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bility – a case study on septanoses
as pyranose mimetics†

Christoph P. Sager, ‡a Brigitte Fiege, ‡a Pascal Zihlmann,‡a Raghu Vannam, ‡b

Said Rabbani,a Roman P. Jakob, c Roland C. Preston,a Adam Zalewski, a

Timm Maier, c Mark W. Peczuh *b and Beat Ernst *a

Seven-membered ring mimetics of mannose were studied as ligands for the mannose-specific bacterial

lectin FimH, which plays an essential role in the first step of urinary tract infections (UTI). A competitive

binding assay and isothermal titration calorimetry (ITC) experiments indicated an approximately ten-fold

lower affinity for the seven-membered ring mannose mimetic 2-O-n-heptyl-1,6-anhydro-D-glycero-D-

galactitol (7) compared to n-heptyl a-D-mannopyranoside (2), resulting exclusively from a loss of

conformational entropy. Investigations by solution NMR, X-ray crystallography, and molecular modeling

revealed that 7 establishes a superimposable H-bond network compared to mannoside 2, but at the

price of a high entropic penalty due to the loss of its pronounced conformational flexibility. These results

underscore the importance of having access to the complete thermodynamic profile of a molecular

interaction to “rescue” ligands from entropic penalties with an otherwise perfect fit to the protein

binding site.
Introduction

The exibility of a molecule denes its intrinsic conformational
entropy. Rigid molecules adopt a highly populated conforma-
tional ground state with no or only a few alternative confor-
mations. In contrast, exible molecules populate multiple
conformers with low barriers for interconversion between them.
Flexibility has implications on intermolecular interactions in
different manners (Fig. 1).1 Emil Fischer's lock-and-key model
(A) assumes two rigid partners and therefore requires precise
complementary shapes to allow tight binding.2–6 However, in
most cases, either the ligand (B)7–12 or the receptor (C)13,14

exhibits exibility while its binding partner is rather rigid. In
these cases, complex formation requires an induced t5 or
a conformational selection mechanism.15–18 Finally, consider-
able reorganizational energy is required for interactions in
which both ligand and receptor are exible (D).19 A detailed
knowledge of the thermodynamic prole allows for categoriza-
tion of a binding event with respect to these four scenarios and
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nnecticut, 55 N. Eagleville Road U3060,
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Structural Biology, Klingelbergstrasse 70,

tion (ESI) available. See DOI:

is work.
affects the design of ligands. The enthalpic and entropic
contributions to these intermolecular associations, funda-
mental for characterizing the thermodynamic prole of an
Fig. 1 The four types of receptor–ligand interactions. (A) Rigid
receptor, rigid ligand. (B) Rigid receptor, flexible ligand. (C) Flexible
receptor, rigid ligand. (D) Flexible receptor, flexible ligand.
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Scheme 1 Syntheses of FimH antagonists with a septanose core as
replacement for a-D-mannopyranoside 1 and 2. Methyl b-septanoside
3 and 1,2-di-deoxy-septanose 5 have been previously described.40
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association, can be determined by isothermal titration calo-
rimetry (ITC).

In the present study, an example of a receptor–ligand inter-
action according to type B (Fig. 1) was studied in detail. The
receptor is the lectin FimH, located at the tip of bacterial pili. It
mediates the attachment of uropathogenic E. coli (UPEC) to uro-
thelial cells of the mammalian host and therefore represents the
rst step of the process leading to urinary tract infection (UTI).20–22

This adhesion impedes the clearance of bacteria from the urinary
tract and is therefore essential for the infection of urothelial
cells.23–25 Since the physiological ligand of FimH is the highly
mannosylated glycoprotein uroplakin 1A located on urothelial
cells,20–22 a broad variety of mannose-based FimH antagonists
have been developed for blocking this interaction and thereby the
bacterial infection of bladder cells.26–34 Their successful applica-
tion in a UTI mouse model clearly supports their therapeutic
potential for treatment and prevention of UTI.26,31,35

To date, only the aglycone ofmannosidic FimHantagonists has
been successfully varied,26–37 whereas the replacement of mannose
by other hexoses, e.g. D-glucose or D-galactose, led to a severe
reduction or even loss of affinity.38 We were interested to know
whether septanose derivatives, i.e. seven-membered ring homo-
logs of pyranoses,39 could be utilized as ring-expanded FimH
antagonists. Our interest was motivated by previous studies where
the jackbean lectin concanavalin A (ConA) bound methyl septa-
nosides in its carbohydrate binding pocket, albeit with reduced
affinity relative to the pyranose ligand.40,41 ConA naturally recog-
nizes the a1-3, a1-6-dimannosylmannoside42 as well as methyl a-
pyranosides of mannose and glucose.43,44 In contrast to the natural
selectivity for a-congured saccharides, methyl b-septanosides
were bound by ConA whereas a-septanosides were not.

Here we report results from an investigation of septanoses
binding to the isolated lectin domain of FimH (FimHLD), which
is locked in the high-affinity state.45,46 Flexibility was funda-
mentally important for binding of the best seven-membered
ring ligand, 2-O-n-heptyl-1,6-anhydro-D-glycero-D-galactitol (7)
(informally referred to as 2-O-n-heptyl-1-deoxy-septanose), as
FimHLD selected one conformation among those on its shallow
conformational energy surface.

Results
Synthesis of septanose ligands

The design of the septanose ligands was guided by the structure
of the mannose-binding pocket of FimH. It consists of a deep
pocket lined with polar amino acid residues forming an
extended H-bond network with the natural ligand. The entrance
to the mannose-binding pocket, the so-called “tyrosine gate”, is
furnished with two tyrosines and an isoleucine and interacts
with aliphatic or aromatic aglycones of FimH antagonists.38 For
mimicking mannose-based FimH antagonists, methyl b-D-glyc-
ero-D-galacto-septanosides 3 and 4 along with the related 1,6-
anhydro-D-glycero-D-galactitols 5–7 were synthesized (3 and 4
will be referred to as methyl septanosides, and 5–7 as 1-deoxy-
septanoses). For all these seven-membered ring analogs of a-
D-mannose, the conguration at C3 to C6 (septanose
numbering) is identical to the conguration at C2 to C5 in D-
This journal is © The Royal Society of Chemistry 2018
mannose. In addition, the n-heptyl substituent on the C2
hydroxyl group of septanose 4 and 7 was expected to mimic the
n-heptyl aglycone at the anomeric center (C1) of a-D-man-
nopyranoside 2 (Scheme 1).

For the syntheses of 3 & 4 and 6 & 7, acetonide protected
oxepine 8 was utilized as a key starting material.47 The previ-
ously described diastereoselective epoxidation and meth-
anolysis of 8 provided methyl b-D-glycero-D-galacto-septanoside
9 (84%).47,48 Alkylation of its C2 hydroxyl group gave 2-O-n-heptyl
septanoside 10 in 73% yield. By removal of the acetonide group
on 9 and 10, methyl septanosides 3 and 4 were obtained in 93%
and 82% yields, respectively. The preparation of 6 and 7 relied
on the regio- and diastereoselective hydroboration–oxidation of
8 to give 11 (65%).49 Deprotection of 1-deoxy-septanose 11 then
yielded 6 (90%). Alternatively, 7 was obtained by alkylation of 11
at C2 to form compound 12 followed by deprotection (77% over
two steps).
Chem. Sci., 2018, 9, 646–654 | 647
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Table 1 Affinity (IC50 & KD) and thermodynamic data for the interaction of mannosides 1 & 2, septanosides 3 & 4 and 1-deoxy-septanoses 5–7
with FimHLD

Compound IC50
a [mM] KD

b [mM] DG
�
obs

b [kJ mol�1] DH
�
obs

b [kJ mol�1] �TDS
�
obs

b [kJ mol�1] Nb

1 (methyl a-D-mannoside) 5.6 � 0.5 n.d.
2 (n-heptyl a-D-mannoside) 0.064 � 0.02 0.029 �43.0 �50.3 7.3 1.00
3 31.6 � 4.2 n.d.
4 2.83 � 0.4 2.20 �32.3 �27.9 �4.4 0.98
5 86.8 � 7.9 n.d.
6 421 � 30.5 n.d.
7 1.37 � 0.3 0.26 �37.5 �49.4 11.8 1.00

a IC50 values were measured in a competitive binding assay.36 b KD values and thermodynamic parameters were determined by ITC experiments at
a temperature of 25 �C.
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Competitive binding assay

Compounds 1–7, along with other analogs (see ESI†), were
evaluated for their binding to FimHLD. Compounds were rst
screened in a competitive binding assay,36 where a polymeric
oligomannose–biotin conjugate coupled via streptavidin to
horseradish peroxidase is added simultaneously with a serial
dilution of the test ligand to wells coated with FimHLD. Aer
incubation, the peroxidase substrate 3,30,5,50-tetrame-
thylbenzidine is added and the binding is quantied by
colorimetric detection. For the compounds 1–7, the competitive
binding assay revealed IC50 values ranging from 64 nM to �400
mM (Table 1). The addition of an n-heptyl substituent at C2 of 3
(/ 4) and 6 (/ 7) led to signicantly improved inhibition.
Septanoside 4 exhibits an 11-fold increase in affinity over 3, and
1-deoxy-septanose 7 a 307-fold improvement over 6. Thus, the n-
heptyl substituent in 4 and 7 likely mimics the aglycone of the
corresponding pyranoside 2.
ITC experiments with compounds 2, 4 and 7

Isothermal titration calorimetry (ITC) provided a deeper insight
into the nature of the intermolecular interaction of FimHLD

with 2-n-heptyl-septanoside 4 and 2-n-heptyl-1-deoxy-septanose
7 in comparison with n-heptyl a-D-mannopyranoside (2). All
Fig. 2 (A) Thermodynamic fingerprints of compounds 2, 4, and 7 bindin
FimHLD from ITC experiments performed at three different temperature

648 | Chem. Sci., 2018, 9, 646–654
three test compounds contain an n-heptyl unit – either as
aglycone (/ 2) or as substituent in the 2-position (/ 4 and 7,
respectively). The n-heptyl group is essential to establish the
important hydrophobic contacts within the tyrosine gate. The
KD values obtained from ITC experiments were in relative
agreement with the IC50 values from the competitive binding
assay, i.e. in both assays 2was the strongest binder followed by 7
and then 4 (Table 1).

ITC data (Table 1 and Fig. 2A) revealed that the almost 100-
fold loss in affinity of compound 4 compared to compound 2 is
due to a diminished enthalpic contribution ðDH�

obsÞ that is
partly compensated by a more favorable entropy term ðTDS�

obsÞ.
The less benecial enthalpy term for septanoside 4 likely results
from an increased desolvation penalty due to its increased polar
surface area (108.6 Å for 4 compared to 99.4 Å for 2)50 as well as
from looser interactions with the FimHLD. As a consequence of
a looser t, the exibility of septanoside 4 is less compromised,
explaining the substantially improved entropy term by
11.7 kJ mol�1 (Table 1).

In contrast, the binding enthalpies of 2 and 7 are almost
identical, so that the affinity loss of 1-deoxy-septanose 7 in
comparison to mannoside 2 is exclusively due to a signicant
entropic penalty (TDS

�
obs term). According to eqn (1), the

entropy DS� consists of desolvation entropy DS
�
solv,
g to FimHLD. (B) Heat capacity (DCp) of compounds 2 and 7 binding to
s (details in ESI†).

This journal is © The Royal Society of Chemistry 2018
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Table 2 Dissected entropic contributions of mannoside 2 and 1-
deoxy-septanose 7 binding to FimHLD at 298.15 K

Contributor
Mannoside 2
[kJ mol�1]

1-Deoxy-septanose 7
[kJ mol�1]

�TDS
�
solv �69.1 �68.8

�TDS
�
conf 66.4 70.6

�TDS
�
mix 10.0 10.0

�TDS
�
obs 7.3 11.8
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conformational entropy DS
�
conf , and a term DS

�
mix reecting the

loss in translational and rotational degrees of freedom of both
binding partners upon complex formation. Because DS

�
mix for

the two antagonists is equal (10 kJ mol�1, eqn (2), where R is the
universal gas constant and 55.6 the molarity of water in [M]),51,52

the entropy penalty originates exclusively from a loss of
conformational exibility ðDS�

confÞ – either caused by the ligand
and/or the receptor.

DS
�
obs ¼ DS

�
solv þ DS

�
conf þ DS

�
mix (1)

DS
�
mix ¼ R ln

�
1

55:6

�
(2)

To quantify the contributions of DS
�
solv and DS

�
conf , ITC

experiments were conducted at three different temperatures to
determine the heat capacity (DCp) of mannoside 2 and 1-deoxy-
septanose 7 (Fig. 2B and Table 2). DCp (eqn (3)), reporting on the
entropy contributions from desolvation of ligand and protein, is
equal for both complex formations (Fig. 2B). Since at 385 K,
DS

�
solv reaches zero, i.e. the hydration shell no longer exists,

DS
�
solv; 298 K can be calculated according to eqn (4).52–54

DCp ¼
�
vDH

�
obs

vT

�
(3)

DS
�
solv; 298:15 K ¼ DCp ln

�
298:15 K

385 K

�
(4)

The identical DCp values (0.902 kJ K�1 � 0.018 and 0.907 kJ
K�1 � 0.016, respectively) obtained for the interaction of
FimHLD with 1-deoxy-septanose 7 and mannoside 2 are a clear
indication that both complex formations release comparable
numbers of water molecules leading to a comparable gain of
desolvation entropy DS

�
solv. Consequently, the entropic penalty

for 7 originates from a loss of conformational freedom of either
the ligand and/or the protein upon binding (Table 2).

To comprehensively interpret the thermodynamics of
binding, additional information regarding solution and bound
conformations of mannoside 2 and 1-deoxy-septanose 7 are
indispensible. The conformational exibility of septanoses vs.
pyranoses as well as the n-heptyl aglycone deserves special
attention in this regard. Furthermore, the degree of conforma-
tional exibility of FimHLD has to be addressed. Finally, struc-
tural analysis by X-ray crystallography to elucidate the hydrogen
This journal is © The Royal Society of Chemistry 2018
bond network established by the two ligands is essential for
a nal assessment of the two binding processes.

In silico comparison of the solution conformation of
mannoside 2 and 1-deoxy-septanose 7

The large conformational entropy penalty for 1-deoxy-septanose
7 in comparison to mannoside 2 could be related to the extent of
exibility of their respective solution conformations. Therefore,
the dynamic behavior in solution of each was studied by moni-
toring two collected variables using metadynamics simulations.
The collected variables were dened as the angle between O1–
C1–C4 and the dihedral torsion of O1–C1–O5–C5 for mannoside
2 and the corresponding angle O2–C2–C5 and dihedral torsion
O2–C2–C1–O6 for compound 7 (for numbering see Fig. 3).
Metadynamics simulations revealed an energy landscape for
mannoside 2 with one distinct minimum of �154.8 kJ mol�1 of
99� for the angle O1–C1–C4 and 54� for the dihedral angle
(indicated by a circle in Fig. 3A), whereas the energy surface for 1-
deoxy-septanose 7 was much shallower, showing two minima of
�90.4 kJ mol�1 at 99� and 36�, and �89.5 kJ mol�1 at 90� and
90�, respectively (indicated by circles in Fig. 3B). Thus, the
metadynamic simulations clearly indicate that 1-deoxy-
septanose 7 exhibits a much larger ring exibility in compar-
ison to mannoside 2. In addition, the minima observed in the
metadynamics simulations coincide closely with the bound
conformation of the crystal structure. However, compound 7
shows an additional minimum that does not overlap with the
bound conformation and therefore adds to the entropic loss.

To further quantify the exibility issue, all ring conforma-
tions were normalized to their respective global minimum.
Cumulative frequency analysis revealed that compound 7
exhibits 23 accessible conformations within 16 kJ mol�1 corre-
sponding to the energy range of a hydrogen bond, whereas
compound 2 has only access to 3 conformations. When
a 44 kJ mol�1 energy range is taken into consideration (equal to
the highest barrier in a cyclohexane ring-ip), compound 7 has
access to 72 conformations in contrast to the rather rigid
mannoside 2 with only 14 accessible conformations (Fig. 3C). In
summary, the much higher number of conformations available
to septanose derivative 7 results in a higher loss of conforma-
tional exibility upon complexation to FimH and accounts for
the difference in entropies of binding to FimHLD for 7 compared
to 2.

Ab initio calculations involving interactions of the n-heptyl
group

The preference of 1-deoxy-septanose 7 to position its n-heptyl
tail in an axial orientation was demonstrated qualitatively by
solution NMR experiments in the absence of protein. Karplus
analysis of coupling constants 3J2,3 and 3J3,4 (septanose
numbering) of 7 obtained from a 1D 1H NMR spectrum at
900 MHz indicated torsion angles in agreement with those
expected for the axial conformation (see ESI† for details). To
assess whether the tyrosine gate affects the n-heptyl tail in 2 and
7 identically, non-covalent interaction energies were calculated
based on the available crystal structures (cf. Fig. 5) with
Chem. Sci., 2018, 9, 646–654 | 649
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Fig. 3 (A, B) Energy surface diagrams of the solution conformation of 2 (A) and 7 (B) obtained frommetadynamics analysis. Circles represent the
distinct minima observed in metadynamic simulations and crosses indicate the bound conformations in the crystal structures [PDB code 4BUQ
(A) & 5CGB (B)]. Energies are given in kJ mol�1 and are color-coded from bordeaux-red (0 kJ mol�1) to dark-blue (�150 kJ mol�1). Vertical axes
describe the observed dihedral angle (red), horizontal axes the observed angle (blue), both indicated in the structures to the right. (C) Cumulative
frequency distribution analysis of all conformations (within 80 kJ mol�1 from the global minimum). Dashed lines indicate examples that occur at
similar energies as denoted in the text.

650 | Chem. Sci., 2018, 9, 646–654 This journal is © The Royal Society of Chemistry 2018
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Fig. 4 NMR chemical shift perturbation experiments of FimHLD with mannoside 2 and 1-deoxy-septanose 7. 1H,15N-HSQC spectra of FimHLD in
the absence of antagonist (green) and in the presence of an excess of 2 (blue) and 7 (magenta). Important residues in the binding sites are shown
in detail on the panel at the right.
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Jaguar.55–57 For the proper quantication of the non-covalent
interactions, we performed ab initio DFT calculations using
the B3LYP-MM functional in combination with the cc-pVDZ++
basis-set in the gas phase. The calculations led to comparable
interaction energies of �18.5 kJ mol�1 and �19.2 kJ mol�1 for
the n-heptyl tails of 2 and 7 with the tyrosine-gate. We therefore
assume that their contributions to enthalpy as well as entropy
are of comparable size.

Conformation of FimHLD upon binding of ligand 2 and 7
assessed by NMR CSP experiments

NMR chemical shi perturbation (CSP) experiments of the
FimHLD backbone amide resonances were used to assess the
Fig. 5 (A) Co-crystal structure of FimHLD with mannoside 2 (PDB code 4
(PDB code 5CGB); the intermolecular hydrogen bond network is depict

This journal is © The Royal Society of Chemistry 2018
conformation of the protein backbone.58 Thus, 1H,15N-HSQC
experiments of uniformly 15N-labeled FimHLD (see ESI†) were
conducted in the absence and presence of an excess of each
ligand. The resonance assignment of FimHLD was available
from previous studies.58,59 For both antagonists 2 and 7, the set
of protein residues of the mannose binding pocket (e.g. Ala2,
Asp54 and Gln133) and a nearby loop (e.g. Thr134, Asn138,
Asp141, Gln143) exhibited highly similar CSP effects (Fig. 4; see
also Fig. S5 in ESI†). The absence of line broadening effects
demonstrates that the protein is rather rigid in complex with
both antagonists. Furthermore, the almost identical signals for
amino acids remote from the mannose-binding pocket indicate
that FimHLD does not undergo global conformational adaptions
BUQ) and (B) co-crystal structure of FimHLD with 1-deoxy-septanose 7
ed by dashed lines.

Chem. Sci., 2018, 9, 646–654 | 651
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upon ligand binding. Thus, we can assume that the protein
conformation upon binding mannoside 2 and 1-deoxy-
septanose 7 is highly similar, consistent with the comparable
thermodynamic outcomes of the interactions.
Crystal structure of FimHLD in complex with mannoside 2 and
1-deoxy-septanose 7

The previously reported co-crystal structure of mannoside 2–
FimHLD

60 (PDB code 4BUQ, Fig. 5A) and the new high-resolution
X-ray structure of FimHLD co-crystallized with 7 (PDB code 5CGB;
Fig. 5B and Table S3 in ESI†) exhibit a surprisingly high structural
similarity with a backbone RMSD of 0.2 Å. Noteworthy, the well-
dened, tight FimH mannose-binding pocket installs identical
hydrogen bond networks with mannoside 2 and 1-deoxy-
septanose 7 (Fig. 5). For both ligands, nine hydrogen bonds
with the side-chains of the residues Asn46, Asp54, Gln133, Asn135
and Asp140, and to the backbone of Phe1 and Asp47 are formed
(for statistics on diffraction data and structure renement of
ligand 7–FimHLD complex see ESI†).

The dynamic stability of the hydrogen bond networks was
assessed by MD simulations starting from the conformations of
compound 2 and 7 from the crystal structures in Fig. 5. The
simulations were run for the duration of 4.8 ns, followed by an
analysis of the hydrogen bond network, where the occupancy of
a given hydrogen bond interaction was monitored. The crucial
hydrogen bonds with Phe1, Asp54 and Gln133 were retained
with comparable occupancies by both compounds 2 and 7 (see
Table S3 in ESI†). Therefore, in accordance with ITC experi-
ments, enthalpic contributions from ligand–protein interac-
tions can be predicted to be of similar size.
Discussion

The bacterial lectin FimH mediates the adhesion of uropatho-
genic E. coli to the bladder epithelium of its host. FimHLD

consists of a mannose-binding pocket, which is reached
through a hydrophobic cle equipped with two tyrosines and an
isoleucine (tyrosine gate). Its high affinity interaction with
mannoside 2 is achieved by an extended hydrogen bond
network established between the mannose moiety and the
carbohydrate recognition domain of the lectin and by hydro-
phobic s–p interactions of the n-heptyl aglycone with the tyro-
sine gate.38,58,61 Replacement of the mannose moiety by other
hexoses, e.g. D-glucose or D-galactose, leads to a substantial
reduction or even loss of binding affinity.38

Seven-membered ring analogs designed to mimic a-D-man-
nopyranosides in general exhibit reduced affinities for FimHLD.
From a series of septanosides and analogs, methyl septanoside
4 and 1-deoxy-septanose 7 were identied as the best repre-
sentative binders. The n-heptyl substituent on their 2-position
enables s–p stacking interaction with the tyrosine gate in
analogy to mannoside 2.58,61 Nevertheless, 4 (2.2 mM) and 7
(260 nM) showed a 75- and 9-fold loss of inhibitory potency
compared to mannoside 2 (29 nM).

To explain the large difference in affinity, a comparison of
the thermodynamic ngerprints of their interactions with
652 | Chem. Sci., 2018, 9, 646–654
FimHLD turned out to be instructive. The ITC prole of n-heptyl
mannoside (2) served as reference. Binding of 2, like many other
mannoside-based antagonists, is largely enthalpy-driven with
a major contribution by the nine hydrogen bonds formed
between the mannose moiety and the lectin.29,35,38,58 The severe
drop in affinity of methyl septanoside 4 compared to manno-
side 2 is predominantly due to a substantially smaller enthalpy
term (DDH

�
obs ¼ 22.4 kJ mol�1), accompanied by a pronounced

improvement of the entropy term (�TDDS�
obs ¼ 11.7 kJ mol�1).

One possible explanation for the severe enthalpy penalty is
a steric clash induced by the methoxy group in the 1-position,
disordering the essential hydrogen bond network. A less well-
dened hydrogen bond network on the other hand would be
consistent with an entropy gain of 4 in comparison to manno-
side 2 because of the increased conformational exibility.
Interestingly, the almost identical enthalpy terms for manno-
side 2 and 1-deoxy-septanose 7 (DH

�
obs � �50 kJ mol�1) suggest

that FimH adopts very similar conformations enabling the
formation of all critical hydrogen bonds to both ligands,
a hypothesis supported by solution NMR and X-ray co-
crystallography.

The origin for the reduced affinity of 7 compared to 2 is
a signicantly higher entropic penalty. ITC measurements at
different temperatures revealed almost identical heat capacities
DCp for both mannoside 2 and 1-deoxy-septanose 7, indicating
comparable desolvation entropies ðDS�

solvÞ. Since DS
�
mix reect-

ing the loss in translational and rotational degrees of freedom
upon complex formation can be assumed to be identical, the
increased entropic penalty for 7 can be attributed solely to
a reduced conformational freedom of the ligand and/or the
protein. With NMR chemical shi perturbation experiments it
was shown that 1-deoxy-septanose 7 exhibited comparable
chemical shi changes and line widths for amino acid residues
of the FimH binding pocket as mannoside 2. Thus, both ligands
form comparable complexes with FimHLD and therefore exhibit
comparable DS

�
conf terms. Quantum-mechanical calculations

revealed almost identical contributions of the aglycones of 2
and 7 to the interaction energy, suggesting that the loss of
conformational entropy is solely due to the higher exibility of
the seven-membered ring of 7 compared to the six-membered
ring of 2 in solution. Upon binding to FimHLD, a specic
conformation of the septanose ring is required, leading to
a signicant rigidication of the compound relative to its
unbound state. Metadynamics simulations, revealing a at
energy prole for 1-deoxy-septanose 7 with various ring
conformations separated by relatively low energetic barriers,
support this assumption.

The bound conformation of 7 can therefore be regarded as
the result of a conformational selection of the ligand. Whereas
conformational selection in terms of protein dynamics has been
widely described and quantied by the use of NMR dynamics
experiments of the protein,7,15–18 a quantitative description of
the impact of ligand exibility on the thermodynamics of
binding is still rare, likely due to the numerous contributing
factors, which could be separated and analyzed in this specic
example.
This journal is © The Royal Society of Chemistry 2018
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Conclusions

ITC results, NMR CSP experiments, computational consider-
ations, and X-ray crystallographic data support the conclusion
that 2-n-heptyl 1-deoxy-septanose 7 adopts a conformation
enabling the formation of a H-bond network with FimHLD

identical to the corresponding mannoside 2. Furthermore, the
loss of affinity of 7 is almost exclusively due to a loss in
conformational entropy DSconf. In silico-analysis and solution
NMR data ultimately showed that, although the main solution
conformation of the seven-membered ring is similar to the
bound conformation, the pronounced exibility of the ring in
solution causes signicant entropic penalties upon complex
formation.

In view of this result, the evaluation of glycomimetics should
always include thermodynamic proling because the quanti-
cation of enthalpic and entropic terms can be highly informa-
tive for the design of improved antagonists. In the case of FimH
antagonists, 1-deoxy-septanose 7 provides an excellent man-
nopyranoside mimic, i.e. can established an identical H-bond
network as the parent compound. However, it suffers from
a substantial entropic penalty due to rigidication of the
inherent ring exibility upon complexation. This study excel-
lently exemplies that exibility can be an important element in
the design of small molecule ligands of target proteins.62,63
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and B. Ernst, Bioorg. Med. Chem., 2011, 19, 6454.

28 X. Jiang, D. Abgottspon, S. Kleeb, S. Rabbani,
M. Scharenberg, M. Wittwer, M. Haug, O. Schwardt and
B. Ernst, J. Med. Chem., 2012, 55, 4700.
Chem. Sci., 2018, 9, 646–654 | 653

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7sc04289b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 1
0:

04
:2

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
29 L. Pang, S. Kleeb, K. Lemme, S. Rabbani, M. Scharenberg,
A. Zalewski, F. Schadler, O. Schwardt and B. Ernst,
ChemMedChem, 2012, 7, 1404.

30 M. Aronson, O. Medalia, L. Schori, D. Mirelman, N. Sharon
and I. Ofek, J. Infect. Dis., 1979, 139, 329.

31 C. K. Cusumano, J. S. Pinkner, Z. Han, S. E. Greene,
B. A. Ford, J. R. Crowley, J. P. Henderson, J. W. Janetka
and S. J. Hultgren, Sci. Transl. Med., 2011, 3, 109ra115.

32 D. Abgottspon and B. Ernst, Chimia, 2012, 66, 166.
33 M. Totsika, M. Kostakioti, T. J. Hannan, M. Upton,

S. A. Beatson, J. W. Janetka, S. J. Hultgren and
M. A. Schembri, J. Infect. Dis., 2013, 208, 921.

34 J. Bouckaert, Z. Li, C. Xavier, M. Almant, V. Caveliers,
T. Lahoutte, S. D. Weeks, J. Kovensky and S. G. Gouin,
Chem.–Eur. J., 2013, 19, 7847.

35 S. Kleeb, L. Pang, K. Mayer, D. Eriş, A. Sigl, R. C. Preston,
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D. Choudhury, S. Langermann, S. J. Hultgren, L. Wyns,
P. Klemm, S. Oscarson, S. D. Knight and H. De Greve, Mol.
Microbiol., 2005, 55, 441.

39 J. Saha and M. W. Peczuh, Adv. Carbohydr. Chem. Biochem.,
2011, 66, 121.

40 M. R. Duff Jr, W. S. Fyvie, S. D. Markad, A. E. Frankel,
C. V. Kumar, J. A. Gascón and M. W. Peczuh, Org. Biomol.
Chem., 2011, 9, 154.

41 S. Castro, M. Duff, N. L. Snyder, M. Morton, C. V. Kumar and
M. W. Peczuh, Org. Biomol. Chem., 2005, 3, 3869.

42 D. Gupta, T. K. Dam, S. Oscarson and C. F. Brewer, J. Biol.
Chem., 1997, 272, 6388.

43 M. C. Chervenak and E. J. Toone, Biochemistry, 1995, 34,
5685.
654 | Chem. Sci., 2018, 9, 646–654
44 F. P. Schwarz, K. D. Puri, R. G. Bhat and A. Surolia, J. Biol.
Chem., 1993, 268, 7668.
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