, 129.89, 129.18, 126.39, 125.07, 118.60,
117.37, 113.04 (13C, 12 Ar−C, CN), 96.60 (C-1), 69.83 (C-5), 69.29
(C-3), 68.85 (C-2), 65.80 (C-4), 62.14 (C-6), 24.54, 20.78, 20.64,
20.62 (4 COCH3). ESI-MS m/z: Calcd for C27H26ClNNaO10 [M +
Na]+ 582.1, found 582.1.
3-Chloro-3′-nitro-biphenyl-4-yl 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranoside (10r). Prepared according to general procedure A
from 8 (80 mg, 0.137 mmol), 3-nitro-phenylboronic acid (9r, 25 mg,
0.151 mmol), Pd(dppf)Cl2·CH2Cl2 (3.4 mg, 4 μmol), and K3PO4

(58 mg, 0.27 mmol). Yield: 55 mg (69%) as a white solid. [α]D20 +70.6
(c 0.23, CHCl3). 1H NMR (500 MHz, CD3OD): δ = 8.44 (t, J = 1.9
Hz, 1H, Ar−H), 8.23 (m, 1H, Ar−H), 8.02 (dd, J = 7.8, 0.6 Hz, 1H,
Ar−H), 7.82 (d, J = 2.3 Hz, 1H, Ar−H), 7.77−7.61 (m, 2H, Ar−H),
7.44 (d, J = 8.7 Hz, 1H, Ar−H), 5.81 (s, 1H, H-1), 5.63−5.54 (m, 2H,
H-2, H-3), 5.38 (t, J = 10.0 Hz, 1H, H-4), 4.26 (dd, J = 12.2, 5.3 Hz,
1H, H-6a), 4.16 (ddd, J = 10.1, 5.3, 2.2 Hz, 1H, H-5), 4.10 (m, 1H,
H-6a), 2.22 (s, 3H, COCH3), 2.10−1.92 (m, 9H, 3 COCH3). 13C
NMR (126 MHz, CD3OD): δ = 172.16, 171.49, 171.47, 171.46
(4 CO), 152.47, 150.23, 142.04, 136.00, 133.90, 131.33, 130.07,
127.85, 125.86, 123.29, 122.34, 118.88 (12 Ar−C), 97.66 (C-1), 71.26
(C-5), 70.45, 70.21 (C-2, C-3), 66.92 (C-4), 63.26 (C-6), 20.60, 20.59,
20.56 (4C, 4 COCH3). ESI-MS m/z: Calcd for C26H26ClNNaO12 [M
+ Na]+ 602.1, found 602.1.
Biological Evaluation. Expression and Puriﬁcation of the
FimHLD. A recombinant protein consisting of the CRD of FimH
linked to a 6His-tag via a thrombin cleavage site (FimH-CRD-ThHis6) was expressed in E. coli strain HM12589 and puriﬁed by aﬃnity
chromatography as previously described.53
Expression and Puriﬁcation of FimHFL. FimHFL was puriﬁed for
the most part as previously described.26 Brieﬂy, FimH and FimC were
coexpressed in E. coli HM12589 harboring pFimH−FimC (kindly
provided by Prof. Rudi Glockshuber, ETH Zurich, Zurich, Switzerland). Cells were grown at 30 °C in LB medium containing ampicillin
(100 μg/mL) to an OD600 of 1.5, whereupon coexpression of FimH
and FimC was induced by adding isopropyl-β-D-thiogalactoside
(IPTG) to a ﬁnal concentration of 1 mM. Expression was continued
for 12−16 h before cells were harvested by centrifugation and
resuspended in 50 mM Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA,
and 1 mg/mL polymyxin B sulfate (13 mL per liter of culture). After
the suspension was stirred at 4 °C for 1.5 h, cells and cell debris were
pelleted, and the supernatant (periplasmic extract) was dialyzed
against 20 mM Tris (pH 8.0). All following puriﬁcation steps were
performed at 4 °C. The supernatant was loaded onto an Uno Q
column (Bio-Rad, California, USA), which was equilibrated with the
same buﬀer. The ﬂow-through, which contained the FimH−FimC
complex, was dialyzed against 10 mM MOPS (pH 7.0) and loaded
onto a Mono S column (GE Healthcare, Little Chalfront, UK) equilibrated with the same buﬀer. The complex was eluted with a linear
gradient from 0 to 300 mM NaCl. Fractions containing the FimH−
FimC complex were pooled and dialyzed against a buﬀer containing
20 mM NaH2PO4 (pH 7.4) and 50 mM NaCl. Concentrated to
40 μM, FimH−FimC was incubated for 48 h at 37 °C with a 3-fold
molar excess of a synthetic peptide (DsG) corresponding to the
N-terminal sequence of the FimG donor strand with an additional
arginine at the C-terminus to improve peptide solubility.90 After incubation, the excess of DsG displaced FimC from FimH, thereby forming
a stable FimHFL construct. The mixture was dialyzed against 20 mM
acetic acid (pH 4.5) and loaded onto a Mono S column, which was
equilibrated with the same buﬀer. FimHFL was eluted with a linear
gradient from 0 to 400 mM, separating it from isolated FimC,
unreacted FimH−FimC complex, and excess DsG. Fractions
containing FimHFL were pooled, dialyzed against 20 mM acetic acid
(pH 4.5), analyzed by SDS-PAGE and ESI-mass spectrometry (m/z
calcd 30 635.3 Da, found 30 635.0 Da), and stored at −80 °C. FimHFL
concentrations were determined with the speciﬁc absorbance at 280 nm
and the corresponding extinction coeﬃcient of 35 090 M−1 cm−1.26
KD Determination of Fluorescently Labeled FimH Antagonist in a
Direct Fluorescence Polarization (FP) Binding Assay. FP assays were
essentially performed as previously described. 38 The aﬃnity
(dissociation constant, KD) of 11 to either FimH protein was determined in a direct binding assay. The KD of 11 to the isolated FimHLD
has been reported as 1.7 nM.38 In the case of FimHFL, the KD was
determined by mixing a serial dilution of FimH from 1 nM to 5 μM
with a constant concentration of 11, which was ﬁxed at 5, 10, or
20 nM. All solutions were diaylzed against or prepared in a buﬀer
containing 20 mM HEPES (pH 7.4), 150 mM NaCl, and 50 μg/mL
BSA. The mixture was incubated at rt for at least 1 h in black, ﬂat
bottom, NBS-treated 96-well microtiter plates (Corning Inc., New
York, USA) and in a ﬁnal volume of 100 μL per well. The KD was
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determined by monitoring the binding of 11 to FimHFL and measuring
the associated increase in FP using a Synergy H1 Hybrid microplate
reader (BioTek, Vermont, USA). FP was measured at 528 nm through
polarizing ﬁlters that were oriented parallel and perpendicular to the
incident polarizing light at 485 nm. The resulting binding isotherm
was ﬁtted with Prism (version 5.0c; Graphpad Software Inc.,
California, USA) to a single-site binding model, which accounts for
ligand depletion91 to determine the KD.
KD Determination of Unlabeled FimH Antagonists in a
Competitive FP Assay. The ﬂuorescently labeled ligand 11 was used
for the competitive ﬂuorescence polarization assay. In these competition assays, a serial dilution of competitor was titrated into ﬁxed
concentrations of FimH protein and 11. For the determination of
competitor KD’s to the FimHLD, equimolar concentrations of protein
and 11 were used (50 nM). By comparison, 10 nM 11 and 300 nM
FimH were used in competition assays with FimHFL. FP was measured
as described above, and incubation times were varied for either FimH
protein. The mixture with the labeled FimH antagonist and the
unlabeled competing antagonist was incubated for at least 24 h with
FimHLD, while the incubation period could be reduced to a minimum
of 1 h for FimHFL. These time periods were determined empirically to
be necessary for the reaction to equilibrate and are inherently tied to
the diverging binding kinetics of these FimH proteins.26,55 Data were
ﬁt to an equilibrium competition function71 and analyzed with Prism.
Isothermal Titration Calorimetry. ITC experiments were performed in an iTC200 calorimeter (Malvern Instruments, United
Kingdom) and carried out in a buﬀer containing 20 mM HEPES (pH
7.4) and 150 mM NaCl. Ligands were prepared as fresh stock
solutions in this assay buﬀer, and FimHFL solution was extensively
dialyzed against it. During ITC experiments, a volume of 1.5−2 μL
ligand solution was injected in 120−180 s intervals into the iTC200
cell, which holds a volume of 203.7 μL. All experiments were
performed at rt and with mostly identical instrument settings, having
set the reference power to 6 μcal/s, the stirring speed to 750 rpm, and
the feedback mode to high. Compound 1 (600 μM) was titrated into
62.1 μM of FimHFL, and 3p (200 μM) was titrated into 20.3 μM of
FimHFL. ITC measurements were performed once. Peak and baseline
assignment was carried out automatically with NITPIC (version 1.1.5;
University of Texas Southwestern Medical Center, Texas, USA) to
obtain the corresponding binding isotherms.92 The default settings in
NITPIC were not changed for this procedure. Subsequent analysis of
the isotherm was performed with SEDPHAT (version 12.1c; National
Institutes of Health, Maryland, USA),93 and the following parameters
were ﬁtted: the change in binding enthalpy (ΔHobs
° ), the dissociation
constant (KD), the molar ratio (N), and the heat of dilution (ΔHdil).
Ab Initio Calculations. Protein−ligand complexes from the crystal
structures were processed by the Protein Preparation Wizard94,95 and
further reﬁned using local optimization sampling in Prime 4.296−98
within 5.0 Å of the ligand using the OPLS3 force-ﬁeld and the VSGB
solvation model.
To compare the van der Waals interactions of 1 in diﬀerent crystal
structures, the reﬁned protein−ligand complexes were subjected to
energy calculations using the density functional theory (DFT) with the
empirical corrected B3LYP-MM functional, which has been speciﬁcally
parametrized to describe noncovalent interactions well, and the ccpVDZ++ basis-set in the gas-phase as implemented in Jaguar 9.0.99−101
Physicochemical and in Vitro Pharmacokinetic Studies.
Materials. DMSO, 1-propanol, and 1-octanol were purchased from
Sigma-Aldrich. PAMPA system solution, GIT-0 lipid solution, and
acceptor sink buﬀer were ordered from pIon (Woburn, MA, USA).
Acetonitrile (MeCN) was purchased from Acros Organics (Geel,
Belgium).
log D7.4 Determination. The in silico prediction tool ALOGPS102
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 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 3).

Table 3. Compound Classiﬁcation Based on Estimated log P
Values
compound type

log P

ratio (1-octanol/buﬀer)

hydrophilic
moderately lipophilic
lipophilic

<0
0−1
>1

30:140, 40:130
70:110, 110:70
3:180, 4:180

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, that is, three determinations per 1-octanol/buﬀer
ratio, were performed 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 a Heidolph Titramax 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 LC-MS. The 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 eq 1:

⎛ 1μ M − c B 1 ⎞
log D7.4 = log⎜
⎟
o/b ⎠
cB
⎝

(1)

LC-MS Measurements. Analyses were performed using an 1100/
1200 Series HPLC System coupled to a 6410 Triple Quadrupole 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 used was an Atlantis T3 C18 column (2.1 ×
50 mm2) with a 3 μm particle size (Waters Corp., Milford, MA, USA).
The mobile phase consisted of two eluents: eluent A (H2O, containing
0.1% formic acid, v/v) and eluent 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% B over 1 min 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, and polarity were optimized
individually for each analyte, 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 Quantitative Analysis software (version B.01.04).
Solubility. Solubility was determined in a 96-well format using the
μSOL Explorer solubility analyzer (pIon, version 3.4.0.5). Measurements were performed at pH 7.4 in triplicate. Three wells of a deep
well plate were ﬁlled with 300 μL of aqueous universal buﬀer solution.
Aliquots (3 μL) of compound stock solution (100 mM in DMSO)
were added and thoroughly mixed. The ﬁnal sample concentration was
1 mM; the residual DMSO concentration was 1.0% (v/v) in the buﬀer
solutions. After 15 h, the solutions were ﬁltered (0.2 μm 96-well ﬁlter
plates) using a vacuum manifold (Whatman Ltd., Maidstone, UK) to
remove any precipitates. Equal amounts of ﬁltrate and 1-propanol were
mixed and transferred to a 96-well plate for UV detection (190 to 500
nm, SpectraMax 190, Molecular Devices, Sunnyvale, CA, USA). The
amount of material dissolved was calculated by comparison with UV
spectra obtained from reference samples, which were prepared by
dissolving compound stock solution in a 1:1 mixture of buﬀer and
1-propanol (ﬁnal concentrations 0.167 mM).
Parallel Artiﬁcial Membrane Permeation Assay (PAMPA). Values
of log Pe were determined in a 96-well format with the PAMPA
permeation assay.74 Measurements were performed at pH 7.4 in
quadruplicate. Four wells of a deep well plate were ﬁlled with 650 μL
of system solution. Samples (150 μL) were withdrawn from each well
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to determine the blank spectra by UV-spectroscopy (SpectraMax 190).
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 ﬁltered. Afterward, samples
(150 μL) were withdrawn to determine the reference spectra. Further
200 μL was transferred to each well of the donor plate of the PAMPA
sandwich (pIon, P/N 110 163). The ﬁlter membranes at the bottom of
the acceptor plate were infused with 5 μL of GIT-0 lipid solution, and
200 μL of acceptor sink buﬀer was ﬁlled into each acceptor well. The
sandwich was assembled, placed in the GutBox, and left undisturbed
for 16 h. Then, it was disassembled, and samples (150 μL) were
transferred from each donor and acceptor well to UV-plates.
Quantiﬁcation was performed by UV spectroscopy. The log Pe-values
were calculated with the aid of the PAMPA Explorer Software (pIon,
version 3.5).
Interference Compounds. Tested compounds do not belong to
the known classes of assay interference compounds103 and are
therefore not expected to interfere unselectively with the applied
assays.
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ITC data for selected target compounds
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Figure S1. (A) Raw thermograms and (B) binding isotherms of compounds 1 (left) and 3p
(right).
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HPLC data for the target compounds
Purity of final compounds was determined on an Agilent 1100/1200 HPLC system equipped
with an Agilent 380 ELSD detector; column: Waters Atlantis T3 dC18, 3 mm, 4.6 x 75 mm;
eluents: A: water + 0.1% TFA; B: 90% MeCN + 10% water + 0.1% TFA; gradient: 5% B →
95% B (20 min); 95% B (2 min); 95% B → 5% B (3 min); 5% B → 0% B (2 min); flow rate:
0.5 mL/min.
Table S1. HPLC data for the target compounds.
Compound

Formula

Retention [min]

Detection

Purity [%]

2

C18H19ClO6

10.371

ELSD

> 99.5

3a

C18H18Cl2O6

11.334

ELSD

> 99.5

3b

C18H17Cl3O6

12.021

ELSD

> 99.5

3c

C19H18ClF3O6

12.068

ELSD

> 99.5

3d

C18H17Cl3O6

11.922

ELSD

> 99.5

3e

C18H18ClNO8

10.199

ELSD

> 99.5

3f

C19H21ClO7

10.135

ELSD

> 99.5

3g

C19H21ClO6

11.078

ELSD

> 99.5

3h

C19H17Cl2F3O6

12.207

ELSD

> 99.5

3i

C18H18Cl2O6

11.211

ELSD

> 99.5

3j

C19H21ClO6

11.092

ELSD

> 99.5

3k

C18H18Cl2O6

9.782

ELSD

> 99.5

3l

C19H21ClO6

10.895

ELSD

> 99.5

3m

C19H21ClO7

10.475

ELSD

> 99.5

3n

C19H18ClF3O6

11.743

ELSD

> 99.5

3o

C20H21ClO7

9.375

ELSD

> 99.5

3p

C19H18ClNO6

9.785

ELSD

> 99.5

3q

C19H18ClNO6

9.759

ELSD

> 99.5

3r

C18H18ClNO8

10.172

ELSD

> 99.5
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HPLC traces for the target compounds
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3b
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3c

3d

3e
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3f

3g

3h

S6

157

Publication 4

3i
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3m

3n
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3p

3q

3r
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NMR Spectra of the target compounds
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Abstract
Anti-adhesive glycomimetics have emerged as a promising alternative to conventional
antibiotics for the treatment of urinary tract infections (UTIs). Known as FimH
antagonists, these glycomimetics avert UTIs by binding and blocking the bacterial
lectin FimH, which mediates adhesion to the host urothelium. The natural ligands of
FimH are high-mannose N-glycans, which form highly conserved interactions in the
binding pocket and additional hydrophobic stacking interactions with a structural
element adjacent to the binding pocket, known as the tyrosine gate. It is the prevailing
view that the affinity of synthetic FimH antagonists is primarily determined by how
well they mimic the hydrophobic interactions between natural ligands and the
tyrosine gate. We measured the binding affinities of several di- and oligomannoses
with isothermal titration calorimetry (ITC), showing that neither variation of the
glycosidic linkages nor variation in the number of mannose residues in oligomannoses
affects binding affinities. Previous studies had suggested otherwise, arguing that the
tyrosine gate was sensitive to changes in oligomannose structures because of its
significant contributions to ligand binding. Partial or complete removal of the tyrosine
gate had no effect on the binding affinity of a dimannose, supporting our suspicion
that the significance of the tyrosine gate may be overestimated. Molecular dynamics
simulations confirmed ITC results, showing that interactions between di- and
oligomannoses and the tyrosine gate were limited, especially compared to synthetic
FimH antagonists. Indeed, rather than for natural ligand binding, the tyrosine gate
seems to be important for synthetic ligands and may be aptly described as an
evolutionary remnant.

Introduction
FimH is a bacterial lectin that plays a crucial role in urinary tract infections (UTIs) by
acting as an adhesin and enabling uropathogenic Escherichia coli (UPEC) to attach to
urothelial host cells (!, $). FimH-mediated bacterial adhesion represents the first and
most critical step in a UTI and triggers a cascade of pathogenic processes that
ultimately leads to the development of an infection. FimH binds to terminal mannose
residues on high-mannose N-glycans (Fig. !) of the urothelial transmembrane
glycoprotein uroplakin Ia (UPIa) (!). The corresponding mannose-binding pocket is
located in the N-terminal lectin domain of FimH (FimHLD) (!). The prerequisite role
of FimH in UTI pathogenesis has turned it into an attractive target to prevent and
treat UTIs. Saturation of all FimH receptor molecules with a glycomimetic FimH
antagonist can thwart bacterial adhesion, effectively preventing a UTI by removing the
requisite on which every subsequent pathogenic mechanism is predicated.
The binding pocket of FimH is well-defined and accommodates a single α-D-mannose
(Man) molecule in an extensive and strong hydrogen bond network (!, !).
Accordingly, any modifications on mannose hydroxyl groups virtually abolish binding
affinity (!, !). Facing outward, (C2)-OH is the only hydroxyl group of Man susceptible
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to modifications without simultaneously jeopardizing binding affinity. Early studies of
potential FimH antagonists identified several aliphatic groups, e.g., methyl
α-D-mannoside (MM) (!) and n-heptyl mannoside (HM) (!), and aromatic groups (!)
as potent (C+)-OH modifications, leading researchers to speculate about a
hydrophobic region adjacent to the binding pocket. This assumption proved to be true
when FimHLD was crystallized in complex with various ligands, including the natural
glycan known as oligmannose-! (Table !) (!"). This crystal structure revealed that
Manα!-!Manβ!-!GlcNAc (Fig. !, red), hereafter shortened to Man!GlcNAc!, is the
binding epitope engaging in several polar and hydrophobic interactions with the
FimH lectin. Most notably among these interactions, the trisaccharide epitope stacks
onto Tyr(), which together with Tyr123 forms the aptly named tyrosine gate (!).
Comparing the crystal structure of the natural glycan with the aliphatic FimH
antagonist n-butyl mannoside showed how the aliphatic chain was following the
orientation of the α!-! and β!-! glycosidic linkages of oligomannose-! through the
tyrosine gate (!"). This lead researchers to conclude that the affinity of synthetic FimH
antagonists was dependent on how well the antagonist was mimicking the binding
epitope of this natural glycan. Accordingly, high binding affinities of aromatic FimH
antagonists, which have been shown to exceed the affinity of Man by up to three
orders of magnitude (!!–!"), were rationalized on the basis of improved hydrophobic
stacking interactions with the tyrosine gate.
Herein, we explore the pertinence of that rationalization by elaborating on the
binding characteristics of natural mannose ligands and the FimH lectin with respect to
the tyrosine gate. We used isothermal titration calorimetry (ITC) to analyze the
binding affinities of several mannose ligands corresponding to sequences that are
terminally exposed in natural glycans, which includes the Man!GlcNAc! binding
epitope (Table !). In addition, we analyzed the interactions of these ligands with the
FimHLD in molecular dynamics (MD) simulations. In this study, we provide an answer
to the question: is the tyrosine gate involved in natural ligand binding or is it rather an
opportune evolutionary remnant?
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Fig. !. Structure of oligomannose-!, which is the largest biosynthesized high-mannose N-glycan. As a target of
α-mannosidases in the endoplasmic reticulum and the Golgi complex, it is usually trimmed down to smaller
oligomannoses before being transferred to the appropriate protein. The Manα!-!Manβ!-!GlcNAc sequence is
the presumed binding epitope of the FimH lectin and highlighted in red. Glycosidic linkages are indicated in
bold font.

Results
Binding affinities of mono-, di-, and oligomannose ligands for FimHLD. We have
determined the dissociation constants (KD) of FimHLD and Man as well as several
mono-, di-, and oligomannose ligands using ITC (Table ! and Table !). As the minimal
binding epitope of FimH, Man was an integral part of the ligand series, as was its
congeneric α-anomer, MM. Additionally, all α-linked dimannoses were measured to
assess the influence of the glycosidic linkage on stacking interactions between the
second mannose moiety and Tyr/0. Measured oligomannoses included M""#, which
corresponds to the terminal mannose sequence on the α!-! branch of high-mannose
N-glycans, and M"#$, which matches the M""# sequence and additionally includes
the α!-! linked mannose unit of the core sequence of GlcNAcβ! linked N-glycans
(Fig. ! and Table !). Identified as the highest affinity mannose sequence on highmannose N-glycans in previous studies (!, !", !"), Man!GlcNAc! represented the most
interesting ligand of our experimental series.
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Table !. Mannose ligands of the experimental series in this study. Structures of oligomannose glycans pertinent
to the discussion at hand are shown as well.
Experimental mannose ligand series
Manα1 2 Man

Manα1 3 Man

Manα1 4 Man

Manα1 6 Man

M!"!

M"#$

M!"#

M!"#

Manα1

Manα1
6 Manα1 6 Man
6 Manα1 3 Manß1 4 GlcNAc
3
Manα1 3
Manα1
M!"#
Man!GlcNAc!

Manα1

6 Man
Manα1 3
M!!"

HO
HO
HO
HO

HO

OH
O

HO
HO

HO
HO

OH
O

OH
O
Cl
O

O

OMe

CN

MM

HM

KM-!"

Pertinent oligomannose structures

Manα1

6 Manß1 4 GlcNAcß1 4 GlcNAc
Manα1 3
Oligomannose-!

Manα1 6
Manα1
6 Manß1 4 GlcNAcß1 4 GlcNAc
Manα1 3
Manα1 3
Oligomannose-!

Manα1 6
Manα1
6 Manß1 4 GlcNAcß1 4 GlcNAc
Manα1 3
Manα1 2 Manα1 3
Oligomannose-!

Interestingly, the heat signals in the thermograms of all tested mannose ligands were
characterized by relatively slow equilibration times. Heat signal curvatures of
mannose ligands amenable to kinetic analysis revealed remarkably slow on-rate
constants in the range of ,-! M-! s-! (SI Appendix, Table S") as a potential cause for the
slowly equilibrating heat signals. The influence of slow kinetics on the heat signal
necessitated longer spacing intervals between the injections and higher injection
volumes to compensate for the peak broadening (SI Appendix, Table S( and Table S').
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Table !. Binding thermodynamics of mannose ligands as determined by isothermal titration calorimetry.
-!
Thermodynamic parameters are indicated in kJ mol . #$.%% confidence intervals for fitted parameters are given
in parentheses. If not stated otherwise, experiments were performed once. The N parameter was averaged for
ligands that were measured more than once. Individual N parameters are given in Table S!.
Ligand

M""#

[a]

M"#$

Ac!

[a]

HM

KM-!"
[a]
[c]

[c]

!.#

!.#$

!.#

!.#!

!.#

!.#$

!.#

!.#$

-!.#

!.#$

!.#

!.#$

!.!

!.#$

!.#

!.##

!.#$

-!!.#

!.##

-!".!

!.#$

-!!.!

!.#$

-!!.!

!.#!

-!!.#

-!

!.#$

-!".$

-!".$

!.#

!.##

-!

!.#$

-!".$

-!".$

!".!

!.#!

!.#
(!.# – !.#)
!.!
!.#
!.#
!.#

! × !"
! × !"

!.#$

-!".$

!.!

(!.# – !.#)

[c]

!.#

!.#$

(!.# – !.#)

(!.# – !.!)

Man!GlcN

N

-!".$

(!.# – !.#)
[a,b]

-!".$

-T∆Sobs

!.##

!.#

(!.# – !.!)

[a,b]

∆H°obs

-!!.#

(!.# – !.#)

M!"#

∆G°obs

!.#$

(!.# – !.#)

[a]

[d]

-!".$

!.#

M!"!

LE

!.#$

(!.! – !.#)

MM

M"#$

[µM]
!.#

Man

M"#$

KD

(-!".$ – -!".$)
-!".!
(-!".$ – -!!.#)
-!!.#
(-!".! – -!".$)
-!"."
(-!!.# – -!".$)
-!".$
(-!".$ – -!".$)
-!".$
(-!".$ – -!".$)
-!".!
(-!".$ – -!".$)
-!"."
(-!".$ – -!".!)
-!"."
(-!".$ – -!".$)

[b]

Experiments were performed at least twice. Binding isotherms were fitted to a %:' binding model.
[d]
Values taken from ref. !". Ligand efficiency.

The inflection point of an ITC binding isotherm indicates the stoichiometric ratio of
titrant (here: mannose ligand) to cell material (here: FimHLD). Designated simply as N
in Table ! and SI Appendix Table S" and Table S*, this parameter is used to infer the
binding stoichiometry of the reaction or the protein fraction incompetent of binding.
For %:% binding, the N parameter is expected to be close to 0, which was the case for
most of the mannose ligands in this series. However, M""# and M"#$ were prominent
exceptions to this observation and initially showed N values around ,... Considering
that the same FimHLD batch was used throughout the series of ITC experiments, partly
inactive FimHLD could be reasonably excluded as possible reason. Instead, an N value
of $.& signified a .:0 binding stoichiometry of oligomannose to FimHLD. As a
consequence, we have adjusted the binding model from 8:8 to ::8 binding (see
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Materials and Methods for details). If this adjustment is not undertaken, the KD and
∆H° of these oligomannoses will be inadvertently overestimated. After applying the
appropriate binding model to the binding isotherms, the resulting KD values of all
mannose ligands showed a remarkable congruence, only ranging between 6.6 to 8.8 µM
(Table !). Most notably, this includes Man!GlcNAc! with a KD of $.& µM,
demonstrating that its binding affinity does not exceed those of any other mannose
ligands tested in this series.
Binding affinities of FimHLD with a partly or completely defunct tyrosine gate.
FimHLD constructs with an incomplete or nonexistent tyrosine gate would be expected
to have diminished binding affinities for di- and oligomannose ligands, provided that
stacking interactions with the tyrosine gate contribute significantly to the overall
binding affinity. To that end, we generated a FimH-Y"#A and FimH-Y"#$A mutant, as
well as a double mutant with both tyrosine residues mutated to an alanine residue.
ITC experiments were performed with M"#$ as representative mannose ligand. Heat
signals of the FimHLD mutants and M"#$ were characterized by comparably slow
equilibration times as observed for heat signals of the wild type FimHLD
measurements. KD values of M"#$ and all tyrosine gate mutants were strikingly
similar, ranging between /./ and 2.3 µM (Table !). The mutational study demonstrated
that partial or complete loss of the tyrosine gate did not affect the binding affinity of a
mannose ligand presumed to engage it in crucial stacking interactions. This result
reinforced our findings of the previous ITC experimental series.
Table !. Binding thermodynamics of the dimannose M"#$ and several tyrosine gate mutants of FimHLD.
-!
Thermodynamic parameters are indicated in kJ mol . #$.%% confidence intervals for fitted parameters are given
in parentheses. If not stated otherwise, experiments were performed at least twice. The N parameter was
averaged for ligands that were measured more than once. Individual N parameters are given in Table S,.
FimHLD

KD [µM]

mutant

!.!

Wild type

(!.# – !.#)
!.#

Y!"A

(!.! – !.#)
!.#

Y!"#A
Y"#A/Y&'(A
[a]

(!.# – !.#)
[a]

!.#
(!.# – !.#)

∆°Gobs

∆°Hobs
-!"."

-!".$

(-!!.# – -!".$)
-!".$

-!!.#

(-!".$ – -!!.#)
-!".$

-!".$

(-!".! – -!".$)
-!".$

-!!.#

(-!".! – -!".$)

-T∆S°obs

N

!.#

!.#$

!".!

!.##

!.#

!.#$

!.#

!.##

Experiment performed once.

Dynamic and quantum mechanical interaction with tyrosine gate. (Fig. !)
Quantitative analysis of ligand–protein interactions of $%% ns MD simulations
revealed that (C")-OH of Man interacts with the side-chain of Ile+, to a small extent,
which is true for all analyzed ligands. The additional methyl group of MM is able to
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form further interactions with Tyr)*, while the dimannoses (M"#"–M"#$),
trimannose (M""#) and tetramannose (M"#$) ligands are rarely in contact with the
tyrosine gate residues because of the linked mannose that is less mobile than the
methyl group of MM. The natural binding epitope Man!GlcNac! as well as
Man!GlcNac! donate a hydrogen bond with their N-acetylglucosamine (C1)-OH to
Thr$% in )*% of the simulation time. This is the reason why additional interactions
with Tyr)*+ can be observed in contrast to the other oligomannoses that lack Nacetylglucosamine at the same position. Both synthetic ligands HM and KM-!"
showed an increased interaction with the tyrosine gate residues, most notably with
Tyr$%. These results are in good agreement with ITC experiments.
From the MD simulations it was apparent that the first mannose was heavily involved
in hydrogen bonding to FimH and hydrophobic contact with Ile)*, and that the
second mannose moiety or the synthetic aglycones were mainly in contact with the
tyrosine gate, especially Tyr12. Therefore, ab initio quantum mechanical (QM)
calculations were carried out, which revealed that from the tested moieties the second
mannose moiety with only -!".! kJ mol-! interacted the weakest with Tyr!". Replacing
this mannose with cyclohexane improved the interaction energy to -!".$ kJ mol-!.
However, synthetic ligands benefited much more from stacking interactions with
Tyr$%. The n-heptyl aglycone, as seen in HM, showed an improved interaction energy
of -!".$ kJ mol-!, while the biphenyl agylcone of KM-!" improved even beyond that
energy value through optimal π-π stacking, showing an interaction energy
of -!".$ kJ mol-!.
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Fig. !. Analysis of the tyrosine gate interaction frequency of different mono- (Man, MM), di- (M"#"–M"#$),
tri- (M""#), and tetramannose (M"#$) ligands, as well the natural epitopes (Man!GlcNAc! and Man!GlcNAc!)
and synthetic ligands (HM and KM-!"). Hydrophobic interactions with Ile67 are colored in yellow, with Tyr:;
in cyan, and with Tyr./0 in orange. A frequency of ..9 corresponds to an interaction that is present during the
entire simulation time.

Discussion
The tyrosine gate of the bacterial lectin FimH is believed to be engaged in significant
interactions with natural high-mannose N-glycans upon bacterial binding to host
urothelial cells; most notably, these interactions include hydrophobic stacking
between a mannose moiety of the glycan and Tyr56 of FimH (!"). Consequently,
oligomannose structures with varying numbers of differentially linked mannose
moieties would be expected to have varying binding affinities depending on how well
mannose moieties align and interact with the tyrosine gate. As it happens, binding
affinities of various di- and oligomannoses have been the subject of much research
over the past decades and were determined in a variety of assays, including
agglutination assays (!, !", !"), an ELISA (!"), a bead-based assay (!"), a glycan
microarray (!!), a radioligand displacement assay, and an SPR-based assay (!, !", !").
Although outcomes of these assays have been partly divergent, some results have been
consistent throughout several studies. For instance, oligomannoses were generally
stronger FimH ligands than dimannoses. Among oligomannose structures of highmannose N-glycans, Man!GlcNAc! was found to be the highest affinity carbohydrate
sequence (!, !", !"). In a crystal structure of FimHLD in complex with oligomannose-!,
the Man!GlcNAc! sequence was identified as the principal binding epitope, forming
optimal interactions with the tyrosine gate and imparting the oligomannose ligand
with its high affinity. Indeed, this seemed to be in line with observations of the higher
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affinity of small oligomannose ligands such as oligomannose-! and -! (!"), both of
which expose Man!GlcNAc! on their non-reducing ends (Table !). In the bigger
congeners oligomannose-!, -!, -!, and -!, the Man!GlcNAc! sequence is capped with
one or two additional α!-! linked mannose residues (Fig. !). Both the α!-! linkage and
the additional mannose unit(s) are thought to disrupt the optimal binding mode of
the Man!GlcNAc! binding epitope, thereby negatively impacting the binding affinity.
However, when results of a glycan microarray showed preferential binding of FimH to
oligomannose-! instead of oligomannose-! and -! (!!), the purported significance of
the Man!GlcNAc! sequence was inadvertently brought into question.
Notably, all mentioned assays can be characterized as competitive binding
experiments and/or as having one of the binding partners immobilized. When
investigating oligomannose binding where interactions may not be exclusively
monovalent, such assay conditions can impose further complexity to a system that
already has the potential to be considerably complex. As a consequence, we opted for
ITC as our method of choice in determining the binding affinities of several previously
characterized mannose ligands. ITC offers the advantage of being a homogeneous
assay and the possibility to measure FimH-ligand binding directly. In addition, it
indicates the binding stoichiometry of the reaction, which is a crucial piece of
information when investigating oligomannose binding. Indeed, our ITC experiments
revealed that M""# and M"#$ bind to FimHLD in a %:' fashion. By applying the
appropriate ):+ binding model to the isotherm instead of a 1:1 model, fitted KD values
were revised upward, meaning that affinities decreased as a result. In retrospect, KDs
of oligomannoses determined in previous assays might have been overestimated in
much the same way by not accounting for bi- or multivalent binding in the applied
binding model.
The KD values of all mannose ligands tested in this study, including Man!GlcNAc!,
were almost identical (Table !), implying that additional mannose moieties or the
glycosidic linkages between them have little to no effect on the binding affinities of diand oligomannoses. This suggests that the first mannose moiety, which forms an
extensive hydrogen bond network in the binding pocket, is the primary factor
determining the binding affinity. Hence, the significance of the tyrosine gate and its
role in binding natural ligands may be overestimated. Indeed, partial or complete
removal of the tyrosine gate from FimHLD had marginal or no impact on the binding
affinity of M"#$ (Table !), which was used as representative mannose ligand in this
mutational study.
Results of ITC experiments were mirrored in MD simulations, in which we could
observe that the interaction of di- and oligomannoses with Tyr)* was limited and not
present at all with Tyr'(). Furthermore, the interaction energy of mannose with Tyr9:
was calculated to be -!".! kJ mol-!, which was the weakest interaction among all
calculated structures. This could explain the measured affinities from ITC
experiments, which were the same for the natural binding epitope and the
oligomannoses. Due to the hydrogen bond formed with Thr78, the interaction
frequency of the natural epitope with the tyrosine gate was elevated in MD
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simulations—yet the interaction was still weak in comparison to synthetic FimH
antagonists that formed stronger and more frequent interactions with Tyr!".
Indeed, in the design of synthetic FimH antagonists researchers have exploited the
tyrosine gate for the purpose of π-π stacking by attaching a hydrophobic aryl aglycone
to the vital mannose moiety. This has lead to continuously improved affinities of
FimH antagonists (!!–!", !"). In contrast, and as demonstrated in this study, di- and
oligomannose structures, as found on high-mannose N-glycans, did not benefit from
improved affinities with increasing size and complexity. This is reflected in a
decreasing ligand efficiency (LE, Table !), which is a metric commonly used in drug
discovery (!"). While Man and MM showed good LEs of ,../ and ,..2, respectively,
the introduction of a second mannose (M"#"–M"#$) halved the LEs of dimannoses to
a range between *.,- and *.,/. The LE of trimannose M!!" is reduced further to -./0,
and with an added fourth mannose unit (M"#$) the LE drops even lower to 1.34. The
natural binding epitope of FimH (Man!GlcNAc!) has a ligand efficiency of only 0.20,
contrasted by synthetic FimH antagonists HM and KM-!", which exhibit a high LE of
!.#$ and !.#$, respectively. Evidently, the synthetically added aglycone moieties
establish the intended beneficial interactions with FimH.
As previously mentioned, the prevailing hypothesis has been that these interactions
mimic those of the natural Man!GlcNAc! binding epitope. In this study, we performed
ITC experiments and MD simulations to provide evidence suggesting that
Man!GlcNAc! does not have an advantage in terms of binding affinity over other dior oligomannoses. Moreover, the relevance of Man!GlcNAc! as natural binding
epitope may be overestimated. For instance, one of two major mannosylated
glycoproteins involved in UTIs is the transmembrane UPIa glycoprotein (!).
Inspection of murine UPIa glycosylation patterns revealed that oligomannose-! is
entirely absent in the glycomoiety ("#). Significantly, oligomannose-! is the only
biosynthesized oligomannose structure terminally exposing the Man!GlcNAc!
sequence. Instead, the major glycoform in UPIa is constituted by oligomannose-!
("#%) ("#). As mentioned previously, in structures larger than oligomannose-!, the
Man!GlcNAc! sequence is buried under one or two α!-! linked mannose moieties
(Fig. !). Another major glycoprotein with high-mannose N-glycans is Tamm-Horsfall
glycoprotein (THP). As the most abundant urinary glycoprotein in mammals, THP
carries mostly oligomannose-! residues (!"%) and only marginal amounts of
oligomannose-! ($%) ("#). These results attenuate the significance of the
Man!GlcNAc! sequence as the natural binding epitope, making it rather unlikely that
the high affinity of FimH antagonists originates from mimicking the binding mode of
a carbohydrate sequence that rarely partakes in mannose ligand binding.
Altogether, these findings have led us to conclude that the tyrosine gate is not
crucially involved in binding of natural oligomannose ligands. Instead, we believe it to
be a bygone remnant that is serendipitously located close to the binding site where it
represents an important structural target for synthetic ligands.
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Materials and Methods
Crystal Structure Preparation. Protein-ligand complexes from the crystal structures
were processed with the Protein Preparation Wizard ("#) and further refined using
local optimization sampling in Prime 1.3 ("#, !") within !.# Å of the ligand using the
OPLS! force-field and VSGB solvation model.
Crystallization and structure determination of FimH/methyl α-D-mannoside.
FimHLD/MM was crystallized by sitting-drop vapor diffusion at . °C. FimHLD (residues
!–!"#) was used at a final concentration of !4 mg mL−! (ca. &.' mM) with a threefold
molar excess of MM in HEPES buffer (pH /.1, 34 mM). After four weeks equilibration,
plate-like crystals appeared in /.1 M (NH!)!SO!, #.% M HEPES pH (.*, ,*% PEG ,,/*
(w/v) and were flash-cooled to ()) K by addition of ,-% ethylene glycol (Hampton
Research, USA). Data were collected with synchrotron radiation at the PXIII beamline
of the Swiss Light Source (Paul Scherrer Institute, Switzerland). Data were indexed,
integrated, and scaled with XDS (!", !"). Structures were solved by molecular
replacement with PHASER (!!) with use of the +X-..pdb ("#) as search model. The
structures were built in COOT ("#, !") and refined with the PHENIX software (!", !").
Geometric restraints for the ligands were generated with PRODRG (!"), and
Molprobity ("#) was used to validate the available atomic coordinates. The structures
are deposited in the Protein Data Bank with PDB codes: !JCQ and !JCR.
Molecular dynamics simulations. MD Simulations were carried out using Desmond
!.! and the OPLS. force field ("#–!"). Default parameters were applied unless stated
otherwise. TIP.P was the selected water model and a physiological salt concentration
(".$% M) was added to the simulation. An energy barrier of / kcal mol-! restricted Cα
movement during the .// ns MD simulations. Energies and trajectories were recorded
at $% ps intervals resulting in ./,/// recorded frames, which were post-processed
using the Simulation Interactions Diagram implemented in Desmond.
Mannose ligands. Man and MM were purchased from Sigma-Aldrich Chemie
(Buchs, Switzerland). All di- and oligomannose ligands with the exception of
Man!GlcNAc! were purchased from Dextra Laboratories (Reading, UK).
Expression and purification of FimHLD. FimHLD corresponding to the E. coli
laboratory K-!" strain was expressed recombinantly with a C-terminal thrombin
cleavage site and His!-tag in the protease-deficient E. coli HM#$% strain (!"), and
purified by affinity chromatography as described previously (""). Appropriate point
mutations were inserted by overlap extension PCR ("#).
Isothermal titration calorimetry (ITC). ITC experiments were performed with an
iTC$%% calorimeter (Malvern Instruments, Worcestershire, UK) and carried out in a
buffer containing ./ mM HEPES, pH *., and 012 mM NaCl. Before starting with the
experiment, FimH solutions were extensively dialyzed against the assay buffer.
Mannose ligands were weighed and directly dissolved in the same buffer. Prior to the
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experiment, FimH concentrations were adjusted via the specific absorbance at
!"# nm. The molar extinction coefficients used were 56,89:, 5;,5<:, 55,;::, and
!",$!% M-! cm-! for wild type FimHLD, FimHLD-Y"#A, FimHLD-Y"#$A, and FimHLDY"#A/Y&'(A, respectively. The cell of the calorimeter contained the FimH solution
and holds a volume of )*+.- µl. Mannose ligands were injected into the cell in regular
intervals. These intervals as well as the injection volumes varied among experiments.
Details of individual measurements, including those two parameters, are available in
the SI Appendix, Table S) and Table S,. Some parameters were constant throughout
the measurements, such as temperature (/0 °C), feedback mode (high), stirring speed
("#$ rpm), and reference power (0 µcal s-!). Baseline correction as well as peak
detection and integration was performed automatically with NITPIC (version ;.;.=;
University of Texas Southwestern Medical Center, Texas, USA) (!"). The resulting
binding isotherm was fitted in SEDPHAT (version :;.:c; National Institutes of Health,
Maryland, USA) ("#) with a ':' binding model and the following fitting parameters:
change in enthalpy (∆H°), association constant (KA), molar ratio (N), and heat of
dilution (∆Hdil). The dissociation constant KD was obtained through the relationship
KD = KA-!. The KD was converted into the corresponding Gibbs energy change (∆G°),
from which the change in entropy (∆S°) was calculated according to:
∆G° = ∆H° − T∆S° = RT ln(KD)
Statistical analysis to obtain -..0% confidence intervals of the fitted parameters was
done in SEDPHAT. Isotherms were fitted globally if multiple data sets were available
for a particular ligand. For M""# and M"#$, the binding model was changed from 4:4
to $:& binding. Consequently, two fitting parameters were available for each KA and
∆H°; one parameter set for each binding event. No indications of potential
cooperativity were observed in the isotherms of M""# or M"#$, and binding sites were
presumed to be equivalent. As a result, the logarithmic ratio of KAs (“log()(Ka,/Ka()”
in SEDPHAT) was fixed to -!.#!$. To obtain the microscopic KA of the interaction, the
KA of the first binding event (“log(Ka.)” in SEDPHAT) was multiplied by @.
Ab initio calculations. To quantify the van-der-Waals interactions of the tyrosine
gate and its interacting moieties, the refined protein-ligand complexes were subjected
to energy calculations using the density functional theory (DFT) with the empirical
corrected B)LYP-MM functional, which has been specifically parameterized to
properly describe non-covalent interactions, and the cc-pVDZ++ basis-set in the gasphase as implemented in Jaguar 1.3 ("#, !").
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Supporting Information
Table S". Data collection and refinement statistics of FimH/methyl α-D-mannoside (MM) ligand complex
structures.
FimH/MM

FimH/MM

(P!"!"!")

(P!")

!JCR

!JCQ

!.####$

!.####$

!!.#$–!.#$

!".$–!.#

(!.#$–!.#$)*

(!.#–!.#)*

P !" !" !"

P !"

Unit cell

!".$ !".$ !".$

!".! !".$ !".$

a, β, γ (°)

!" !" !"

!!".$ !"#.% !!.#

!"#$" (!"#")

!"#$#(!"#$!)

!.# (!.#)

!.# (!.#)

!!.# (!".$)

!".! (!".")

Mean I/sigma(I)

!".$ (!.#)

!.# (!.#)

Wilson B-factor

!".$

!".$
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!.#!# (!.!"!)

!.!#! (!.#$#)

CC!/#

!.### (!.#$#)

!.##$ (!.#$$)
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!.#$$% (!.#$%#)

!.#$%& (!.#$#)

R-free

!.#$$! (!.#$#%)

!.#$%# (!.#$%)

Number of atoms

!"#!

!"#$
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!"#$

!"#$

!"

!"
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!"#

!"#

Protein residues

!"#

!"#

RMS(bonds)

!.!!"

!.!!#
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!.!#

!.#$

!".$

!"

!.#

!
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!.#

!.#
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!".$

!".$

PDB ID
Wavelength (Å)
Resolution range (Å)
Space group

Unique reflections
Multiplicity
Completeness (%)

ligands

Ramachandran
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Ramachandran
allowed (%)

*Values in parentheses are for the highest resolution shell.
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Binding isotherms were fitted to a 1:3 binding model.
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Table S". Binding thermodynamics of mannose ligands as determined by isothermal titration calorimetry. Thermodynamic parameters are indicated in kJ mol . !".$%
confidence intervals for fitted parameters are given in parentheses. The pound symbol (#) indicates the number of experiments performed.
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Table S(. Thermograms and corresponding binding isotherms of the mannose ligands tested in this study. The pound symbol (#) denotes the experiment number for
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ligands with multiple measurements. Figures were created with GUSSI (version ;.;.<; University of Texas Southwestern Medical Center, Texas, USA).
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Table S(. Thermograms and corresponding binding isotherms of the dimannose M"#$ and tyrosine gate mutants of FimHLD. The pound symbol (#) denotes the
experiment number for ligands with multiple measurements. Figures were created with GUSSI.
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Table S(. Kinetic analysis of thermograms according to the kinITC method as implemented in AFFINImeter (Software for Science Developments, Santiago de Compostela,
!,#
Spain). During data fitting, more weight is given to data points at molar ratios less than or equal to 6. At higher molar ratios, varation increases due to protein saturation
and a concomitant decrease in the signal-to-noise ratio.
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Abstract
Lectins belong to the most challenging targets in drug discovery due to the unique
binding properties of their polyhydroxylated carbohydrate ligands. Whereas the
hydroxyl groups provide directionality and specificity, the high desolvation costs of
carbohydrates are the origin for their notoriously low affinities.
Nonetheless, some lectins with high affinity carbohydrate ligands have been reported.
One of these rare examples is the bacterial lectin FimH, located at the tip of the pili of
uropathogenic E. coli (UPEC). It mediates adhesion to the mannosylated glycoproteins
uroplakin Ia on urothelial host cells. By combining computational methods (QM, MD
simulations) with structural information (X-ray, NMR) and binding data (FP, ITC,
kinITC) the complex and cooperative hydrogen bond network formed by mannoside
ligands interacting with FimH was elucidated. Deoxy- and deoxy-halogeno derivatives
of n-heptyl α-D-mannoside (!) reveal that the loss of individual hydroxyl groups not
only leads to a decrease of the association rate (kon), but also to an increased
dissociation rate (koff) and as a result to a dramatic drop of affinity (KD). Furthermore,
a comparison of thermodynamic profiles obtained by isothermal titration calorimetry
(ITC) indicates that the loss in affinity (corresponding to a ΔΔG° of !"-!" kJ/mol per
hydroxyl group) originates from unfavorable enthalpy contributions partly
compensated by a gain of entropy.
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Introduction
It is generally accepted that hydrogen bonds (H-bonds) provide directionality and
therefore specificity to ligand-receptor interactions, whereas hydrophobic interactions,
although rather unspecific, predominantly contribute to binding energies.! Since
carbohydrate-lectin interactions are mainly based on H-bond formation, they are
characterized by a high degree of specificity, but often suffer from a lack of affinity.!
The high specificity allow carbohydrates to fulfill their broad biological tasks, such as
signal transduction,!-! cell recognitions!-! or cell adhesion.! Furthermore, considering
their fundamental importance in numerous disease-related processes, carbohydrate
mimetic drugs offer potential new therapeutic applications.! However, the polar
character of carbohydrates creates pharmacokinetic challenges related to oral
availability, plasma half-life or renal excretion. Moreover, tight interactions with
lectins seem to be against the nature of most carbohydrates, mainly due to the high
desolvation costs related to their numerous hydroxyl groups. Toone et al. appraised
these limitations of carbohydrate-lectin interactions as “fundamental, severe, and
likely insurmountable”! and Hopkins et al. regarded the likelihood of modulating a
lectin with an orally available small molecule drug to be very low.! Therefore, to
analyze and solve the structural drawbacks common to carbohydrates is of
fundamental importance when therapeutic applications are envisaged.
In the present study, the bacterial lectin FimH—one of the rare examples of a lectin
undergoing high-affinity interactions with carbohydrates—is analyzed and the role of
the individual hydroxyl groups in terms of thermodynamic and kinetic contribution to
binding is studied. FimH, a virulence factor of uropathogenic E. coli (UPEC), is located
at the tip of bacterial type $ pili.!"-!! By interacting with the urothelial glycoprotein
uroplakin Ia, it mediates the bacterial adhesion to the bladder wall as the initial step in
urinary tract infections (UTI). A high affinity interaction between FimH and the
oligomannosides of the host’s uroplakin Ia is a prerequisite to prevent UPEC to be
washed out of the bladder by the urinary bulk flow.!"-!"
With the goal to reveal their individual contributions to binding, the thermodynamic
and kinetic properties of the reference compound n-heptyl α-D-mannopyranoside (!)
were compared with those of derivatives deoxygenated in the 5-, #-, #- or $-position
and those where the hydroxyl groups were replaced by halogens. By combining
structural data from X-ray crystallography and solution NMR experiments with
computational methods (quantum mechanics, QM) as well as thermodynamic (ITC)
and kinetic data (kinITC) the origin of the high affinity of the reference compound was
analyzed. Therewith, our study completes previous thermodynamic studies with
deoxygenated carbohydrates.!"-!"

Results and Discussion
The mannose binding pocket of FimH. The interaction of α-D-mannosides with the
lectin domain of FimH (FimHLD) has been extensively studied. The pronounced loss of
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affinity induced by the replacement of the D-mannose moiety by other hexoses, e.g., Dglucose or D-galactose,!" impressively confirms the importance of the hydrogen-bond
network established by mannose (Figure !). Furthermore, alkyl or aryl aglycones can
establish beneficial hydrophobic interactions with the so-called tyrosine gate (residues
Tyr$% and Tyr*+!) forming the entrance to the mannose binding pocket.!"-!"
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Figure (. Two-dimensional schematic representation of n-heptyl α-D-mannoside (!, HM) binding to FimH
according to X-ray crystallography (PDB code 3XO6). H-bonds donated by ! are shown in blue, those accepted
in red, the structural water W. is highlighted in blue; to avoid overlaps, Gln$%% was drawn twice.

The !".$ nM affinity of n-heptyl α-D-mannoside (!)!" is the result of an extended
hydrogen bond network compensating the non-beneficial properties of an isolated
hydroxyl group.
First, α-D-mannopyranosides co-crystallized with FimHLD (e.g., PDB code )XO,, )CST,
!BUQ) reveal a total of / hydrogen bonds, establishing a complex network of
electrostatic interactions between the mannose moiety and protein backbone and side
chains (Figure !). According to MD simulations, the charge assisted hydrogen bonds
formed by Asp'( (acceptor) as well as by the positively charged N-terminus (donor)
provide the largest energy contributions.!" Compared to a solvent exposed binding site,
electrostatic interactions in the deeply buried binding pocket of FimH benefit from a
much lower dielectric constant and thus render increased contribution to binding
(Table S)).!"
Second, the loss of rotational freedom of each hydroxy is penalized by entropic costs.
However, all hydroxyl groups of the mannose moiety form multiple hydrogen bonds
with FimH and only the first interaction of a given hydroxyl group requires
entropically costly conformational restriction. Subsequent interactions from the same
hydroxyl group do not induce additional entropic penalty, because it is already preorganized for further interactions. High desolvation costs are the reason why a
hydroxyl group forming one H-bond hardly contributes to affinity. Desolvation costs
(ΔG°solv) for the ligand n-heptyl α-D-mannoside and deoxy derivatives thereof were
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calculated (AMSOL /.1) and considered for the calculations of the bond energies. The
complete desolvation of n-heptyl α-D-mannoside was calculated to cost !"." kJ/mol,
which is almost as much as the entire binding energy between n-heptyl α-D-mannoside
and FimH-CRD (ΔG° = -!".$ kJ/mol) (Table !). Hence, forming multiple interactions
allows compensating the desolvation penalty more efficiently, which has to be paid
only once.
Third, H-bonds strengthen each other due to a phenomenon called ‘cooperative
hydrogen bonding’.!!-!" When a hydroxyl group is donating a hydrogen bond, the
electron density (partial charge) on the oxygen lone pair is increased and therefore its
hydrogen bond accepting properties is improved. The high content of hydroxyl groups
of a carbohydrate ligand favors the formation of cooperative hydrogen bond networks,
such as e.g., observed in the FimH binding pocket. The structural water (W!)
introduces positive cooperativity by interacting with the backbone of Phe! and thereby
increasing the positive charge of the N-terminus that forms charged hydrogen bonds
with &-OH and '-OH. Opposed to that, negative cooperativity is presumed between
!-OH and !-OH and between !-OH and !-OH, which both have to share a charge on
their interaction partners (Asp/0, N-terminus). Positive cooperativity is furthermore
occurring when multiple amino acids of one protein loop form interactions with the
ligand, i.e., observed in the FimH binding site between Asp!"# and Asn!"# interacting
with !-OH and !-OH, respectively. This is favorable because the interactions stabilize
each other and the entropic costs for the loss of the loop mobility are redundant.!"-!" It
is therefore challenging to investigate the contribution of one hydroxyl group as they
are all part of a complex connected network and their contributions are cooperative
(=non-additive).!"
Protein pre-organization. In a previous study, we exemplified the rigidity of the
carbohydrate recognition domain (CRD) of FimHLD, which accommodates
!-membered ring analogs of D-mannose without any conformational adaption.!" In
order to demonstrate the rigidity of the CRD, the “pseudo-apo” structure (PDB-Code:
!AUU, containing thioethanol in the binding site) and the crystal structure cocrystallized with n-heptyl α-D-mannoside (!, HM) (PDB-Code: 'XO*) were compared.
An RMSD of *.,-- considering the 7 heavy atoms directly interacting with the
mannose moiety (see Figure 0, heavy atoms highlighted in green) revealed that ligand
binding induced only minor rearrangements.
Ligand pre-organization. In order to derive information regarding the degree of preorganization of n-heptyl α-D-mannoside (!) in the bioactive conformation, torsion
angles of solution structures obtained by molecular dynamics simulations (ωMD) were
compared with its structure (ωX-ray) in complex with FimHLD (PDB-Code: 'XO*)
(Figure )). To classify the energy profile of each hydroxyl group, hydrogens were
rotated stepwise around their torsion angles (ω!-ω!) while calculating all resulting
structures by quantum mechanics (QM). The distribution of solution conformations is
broad because of the temperature that allows overcoming energy barriers and more
available degrees of freedom in solution compared to the bound state. Interestingly,
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the energy in the bound state was found to be more favorable than the averaged
energies of the solution conformations (Table !) in four out of six analyzed dihedral
angles (ω!-!, $).
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Figure (. Energy as a function of the torsion angles of n-heptyl α-D-mannopyranoside ("). The black
dotted lines indicate the conformational energies (left y-axis) calculated by quantum mechanics for a torsion
angle ω!-! (x-axis). The black line (ωX-ray) stands for the torsion angle observed for mannoside ! co-crystallized
with FimHLD (PDB-Code: 'XO*) and blue bars represent the frequency (right y-axis) of a given torsion angle
(ωMD) in solution obtained by molecular dynamics simulation.
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In solution, the torsion angle of the aglycone (ω!) adopts the minimal energy
conformation. Since this is equal to the bound conformation, only insignificant
conformational energy costs arise upon ligand binding. The bound conformation of
the hydroxyl group in the $-position (ω!, X-ray) is located close to the global energy
minimum (+".$ kJ/mol). In addition, in solution two subpopulations are trapped in
unfavorable local minima, resulting in an averaged energy for the solution
conformation (ω!, MD) of +!.! kJ/mol. Consequently, transferring !-OH from solution to
the bound state results in a gain in conformational energy of -!.# kJ/mol (Table !). A
similar situation is observed for ω! and ω! (-!.# and -!.# kJ/mol, respectively).
However, both the hydroxyl groups in the &- (ω!, X-ray) and the !-position (ω!, X-ray) bind
in energetically unfavorable conformations. However, the penalty for !-OH is
moderated by a subpopulation in a local minimum ("#°, '( kJ/mol) above the energy
level of the bound state (-!".$°, $ kJ/mol). Moreover, when !-OH and !-CH! are
treated as one entity, balanced energy costs result (ω!: +$.& kJ/mol; ω!: -!.# kJ/mol).
Overall, apparently, the conformational arrangement of the four hydroxyl groups of
the mannose core is optimally suited to interact with the firm binding pocket of FimHCRD.
Table '. Comparing the energy of the torsion angles ω!-! of n-heptyl α-D-mannopyranoside (.) in
solution and bound to FimHLD. Torsion angles (ωX-ray) according to the co-crystal structure (PDB-code: 'XO*)
and the corresponding calculated energy of the bound conformation in comparison with the averaged energy of
the solution conformations over the course of a !.# ns MD simulation.
Torsion
angles

Solution
conformation

Bound conformation

Gain (-) /loss (+) of conformational
energy upon binding

Average Energy

Torsion angle

Energy

Energy

[kJ/mol]

(ωX-ray)

[kJ/mol]

[kJ/mol]

ω!

!.#

!".$°

!.#

- !.#

ω!

!.!

!".$°

!.#

- !.#

ω!

!.!

!"".$°

!.#

- !.#

ω!

!.#

-!".$°

!.#

+ !.!

ω!

!.#

-!".$°

!.#

- !.#

ω!

!.#

-!!".$°

!".$

+ !.#

Synthesis of deoxy- and deoxy-halogeno-derivatives of n-heptyl α-Dmannosides. To study the contribution of the individual hydroxyl groups, a series of
deoxy- and deoxy-halogeno-derivatives of n-heptyl α-D-mannoside (!) were
synthesized (Figure !). Since fluorine shares a comparable polarity and a close isosteric
relationship with oxygen, but is unable to form H-bonds,!"-!" a comparison of the
parent mannoside ! with fluorine analogues will allow to discriminate between the
contribution of H-bonds and other electrostatic interactions. Because the micromolar
affinity of unsubstituted D-Man would lead to substantial protein consumption for the
thermodynamic analysis, derivatives with an n-heptyl aglycone leading to a
significantly improved affinity for FimHLD were used (D-Mannose: KD = #.% μM; nheptyl α-D-mannoside (!): KD = #$.& nM).!",$% This enabled the study of even those
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deoxy- and deoxy-halogeno-derivatives that have severely diminished affinities
compared to the unmodified mannoside. The synthesis of compounds !-!, !, ! and !-!!
is summarized the Supporting Information, while the syntheses of !, ! and ! have been
published recently.!"
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:

R6
R4
R3

R2

O
O

R2, R3, R4, R6 = OH
R2 = F, R3, R4, R6 = OH
R2 = Cl, R3, R4, R6 = OH
R2 = Br, R3, R4, R6 = OH
R2 = H, R3, R4, R6 = OH
R3 = F, R2, R4, R6 = OH
R3 = H, R2, R4, R6 = OH
R4 = F, R2, R3, R6 = OH
R4 = H, R2, R3, R6 = OH
R6 = F, R2, R3, R4 = OH
R6 = H, R2, R3, R4 = OH

Figure (. Structure of n-heptyl α-D-mannoside (!) and the deoxy- and deoxy-halogeno-derivatives ! - !!.

Structural analysis of deoxy- (!, ! & !) and deoxy-fluoro-derivatives (!, ! & !) of
n-heptyl α-D-mannoside (") bound to FimH-CRD. To analyze how the substitution
of an individual hydroxyl group influences ligand and lectin conformation, the
structures ! & ! - ! co-crystallized with FimHLD were determined applying conditions
we previously reported for n-heptyl α-D-mannoside (!).!",$% Resolutions between -./
and %.' Å (except, ! at $.& Å) and crystals in two different space groups were obtained
(Table S)). Superposition of the crystal structures revealed RMSD values for the
protein backbone between '.)) and '.,' Å (Figure *A) and almost identical binding
pockets (Figure /B). All binding mode were identical, except for the !-deoxymannoside ! which was slightly tilted (Figure S3). In all crystal structures the structural
water W! mediates the H-bond interaction of the .-hydroxyl group with the backbone
amides of Phe, and Gly,1, and as well as to the side chain of Gln,66 (Figure )). In case
of the '-deoxy-!-fluoro-derivative !, this water molecule is located significantly closer
to the protein (Figure .B).
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Figure (. Superimposition of co-crystal structures of FimHLD with n-heptyl α-D-mannoside and six deoxy- and
deoxy-fluoro derivatives. A) The parent n-heptyl α-D-mannoside (!) (PDB code *XO-) and all proteins are
shown in grey, while the deoxy- (", % & ') and the deoxy-fluoro-derivatives (", % & ') are colored as indicated. B)
Important binding pocket residues and the structural water (W!) are shown as sticks and spheres, respectively.

To analyze the dynamics of the hydrogen bond network of the various complexes
highly sensitive !H,!"N-HSQC NMR spectra were recorded at $%% MHz. Whereas !H
chemical shifts of backbone and side chain amides report on H-bond formations, !"N
shifts respond sensitive to changes in the dihedral angles of the backbone and side
chains.!" We measured !H,!"N-HSQC fingerprint spectra of FimHLD in presence of !
and !-!" and assigned the signals on the basis of chemical shift proximity to the
spectrum with unmodified n-heptyl α-D-mannoside (!). It was apparent that !" (!-F)
does not bind to FimH-CRD (!! (!-H) was not tested), as no chemical shift
perturbations are observed even at high ligand concentration (45 mM). For all other
deoxy- and deoxy-fluoro mannosides, chemical shift perturbation of residues in the
binding pocket indicated specific interactions with the protein, while no chemical shift
changes of residues remote from the binding pocket were observed (Figure S", Figure
S").
Downfield shifts indicate new H-bond formation or strengthening, while upfield shifts
indicate H-bond weakening or disruption. It was in particular interesting to observe
relative proton chemical shift changes of amide backbone and side chain signals that
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function as H-bond donors to the ligand’s OH groups, i.e., of Gly'( HN (W! H-bond to
!-OH), Asp)* HN (to !-OH), Gln)** Hε"" (to !-OH) and Asn*+, Hδ"# (to !-OH)
(Figure !). The N-terminal Phe, amino group could not be observed in the !H,!"NHSQC spectrum.
The chemical shifts of Gly01 HN are almost identical for ! (!-H), ! (!-F), ! (!-F) and !
(!-H), indicating a similar orientation of W!, although for ! (!-H) the interacting
hydroxyl group does not exist (Figure !). The slight proton upfield shift of Gly67 HN
with all ligands indicates that the coordination of mannose weakens the H-bond of
this residue to W!. In agreement with this, the data suggest the strongest Gly67-water
interaction for ! (!-H), for which W! is more “free” to coordinate with Gly56. For !
(!-F), Gly$% cannot be assigned and may be shifted significantly due to the close
fluorine atom. Indeed, in the co-crystal structure with ! (!-F) W! is more buried
(Figure !B) which may contribute to the large chemical shift change of Gly8!. The
relative chemical shift changes of Asp34 HN suggest that compared to n-heptyl α-Dmannoside the direct H-bond to !-OH is weakened for the ! (!-F) and ! (!-H) ligand,
strengthened for ! (!-H) and no significant changes occur with ! (!-F), ! (!-H) and !
(!-F) (Figure !). The Hε"" of the Gln*++ amide side chain signal is shifted downfield by
almost (.* ppm upon addition of n-heptyl α-D-mannoside indicative for the H-bond
formation to !-OH (Figure !). For ! (!-F), ! (!-H) and ! (!-H), similar downfield shifts
demonstrate H-bond formation to !-OH, although the smaller shifts (3.55–!.#! ppm)
suggest slightly weaker H-bonds. Importantly, the Gln455 Hε"" signals with ! (!-F) and
! (!-H) show dramatic upfield shifts (ca. −5.67 ppm relative to n-heptyl α-Dmannoside) as direct evidence for the absence of the corresponding H-bond. Similarly,
Asn!"# Hδ"# is strongly shifted downfield by 1.31 to 1.45 ppm upon addition of nheptyl α-D-mannoside, ! (!-F), ! (!-H), ! (!-F) and ! (!-H) as a consequence of Hbond formation to !-OH. With ! (!-H), a relative upfield shift of this signal reports on
the absence of the corresponding H-bond. For ! (!-F), the Asn$%& side chain signals
could not be assigned.
In summary, the structural information obtained by NMR and X-ray is in good
agreement and the conformational changes of protein and ligand are remarkably small
upon the loss of relevant interactions. This qualifies FimH-CRD as a model to
investigate contributions of distinct hydroxyl groups by deoxy- and deoxy-halogeno
derivatives.
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!

!"

Figure (. H, N-HSQC spectral regions of binding pocket residues directly involved in H-bond donation to the
mannosyl moiety. Boxes in case of side chain signals of Gln566 and Asn568 indicate relative downfield and
upfield proton shifts, respectively. Peaks not of interest were faded-out to improve the clarity.

Thermodynamic analysis of deoxy- and deoxy-halogeno-derivatives of n-heptyl
α-D-mannoside ("). Measuring interaction by ITC is valuable in several aspects. First,
it is a label-free method that allows the determination of the change in enthalpy of
binding (ΔH°), association constant (KA) and stoichiometry (N) in one experiment, and
second, recent progress in data analysis now allows the derivation of kinetic rate
constants for association and dissociation from the same raw data. ITC experiments
(Table !) were carried out at !. °C in &' mM HEPES buffer at pH !.# containing
!!" mM NaCl. Measurements in other buffering systems revealed a significant heat of
ionization (ΔH°ion) originating from a partial proton transfer from the solvent to the Nterminus of the FimH-CRD protein (Figure S", Table S*).!!-!" The pKa of the Nterminus was determined to be about /.1 by measuring the binding enthalpy of nheptyl α-D-mannoside binding to FimH-CRD in different buffers at pH !.#
(Cacodylate, HEPES, Tris), pH !.# (Bicine, Tricine, TAPS, Tris) and pH !.# (Bicine;
TAPS, Tris). This proton transfer is endothermic and therefore the intrinsic enthalpy is
underestimated with standard experiment conditions. However, the relevant ΔΔvalues are constant and therefore we decided to omit correction for the heat of
ionization in this publication to maintain the comparability with earlier publications.
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Table &. Change in thermodynamic parameters of FimH-CRD binding to n-heptyl α-D-mannoside (") and
deoxy- (", % & ') and deoxy-halogeno derivatives ("-!, $ & &) thereof. All values are relative to the absolute
values of mannoside !. Measurements were carried out at &'(.*+ K in %& mM HEPES buffer containing 456 mM
NaCl at pH !.#. Protein and ligand concentrations, confidence intervals and stoichiometries are part of the
supplementary information (Table S4). Affinities from a fluorescence polarization (FP) assay are shown for
comparison.

! (HM)

FP: KD

ITC: KD

ΔH°

-TΔS°

ΔG°

[μM]

[μM]

[kJ/mol]

[kJ/mol]

[kJ/mol]
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! (!-H)

!"!.$

!".$%

!".$
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!"."

Substitution of +-OH. Substitutions in position C-! of the mannose moiety have the
lowest impact on the change in free energy of binding (e.g., ΔΔG° = #$.& kJ/mol for !
(!-H)) compared to the contributions of the other hydroxyl groups. Strikingly, the
thermodynamic fingerprint of the !-deoxy ligand reveals the largest loss in enthalpy
relative to ! (HM) (ΔΔH° = !".$ kJ/mol) of all deoxy derivatives, partly compensated by
a gain in entropy (-TΔΔS° = −"#.% kJ/mol). The large loss in enthalpy is surprising, as
one of the interactions of !-OH is formed to W!, which is supposed to be a rather weak
H-bond. Structural analysis by X-ray indicated that the mannose moiety of ! ("-H)
might be slightly rotated/twisted relative to n-heptyl α-D-mannoside within the
binding pocket which would weaken the remaining H-bonds and increase the
flexibility of the ligand in the binding pocket (Figure S"). However, the changes are
within the error of the measurement. Alternatively, a very strong interaction of !-OH
to the positively charged N-terminus could also explain the unusually high enthalpic
loss. The gain in entropy on the other hand might be explained by increased the
conformational flexibility of W! and Phe(. The !H chemical shift of Gly01 HN, which
acts as a reporter for the H-bond to W!, is very similar for ! (!-H) and n-heptyl α-Dmannoside, disfavoring the theory of a more flexible water molecule. A final
explanation of the thermodynamic fingerprint remains elusive. Substitution of an OH
group by halogens was expected to maintain the electrostatic interaction of the oxygen
atom, while all H-bonds are lost. The increasing electronegativity of fluorine > chlorine
> bromine causes repulsion at the C-! position towards W! (Figure )B), while the
interaction with the positively charged N-terminus becomes more beneficial. The
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difference between the loss of all electrostatic interactions for ! (!-H) (ΔΔG° =
!".$ kJ/mol) and the loss of only the H-bonds of ! (!-F) (ΔΔG° = #.% kJ/mol) reveals
that the permanent dipole - buried charge interaction contributes about -./ kJ/mol to
the free energy of binding.
Substitution of +-OH. The rather small loss in enthalpy (ΔΔH° = !".! kJ/mol) and is
only modestly compensated by a gain entropy (-TΔΔS° = -!.# kJ/mol) resulting in a
binding energy loss of ./.1 kJ/mol for ! (!-H) compared to HM. Comparing ! (!-H)
with ! (!-F) unveils an enthalpic (ΔΔH° = -!.# kJ/mol), as well as an entropic
advantage (-TΔΔS° = -!.# kJ/mol) for the fluorine substituent. The gain in entropy
might originate from a slight repulsion with the negative charge on Asp567 leading to
an increase in the conformational flexibility of the ligand and/or the protein. This
hypothesis is supported by the co-crystals, where the distance between the interacting
heavy atoms is increased by 1.34 Å for ! (!-F) compared to n-heptyl α-D-mannoside.
This repulsion also reduces beneficial electrostatic interactions and partly compensates
the entropy gain. The difference between the intrinsic loss of all electrostatic
interactions for ! (!-H) (ΔΔG° = #$.& kJ/mol) and the loss of only the H-bonds to
Gln$%% and Asp$,- of ! (!-F) (ΔΔG° = #.# kJ/mol) discloses a contribution of about
!.# kJ/mol for the charge - permanent dipole interaction and !.! kJ/mol for the Hbonds to the free energy of binding of !-OH. The close contact of two complementary
surfaces in the absence of solvent water may be an explanation for the large
contribution of the charge - dipole interaction.!"-!"
Substitution of +-OH. From all deoxy compounds except the non-binding !! (!-H), !
(!-H) suffers from the largest loss in free energy of binding (ΔΔG° = !"." kJ/mol) that
leads to a reduction in affinity by a factor of !’!"". Compared to substitution of the
hydroxyl group in position C-!, the affinity is reduced by another factor of 3, although
number and type of H-bond interactions of .-OH and '-OH are comparable. However,
C-! is buried more deeply in the pocket than C-!, and the lower dielectric constant
increases the energy of electrostatic interactions. We expect the energy of these
interactions to be even higher, since their loss is already partly compensated by a
removal of the negative cooperativity between 4-OH and '-OH through strengthening
the charge-assisted H-bond to Asp*+. Interestingly, unlike in case of positions C-! and
C-!, the fluorine substituent is not preferred over the deoxy substituent in position C-!
in terms of binding energy. Most likely, the electronegative fluorine substituent leads
to repulsion with the negatively charged Asp56 that is part of a rigid β-sheet. The
change in the dihedral angle of the substituent in position C-! in the X-ray structures
supports this assumption (O"-C"-C"-O = -!"#.%°; F#-C"-C"-O = -!"#.%°). However,
neither the protein structure nor the mannose moiety is significantly disturbed and
neighboring H-bonds do not seem to suffer from this repulsion. The loss of all
interactions of ! (!-H) (ΔΔG° = #$.$ kJ/mol) compared to the loss of only the H-bonds
of ! (!-F) (ΔΔG° = !"." kJ/mol) would imply van der Waals contributions of about
!.# kJ/mol. However, !"." kJ/mol are an overestimation for the value of the H-bonds

221

Manuscript 2
formed by !-OH, as ! (!-F) is likely not able to form the same electrostatic
interactions (distances and geometry) as !-OH, as discussed above.
Kinetic analysis of n-heptyl deoxy- and deoxy-halogeno-α-D-mannoside ligands.
KinITC is a recently published method that allows obtaining kinetic data from ITC
measurements.!" The kinetics of a binding reaction influence the time that is needed
for a mixture of protein and ligand to reach equilibrium after each addition of ligand
during a titration. When this equilibration time is fitted to appropriate equations the
kinetic parameters kon and koff are obtained. An initial limitation of this method is to
measure fast kinetics, as the response time of the instruments was in the range of the
observed interaction. However, this problem was overcome by adding the response
time as a fitting parameter. All our measurements were carried out on VP-ITC
instruments and the derived response times between 23.5 and 26.7 s are in the
expected range (Table 0).

222

Manuscript 2
Table '. Kinetic binding parameters for the interaction of FimH-CRD with deoxy- and deoxy-halogeno
derivatives of n-heptyl α-D-mannoside. Confidence intervals of the fitted parameters kon, koff, KD, and the
response time are part of the supplementary information (Table S5). Relative changes (rkon, rkoff) are compared
to HM (").
Compound

Method
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-! -!
[M s ]
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!.!#*%&
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!.#$*!#

!

!.#
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!
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!

!.#

!.#$*&#

!

!.#
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!
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!.!#

!
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!.#$*!#
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!"#.%

!.##

!
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!.#$*&'

-!
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The kinetic parameters for FimH-CRD binding to α-D-mannopyranosides are in very
good agreement with our recently published kinetic data measured by surface plasmon
resonance (SPR) spectroscopy.!" Furthermore, we determined the binding kinetics of !
(!-H) by SPR confirming the results of kinITC with a deviation smaller than a factor of
! (Table S*). Compared to other carbohydrate-lectin interactions, FimH-CRD is
characterized by unusually slow dissociation rates, while the association rates are in a
typical range. The dissociation rate constant koff determines the residence time (t!/#) of
a drug-receptor complex, which is important for the duration of the pharmacological
effect. The reduced affinity of the deoxy- and deoxy-halogeno n-heptyl α-D-mannoside
derivatives results from a combination of reduced association and increased
dissociation rates. In general, we observed larger changes for the koff rates (Table +).
While the residence time of n-heptyl α-D-mannoside is more than ,- minutes, the loss
of a hydroxyl group leads to complex half-lives in the range of a minute or below.
Nevertheless, the removal of a hydroxyl group has also a significant effect on the kon
rate. Especially the most buried and charge assisted interaction of !-OH seems to be
important for the association, since its removal leads to a more than 34-fold slower
kon. Fluorine substitutions of !-OH and !-OH are very conservative in terms of kon so
that most of the affinity loss can be attributed to an increase in koff. Hence, the loss of
H-bonds in the +- and %-position strongly influences the dissociation rate, while the
association rate is rather constant. On the contrary, the additional loss of electrostatic
interactions for ! (!-H), ! (!-H) and ! (!-H) also affects kon. This trend is clearly
observed with the halogen substituents in position C-!, where the decreasing
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electronegativity (fluorine > chlorine > bromine) affects kon to a significantly greater
affect than koff. However, also the increasing atomic radius could play an important
role by sterically hinder a faster formation of a protein-ligand complex. We
hypothesize that changes in the short-range electrostatic interactions of FimHmannoside complexes (e.g. hydrogen bonds, dipole-dipole interactions) mainly affect
the dissociation rate, while medium-range electrostatics, such as the dipole-charged
interaction of +-OH and '-OH with the N-terminus, are additionally of importance for
the association rate as described before for protein-protein interactions.!"-!"

Conclusion
We demonstrated how the lectin FimH applies a broad spectrum of strategies to
overcome the intrinsically low binding affinities of a carbohydrate ligand. In particular,
quantum mechanically derived torsional barriers of a mannoside ligand were
calculated and the solution conformations were compared to the bound conformation
obtained from crystal structures. FimH-CRD turned out to be well pre-organized and
to bind hydroxyl groups mainly in low energy orientations.
Furthermore, it was possible to analyze the contributions of three hydroxyl groups of !
(HM) and its deoxy- and deoxy-halogeno derivatives by ITC thermodynamically and
kinetically by considering their structural binding properties. As expected, the removal
of a hydroxyl group was accompanied by a loss of enthalpy (ΔΔH° = #$ – !" kJ/mol)
and a smaller gain in entropy (-TΔΔS° = -! – -!" kJ/mol). Hence, contributions to ΔG°
could be determined as !" kJ/mol for !-OH close to the protein surface, !" kJ/mol for
!-OH with a medium position, and 23 kJ/mol for the most buried hydroxyl group ,OH. We observed a general tendency that deeper buried hydroxyl groups contribute
more to the overall binding affinity of mannoside ligands. This effect was most stark
for removal of the hydroxyl group in position C-!, resulting in the total loss of binding
upon. Furthermore,
It furthermore became clear that the contribution of a single hydroxyl group is larger
than the sum of the loss of its H-bonds and van der Waals interactions. Summing up
the ΔG° values of the hydroxyl groups 2-! (without including the essential 2-OH)
yields a cumulative contribution of 34 kJ/mol which exceeds the total free binding
energy ΔG° of n-heptyl α-D-mannoside. The explanation is that H-bonds build a crosslinked network in which only the cooperative interplay between multiple H-bonds is
stabilizing the protein-ligand complex. Consequently, the loss of one single hydroxyl
group (!-OH) can prevent a molecule from binding, although the remaining hydroxyl
groups could form ! hydrogen bonds that are structurally identical to those observed
for the unmodified ligand.
Moreover, by performing an analysis with kinITC, additional kinetic values were
obtained. As expected, the loss of hydroxyl groups had a stronger influence on koff than
on kon. However, the short-range electrostatic H-bonds were found to be less
important for kon, while the medium-range electrostatic interactions with the
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positively charged N-terminus (+-OH) and the negatively charged Asp56 (6-OH) were
of great importance for an increased association rate.
The detailed dissection of mannose binding to FimH-CRD enhances our general
understanding of carbohydrate binding, and give insights how nature successfully
developed high affinity carbohydrate-protein interactions. We belief, this knowledge
will be of great importance for the future design and development of glycomimetic
drug candidates.
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Supporting Information
Table S!. Calculated surface accessible solvation area. SASA was calculated in a bound and unbound state of
HM and its deoxy and deoxy-fluoro derivatives. Values are given in Å2.
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Figure S). Superimposition of X-ray co-crystal structures of FimHLD with HM and +-H. Both proteins are
shown in grey, the ligands are shown in pink ! (HM) and blue ! ("-H). The missing contact of !-OH to the
structural water molecule (W!) and the positively charged N-terminus of ! slightly tilts its mannose moiety,
which potentially affects the interactions of the remaining hydroxyl groups to the protein. However, the
structural changes are within the error of the measurement.

230

Manuscript 2

!

!"

Figure S). Overlap of H, N-HSQC spectra of FimH in absence of ligand (grey) and in presence of ! (HM,
black), ! (!-F, cyan), ! (!-H, blue), ! (!-F, light green), ! (!-H, green), ! (!-F, orange) and ! ("-H, red). The
spectrum in presence of !" ("-F) is not shown due to the absence of any chemical shift changes.

!

!"

Figure S). H, N-HSQC spectral regions of the backbone signals of Gln788 to Gln798.
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Figure S". pH-dependent protonation of the FimH N-terminus. Heat of ionization (ΔH°ion) is buffer
dependent (Cacodylate, -! kJ/mol; HEPES, +"#.% kJ/mol; Bicine, +"4.5% kJ/mol; Tricine +01.03 kJ/mol;
TAPS +'(.'( kJ/mol; Tris, +/0./2 kJ/mol). The enthalpy (ΔH°obs) of HM binding to FimH was measured by
ITC in different buffers at pH !.#, pH !.# and pH !.#. The proton uptake was calculated according to the
+.
equation ΔH°obs = ΔH°int + nH ΔH°ion, where the steepness of the slope reflects the number of protons
+
°
taken up or released by this binding event (nH ) and ΔH int is the intrinsic enthalpy of binding. 4.45
protons are taken up from the solvent at pH !.#, &.'! at pH !.# and (.!) at pH !.#. According to the
Henderson-Hasselbach equation this corresponds to a pKa between '.) and '., for the unbound FimH
protein. The N-terminus is the only residue in the FimH binding pocket that is able to take up a proton in
this range of pH.
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Table S(. Thermodynamic parameters of compound ) (HM) binding to FimH with varying buffers and pH. Measurements were carried out at :;<.=> K in =@ mM buffer
containing )*+ mM NaCl. The confidence interval is given in parentheses.
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Figure S). ITC derived enthalpograms from compound ) (HM) binding to FimH with varying buffers and pH.
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Table S(. Thermodynamic parameters of HM and deoxy and deoxy-halogeno derivatives thereof binding to FimH. Measurements were carried out at 678.9: K in 9<mM
HEPES buffer containing 234 mM NaCl.. The confidence interval is given in parentheses. Two independent measurements were globally analyzed using SEDPHAT software.
An asterisk indicates a fixed stoichiometry (N=").
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Figure S). ITC derived enthalpograms from HM and 0-deoxy- and deoxy-halogeno derivatives binding to FimH. Two independent experiments were carried out for each
ligand.
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Figure S). ITC derived enthalpograms from ,- and %-deoxy- and deoxy-fluoro derivatives binding to FimH. Two independent experiments were carried out for each ligand.

kJ/mol of Injectant

µcal/sec
kJ/mol of injectant
µcal/sec
kJ/mol of Injectant

µcal/sec
kJ/mol of Injectant
µcal/sec

µcal/sec
kJ/mol of Injectant
µcal/sec
kJ/mol of Injectant

236

kJ/mol of Injectant

3-F_1

Manuscript 2

Manuscript 2

! (HM_%)
! (HM_%)
! (HM)
! ("-F_#)
! ("-F_#)*
! ("-F)
! ("-Cl_$)
! ("-Cl_$)
! ("-Cl)
! ("-Br_$)
! ("-Br_$)
! ("-Br)
! ("-H_#)
! ("-H_#)*
! ("-H)
! ("-F_#)
! ("-F_#)
! ("-F)
! ("-H_#)
! ("-H_#)
! ("-H)
! ("-F_#)
! ("-F_#)
! ("-F)
! ("-H_#)
! ("-H_#)
! ("-H)

Compound

KD [μM]
SEDPHAT
!.!#$ (!.!#' – !.!##)
!.!#$ (!.!#' – !.!#$)
!.!#$ (!.!#' – !.!#$)
!.#$ (!.#! – !.##)
!.#$ (!.'( – !.#$)
!.#$ (!.'( – !.#$)
!.#$ (!.#$ – !.#$)
!.## (#.&' – !.#$)
!.#$ (!.$' – !.#$)
!.#$ (!.#$ – !.!#)
!.#$ (!.#$ – !.#$)
!.## (!.&' – !.#$)
!.## (!.!# – !.##)
!.#$ (!.#$ – !.!#)
!.#! (".$% – !".$%)
!.#$ (!.'! – !.##)
!.!# (!.#$ – !.#$)
!.#! (!.#$ – !.!!)
!!.#$ (!"."$ – !".!$)
!".$% (!"."$ – !".$%)
!".$% (!".$% – !!.#$)
!"."$ (!".!$ – !".!")
!".$$ (!".$% – !".$%)
!"."" (!".$% – !".$%)
!".$% ((%.)" – !".!!)
!".$% (!".$% – !".$")
!".$% (!".$% – !".$%)

KD [μM]
AFFINImeter
!.!#$ (!.!#$ – !.!#$)
!.!#$ (!.!#$ – !.!#$)
!.!##
!.#! (!.#$ – !.#$)
!.#$ (!.#$ – !.#$)
!.#!
!.#$ (!.#$ – !.#!)
!.## (!.#$ – !.#!)
!.#$
!.#$ (!.## – !.#$)
!.#$ (!.#$ – !.#$)
!.#$
!.!# (!.#$ – !.!#)
!!.#$ (!!.#$ – !!.#$)
!.!#
!.#$ (!.#$ – !.#$)
!.#$ (!.!# – !.##)
!.!#
!!.#! (!".$% – !".$%)
!"."$ (!".$% – !".$%)
!".$$
!!.#$ (!".$% – !".$%)
!!".$! (!!".$% – !!".$%)
!"#.%#
!".$% (!".$% – !".$%)
!"."" (!".$% – !".$$)
!!.#$

238

kon
-! -!
[M s ]
!
!.#$*&'
!
!.##*%&
!
!.!#*"#
!
!.#$*&#
!
!.#$*&'
!
!.#$*&#
!
!.#$*&'
!
!.#$*!&
!
!.#$*"#
!
!.#$*!#
!
!.#$*&'
!
!.#$*"#
!
!.#!*%&
!
!.#$*$&
!
!.#!*%&
!
!.!#*!%
!
!.##*%#
!
!.##*"#
!
!.!#*%&
!
!.#$*&$
!
!.#$*"#
!
!.!#*!%
!
!.#$*&#
!
!.##*"#
!
!.#!*!#
!
!.#$*&#
!
!.#$*"#

koff
-!
[s ]
-!
-!
!.#!*%& (".$%*$% )
-!
-!
!.#$*&# (".$%*'( )
-!
!.#!*"#
-!
-!
!.#$*!# (".$$*"& )
-!
-!
!.##*%& (".$"*$& )
-!
!.#!*#$
-!
-!
!.!#*!% (".$%*"% )
-!
-!
!.#$*!& (".$%*"' )
-!
!.!#*"#
-!
-!
!.#$*#& (".$%*'( )
-!
-!
!.##*%# (".$%*%$ )
-!
!.#$*"#
-!
-!
!.#$*#& ("."$*"& )
-!
-!
!.#$*&' (".$%*%' )
-!
!.#$*#&
-!
-!
!.#$*!# (".$%*'$ )
-!
-!
!.#$*&$ (".$%*$' )
-!
!.#$*"#
-!
-!
!.#$*!& (".$$*&' )
-!
-!
!.#$*&' (".$%*"' )
-!
!.#$*"#
-!
-!
!.#$*!# ("."$*"& )
-!
-!
!.#$*!# (".$%*"' )
-!
!.#$*"#
-!
-!
!.#$*&' (".$$*&' )
-!
-!
!.#$*&' (".$%*'( )
-!
!.#$*"#

t!/#
[min]
!".$%
!".$%
!".$%
!.!#
!.##
!.!#
!.#!
!.#$
!.#$
!.#$
!.#$
!.#!
!.#$
!.!#
!.#$
!.#$
!.#!
!.#$
!.!#
!.#$
!.!#
!.##
!.##
!.##
!.#$
!.#$
!.#$

237

!".$%
!".$$

!".$%
!".$%

!".$%
!"."$

!".$"
!!.#$

!".!$
!".$%

!".$%
!.!#

!!.##
!".$!

!".$!
!".$%

Response
time [s]
!".$%
!!.#$

Table S(. Kinetic parameters of HM and deoxy- and deoxy-halogeno derivatives thereof binding to FimH. The kinetic analysis was performed using the kinITC tool
implemented in the ITC data analysis software AFFINImeter. The results of both evaluation methods (SEDPHAT and AFFINImeter) are highly comparable. An asterisk
marks the measurements that were excluded from further analysis due to poor quality of the kinetic fit. Confidence intervals are given in parentheses.
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Experimental Part
Protein preparation. FimHLD from E.coli K-!" strain was expressed with a C-terminal
thrombin cleavage site and a 2His-tag (FimHLD-Th-!His, '() residues) following a
previously published protocol.! Briefly, the clone containing the FimHLD construct was
expressed in the protease-deficient E.coli HM $%& strain at -.°C and $2. rpm in M(
minimal medium supplemented with $%% µg/mL ampicillin. The protein expression
was induced by - mM IPTG at an OD!"" of $.&. The cells were further cultivated for
!" hrs, harvested by centrifugation for 45 min at '’))) rpm and (°C. The pellet was
resuspended in lysis buffer containing 34 mM Tris pH !.#, &'( mM NaCl, ) mM EDTA
and % mg/mL polymyxin B sulfate. The supernatant containing the periplasmic extract
was dialyzed against sodium phosphate buffer and purified on Ni-NTA columns. The
protein was finally dialyzed against assay buffer containing () mM HEPES pH !.#,
!"# mM NaCl and * mM CaCl!. For long time storage the protein was frozen at -!"°C.
For production of uniformly !"N-labeled FimHLD-Th-!His for NMR experiments, E.coli
HM#$% was cultivated in M3 minimal medium containing # g/L !!NH!Cl (CortecNet,
France) as the sole source of nitrogen. The labeled protein was purified as described
above and dialyzed against 01 mM phosphate buffer pH !. The exact molecular weight
("##$%.' Da) was determined by mass spectrometry.
Fluorescence polarization assay. Competitive FP assays were essentially performed
as described previously [1]. Briefly, a serial dilution of unlabeled competitor was
titrated into constant concentrations of GNFP% (final concentration - nM) and
FimHLD (final concentration -! nM) in the presence of /% DMSO. All solutions were
prepared in a buffer containing 01 mM HEPES (pH *.,), /01 mM NaCl and *+ µg/ml
BSA. Mixtures were incubated for 67 hours in a final volume of <== µl per well in
black, flat bottom, NBS-treated, ()-well microtiter plates (Corning, U.S.A.).
Competitor KDs were determined via the displacement of GNFP%. The associated
decrease in fluorescence polarization was recorded at 234 nm (excitation at ,-. nm)
through appropriately oriented polarizing filters. Resulting binding isotherms were fit
to an equilibrium competition function! and analyzed using Prism (GraphPad
Software, U.S.A.). The KD of GNFP% and FimH was defined as constraint and set to
!.# nM during curve fitting.!
Co-crystallization, data processing and structure refinement. For crystallization,
FimHLD (residues )-!"#) at a final concentration of !0 mg/mL (ca. *.+ mM) with a
threefold molar excess of ligand (".$ mM) in '( mM HEPES buffer pH !.#. Crystals
were grown in sitting-drop vapor diffusion at .°C, 23°C and 34°C in 4.3 M (NH!)!SO!,
!.# M HEPES pH ! and &'-!"% PEG!!(". Plate like crystals appeared after 7 weeks,
were cryopreserved by addition of 23% glycerol (v/v) and flash-cooled with liquid
nitrogen. Data was collected at the SLS beamlines X78DA and X&'SA of the Swiss
Light Source (Paul Scherrer Institute, Switzerland) and indexed, integrated and scaled
with XDS!-! Structure were solved by molecular replacement with PHASER! using the
FimHLD-n-heptyl α-D-mannopyranoside complex (PDB code 4XO7) as search model.
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The structures were built using the COOT software! and periodically refined with the
PHENIX and Buster-TNT software.!-! Geometric restraints for the ligands were
generated with PRODRG!" and Molprobity!! was used for validation.
RMSD calculation. RMSD was calculated from the FimHLD apo structure (PDB-Code:
!AUU) and the co-crystal structure in complex with ! (HM) (PDB-Code: 'XO*). From
both structures the heavy atoms involved in ligand binding (Phe6: N from N-terminus;
Asp$%: N from backbone; Asp4$: 5xO form side chain; Gln=>>: N from side chain;
Asn$%&: N from side chain; Asp$67: O from side chain) were compared using
Schrödinger Suite ./01-!.
Ab initio calculations. The lowest energy conformer of n-heptyl α-D-mannoside
from a conformational analysis with MacroModel 34.6!" using the OPLS .//0 force
field was subjected to geometrical optimization and energy calculation using the
density functional theory (DFT) with the B8LYP functional and the <-!"G(d,p) basisset in the gas-phase as implemented in Gaussian /0.!" The torsional potential was
determined using a relaxed energy potential surface scan with a 6° step size.
Vibrational frequency calculations were carried out to confirm these minima. No
imaginary frequencies were found.
Molecular dynamics simulations. Molecular dynamics simulations were carried out
using Desmond!"-!! and the OPLS ,--. force field. Default parameters were applied
unless stated otherwise. TIP3P was selected as water model and a physiological salt
concentration (+.-. M) was added to the protein-complex simulation. An energy
barrier of ) kcal/mol restricted backbone movement. The MD simulation for the
solution conformation was run for /.1 ns, whereas the protein-complex simulation
was run for *., ns. The energies of the per residue interactions was calculated from
!""" extracted MD frames using Prime.!"-!"
NMR experiments. !H,!"N-HSQC NMR experiments were measured at 678 K on a
Bruker Avance III -.. MHz NMR spectrometer equipped with a 6 mm TXI room
temperature probe head. Samples contained 456 of !"N-labeled FimHLD in $% mM
phosphate buffer pH !.# in water with !% D!O. Deoxy- and deoxy-fluoro derivatives
were solved in H!O at %& to (& mM concentrations and added stepwise up to 1- to $fold molar excess. In case of !" ("-F), the required amount of ligand was added
directly as lyophilized powder to the protein. NMR spectra were acquired and
processed with Topspin /.1 (Bruker BioSpin, Switzerland) and analyzed with CcpNmr
Analysis (version ...).!! The backbone assignment of FimHLD was available from
previous studies.!" Combined chemical shift differences, ΔδAV, between free and
ligand-bound protein signals were calculated as in equation !!"
∆!!" =

(∆! ! !! )! + (0.2∆! !" )!
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Isothermal titration calorimetry. ITC experiments were performed at !"°C using a
VP-ITC (Malvern Instruments, Worcestershire, UK) with an injection volume between
! and !" μl, a reference power of !" μcal/sec, a stirring speed of 234 rpm, high
feedback, a spacing time between 234 and 344 seconds and a filter period of
! seconds. Preceding the measurements, FimHLD-Th-His$ was dialyzed against 01 mM
of the experimental buffer containing 345 mM NaCl. Two independent experiments
with ! (HM) and deoxy- and deoxy-halogeno derivatives thereof were performed in a
HEPES buffer at pH !.#. Protonation experiments were carried out in different buffers
at pH !.#, pH !.# and pH !.# (Cacodylate pH !.#; Tris-HCl %.', ).* and ../; Bicine
pH !.# and (.); Tricine pH !.#; TAPS pH !.# and (.)). Ligand and protein were
dissolved in the same buffer. Protein concentration was determined by NanoDrop ND!""" Spectrophotometer (Thermo Scientific, MA, USA) using an extinction coefficient
of $%’'() M-! cm-!.!" The ligand and protein concentrations used for the titrations are
given in the Supporting Information (Table S6). Baseline adjustment and peak
integration were carried out using Origin !.# as described by the manufacturer
(OriginLab, Northampton, MA, USA). The parameters N (stoichiometry), KA
(association constant) and ΔH° (change in enthalpy) are measured by ITC. The threeparameter nonlinear least-square fitting and the calculation of %&% confidence
intervals were determined by performing a global fit analysis of multiple ITC
experiments by SEDPHAT software version 9:.< (National Institute of Health).!" For
the evaluation of the weak binding ligands ! (!-H), ! ("-F) and ! (!-H) it was
necessary to fix the stoichiometry (N=") for fitting. ΔG° (free energy of binding) ΔS°
(change in entropy) were calculated from equation !
ΔG° = ΔH° − TΔS° = −RT lnKA

(eq. !)

with T being the absolute temperature and R the universal gas constant
(".$%& J/molK). Kinetic parameters were achieved by kinITC implemented in the
AFFINImeter software package.!"-!"

Synthesis
General methods. Commercially available reagents were purchased from Aldrich,
Merck or Alfa Aesar. Methanol was dried by distillation from sodium methoxide.
Dichloromethane (CH!Cl!) was dried by filtration through Al!O! (Fluka, basic; ...0!.#$ mm). Toluene was dried by distillation from sodium/benzophenone. Optical
rotations were measured at ./°C on a Perkin Elmer 678 polarimeter with a path length
of $ dm. Concentrations are given in g/$44 mL. NMR spectra were obtained on a
Bruker Avance ,-- UltraShield spectrometer at ,--.:; MHz (!H) or &'(.*+ MHz (!"C).
Chemical shifts are given in ppm and were calibrated on residual solvent peaks or to
tetramethyl silane as internal standard. Multiplicities are specified as s (singulet), d
(doublet), dd (doublet of a doublet), t (triplet), q (quartet) or m (multiplet).
Assignment of the !H and !"C NMR spectra was achieved using 5D methods (COSY,
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HSQC). ESI mass spectra were recorded on a Waters micromass ZQ instrument. High
resolution mass spectra were obtained on an ESI Bruker Daltonics micrOTOF
spectrometer equipped with a TOF hexapole detector. Reactions were monitored by
TLC using glass plates coated with silica gel -. F!"# and visualized by using UV light
and/or by charring with a molybdate solution (a 6.68 M solution of ammonium
cerium sulfate dihydrate and ammonium molybdate tetrahydrate in aqueous 45%
H!SO!) with heating to ,-.°C for 3 min. Column chromatography was performed on a
CombiFlash Companion (ISCO, Inc.) using RediSep normal phase disposable flash
columns (silica gel). Reversed phase chromatography was performed on
LiChroprep RP-!" (Merck, +,- !" µm).
®
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Scheme '. a) dibutyltinoxide, MeOH, reflux, 5 h, then BnBr, CsF, DMF, <=°C, overnight, (BC%); b) Tf!O, $,%-ditertbutyl-!-methylpyridine, DCM, -!"°C-rt, %.' h, ('*-!"%); c) (M TBAF in THF, 2"°C, 5 h, (!8%); d) i.
HOAc/Water (V:V *:+), ./°C, + h, quantitative; ii. Pd/C, MeOH/H!O, catalytic amount HOAc, 0.2 mbar,
hydrogenation, overnight, (01%); e) 5% H!SO!/Ac!O, rt, & h, ()*%); f) NH!NH!•HOAc, DMF, rt, , h, (//%); g)
Cl!CCN, DCM, NaH, ) h, (,-%); h) n-Heptanol, TMSOTf, DCM, rt; i) CH!ONa/MeOH, rt, ! h, (two steps !!%).

Methyl (-O-benzyl-!,#-O-benzylidene-β-D-glucopyranoside (1)!"
The suspension of ! (".$$% g, ).*) mmol), dibutyltinoxide (8.*89 g, %.": mmol) in dry
methanol (+, mL) was refluxing at 7,°C for + h. The solution was then concentrated
to dryness and CsF (...0. g, 3.30 mmol) and BnBr (8.9:; mL, 3.30 mmol), DMF (.3
mL) were added. The reaction mixture was stirred at 34°C overnight and then diluted
with EE, filtered, the filtrate was washed with sat. NaHCO!, brine and dried over
Na!SO!. The solvent was removed under vacuo and the residue was purified by flash
chromatography on Silica gel (PE:EA 3:4-!:#) to afford ! (".$$% g, )"%) as a white fluffy
solid. !H-NMR ("## MHz, CDCl!): δ !.#$ (m, )H), !.#,-!.#$ (m, $H), +.+, (s, .H,
PhCH), $.&' (d, J = !!.# Hz, %H, OCH!Ph), !.#$ (d, J = !!.# Hz, %H, OCH!Ph), !.#$ (dd, J
=!".$, $." Hz, !H, H-!a), !.## (d, J = !.# Hz, !H, H-!), %.'! (t, J = !".$ Hz, %H, H-!b),
!.#$ (t, J = !.# Hz, %H, H-!), %.'( (t, J = !.# Hz, %H, H-!), !.&' (s, !H, OMe), !.&. (m,
!H, H-!), %.'( (td, J = !.#, &.# Hz, %H, H-!), %.'( (dd, J = !.#, &.' Hz, !H, %-OH); !"C241
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NMR ("#$ MHz, CDCl!): δ !"#.%%, !"(.!#, !%).**,!%#.+,, !%#.%-, !%#.*,,!%(.#,, !%,.)#,
!"#.!% (C-!), !%!.'( (PhCH), %&.() (C-!), %&.(% (C-!), %&.() (OCH!Ph), !".$% (C-!),
!".!$ (C-!), !!.#$ (C-!), #$.&& (OCH!).
Methyl
(-O-Benzyl-!,#-O-benzylidene-!-O-(trifluoromethanefulfony)-β-Dglucopyranoside (!)
To a solution of ! (""# mg, (.*++ mmol), !,#-Di-tert-butyl-!-methylpyridine (./. mg,
!.#$ mmol) in dry DCM (3.4 mL) was added trifluoromethanesulfonic anhydride
(".$%& mL, +.,, mmol) slowly at -!"°C. The reaction mixture was stirred at -!"°C for
!.# h, then removed the cooling bath and stirred for another 7.# h at rt. The reaction
mixture was diluted with DCM, washed with 3% NaHCO!, brine and dried over
Na!SO!. The solvent was removed under vacuo and the residue was purified by flash
chromatography on silica gel (PE:EA 67:6-!":!) to afford ! ("#$ mg, $)%) as a white
solid. !H-NMR ("## MHz, CDCl!): δ !.#$ (m, )H), !.#)-!.#$ (m, )H), ,.,) (s, .H,
PhCH), $.&' (d, J = !!.# Hz, %H, OCH!Ph), !.#$ (d, J = !".$ Hz, !H, OCH!Ph), !.#$ (t, J =
!.# Hz, !H, H-!), %.'! (d, J = !.# Hz, !H, H-!), %.%' (dd, J =!".$, $." Hz, !H, H-!a), !.##
(t, J = !.# Hz, %H, H-!), !.&' (t, J = !".$ Hz, %H, H-!b), !.#$ (t, J = !.# Hz, %H, H-!), !.#$
(s, %H, OMe), %.,- (m, /H, H-!); !"C-NMR ("!" MHz, CDCl!): δ !"#.%", !"#.(!,
!"#."!,!"&.'(, !"&.*(, !"&.+!, !"(.#", !+!.*& (PhCH), %&%.(& (C-!), %&.() (C-!), %&.(% (C!), %%.'! (C-!), %&.() (OCH!Ph), !".$! (C-!), !!.#$ (C-!), #$.$& (OCH!); ESI-MS
Calcd for [M+H]+, #$#.&&, found #$#.&,, [M+Na]+, !"!.#$, found !"#.%!.
Methyl (-O-Benzyl-!,#-O-benzylidene-!-fluoro-!-deoxy-β-D-mannopyranoside
(")!"
A solution of ! ("#$ mg, ).+,- mmol) in )M TBAF/THF ("., mL) was stirred at "+°C
for % h. Then concentrated and the residue was purified by flash chromatography on
silica gel (PE:EA .:/-!:#) to afford ! ("#$ mg, $)%) as a fluffy white solid. !H-NMR ("##
MHz, CDCl!): δ !.#$ (m, )H), !.,)-!.#$ (m, $H), +.,- (s, /H, PhCH), $.&' (d, J = !".$
Hz, %H, OCH!Ph), !.#$ (d, J = !".$ Hz, %H, OCH!Ph), !.#$ (dd, J = !".", &.! Hz, !H, H!), !.!# (d, J = !".$ Hz, !H, H-!), %.'( (dd, J = !".$, $." Hz, %H, H-!a), !.## (td, J = !".$,
!.# Hz, %H, H-!), %.'( (t, J = !".$ Hz, %H, H-!b), !.#$ (ddd, J = !".$, '.$, !.$ Hz, %H, H!), !.&' (s, !H, OMe), !.!. (td, J = !".", &." Hz, %H, H-!); !"C-NMR ("#$ MHz, CDCl!): δ
!"#.%!, !"!.#$, '#(.$), '#*.+*, '#*.#,, '#!.(#, '#!.($, '#,.$', '$'.,' (PhCH), %&&.() (d, J
= !".$" Hz, C-!), !!.#$ (d, J = !"".$ Hz, C-!), %&.(! (d, J = !.# Hz, C-!), %&.&( (d, J =
!".$% Hz, C-!), %&.() (OCH!Ph), !".$% (C-!), !".$" (C-!), #$.&' (OCH!); !"F-NMR
("#$ MHz, CDCl!): -!"#.%&&; ESI-MS Calcd for [M+Na]+, !"#.%&, found !"#.%&.
!,#,$,%-Tetra-O-acetyl-!-fluoro-!-deoxy-α-D-mannopyranoside (.)!"
A solution of ! ("#$ mg, #.*+, mmol) in *#% aqueous HOAc (,.< mL) was heated at
!"°C for ) h and then concentrated to dryness. The residue was hydrogenolyzed in
methanol/water (V:V 0:1, 13 mL) containing catalytic amount of HOAc in the presence
of $-!"% Pd/C (!*" mg) under 2.4 bar hydrogen at rt overnight. Then filtered the
reaction suspension, the filtrate was concentrated to dryness to provide ! ("#$ mg, two
steps yield *+%). To a suspension of ! ("#$ mg, ).$#+ mmol) in acetic anhydride (".9
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mL) was added H!SO! ("#-!"%) ('( µL) at rt. The reaction mixture was stirred at rt
for % h. Then diluted with DCM, neutralized carefully with sat. aqueous NaHCO! at
!°C. The aqueous layer was extracted with DCM for two times, the combined organic
layers were washed with brine and dried over Na!SO!. Solvent was removed under
vacuo and the residue was purified by flash chromatography on silica gel (PE:EA 0:1!:#) to afford ! ("#$ mg, )#%) as a white foam. !H-NMR ("## MHz, CDCl!): δ !.#$
(dd, J = !.#, &.# Hz, !H, H-!), %.'! (t, J = !!.! Hz, !H, H-!), %.'( (ddd, J = !".$, '$.$, !.(
Hz, !H, H-!), %.'( (dt, J = !".$, '.$ Hz, !H, H-!), %.!! (dd, J = !".$, '.$ Hz, %H, H-!a),
!.## (dd, J = !".$, ".$ Hz, %H, H-!b), !.#! (m, (H, H-!), %.'(, %.'', %.)*, !.#$ (!xs, !
COCH!); !"C-NMR ("#$ MHz, CDCl!): δ !"#."%, !"#.%(, !)*.%+, !)+.#, (!xCOCH!),
!"."$ (d, J = !".$$ Hz, C-!), !".!! (d, J = !"#."" Hz, C-!), %&.() (C-!), !".$$ (d, J =
!".$$ Hz, C-!), !".$% (C-!), !".!$ (C-!), !".$%, !".(", !".)*, !".+$ (!xC, COCH!).
!,#,$-Tri-O-acetyl-!-fuoro-!-deoxy-α-D-mannopyranosyl trichloroacetimidate
(")!"
To a solution of ! ("#$ mg, $.*+ mmol) in dry DMF (+.$ mL) was added hydrazine
acetate ('( mg, ,.'. mmol) and the reaction mixture was stirred at rt for < h. Diluted
with DCM and acetic acid and washed with water, aqueous NaHCO!, brine and dried
over Na!SO!. Solvent was removed under vacuo and the residue was purified by flash
chromatography on silica gel (PE:EA 6:7-!:!) to afford ! ("#$ mg, ##%). To a solution of
! ("#$ mg, ).+# mmol) and trichloroacetonitrile ().+# mL, +.# mmol) in dry DCM (+.)
mL) was added NaH (-.%) (0 mg) at rt. The reaction mixture was stirred at rt for * h,
then Silica gel was added and the solvent was removed in vacuo. The residue was
purified by flash chromatography on silica gel (PE:EA ::;-!:#) to afford the ! ("## mg,
!"%) as a colorless syrup. !H-NMR ("## MHz, CDCl!): δ !.!" (s, %H, NHCCCl!), !.#$
(dd, J = !.#, &.# Hz, %H, H-!), !.#$ (t, J = !"." Hz, !H, H-!), %.'( (ddd, J = !".$, '(.(, !.$
Hz, !H, H-!), %.'( (dt, J = !".$, '.$ Hz, !H, H-!), %.!' (dd, J = !".$, '.$ Hz, %H, H-!a),
!.#$-!.#$ (m, !H, H-!b, H-!), !.#!, !.#$, !.#$ (!xs, ! COCH!); !"C-NMR ("#$ MHz,
CDCl!): δ !"#.%&, !"#.#), !%*.+% (!xCOCH!), $%&.(! (NHCCCl!), !".!$ (d, J = !".!$ Hz,
C-!), !".$% (d, J = !"! Hz, C-!), %&.!& (C-!), !".$! (d, J = !".$% Hz, C-!), $%.'( (C-!),
!".!$ (C-!), !".$", !".'(, !".') ("xC, COCH!); ESI-MS Calcd for [M+Na]+, !"#.%%,
found !"#.%&.
n-Heptyl (,*,+-tri-O-acetyl-!-fluoro-!-deoxy-α-D-mannopyranoside (!)
A mixture of ! ("#$ mg, $.** mmol), .Å MS and n-heptanol (+, µL, $.&& mmol) in dry
DCM (& mL) was stirred at rt for 4.6 h before the addition of TMSOTf ((.* µL, *.*.(/
mmol) at rt under Argon. The reaction mixture was stirred under these conditions for
! h, then neutralized with Et!N, and concentrated to dryness. The residue was purified
by flash chromatography on silica gel (PE:EA 8:9) to afford ! (quantitative yield due to
containing some n-heptanol) as a colorless oil. !H-NMR ("## MHz, CDCl!): δ !.#$ (t, J
= !"." Hz, !H, H-!), %.'% (ddd, J = !".$, '$.$, !.( Hz, !H, H-!), %.'( (dd, J = !.#, &.' Hz,
!H, H-!), !.#$ (dt, J = !".", &.! Hz, !H, H-!), %."# (dd, J = !".$, '.$ Hz, %H, H-!a), !.#$
(dd, J = !".$, ".$ Hz, %H, H-!b), &.() (ddd, J = !.#, &.#, '.( Hz, !H, H-!), !.#$ (dt, J =
!.#, &." Hz, 'H, H-OCH!C!H!"), !.#$ (dt, J = !.#, &." Hz, 'H, H-OCH!C!H!"), !.#$, !.#$,
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!.#$ (!xs, ! COCH!), !.#$ (m, )H), !.#! (m, (H), +.(, (m, !H, CH!); !"C-NMR ("#$
MHz, CDCl!): δ !"#."%, !"#.!", !().%* (!xCOCH!), $%.'( (d, J = !".$% Hz, C-!), !".$% (d,
J = !"#.%& Hz, C-!), %&.&& (d, J = !".$ Hz, C-!), !".!$ (OCH!C!H!"), !".$% (C-!), %!.'(
(C-!), !".$% (C-!), !".$%, !(.$(, #$.&$, #'.&&, ##.'$, ().*+ (OCH!C!H!"), !".$%, !".$(,
!".$% ("xC, COCH!); HR-MS Calcd. for C!"H!"FO! [M+Na]+, #$%.'%(', found #$%.'%(..
n-Heptyl !-deoxy-!-fluoro-α-D-mannopyranoside (!")
To a soultion of ! ("#$ mg, ).## mmol) in dry methanol ($.) mL) was added &.( M
CH!ONa/MeOH solution (11 µL) at rt. The reaction mixture was stirred for 6 h and
then neutralized with Amberlyst 34, fitered and the filtrate was concentrated under
vacuo. The residue was purified by flash chromatography on silica gel (DCM:MeOH
!":$-!":!) to afford !" ("#.% mg, two steps yield ""%) as colorless oil. [α]D!" +"#.% (c
!.#, DCM); !H-NMR ("## MHz, CDCl!): δ !.#$ (dd, J = #.%, !.# Hz, !H, H-!), %.'' (d, J =
!"." Hz, !H, H-!), %.'!-!.#$ (m, $H, H-!a, H-!b, H-!, H-!), !.#$ (dt, J = !.#, &." Hz,
!H, H-OCH!C!H!"), !.#$ (m, )H, H-!), %.'( (dt, J = !.#, &." Hz, 'H, H-OCH!C!H!"), $.&',
!.#!, &.'# (!,),*-OH), !.#$ (m, )H), !.), (m, -H), ..-- (t, J = !.# Hz, !H, CH!); !"CNMR ("#$ MHz, CDCl!): δ !".$% (d, J = !".$% Hz, C-!), %&.(! (d, J = !!".$% Hz, C-!), %&.(&
(C-!), %&.() (d, J = !". ! Hz, C-!), !".$$ (OCH!C!H!"), !".!! (C-!), %&.() (C-!), !".$!,
!".$%, !".%!, !(."), !!.(", *+.%, (OCH!C!H!"); HR-MS Calcd for C!"H!"FO! [M+Na]+,
!"!.$%&', found !"!.$%&%.
Synthesis of ,-Cl ("#a) (n-Heptyl (-Chloro-!-deoxy-α-D-mannopyranoside) and
!-Br (n-Heptyl (- Bromo-!-deoxy-α-D-mannopyranoside) ("#b)
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Scheme '. a) PhCH(OMe)!, camphorsulfonic acid, CH!CN, %&°C, overnight (23%); b) i. nBu!SnO, toluene,
reflux, )h; ii. BnBr, CsF, DMF, rt, overnight (:;%); c) i. Tf!O, pyridine, DCM, -!"°C, !h; ii. LiCl, NMP, rt, ! days
for !"a; TBAB, DMF, *+°C, . days for !"b; d) i. '(% AcOH/H!O, $%°C; ii. +%% Pd/C, H! (g),
MeOH/EtOAc/DCM (.:0:0), rt, 0h, !"a-b ("#-!"%); e) conc. H!SO!, Ac!O, rt, &h, !"a-b ("#% to quant.); f) i.
NH!OAc, DMF, rt, overnight; ii. NaH, trichloroacetonitrile, DCM, rt, 9h; iii. n-heptanol, TMSOTf, DCM, 2°C to
rt, %h, !"a-b ("#-!"%); g) NaOMe, MeOH, rt, 1h, !"a-b (!"-!"%).
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General procedure A for the preparation of mannosides !"a-b:
To a solution of !"a-b (".$ equiv) in DMF (0 mL), NH!OAc (&.( equiv) was added. The
mixture was stirred at RT overnight. The reaction mixture was extracted with EtOAc
("# mL) and washed with water ("# mL). The organic layer was dried over Na!SO! and
concentrated in vacuo. The residue was dissolved with DCM (5 mL), and added with
!"% NaH in mineral oil (".12 equiv) and trichloroacetonitrile (1" equiv) at RT. The
reaction mixture was stirred at RT for 3.5h. The mixture was concentrated and dried in
vacuo to give the crude trichloroacetimidate donor. To a suspension of the crude
trichloroacetimidate, n-heptanol (+ equiv), and molecular sieves (7 Å, 9:: mg) in dry
DCM (& mL), TMSOTf (/.1& equiv) was added dropwise under argon. The mixture was
stirred at RT for -h, then filtered over Celite and concentrated. The residue was
purified by MPLC on silica gel (PE/EtOAc) to yield !"a-b.
General procedure B for deacetylation:
To a solution of !"a-b, ($.& equiv) in dry MeOH (4 mL) was added freshly prepared $M
NaOMe/MeOH (*., equiv) under argon. The mixture was stirred at RT until the
reaction was complete (monitored by TLC), then neutralized with Amberlyst-!" (H+)
ion-exchange resin, filtered and concentrated in vacuo. The residue was purified by
MPLC on silica gel (DCM/MeOH 45:4-!:#) to affored !"a-b.
Methyl (,*-O-benzylidene-α-D-glucopyranoside (!").
Prepared according to the similar procedure as described in literature. !H NMR ('((
MHz, CDCl!): δ !.#$ (d, J = #.% Hz, )H, Ph), -..- (d, J = #.% Hz, )H, Ph), -.-) (s, 0H,
PhCHO!), $.&! (d, J = #.% Hz, )H, H-!), %.'( (dd, J = #.%, '.( Hz, +H, H-!a), &.(& (t, J =
!.# Hz, (H, H-!), !.&' - !.## (m, (H, H-! and H-!b), &.() (t, J = #$.& Hz, #H, H-!), %.'%
(t, J = #.% Hz, )H, H-!), %.'% - !.#! (m, #H, H-!, -OCH!), $.&& (s, )H, OH), $.,) (d, J =
!.# Hz, (H, OH). The proton NMR was consistent with literature data.!!
Methyl (-O-benzyl-!,#-O-benzylidene-α-D-glucopyranoside (!").
Prepared according to the similar procedure as described in literature. !H NMR ("##
MHz, CDCl!): δ !.#$ (d, J = #.% Hz, )H, Ph), -..) - !.#$ (m, $H, Ph), -.-. (s, .H,
PhCHO!), $.&' (d, J = #!.! Hz, 'H, PhCHH), %.'( (d, J = #$.$ Hz, #H, PhCHH), $.&' (d, J
= #.# Hz, (H, H-!), %.'( (dd, J = #$.#, '.( Hz, #H, H-!a), &.() (t, J = #.% Hz, )H, H-!), !.&'
(td, J = #.#, &.' Hz, *H, H-!), %.'( (t, J = #$.& Hz, #H, H-!b), &.() - !.## (m, (H, H-!, H!), !.!# (s, !H, OCH!). The proton NMR was consistent with literature data.!!
Methyl (-deoxy-!-chloro-α-D-mannopyranoside (!"a):
According to the similar procedure for the preparation of !, !"a was prepared by
treatment of the triflate intermediate (/01 mg, 4.67 mmol) with LiCl (<4= mg, /.07
mmol) in N-methyl-!-pyrrolidone (, mL) at RT overnight. The reaction mixture was
then diluted with EtOAc ('( mL), and washed with water ('( mL) and brine ('( mL).
The organic layer was dried over Na!SO!, concentrated and purified by MPLC
(PE/EtOAc *:,) to give crude !"a ("#" mg). The crude !"a was treated with +,% AcOH
in water (* mL) at ./°C for 'h, and then concentrated in vacuo. The residue was
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dissolved in a mixed solvent of MeOH/EtOAc/DCM (9:;:;), added with ;@% Pd/C (C@
mg), and stirred under hydrogen atmosphere at RT for %h. The reaction mixture was
filtered and concentrated. The residue was purified by MPLC (DCM/MeOH /:1) to
yield !"a ("# mg, ()% over two steps) as colorless oil. [α]D = +$%.'' (c = #.%, MeOH);
!
H NMR ("## MHz, MeOD): δ !.#$ (s, )H, H-!), %.'' (d, J = #.% Hz, )H, H-!), %.'' (dd,
J = #.%, '.' Hz, %H, H-!), !.&' (d, J = ##.% Hz, #H, H-!a), &.() (dd, J = ##.%, '.# Hz, #H, H!b), &.!! (t, J = #.% Hz, )H, H-!), %.'( - !.#! (m, (H, H-!), %.'( (s, %H); !"C NMR ("#$
MHz, MeOD): δ !"#.%&(C-!), %&.(( (C-!), %&.(( (C-!), %&.!( (C-!), %&.(( (C-!), %!.'(
(C-!), %%.%' (OCH!); ESI-MS: m/z: calcd for C!H!"ClNaO! [M+Na]+: !"#.%", found:
!"#.%&.
Methyl (-deoxy-!-bromo-α-D-mannopyranoside (!"b):
According to the similar procedure for the preparation of !, !"b was prepared by
treatment of the triflate intermediate (/01 mg, 4.16 mmol) with nBu!NBr (&'' mg,
!.#$ mmol) in DMF (0 mL) at 45°C for %&h. The reaction mixture was then diluted
with EtOAc (+, mL), and washed with water (+, mL) and brine (+, mL). The organic
layer was dried over Na!SO!, concentrated and purified by MPLC (PE/EtOAc ::<) to
give the crude !"b ("#$ mg). The crude product !"b was treated with +,% AcOH in
water (( mL) at ,-°C for 'h, and then concentrated in vacuo. The residue was
dissolved in a mixed solvent of MeOH/EtOAc/DCM (9:;:;), added with ;@% Pd/C (;C@
mg), and stirred under hydrogen atmosphere at RT for %h. The reaction mixture was
filtered and concentrated. The residue was purified by MPLC (DCM/MeOH ?@:?) to
yield !"b ("#$ mg, ##% over two steps) as colorless oil. [α]D = + $%.'( (c = #.%, EtOAc);
!
H NMR ("## MHz, MeOD): δ !.#$ (s, !H), &.(! (dd, J = #.%, '.# Hz, 'H, H-!), %.'( (dd, J
= ##.%, '.( Hz, #H, H-!a), &.() (dd, J = #.%, '.# Hz, *H, H-!), !.&' (dd, J = ##.%, '.# Hz, #H,
H-!b), &.!! (t, J = #.% Hz, )H, H-!), %.'( - !.#$ (m, )H, H-!), %.'( (s, %H, CH!); !"C NMR
("#$ MHz, MeOD): δ !"#.%& (C-!), %&.(& (C-!), %&.(( (C-!), %&.() (C-!), %&.(( (C-!),
!".$% (C-!), %%.!' (C-!); ESI-MS: m/z: calcd for C!H!"BrNaO! [M+Na]+: !"#.%#, found
!"#."%.
!-Deoxy-!-chloro-!,#,$,%-tetra-O-acetyl-α-D-mannopyranoside (!"a):
!"a ("# mg, #.#) mmol) was mixed with acetic anhydride (1.34 mL) and conc. H!SO!
(".$ µl, $.&' mmol). The reaction mixture was stirred at RT overnight, and then diluted
with DCM (*+ mL). After being washed with sat. NaHCO! aq. solution ("# mL) and
brine (() mL), the organic layer was dried over Na!SO! and concentrated in vacuo.
The residue was purified by MPLC (PE/EtOAc ;:=) to yield !"a ("# mg, ((%) as
colorless oil. [α]D = + $%.'( (c = #.%, EtOAc); !H NMR ("## MHz, CDCl!): δ !.#$ (s, )H,
H-!), %.'( (t, J = #.# Hz, (H, H-!), %.'( (dd, J = #.%, '.( Hz, (H, H-!), %.%' (s, *H, H-!),
!.#$ (dd, J = #$.&, &.( Hz, #H, H-!a), &.(& (d, J = #$.& Hz, #H, H-!b), &.() (d, J = #$.$ Hz,
!H, H-!), %.'(, %.'', %.'), %.)* (, s, '%H, , COOCH!); !"C NMR ("#$ MHz, CDCl!): δ
!"#.%&, !"#.!), !%*.)", !%&.!" (% CO), *+.*! (C-!), %!.!' (C-!), %&.() (C-!), %&.() (C-!),
!".$$ (C-!), %!.'! (C-!), !%.'(, !%.(), !%.*+, !%.*) (- COOCH!). ESI-MS: m/z: calcd
for C!"H!"ClNaO! [M+Na]+: !"#.%&, found: !"".#/.
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!-Deoxy-!-bromo-!,#,$,%-tetra-O-acetyl-α-D-mannopyranoside (!"b):
Prepared according to the similar procedure of !"a from !"b ("##mg, #.)* mmol).
Yield: ()* mg (./%). [α]D = + $%.'( (c = #.%, EtOAc); !H NMR ("## MHz, CDCl!): δ
!.#$ (d, J = #.% Hz, #H, H-!), %.'( (t, J = #.# Hz, (H, H-!), %.'( (dd, J = #.%, '.( Hz, !H,
H-!), %.%% (dd, J = #.%, '.( Hz, 'H, H-!), %.!% (dd, J = #$.&, &.( Hz, #H, H-!a), &.(! (dd, J
= #$.&, $.& Hz, #H, H-!b), &.() (ddd, J = #$.$, '.(, ).* Hz, #H, H-!), %.'(, %.'', %.'', %.)(
(" s, &'H, " COOCH!); !"C NMR ("#$ MHz, CDCl!): δ !"#."#, !"#.#!, $%&.(), $%).$( (+
CO), &'.)& (C-!), %!.'' (C-!), %&.&( (C-!), %&.%! (C-!), %&.() (C-!), %&.() (C-!), !%.'',
!".$$, !".$', !".(! (* COOCH!). ESI-MS: m/z: calcd for C!"H!"BrNaO! [M+Na]+:
!"".$%, found: !"#.%&.
Heptyl (-deoxy-!-chloro-!,#,$-tetra-O-acetyl-α-D-mannopyranoside (!"a):
Prepared according to general procedure A from !"a ("# mg, #.)*mmol). Yield: 3) mg
("#%) as colorless oil. [α]D = +$%.' (c = #.%, EtOAc); !H NMR ("## MHz, CDCl!): δ !.#$
- !.#$ (m, )H, H-!, H-!), !.&' (s, *H, H-!), %.'( (s, !H, H-!), %.!' (dd, J = #$.$, '.( Hz,
!H, H-!a), &.(& (d, J = #$.# Hz, #H, H-!b), &.(( (s, +H, H-!), %.'( (dd, J = #$.&, $.( Hz,
!H, -OCH- of heptyl), ,../ (dd, J = #$.#, $.' Hz, #H, -OCH- of heptyl), ,../, ,./0, ,./1
(" s, &H, "COOCH!), $.&' - !.## (m, (H, CH!), $.&' (d, J = #$.& Hz, *H, + CH!), $.&' (d,
J = #.% Hz, )H, CH!); !"C NMR ("#$ MHz, CDCl!): δ !"#."%, !"#.#", !().*# (, CO),
!!.#$ (C-!), %&.(( (C-!), %&.&& (CH!), $%.%' (C-!), %!.%' (C-!), %&.(! (C-!), %&.&( (C!), %&.(), !*.!+, !*.,,, !-.,%, !!.-, (/C, CH!), $%.'(, $%.'), $%.*' (,C, CO), /,.%'
(CH!); ESI-MS: m/z: calcd for C!"H!"ClNaO! [M+Na]+: ##$.&', found: !!".$%.
Heptyl (-deoxy-!-bromo-!,#,$-tetra-O-acetyl-α-D-mannopyranoside (!"b):
Prepared according to general procedure A from !"b ("#$ mg, #.*" mmol). Yield: ,mg (%&%) as colorless oil. [α]D = + $%.' (c = #.%, EtOAc); !H NMR ("## MHz, CDCl!): δ
!.#$ (t, J = #.# Hz, (H, H-!), %.'( (dd, J = #.%, '.( Hz, +H, H-!), %.'( (s, +H, H-!), %.%%
(dd, J = #.%, '.( Hz, 'H, H-!), %.!% (dd, J = #$.$, '.( Hz, #H, H-!a), &.(& (dd, J = #$.$, $.'
Hz, %H, H-!b), &.(( (ddd, J = #$.$, '.(, ).' Hz, #H, H-!), %.'( (dt, J = #.%, %.' Hz, *H, OCH-), $.&' (dt, J = #.%, %.% Hz, )H, -OCH-), $.&&, $.'(, $.') (+ s, (H, + COOCH!), $.&'
(dd, J = #$.#, '.( Hz, +H, CH!), $.&' - !.!" (m, 'H, ) CH!), $.&' (t, J = #.% Hz, )H, CH!);
!"
C NMR ("#$ MHz, CDCl!): δ !"#."%, !"#.#!, !().*# (, CO), )).)* (J = #.%& Hz, C-!),
!".$% (C-!), %&.(& (C-!), %&.&( (OCH!), $$.&' (C-!), %&.(! (C-!), %&.() (C-!), %&.(),
!".$%, !".(%, !).(*, !!.)( (,C, , CH!), $%.'(, $%.)*, $%.+) (( CH! of OAc), )*.,(CH!); ESI-MS: m/z: calcd for C!"H!"BrNaO! [M+Na]+: !"#.%%, found: !"#.%!.
Heptyl (-deoxy-!-chloro-α-D-mannopyranoside (!"a):
Prepared according to general prodedure B from !"a ("# mg, #.#) mmol). Yiled: 23 mg
("#%) as a white solid. [α]D = + $%.' (c = #.%, MeOH); !H NMR ("## MHz, MeOD): δ
!.#! (s, (H, H-!), %.'' (s, !H, H-!), %.'! (dd, J = #.%, '.% Hz, *H, H-!), !.&' (d, J = ##.%
Hz, %H, H-!a), &.(( (dd, J = #$.&, (.) Hz, #H, -OCH- of heptyl), ,../ - !.#! (m, !H, H-!,
H-!b), &.!& - !.#$ (m, )H, H-!), %.'( (dd, J = #$.&, &.$ Hz, #H, -OCH- of heptyl), ,../ (d,
J = #.% Hz, )H, CH!), $.&' - !.#$ (m, $H, * CH!), $.&' (t, J = #.% Hz, %H, CH!); !"C NMR
("#$ MHz, MeOD): δ !"!.$! (C-!), %&.(( (C-!), %&.() (C-!), %&.() (CH!), $%.'( (C-!),
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!".$% (C-!), !%.'! (C-!), %!.'', %(.)!, %(.!*, !+.%(, !%.+( (* CH!), $%.%% (CH!); HRMS: m/z: calcd for C!"H!"ClNaO! [M+Na]+: !"#."%&!, found: !"#."%&'.
Heptyl (-deoxy-!-bromo-α-D-mannopyranoside (!"b):
Prepared according to general prodedure B from !"b ("# mg, #.)* mmol). Yiled: 3" mg
("# %) as a white solid. [α]D = +$%.' (c = #.%, MeOH); !H NMR ("## MHz, MeOD): δ
!.#! (s, (H, H-!), %.'! (dd, J = #.%, '.# Hz, 'H, H-!), %.'' - !.#$ (m, $H, H-!, H-!a), &.(!
(dt, J = #.%, '.( Hz, +H, -OCH-), $.&$ - !.#$ (m, !H, H-!, H-!, H-!b), &.() (dt, J = #.%,
!.# Hz, (H, -OCH-), $.&' - !.#$ (m, )H, CH!), $.&& - !.#$ (m, )H, + CH!), $.&' (t, J = #.%
Hz, %H, CH!); !"C NMR ("#$ MHz, MeOD): δ !"!.$% (C-!), %&.() (C-!), %&.!( (C-!),
!".$% (C-!), %&.() (OCH!), $%.'( (C-!), %!.!! (C-!), %%.'', %'.((, %'.!), !*.%', !%.*'
(" CH!), $%.%' (CH!); HR-MS: m/z: calcd for C!"H!"BrNaO! [M+Na]+: !"!.$%%&, found:
!"!.$%&$.
Synthesis of !" (!-F) (n-Heptyl (-deoxy-!-fluoro-α-D-mannopyranoside)
F
O

O

O

OH

a)
O

O

OH
O

O

O

b)
O

19

HO

O

c)

O

F

Ph

O

O

O

F

OH OMe

20

OH OMe

22

21

d)

HO

OH
OH
O

F

g)
AcO

F

OH

26

OAc
OAc
O

f)

Ph

O

F

Ph

O

O

O

F

OMe

OAc

25

e)

OAc
O

O

24

23

OTf OMe

h)

BzO

OBz
OBz
O

F

i)

BzO

F

OBz
OBz
O

BzO

Br

OBz

27

j)

F

OBz
OBz
O

k)

HO

F

OH
OH
O
O

O

29

28

30

Scheme '. a) DAST, DCM, pyr, ($%-!"%); b) acetyl chloride, MeOH-benezene, reflux, quantitative; c)
benzaldehyde dimethylacetal, p-TsOH, CH!CN, reflux, + h, (./%); d) Tf!O, pyr, DCM, -!"°C-rt, %.' h, (*+%); e)
CsOAc, ()-crown-!, toluene, reflux, - h, (0-%); f) H!SO! /Ac!O, (%&%); g) CH!ONa/CH!OH, rt, quantitative; h)
BzCl, pyr, DMAP, (/0%); i) HBr/HOAc, DCM, (9:-!"%); j) HgBr!, Hg(CN)!, n-heptanol, DCM, (/0%); k)
CH!ONa/CH!OH, rt, (!"%).

!-Deoxy-!-fluoro-!,#:%,&-di-O-isopropylidene-α-D-glucofuranose (!")
To a solution of ,,.:0,1-di-O-isopropylidene-α-D-allofuranose !" (" g, &.() mmol) and
pyridine (* mL, *...0 mmol) in dry DCM (7 mL) was added DAST (0>%) (@.70 mL, A.*B
mmol) dropwise at /°C under argon. The reaction mixture was stirred at /°C for /.; h
and stirred at rt overnight. Then diluted with DCM, quenched with NaHCO! carefully
at $°C, the aqueous layer was extracted with DCM for 9 times, the combined organic
layers were washed with water, brine and dried over Na!SO!. The solvent was removed
under vacuo and the residue was purified by flash chromatography on silica gel (PE:EA
!":!-!:#) to afford !" ("#$ mg, "#%) as a colorless oil.!H-NMR ("## MHz, CDCl!): δ
!.#$ (d, J = #.% Hz, )H, H-!), %.' (dd, J = #$.&, (.) Hz, ,H, H-!), %.'( (dd, J = ##.%, '.%
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Hz, %H, H-!), %.!' (m, *H, H-!), %."#-!.#$ (m, )H, H-!a, H-!), !.&' (dd, J = #.%, '.%
Hz, %H, H-!b), &.(), &.((, &.*!, &.*+ ((xs, (CH!); !"C-NMR ("#$ MHz, CDCl!): δ !!".$%,
!"#.%# ((xacetal), !"1.!2 (C-!), %&.(% (d, J = #$%.'( Hz, C-!), %&.() (d, J = #$.&# Hz, C!), %&.(! (d, J = #$.$$ Hz, C-!), %&.() (d, J = #.%& Hz, C-!), %&.(! (d, J = #.%& Hz, C-!),
!".$%, !"."(, !".)*, !*.)% (,xC, CH!); !"F-NMR ("#$ MHz, CDCl!): δ -!"#.%".
Methyl (-deoxy-!-fluoro-D-glucoside (,-)
Acetyl chloride (..0 mL) was added to a solution of !-deoxy-!-fluoro-!,#:%,"-di-Oisopropylidene-α-D-glucofuranose (..01 g) in a mixture of MeOH (:; mL) and
benzene ('( mL) at .°C. The solution was heated overnight under reflux with the
exclusion of atmospheric moisture. Solvent was removed under vacuo and the residue
was purified by flash chromatography on Silica gel (DCM:MeOH ;<:;-!:#) to afford !"
as unseparated α/β anomers in quantitative yield. ESI-MS Calcd for [M+Na]+, !"#.%&,
found !"#.%&.
Methyl (-deoxy-!-fluoro-!,#-O-benzylidene-D-glucopyranoside (11)
A mixture of !" (".!" g, &.( mmol) and benzaldehyde dimethyl acetal ((.9: mL, <9.<
mmoL) in dry acetonitrile (12 mL) was heated to reflux and -toluenesulfonic acid (/0
mg) was added. The reaction mixture was refluxed for 7 h and then neutralized with
triethylamine. The reaction mixture was then concentrated to dryness and the residue
was purified by flash chromatography on Silica gel (PE:EE 8:9-!:#) to afford !! (".$% g,
!"%) (α:β = #.#:&, by NMR) as a white solid. α isomer: !H-NMR ("## MHz, CDCl!): δ
!.#$ (m, )H), !.,! (m, !H), !.!! (s, 'H, PhCH), !.#$ (t, J = !.# Hz, !H, H-!), %.'( (dt, J =
!".!, &.' Hz, !H, H-!), %.!' (m, *H, H-!a), &.()-!.#$ (m, )H, H-!, H-!, H-!b, H-!),
!.#$ (s, !H, OMe), ..$/ (m, /H, .-OH); !"C-NMR ("#$ MHz, CDCl!): δ !"#.%&, !)*.!+,
!"#."%, !"(.!), !*!.#$ (PhCH), %%.%% (d, J = #.%% Hz, C-!), %!.'' (d, J = #$%.% Hz, C-!),
!".$% (d, J = #$.&& Hz, C-!), %&.!( (d, J = #$.&& Hz, C-!), %&.%( (d, J = #.%& Hz, C-!),
!!.#$ (OCH!); β isomer: !H-NMR ("## MHz, CDCl!): δ !.#$ (m, )H), !.,! (m, ,H), !.!#
(s, %H, PhCH), !.#$ (dt, J = !".!, &.' Hz, !H, H-!), %.!' (ddd, J = !".$, $.", '." Hz, !H,
H-!a), &.() (m, ,H, H-!), %.'(-!.#$ (m, !H, H-!, H-!, H-!b), &.() (s, &H, OMe), &.0&
(m, %H, H-!), %.'' (m, *H, %-OH); !"C-NMR ("#$ MHz, CDCl!): δ !"#.#%, !().(!, !(*.(#,
!"#.!!, $%&.() (d, J = #$.&' Hz, C-!), !%!.'( (PhCH), %&.() (d, J = #$%.' Hz, C-!), %&.&(
(d, J = #$.&& Hz, C-!), %&.&! (d, J = #$.&& Hz, C-!), %&.(! (d, J = #.%& Hz, C-!), %&.!(
(OCH!); ESI-MS Calcd for C!"H!"FO! [M+Na]+, !"#."%&', found !"#."%&#.
Methyl (-deoxy-!-fluoro-!,#-O-benzylidene-!-O-(trifluoromethanesulfonyl)-Dglucopyranoside (!")
To a solution of !! ("#$ mg, ).+, mmol) and pyridine ($.88 mL, :.;< mmol) in dry
DCM (&' mL) was added trifluoromethanesulfonic anhydride (3.56 mL, 9.3: mmol)
slowly at -!"°C. The reaction mixture was stirred at -!"°C for )." h, then removed the
cooling bath and stirred for another 1.3 h at rt. The reaction mixture was diluted with
DCM, washed with .% NaHCO!, brine and dried over Na!SO!. Solvent was removed
under vacuo and the residue was purified by flash chromatography on silica gel (PE:EA
!":!-!":!) to afford !" (α, β isomers, ).+, g, ./%) as a pale yellow solid.!H-NMR ("##
249

Manuscript 2
MHz, CDCl!): δ !.#$ (m, )H), !.,$ (m, ,H), -.-! (s, /H, PhCH), !.#$ (t, J = !.# Hz, !H,
H-!), %.'' (dt, J = !".$, '.$ Hz, !H, H-!), !.#$ (ddd, J = !".$, '.(, ).$ Hz, !H, H-!), !.#$
(ddd, J = !".$, '.$, (." Hz, #H, H-!a), !.#$ (m, )H, H-!), %.'( (m, +H, H-!b, H-!), !.#$
(s, %H, OMe); !"C-NMR ("#$ MHz, CDCl!): δ !"#.%& !"#.%", !"(.)*, !"+.!%, !,!.()
(PhCH), !".!$ (d, J = !.## Hz, C-!), !".$% (d, J = !"#.!% Hz, C-!), %&.() (d, J = !".$% Hz,
C-!), %&.() (d, J = !".$$ Hz, C-!), %&.!% (C-!), !".$% (d, J = !.# Hz, C-!), #$.&# (OCH!);
ESI-MS Calcd for [M+Na]+, !"#.%, found !"#.#%, Calcd for [M+H]+, #$%.'(, found
!"#.%&.
Methyl
(-O-acetyl-!-deoxy-!-fluoro-!,#-O-benzylidene-D-mannopyranoside
(!")
A mixture of !" (".$%&g, $."*& mmol), cesium acetate (6"* mg, 7.&* mmol) and "*crown-! ($.&!' g, *.+, mmol) in dry toluene (&9 mL) was refluxing for &.@ h. After
cooling down to rt, toluene was removed under vacuo and the residue was redissolved
in DCM and washed with water, brine and dried over Na!SO!. Solvent was removed in
vacuo and the residue was purified by flash chromatography on silica gel (PE:EA <:=!:#) to afford !" (α, β isomers, ).+,, g, +.%) as white solid. α isomer: !H-NMR ("##
MHz, CDCl!): δ !.#$ (m, )H), !.,! (m, ,H), #.-. (s, $H, PhCH), !.#$ (ddd, J = !.!, %.&,
!.# Hz, !H, H-!), %.'( (ddd, J = !".$, '(.(, !.( Hz, !H, H-!), !.#! (dd, J = !.#, &.' Hz,
!H, H-!), !.#$ (m, #H, H-!a), !.#$ (q, J = !"." Hz, %H, H-!), %.'( (t, J = !"." Hz, %H, H!b), !.#$ (m, #H, H-!), %.'( (s, %H, OMe), /.01 (s, #H, COCH!); !"C-NMR ("#$ MHz,
CDCl!): δ !"#.%# (COCH!), !"#.%&, !)*.)), !)%."), !)#.!+, !,!.*! (PhCH), !!.#$ (d, J =
!.#$ Hz, C-!), !".$! (d, J = !"!.$% Hz, C-!), %%.'( (d, J = !!.# Hz, C-!), %&.&( (d, J =
!".$" Hz, C-!), %&.(& (d, J = !.# Hz, C-!), !".$$ (d, J = !.# Hz, C-!), ##.%& (OCH!),
!".$$ (COCH!); !"F-NMR ("#$ MHz, CDCl!): δ -!"#.%&; HR-MS Calcd for C!"H!"FO!
[M+Na]+, !"#.%&'!, found !"#.%&'&; β isomer: !H-NMR ("## MHz, CDCl!): δ !.#$ (m,
!H), &.(& (m, (H), +.&, (m, ,H, H-!), %.'! (s, *H, PhCH), !.#$ (ddd, J = !".$, '(.(, !.(
Hz, !H, H-!), !.#$ (m, !H, H-!), !.!# (ddd, J = !".$, $.", '." Hz, !H, H-!a), !.#! (q, J =
!." Hz, %H, H-!), %.'! (t, J = !".$ Hz, %H, H-!b), !.## (s, !H, OMe), !.-. (m, #H, H-!),
!.!# (s, #H, COCH!); !"C-NMR ("#$ MHz, CDCl!): δ !"#.#! (COCH!), !"#.%&, !)*.)#,
!"#.%%, !"(.!!, !)!.*+ (PhCH), !""."$ (d, J = !.#! Hz, C-!), !".$% (d, J = !"# Hz, C-!),
!".$" (C-!), %&.() (d, J = !"."$ Hz, C-!), %&.!( (d, J = !.#$ Hz, C-!), !".$% (d, J = !.#
Hz, C-!), #$.&' (OCH!), $%.'( (COCH!); !"F-NMR ("#$ MHz, CDCl!): δ -!"#.%!. ESIMS Calcd for [M+Na]+, !"#.%%, found !"#.%&.
!,#,$,%-Tetra-O-acetyl-!-deoxy-!-fluoro-D-mannopyranoside (!")
To a mixture of methyl (-O-acetyl-!-deoxy-!-fluoro-!,#-O-benzylidene-α-Dmannopyranoside (.// mg, /..3 mmol) and methyl (-O-acetyl-!-deoxy-!-fluoro-!,#-Obenzylidene-β-D-mannopyranoside (./0 mg, 3.5.6 mmol) in acetic anhydride (0.0
mL) was added H!SO! ("#-!"%) ('!" µL) at rt. The reaction mixture was stirred at rt
for % h. Then diluted with DCM, neutralized carefully with Sat. aqueous NaHCO! at
!°C. The aqueous layer was extracted with DCM for two times, the combined organic
layers were washed with brine and dried over Na!SO!. Solvent was removed under
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vacuo and the residue was purified by flash chromatography on silica gel (PE:EA ;:<!:#) to afford !" (""# mg, ()%) as a white foam as unseparated α/β anomers.
!-Deoxy-!-fluoro-D-mannose (!")
To a solution of !" ("#$ mg, ).+,- mmol) in dry methanol (- mL) was added ).- M
CH!ONa/MeOH (*.,- mL). The reaction mixture was stirred at rt for , h. Then
neutralized with Amberlyst 34, filtered, concentrated to dryness to afford 9-deoxy-!fluoro-D-mannose as a mixture of unseparated α/β anomers !" in quantitative yield
which was used for next step without further purification.
!,#,$,%-Tetra-O-benzoyl-!-deoxy-!-fluoro-α-D-mannopyranoside (!")
To a suspension of ,-deoxy-!-fluoro-D-mannose ()*+ mg, ..01* mmol) in pyridine
(".$ mL) was added DMAP (2 mg) and benzoyl chloride ($.2> mL) dropwise at $°C.
The reaction mixture was stirred at rt overnight and then diluted with DCM, washed
with ice-water, Sat. NaHCO! and brine, dried over Na!SO!. Solvent was removed
under vacuo and the residue was purified by flash chromatography on silica gel (PE:EA
!:#-!:#) to afford !" ("## mg, ()%) as a white foam. !H-NMR ("## MHz, CDCl!): δ
!.!"-!.#$ (m, !H), +.,--!.#$ (m, )*H), -.-) (dd, J = !.#, &.' Hz, %H, H-!), %.'( (q, J =
!"." Hz, %H, H-!), %.'( (ddd, J = !.!, %.!, &.' Hz, %H, H-!), %.'( (ddd, J = !".$, '.(, ).(
Hz, %H, H-!), %.'( (dd, J = !".", &." Hz, %H, H-!a), &.&(-!.!# (m, (H, H-!b, H-!); !"CNMR ("#$ MHz, CDCl!): δ !"".$$, !"'.!', !"'.!$, !"(.'" (*xCOPh), '().)+, ',+.)',
!"#.!!, !"".'(, !"".)', !"".(), !"".*', !"*.*", !"*.*!, !(+.+', !(+.+*, !(+.'(, !(,.',,
!"#.%!, !"#.(", !"#.!#, !"#.!% (Ar-C), !".$" (d, J = !.#$ Hz, C-!), %&.() (d, J = !"#.#% Hz,
C-!), %&.(& (d, J = !.# Hz, C-!), %&.(& (d, J = !".$% Hz, C-!), %&.() (d, J = !".$% Hz, C!), %&.(( (C-!); HR-MS Calcd for C!"H!"FO! [M+Na]+, #$%.%'(), found #$%.%'().
!,#,$-Tri-O-benzoyl-!-deoxy-!-fluoro-α-D-mannopyranosyl bromide (!")
To a solution of !" ("## mg, (.*+ mmol) in dry DCM (*.7 mL) was added ==%
HBr/HOAc (*., mL) at 2°C and then reaction mixture was stirred at rt overnight. The
reaction mixture was diluted with DCM, washed with ice-water, Sat. NaHCO! and
brine, dried over Na!SO!. Solvent was removed under vacuo and the residue was
purified by flash chromatography on silica gel (PE:EA ::;-!:#) to afford !" ("#$ mg,
!"%) as a white foam. !H-NMR ("## MHz, CDCl!): δ !.#$ (m, )H), $.,- (m, .H), $./!
(t, J = !.# Hz, %H), '.)* (t, J = !.# Hz, %H), '.)) (dd, J = !.#, &.! Hz, %H, H-!), %.'% (m,
!H, H-!), %.'% (ddd, J = !.#, &.!, '.! Hz, %H, H-!), %.'! (ddd, J = !".$, '.(, ).( Hz, %H,
H-!), %.'! (dt, J = !".$, !.' Hz, %H, H-!a), &.()-!.!! (m, 'H, H-!, H-!b); !"C-NMR ("#$
MHz, CDCl!): δ !"#.%&, !"#.&), !"#.&* (,xCOPh), '((.*+, '((.*,, '((.-', '-...*, '-.../,
!"#.%%, !"#.(), !"*.%", !"*.+(, !"*.+), !"*.(,, !"*.-+ (Ar-C), %&.(( (d, J = !"#.%% Hz, C!), !".$% (d, J = !.#$ Hz, C-!), %&.%( (d, J = !.#$ Hz, C-!), !".$% (d, J = !".!$ Hz, C-!),
!!.!# (d, J = !".$% Hz, C-!), %&.() (C-!); !"F-NMR ("#$ MHz, CDCl!): δ -!"#.%#.
n-Heptyl (,*,+-tri-O-benzoyl-!-deoxy-!-fluoro-α-D-mannopyranoside (!")
To a suspension of !! ("#$ mg, ).+, mmol), n-Heptanol (+.-.- mL, ..2- mmol) and 5Å
MS in dry DCM (, mL) was added Hg(CN)! ("#" mg, (.*+, mmol), HgBr! (""# mg,
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!.#$% mmol) and was stirred at rt for 5 h under argon. The reaction mixture was
filtered through a pad of celite, the celite was washed with DCM thoroughly and the
filtrate was washed with NaHCO!, brine, dried over Na!SO!. Solvent was removed
under vacuo and the residue was purified by flash chromatography on silica gel (PE:EA
!":!) to !" ("#$ mg, #)%) as colorless syrup. [α]D!" +".$% (c ).%*, CHCl!); !H-NMR ("##
MHz, CDCl!): δ !.#! (m, (H), +.,! (m, -H), +..+-!.#$ (m, )H), ).,- (m, .H, H-!), %.'!
(ddd, J = !.#, &.', (.# Hz, %H, H-!), %.!' (ddd, J = !".$, '.(, !.$ Hz, %H, H-!), !.#$ (dd,
J = !.#, &.' Hz, %H, H-!), %.'( (ddd, J = !".$, ".$, !.' Hz, %H, H-!a), &.&& (dd, J = !".$,
!.# Hz, %H, H-!b), &.() (ddd, J = !".", &.', (.' Hz, %H, H-!), %.'( (dt, J = !".", &." Hz,
!H, H-OCH!C!H!"), $.&' (dt, J = !".", &." Hz, %H, H-OCH!C!H!"), #.%& (m, %H), (.*+ (m,
!H), &.() (t, J = !.# Hz, !H, CH!); !"C-NMR ("#$ MHz, CDCl!): δ !"".!$, !"'.'!, !"'.()
("xCOPh), '((.*(, '((.+,, '((.-., '/0.,0, '/0.1+, '/0..,, '/0.'., '/0.'-, '/,.*', '/,.+,,
!"#.%# (Ar-C), !".$% (d, J = !.#$ Hz, C-!), %&.&( (d, J = !"!.$% Hz, C-!), %&.!! (d, J = !"."
Hz, C-!), !".$! (OCH!C!H!"), !".$% (d, J = !.#$ Hz, C-!), %&.&% (d, J = !".!$ Hz, C-!),
!".$% (d, J = !.## Hz, C-!), !".$%, ().(), (*.)*, (+.)), ((.+$, "%.,* (OCH!C!H!"); !"FNMR ("#$ MHz, CDCl!): δ -!"#.%&; HR-MS Calcd for C!"H!"FO! [M+Na]+, #$%.'()*,
found '().+,'-.
n-Heptyl (-deoxy-!-fluoro-α-D-mannopyranoside (!")
To a solution of !" ("#.# mg, ).**" mmol) in dry methanol (7.) mL) was added ).; M
CH!ONa/MeOH (*+ µL) at rt. The reaction mixture was stirred for ? h, then
neutralized with Amberlyst 34, filtered, concentrated to dryness. The residue was
purified by flash chromatography on silica gel (PE:EA ::: to ::;) to afford !" ("# mg,
!"%) as a colorless syrup. [α]D!" = +$$.&' (c = *.+,, DCM); !H-NMR ("## MHz,
CDCl!): δ !.#$ (d, J = #.% Hz, !H, H-!), %.'! (ddd, J = #$.&, $.&, (.) Hz, !H, H-!), !.#$
(d, J = #.% Hz, !H, %-OH), &.&( (d, J = #.% Hz, !H, %-OH), &.(& (m, +H, H-!), !.&' (m, &H,
H-!), %.'( (m, +H, (-OH), &.() (m, ,H, H-!a), &.() (m, ,H, H-!b), &.(! (m, +H, H-!),
!.#! (dt, J = !.#, &." Hz, 'H, H-OCH!C!H!"), !.!# (dt, J = !.#, &." Hz, 'H, HOCH!C!H!"), !.#$ (m, )H), !.), (m, ,H), -.,, (t, J = !.# Hz, !H, CH!); !"C-NMR ("#$
MHz, CDCl!): δ !!.## (d, J = !.#$ Hz, C-!), %&.!( (d, J = !"#.%& Hz, C-!), %&.&% (d, J = !.#$
Hz, C-!), %&.!( (d, J = !".!$ Hz, C-!), !".$$ (OCH!C!H!"), !".!$ (d, J = !!.# Hz, C-!),
!".$% (C-!), !".$%, %(.%(, %(.)%, %*.)), %%.+(, ",.)* (OCH!C!H!"); !"F-NMR ("#$ MHz,
CDCl!): δ -!"#.!%; HR-MS Calcd for C!"H!"FO! [M+Na]+, #$#.&'(), found #$#.&'(/.
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Synthesis of ,- (,-H) (n-Heptyl (-deoxy-α-D-Mannopyranoside)
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Scheme '. a) i. dibutyltin oxide, toluene, TBAB, BnBr, reflux, (44%); ii. Benzoyl chloride, pyr, DMAP, (78%); b)
Pd(OH)!/H!, dioxane, rt, , bar, (/0%); c) TCDI, DCE, reflux, (!"%); d) Bu!SnH/toluene, reflux, overnight,
(""%); e) CH!ONa/CH!OH, rt, ! h, (!"%).

n-Heptyl (,*,+-O-tribenzoyl-!-O-benzyl-α-D-mannopyranoside (!")
The mixtures of !" ("#$ mg, )."+, mmol) and dibutyltin oxide (":; mg, )., mmol) were
dissolved in dry MeOH (01 mL). The reaction mixture was refluxed for $ h,
concentrated to dryness under reduced pressure. To a solution of the product
generated above in dry toluene (12 mL) was added tetrabutylammonium bromide
(TBAB) ($%$ mg, ).+ mmol) and benzyl bromide ()7$ µL, $.&'( mmol). The mixture
was stirred at *!°C overnight, concentrated to dryness, and purified by
chromatography on silica gel (PE-EA $:&-!:#) to give heptyl (-O-benzyl-α-DMannopyranoside (../ mg, 33%) as colorless oil. The above product was dissolved in
pyridine (".$ mL) and benzoyl chloride ($.67 mL, 9.": mmol), DMAP (9.? mg) was
added to the solution at rt. The reaction mixture was stirred at rt for 5 h, then diluted
with ethyl acetate, washed with .% NaHCO!, brine and the organic layer was dried
over Na!SO!. The solvent was removed in vacuo and the residue was purified by flash
chromatography on silica gel (PE-EA $:&-!:#) to provide !" ("## mg, ()%) as colorless
syrup. !H NMR (CDCl!, #$$ MHz): δ !.#! (m, (H), +.,, (m, -H), +..#-!.#$ (m, )H),
!.#$ -!.#$ (m, $H), !.#!-!.#$ (m, )H), ).,$ (t, J = #$.$ Hz, #H, H-!), %.'% (m, *H, H-!),
!.#$ (s, $H, H-!), %.'( (d, J = #$.& Hz, #H, OCH!Ph), &.(( (dd, J = #$.&, $.( Hz, #H, H!a), &.() (d, J = #$.& Hz, #H, OCH!Ph), &.() (dd, J = #$.&, (.& Hz,#H, H-!b), &.() (ddd, J
= #$.$, '.(, ).$ Hz, #H, H-!), %.'( (dd, J = #$.$, '.( Hz, #H, H-!), !.&! (m, )H,
OCH!C!H!"), $.&' (dt, J = #.%, '.% Hz, *H, OCH!C!H!"), $.&' (m, 'H, OCH!CH!C!H!!),
!.#$ (m, )H, OC!H!C!H!CH!), $.&$ (t, J = #.% Hz, )H, OC!H!C!H!CH!); !"C NMR
(CDCl!, #$% MHz) δ !"".$%, !"%.(), !"%.*% ()xC=O), &'(.*', &''.+,, &''.+-, &'+...,
!"#.#%, !"#.#(, !"#.%), !"*.+%, !"*.,#, !"*."!, !"%.*), !"%.(% (Ar-C), %&.() (C-!), %&.()
(C-!), #$.&' (OCH!Ph), &'.') (C-!), %&.&( (C-!), %&.() (OCH!C!H!"), !".$% (C-!),
!".$% (C-!), %&.(&, )*.%+, )*.,-, )!.,-, )).!), &-.&+ (OCH!C!H!"); ESI-MS Calcd for
C!"H!!O! [M+Na]+, #$%.'(, found !"#.##.

253

Manuscript 2
Heptyl (,*,+-O-tribenzoyl-α-D-mannopyranoside (!!)
Hydrogenolysis of !" ("## mg, (.*+ mmol) in dioxane (#.( mL) in the presence of =(%
Pd(OH)! ("# mg) and catalytic aomount of HOAc under hydrogen (9 bar) at rt
overnight. Then filtered the reaction suspension through celite, the filtrate was
concentrated under vacuo. The residue was purified by flash chromatography on silica
gel (PE-EA $:&-!:#) to provide !! ("#$ mg, #)%) as colorless syrup. !H NMR (CDCl!,
!"" MHz): δ !.#$-!.#$ (m, )H), ,.)--!.## (m, (H), !.+, (t, J = #.% Hz, )H), +.,% (m,
!H), &.() (t, J = #$.! Hz, &H, H-!), %.!' (dd, J = #.%, '.( Hz, 'H, H-!), %.'( (d, J = #.% Hz,
!H, H-!), %.'( (dd, J = #$.&, $.& Hz, #H, H-!a), &.&! (dd, J = #$.&, (.) Hz, #H, H-!b), &.&(
(m, %H, H-!), %.!' (ddd, J = #$.$, '.(, ).( Hz, #H, H-!), %.'' (dt, J = #.%, '.% Hz, *H,
OCH!C!H!"), $.&' (dt, J = #.%, '.% Hz, *H, OCH!C!H!"), $.&' (d, J = #.% Hz, )H, OH),
!.#$ (m, )H, OCH!CH!C!H!!), $.&$ (m, )H, OC!H!C!H!CH!), $.&$ (t, J = #.% Hz, )H,
OC!H!C!H!CH!); !"C NMR (CDCl!, #$% MHz): δ !"".$%, !"".!(, !").*+ (-xC=O), &''.)*,
!"".$%, !"".$%, !().)!, !().*", !().*$, !().%*, !()."!, !().!%, !(*.+,, !(*.+!, !(*.") (ArC), %&.() (C-!), %&.(! (C-!), %&.() (C-!), %&.(( (C-!), %&.(& (OCH!C!H!"), $%.'( (C-!),
!".$% (C-!), %&.((, )*.%(, )*.+&, )!.+%, )).,*, &-.&+ (OCH!C!H!"); ESI-MS Calcd for
C!"H!"O! [M+Na]+, #$%.'(, found !"#."%.
n-Heptyl (,*,+-O-tribenzoyl-!-O-thiocarbonylimidazoyl-α-D-mannopyranoside
(!")
A mixture of !! ("#$ mg, ).+$# mmol) and N,N’-thiocarbonyldiimidazole (234 mg,
!.#$ mmol) in ,,.-dichloroethane (..0 mL) was refluxed overnight. The solution was
concentrated in vacuo and the residue was diluted with DCM, washed with $N HCl
and brine. The organic layer was dried over Na!SO! and the solvent was removed in
vacuo, the residue was purified by chromatography on silica gel (PE-EA $:&-!:#) to
afford !" ("## mg, ()%) as pale yellow viscous solid.!H NMR (CDCl!, #$$ MHz): δ !."#
(s, %H), (.*( (d, J = #.% Hz, )H), +.%) (d, J = #.% Hz, )H), #.+# (d, J = #.% Hz, )H), #.+)!.#$ (m, )H), !.$$-!.#! (m, !H), *.+! (s, -H), *.#. (dd, J = #$.$, '.$ Hz, #H, H-!), %.'(
(t, J = #$.$ Hz, #H, H-!), %.'! (dd, J = #.%, '.% Hz, *H, H-!), %.'' (s, $H, H-!), %.'% (m,
!H, H-!a), &.()-!.!# (m, (H, H-!b, H-!), %.'( (dt, J = #.%, '.% Hz, *H, OCH!C!H!"),
!.#$ (dt, J = #.%, '.% Hz, *H, OCH!C!H!"), $.&' (m, 'H, OCH!CH!C!H!!), $.&$-!.## (m,
!H, OC!H!C!H!CH!), $.&' (t, J = #.% Hz, )H, OC!H!C!H!CH!); !"C NMR (CDCl!, #$%
MHz): δ !"#.%& (C=S), &''.)*, &'+.,-, &'+.-. (,xC=O), &'(.*+, &''.((, &''.&(, &'*.,,,
!"#.%#, !"#.(!, !"#.)%, !"%.(%, !"%.(", !"%.*%, !"%.+%, !!(.%" (Ar-C), %&.() (C-!), %&.()
(C-!), %&.!( (C-!), %&.(( (OCH!C!H!"), $%.'( (C-!), %%.'! (C-!), %!.#$ (C-!), %&.(),
!".!", !".&', !(."", !!.)&, '*.'' (OCH!C!H!"); ESI-MS Calcd for C!"H!"N!O!S [M+H]+,
!"#.%&, found !"#.%&, Calcd for [M+Na]+, #$%.$', found !"#."%.
n-Heptyl (,*,+-O-tribenzoyl-!-deoxy-α-D-mannopyranoside (!")
A solution of !" ("#$ mg, ).+!" mmol) in dry toluene (1 mL) was added dropwise over
!" min to a stirred solution of refluxing toluene (4 mL) and tributylstanne (".!"4 mL,
!.#$% mmol) under argon. After the reaction mixture was refluxed overnight, the
solvent was removed in vacuo and the residue was purified by chromatography on
silica gel (PE-EA $%:$) to afford !" ("#$ mg, ))%) as colorless oil. !H NMR (CDCl!, #$$
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MHz): δ !.#$- !.#$ (m, )H), ,.)#-!.#$ (m, )H), !.$,-!.#! (m, (H), +.+! (td, J = #$.&, (.&
Hz, %H, H-!), %.'! (d, J = #.% Hz, #H, H-!), %.'! (s, *H, H-!), %.'( (dd, J = #$.&, $.( Hz,
!H, H-!a), &.&! (dd, J = #$.&, (.( Hz, #H, H-!b), &.(& (ddd, J = #$.$, '.', (.' Hz, #H, H!), %.'( (dt, J = #.%, '.( Hz, +H, OCH!C!H!"), $.&' (dt, J = #.%, '.% Hz, *H, OCH!C!H!"),
!.#$ (dt, J = #$.!, $.& Hz, )H, H-!a), &.!( (m, +H, H-!e), !.## (m, (H, OCH!CH!C!H!!),
!.#$ (m, )H, OC!H!C!H!CH!), $.&' (t, J = #.% Hz, )H, OC!H!C!H!CH!); !"C NMR
(CDCl!, #$% MHz): δ !"".$", !"'.'", !"'.() ((xC=O), &''.'', &''.)*, &').++, &)+.+&,
!"#.%!, !"#.(", !"#.)%, !"#.%&, !"#.&#, !").*%, !").+* (Ar-C), %&.() (C-!), %&.&( (C-!),
!"."$ (C-!), %&.(% (OCH!C!H!"), $%.'$ (C-!), %&.%( (C-!), %&.() (C-!), !%.'(, )*.+(,
!".$%, !(.)*, !!.+", ,$.,) (OCH!C!H!"); ESI-MS Calcd for C!"H!"O! [M+Na]+, #$%.'#,
found !"#.%&.
n-Heptyl !-deoxy-α-D-mannopyranoside (!")
To a solution of !" ("#$ mg, ).+, mmol) in methanol (, mL) was added ).: M
CH!ONa/MeOH (*+ µL) at rt. The reaction mixture was stirred at rt for + h, then
neutralized with amberlyst 23, filtered and the solvent was concentrated to dryness.
The residue was purified by flash chromatography on silica gel with (DCM-MeOH &&:&)
to give !" ("# mg, ()%) as colorless oil. [α]D!" +"#.%& (c #.*&, DCM); !H NMR
(CD!OD, %&& MHz): δ !.#$ (s, )H, H-!), %.'! (dd, J = ##.%, '.( Hz, #H, H-!a), #.%&-!.#$
(m, %H, H-!, H-!, OCH!C!H!"), $.&' (dd, J = ##.%, '.( Hz, #H, H-!b), &.() (ddd, J = #.%,
!.#, &.# Hz, )H, H-!), %.'( (dt, J = #.%, '.% Hz, *H, OCH!C!H!"), $.&' (dt, J = #$.&, $.(
Hz, %H, H-!a), &.() (m, &H, H-!e), !.#$ (m, )H, OCH!CH!C!H!!), !.#$-!.#$ (m, )H,
OC!H!C!H!CH!), $.&' (t, J = #.% Hz, )H, OC!H!C!H!CH!); !"C NMR (CD!OD, %&'
MHz): δ !"".!$ (C-!), %&.&( (C-!), %&.() (C-!), %&.() (OCH!C!H!"), $%.'% (C-!), %&.()
(C-!), %&.(% (C-!), !!.&', !&.(), !&.'), '*.!+, '!.*&, ,-.-! (OCH!C!H!"); HR-MS Calcd
for C!"H!"NaO! [M+Na]+ !"#.%&'", found !"#.%&"!.
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Synthesis of ,- (,-H) (n-Heptyl (-deoxy-α-D-Mannopyranoside)
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Scheme '. Reagents and conditions: a) DMP, acetone, p-toluenesulfonic acid, water, rt, 1 h, (45%); b) DCM,
benzoyl chloride, <01°C, 04 min, ('(%); c) TCDI, DCE, reflux, (89%); d) Bu!SnH/toluene, reflux, overnight,
("#%); e) HOAc/H!O ($:&), )*°C, *.. h, quantitative; f) (Ac)!O/pyr, DMAP, , h, (/0%); g) CAN, CH!CN/H!O
(":$), ( h, (*$%); h) Cl!CCN, DCM, NaH, (*+%); i) TMSOTf, toluene, (:;%); j) CH!ONa/CH!OH, rt, (!"%).

!-Methoxyphenyl α-D-mannopyranoside

HO
HO

OH
OH
O
O

OMe JXH@!!"

To a mixture of -,/,0,1,2-penta-O-acetyl-α-D-mannopyranoside (... g, 2.34 mmol)
and %-methoxyphenol (-./0 g, -3.45 mmol) in -,3-dichloroethane (./ mL) was added
TMSOTf ((.*+ mL, *.!" mmol) at !°C. The reaction mixture was stirred at !°C for " h
and then stirred at rt overnight. Diluted with EtOAc, washed with NaHCO!, water and
brine. The organic layer was dried over Na!SO!, filtered and concentrated. The residue
was purified by flash chromatography on silica gel (PE-EA $:&-!:#) to give the desired
compound (*.,- g, 01%) as a white solid.!H NMR ('(( MHz, CDCl!): δ !.#$ (d, J = #.%
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Hz, %H), '.)% (d, J = #.% Hz, )H), +.++ (dd, J = #$.$, '.( Hz, #H, H-!), %.'! (m, *H, H-!),
!.#$ (s, $H, H-!), %.'( (t, J = #$.$ Hz, #H, H-!), !.&' (dd, J = #$.& Hz, &.* Hz, #H, H-!a),
!.#! (ddd, J = #$.$, '.', #.$ Hz, #H, H-!), %.'' (dd, J = #$.&, $.( Hz, #H, H-!b), &.(( (s,
!H, OCH!), $.&', $.'(, $.'), $.'* (,xs, &$H, ,xCOCH!).To a solution of .methoxyphenyl $,&,',(-tetra-O-acetyl-α-D-mannopyranoside (..0 g, 3.45 mmol) in
MeOH ('(mL) was added 0.( M CH!ONa/MeOH (*., mL) at rt. The reaction mixture
was stirred at rt overnight, then neutralized Amberlyst 78. The reaction mixture was
filtered and the residue was washed thoroughly with MeOH. The filtrate was
concentrated in vacuo to give compound JXH@%%& (".$ g, quantitative) as a white
solid, which was used for next step without further purification. !H NMR ('(( MHz,
CD!OD): δ !.#$ (d, J = #.% Hz, )H), +.,- (d, J = #.% Hz, )H), +.,, (d, J = #.% Hz, #H, H!), %.'' (dd, J = #.%, '.% Hz, 'H, H-!), %.'' (dd, J = #.%, '.% Hz, *H, H-!), !.&' (dd, J =
!".$, ".' Hz, !H, H-!a), &.() (s, &H, OCH!), $.&'-!.#$ (m, )H, H-!, H-!b), &.!( (m, +H,
H-!); !"C NMR (CD!OD, %&' MHz): δ !"#.#%, !"(.%), !!*.(%, !!".#%, !%!.!+ (C-!), %&.()
(C-!), %&.(! (C-!), %&.(! (C-!), %&.(( (C-!), %&.(& (C-!), %!.'( (OCH!).
Methoxyphenyl ,,.-isopropylidene-α-D-Mannopyranoside
CH2OH
O
O
OH

O
O

JXH-!"#
Compound p-Methoxyphenyl α-D-mannopyranoside (" g), acetone ("- mL), DMP ()*
mL), and p-toluenesulfonic acid (/.1 g) were stirred together until the solid dissolved
(about () minutens). Water (34 mL) was added and stirring was continued for ; h.
The reaction mixture was diluted with DCM, the aqueous layer was extracted with
DCM for ( times, the combined organic layers were washed with water, brine and
dried over Na!SO!. Concentrated and the residue was purified with (PE-EA $:&-!:!) to
afford JXH-!"# ("#$ mg, )#%) as a white solid. !H NMR ('(( MHz, CD!OD): δ !.#$
(d, J = !.# Hz, (H), *.+, (d, J = #.% Hz, )H), +.,% (s, /H, H-!), %.'( (dd, J = #.#, &.# Hz,
!H, H-!), %.'( (m, 'H, H-!), !.&' (s, !H, OCH!), $.&' (m, *H, H-!a), &.!( (m, +H, H-!),
!.## (m, (H, H-!, H-!b), &.(), &.*+ ()xs, !H, CH!CCH!); !"C NMR ('() MHz, CD!OD): δ
!"#.%&, !"!.%#, !!).*#, !!"."#, !!&.#", )+.,! (C-!), %&.!( (C-!), %%.'( (C-!), %!.'( (C-!),
!".$" (C-!), %&.(% (C-!), %!.'( (OCH!), $%.'(, $).)* (CH!CCH!).
OMe
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Methoxyphenyl ,-O-benzoyl-!,#-isopropylidene-α-D-Mannopyranoside
CH2OBz
O
O

O

O

OH

JXH-!"#
A solution of methoxyphenyl ',)-isopropylidene-α-D-Mannopyranoside (../ mg,
!.#$ mmol) in DCM (0 mL) and pyridine (#.0 mL) was stirred at < <=°C while benzoyl
chloride (+.-. mL, -.233 mmol) was added. After 2+ minutes, TLC shows no JXH-!"#
left. Then methanol was added to quench the BzCl, the reaction mixture was diluted
with DCM and then washed with .N HCl, brine. The organic layer was dried over
Na!SO!, concentrated and the residue was purified by chromatography on silica gel
(PE-EA $:&-!:#) to afford JXH-!"# ("."$g, ()%) as a white solid. [α]D!" = +$%.'( (c =
!.##, DCM); !H NMR (CDCl!, #$$ MHz): δ !.## (dd, J = #.%, '.% Hz, 'H), +.%, (t, J = #.%
Hz, %H), '.)* (t, J = #.% Hz, )H), +.%) (d, J = #.% Hz, )H), +.,+ (d, J = #.% Hz, )H), +.,(s, %H, H-!), %.'( (dd, J = #$.&, (.& Hz, !H, H-!a), &.() (dd, J = #$.&, $.& Hz, #H, H-!b),
!.#$ (d, J = #.% Hz, )H, H-!), %.'' (t, J = #.% Hz, )H, H-!), %.'! (ddd, J = #$.$, '.$, (.$
Hz, %H, H-!), %.'% (s, %H, OCH!), $.&' (ddd, J = ##.%, '.%, (.% Hz, #H, H-!), %.'! (d, J =
!.# Hz, (H, !-OH), $.!", %.'( ("xs, ,H, CH!CCH!); !"C NMR (CDCl!, #$% MHz): δ !"#.#%,
!"#.%&, !#%.&), !**.!*, !+%.),, !+%."+, !+,.+&, !!).&", !!#."&, !-%.%#, %".%, (C-!), %&.(%
(C-!), %&.&( (C-!), %&.(! (C-!), %&.(! (C-!), %&.(( (C-!), %%.%' (OCH!), $%.'(, $).$(
(CH!CCH!); ESI-MS Calcd for C!"H!"O! [M+Na]+, #$%.'$, found !"#.%!.
OMe

Methoxyphenyl ,-O-benzoyl-!, $-isopropylidene-!-O-thiocarbonylimidazoyl-αD-Mannopyranoside
CH2OBz
O
O
O

O
O

S
N

OMe

JXH-!"#
A mixture of methoxyphenyl 1-O-benzoyl-!,#-isopropylidene-α-D-Mannopyranoside
("#$ mg, ).+,- mmol) and N,N’-thiocarbonyldiimidazole (234 mg, 7.92 mmol) in ;,<dichloroethane (..0 mL) was refluxed for 9 h. The solution was concentrated in vacuo
and the residue was diluted with DCM, washed with 2N HCl and brine. The organic
layer was dried over Na!SO! and the solvent was removed in vacuo, the residue was
purified by chromatography on silica gel (PE-EA $:&-!:!) to afford JXH-!"# ("#$ mg,
!"%) as an off-white solid. [α]D!" = +$%.' (c = *.+,%, MeOH); !H NMR (CDCl!, #$$
MHz): δ !.#$ (s, )H), ,.,- (d, J = #.% Hz, !H), &.() (s, ,H), &.-! (t, J = #.% Hz, )H), #.+%
(t, J = #$.& Hz, *H), ,.$* (m, /H), 0.,/ (d, J = #.% Hz, )H), +.,- (t, J = #.% Hz, )H, H-!),
!.#! (s, (H, H-!), %.'% (t, J = #.% Hz, )H, H-!), %.%' (d, J = #.# Hz, (H, H-!), %.%'-!.#$
(m, %H, H-!a, H-!, H-!b), &.() (s, &H, OCH!), $.&&, $.'( ((xs, &H, CH!CCH!); !"C NMR
(CDCl!, #$% MHz): δ !"#.%& (C=S), &'(.*+ (C=O), &''.)*, &*+.',, &,-.+., &,,./+, &,&.&-,
N
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!"#.%&, !"#.)", !"*."&, !!*.!", !!+.%,, !!).%+, !!,.#,, #-.*" (C-!), %&.() (C-!), %&.%& (C!), %&.(% (C-!), %%.'( (C-!), %&.() (C-!), %%.'( (OCH!), $%.'(, $).$* (CH!CCH!); HRMS Calcd for C!"H!"N!O!S [M+Na]+, #$%.'($', found !"#.%&"'.
Methoxyphenyl
Mannopyranoside

,-O-benzoyl-!-deoxy-!,#-isopropylidene-α-DCH2OBz
O
O

O
O

JXH-!"#
A solution of JXH-!"# (".$%& g, *.++ mmol) in dry toluene (-. mL) was added
dropwise over +, min to a stirred solution of refluxing toluene (7, mL) and
tributylstanne (..01 mL, 5.65 mmol) under argon. After the reaction mixture was
refluxed for * h, the solvent was removed in vacuo and the residue was purified by
chromatography on silica gel (PE-EA $:&-!:#) to afford JXH-!"# (".$%& g, **%) as a
pale yellow solid. [α]D!" = +$%.' (c = '.%'*, CHCl!); !H NMR (CDCl!, #$$ MHz): δ !.#$
(m, %H), (.*% (m, +H), (.,- (t, J = #.% Hz, )H), +.%, (d, J = #.% Hz, )H), %.'( (d, J = #.%
Hz, %H), '.)* (s, *H, H-!), %.'( (m, !H, H-!), %.!! (m, )H, H-!a, !b), '.)* (m, )H, H-!,
H-!), %.'( (s, %H, OCH!), $.&' (ddd, J = #$.&, (.), *.) Hz, #H, H-!a), &.() (ddd, J = #$.&,
!".$, '." Hz, !H, H-!b), &.(), &.!* (,xs, /H, CH!CCH!); !"C NMR (CDCl!, #$% MHz): δ
!"".$% (C=O), !-../0, !-%.%1, !1$.2., !$2./1, !$2."2, !$/.$!, !!0.00, !!..-!, !%2.1-, 2"."!
(C-!), %&.(! (C-!), %&.() (C-!), %%.'( (C-!), !%.'( (C-!), !!.&' (OCH!), $%.%' (C-!),
!".$%, !(.!) (CH!CCH!); HR-MS Calcd for C!"H!"O! [M+Na]+, #$%.'(%), found
!"#.%&#'.
OMe

Methoxyphenyl ,-O-benzoyl-!-deoxy-α-D-Mannopyranoside
OBz
HO

OH
O
O

JXH-!"#
A solution of JXH-!"# ("## mg) in *+% aqueous HOAc (7.+ mL) was heated at >7°C
for %.' h and then concentrated to afford JXH-!"# as a white solid in quantitative
yield. It was used for next step without further purification. !H NMR (CD!OD, %&&
MHz): δ !.#! (dd, J = #.%, '.% Hz, *H), ,.-# (m, 'H), ,.01 (t, J = #.% Hz, )H), +.%% (d, J =
!.# Hz, (H), *.+, (d, J = #.% Hz, )H), %.+, (d, J = #.% Hz, #H, H-!), %.'(-!."" (m, 'H, H!a, H-!b, H-!), %.'( (m, 'H, H-!), !.&' (m, *H, H-!), %.'( (s, %H, OCH!), $.&' (q, J =
!".$ Hz, !H, H-!a), !.#$ (m, !H, H-!b).
OMe
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Methoxyphenyl ,-O-benzoyl-!-deoxy-!,#-O-acetyl-α-D-Mannopyranoside
OBz
AcO

OAc
O
O

JXH@!!"
To a solution of JXH-!"# ("#$ mg, $.*! mmol) in dry pyridine (/.1 mL) was added
acetic anhydride (-./ mL) and DMAP (-/ mg) at rt. The reaction mixture was stirred at
rt for & h then concentrated to dryness. The residue was purified by flash
chromatography on silica gel (PE-EA $:&-!:#) to afford JXH@%%& ("#$ mg, )*%) as a
white solid. [α]D!" = +$$.& (c = ).*, CHCl!); !H NMR (CDCl!, #$$ MHz): δ !.#$ (dd, J =
!.#, &.' Hz, *H), ,.#- (t, J = #.% Hz, )H), #.+) (t, J = #.% Hz, )H), +.%, (d, J = #.% Hz, )H),
!.#$ (d, J = #.% Hz, )H), +.+, (ddd, J = #$.", %.%, &.% Hz, )H, H-!), !.&' (d, J = #.% Hz, #H,
H-!), %.'( (m, !H, H-!), %.'( (m, 'H, H-!, H-!a, H-!b), &.(& (s, &H, OCH!), $.&', $.('
("xs, 'H, "xCOCH!), $.&' (m, *H, H-!); !"C NMR (CDCl!, #$% MHz): δ !"#.#", !'(.(',
!"".!$ ($xC=O), !--.!", !./.0", !$!.#$, '($.)*, '($.)#, '(+.($, '').$$, '',.-(, $).(( (C-!),
!"."$ (C-!), %%.'( (C-!), %%.!' (C-!), %%.'% (C-!), %%.%' (OCH!), $%.'( (C-!), %&.(),
!".$$ (CH!CO); HR-MS Calcd. for C!"H!"O! [M+Na]+, #$%.%#'(, found #$%.%##'.
OMe

!-O-Benzoyl-!,#-di-O-acetyl-!-deoxy-α-D-mannopyranosyl
trichloroacetimidate
OBz
AcO

OAc
O
O

CCl3

JXH@!""
To a solution of JXH-!!" ("#" mg, (.*+, mmol) in CH!CN/H!O (v:v = ':(, *+.+ mL)
was added CAN (+,- mg, 1.-3, mmol) in portions at 1°C. The mixture was stirred at
!°C for !.) h, continuously stirred at rt for additional * h. Then diluted with EA, the
organic layers were washed with water, brine and dried over Na!SO! and concentrated
in vacuum, the residue was purified by chromatography on silica gel (PE-EA $:&-!:#) to
afford a mixture of --O-benzoyl-!-deoxy-!,#-O-acetyl-α-D-Mannopyranoside (./0
mg, %&%). To a solution of this mixture in dry DCM (>.? mL) was added NaH (>?%)
(".$ mg) at rt. The mixture was stirred at rt for 7 h, then added silica gel and
concentrated, the residue was purified by chromatography on silica gel (PE-EA $:&-!:#)
to afford the trichloroacetimidate (/01 mg, 4/%) as a white solid. [α]D!" = +$%.'( (c =
!.#$, CHCl!); !H NMR (CDCl!, #$$ MHz): δ !.#$ (s, $H, NH), $.&' (dd, J = #.%, '.( Hz,
!H), &.(& (t, J = #.% Hz, )H), #.++ (t, J = #.% Hz, !H), &.(! (d, J = #.% Hz, #H, H-!), %.'!
(m, %H, H-!), !.&' (m, *H, H-!), %.%' (m, *H, H-!), %.%! (m, )H, H-!a, H-!b), &.(), &.*!
("xs, 'H, "xCOCH!), $.&' (m, $H, H-!); !"C NMR (CDCl!, #$% MHz): δ !"#.%&, !"#.)),
!"".!$ ($xC=O),!-.../ (NHCCCl!), $%%.$', $(!.#$, '(!.)*, '(*.+#, !$.,) (C-!), %&.!( (CNH
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!), %%.'(, %%.)*, %+.,+ (C-!, C-!, C-!), %&.&( (C-!), %&.(), %&.)* (%xCOCH!); HR-MS
Calcd. for C!"H!"Cl!NO! [M+Na]+, #$%.'$#(, found #$%.'$#..
n-Heptyl (-O-benzoyl-!-deoxy-!,#-O-acetyl-α-D-Mannopyranoside
OBz
AcO

OAc
O
O

JXH@%&!
To a solution of !-O-benzoyl-!,#-di-O-acetyl-!-deoxy-α-D-mannopyranosyl
trichloroacetimidate (.// mg, /.3 mmol) and n-heptanol (+, µL) in dry toluene (/
mL) was added a solution of TMSOTf/toluene (78 µL/#$% µL) ("# µL) at rt. The
reaction mixture was stirred at rt for ) h, then diluted with EtOAc, washed with 6%
NaHCO!, brine and dried over Na!SO! and the solvent was removed in vacuo, the
residue was purified by chromatography on silica gel (PE-EA $:&-!:#) to afford
JXH@%&' ("# mg, ()%) as colorless oil. [α]D!" = +$%.%' (c = *.++, CHCl!); !H NMR
(CDCl!, #$$ MHz): δ !.#$ (d, J = #.%, '.( Hz, +H), #.%# (t, J = #.% Hz, )H), #.++ (t, J = #.%
Hz, %H), '.)% (m, ,H, H-!), %.'( (s, +H, H-!), %.'% (d, J = #.% Hz, #H, H-!), %.%' (m, *H,
H-!), %.'( (m, +H, H-!), %.'! (dt, J = #.%, '.% Hz, *H, OCH!C!H!"), $.&' (dt, J = #.%, '.%
Hz, %H, OCH!C!H!"), $.&', $.($ ($xs, ,H, $xCOCH!), $.&' (m, 'H, H-!), %.'( (m, +H),
!.#$ (m, $H), +.$$ (t, J = #.% Hz, )H); !"C NMR (CDCl!, #$% MHz): δ !"#.%!, !().)),
!"".$% ((xCO), %&&.%(, %)!.#$, '(!.)*, '(#.+,, !#.-# (C-!), %&.!( (OCH!C!H!"), !".$% (C!), %%.%' (C-!), %%.'! (C-!), !!.&! (C-!), %&.() (C-!), %&.(), %*.+,, &).,+, &-..+, &&.-),
!".$% (OCH!C!H!"), !".$$, !$.'( (!xCH!CO); HR-MS Calcd. for C!"H!"O! [M+Na]+,
!"#.%&'&, found !"#.%&!/.
n-Heptyl (-deoxy α-D-Mannopyranoside

HO

OH
OH
O
O

JXH@!"#
To a solution of n-heptyl (-O-benzoyl-!-deoxy-!,#-O-acetyl-α-D-Mannopyranoside
("# mg, (.* mmol) in methanol (" mL) was added (.8 M CH!ONa/MeOH (*+ µL) at rt.
The reaction mixture was stirred at rt overnight, then neutralized with HOAc. The
solvent was concentrated to dryness and the residue was purified by flash
chromatography on silica gel (PE-EA $:$-!:#) to JXH@%&' ("# mg, #"%) as a white solid.
[α]D!" = +$%.'( (c = +.',, CHCl!); !H NMR (CDCl!, #$$ MHz): δ !.#$ (s, )H, H-!), %.'(
(m, %H, H-!), !.&' (m, *H, H-!), %.'' (m, *H, H-!), %.'(-!.#$ (m, )H, H-!a, HOCH!C!H!"), $.&' (m, *H, H-!b), &.&( (dt, J = #.%, '.% Hz, *H, OCH!C!H!"), $.&' (d, J =
!.! Hz, 'H, (-OH), &.() (m, &H, (-OH, %-OH), &.() (m, ,H, H-!), %."" (m, 'H), *.'+
(m, %H), (.%% (t, J = #.% Hz, )H); !"C NMR (CDCl!, #$% MHz): δ !"".!$ (C-!), %&.() (C!), %&.(% (C-!), %&.() (OCH!C!H!"), $%.%' (C-!), %&.!( (C-!), %&.&( (C-!), %&.(), *+.!*,
!".$%, !%.$", !!.(", )*.$+ (OCH!C!H!"); HR-MS Calcd for C!"H!"O! [M+Na]+ !"#.%&'",
found '().+,-,.
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Synthesis of ,- (/-F) (n-Heptyl (-Fluoro-!-deoxy-α-D-mannopyranoside)
Ph

Ph

HO
HO

Ph

OH
OH
O

a)

O
OBz
O

BzO
BzO

b)

OH
OBz
O

BzO
BzO

O

O

O

49

48

31

c)

F
OH
O

HO
HO

d)

BzO
BzO

F
OBz
O

O

O

51

50

Scheme '. a) i. Trityl chloride, pyridine, DMAP, 78°C, overnight, ii. benzoyl chloride, two steps in one pot,
("#%); b) FeCl!, DCM, rt, overnight, (!"%); c) DAST, DCM, rt, overnight, (9:%); d) <.: M CH!ONa/CH!OH,
(!"%).

n-Heptyl (,*,+-tri-O-benzoyl-!-O-triphenylmethyl-α-D-mannopyranoside!"
Ph

Ph

Ph
O
BzO
BzO

OBz
O
O

JXH@!"!!
To a solution of n-heptyl α-D-mannopyranoside (./0 mg, /.//4 mmol) in pyridine (4.0
mL) was added TrCl (/00 mg, 3./56 mmol) and catalytic amount of ?dimethylaminopyridine (DMAP). The mixture was stirred at $%°C overnight and then
cooled down to *°C. To the above reaction mixture was added a premixed solution of
BzCl ('.)* mL) in pyridine ('.) mL) dropwise. The reaction mixture was stirred at
!"°C overnight and then poured into ice-cold water, extracted with EtOAc, the
organic layer was washed with aqueous NaHCO!, water, brine and dried over Na!SO!.
The solvent was removed in vacuo and the residue was purified by flash
chromatography on silica gel (PE-EE, $%:$-!:#) to afford the desired compound as a
white solid (()* mg, ./%). !H-NMR (&'' MHz, CDCl!): δ !.#$ (d, J = !.# Hz, %H), '.)*
(d, J = !.# Hz, %H), '.') (d, J = !.# Hz, %H), '.)% (t, J = !.# Hz, %H), '.)*-!.#$ (m, )$H),
!.#$ (t, J = !.# Hz, %H), '.%) (t, J = !.# Hz, %H), '.)*-!.#! (m, (H), +.#, (t, J = !"." Hz,
!H, H-!), %.'( (dd, J = !".", &." Hz, %H, H-!), !.#$ (m, #H, H-!), %.'! (s, #H, H-!), %.!'
(m, %H, H-!), !.#$ (dt, J = !.#, &.# Hz, %H, H-OCH!C!H!"), $.&' (dt, J = !.#, &.' Hz, %H,
H-OCH!C!H!"), $.$& (dd, J = !".$, '." Hz, %H,H-!a), !.#$ (dd, J = !".$, $." Hz, %H,H!!), %.'% (m, *H), %.,--!.#$ (m, )H), ,.-, (t, J = !.# Hz, %H). !"C-NMR ("#$ MHz,
CDCl!): δ !"#.%&, !"#.#), !"#.!! (+xCO), !)+.%#, !++.+0, !++.&!, !+1.2", !12.2), !12.%),
!"#.%&, !"#.&#, !"#.)%, !"#."%, !"#.%", !"*.%+, !"*."), !"*.!), !!".$$, '!$.(), *".+( (C-!),
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!".$%, ().*( (C-!), !".$$ (C-!), !".$% (C-!), %&.(% (OCH!C!H!"), !".$% (C-!), %&.() (C!), !".$%, %(.)*, %(."), %+."+, %%.+), ")."% (OCH!C!H!"). ESI-MS Calcd for [M+Na]+,
!"".$", found ()).+(.
n-Heptyl (,*,+-tri-O-benzoyl-α-D-mannopyranoside!"
OH
BzO
BzO

OBz
O
O

JXH@!"!#
To
a
solution
of
n-heptyl
(,*,+-tri-O-benzoyl-!-O-triphenylmethyl-α-Dmannopyranoside (./0 mg, 3.5 mmol) in DCM (;3 mL) was added FeCl! (hydroscopic
solid) ()*+ mg, /.12 mmol) at rt. The reaction mixture was stirred at rt overnight,
diluted with DCM, washed with brine, dried over Na!SO!. The solvent was removed in
vacuo and the residue was purified by flash chromatography on silica gel (PE-EE, $%:$!:#) to afford the desired compound as a white solid (234 mg, 78%). [α]D!" = -!"#.%& (c
= #.%#, DCM). !H-NMR (&'' MHz, CDCl!): δ !.#$ (d, J = !.# Hz, %H), '.)* (d, J = !.#
Hz, %H), '.)% (dd, J = !.#, &.# Hz, %H), '.)% (t, J = !.# Hz, %H), '.))-!.#$ (m, )H), !.#,!.#$ (m, #H), !.+, (m, %H), (.** (dd, J = !".", &.' Hz, %H, H-!), %.'( (t, J = !"." Hz, %H,
H-!), !.## (dd, J = !.#, &.' Hz, %H, H-!), %.'( (d, J = !.# Hz, %H, H-!), %.'( (m, !H, H-!),
!.#$-!.#$ (m, !H, H-!a, H-!b, H-OCH!C!H!"), $.&' (dt, J = !.#, &.# Hz, %H, HOCH!C!H!"), $."# (m, (H, "-OH), !.#$ (m, )H), !.,)-!.#$ (m, )H), ,.-! (t, J = !.# Hz,
!H). !"C-NMR ("#$ MHz, CDCl!): δ !"".$", !"$.$', !"$.() (+xCO), !++."", !++.$0, !++.!",
!"#.#!, !"#.'(, !"#.)), !"#.!*, !"(.+), !"(.'", !"(.,-, !"(."#, #+.'( (C-!), %&.() (C-!),
!".!! (C-!), !".!" (C-!), %&.%( (OCH!C!H!"), !".$% (C-!), %&.() (C-!), !".$$, '(.!),
!".$%, !(.$%, !!.(), *).** (OCH!C!H!"). HR-MS Calcd. for C!"H!"O! [M+Na]+, #$%.'($(,
found '().+,+-.
n-Heptyl (,*,+-tri-O-benzoyl-!-deoxy-!-fluoro-α-D-mannopyranoside
F
BzO
BzO

OBz
O
O

JXH@%&'%
To a solution of n-heptyl (,*,+-tri-O-benzoyl-α-D-mannopyranoside ("#$ mg, ).#""+
mmol) in dry DCM (/.1 mL) was added DAST (/.:: mL) at /°C, then stirred at rt
overnight. After cooling to 0°C, the reaction mixture was quenched with methanol,
concentrated, the residue was purified by flash chromatography on silica gel using PEEE ($:&-!:#) to afford the desired compound as colorless oil (7! mg, :7%). [α]D!" = !"#.%# (c = %.'(, DCM). !H-NMR (&'' MHz, CDCl!): δ !.#$ (m, )H), ,.-, (m, )H), ,.!.
(m, %H), (.*% (t, J = !.# Hz, %H), '.))-!.#$ (m, )H), !.#,-!.#$ (m, #H), !.+, (m, +H),
!.#$ (dd, J = !".", &." Hz, %H, H-!), %.'' (t, J = !"." Hz, %H, H-!), !.#$ (dd, J = !.#, &.'
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Hz, %H, H-!), %.'( (d, J = !.# Hz, %H, H-!), %.'% (ddd, J = #$.&, !".$, '.$ Hz, %H, H-!a),
!.#$ (ddd, J = #$.&, !".$, '.$ Hz, %H, H-!b), &.() (m, ,H, H-!), !.#$ (dt, J = !.#, &.# Hz,
!H, H-OCH!C!H!"), $.&' (dt, J = !.#, &.# Hz, %H, H-OCH!C!H!"), !.#! (m, (H), !.+# (m,
!H), &.() (t, J = !.# Hz, %H). !"C-NMR (&'( MHz, CDCl!): δ !"#.#", !"#.#!, !"!.#!
("xCO), )"".+,, )"".)-, ),...), ),../0, ),..-0, ),..,/, ),..0+, ),/./1, ),/.10, ),/.2-,
!"#."%, %(.)% (C-!), %!.'( (d, J = !"#.%% Hz, C-!), !".$$ (C-!), !"."$ (C-!), %&.(& (d, J =
!".$ Hz, C-!), !"."$ (OCH!C!H!"), !!.#! (d, J = !.# Hz, C-!), !".$$, '(."#, &'.(#, &#.(#,
!!.#$, '(.') (OCH!C!H!"). HR-MS Calcd for C!"H!"FO! [M+Na]+, !"#.%&'(, found
!"#.%&'&.
n-Heptyl (-deoxy-!-fluoro-α-D-mannopyranoside
F
OH
O

HO
HO

O

JXH@!"#
To a solution of n-heptyl (,*,+-tri-O-benzoyl-!-deoxy-!-fluoro-α-D-mannopyranoside
("".$ mg, ).!"#$ mmol) in dry methanol (4.! mL) was added !.# M CH!ONa/MeOH
("# µL) at rt. The reaction mixture was stirred overnight, then neutralized HOAc,
concentrated to dryness. The residue was purified by flash chromatography on silica
gel (DCM:MeOH ,-:, to ,0:,) to afford n-heptyl (-deoxy-!-fluoro-α-Dmannopyranoside as a colorless syrup (12 mg, 56%). [α]D!" = +$%.% (c = ).*%, DCM).
!
H-NMR ("## MHz, CD!OD): δ !.#$ (d, J = #.% Hz, !H, H-!), %.'( (m, !H, H-!a), &.((
(m, %H, H-!b), &.() (dd, J = #.%, '.% Hz, !H, H-!), %.'!-!.#$ (m, )H, H-OCH!C!H!", H-!,
H-!, H-!), !.#$ (dt, J = !.#, &." Hz, 'H, H-OCH!C!H!"), !.#$ (m, )H), !.,) (m, -H), ..$!
(t, J = !.# Hz, !H, CH!). !"C-NMR ("#$ MHz, CD!OD): δ !"!.$% (C-!), %&.() (d, J =
!"#.%% Hz, C-!), %&.&( (d, J = !"."$ Hz, C-!), %&.() (C-!), %&.() (C-!), !".$%
(OCH!C!H!"), !".$% (d, J = !.#$ Hz, C-!), !".$$, !'.(', !'."), "*.!", "!.($, )+.+"
(OCH!C!H!"). !"F-NMR (&'( MHz, CD!OD): δ -!"#.%& (m). ESI-MS Calcd for [M+Na]+,
!"!.$%, found !"!."-. HR-MS Calcd. for C!"H!"FO! [M+Na]+, #$#.&'(), found #$#.&'('.
Synthesis of !" (%-H) (n-Heptyl (-deoxy-α-D-mannopyranoside)
OH
HO
HO

Br

OH
O

a)

O

31

AcO
AcO

OAc
O

b)

AcO
AcO

OAc
O

c)

HO
HO

OH
O
O

O

52

O

53

54

Scheme '. a) i. CBr!, Ph!P, pyr, '-!"°C, ' h, ii. Ac!O/pyr, DMAP, two steps (23%); b) Bu!SnH/toluene, reflux,
overnight, (-.%); c) CH!ONa/CH!OH, (&&%).
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n-Heptyl (,*,+-tri-O-acetyl-!-bromo-!-deoxy-α-D-mannopyranoside
Br
AcO
AcO

OAc
O
O

JXH@!"#
To a solution of n-heptyl α-D-mannopyranoside (../ mg, /.345 mmol) in pyridine (3
mL) was added triphenylphosphine (456 mg, 9.;< mmol) in one portion at 9°C, then
added CBr! ("#$ mg, ).+, mmol) in portions at )°C. The reaction mixture was stirred
at $°C for $.+ h, then was heated at 3+°C for 4 h. After cooling, methanol (< mL) was
added dropwise and the mixture was concentrated to dryness. The residue was
acetylated with Ac!O ($ mL), pyridine (0 mL) and DMAP (0 mg). The reaction mixture
was stirred at rt for , h and then concentrated, the residue was purified by flash
chromatography on silica gel (PE-EA $:&-!:#) to give the desired product (#45 mg, 8#%)
as a colorless syrup. [α]D!" = +$%.'( (c = (.+,, CHCl!); !H NMR ('(( MHz, CDCl!): δ
!.## (m, (H, H-!), !.#$ (d, J = #.% Hz, #H, H-!), %.'( (t, J = #$.$ Hz, #H, H-!), !.&' (s, 'H,
H-!), %.'( (m, !H, H-!), %.'( (m, %H, OCH!C!H!"), $.&' (m, $H, H-!a, H-!b,
OCH!C!H!"), $.&', $.(), &.*+ ('xs, *H, 'xCOCH!), $.&' (m, %H), (.*+ (m, ,H,
OC!H!C!H!CH!), $.&' (t, J = #.% Hz, )H, OC!H!C!H!CH!); !"C NMR ('() MHz, CDCl!):
δ !"#.#%, !%(.)* (,xCOCH!), $%.'( (C-!), %&.(( (C-!), %&.%( (C-!), %&.() (C-!), %&.&(
(C-!), %&.!( (OCH!C!H!"), $%.'' (C-!), %&.!(, )*.&!, )(.*(, )+.**, )).+,, &-..+
(OCH!C!H!"), $%.'(, $%.)*, $%.(( (,xCOCH!); ESI-MS Calcd for [M+Na+/]+, #$%.%',
found !"#.##. HR-MS Calcd. for C!"H!"BrO! [M+Na]+, #$%.''((, found #$%.'(%%.
n-Heptyl (,*,+-tri-O-acetyl-!-deoxy-α-D-mannopyranoside
AcO
AcO

OAc
O
O

JXH@!"!
A solution of Bu!SnH (&.() mL, &.-) mmol) in toluene (*., mL) was added dropwise
to a gently refluxing solution of n-heptyl (,*,+-tri-O-acetyl-!-bromo-!-deoxy-α-Dmannopyranoside (.// mg, /.34 mmol) in toluene (4 mL) over ;/ min and the
mixture was refluxing overnight. After cooling, the mixture was concentrated and the
residue was purified by flash chromatography on silica gel (PE-EA $:&-!:#) to give the
desired compound (./0 mg, 03%) as a colorless oil. [α]D!" = +$%.'% (c = *.+*, MeOH);
!
H NMR ('(( MHz, CDCl!): δ !.#$ (dd, J = #$.$, '.( Hz, #H, H-!), %.'' (dd, J = #.%, '.%
Hz, %H, H-!), %.'% (t, J = #$.$ Hz, #H, H-!), !.&' (s, 'H, H-!), %.'( (m, !H, H-!), %.'! (dt,
J = #.%, '.% Hz, *H, OCH!C!H!"), $.&' (dt, J = #.%, '.% Hz, *H, OCH!C!H!"), $.&',
!.#$,&.'( (+xs, 'H, +xCOCH!), $.&' (m, %H, OCH!CH!C!H!!), $.&' (m, *H,
OC!H!C!H!CH!), $.&$ (d, J = #.% Hz, )H, H-!), %.'' (t, J = #.% Hz, )H,
OC!H!C!H!CH!); !"C NMR ('() MHz, CDCl!): δ !"#.%!, !"#.#(, !"#.## (*xCOCH!),
!".$% (C-!), %!.'( (C-!), %&.&( (C-!), %&.() (C-!), %&.(! (OCH!C!H!"), $$.&$ (C-!), %&.()
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(C-!), %&.(%, )*.%+, )*.+&, )!.++, )).,*, &-.+! (OCH!C!H!"), $%.'(, $%.)*, $%.+,
("xCOCH!); HR-MS calcd. for C!"H!"O! [M+Na]+, #$$.$&&', found #$$.$&&-.
n-Heptyl (-deoxy-α-D-mannopyranoside
HO
HO

OH
O
O

JXH@!"#$
To a solution of n-heptyl (,*,+-tri-O-acetyl-!-deoxy-α-D-mannopyranoside (./ mg,
!.#!$ mmol) in methanol (# mL) was added !.5 M CH!ONa/MeOH (*+ µL) at rt. The
reaction mixture was stirred at rt overnight, then neutralized with Amberlyst 9:. The
reaction mixture was filtered and the residue was washed thoroughly with MeOH. The
filtrate was concentrated and the residue was purified with flash chromatography on
silica gel (PE:EA .:.-!:#) to give the desired compound (67 mg, 77%) as a colorless oil.
[α]D!" = +$%.'% (c = %.**, MeOH); !H NMR ('(( MHz, CD!OD): δ !.#$ (s, )H, H-!),
!.#$ (m, )H, H-!), %.'(-!.#$ (m, $H, H-OCH!C!H!", H-!), !.&' (m, *H, H-!), %.'(-!.!#
(m, %H, H-OCH!C!H!", H-!), %.'( (m, +H, OCH!CH!C!H!!), $.&' (m, *H,
OC!H!C!H!CH!), $.&' (d, J = #.% Hz, )H, H-!), %.'( (t, J = #.% Hz, )H,
OC!H!C!H!CH!); !"C NMR ('() MHz, CD!OD): δ !"!.$! (C-!), %&.() (C-!), %&.!! (C-!),
!".$% (C-!), %&.() (C-!), %&.!( (OCH!C!H!"), $%.'(, $).*+, $).%), %(.$), %$.*,, -+.+$
(OCH!C!CH!"), $%.'' (C-!); HR-MS Calcd for C!"H!"O! [M+Na]+, #$%.'()%, found
!"#.%&'".
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FimH antagonists – solubility
vs. permeability
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Said Rabbani, Anja Sigl, Martin Smiesko, Christoph P. Sager,
Deniz Eris, Oliver Schwardt and Beat Ernst*
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Urinary tract infections (UTIs) caused by uropathogenic Escherichia coli (UPEC) are among
the most prevalent infections worldwide. Since frequent antibiotic treatment favors the
emergence of antibiotic resistance, eﬃcient non-antibiotic strategies are urgently needed.
The first step of the pathogenesis of UTI is the bacterial adherence to urothelial host cells,
a process mediated by the mannose-binding adhesin FimH located at the tip of bacterial
pili. In a preliminary study, biphenyl a-D-mannopyranosides with an electron-withdrawing
carboxylate on the aglycone were identified as potent FimH antagonists. Although passive
permeability could be established by masking the carboxylate as an ester, insuﬃcient
solubility and fast hydrolysis did not allow to maintain the therapeutic concentration in the
bladder for the requested period of time. By modifying the substitution pattern, molecular
planarity and symmetry of the biphenyl aglycone could be disrupted leading to improved
solubility. In addition, when heteroatoms were introduced to the aglycone, antagonists
with further improved solubility, metabolic stability as well as passive permeability were
obtained. The best representative, the pyrrolylphenyl mannoside 42f exhibited therapeutic
urine concentration for up to 6 h and is therefore a promising oral candidate for UTI
prevention and/or treatment.

1

Introduction

Urinary tract infections (UTIs) – also known as acute cystitis or bladder
infections – are among the most prevalent infectious diseases worldwide.
UTIs aﬀect millions of people every year and account for significant
morbidity and high medical costs.1 Since symptomatic UTIs require
antibiotic treatment and recurrent antibiotic exposure leads to the
ubiquitous problem of antimicrobial resistance, eﬃcient non-antibiotic
prevention and treatment strategies are urgently needed.2 More than
70% of UTIs are caused by uropathogenic Escherichia coli (UPEC).1a,3 In
the first step of the infection, UPEC adhere to urothelial cells, which
prevents them from being cleared by micturition but also triggers the
invasion into host cells.4 This initial contact is mediated by the bacterial
adhesin FimH located at the tip of type 1 pili.5 FimH consists of
an N-terminal lectin domain and a C-terminal pilin domain. The
carbohydrate recognition domain (CRD) of the lectin domain specifically
recognizes oligmannosides being part of the glycoprotein uroplakin
Ia located on the urinary bladder mucosa, whereas the pilin domain
regulates the switch between the various aﬃnity states of the CRD.6
Blocking the FimH-CRD with carbohydrates or mimetics thereof prevents
Institute of Molecular Pharmacy, Pharmacenter, University of Basel, Klingelbergstr.
50, 4056 Basel, Switzerland. E-mail: beat.ernst@unibas.ch
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the bacterial adhesion as well as the subsequent infection. This approach
is therefore regarded as a potential therapy for prevention and/or
treatment of UTIs.7
Over the last three decades, mannosides and oligomannosides with
various aglycones, such as n-alkyl,8d phenyl,8e dioxocyclobutenylaminophenyl,8f umbelliferyl,8e biphenyl,8g–k indol(in)ylphenyl,8l triazolyl8m or
thiazolylamino8n have been tested as potential antagonists for preventing
type 1 pili-mediated bacterial adhesion.8 In addition, diﬀerent multivalent presentations of mannose derivatives have been explored.9
In general, when a daily therapy is required, oral administration is
the standard care. To achieve oral availability as well as a therapeutic
concentration in the bladder over an extended period of time, successful
oral absorption (i.e. solubility and permeability), metabolic stability, and
slow and prolonged renal excretion (i.e. renal reabsorption) are required.
As previously described,8h the carboxylic acid moiety in biphenyl
a-D-mannoside 1a – its electron-withdrawing potential is essential for an
enhanced p–p stacking interaction – impairs the membrane permeability
and, as a consequence, the potential for oral absorption. Therefore, the
polar carboxylate was masked as ester (-1b8h), exhibiting comparable
electron withdrawing properties but improving passive permeability and
renal reabsorption by increased lipophilicity. However, since the ester 1b
was characterized by low aqueous solubility (12 mg mL!1) and fast
metabolic cleavage (t1/2 ¼ 2.1 min), the absorptive flux through the
intestinal mucosa was limited and the renal excretion accelerated.10 As a
consequence, the therapeutic concentration in the bladder could not be
maintained for a suﬃcient period of time.8h Therefore, emanating from
antagonist 1b, these pharmacokinetic drawbacks were addressed by
structural modifications of the aglycone (Fig. 1).

2

Results and discussion

To improve relevant pharmacokinetic parameters (i.e. oral absorption,
metabolism and renal excretion of FimH antagonist 1b), we focused on
three approaches. First, the molecular planarity and symmetry of the
biphenyl aglycone was disrupted by modifying the substitution pattern11
(Fig. 1a). Second, the hydrophobicity was improved by heterocyclic biaryl
aglycones (Fig. 1b). Finally, oral availability was improved by replacing
the carboxylic acid by the bioisosteric cyano group (Fig. 1c).8o,11,12
2.1 Synthesis of FimH antagonists
Biphenyl mannosides (Schemes 1 and 2). Compounds 1a,b, and 2a,b
(Table 1) were synthesized as previously described.8h For the synthesis of
6a and 6b, iodide 38l was reacted with boronic acid 4 in a palladiumcatalyzed Suzuki–Miyaura coupling to yield mannoside 5. Subsequent
deprotection aﬀorded the test compounds 6a and 6b (Scheme 1).
Lewis acid-promoted glycosylation of phenol 8 with fluoride 713 followed
by a Suzuki–Miyaura coupling of bromide 9 with boronic acid 4 gave 10
(Scheme 2). Finally, deprotection yielded biphenyls 11a and 11b.
Carbohydr. Chem., 2017, 42, 248–273 | 249
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Fig. 1 Variations of the aglycone of FimH antagonists 1a and 1b by (a) modifying the substitution pattern, (b) introducing heteroaryl aglycones and (c) replacing the
carboxylate moiety with a bioisosteric cyano group. Ring A is adjacent to the anomeric center, whereas ring B is in the terminal position.
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(a)

(b)
(c)
Scheme 1 (a) Pd(Cl2)dppf ! CH2Cl2, K3PO4, DMF, 80 1C, overnight (70%); (b) NaOMe,
MeOH, rt, 4 h (quant.); (c) 0.2 N aq. NaOH, MeOH, rt, overnight (50%).

Heteroaromatic building blocks (Scheme 3). Starting with the commercial aminophenols 12a,b, the azidophenols 13a,b were obtained via a
diazotransfer reaction using freshly prepared triflyl azide in pyridine and
copper(II) sulfate as catalyst.14 Because of low stability, 13a,b were used
without purification in a subsequent copper(I)-catalyzed Huisgen
cycloaddition15 with ethyl propiolate, yielding the triazolylphenols 14a,b
(Scheme 3A). By using an Ullmann-type copper-diamine-catalyzed
N-arylation,16 1H-pyrazole-4-carboxylate was coupled with 4-iodoanisole
(15) in N-methyl-2-pyrrolidone (NMP) to furnish 16a. Because of the low
reactivity of the ethyl 3-trifluoromethyl-1H-pyrazole-4-carboxylate, the
coupling reaction was carried out under solvent-free conditions to yield
16b in quantitative yield. Demethylation of 16 with AlCl3 gave the
pyrazolylphenol derivatives 17. Due to the instability of 17b under AlCl3/
nBu4NI conditions, a solution of AlCl3 in 1-dodecanethiol was used
to accelerate the reaction and to suppress byproduct formation
(Scheme 3B).17 The pyrimidinyl derivative 20 was prepared via a nBuLimediated carboxylation with CO2 followed by esterification (Scheme 3C).18
To synthesize the cyano-substituted pyrroles 23a,b, benzotriazol-1-ylmethyl
isocyanide (21) was treated with the electron-deficient alkenes 22a,b under
basic heterocyclization conditions (Scheme 3D).19
Triazolylphenyl and pyrazolylphenyl mannosides (Scheme 4).
Mannosylation of the phenols 14a,b and 17a,b (see Scheme 3A & B) with
mannosyl fluoride 713 and BF3 ! Et2O as promoter, yielded exclusively
the a-mannosides 24a,b and 27a,b. Deacetylation (-25a–c and 28a,b)
followed by ester hydrolysis gave the test compounds 26a,b and 29a,b.
Pyridinylphenyl, pyrazinylphenyl, and pyrimidinylphenyl mannosides
(Scheme 5). Mannosyl fluoride 713 was treated with 4-iodophenol or
4-bromo-2-trifluoromethylphenol in the presence of BF3 ! Et2O. The
resulting iodide 308k and bromide 368k were transformed into the boronic
acid pinacol esters 318k and 37 under Miyaura-borylation conditions. In a
palladium-catalyzed Miyaura–Suzuki coupling20 of the heteroaryl halides
20 (see Scheme 3C) and 32a–c (commercially available) with boronic acid
ester 31, heteroarylphenyl mannosides 33a–d were obtained in good to
excellent yields. Similarly, mannoside 38 was prepared by coupling of
ester 37 and pyridinylchoride 32a. Deacetylation under Zemplén
Carbohydr. Chem., 2017, 42, 248–273 | 251
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(b)

(d)

(c)

Scheme 2 (a) BF3 ! Et2O, DCM, mol. sieves 4 Å, 0 1C to rt, overnight (90%); (b) Pd(Cl2)dppf ! CH2Cl2, K3PO4, DMF, 80 1C, overnight (76%); (c) NaOMe, MeOH, rt, 4 h
(quant.); (d) 0.2 N aq. NaOH, MeOH, rt, overnight (61%).

(a)
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Scheme 3 (a) TfN3, CuSO4, triethylamine, pyridine, 0 1C to rt, 2 h; (b) ethyl propiolate,
CuSO4 ! 5H2O, sodium ascorbate, tBuOH/H2O (1 : 1), rt, 30 min (yield for two steps: 77% for
14a, 48% for 14b); (c) ethyl 1H-pyrazole-4-carboxylate or ethyl 3-trifluoromethyl-1Hpyrazole-4-carboxylate, CuI, trans-N,N 0 -dimethyl-1,2-cyclohexanediamine, K2CO3, NMP
as solvent for 16a and solvent free for 16b, 110 1C, 24 h (80% for 16a, quant. for 16b); (d)
AlCl3, cat. nBu4NI, DCE (for 17a), or AlCl3 in 1-dodecanethiol (for 17b), 0 1C to rt (60% for
17a, 26% for 17b); (e) i. nBuLi, hexane, toluene, "78 1C, 1 h; ii. CO2 (g), "78 1C to rt, 7 h; (f)
conc. H2SO4 (0.8 equiv.), MeOH, reflux, overnight (37% for two steps); (g) nitrile 22a,b,
tBuOK, THF, 0 1C to reflux, 2 h (60% for 23a, 54% for 23b).

conditions (-34a–d, 39) followed by saponification of the methyl ester
yielded the sodium salts 35a–d and 40.
Pyrrolylphenyl mannosides (Schemes 6 and 7). In a copper catalyzed
N-arylation, pyrroles 23a,b (see Scheme 3D) and 23c–f (commercial) were
coupled with mannoside 38l (ortho-Cl) to yield the pyrrolylphenyl mannosides 41a–f (Scheme 6).17 Under similar conditions, mannosides 30
(without ortho-substituent) and 36 (ortho-CF3) were coupled with pyrrole
23f to yield 47 and 48 (Scheme 7). Because of partial deacetylation of the
sugar moiety during N-arylation, the crude products were reacetylated
to facilitate purification. Deacetylation of the mannose moiety (-42a–f,
49 and 50) followed by saponification of the alkyl esters gave the test
compounds 43–46, 51 and 52.
Carbohydr. Chem., 2017, 42, 248–273 | 253
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(d)
(d)

(a)

(c)

(b)

(b)
(d)

(d)

Scheme 4 (a) BF3 ! Et2O, DCM, mol. sieves 4 Å, 0 1C to rt, overnight (79% for 24a, 76% for 24b, 98% for 27a, 64% for 27b); (b) NaOMe, MeOH, rt, 4 h (74% for 25a,
80% for 25b); (c) NaOEt, EtOH, rt, overnight (74% for 25c, 95% for 28a, 82% for 28b); (d) 0.2 N aq. NaOH, MeOH, rt, overnight (30% for 26a, 90% for 26b, 70% for 29a,
79% for 29b).

(c)

(c)

(a)
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(a)

(a)

(b)

(b)

(c)

(c)

(d)

(d)

(e)

(e)

Scheme 5 (a) 4-Iodophenol or 4-bromo-2-trifluoromethylphenol, BF3 # Et2O, DCM, mol.
sieves 4 Å, 0 1C to rt, overnight (70%8k for 30, 80%8k for 36); (b) bis(pinacolato)diborone,
Pd(Cl2)dppf # CH2Cl2, KOAc, DMF, 85 1C, overnight (80% for 31, 83% for 37); (c)
Pd(Cl2)dppf # CH2Cl2, K3PO4, DMF, 85 1C, overnight (60% for 33a, 80% for 33b, 68% for
33c, 40% for 33d, 57% for 38); (d) NaOMe, MeOH, rt, 4 h (36% for 34a, 24% for 34b, 36% for
34c, 89% for 34d, 60% for 39); (e) 0.2 N aq. NaOH, MeOH, rt, overnight (32% for 35a, 48%
for 35b, 44% for 35c, 60% for 35d, 90% for 40).

2.2 Physicochemical properties and in vitro pharmacokinetics of
FimH antagonists
For the assessment of the potential for intestinal absorption, physicochemical properties, i.e. lipophilicity (log D7.4), aqueous solubility, and
permeability through an artificial membrane (PAMPA, log Pe) as well as a
Caco-2 cell monolayer (Papp) were determined (Table 1).21–24 The following
permeability thresholds for the eﬀective permeability log Pe (low permeability is expected for log Peo!6.3 cm s!1; moderater!5.7 cm s!1;
high4!5.7 cm s!1)25 and for apparent permeability Papp (low permeability
is expected for Pappo2 " 10!6 cm s!1; moderate r20 " 10!6 cm s!1;
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(a)

(b)

(c)

(d)

Scheme 6 (a) i. CuI, ( # )-trans-1,2-diaminocyclohexane, K3PO4, 1,4-dioxane, 110 1C,
overnight; ii. Ac2O, DMAP, pyridine, rt, overnight (44% for 41a, 92% for 41b, 33% for 41c,
64% for 41d, 99% for 41e, 77% for 41f); (b) NaOMe, MeOH, rt, 4 h (65% for 42a, 38% for
42b, 83% for 42e); (c) NaOEt, EtOH, rt, overnight (91% for 42c, 61% for 42d, 93% for 42f);
(d) NaOH, MeOH/H2O (1 : 2), rt, 12–48 h (58% for 43, 40% for 44, 20% for 45, 57% for 46).

high420 ! 10"6 cm s"1)26 were used to classify the antagonists. As
expected, all metabolites, i.e. the free carboxylates showed no or low permeability (log Peo"6.3 cm s"1) and are not further discussed in this section. Furthermore, the esters were incubated with rat liver microsomes
(RLM) for estimating their susceptibility to carboxylesterase (CES)mediated hydrolysis.27 Table 1 indicates the metabolic half lives (t1/2) as
determinants of the rate of bioconversion to the respective acid.
Solubility of biphenyl mannosides. As observed in our previous study,8h
the biphenyl derivatives 1a and 2a (Table 1, entries 2 & 4) showed low
aqueous solubility (r24 mg mL"1, Table 1), probably due to the symmetrical para-substitution leading to stacking eﬀects. In order to disrupt
this symmetry, the carboxylic acid moiety in 1a was moved from the parato the meta-position (-6a, entry 6). Since the dihedral angle remained
unaﬀected (Fig. 2; global minima values calculated with MacroModel,
version 9.930) only moderately improved aqueous solubility (41 mg mL"1,
Table 1) resulted. However, when the chloro substituent on ring A was
shifted from the ortho- to the meta-position (-11a, entry 8), the dihedral
angle was enlarged from 39.61 in 6a to 60.31 in 11a (Fig. 2). The resulting
256 | Carbohydr. Chem., 2017, 42, 248–273
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(c)

(c)

Scheme 7 (a) i. CuI, ( ! )-trans-1,2-diaminocyclohexane, K3PO4, 1,4-dioxane, 110 1C, overnight; ii. Ac2O, DMAP, pyridine, rt, overnight (94% for 47, 49% for 48);
(b) NaOEt, EtOH, rt, overnight (46% for 49, 85% for 50); (c) NaOH, MeOH/H2O (1 : 2), rt, 48 h (99% for 51, 35% for 52).

(a)

(b)
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2a8h (R2 ¼ Me)
2b8h (R2 ¼ Na)

6a (R2 ¼ Me)
6b (R2 ¼ Na)

11a (R2 ¼ Me)
11b (R2 ¼ Na)

6
7

8
9

1a8h (R2 ¼ Me)
1b8h (R2 ¼ Na)

2
3

4
5

538d

1

Entry Compound

O

O

Cl

O

O

O

HO
HO

Cl

A

Cl

B

R1

Cl

OH
O

OH

COOR2

COOR2

COOR2

COOR 2

23.3
53

16.8
12

11.8
29

4.8
6.7

54.9

IC50 [nM]

Binding Assaya

0.42
0.97

0.31
0.22

0.21
0.53

0.09
0.12

1

rIC50

2.7 " 0.1
n.d.h

2.7 " 0.1
n.d.h

1.7 " 0.1
o!1.5

2.3
!0.8

1.7

log D7.4b

134 " 6
n.d.h

41 " 3
n.d.h

24.3g
43000g

11.9g
43000g

43000g

Solubilityc
[mg mL!1]

!4.5 " 0.1
n.d.h

!4.6 " 0.2
n.d.h

!4.7
!10.0 " 0.0

!4.6
!10.0 " 0.0

!4.9

PAMPA log Ped
[cm s!1]

9.4 " 0.2

b-a

n.d.h

Microsomal
stability t1/2f
[min]

4.5 " 0.3
n.d.h

6.7 " 0.4
n.d.h

6.1 " 1.2
1.2 " 0.4

10.8 " 0.7
n.d.h

20.7 " 2.5
n.d.h

21.1 " 1.2
1.2 " 0.1

13
n.d.h

72
n.d.h

22
n.d.h

5.3 " 0.6
17.5 " 1.3 2.1
0.23 " 0.03 0.38 " 0.04 n.d.h

7.0 " 0.6

a-b

Caco-2
Pappe [10!6 cm s!1]

Table 1 Physicochemical (log D7.4, solubility, PAMPA, and Caco-2), in vitro pharmacokinetic (microsomal stability) and pharmacodynamics (IC50) parameters of
FimH antagonists; ring A is adjacent to the anomeric center, whereas ring B is in the terminal position.
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O

O

28a (R2 ¼ Et)
29a (R2 ¼ Na)

28b (R2 ¼ Et)
29b (R2 ¼ Na)

34a (R2 ¼ Me)
35a (R2 ¼ Na)

15
16

17
18

19
20

O

O

25b (R2 ¼ Me)
25c (R2 ¼ Et)
26b (R2 ¼ Na)

12
13
14

O

25a (R2 ¼ Me)
26a (R2 ¼ Na)

10
11

Cl
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N

N

N

N

N

N

N

N

N
COOR2

COOR2

CF3

COOR2

COOR2

N

COOR2

N

n.d.h
16

31.9
112

32.4
111

10.5
n.d.h
21

7.6
16

—
0.29

0.58
2.04

0.59
2.02

0.19
—
0.38

0.14
0.29

0.2 # 0.0
n.d.h

2.1 # 0.0
o"1.5

0.9 # 0.0
n.d.h

0.0 # 0.0
0.7 # 0.0
o"1.5

4130
4180

4180
4180

4180
4180

4150
4150
4150

"0.6 # 0.0 4180
n.d.h
4180

"7.5 # 0.2
"8.6 # 1.6

"5.7 # 0.1
"10.0 # 0.0

"6.6 # 0.1
"10.0 # 0.0

"9.1 # 1.8
"10
"6.7 # 0.1

"9.4 # 0.3
"10.0 # 0.0

12.4 # 2.4
n.d.h

n.d.h
n.d.h

n.d.h
n.d.h
n.d.h

n.d.h
n.d.h

0.22 # 0.05 2.3 # 0.1
n.d.h
n.d.h

1.3 # 0.1
n.d.h

n.d.h
n.d.h

n.d.h
n.d.h
n.d.h

n.d.h
n.d.h

10
n.d.h

113
n.d.h

4120
n.d.h

32
42
n.d.h

38
n.d.h
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34d (R2 ¼ Me)
35d (R2 ¼ Na)

39 (R2 ¼ Me)
40 (R2 ¼ Na)

42a

27
28
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29

O

O

O

O

34c (R2 ¼ Me)
35c (R2 ¼ Na)

23
24

25
26

O

34b (R2 ¼ Me)
35b (R2 ¼ Na)

HO
HO

21
22

Entry Compound

Table 1 (Continued)

Cl

CF3

OH
O

OH

N

N

N

N

N

R1

N

N

CN

COOR2

COOR2

COOR2

COOR2

29

9.3
20

10.2
35

33.1
39

28.6
46

IC50 [nM]

Binding Assaya

0.53

0.17
0.36

0.19
0.64

0.60
0.71

0.52
0.84

rIC50

1.5 # 0.1

1.3 # 0.1
o!1.5

o!1.0
n.d.h

0.1 # 0.1
o!1.5

1.0 # 0.0
o!1.5

log D7.4b

4180

4180
4180

95 # 6
n.d.h

4150
4180

59 # 6
4180

Solubilityc
[mg mL!1]

!8.8 # 2.0

!8.6 # 1.7
!9.3 # 1.4

!8.5 # 0.1
!7.6 # 1.6

!7.6 # 0.0
!8.6 # 1.6

!6.3 # 0.0
!8.5 # 1.8

PAMPA log Ped
[cm s!1]
b-a

11
n.d.h

11
n.d.h

Microsomal
stability t1/2f
[min]

n.d.h

n.d.h

0.33 # 0.04 7.2 # 0.7
n.d.h
n.d.h

n.d.h

8.2
n.d.h

0.16 # 0.03 0.22 # 0.05 24
n.d.h
n.d.h
n.d.h

0.24 # 0.01 1.8 # 0.2
n.d.h
n.d.h

0.64 # 0.06 8.3 # 0.4
n.d.h
n.d.h

a-b

Caco-2
Pappe [10!6 cm s!1]
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42b

42c (R2 ¼ Et)
43 (R2 ¼ Na)

42d (R2 ¼ Et)
44 (R2 ¼ Na)

42e (R2 ¼ Me)
45 (R2 ¼ Na)

42f (R2 ¼ Et)
46 (R2 ¼ Na)

30

31
32

33
34

35
36

37
38
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O

O

O

O

O

Cl

Cl

Cl

Cl

Cl

N

N

N

N

N

COOR2

COOR2

COOR2

COOR2

CN

15.2
25

18.5
25

42.3
23

60.7
75

25

0.28
0.46

0.34
0.46

0.77
0.42

1.11
1.37

0.46

4180
4180

34 ! 4
4180

4180
4180

69 ! 20

2.8 ! 0.1 4180
"0.5 ! 0.1 4180

2.1 ! 0.2
o"1.5

2.7 ! 0.0
0.7 ! 0.1

2.0 ! 0.0
o"1.5

2.0 ! 0.1

"4.8 ! 0.1
"10.0 ! 0.0

"6.0 ! 0.1
"10.0 ! 0.0

"4.8 ! 0.1
"9.2 ! 1.7

"5.2 ! 0.0
"10.0 ! 0.0

"6.3 ! 0.1

6.4 ! 0.7
n.d.h

n.d.h
n.d.h

5.0 ! 0.2
n.d.h

n.d.h
n.d.h

n.d.h

30.0 ! 2.9
n.d.h

n.d.h
n.d.h

35.6 ! 1.0
n.d.h

n.d.h
n.d.h

n.d.h

4120
n.d.h

4120
n.d.h

84
n.d.h

4120
n.d.h

n.d.h
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50 (R2 ¼ Et)
52 (R2 ¼ Na)

41
42

O

O

HO
HO

CF3

R1

N

N

OH
O

OH

COOR2

COOR2

36.9
19

64.8
65

IC50 [nM]

Binding Assaya

0.67
0.35

1.18
1.18

rIC50

3.0 # 0.1
0.1 # 0.2

135 # 6
4180

2.3 # 0.0 4180
!1.0 # 0.1 4180

log D7.4b

Solubility
[mg mL!1]

c

!5.0 # 0.2
!8.6 # 1.7

!5.1 # 0.1
!8.4 # 1.8

PAMPA
[cm s!1]

log Ped

5.0 # 0.3
n.d.h

1.5 # 0.5
n.d.h

a-b

26.1 # 1.5
n.d.h

17.2 # 0.6
n.d.h

b-a

Caco-2
Pappe [10!6 cm s!1]

4120
n.d.h

4120
n.d.h

Microsomal
stability t1/2f
[min]

a
The IC50 values were determined with a cell-free competitive binding assay.28 The rIC50 values were calculated by dividing the IC50 of the compound of interest by the
IC50 of reference compound 53. This leads to rIC50 values below 1.0 for derivatives with higher aﬃnity than reference 53 and rIC50 above 1.0 for compounds with lower
aﬃnity than 53.
b
Octanol–water distribution coeﬃcients at pH 7.4 (log D7.4) were determined by a miniaturized shake flask procedure. The values are indicated as mean # SD of
sextuplicate determinations.21
c
Kinetic solubility was measured in a 96-well format in triplicate at pH 7.4 using the mSOL Explorer solubility analyzer.22
d
Permeation through an artificial membrane (log Pe, eﬀective permeability) was determined by PAMPA (parallel artificial membrane permeability assay) in
quadruplicate at pH 7.4.23,25
e
Permeation through a Caco-2 cell monolayer (Papp, apparent permeability) was assessed in the absorptive (a-b) and secretory (b-a) directions in triplicate.24,29
f
Microsomal stability was determined in duplicate with pooled male rat liver microsomes (RLM, 0.125 mg mL!1) at pH 7.4 and 37 1C.27
g
Thermodynamic solubility obtained according to the procedure described in ref. 8h.
h
n.d., not determined.

49 (R2 ¼ Et)
51 (R2 ¼ Na)

39
40

Entry Compound

Table 1 (Continued)
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1a

39.1°

CO 2Me

Cl

O

2a

40.3°

CO2Me
O

6a

Cl

39.6°
CO2Me

O

11a

Cl

60.3°

CO2Me

Fig. 2 Dihedral angles between the aromatic rings of biphenyl aglycones of biaryl a-D-mannopyranosides (1a, 2a, 6a, and 11a). The global minima values were
calculated with MacroModel (version 9.9).30
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disruption of the molecular planarity enhanced aqueous solubility up to
3-fold (from 41 to 134 mg mL!1).
Permeability of biphenyl mannosides. Due to their high lipophilicity
(log D7.4Z1.7), all biphenyl mannosides showed high eﬀective
(log Pe4!5.7 cm s!1) and moderate apparent (Papp42 " 10!6 cm s!1)
permeability.
Metabolic stability of biphenyl mannosides. Incubation with rat liver
microsomes (RLM) induced a fast degradation of prodrug 1a (t1/2 2.1 min,
Table 1, entry 2). The esters of the biphenyl mannosides 2a (t1/2 22 min,
entry 4), 6a (t1/2 72 min, entry 6), and 11a (t1/2 13 min, entry 8) were less
susceptible to the carboxylesterase (CES)-mediated metabolic turnover.
The diﬀering rates of hydrolysis may result from the change in the
molecular geometry and therefore in the accessibility of the ester by the
serine hydrolase CES.31 We therefore attributed the rate diﬀerences of
the CES-mediated hydrolysis primarily to the diﬀering geometry of the
aglycones, which, in case of 1a, obviously orients the ester bond within
the active site in an optimal position.
Overall, despite elevated solubility (134 mg mL!1) and high eﬀective
permeability (log Pe !4.5 cm s!1) of ester 11a, fast metabolic ester
hydrolysis (t1/2o15 min) reduces its therapeutic potential. Especially, the
accelerated renal excretion of the polar metabolite (i.e. free carboxylate)
impedes the maintenance of the therapeutic concentration in the
bladder over an extended period of time.
Solubility of heteroaryl mannosides. In general, heterobiaryl
mannosides (Table 1, entries 10–42) exhibited markedly higher aqueous
solubility than the reference compound biphenyl a-D-mannoside 1a
(12 mg mL!1). Triazole (-25a–c, entries 10, 12 & 13), pyrazole (-28a,
entry 15), and pyridine derivatives (-34a–d, entries 19, 21, 23 & 25)
exhibit higher solubility, due to increased polarity (log D7.4o1). For the
pyrazolylphenyl (-28b, entry 17), the pyridinylphenyl (-39, entry 27),
and the pyrrolylphenyl mannosides (entries 29–42) high solubility was
determined despite high lipophilicity (log D7.441). As a trade-oﬀ, 42d
(entry 33) became the least soluble representative among all assessed
heteroaryl mannosides (34 mg mL!1).
Permeability of heteroaryl mannosides. As expected, the increase in
polarity and solubility (e.g.-25a, log D7.4 !0.6, entry 10) leads to a
reduced permeability (log Pe !9.4 cm s!1), i.e. poor oral absorption.
Figure 3 illustrates the correlation between lipophilicity (log D7.4) and the
eﬀective permeability (log Pe) of the heteroaryl mannoside esters and
bioisosteres (entries 10–42). In general, heteroaryl mannosides with
lipophilicity log D7.441 have moderate to high eﬀective permeability.
To enhance lipophilicity two strategies were explored: First, an orthochloro substituent was introduced to ring A of the biaryl aglycone of 25a
(-25b, entry 12) and, second, the methyl ester was replaced by an ethyl
ester (-25c, entry 13). However, both strategies did not or only marginally influence the log Pe values and therewith the oral absorption
potential. For the pyrazolylphenyl derivative 28a (entry 15), although
slightly more lipophilic than the triazolylphenyl 25c (entry 13), low
eﬀective permeability (log Pe ! 6.6 cm s!1) was observed. By introducing a
264 | Carbohydr. Chem., 2017, 42, 248–273
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Fig. 3 Plot of log D7.4 versus eﬀective permeability log Pe (cm s!1; pH 7.4) for
heteroaryl mannoside esters (entries 10–28, 31–42) and bioisosteres (entries 29 & 30).
Data represent the mean only (Goodness of fit, R square ¼ 0.64). Dashed lines on the
y-axis indicate the thresholds between low, moderate, and high eﬀective permeability
(low o!6.3 cm s!1, moderate log Per !5.7 cm s!1ohigh).25 Dashed line on the
x-axis represent the thresholds for lipophilicity (log D7.441), where moderate eﬀective
permeability is reached.

trifluoromethyl substituent on the pyrazole moiety (-28b, entry 17),
both lipophilicity (permeability) and solubility were improved, presumably suﬃcient for a successful intestinal uptake. Whereas introducing an ortho-trifluoromethyl substituent to ring A of the biaryl
aglycone (-39, entry 27) exhibited despite increased lipophilicity only
low eﬀective permeability (log Pe !8.6 cm s!1). By contrast, the pyrrolylphenyl mannosides 42a–f, 49 and 50 (Table 1) with log D values of 1.5 to 3
and the log Pe values of !6.3 to !4.8 cm s!1 suggest modest to high
permeability. Starting from antagonist 42c (entry 31), the introduction of
a 4-methyl substituent (-42d, entry 33) increased permeability, however,
limited solubility to 34 mg mL!1. In the case of the pyrrolylphenyl
derivative 42e (entry 35), both solubility and permeability could be successively enhanced by introducing a methyl substituent in the 4-position
of the pyrrole moiety (-49, entry 39) and by modifying the orthosubstituent on ring A of the biaryl aglycone (-50, entry 41 & 42f, entry
37). Especially, for the antagonists 42f and 50, the eﬀective permeability
(PAMPA, log Pe !4.8 cm s!1 and !5.0 cm s!1, respectively) suggests
a high oral absorption potential. Moreover, the absorptive flux
(apical-basal) through the Caco-2 cell monolayer was moderate
(log Papp42 " 10!6 cm s!1). Although the ratio Papp,b-a/Papp,a-b42
implies eﬄux–carrier activity,29 we expected high systemic in vivo availability of 42f and 50, notably because eﬄux transporters at human
intestines are considered to be easily saturable when compounds are
administered at elevated doses (e.g.4100 mg).32 As expected, the bioisosteric replacement of the carboxylic moiety by a cyano group (-42a,b,
entries 29 & 30) increased lipophilicity, but the PAMPA data still indicate
Carbohydr. Chem., 2017, 42, 248–273 | 265
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low permeability for both derivatives (log Pe !8.8 cm s!1 and !6.3 cm s!1,
respectively).
Metabolic stability of heteroaryl mannosides. All five-membered
heteroaryl derivatives with ester functions (triazoles-entries 10–14,
pyrazoles-entries 15–18, and pyrroles-entries 29–42, Table 1) were
found to be less susceptible to CES-mediated bioconversion (t1/2430 min)
than the parent biphenyl mannoside 1a. Surprisingly, the pyrrolylphenyl
esters 42e,f, 49, and 50 even proved to be metabolically stable and were
only slowly hydrolyzed by carboxylesterases (t1/24120 min). In contrast,
derivatives with six-membered heterocylic moieties (entries 19–28) were
cleaved extremely fast (t1/2o15 min) with rates comparable to biphenyl
mannoside 1a.
2.3 In vitro binding aﬃnities
Binding aﬃnities were determined in a cell-free competitive binding
assay (Table 1).28 Surprisingly, aﬃnities of the esters (biphenyls and
heteroaryl mannosides) were slightly improved compared to the corresponding acids, probably due to reduced desolvation costs.
Biphenyl mannosides. A comparison of antagonist 1b (entry 3) with
its regioisomers 2b, 6b, and 11b (entries 5, 7 & 9) indicates that changing
the position of the carboxylic acid on the terminal ring B of the
biphenyl aglycone as well as modifying the substitution pattern on ring A
substantially reduced aﬃnity. As previously reported, the ortho-chloro
substituent present in the antagonists 1b and 6b provides additional van
der Waals contacts leading to binding aﬃnity in the low nanomolar
range.8k
Heteroaryl mannosides. All heteroaryl mannosides (entries 10–42) were
weaker binders than the biphenyl mannoside 1b, however also showed
IC50 values in the nanomolar range. In silico studies obtained with flexible docking (Glide software package33) to the FimH-CRD suggested a
similar ‘out-docking mode’ (Fig. 4) for all heteroaryl mannosides (entries
10–42), establishing p–p-stacking with Tyr48 of the tyrosine gate.8g

Fig. 4 In silico docking studies obtained with flexible docking (Glide software package33)
to the FimH-CRD (PDB ID: 4XO8); top-scored binding modes of (A) 44 (Table 1, entry 34)
and (B) 46 (entry 38).
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Therefore, it is quite surprising that the triazolylphenyl mannosides
(entries 10–14) and the pyrrolylphenyl mannosides (entries 29–42)
showed approximately five-fold higher aﬃnity than the pyrazolylphenyl
analogues (entries 15–18). Furthermore, the substitution pattern had also
an influence on the binding aﬃnity as observed for the various pyrrolylphenyl mannosides (entries 29–42). In agreement with previous observations,8i,k an ortho-chloro or an ortho-trifluoromethyl substituent on
ring A improved aﬃnity approximately 3-fold (51, entry 40 vs. 46, entry
38 & 52, entry 42). Furthermore, the position of the electron-withdrawing
carboxylic acid substituent in ring B aﬀected the binding aﬃnity as well.
In the 3-position (-45, entry 36) a three-fold aﬃnity increase compared
to the 2-position (-43, entry 32) was observed. With an additional
4-methyl group, aﬃnity was improved by a factor of three (43, entry 32 vs.
44, entry 34), presumably due to sterically favored p–p stacking interactions between the heteroaromatic ring B and Tyr48 of the tyrosine gate.
2.4 In vivo pharmacokinetic study
Antagonist 42f (entry 37, Table 1) exhibiting the best in vitro PK/PD
profile was selected for an in vivo pharmacokinetic study. Since its
solubility is not suﬃcient for the planned dose of 10 mg kg!1,10a 5%
DMSO and 1% surfactant Tween 80 were used as solubilizer. The
concentration–time profiles in urine and plasma are shown in Fig. 5.
Plasma concentrations of 42f were low, with a Cmax of only 0.04 mg mL!1
between 40 min and 1.5 h and dropped below the detection limit 3 h post
application. In contrast, antagonist 42f rapidly accumulates in the urine
with a Cmax ranging from 10 to 16 mg mL!1 at 1 to 3 h post application.
After a stable concentration plateau, which is slightly shifted in time
compared to plasma peak levels, 42f could not be detected in urine 7 h
post application.
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Fig. 5 Urine (dashed line) and plasma (continuous line) concentrations over time of the
pyrrolylphenyl mannoside 42f after an application of a dose of 10 mg kg!1 (PBS containing
5% DMSO and 1% Tween 80). Shown are mean values with standard error of the mean for
groups of three mice (C3H/HeN). The detection limit was at 0.02 mg mL!1.
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Accumulation in urine, resulting in a relatively constant plateau concentration over a time-period of about 3 h, can be related to several
important interplaying mechanisms. Both, PAMPA23 and transport
through a Caco-2 cell monolayer predicted high (log Pe !4.8 cm s!1) to
moderate (Papp,a–b 6.4 " 10!6 cm s!1, Table 1) permeability for 42f.25,26
Although 42f is a substrate of eﬄux transporters (Caco-2 cell experiment;
b–a/a–b ratio42, Table 1),29 the eﬄux transporters (e.g. P-gp) can be
saturated by the applied high dose of 10 mg kg!1.32,34 Once in circulation, antagonist 42f is filtered through the renal glomeruli in the
kidneys. Based on its metabolic stability and a log D7.4 value of 2.8,
reabsorption from the filtrate in the proximal tubuli can be expected,
leading to the observed delayed renal excretion.10b,34,35 In summary, the
observed PK profile of 42f results from a good oral absorption (i.e. sufficient solubility and saturation of eﬄux transporter) with a delayed and
prolonged elimination via the kidneys due to renal reabsorption.

3

Conclusions

Starting from ester 1a, the present study aimed to optimize solubility and
metabolic stability issues of biaryl mannosides in order to achieve high
oral absorption of the ester and slow enzyme-mediated release of the
polar metabolites.
First, our strategy to disrupt molecular planarity and symmetry of the
biphenyl mannosides by modifying the substitution pattern, proved to be
successful for improving solubility. Compared to antagonist 1a, the ester
11a showed a ten-fold improved solubility whereas membrane permeability remained high. However, since hepatic esterases rapidly convert
ester 11a to carboxylate 11b, re-absorption from the tubuli is not possible
leading to fast renal excretion. Furthermore, changing the positions of
the substituents on the aglycone decreased aﬃnity to the FimH-CRD,
overriding the gain in the intestinal uptake potential (entries 4, 6 & 9).
In a second approach, the improvement of solubility and metabolic
stability based on heterocyclic aglycones was studied. Thereby, triazole
(25a–c, entries 10, 12 & 13), pyrazole (28a,b, entries 15 & 17), and
six-membered heterocyclic moieties (34a–d, entries 19, 21, 23 & 25 and
39, entry 27) proved highly beneficial to the aqueous solubility but in turn
reduced lipophilicity and membrane permeability. Overall, only poor
oral absorption could be observed. By contrast, the pyrrolylphenyl
mannosides – optimized by the introduction of a chloro or trifluoromethyl
substituent on ring A and a methyl group on the heterocycle (42f and 50,
entries 37 & 41) – exhibited suﬃcient permeability as well as aqueous
solubility. Furthermore, incubations with rat liver microsomes, revealed
low propensity to enzyme-mediated hydrolysis (t1/24120 min), supporting
slow elimination due to expected renal re-absorption of the metabolically
stable esters.
In summary, our study exemplifies the benefits of two approaches:
Rearrangement of the substitution pattern to improve aqueous solubility
and introduction of heteroaromatic aglycones to improve aqueous
solubility and metabolic stability. For the ester 42f, an optimal balance of
268 | Carbohydr. Chem., 2017, 42, 248–273
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pharmacodynamic, physicochemical and in vitro pharmacokinetic properties was realized. The measured high urine drug levels of 42f (see Fig. 5)
over an extended period of time considerably limit the dosing frequency
and makes 42f a promising candidate to be tested in a UTI disease model.
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