d Carbohydrates
as Drugs

2 Springer



12
Topics in Medicinal Chemistry

Editorial Board:

P. R. Bernstein, Rose Valley, USA

A. Buschauer, Regensburg, Germany

G. L. Georg, Minneapolis, USA

J. A. Lowe, Stonington, USA

U. Stilz, Malov, Denmark

C. T. Supuran, Sesto Fiorentino (Firenze), Italy
A. K. Saxena, Lucknow, India



Aims and Scope

Drug research requires interdisciplinary team-work at the interface between chemis-
try, biology and medicine. Therefore, the new topic-related series Topics in Medicinal
Chemistry will cover all relevant aspects of drug research, e.g. pathobiochemistry
of diseases, identification and validation of (emerging) drug targets, structural
biology, drugability of targets, drug design approaches, chemogenomics, synthet-
ic chemistry including combinatorial methods, bioorganic chemistry, natural
compounds, high-throughput screening, pharmacological in vitro and in vivo
investigations, drug-receptor interactions on the molecular level, structure-activ-
ity relationships, drug absorption, distribution, metabolism, elimination, toxicol-
ogy and pharmacogenomics.

In general, special volumes are edited by well known guest editors.
In references Topics in Medicinal Chemistry is abbreviated Top Med Chem and is

cited as a journal.

More information about this series at
http://www.springer.com/series/7355



Peter H. Seeberger - Christoph Rademacher
Editors

Carbohydrates as Drugs

With contributions by

J. Bouckaert - A. Braem - D.R. Bundle - W.-S. Chen -
P.P. Deshpande - B.A. Ellsworth - M. Frank - S.G. Gouin -
G. Horne - H. Leffler - M. Leibeling - A. Mackinnon -
U.J. Nilsson - N. Panjwani - G. Roos - H. Schambye -
T. Sethi - A. Titz - W.N. Washburn - D.B. Werz

@ Springer



Editors
Peter H. Seeberger
Christoph Rademacher
Max Planck Institute of Colloids
and Interfaces
Department of Biomolecular Systems

Potsdam

Germany

ISSN 1862-2461 ISSN 1862-247X (electronic)
ISBN 978-3-319-08674-3 ISBN 978-3-319-08675-0 (eBook)

DOI 10.1007/978-3-319-08675-0
Springer Cham Heidelberg New York Dordrecht London

Library of Congress Control Number: 2014954644

© Springer International Publishing Switzerland 2014

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief excerpts
in connection with reviews or scholarly analysis or material supplied specifically for the purpose of being
entered and executed on a computer system, for exclusive use by the purchaser of the work. Duplication
of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from
Springer. Permissions for use may be obtained through RightsLink at the Copyright Clearance Center.
Violations are liable to prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

Carbohydrates are the most abundant class of biomolecules and nature has made
use of these structurally complex molecules for many applications. Every living
cell is covered by oligosaccharides contributing to their stability, promoting cell—
cell communication, or control cell migration and tissue homing. The diversity of
this biopolymer exceeds that of any other organic structure. Consequently, the
number of glycosylation-associated genes is high, with approximately 2% of the
human genome encoding for these proteins. With novel tools for the synthesis and
analysis of glycans becoming available to the broader community, the role of
glycosylation-associated genes in health and disease is beginning to unravel.
These advances have spurred increasing interest in carbohydrates and their deriva-
tives as active ingredients in pharmaceuticals such as inhibitors of carbohydrate-
binding or -processing proteins, or novel adjuvants and vaccines. However, in
contrast to the potential of glycans for the treatment of human disease, the number
of carbohydrate-based drugs is rather limited. The fact that each glycosidic linkage
constitutes a new stereogenic center renders the synthesis of carbohydrates chal-
lenging. Carbohydrates are hydrophilic, metabolically unstable and sometimes
promiscuous, as in many cases low affinity recognition is essential for some of
their biological functions. Efficient synthetic access to carbohydrate-derivatives
enables us to overcome these obstacles. Stability and hydrophilicity can be con-
trolled and specificity can be established by evolution of the carbohydrate scaffold.
Although a monosaccharide often has a rather low affinity to its target receptor, it
provides high ligand efficiency, because of its low molecular weight. Moreover, the
enthalpy-driven interaction is based on directed interactions, an exquisite starting
point for small molecule evolution. Otherwise inaccessible binding sites can
addressed that do not accommodate flat and aromatic molecules.

This volume is comprised of a collection of chapters addressing the problems and
the potentials of carbohydrates as drugs from different perspectives. The opening
chapter describes the target-oriented synthesis of carbohydrate-derivatives, in par-
ticular highlighting the synthesis of C-glycosides to overcome metabolic instability
of carbohydrates. Moreover, the authors explore domino carbopalladation to trans-
form carbohydrates into drug-like scaffolds. The improved synthetic accessibility of
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carbohydrates and their mimetics is then further explained in a chapter on iminosu-
gars. Two marketed drugs based on this class of molecules are available and more
are currently in clinical trials. Graeme Horne also raises an important question
regarding the use of carbohydrates in drug design, asking why the glycospace has
not been explored in medicinal chemistry. Martin Frank provides insights into the
potential and limitations of computational approaches such as molecular docking to
understand carbohydrate—receptor interaction. The team from Bristol-Myers
Squibb brings together key aspects raised in the previous chapters. The
C-glycoside Dapagliflozin for the treatment of diabetes type II is discussed. This
arylglycoside is highly selective for the sodium-dependent glucose transporter 2 and
blocks renal glucose reabsorption. Combined with its favorable stability and ADME
profile, it was recently approved by FDA and EMA. Away from transporters towards
human lectins as target for carbohydrate-based drugs, galectin-3 is then the subject
of the following chapter. Galectin-3 plays an important role in metastasis, chronic
inflammation, and fibrosis. Hence, the rational design of nanomolar inhibitors based
on a galactose scaffold is discussed. The next two chapters turn the focus towards
bacterial adhesins. First, FimH antagonists based on mannose are described, fol-
lowed by work from Alexander Titz summarizing the work on the inhibition of
biofilm formation of Pseudomonas aeruginosa. In the latter case, the lectins LecA
and LecB are inhibited using galactose as a starting scaffold aiming for the treatment
of chronic infections. Finally, the contribution from David Bundle reviews the
structure-based, rational design of a carbohydrate-based vaccine against Candida
albicans. The application of defined carbohydrate substructures of polysaccharides
as vaccines is a rapidly growing market and harbors great potential for carbohydrates
in the pharmaceutical industry.

All chapters emphasize that carbohydrates are the central scaffold that can be
elaborated into a pharmaceutically active molecule. The potential of glycosylation-
associated genes as targets for therapy has just begun to be fully elucidated and we
are looking forward to see how this rapidly evolving field progresses. We thank all
the authors for their contributions to this development and for providing their
insight into the advancement of carbohydrates as drugs in this volume.

Potsdam, Germany Christoph Rademacher
May 2014 Peter H. Seeberger
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Carbohydrate-Based Synthetic Chemistry
in the Context of Drug Design

Markus Leibeling and Daniel B. Werz

Abstract Various carbohydrate building blocks serve as versatile and valuable
precursors for modern target-orientated synthesis. The large number of different
carbohydrates, their structural diversity with respect to functional groups and
stereogenic centers allows the facile synthesis of a broad variety of possible target
molecules. In a personal selection the authors demonstrate how to make use of
carbohydrates as a starting point for Pd-catalyzed coupling reactions to obtain
C-glycosides, how to link carbohydrate and cyclopropane chemistry, and how
efficient carbopalladation cascades fuse carbohydrates with aromatic units.

Keywords Anthracyclines, Carbohydrate mimics, Carbohydrates, Catalysis,
C-Glycosides, Chromans, Isochromans, Spiroketals
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1 Introduction

Carbohydrates belong to the three most abundant classes of organic biomolecules.
They can be found as monosaccharides, oligosaccharides, and polysaccharides.
In addition, often combinations with other types of biomolecules are observed
leading to glycoconjugates, glycolipids, glycopeptides, and glycosylated natural
products. As a result from photosynthesis carbohydrates constitute the largest part
of bio-derived compounds and comprise various functions in living organisms.
Polysaccharides primarily serve as material for energy storage (such as starch or
glycogen) as well as structural components providing stability to cell walls (such as
cellulose in plants or chitin in arthropods and fungi) [1].

The concept of carbohydrate mimics includes organic compounds with
carbohydrate-related structures to imitate their mode of action. Naturally occurring
carbohydrates are often restricted for the use as potential drug, due to several
drawbacks which can partially be suppressed by utilization of respective mimics.
The high polarity of carbohydrates often represses the resorption of pharma-
ceuticals when they are substituted by sugars. Furthermore, the lability of the
O-glycosidic bond hampers an appropriate transport of the molecule to the site of
pharmacological action. This bond is often cleaved, resulting in a release of the
agent too early and hence impaired pharmacodynamics [2]. Therefore it is of
essential importance to find more stable and less hydrophilic analogs than common
carbohydrates.

2 Carbohydrate Mimics

Carbohydrate mimics is a huge area. One class ranges from subtle modifications of
sugars to carbasugars (with missing endocyclic oxygens), iminosugars (in which the
endocyclic oxygen is replaced by nitrogen, see [3] of this chapter) and thiasugars
(with an endocyclic sulfur). Another class focuses on linkage modifications.
C-Glycosides commonly replace the linking oxygen by a saturated carbon (in the
simplest case a methylene unit), whereas N-glycosides replace it by an amino group
and S-glycosides by sulfur. Besides such modifications the skeleton itself might be
varied, e.g. via attachment of rigidifying elements or the annulation of further ring
systems. In this short report, we focus on work that was mainly carried out in our
own laboratories dealing with Pd-catalyzed reactions to yield C-glycosides and
chroman-like structures. In addition, a paragraph of the union of carbohydrates with
cyclopropanes is added because these three-membered rings add stiffness to the
system without changing the size of the six-membered ring to a major extent. Since
most of the synthetic studies have just been carried out, biological data are almost
missing so far. Thus, the review focuses on the synthetic issues.
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Fig. 1 Agelashin KRN7000 (1a) and the C-glycosidic analog 1b

2.1 C-Glycosides via Pd-Catalyzed Cross-Couplings

C-glycosides are an essential class of carbohydrate mimics. The linkage between
both monosaccharide subunits is established by a methylene unit instead of an
oxygen atom. Since such a linkage does not exist in Nature the stability towards
enzymatic and chemical cleavage is dramatically increased. Due to that effect this
class of carbohydrate mimics found broad application in medicinal chemistry and
drug design. However, the synthesis is often a difficult and very time-consuming
endeavor. Most of the methods developed to access this structural motif are
confined to elaborate building blocks and provide only specific linkages [4—6].

A very prominent example for a beneficial therapeutical effect of C-glycosides is
the Agelashin derivative KRN7000 1 (Fig. 1) [7-9]. This a-galactosylceramide
consists of a carbohydrate head group, a sphingosine derivative, and a fatty acid
being linked via an amide bond. Preliminary investigations revealed that the
C-glycosidic analog showed a 100-times higher activity against malaria in mice
than the analogous O-glycoside. Kinetic studies illustrated that the C-glycoside
experienced a fourfold slower off-rate compared to its O-glycoside analog.

Since most methods for the synthesis of C-glycosides are only useful for special
linkages, a modular and robust synthetic route for the assembly of a variety of
C-glycosidic linkages was highly desirable. For this purpose, palladium-catalyzed
cross-coupling reactions were used to link the two monosaccharidic subunits.

The (1 — 6)-linkage was obtained by a Sonogashira—Hagihara-type reaction
from a suitable substituted 1-iodoglycal 2a and respective alkynyl glycosides
3 [10]. The iodoglucal is easily available from bp-glucose [11], whereas the
6-alkynyl glycosides were synthesized under Ohira-Bestmann conditions from
the corresponding aldehydes [12, 13]. Since iodogalactals are difficult to prepare
respective triflates were chosen as coupling partners instead of the iodogalactals.
Therefore, perbenzylated galactal was converted via an acid-mediated addition of
water to the double bond to the corresponding hemiacetal [14]. Successive oxida-
tion of the o:f-mixture furnished the lactone [15], which was enolized with
KHDMS and PhNTT, to afford the desired triflate 2b [16, 17]. Because of the low
stability of such triflates 2b they were directly reacted in a Cacchi-coupling with a
variety of different alkynyl glycosides 3 to yield enynes 4 (Scheme 1).

A crucial step of this synthetic approach is the refunctionalization of the enyne
system to the fully deprotected C-disaccharide. During this process, also the
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Scheme 1 Sonogashira—Hagihara and Cacchi-coupling for the synthesis of different
carbohydrate-derived enynes

2-hydroxyl and the correct anomeric stereochemistry has to be built up. Promising
results were obtained by selective reduction of the triple bond of 4 in presence of the
electron-rich enol ether. Raney-nickel revealed to be the reagent of choice for this
step to furnish 5. A formal regio- and stereoselective addition of one equivalent of
water to the enol ether moiety was necessary to build up the native hydroxyl pattern.
Investigations with several borane complexes showed that hydroboration by utili-
zation of BH3-THF and hydrogen peroxide gave good results with respect to
B-configured gluco products (Variant A) [18, 19]. As alternative an epoxidation-
reduction sequence could be used to provide access to both, the a- and the
B-configuration at the pseudoanomeric center depending on the hydride reagent
utilized in the second step. DMDO-mediated epoxidation of the enol ethers gave
high facial selectivities in favor of the gluco form (>20:1) [20]. The opening of the
epoxides was either performed with DIBAL as hydride transfer reagent (Variant B)
yielding exclusively B-products [21] or with superhydride (LiBHEt3) which selec-
tively forms an a-configured product (Variant C) [22, 23]. By a permutation of
these methodologies diverse (1 — 6)-linked disaccharides could be obtained after
global deprotection of the respective permanent protective groups (Scheme 2).

These results set the stage for the synthesis of further (1 — n)-linked C-glyco-
sides (n = 2, 3, 4) [24]. In contrast to a Sonogashira—Hagihara reaction a Stille
cross-coupling employing 1-stannylglycals 7 and exocyclic bromoolefins 8 proved
to be the method of choice to link the two subunits. The resulting pseudo-C-
disaccharides 9 were refunctionalized to C-glycosides with the native hydroxyl
group pattern.

The synthesis of the 1-stannylglycals 7 was performed according to literature-
known procedures [25]. The exocyclic bromoolefins 8 were prepared from respec-
tive ketones by a Wittig-type reaction using Ph;PCHBr. An exception was made
for the 2-substituted bromoolefins. Cyclopropanation of the corresponding
1,2-bromoglycals and subsequent opening of the three-membered ring furnished
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Scheme 2 Refunctionalization of the enyne systems in 4 via three different variants (A, B, C).
Variant A: (1) BH;-THF, THF, 0°C — 25°C, 12 h, (2) H,O,, NaOH, 2 h. Variant B: (1) DMDO,
CH,Cl,, —78°C — 0°C, 30 min, (2) DIBAL, CH,Cl,, —78°C — 25°C, 1 h. Variant C:
(1) DMDO, CH,Cl,, —78°C — 0°C, 30 min, (2) LiBHEt;, THF, 0°C, 3 h

the desired products [26-30]. In all cases the cross-coupling reactions proceeded
smoothly with yields up to 88%. The reductive-oxidative refunctionalization
sequence which was successfully used for the (1 — 6)-linked C-glycosides only
worked in rare cases. In contrast to (1 — 6)-linkages the systems setting the stage
for (1 — n)-linkages (n = 2, 3, 4) consist of a diene subunit differing strongly from
the enyne motif employed in the prior case. Another major obstacle is the con-
struction of a further stereocenter that results from the hydrogenation of the
exocyclic double bond whereas in the reduction of the exocyclic alkyne in
(1 — 6)-C-disaccharides only an ethano unit was formed.

Therefore, an alternative strategy was designed relying on the oxidative
functionalization of the enol ether moiety of 9 as the first step. DMDO as epoxi-
dizing agent proved to be highly chemo- and diastereoselective. The use of only one
equivalent of the reagent led to the exclusive epoxidation of the more electron-rich
enol ether while the exocyclic double bond remained untouched. The opening of the
epoxide was performed as previously described for the (1 — 6)-linked substrates.
DIBAL led to the p-anomer whereas the strongly nucleophilic superhydride
(LiBHEt3) generated the a-product. The reduction of the exocyclic double bond
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Scheme 3 Synthesis of (I — 2)-, (I — 3)- and (1 — 4)-linked C-glycosides using dienes as
crucial intermediates

of 10 was performed by either hydrogenolysis using Pearlman’s catalyst or
diastereoselective transfer hydrogenation with ammonium formate [31]
(Scheme 3).

2.2 Carbohydrates with Reduced Conformational Flexibility
of the 6-Hydroxyl Group

The installation of cyclopropyl subunits provides an interesting approach for the
synthesis of natural product mimics. Saturated C, moieties which are flexible units
can be rigidified by the formal addition of only one carbon atom yielding a three-
membered ring. Such a change adds only a minimum of steric impact to the system.
Reiser demonstrated that the implementation of cyclopropane units has a stabilizing
effect to the secondary structure of oligopeptides [32, 33].

Such an approach was also used to reduce the conformational flexibility of the
6-hydroxyl group in carbohydrates [34]. The small cyclopropyl ring has only a
minimal effect on the structural integrity of the carbohydrate backbone and there-
fore represents an excellent strategy to lock the 6-hydroxyl moiety into a certain
direction.



8 M. Leibeling and D.B. Werz

OH 1) (COCI),, DMSO, R

R
B0 o NEty, CH,Cly, 78°C_ X %o ZnEt,, CH,l,
BnO 2) K,CO3, Ac,0, 5O DCE, 50 °C

BnO MeCN, 90 °C BnO
OMe OMe
12 13a: Ry = OAc, Ry = H (9%)

13b: Ry = H, Ry = OAc (70%)

Ry R, Ry R,
HO 0 Pd/C, H, (1 atm) BnO 0o
HO o MeOH/CH,Cl,/ BnO >
n
OMe EtOAG, 1t OMe
16a: Ry = OH, R, = H (quant.) K2CO3 14a: R, = OAc, R, = H (35%)
16b: R; = H, R, = OH (quant.) H,0/MeOH 14b: Ry = H, R, = OAc (64%)
rt;» 15a: Ry = OH, Ry = H (77%)

15b: R, = H, R, = OH (55%)

Scheme 4 Preparation of glucose derivative 16 with locked 6-hydroxyl group

The general synthetic route to access such systems consists of enolization of an
aldehyde in 6-position of the monosaccharide derived from 12. A Swern oxidation
of the primary alcohol moiety and subsequent enolization of the aldehyde with
potassium carbonate in acetic anhydride furnished the respective exocyclic double
bond [35]. The corresponding enol acetates were obtained in a ratio of 8:1 in favor
of the diastereoisomer 13b. Subsequent cyclopropanation under Simmons—Smith—
Furukawa conditions formed the three-membered ring [36—-39]. Deacetylation of 14
furnished 15 either as versatile building block for further glycosylation steps or as
starting material for unprotected methyl glucoside 16 (Scheme 4).

Similar procedures were applied for the synthesis of mannose units [40]. Respec-
tive glycosyl donors as well as glycosyl acceptors were prepared. With donor 17
several glycosylation studies were undertaken; good yields were observed and the
cyclopropyl moiety remained untouched under the reaction conditions. The analy-
sis of the diastereoselectivity revealed that in all cases the f-mannoside was the
major product. This result is noteworthy and it seems that the three-membered ring
shows a similar effect as a 4,6-benzylidene acetal. Although the selectivities were
worse than in the pioneering work of Crich [41—43], which used 4,6-benzylidene
acetal as prerequisite for a high f-selectivity, this procedure gave significant better
results compared to the 2,3,4-tribenzylated-6-acetylated mannosyl trichloracetimi-
date. The spiroannulation may lead to a fixation of the chair-like conformation as a
4,6-benzylidene protecting group does.

In addition both, the o- and the P-mannoside, 19 were used for a further
glycosylation step. Therefore the acetate protecting group was cleaved using
potassium carbonate to yield acceptor 20, which was converted with an appropriate
glucoside donor [44, 45] and under the influence of trimethylsilyl triflate into the
trisaccharide 21. The global deprotection of the benzoyl and benzyl protecting
groups furnished the naked carbohydrate 22 in moderate yield (Scheme 5).
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Scheme 5 Synthesis of cyclopropyl-modified trisaccharide 22

2.3 Synthesis of Carbohydrate-Derived [n,5]-Spiroketals

Spiroketals are found in a plethora of natural products. Their semirigid character-
istic moiety represents one main feature in many different toxins and pheromons
[46-51]. Classical approaches consist of Brgnsted or Lewis acid-mediated
dehydrative cyclization of an appropriate ketodiol.

Recently, a novel gold rush in the chemistry of donor—acceptor cyclopropanes
has started. Our group has developed several ring-enlargement reactions leading to
various heterocycles based on the special features of these three-membered rings
[52-56]. Thus, we used a similar protocol to furnish spiroketals starting from
carbohydrates [57].

The synthetic approach consists of three major steps: As starting material one
uses an exocyclic enol ether easily available either via Petasis olefination [58] using
Cp,TiMe, from the sugar lactone or via elimination of HI or HCI [59] from the
6-halogenated carbohydrates. In both cases a corresponding electron-rich double
bond was formed. Such exocyclic glycals are especially suited to react with ethyl
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Scheme 6 Carbohydrate-derived spiroketals via donor—acceptor cyclopropanes

diazoacetate under rhodium or copper catalysis to afford the cyclopropane deri-
vatives 24 [60]. The resulting cyclopropyl esters were reduced with LiAlH, to the
respective alcohols 25 in very good yield. The oxidation to the aldehyde moiety is
immediately followed by the rearrangement reaction to the desired spiroketal 26.
The choice of the oxidation agent proved to be crucial. In our hands the hypervalent
iodine reagent IBX proved to be the best choice. This reagent might also act as
Lewis acid coordinating with the aldehyde oxygen and thus weakening the bond
in the three-membered ring. Sometimes better results were obtained by adding
Yb(OTT); as external Lewis acid. The sensitive enol ether moiety is easily removed
by Pearlman’s catalyst and an atmosphere of hydrogen (Scheme 6).

2.4 Hybrids of Carbohydrates and Arenes

The fusion of carbohydrate ring systems and an aromatic core is still a challenging
task in organic synthesis. The annulation of a benzene moiety to the pyran system of
the carbohydrate would lead to a variety of chromans and isochromans. These
structural motifs are widespread elements of different natural products with a
variety of biological and pharmaceutical activities [61, 62] (Fig. 2).

2.4.1 Synthesis of Chromans and Isochromans via Domino
Carbopalladation Reactions

The key step of this highly effective approach is a palladium-catalyzed domino
carbopalladation sequence starting from suitable substituted bromoglycals 33
[63—-66]. 2-Bromoglycals 31 are accessed from commercially available glycals
via a bromination-elimination procedure [67]. After the installation of suitable
protecting groups at 4- and 6-hydroxyls attachment of various dialkyne chains 32
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was carried out yielding a broad variety of different domino precursors 33.
The synthesis of the corresponding propargylic halides 32 was achieved starting
from symmetrical dialkynes, e.g. from heptadiyne or octadiyne. The coupling
was conducted either by nucleophilic substitution of the free 3-hydroxyl group
with the propargylic halide or via Ferrier reaction (in the case of isochroman
precursors) [68]. Optimal conditions for the domino reaction comprise the use of
a palladium(0) catalyst such as (Pd(PPhs),) and an additional electron-rich ligand
(HP(#Bu);-BF,) under microwave irradiation. The reaction cascade is initiated by
an oxidative addition of the Pd-catalyst into the C-Br bond and followed by two
consecutive carbopalladation steps forming a triene system [69, 70]. The final step
forms the benzene moiety and may be regarded as 6m-electrocyclization, followed
by a f-hydride elimination. In most cases the domino reaction proceeds smoothly;
different monosaccharide building blocks and various substituted diyne chains were
employed. Alkyl-, aryl-, and silyl-substituted triple bonds were successfully tested
and even terminal acetylene units led to the desired products 34. A similar synthetic
route yielded the respective isochromans 36.

The studies summarized in Scheme 7 show limitations with respect to the
substitution pattern of the chroman and isochroman framework. Therefore, a
more flexible approach is desirable [71]. By omitting the tether between both triple
bonds it was possible to perform the second carbopalladation with an external
alkyne in an intermolecular fashion.

The attachment of the first alkyne to the sugar moiety was performed as already
described above. Best results for the domino reaction were obtained using a large
excess (10-20-fold) of the external alkyne in a highly concentrated reaction mix-
ture. The variation of the carbohydrate part and the differentiation of the attached
alkyne as well as the external alkyne provided a broad range of different products.
To demonstrate the generality and applicability of this approach besides chromans
isochromans were accessed in such a way. Glucose- and galactose-derived carbo-
hydrates moieties as well as alkynes with silyl-, alkyl-, and aryl-substitution were
utilized. Good yields up to 69% were obtained for symmetrical external alkynes



12 M. Leibeling and D.B. Werz

i R
1) NaH, 1 h, 0 °C o\

o
2)32 (1.2 eq)
(RO)n;J\ ) X TDMF 20 25°C (RO)H{J\ i
Br ’ ’ Br
Hal Z

ny

OH (0]

33

31 (37-95%)

Pd(PPha), (10 mol%) R
HN(/Pr), deprotect|on (O
= (RO)n (HO),— X
DMF, MeCN, NMP
120 °C
0.5h-2h, uw o
35
(10- 97%) (33-99%)

monosaccharides: Glc, Gal, Rha, Ara
R: isopropylidene, benzylidene, benzyl
R': H, Me, Ph, TMS

X: CH,, (CHy),, O, C(CO,Me),

n:0-2

monosaccharides: Glc, Gal
R: isopropylidene, benzylidene
R': H, Ph

(AcO) '

36
(20-65%)

Scheme 7 Chroman and isochroman synthesis via a domino carbopalladation approach

such as bis(trimethylsilyl)acetylene or 3-hexyne. The yield dramatically dropped
down when sterically encumbered alkynes such as tolane were employed as reac-
tion partners (Scheme 8).

The extension to a tandem-domino process opened the possibility to form
biphenyl structures with a chiral axis [72]. Therefore, the same domino sequence
as described before took place at both sides of a linear C,-symmetric molecule. The
reacting centers are linked by a 1,3-butadiyne unit; thus, every separate process
starts from its own vinyl bromide and dialkyne. The final cyclization step of the
second domino reaction generates a chiral axis via the twofold benzene formation
in the respective domino reaction.

The tandem domino approach to access carbohydrate-derived biphenyls 43e—f
was investigated with glucose and galactose units as well as varying tether lengths.
Best yields (61-66%) and diastereoselectivities (only one diastereoisomer) were
obtained with galactose units bearing benzylidene protecting groups. In the case of
glucose units protected with isopropylidene groups only moderate yields and worse
diastereoselectivities could be observed (Scheme 9).
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Scheme 9 Tandem domino process for the synthesis of carbohydrate-derived biphenyls
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2.4.2 Synthesis of Anthracycline Derivatives

Anthracyclines belong to the natural product class of aromatic polyketides
[73]. They were first isolated from the order of Streptomycetales by Brockmann
in 1963, who described them as red to orange dyes [74]. Their structural features
consist of a fourfold annulated ring system including two benzene moieties. The
substitution of the D-ring bares several functional groups, i.e. two alcohol groups
and a glycosylated 2,6-didesoxy sugar [75]. These carbohydrate functionalities are
of highest importance for the biological and pharmaceutical activity of these natural
products [76—78]. Their main application relies on the treatment of different types
of cancer such as leukemia, lymphomas, breast, uterine, ovarian, and lung cancer
(Fig. 3) [79].

Many groups faced the challenge of employing suitable pathways for the
synthesis of anthracyclines and their derivatives. Thus, most of these approaches
involve the application of a Diels—Alder reaction as the key step [80-83], while
industrial approaches made use of recombinant microorganisms with mutated genes
of the anthracycline metabolism [84].

The results of the investigations with respect to the synthesis of chromans and
isochromans provided a promising fundament for the application to the synthesis of
anthracycline mimics starting from carbohydrates. Therefore, the D-ring was
exchanged by a 2-bromoglycal and instead of an aliphatic dialkyne chain an
aromatic diyne was employed. Furthermore a silyl ether moiety should serve as
tethering unit between both building blocks. The fourfold annulated ring system
should be obtained in one single step, by applying the domino carbopalladation
procedure as already used for the synthesis of chromans. This powerful transfor-
mation allows the formation of the B- and C-ring and consequently the annulation
of all four cycles (Scheme 10) [85].

Whereas the carbopalladation cascade as the key reaction did not cause any
difficulties several other transformations proved to be rather challenging. In a very
first step compounds of type 47 had to be synthesized (not shown). For this purpose,
two different silylalkynyl groups were installed to appropriate benzylic
iodides [86].
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Scheme 10 Retrosynthetic analysis of anthracycline aglycone mimics. Si: any silyl group

In order to run an intramolecular and regiochemically defined carbopalladation
process the 2-bromoglycal and the dialkyne have to be linked to each other. This
transformation proved to be a highly demanding task; a huge number of reaction
conditions were explored, but only one led to the desired product in sufficient yield.
Therefore, the terminal silane 47 was converted into the respective silabromide
with a solution of elementary bromine in tetrachloromethane [87, 88]. The so
formed reactive species was treated with the corresponding alcohol and triethyl-
amine as base to furnish the coupling product 46. Utilization of the already known
conditions for such a domino reaction provided the fourfold annulated ring system
in only one step and very good yield. It is noteworthy that the best yields were
obtained for the TMS-substituted substrates.

The silyl groups at the newly formed benzene ring were cleaved by the action
of acetyl chloride in anhydrous methanol and tetrabutylammonium fluoride.
A Tamao-Fleming [89-91] like oxidation to furnish the respective phenol deri-
vatives did not take place probably due to the sp>-hybridized carbon of the arene
moiety. To install the anthraquinone moiety by oxidation of the benzylic positions it
was necessary to reprotect the alcohol functionalities. After TBS-protection of the
hydroxyl moieties an iron(IlI)-catalyzed benzylic oxidation proceeded smoothly
with yields up to 70% [92]. Finally, hydrolysis with hydrochloric acid of the
protection groups afforded the desired anthracycline derivatives based on a carbo-
hydrate skeleton (Scheme 11) [85].
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Scheme 11 Silyl ether coupling, domino carbopalladation reaction, and derivatization to

anthracycline derivatives
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3 Conclusion

The chemistry of carbohydrate mimics has seen much progress during the last
decade. Key to success is always novel synthetic methodologies or at least the
application of known methods developed in other fields to carbohydrate chemistry.
Pd-catalyzed reactions have proven to be a reliable and robust method to access
C-glycosides in a highly modular way. In addition, Pd-catalyzed domino sequences
were shown to be remarkably efficient tools to fuse arene systems with carbo-
hydrate scaffolds. In such a way, numerous chroman and isochroman systems were
built up starting from sugars. Merging carbohydrates with three-membered ring
chemistry pave the way for sugar-derived spiroketals and rigidified systems with
locked 6-hydroxyl groups. Most of these systems are still awaiting biological
investigation. Even if synthetic problems in the chemistry of carbohydrate mimics
might be solved and will find medical applications, Nature will challenge future
chemists as well since microorganisms will never rest to evade our tailor-made
molecules to kill them.
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Iminosugars: Therapeutic Applications
and Synthetic Considerations

Graeme Horne

Abstract Iminosugars, carbohydrate mimetics in which the endocyclic oxygen of
the parent carbohydrate is replaced with nitrogen, are the most important class of
carbohydrate mimetic reported to date with two marketed drugs and several in
clinical development. Since their first isolation in the 1960s iminosugars have
captured the imagination of both synthetic and medicinal chemists alike with recent
therapeutic developments highlighting the need for improved routes of synthesis.
The resurgence in the therapeutic application of iminosugars has arisen as a
consequence of our growing understanding on the role that glycobiology plays in
disease and development. There are myriad possible individual targets
encompassing a range of therapeutic areas, all of which can potentially be
addressed by iminosugars. This chapter presents the historcial development of
this compound class before discussing some of the issues that iminosugars present
as synthetic targets. The therapeutic potential of this class of compound with
specific reference to the development of modulators of glucocerebrosidase activity
is discussed.
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1 Introduction

The importance of nucleic acids and proteins in providing biochemical targets in
the search for new drugs is well established and has been successfully exploited
over many years leading to many marketed drugs. However, these biopolymers do
not account for the development, function and dysfunction of pathways, cells,
tissues and biological systems alone. Carbohydrates comprise another major molec-
ular class incorporating wide structural diversity that underlies a vast array of
biological function [1-15]. The role that carbohydrates play in major disease such
as cancer, diabetes and infection has been understood for many years [16-23]. More
recently this understanding has extended to other diseases of high unmet medical
need including neurodegeneration and rare diseases [24—28]. Approximately 80%
of rare diseases have a genetic component ranging from small mutations in a single
gene to the addition or loss of an entire chromosome or set of chromosomes. With
over 2% of the genome believed to encode enzymes associated with glycan
formation and degradation, it should be of no surprise that disorders of glycosyla-
tion or glycan degradation comprise a noteworthy proportion of rare diseases. With
many of these disorders sharing pathways and exhibit phenotypes associated with
more common ailments, developing a drug for a carbohydrate-related disorder may
have the added benefit of potentially leading to a treatment that is suitable for more
common indications. This highlights the growing need to develop agents targeting
the synthesis, metabolism and degradation of carbohydrates and presents consider-
able opportunity to identify new drugs, drug classes and therapeutic strategies.

Owing to their relative metabolic instability and degradation in vivo, carbohy-
drates themselves present significant concerns for employment as therapeutic
agents. In light of this, researchers have focused on the design and synthesis of
mimetics that offer greater stability, affinity, selectivity and efficacy. Of the many
scaffolds investigated iminosugars are the most attractive class of carbohydrate
mimetic reported to date and are ideally positioned to take advantage of our
increasing understanding of this area. Historically, the attention paid to iminosugars
lay in their powerful inhibition and modulation of carbohydrate-processing
enzymes, alterations which are implicated in a wide variety of diseases. However,
the therapeutic application of this compound class extends far beyond this and as
such recent work has focused on developing syntheses towards both the naturally
occurring iminosugars and their synthetic analogues. The scope of this chapter is to
provide an overview of the classification, occurrence and synthetic strategies
employed towards the synthesis of both natural and unnatural iminosugar scaffolds
set against the backdrop of therapeutic utility and drug discovery advances.
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2 Iminosugars: Classification, Occurrence and Historical
Context

Iminosugars, whether of natural or synthetic origin, are small organic compounds
that mimic carbohydrates or their hydrolysis transition states but contain a nitrogen
atom instead of oxygen in the ring system template (Fig. 1) [29-35]. Such substi-
tution enables not only monocyclic but also bicyclic scaffolds and while the
synthetic analogues may be represented by numerous ring forms, the naturally
occurring iminosugars are classified into five structural classes: pyrrolidines, piper-
idines, indolizidines, pyrrolizidines and nortropanes (Fig. 2). Ring substitution is
typically by hydroxyls, but other functional groups such as carboxylic acids and
amides are found in nature, with more varied substitutions observed in synthetic
analogues (Fig. 3).

The first iminosugar to be isolated was the piperidine 5-amino-5-deoxy-
glucopyranose (1) from Streptomyces [36]. This was given the trivial name
of nojirimycin following structural characterisation after isolation from Strepto-
myces nojiriensis [37-39]. The finding of two related compounds nojirimycin B
(2) and galactostatin (3) followed soon after [40, 41]. The isolation and
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identifcation of iminosugars from plants proceeded these initial discoveries from
micro-organisms, firstly with the monocyclic structures fagomine (4) and
moranoline (5, deoxynojirimycin) followed by the isolation of bicyclic structures.
The first members of this class were the indolizidines swainsonine (6) [42] and
castanospermine (7) [43]. Pyrrolizidines including the alexines [44, 45] casuarine
(8) [46], and the hyacinthacines [47] followed with the nortropane calystegines
first reported in 1988 [48]. Although the structural diversity of the early com-
pounds was limited, their biological activity was sufficient to elicit interest in
their therapeutic potential (vide infra). To date over 100 iminosugar structures
have been isolated from natural sources exhibiting wide structural variety and
functionality (9—13) [49-53].

3 Glycospace and the Drug Target Landscape

Target druggability can be defined as the likelihood that a particular molecular
target is amenable to functional modulation in vivo by a “drug-like” molecule.
Assessment of target druggability has advanced significantly over recent years with
numerous methods available to the medicinal chemist [54-58]. The description of
what identifies a molecule as “drug like” has, to some extent, been defined by a set
of guidelines known as the “rule-of-five” that define physical property requirements
for maximal drug absorption [59, 60]. These guidelines, originally derived from
analysis of the physical attributes of clinical candidates that had reached Phase
2 and beyond, suggest that poor absorption is more likely when cLog P is >35;
molecular mass is >500 daltons; the number of hydrogen-bond donors (OH plus
NH count) is >5; and the number of hydrogen-bond acceptors (O plus N atoms) is
>10. This simplicity in definition has made the “rule-of-five” the leading measure
of drug-likeness. Several studies have reported on the physicochemical properties
of oral drugs demonstrating that in the majority they adhere to the criteria set
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suggesting that the range of acceptable oral properties is independent of synthetic
complexity or targeted receptor [61-63]. However, absorption is only one activity
that a drug must satisfy to mediate its effect. Once the drug has reached the desired
target it is then required to interact with the said target to illicit the desired response.
The majority of drugs will express their therapeutic activity through interaction
with specific molecular targets. Consequently, for a drug to be biologically active it
should share certain physicochemical attributes with the natural ligand(s). Although
accordance with the “rule-of-five” for ligand and associated target is generally
acknowledged as acceptance criteria for discovery programs, the absence of a “rule-
of-five” compliant molecule (and/or target) does not necessarily make a target
undruggable or compound unsuitable for drug development.

3.1 Glycospace: A Source of New Medicines

Drug discovery is dominated by a remarkably small number of molecular scaffolds,
with many areas of chemical space remaining relatively unexplored [64—
67]. Glycospace, the structural and functional diversity of carbohydrates and
carbohydrate-containing molecules is one area that still remains to be fully
exploited in the pursuit of new medicines [68]. On the one hand this is surprising
when one considers the role that carbohydrates play in development and disease,
and the structural diversity afforded by this class of molecule. However, when one
considers the “rule-of-five” criteria, carbohydrate structures and associated targets
may be viewed as unsuitable for drug development due to limited compliance with
these guidelines. While functional knowledge and an understanding of the endog-
enous ligands of a protein target can enable the druggability of that target to be
ascertained a more accurate assessment will come through consideration of the
structure and properties of the target-binding site.

Exploiting glycospace offers substantial opportunity in identifying new molec-
ular scaffolds for developing therapies relating to the processing, sensing and
recognition of carbohydrates. At the simplest level glycospace can be considered
as the constituent monosaccharides which make up the entire complement of
carbohydrates of a cell, tissue or organism, whether free or present in more complex
structures. For example, if we take the hexose sugars, there are eight stereo-
chemistries that may be defined in one of two configurations (D-/L-enantiomers),
leading to a total of 16 monosaccharide scaffolds. With each additional stereogenic
carbon, the number of possible monosaccharides increases twofold such that the
number of scaffolds under ten-carbons is >500 structures. However, carbohydrate
recognition is not limited to the interactions of the hydroxyl group. Substitution and
modification of the ring with amides, amines and acids, as well as sites of deoxy-
genation and branching, are all important in defining carbohydrate function and
purpose in nature (Fig. 4).

For example, the sialic acids themselves, of which N-acetylneuraminic acid
(18) is a member, comprise a naturally occurring family of over 50 structures
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[69]. Additional consideration of the inventory of carbohydrate structures present in
prokaryotes (a higher content of > six-carbon structures, increased substitution and
unusual deoxygenations) greatly increases the structural repertoire [70]. This leads
to additional levels of structural complexity and an increased number of mono-
saccharides occupying glycospace.

3.2 Glycomimetics as Modulators of Carbohydrate Biology

By there very nature carbohydrate receptors, hydrolases and transferases mediate
their specific activities through interactions with a structurally diverse collection of
highly polar and stereochemically defined ligands. While carbohydrates are excel-
lent recognition molecules and mediators of cellular activity and response, binding
affinities for the mono-valent structures tend towards the milli- to micromolar
range. Coupled with rapid renal clearance and the disadvantages identified above,
rationally designed “drug-like” molecules are essential for successful prosecution
against carbohydrate-related targets.

Conventional non-carbohydrate screening collections have failed to reflect the
natural chemical complimentarity of glycospace and consequently have had limited
success against carbohydrate-related drug-targets. The comparatively planar and
stereochemically indistinct structures obtained from traditional drug scaffolds may
not offer the target selectivity necessary for drug development. For example, the
structural nuances required to differentiate between the enzymes a-N-acetylgluco-
saminidase [71], p-hexosaminidase [72], nucleocytoplasmic B-N-acetylglucosa-
minidase [73-75] and a-N-acetylgalactosaminidase [76] are more likely to be
attainable in a stereochemically diverse and defined scaffold such as a carbohydrate
or mimetic than with a planar and structurally in-distinct scaffold. These enzymes
all hydrolyse N-acetylhexosamine residues from a range of substrates and all are
implicated in disease with selectivity key to therapeutic development. A key
challenge in attaining specificity and potency is in using an appropriate scaffold
able to capture the structural and functional diversity of glycospace. As previously
mentioned, carbohydrates are not the most suitable candidates for drug develop-
ment owing to their relative metabolic instability and degradation in vivo. One
approach for targetting glycospace is to use a carbohydrate mimetic that is able to
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attain higher affinity with the target than the natural ligand and attain an effective
conformation through appropriate synthetic design. Strategies directed at enhanc-
ing oral bioavailability and minimising metabolism while maintaining potency are
also more achievable with a mimetic than the natural carbohydrate ligand.

3.3 Glycomimetics: Stereochemical and Structural
Considerations

To be functionally active a carbohydrate mimetic needs to replicate the key
stereochemical and structural motifs of the carbohydrate being mimicked. Direct
replication of the carbohydrate structure may give rise to shared functional attri-
butes such as at the level of interaction with a biological target in vivo. However, to
attain the desired biological effect the mimetic may also need to contain additional
functional groups or motifs related to, but distinct from, those of the carbohydrate
they mimic. These may confer certain attributes that, for example, enable the
molecule to competitively inhibit the enzyme for which the carbohydrate mimicked
is a substrate for in vivo or impart target selectivity.

Although functional and stereochemical equivalence between the natural ligand
and mimetic may not always be required for activity, an understanding of how
ligand stereochemistry impacts on interactions with the target-binding site is
important in aiding inhibitor design. For example, the four enzymes referred to in
the previous section (a-N-acetylglucosaminidase, P-hexosaminidase, nucleocy-
toplasmic p-N-acetylglucosaminidase and a-N-acetylgalactosaminidase) all share
similarity in the monsaccharide unit that is hydrolysed. An understanding of the key
stereochemical and functional interactions between the ligand and the active site of
each enzyme enables selectivity to be attained whilst retaining potency. Structural
comparison of the N-acetyl-binding pockets from Clostridium perfringens
nucleocytoplasmic p-N-acetylglucosaminidase, a homolog of the human enzyme,
and p-hexosaminidase reveals subtle differences. In the case of p-hexosaminidase
this pocket is both narrower and shallower than for the nucleocytoplasmic [3-N-
acetylglucosaminidase and has been exploited in the design of selective inhibitors
[77]. An understanidng of carbohydrate stereochemistry is essential when designing
molecules targeted at carbohydrate processes. If we consider the pentose and
hexose sugars, their stereochemistry can be represented through consideration of
the contiguous chiral centres (Fig. 5). This analysis is non-limiting, intended to be
illustrative only of a wider principle and can be equally applied to both lower sugars
(e.g. tetroses) and higher sugars (e.g. heptoses), as well as to ketoses and the like.

A carbohydrate mimetic can be considered as being a structural mimic of a target
monosaccharide, disaccharide or oligosaccharide when stereochemical and func-
tional comparisons between the mimetic and the relative carbohydrate stereochem-
istry exhibited by the carbohydrate scaffold reveal shared stereochemical motifs.
As monosaccharides can exist in both acyclic and several cyclic forms, the relative
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stereochemical relationship between the mimetic and the parent monosaccharide is
not necessarily fixed to one structural class or type or to the contiguous sequence
depicted in Fig. 5. However, unlike their monosaccharide counterparts the drug
candidate should not interconvert. This aspect is important when considering the
design of the mimetic scaffold. Furthermore, stereochemical considerations are not
only restricted to the design of the mimetic alone but are also important in the
synthetic approach to be considered towards the target.

3.4 Iminosugars: The Glycomimetic of Choice

The biological activity and therapeutic utility of iminosugars is largely founded on
them being able to replicate the transition state that is considered to be generated
during the hydrolysis of carbohydrates and carbohydrate-containing structures
(Fig. 6).

Glycosidases promote the hydrolysis of a- and p-glycosidic bonds via nucleo-
philic substitution reactions that result in either inversion or retention of the
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anomeric configuration (Fig. 7). Differences in enzymatic hydrolysis can be
rationalised through consideration of the charge distribution effect. The hydrolysis
mechanism of the retaining glycosidases [78] involves glycosylation of a nucleo-
philic catalytic residue of the active site, commonly a carboxylate, as the rate-
determining step. Hydrolysis then results by displacement of the catalytic residue
with water. The anomeric configuration is inverted twice in this mechanism,
leading to net retention of configuration. In the case of the a-glycosidases, the
nucleophilic residue is positioned in such a way that a build-up of positive charge at
the endocyclic oxygen is favoured as the anomeric group is ejected, resulting in a
transition state with oxocarbenium character. With p-glycosidases the nucleophilic
residue is positioned in such a way that it interacts predominantly with the anomeric
centre and the adjacent exocyclic hydroxyl. This configuration favours carbocation
character at the anomeric centre of the transition state.

As iminosugars can be considered to be in the protonated state at physiological
pH, the resulting ammonium ions mimic the oxocarbenium character of the hydro-
lysis transition states. Activity, potency and enzymatic preference of an iminosugar
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inhibitor is not only dependent upon hydroxyl group configuration and exocyclic
substituents but is also heavily influenced by charge distribution. For example,
replacement of the endocyclic oxygen with nitrogen as occurring in
deoxynojirimycin (5) will generally result in a specific inhibitor of a-glycosidase.
Conversely, positioning the iminosugar endocyclic nitrogen at the anomeric centre
is likely to result in pB-glycosidase inhibition (Fig. 8).

Replication of charge distribution and hydroxyl group positioning is not
restricted to the piperidine ring types as shown in Fig. 8. Pyrrolidines have often
been found to be more potent inhibitors of glycosidases than their piperidine
congeners. This has been rationalised through greater resemblance that the
pyrrolidine envelope configuration has to the half-chair conformation of the glyco-
syl transition state. Bicyclic structures offer another degree of structural complexity
that can also elicit significant potency and selectivity that may not be attainable
with a monocyclic scaffold. Although an understanding of enzymatic mechanism is
important in designing a specific and selective inhibitor, it should not necessarily be
implied that inhibition can only be achieved with comparable ligand and inhibitor
ring scaffolds. The structural variety and versatility present within the iminosugars
greatly endears the class to the design of potent, specific and selective inhibitors of
carbohydrate processing.

3.5 Iminosugars: Therapeutic Perspective

Iminosugars have a number of positive attributes that delineate them from tradi-
tional drug classes. Chemical and metabolic stability and high aqueous solubility
are all favourable characteristics associated with this compound class. The problem
created by lead molecule solubility has occupied a prominent place in drug discov-
ery and development with many potent classical small molecules suffering from
marginal water solubility. Enormous resources have been deployed to address this
issue both in medicinal chemistry and in formulation [79]. No such problem
impedes the iminosugar field where adequate solubility is a key benefit. In cases
where polarity impedes absorption, administration as prodrugs is feasible. Com-
pared to most small polar molecules, iminosugars are well absorbed having high
bioavailability and CNS penetration [80, 81]. Despite a relatively rapid clearance in
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Table 1 A summary of the clinical status for selected iminosugar therapeutics

Therapeutic Clinical
Structure indication Therapeutic target status Company name
19 Type 2 diabetes Intestinal a-1,4-glucosidases Marketed Bayer
20 Gaucher’s Glucosylceramide synthase Marketed Actelion
disease
22 Fabry’s disease =~ a-Galactosidase A (Chaperone  Phase 3~ Amicus Therapeutics
monotherapy)

a-Galactosidase A (Chaperone- Phase 2
ERT co-administration)
5 Pompe’s Acid a-glucosidase (Chaperone  Phase 2
disease monotherapy)
Acid a-glucosidase (Chaperone- Phase 2
ERT co-administration)

21 Gaucher’s Glucocerebrosidase (Chaperone Phase 2
disease monotherapy)
6 Renal cell/colo- Golgi a-mannosidase 11 Phase 2 Glyco Design
rectal cancer
23 HCV Endoplasmic reticulum Phase 2 Migenix
Dengue virus a-glucosidase Phase 1/2
HIV Phase 2 Merrell Dow/Hoechst

Marion Roussel

in vivo models, both the mouse and rat have proven adequate species to demon-
strate efficacy. Such properties distinguish iminosugars from other small polar
molecules and provide further advantage to their use as drugs.

Iminosugars were initially of interest in modulating the action of enzymes
involved in carbohydrate synthesis and metabolism. The natural products
deoxynojirimycin (5), swainsonine (6), castanospermine (7), and their closely
related analogues have resulted in eight clinical candidates and two marketed
drugs: miglitol (14; Glyset, Bayer [82]) for the treatment of Type II diabetes and
miglustat (15; Zavesca, Actelion) for the treatment of lysosomal storage diseases
(LSDs), specifically Gaucher’s disease and Niemann Pick type C disease [83-85]
(Fig. 9, Table 1).

Gaucher’s disease is a genetic disorder whereby normal lysosomal processing of
glucosylceramide is compromised resulting in excess build-up of material within
the lysosomes. Zavesca was initially shown to exert its effect through inhibiting the
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synthesis of glucosylceramide, a strategy known as substrate reduction therapy.
However, recent reports have highlighted that Zavesca may also exert its therapeu-
tic effect by chaperoning the dysfunctional enzyme glucosylcerebrosidase from the
endoplasmic reticulum to the lysosome thereby restoring the natural degradative
process [86].

Pharmacological chaperone therapy is a small-molecule approach that aims to
restore defective glycan degradation by allowing the dysfunctional enzyme to
correctly fold and be trafficked to the lysosome where the enzyme becomes
biologically active upon chaperone dissociation. Pharmacological chaperones
selectively bind to their target proteins, increasing stability and enabling the protein
to attain correct folding. The protein is then able to pass from the ER to the
lysosome thereby increasing protein activity and cellular function and reducing
cellular stress. As the two intracellular environments differ in relative pH a key
aspect of this approach is to identify enzyme modulators that have a higher binding
affinity in a neutral environment (ER) and a lower binding affinity in an acidic
environment (lysosome).

The majority of chaperones identified to date are reversible competitive inhib-
itors and, consequently, the relationship between pH and binding affinity is impor-
tant. This is considered in greater detail in Sect. 5.

As the principal glycomimetics iminosugars have shown great application as
pharmacological chaperones in a number of diseases. Migalastat (22), Plicera
(21) and Duvoglustat (5) have either recently completed or are undergoing clinical
evaluation in Fabry’s, Gaucher’s and Pompe’s diseases, respectively [87—
93]. These compounds work by stabilising the dysfunctional enzymes associated
with each disorder through binding to the active site. This allows the mutant
enzyme to bypass the degradative pathways of the endoplasmic reticulum and
progress to the lysosome where the iminosugar chaperone dissociates releasing
the functionally active enzyme. Migalastat (22), Plicera (21) and Duvoglustat
(5) are currently being evaluated in the clinic as standalone therapies or in combi-
nation with the marketed enzyme replacement therapies for the corresponding
lysosmal storage disorder. One of the limiting factors to the effectiveness of
enzyme replacement therapy is in the relative instability of the administered
enzymes. The rationale of pharmacological chaperones binding to and stabilising
defective enzymes also extends to the stabilisation of exogenous recombinant
enzyme. Several other iminosugars have been clinically evaluated but failed to
progress beyond the early stages. This includes swainsonine 6 (renal cell cancer),
castanospermine pro-drug Celgosivir 23 (Hepatitis C) and fuconojirimycin deriv-
ative UT-231B (Hepatitis B) [94-97]. More recently mannosidase inhibitor
kifunensine has been granted orphan status within Europe for the potential treat-
ment of gamma-sarcoglycanopathy [98, 99]. Although clinical evaluation is yet to
be carried out, preliminary data from in vivo models has been positive [99].

Despite this relative success, as a compound class, iminosugars have failed to
realise their true therapeutic potential. Poor selectivity and/or limited efficacy for
the few compounds to reach the clinic greatly hindered the advancement of the
field. In addition, iminosugars have generally been labelled as synthetically
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challenging. Primarily this has been a consequence of the compound class
consisting of stereochemically complex scaffolds of a highly polar nature. How-
ever, with an appropriate synthetic strategy and sagacious use of starting materials
these problems can and have been overcome. This has been possible through an
increasing array of affordable chiral pool molecules becoming available and sig-
nificant advances in analytical methodology. Synthetic access, purification and high
cost of goods are no longer sufficient reasons to avoid iminosugars.

4 Strategies for the Synthesis of Iminosugars

The purpose of this section is not to provide an all-encompassing and detailed
treatise on the synthesis of iminosugars but rather provide an overview of the
rationale and synthetic strategies employed in the design of iminosugar therapeu-
tics. With five natural ring scaffolds (indolizidine, nortropane, piperidine,
pyrrolidine and pyrrolizidine; Fig. 2) and numerous synthetic ring-forms reported
in the literature (azetidines, azapanes, azaazulenes, quinolizidines, iso- and aza-
analogues) covering myriad stereochemistries and derivatisations the reader is
directed to several excellent reviews concerned with the specific aspects of
iminosugar synthesis [100-114].

The development and exploitation rate for iminosugars has, to some extent, been
impeded by perceived limitations of the chemical class. This has undoubtedly had
an adverse impact on the extent to which the iminosugar field has been explored by
industry to date. As chirally complex and polar molecules iminosugar syntheses
may appear, to the uninitiated, overly detailed and atom inefficient. Syntheses
frequently require more than three contiguous stereogenic centres to be introduced
in the target molecule with a high degree of control. The ring scaffold needs to be
obtained efficiently with protecting group use minimised or chosen appropriately to
maximise atom efficiency. As, in the majority of structures, no chromophore is
present, analysis and purification of final materials may also be perceived as
prohibitively challenging although recent advances in this field have generally
overcome these analytical limitations [115-117].

A number of strategies towards the synthesis of iminosugars have been utilised
by both synthetic and medicinal chemists. These include the use of chirons,
asymmetric methodology as well as chemoenzymatic approaches. Unsurprisingly,
because of their mimicry early syntheses of iminosugars utilised carbohydrate
starting materials [118—126]. As a chiral pool, carbohydrates have proven to be of
significant benefit in the synthesis of iminosugars with all of the clinical candidates
referenced in Sect. 3.5 utilising such materials in their manufacture. Key to this
approach is a sound knowledge of monosaccharide chemistry, protecting group
manipulations, a knowledge of readily available carbohydrate starting materials and
the ability to relate key stereochemical motifs in the target to the starting material
[127-129].
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Fig. 10 Starting materials employed in the synthesis of the major iminosugar scaffolds

Stereochemical recognition is a key aspect of any chiral synthesis. The more
chiral centres the more complex the synthesis tends to be. Naturally occurring
iminosugars extend from the relatively simplistic (e.g. D-arabinose mimetic
DAB-1) to the extremely complex (e.g. casuarine) and it is in the field of
iminosugar synthesis where an understanding of carbohydrate chemistry has been
of significant benefit. Pentose, hexose and heptose sugars and their derivatives are
all readily available with cost of goods no longer an impediment to their use.

The approach of adopting carbohydrates or other chirons as starting materials
introduces the endocyclic nitrogen through synthetic manipulation. This is fre-
quently through the use of the azide group with ring closure mediated by reductive
amination. Although a wide variety of target structures is increasingly accessible
through these methods, such routes can be hampered by long synthetic sequences.
An important objective for researchers in this area has been to simplify key
synthetic steps, both as a matter of convenience and to significantly improve the
commercial potential of this chemistry class. Recent syntheses have highlighted
significant advances in this area (Fig. 10) with approaches employing amino acids
and their derivatives, nitrogen containing heterocylces and nitrones all being
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successfully prosecuted [130—152]. Asymmetric and chemoenzymatic routes have
also been extremely effective towards the synthesis of iminosugars.

5 Iminosugars: Drug-Like Properties, Concepts, Structure
Design and Application

As discussed iminosugars principally exert their biological effect through mimick-
ing the activities of carbohydrates. However, the activity of iminosugars is not
restricted to interactions with these targets alone. Numerous literature reports
highlight the utility of iminosugars to a range of targets. For example, iminosugar
scaffolds have found utility in the design of inhibitors of matrix metalloproteases
with potential for oncology [153—156]. The advantage of using an iminosugar in the
design of these inhibitors is primarily one of improved solubility and bioavailabil-
ity. Manipulation of the stereo-defined iminosugar fragment also enables a greater
degree of target space to be explored in the pursuit of potent and selective
inhibitors.

Nevertheless, the drug development of iminosugars has principally focused on
carbohydrate targets, specifically inhibition of glycosyl hydrolases. As an example
of how iminosugars have been applied to drug discovery, modulators of the enzyme
glucocerebrosidase will be discussed.

5.1 Glucocerebrosidase: A Druggable Target

Glucosylceramide has a unique and abstruse role in mammalian cells. The gener-
ation of glucosylceramide from glucose and ceramide is the first pathway-
committed step to the production of more complex glycosphingolipids such as
lactosylceramide and the gangliosides. Although transient upregulation of glucosyl-
ceramide offers cellular protection and primes certain cells for proliferation a
prolonged overabundance is detrimental as in the case of Gaucher’s disease, the
most common lysosomal storage disorder.

Gaucher’s disease is caused by the deficient activity of the lysosomal hydrolase
enzyme glucocerebrosidase (acid B-glucosidase, GCase, Enzyme Commission
number 4.2.1.25) and resultant accumulation in the lysosme of glucosylceramide.
Glucocerbrosidase is responsible for hydrolysing glucosylceramide to p-glucose
and ceramide (Fig. 11).

Over 300 mutations in the GBA gene have been identified that adversely impact
on the catalytic function, intracellular stability and trafficking of the enzyme. Patients
present with a broad range of phenotype with the spectrum of disease correlating in
part with residual enzyme activity [157]. The disease is classified into three subtypes
based on age at onset and neurological manifestations [158]. Recently several studies
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Fig. 11 Glucocerebrosidase schematic

have reported on the apparent association between mutations in the GBA gene and
Parkinsonism [159-161]. An increased frequency of heterozygous GBA mutations
has been observed in several cohorts of patients with Parkinsonism and other Lewy-
body disorders. GBA mutation carriers have also been observed to exhibit diverse
phenotypes presenting diffuse distribution patterns of Lewy bodies in the cerebral
cortex. The apparent association between glucosylceramide accumulation and accu-
mulation of synuclein has been rationalised through a bidirectional effect of
a-synuclein and GCase forming a positive feedback loop that may lead to a self-
propagating disease [162]. Improved targeting of GCase to lysosomes may represent
a specific therapeutic approach for PD and other synucleinopathies.

Although enzyme replacement and substrate reduction therapies have improved
the health of some affected individuals oral treatment with pharmacological chap-
erones may have wider therapeutic appeal. By restoring the native activity of the
mutant glucocerebrosidase, chaperones are able to address the disease in the full
gamut of afflicted tissue compartments as well as having the potential to restore the
glucocerbrosidase-synuclein feedback loop implicated in Parkinson’s disease.
Increasing the activity of glucocerebrosidase in the brain with a small-molecule
pharmacological chaperone may reduce the negative consequences of carrying
GBA1 mutations that are not currently addressed with existing therapies.

5.2 Iminosugar Chaperones for Therapeutic Intervention

The principal purpose of a chaperone is to restore the natural degradative process by
allowing the dysfunctional enzyme to correctly fold and be trafficked to the
lysosome where the enzyme becomes biologically active upon chaperone dissoci-
ation. To enable this process the chaperone needs to selectively bind to the target
mutant protein at the site of synthesis (endoplasmic reticulum) and then “guide” the
enzyme to the site of activity (lysosome). Through selective binding to the dys-
functional enzyme the chaperone increases the enzymes stability enabling the
protein to fold correctly and thereby bypass the degradative pathway. This allows
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Fig. 12 Degradation of glycosyl ceramides

the mutant protein to be trafficked from the endoplasmic reticulum to the lysosome,
thereby establishing protein activity and maintaining cellular function. A key aspect
of this approach is to identify modulators of the target enzyme that have a high
binding affinity in the neutral environment of the endoplasmic reticulum and a
lower binding affinity in the acidic environment of the lysosome. Competitive
inhibitors are preferred for this purpose. In light of this it is no surprise that
iminosugars are ideally suited as pharmacological chaperones for the treatment of
lysosomal storage diseases [163] (Table 1).

With respect to Gaucher’s disease and glucocerebrosidase a number of compound
classes have been evaluated as potential pharmacological chaperones including
non-carbohydrate scaffolds identified through high-throughput-screening [164—
168]. Although such compounds may appear to stabilise the enzyme and improve
trafficking, increasing the turnover of glucosylceramide has not yet been demon-
strated. This is not the case with iminosugars [169]. A significant advantage that
iminosugars offer over non-carbohydrate and carbohydrate mimetics is the ability to
not only mimic the natural ligand stereochemistry but also mimic transition states
(Fig. 8). Additionally, target selectivity is key to the design of any therapeutic. This is
of particular relevance to the design of inhibitors of enzymes involved in carbohy-
drate processing. Concerning the lysosomal storage disorders there are over
50 known diseases of which a significant proportion result from defective glycosidic
enzymes. Krabbe’s disease is caused by genetic defects in the lysosomal enzyme
galactocerebrosidase, the enzyme responsible for the hydrolysis of galactosyl-
ceramide (27) to galactose and ceramide (26) (Fig. 12). Converse to Gaucher’s
disease it is the accumulation of the toxic galactosylceramide metabolite galactosyl-
sphingosine (psychosine, 28) rather than the substrate of the defective enzyme that is
causative [170]. Any inhibitor of glucosylceramidase employed in Gaucher’s therapy
may potentially inhibit galactosylceramidase inadvertently. Although the substrates
for each enzyme share substantial structural similarity, the switch from a glucose
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moiety to its 4-epi congener allows the enzymes to discriminate between substrates.
This has been demonstrated through crystallographic studies on both enzymes [171—
173]. Although the active sites for each enzyme are similar, there are key differences
notably in the active site interactions with the hydroxyl group at position 4. In the
galactose-galactocerebrosidase structure this hydroxyl froms a hydrogen bond with a
threonine reside that is responsible for the substrate specificity of the enzyme.
Whereas a galactose configuration is congruent with recognition a glucose configu-
ration would be incompatible with the galactocerebrosidase substrate-binding pocket
as an equatorially configured hydroxyl would sterically clash with other residues
within the site. From this perspective it can easily be understood how an appropriately
configured and substituted iminosugar would have substantial advantage over other
non-carbohydrate-based scaffolds.

The key residues involved in ligand recognition for glucocerebrosidase are
depicted in Fig. 13 (adapted from [172]). Crudely this has been illustrated by
segregating the active site into two regions for hydrophobic and polar interactions,
respectively. Consideration of the structures obtained for N-nonyl deoxynojirimycin,
20 and 21 supports the use of iminosugars as chaperones for the enzyme. All
inhibitors depicted are able to replicate the key interactions involved in substrate
recognition most notably those concerned with the position 4 hydroxyl group. As
expected all of these inhibitors present key attributes for glucose mimicry. As a direct
glucose mimetic, analogues based on scaffold 5 have been evaluated extensively
[174-178]. Although these compounds have demonstrated activity in vitro, histori-
cally, inhibitors based on this scaffold have been associated with signficant side
effects resulting from limited selectivity. One key observation from these studies is
that mimicry of both the carbohydrate and ceramide portions of the substrate may be
necessary to maximise inhibition. It should be iterated that potent inhibition does not
necessarily translate to greater chaperoning potential.

Glucose mimetic isofagomine (21) is the iminosugar that has, to date, presented
the greatest therapeutic potential for the treatment of Gaucher’s disease utilising
pharmacological chaperone approaches. It was identified as a potential lead from a
collection of natural and synthetic iminosugars screened in a patient-derived cell
line [179] and is ideally suited as a chaperone for the glucocerebrosidase enzyme.
As a l-azasugar, an iminosugar in which the ring nitrogen is positioned at the
anomeric carbon, 21 can be considered an excellent transition state analogue for a
B-glucosidase (Fig. 8). It is a competitive inhibitor that exhibits preferential inhi-
bition at the neutral pH of the endoplasmic reticulum relative to the acidic envi-
ronment of the lysosome. In binding with the enzyme, all key inetractions with
active site residues are retained despite only three hydroxyl groups being present.
Additionally, whereas structures based on scaffold 5 are associated with
non-specific inhibition no measurable effect on other related carbohydrate
processing enzymes has been reported so far for 21.

Strategies to maximise the therapeutic potential of 21 have followed those
utilised for chaperones based on the deoxynojirimycin scaffold 5. Primarily this
has involved capturing the ceramide moiety through lipophilic addition to the ring
(Fig. 14, Table 2). Approaches employing N-alkylation (compounds 29 and 30)
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Fig. 13 Glucocerebrosidase active site architecture. Overview of enzyme active site (fop left) and
depiction of inhibitor-active site interactions for N-nonyl-deoxynojirimycin (top right) 20 (bottom
left) and 21 (bottom right). Adapted from [172]

generated, as expected, weak inhibitors with reductions in activity greater than
3 orders of magnitude relative to 21 [180]. Similarly, adamantyl analogues 31-33
also exhibited significantly reduced inhibition relative to 21 [181]. The adamantyl
moiety was selected to more closely resemble ceramide and despite reduced
glucocerebrosidase inhibition all compounds were reported as increasing enzymatic
activity in two patient cell lines. Re-positioning of the substitution so that the
additional functionality is ideally suited to utilise the hydrophobic interactions
within the binding pocket generated more potent inhibitors than the N-alkyl con-
geners [180, 182]. Inhibitors 35-38 were between 13- and 93-fold more potent than
parent inhibitor 21 with increasing alkyl chain correlating with increased potency.
Analogues 39—41 were also reported as competitive inhibitors of the enzyme. All
inhibitors stabilised glucocerebrosidase against thermal denaturation with pharma-
cologically relevant levels of chaperoning activity observed in all cases,
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Table 2 Selected second generation glucocerebrosidase chaperones and inhibition constants

Compound Glucocerebrosdiase Compound Glucocerebrosdiase
ID ICs0/K; (pm) ID ICs0/K; (pm)

29 44,000 35 42

30 >100,000 36 1.8

31 18,000 37 0.8

32 11,000 38 0.6

33 94,000 39 610

34 160 40 600

particularly for the propyl derivative. However, the incorporation of large alkyl
chains may increase the potential for inhibition rather than enhancement and may
adversely affect the drug-like properties of the molecule, both in terms of solubility,
non-specific binding, metabolic liability and toxicity.

Although none of the compounds reported have, to date, progressed beyond 21
with respect to clinical evaluation they serve as exemplifiers for the approach of
using iminosugars for therapeutic benefit and highlight their utility to drug discov-
ery. This is demonstrated further by consideration of fluorinated analogues of 21
that may offer greater therapeutic utility [183, 184]. Previous studies have demon-
strated that treatment with 21 significantly increased glucocerebrosidase activity in
disease-relevant tissues including liver and spleen [90]. However, 21 has limited
CNS exposure and although activity in synucleinopathy models has been reported
this reduced exposure may limit its utility in addressing CNS manifestations and
neurodegenerative disease. For a pharmacological chaperone targeting glucocer-
ebrosidase a significant improvement in drug-like properties including CNS pene-
tration would be necessary for wider application to neuronopathic Gaucher disease
and Parkinson’s disease. One established strategy in drug discovery and develop-
ment for maximising CNS penetration is the strategic use of fluorine substitution.
The small size and high electronegativity of fluorine are among properties of this
element that lend special advantages such as blood brain barrier penetration.
Fluorinated analogues of 21 may greatly improve the therapeutic potential without
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compromising the chaperoning capacity. Bioavailability, CNS penetration and
clearance are all enhanced and may result in associated improvements in CNS
glucocerebrosidase enhancement and enhanced therapies for both Gaucher disease
and Parkinson’s disease in Gaucher gene carriers.

6 Summary, Conclusions, Outlook

The pioneering work of Dwek, Freeze, Varki and others in realising the importance
of glycobiology in health and disease is becoming increasingly apparent [12, 27,
185-190]. The number of druggable targets emerging from these early reports is
substantial and growing, covering a therapeutically broad and diverse area. Many, if
not all, of these targets can be addressed by employing carbohydrate mimetics the
most notable of which are the iminosugars. Whereas classical small molecule
approaches have a strong history in drug development, iminosugars are relative
newcomers. Early clinical failures and misguided concerns regarding ease of
synthesis and drug-likeness have greatly limited the level to which this field has
been explored. Synthetic and analytical issues have been addressed and are no
longer an impediment to progress. Combined with a growing understanding of the
impact that glycobiology has on disease and development a resurgence of inerest in
iminosugars has emerged. As a chemical class iminosugars offer many advantages
as potential drug candidates. They occupy a different area of chemical space to
compounds typically found in pharmaceutical screening libraries and “new chem-
ical space” is a concept much prized and sought after. As stable and bioavailable
glycomimetics iminosugars provide substantial opportunity to access carbohydrate-
related targets, an area increasingly desired. With two marketed drugs and several
in clinical development the potential for iminosugars to deliver drug molecules is
already established. The full exploitation of this unique compound class represents
a major prospect for drug discovery in the near and medium term with these
successes providing substantial evidence for the opportunities that now exist for
innovation and clinical discovery in iminosugars.
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Computational Docking as a Tool
for the Rational Design
of Carbohydrate-Based Drugs

Martin Frank

Abstract Docking methods are a valuable tool for the prediction of carbohydrate
binding sites and the design of carbohydrate-based drugs. However, there are also
significant limitations and care needs to be taken when evaluating the docking
results. In this chapter the challenges, limitations, and possible pitfalls in docking of
carbohydrates are described. Practical examples explain the use of docking
methods for the rational design of carbohydrate-based inhibitors as well as the
prediction of carbohydrate binding sites.
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1 Introduction

The application of computational methods has become an integral part in modern drug
design workflows. Bioinformatic methods are used routinely to understand the evo-
lutionary relationship between protein sequences and — in case no experimentally
determined structure is available — to aid in finding structural templates for homology
modeling of three-dimensional (3D) structures of protein targets [1, 2]. Molecular
modeling methods are required frequently to interpret experimental data in NMR and
used to build models in X-ray crystallography [3—5]. Docking methods can be applied
to predict the binding sites and binding mode(s) of small molecules on protein surfaces
[6]. Structure-based virtual screening of chemical compound libraries is a cost-
efficient alternative to high-throughput screening campaigns for finding active mole-
cules that can serve as new leads for drug design [7, 8]. Chemoinformatic methods can
be used for ligand-based screening (and design) of small molecule libraries containing
millions of chemical compounds [9]. Finally, current research in life sciences would
‘collapse’ without the hundreds of databases that store (and make publicly accessible)
the wealth of experimental data (sequences and 3D structures of biomolecules, affinity
data, physical chemical properties of small molecules, and many more) that is
generated daily worldwide [10-12].

All of the methods mentioned above are routinely applied also in glycobiology and
glycomics. However, carbohydrate building blocks occur in small molecules (e.g.,
substituted monosaccharides, glycomimetics) as well as in large macromolecular tree-
like structures (polysaccharides, glycans) which render these molecules difficult to be
handled in a consistent way by the established bio- and chemoinformatics algorithms
[13]. Therefore it was necessary to establish glycoinformatics (standards, algorithms,
and databases) at the interface between bioinformatics and chemoinformatics
(reviews and books on the topic are found in, for example, [14—19]).

Molecular modeling of carbohydrates is challenging due to the intrinsic flexi-
bility of glycosidic linkages [20] and the requirement for special carbohydrate force
fields that are compatible with existing force fields used for proteins or small
molecules [21, 22]. Three-dimensional structures of carbohydrates are best
described as conformational ensembles of interchanging conformational states
and the method of choice to simulate carbohydrates in their biological context
(glycoprotein, protein—carbohydrate complex, glycolipid embedded in a mem-
brane) is molecular dynamics (MD) simulation in explicit solvent. The recent
development of algorithms to use GPUs for routine MD simulations [23] has made
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it possible to study carbohydrate structure on the microsecond timescale [24].
MD simulation methods can also be used to estimate the free energies of binding
based on thermodynamic integration (TT) [25, 26], linear interaction energy (LIE)
[27], or MM/GBSA [28] methods. However these methods require significant
expert knowledge for proper setup and analysis, are computationally demanding,
and have also severe other limitations for practical use in a drug design project.
Docking methods are less accurate, but very fast and can be performed routinely
also by ‘bench-chemists’ using graphical software interfaces [29]. Docking
methods have been applied successfully in the area of carbohydrate-based inhibitor
development in several recent projects, some of which are described in [30-36].

2 The Application of Docking Methods
in Carbohydrate-Based Drug Design

2.1 Basics, Limitations, and Pitfalls

Automated docking methods were introduced already in the early 1980s [37] but
became popular in the 1990s fuelled by the increasing number of available X-ray
crystal structures and several publications demonstrating that novel bioactive mole-
cules can be identified using docking. The expectations were high at the beginning but
the success was very limited, which led to an opinion that computerized ‘structure-
based drug design’ is not practical. Uncritical application of virtual screening methods
may still result nowadays in inappropriate compound selection [8]. The search for new
drugs, especially in lead optimization, is an evolutionary process that is only likely to
be successful if computational methods merge with classical medicinal chemistry
knowledge [38]. As a matter of fact, there is probably still nowadays not a single drug
that was discovered entirely by structure-based methods; however, there are a signif-
icant number of drugs on the market where structure-based methods were critical for
the development in the early phase [39]. It has to be realized that structure-based
methods can contribute only to the discovery and early optimization of leads in drug
design. Many properties of a compound that are important to make it a ‘good drug’ are
outside the scope or predictive possibilities of structure-based computational methods.

The aims in molecular docking are the accurate prediction of the binding mode
(conformation and orientation) of a ligand in the binding site of a receptor of known
three-dimensional structure and the correct prediction of the binding affinity of the
ligand. This includes also the correct ranking of the binding affinities of different
ligands to the same binding site. There are excellent reviews and protocols on molec-
ular docking (e.g., [6,40—44]); therefore, the method is described here only very briefly.

In principle, the docking process consists of two parts, which both have their
special challenges and limitations: posing and scoring. The docking algorithm tries
to place (pose) the ligand into the active site by sampling all conformational,
rotational, and translational degrees of freedom. At each trial a ‘score’ that aims
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to approximate binding affinity is calculated and is used to rank all the generated
poses of a ligand. The fundamental assumption is that the pose with the best score is
the ‘correct’ binding mode. The difficulty is that sampling the conformational space
systematically with a resolution that is high enough to identify the conformation
that best matches the receptor structure requires an enormous number of ligand
poses to be generated and scored even for simple molecules. The search would take
too long to be useful for a practical application. Therefore stochastic or genetic
search algorithms are generally used to explore the search space. The search stops
when a user-defined number of trials have been carried out, or some other termi-
nation criteria are met. It is very important that the termination criteria are chosen
appropriately for the search problem. If, for example, the number of trials is set to
10°, but 107 are appropriate for the size of the search space, then there is a high risk
that the correct pose is not found, simply because it may not be in the set of trial
structures generated. In other words: poses that have not been generated cannot be
scored! One way to check for convergence of a docking is to check whether the best
scored pose has been found more than once.

Another consideration is the size of the search space used to represent the binding
site in a receptor (e.g., the grid box in AutoDock [45]). Many crystal structures contain
asmall ligand that is typically used in docking setup to define the center and size of the
binding site. Limiting the search space only to the direct neighborhood of this ligand
may give excellent results when re-docking the same ligand; however, larger ligands
from a compound library may not fit at all into the search space or only in an artificial
orientation. Therefore it is required to take into account the size of the largest ligand
that will be docked when defining the search space.

Docking scores are calculated using a scoring function [46—48], which may be
based on either physical interaction terms, such as van-der-Waals or electrostatic
interaction or ‘knowledge-based’ terms derived, e.g., from inter-atomic contact fre-
quencies in crystal structures of protein—ligand complexes. Currently there is no single
scoring function available that accurately predicts the binding affinity of a diverse set
of small molecules to any protein [49]. A high accuracy can be obtained by training a
scoring function to a class of small molecules interacting with a particular binding site.
However, this requires experimental affinity values, which are not always available.

The calculation time required for a docking is also an important practical aspect.
For docking of a single molecule a CPU time in the range of minutes to hours would
be perfectly acceptable; however in a virtual screening project, the calculation
times have to be below one second. In this case the docking of 10° compounds
would require still about 10 days of CPU time. In order to speed up the docking
process, different scoring functions may be used in different stages. For pose
searching (‘docking’) a simple scoring function (‘docking score’) that can be
evaluated rapidly can be used, while a more sophisticated scoring function will
be used for scoring of the final pose(s). Typically a defined number of ‘best” docked
poses are output in each docking run, which are then re-ranked using the final
scoring function. However, this assumes that the pose with the best final score is
among the ‘best’ poses that are kept using the simple docking score as criterion.
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It is also possible to use a docking software only for the generation of a larger set
of reasonable poses and use external more sophisticated scoring functions [50] or
other methods such as MM/GBSA simulations for the final ranking of the poses
(re-scoring) [51]. Additionally, a molecular library containing a larger number of
docked compounds can be (post)processed using ‘filters.” In this way compounds
with ‘unwanted properties’ can be removed from the list, thereby lowering the
number of compounds that need to be chemically synthesized and tested experi-
mentally, e.g., in a biological assay.

The receptor is usually kept rigid during a docking run in order to speed up the
calculations. This is problematic in cases where the available crystal structure repre-
sents a conformation that is not shaped properly for optimal binding of the ligand. In
this case receptor flexibility needs to be included in the docking protocol [52]. Another
current challenge in docking is that water molecules frequently mediate the binding of
aligand. It has been realized that neglecting these ‘bridging waters’ has a great impact
on the docking accuracy; however, no generally applied method has emerged yet that
takes into account water molecules in docking [53—55]. In the scientific literature there
are many new or improved protocols and scoring functions published every year,
which highlight that there are still many developments and improvements possible.
Although many of the published methods are very sophisticated, if they are not made
available to the scientific community as a ready-to-use software product they will be of
very limited value. In reality, a user is limited to the software available. Each docking
software has not only different ‘useful’ features and advantages but also different
disadvantages. There are many docking software available (http://www.click2drug.
org), but some of the most frequently used for docking of carbohydrates are AutoDock
[45], Vina [56], and Glide [57]. The first two programs are free of charge, Glide is a
commercial program distributed by Schrodinger, Inc.

2.2 What Makes Docking of Carbohydrates Challenging?

In principle small carbohydrates (e.g., mono-, di-, or trisaccharides) can be docked
like any other organic molecule. Unfortunately, the simple force fields used in most
docking software to calculate the conformational energy of a ligand are generally not
optimized for carbohydrates. Therefore it can happen that poses with very good
interaction energy scores have conformations that are not very reasonable for carbo-
hydrates. This affects typically the values for the glycosidic linkage torsions. A
practical approach to deal with this problem is the use of energy penalty functions
for rescoring of the poses generated [58]: Quantum chemical conformational energy
profiles, calculated for the ¢ and y torsions in a variety of disaccharides models, are
used to assign an energy value to each glycosidic torsion in a docked pose. If a torsion
value deviates from the minimum value, this results in a positive conformational
energy value (‘energy penalty’), which is summed up for all ¢ and y torsions and
added to the total docking energy. In this way poses that have ‘wrong’ torsion values
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get a more positive (unfavorable) energy score and are therefore moved further down
the sorted ranking list of poses.

Difficulties may also arise when ring flexibility needs to be taken into account in
docking (as it required, e.g., for docking of furanoses or heparin fragments). Many
docking software (e.g., AutoDock and Vina) cannot change the conformations of
rings during docking. One solution may be to generate a set of starting structures
with different ring conformations and dock them individually.

Docking of larger carbohydrates (N-glycans, polysaccharides) faces two limiting
factors: First of all, the number of rotatable bonds may exceed the maximum that,
e.g. AutoDock and Vina, can handle; therefore, some of the rotatable bonds need to be
kept rigid during docking, which can mean that the conformation required for binding
cannot be adopted and therefore will not be found. Secondly, in the biological
recognition event only a subset of the carbohydrate residues present in a larger
molecule are usually involved in binding. Unfortunately, the standard docking
methods are not very well suited to predict binding of sub-structures, since the aim
of the algorithms is to generate a pose with maximum interaction energy, which
usually means that as many residues as possible will be put in contact with the protein
surface (since many weak interactions may give a better score than a few strong
interactions). A solution might be to dock fragments of variable size to the protein
surface and to check which fragment results in the best (normalized) score.

However, if the binding mode of a fragment of the larger natural carbohydrate
ligand has been determined by X-ray crystallography, there are several possibilities
to use this experimental data to guide the structure building of the complete
complex: In principle it is possible to generate thousands of poses of the complete
carbohydrate using standard docking software and then use the coordinates of the
fragment as a filter to extract poses that are fitting to the template. Alternatively, the
fragment can also be used as an anchor point for positioning of a library of pre-build
conformations of the complete carbohydrate. The preliminary complex(es) can
subsequently be further refined using MD simulations in explicit solvent [59-61].

It is important to know that the empirical free energy models that are used to
calculate the docking scores can be trained also for use with carbohydrates, but the
standard errors still remain in the range of 1.1-1.4 kcal/mol [62, 63]. Energy (score)
differences less than 1 kcal/mol might therefore be meaningless. Since not every
scientist would like to invest a significant amount of time to develop a tailored
scoring function to improve docking accuracy, it is of great interest to know how
well standard docking programs do perform ‘out-of-the-box’ in carbohydrate
docking. This has been evaluated in a variety of reviews [64—66]. The bottom
line is that none of the docking programs is perfect, the performance depends to
some extent on the molecular system studied and in many cases the top ranked pose
was not the ‘best pose’ (the pose with the lowest RMSD to the bound ligand in the
crystal structure). It has to be noted that studies that use crystal structures of
protein—carbohydrate complexes and evaluate how well a ligand can be
re-docked to the binding site may not simulate a realistic scenario in a research
project (although such tests are important of course). In reality the available protein
(crystal) structures may need to undergo a conformational change in order to
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accommodate the ligand properly (induced fit) [67]. The inclusion of induced fit
effects in docking is difficult and only few of the docking programs can change the
conformation of receptor and ligand while the docking is performed. Alternatively
multiple receptor conformations can be used as input for several independent
docking runs (ensemble docking) [68]. In general it can be expected that taking
into account receptor flexibility will increase the calculation time significantly. It
was also found that the flexible receptor approach was less accurate in reproducing
binding modes from known antibody—carbohydrate complexes [66].

In many experimentally determined protein—carbohydrate complexes there are
one or more (bridging) water molecules that mediate binding. Since water mole-
cules are usually removed from the receptor structure prior to docking, this can be
one of the reasons why docking programs fail to reproduce the binding mode of
carbohydrates in some cases. Despite this knowledge, there is still no obvious
general solution how to include the effect of bridging waters in docking algorithms,
but there are promising new developments [55, 69-72]. It would be possible to
leave the ‘relevant” water molecules in the receptor structure and it is obvious that
this will improve the re-docking accuracy of the crystallographic ligand. However,
water molecules are not always well resolved in crystal structures and it may be
difficult to determine the positions of the relevant waters computationally without
the ligand of interest in place. Additionally, the number of relevant waters may
change from ligand to ligand and therefore it may be necessary to switch ‘on’ and
‘off” some of the water molecules during docking so that a ligand can bind properly
[54]. In general, the tight binding of water molecules on protein surfaces is
entropically unfavorable. A popular strategy in rational drug design is therefore
to add a functional group to a ligand (e.g., an OH group) that will occupy the space
of an ordered water molecule upon ligand binding and release it into the bulk
solvent [73]. Consequently, the detection of ordered water molecules has gained
significant attention in recent years [54, 73—75] and future developments in this area
will be beneficial also for the accurate docking of carbohydrates.

The above highlighted aspects have important consequences for the rational design
of carbohydrate-based drugs using docking methods: a ‘black-box docking’ of com-
pounds containing carbohydrates is currently likely to fail, since there is no guarantee
that the poses with the best score are the ‘correct’ poses. Therefore all poses need to be
carefully evaluated by an experienced carbohydrate modeler, either manually on the
computer screen or using (usually in-house developed) specialized post-processing
software. Additionally, since the success of a docking calculation also depends on the
molecular system studied, it is in general also a good idea to test whether the docking
software available is suitable for the planned project.

2.3 Docking of Modified Carbohydrates: A Practical Guide

Siglecs are a family of sialic-acid-binding immunoglobulin-like lectins that are
thought to promote cell—cell interactions and regulate the functions of cells in the



60 M. Frank

e Neu5NAc
u

Fig. 1 Crystal structures of Siglec-7: apo structure (white), complex with a synthetic oligo-
saccharide containing GT1b (green, ligand in purple). The dynamic loops and the binding site
of Neu5NAc are indicated

innate and adaptive immune systems through glycan recognition [76]. Siglec-7 [77]
is an inhibitory receptor expressed on NK cells and a challenging target for the
design of inhibitors [78, 79]. A classical strategy for inhibitor design would be to
maintain the NeuSNAc moiety as a core and aim at increasing the binding affinity
by means of attaching additional chemical groups to the various positions available
in Neu5SNAc. For a more reliable outcome of the computational predictions it is
required that the Neu5Ac binding site is known from crystal structures, although it
is possible in some cases to predict carbohydrate binding sites (see next section).

Over the years several crystal structures of Siglec-7 have become available,
demonstrating that the sialic-acid-binding V-set domain is highly dynamic
[78, 80-82].

Two of the six currently available crystal structures are shown in Fig. 1, an apo
structure (pdb code 107V) and the structure of a complex with a synthetic oligo-
saccharide containing GT1b (pdb code 2HRL). The structure 2HRL has the terminal
NeuSNAc in a position that is very similar to the binding modes found for other
Siglecs. Therefore it can be assumed that this binding mode determines the specificity
and has to be regarded as a reference for judging the poses of modified sialic-acids
generated by docking. NeuSNAc interacts with side chains of Argl24, Trp132, and
Tyr26 and forms hydrogen bonds with the backbone atoms of Lys131 and Asn133.
Additionally there is a water bridge between NeuSNAc(0O4) and Asn129(0O). Mutation
studies revealed that Arg124 plays a key role for binding by establishing a salt-bridge
to the carboxylate group of the terminal NeuSNAc moiety.
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With respect to the application of docking methods it should be noted that in the
apo structure Argl24 is not in an orientation suitable for establishing the salt-bridge;
therefore, docking of Neu5Ac to the apo structure would not result in the correct pose
for Neu5Ac. The two structures also differ significantly in the conformations of the
C—C’ and C'-D loops. Most importantly the trimethylsilyl group at the reducing end of
the ‘GT1b ligand’ is located in a cavity that does not exist in the apo structure. Since it
is unlikely that the ligand has pushed out Trp85 to form the cavity, it can be assumed
that the cavity also is formed/is present in a fraction of the structures in the confor-
mational ensemble of Siglec-7 present in solution. Therefore Siglec-7 needs to be seen
as a highly dynamic receptor with cavities formed and disappearing and it is unclear at
this stage what other conformations of the receptor exist in solution and which of them
are relevant for inhibitor design. Closer inspection of the 2HRL structure also reveals
that OH groups 2, 4, 7, and 9 of NeuSAc are accessible for attachment of additional
chemical groups. Additionally the N-acetyl group at position 5 could be modified.
The goal is now to find chemical groups that fit sterically and would be able to
establish additional favorable interactions. In principle, this could be automated by
using dedicated computer software and a chemical fragment library, but not all
combinations that are theoretically fitting are synthetically feasible. Alternatively a
synthetic or medicinal chemist could suggest a set of synthetically feasible compounds
that could be checked in silico with respect to their 3D fit or predicted affinity priorto a
costly chemical synthesis and biological testing.

The most basic requirement for the application of docking methods for the
project outlined is that there is docking software (and a scoring function) available
that is able to reproduce reliably the binding mode of Neu5Ac in 2HTY. 200 GA-LS
runs were therefore performed using AutoDock 3.05 and AutoDock 4.2.5.1 (grid
size = 64 x 64 x 64, grid resolution 0.375, 107 energy evaluations). Kollman
charges were used for the receptor atoms in AutoDock 3.05. Otherwise Gasteiger
charges were assigned to the receptor and ligand atoms using AutoDock Tools. The
docked poses are shown in Fig. 2a, b. AutoDock Vina 1.1.2 was also tested (box
dimensions 30 x 30 x 30 A’, exhaustiveness = 100) using the input structures
generated for AutoDock 4. The maximum number of poses that Vina outputs per
run is 20. In principle it is also possible to generate 200 poses by running Vina
10 times with a different random seed number, but the correct pose was contained
already in the set generated by the first run (Fig. 2¢). AutoDock 3.05 reproduced the
Neu5NAc binding mode very well, the pose with the best score has an RMSD of
about 1 A. For Vina the correct pose has rank four, but all the 20 poses have very
similar scores in the range of 0.5 kcal/mol. The pose with the best score generated
by AutoDock 4.2.1 is shown in Fig. 3d. Although the pose is close to the Neu5Ac
binding site, it does not reproduce the correct binding mode. The pose is reasonable
— in principle — with respect to the intermolecular interaction pattern; however, the
conformation of the NeuSNAc is very unrealistic. Cleary AutoDock 4 (and to some
extent also Vina) seems to have difficulties reproducing the experimentally known
conformation of Neu5SNAc; therefore, the program is probably not very well suited
for this system. However the results of AutoDock 3.05 are very satisfying.

Next a NeuSNAc modified in 9-position — the sialoside inhibitor ‘oxamido-
NeuSNAc’ [methyl a-9-(amino-oxalyl-amino)-9-deoxy-NeuSNAc] — was docked
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Fig. 2 Docking of NeuSNAc to Siglec-7. The GT1b ligand is shown in purple as a reference.
The poses generated are shown in yellow and the pose with the best score is shown in red.
(a) AutoDock 3; (b) AutoDock 4; (¢) AutoDock Vina (the correct pose has rank four and is shown
in orange); (d) Pose with best score from AutoDock 4 which has an unrealistic conformation of
NeuSNAc (carbon = cyan, oxygen = red, nitrogen = blue)

to 2HRL using AutoDock 3.05 and the best pose is shown in Fig. 3a. It is predicted
that the oxamido group would extend the glycerol side chain of NeuSNAc straight-
forward and be located between Lys135 and Trp132. However the crystal structure
(pdb code 2G5R) reveals that the side chain of Lys135 has changed the orientation
and there is a slight kink between the glycerol and the oxamido group (Fig. 3b).
Based on the inhibition constants predicted by AutoDock the oxamido-NeuSAc
compound should have about 6-fold greater inhibitory activity than Neu5Ac. In
hapten inhibition assays it was found that it is at least 3-fold [78].

In summary docking methods can predict binding modes of modified sialic-acids
and also can make reasonable predictions of the relative binding affinity. However
it is very important to realize that the results have to be evaluated carefully. Not all
poses with a high score are realistic and also the differences in the scores between
‘correct’ and ‘wrong’ poses are often within the error range of scoring functions. It
needs to be emphasized again that it currently requires knowledge about carbo-
hydrate conformation in order to recognize and filter out unlikely conformations
since current docking software has significant shortcomings in this respect. If
docking methods are applied for screening of small libraries of modified carbo-
hydrates one should not only output the pose with the best score for each compound
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Fig. 3 (a) Docking of oxamido-NeuSNAc to receptor structure 2HRL (green). The correct
NeuSNAc binding mode is shown as reference in yellow. (b) Redocking of oxamido-NeuSNAc
to receptor structure 2G5R (pink). The ligand of the crystal structure is shown in purple. The
docked structures are colored by element (carbon = cyan, oxygen = red, nitrogen = blue)

to the results list. It is definitely required to output a larger number of poses and
perform post-processing of the results; e.g. remove all poses that do not have the
Neu5Ac in the correct binding mode (which could be done, for example, using
Conformational Analysis Tools (www.md-simulations.de/CATY/)).

2.4 Predicting Carbohydrate Binding Sites:
A Practical Example

If a crystal structure of the carbohydrate-binding protein is available but the binding
site of a carbohydrate is unknown, ‘blind docking’ [83] approaches might be useful
to propose possible binding sites, which could be confirmed by side-directed
mutagenesis experiments. In principle, the method is similar to a normal docking
run, except that the whole protein surface is used as search space. Since protein
surfaces are usually very large, this requires adjustments with respect to the
exhaustiveness of the search. In case of AutoDock, which is frequently used for
blind docking, this can be done by increasing the number of energy evaluations
and/or the number of docking runs significantly.

An illustrative example that highlights the possibilities is presented here with the
‘blind docking’ of oseltamivir (‘Tamiflu’) to the tetrameric structure of influenza
N1 neuraminidase (pdb code 2HTY) [84] using AutoDock 3.05 [85]. Scientific
background information on drug design against influenza virus can be found in
several excellent reviews [86—88].

The docking procedure begins with the preparation of the receptor. The crystal
structure 2HTY can be downloaded from the Protein Data Bank (www.pdb.org)
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Fig. 4 ‘Blind docking’ of oseltamivir to the influenza N1 neuramidase tetramer. (a) Overview of
the crystal structure. The amino acid chains are shown as cartoons, the protein surface is indicated
in (transparent) white. (b) Grid box defining the search space for ‘blind docking.” The protein
surface is shown in white and the 1000 docked poses are shown in red. (C) Free energy of binding
calculated by AutoDock for each pose. The RMSD values are calculated relative to the nearest
oseltamivir ligand taken from PDB entry 2HU4

[89, 90]. Since it contains two tetramer units, one of them needs to be extracted
(Fig. 4a). This can be done by processing the PDB file with either a simple text
editor or a dedicated molecular modeling software. The initial coordinates of small
molecules (e.g., oseltamivir) can be built using stand-alone molecular modeling
software, molecular builders on the Internet (e.g., http://www.molecular-networks.
com/online_demos/corina_demo) or downloaded from databases such as
PDBeChem (http://www.ebi.ac.uk/pdbe-srv/pdbechem/), the ligand database of
the PDB [91]. Here, oseltamivir was extracted from PDB entry 2HU4. Depending
on the source of the coordinates it may be required to optimize the initial structure
using a force field. For this task a molecular modeling software is required. Finally,
AutoDockTools is very useful for the setup of AutoDock runs [45, 92]. There are
many tutorials available on the Internet describing how to perform AutoDock
dockings step-by-step.

The size of the search space is defined by the affinity grids, which are calculated
with the AutoGrid program. The number of grid points is limited to 128 in each
dimension. Using the default resolution in AutoDock, which is 0.375 A, the
maximum box size possible would be approx. 47 x 47 x 47 A®. However, the
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Fig. 5 ‘Blind docking’ of oseltamivir to the influenza N1 neuramidase tetramer. (a) Predicted
high affinity sites. The four sites of interest are encircled. (b) Extracted poses located in the four
sites of interest. The site with the ordered poses (site 4) is encircled. (¢) Close view of site
4. (d) Distribution of the docked energy in the four sites

diameter of the N1 tetramer is about 105 A; therefore, the resolution needs to be
reduced significantly. In this case a grid with 128x128x80 points and a resolution of
0.9 A were used (Fig. 4b). One thousand Lamarckian genetic algorithm-local search
(GA-LS) runs (with 10’ energy evaluations each) were performed which takes
about 23 CPU hours on an Intel Xeon processor (X5690 3.47GHz). The docking
was distributed over 10 CPUs each performing 100 GA-LS runs in order to shorten
the required wall-clock time. The log files were merged and processed with CAT.
The 1,000 docked structures (poses) and their estimated free energy of binding are
shown in Fig. 4b, c.
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Fig. 6 (a) Crystal structures of N1 neuraminidase with (green) and without (cyan) oseltamivir in
the binding site (pdb codes 2HTYand 2HU4). (b) Best docked pose in 2HTY.. (¢) Best docked pose
in 2HU4

The poses are distributed over the complete surface in patches (Fig. 4b). One
possibility would be to cluster the poses based on RMSD, but an alternative is to use
‘docking score’ iso-surfaces — calculated with CAT — to detect efficiently binding
sites with high affinity [93] (Fig. 5a). Eight sites are clearly visible, but four are
located in a region that is not accessible in the full virus, therefore only the four
remaining (encircled in Fig. 5a) have to be considered. About 20% of the docked
poses are located within these four sites and are extracted using the ‘hotspot’ filter
of CAT (Fig. 5b). The poses in one of the sites (ID = 4) are highly ordered and
close inspection reveals that the carboxylate group interacts with three arginines
(Fig. 5¢). The docked energy in this site spans a range of 2 kcal/mol [—10.9, —8.9]
(Fig. 5d), which is within the expected error range of a docking score. That the
docked poses in the other sites (1 to 3) — despite being essentially identical — are not
as ordered as in site 4 may be explained by different shapes of the affinity grids due
to the low resolution.

It has to be noted that 2HTY is an apo protein structure, which was derived
without a ligand present in the binding site. Fortunately there is also a crystal
structure available with oseltamivir in the binding site (pdb code 2HU4, Fig. 6a)
which can be used to validate the predictions. It can be seen that the apo and the
ligand bound conformation of the protein differ quite significantly in some regions
(e.g., 150-loop and Glu276) and it is therefore remarkable that the ‘blind docking’
predicted all four sites and also the orientation of the ligand in one site with
reasonable accuracy. In general, available crystal structures are often only a subset
of a biologically functional molecular assembly. The pose with the overall best
score is located in one of the sites that are most likely not accessible in the complete
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virus. Therefore taking into account only the pose with the highest score would
have been misleading. Consequently in a ‘blind docking’ all the predicted binding
sites need to be critically evaluated in terms of accessibility of the site. It also has to
be also kept in mind that the available receptor structure might not be in a
conformation perfectly shaped to accommodate the ligand. Although this is the
case for 2HTY, the ligand with the best ‘site 4’-score (shown in Fig. 6b) is similar to
the position of the same ligand in 2HU4. The difference can be explained by the
different orientation of Glu276. A ‘blind docking’ of oseltamivir to a N1 tetramer
taken from the PDB structure 2HU4 predicted all four sites with highest scores (data
not shown) and the pose with the overall best score reproduced the pose from the
crystal structure with high accuracy (Fig. 6¢).

In principle it is possible to take into account also receptor flexibility in ‘blind
docking’; however, the calculation times become very long [93]. It also has to be
realized that normally there is no structure available that can be used for validation
(as 2HU4 in the example presented) and in principle it cannot always be assumed
that the site with the lowest score is the correct one. Therefore experimental
validation (e.g., with side directed mutagenesis) of each predicted site is required.

3 Summary, Conclusions, Outlook

Docking methods are a valuable tool for the prediction of carbohydrate binding sites
and the design of carbohydrate-based drugs. However, there are different limitations
in the application of docking methods. One of the major fundamental shortcomings is
that scoring functions are either not very accurate or not generally applicable. Another
important aspect is that — even if the perfect scoring function would exist — one should
be aware that the ‘correct pose’ might not have been found, simply because the search
space has not been sufficiently explored due to calculation time restraints. With
respect to docking of carbohydrates special attention should be paid to checking the
conformation of the docked poses. However, despite all this limitations: If the method
is applied correctly and the results are evaluated critically by an experienced compu-
tational chemist and finally ‘scored” with medicinal chemists knowledge, docking
methods are a very useful tool for the early phases of a drug design project.

Currently the applications of the method are mainly focused on the docking of a
few carbohydrate compounds. Virtual screening approaches are difficult due to the
lack of significantly large compound libraries of (modified) carbohydrates. The
field will significantly benefit from new developments to include ‘bridging waters’
and receptor flexibility as well as from new scoring functions that take into account
more accurately the conformational energy of carbohydrates.
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Abstract When blood flows through the renal capillaries, glucose is one of the
many substances filtered by the kidney. However, glucose is subsequently recovered
primarily by the sodium-dependent glucose transporter 2 (SGLT?2) as the glomerular
filtrate flows down the renal tubules. SGLT2 inhibitors inhibit this transporter
leading to the loss of a significant fraction of the filtered glucose. The resulting
glucosuria is of sufficient magnitude to reduce diabetes-related hyperglycemia and
ameliorate-associated complications of diabetes. A systematic study was conducted
to identify superior SGLT?2 inhibitors based on a p-/C-arylglucoside with substi-
tuted diarylmethane moieties. Such compounds are potent and selective SGLT2
inhibitors with metabolic stability that promote glucosuria when administered
in vivo. Through this investigation, the -/ C-arylglucoside dapaglifiozin was identi-
fied as a potent and selective ASGLT?2 inhibitor with an ECso for ASGLT?2 of 1.0 nM
and 1,200-fold selectivity over hSGLT1. Dapagliflozin produced glucosuria in
normal Sprague Dawley rats in a dose-dependent fashion. Moreover, a 0.1 mg/kg
oral dose reduced blood glucose levels by as much as 55% in rats that had been made
hyperglycemic by streptozotocin, a pancreatic toxin. These findings, combined with
a favorable ADME profile and vivo data, led to nomination of dapaglifiozin as a
drug for the treatment of type 2 diabetes. The structural architecture of p-1C-
arylglucosides and their amphiphilic nature presented significant obstacles to the
synthesis of dapagliflozin and similar candidates for toxicological and clinical
testing, prompting the development of a new, safe, efficient, and economical process
for the synthesis of C-4’ and C-4 substituted p-IC-arylglucosides. A key element of
the process was a remarkable discovery of novel crystalline complexes that enabled
isolation and quality control.

A. Braem and P.P. Deshpande (><)
Bristol-Myers Squibb Company, Chemical Development, New Brunswick, NJ 08903, USA
e-mail: prashant.deshpande@bms.com

B.A. Ellsworth and W.N. Washburn
Bristol-Myers Squibb Company, Discovery Chemistry, Hopewell, NJ 08534, USA


mailto:prashant.deshpande@bms.com

74

Keywords p-/C-arylglucosides, Dapagliflozin,

co-crystal, SGLT2, Type 2 diabetes

Contents

1 Introduction
Results and Discussion
2.1 Discovery
2.2 Chemistry

3 Summary, Conclusions, Outlook

A. Braem et al.

Diarylmethanes, Phenylalanine

RETEIENCES . ...ttt e 91
Abbreviations

pg Microgram

pM Micromolar

Ac,0O Acetic anhydride

AcOH Acetic acid

ADME Absorption, distribution, metabolism, and excretion
AMG a-Methyl-p-glucopyranoside

AP Area percent

API Active pharmaceutical ingredient
BF3°Et,0  Boron trifluoride diethyl etherate

Bn Benzyl

CH;CN Acetonitrile

CHO Chinese hamster ovary

Cl Clearance

Cmax Maximum concentration

dL Deciliter

DMAP 4-(dimethylamino)pyridine

ECs Half maximal effective concentration
EtOH Ethanol

Et;SiH Triethylsilane

F Fraction absorbed/bioavailability

GC Gas chromatography

GLUT Glucose transporter

GRAS Generally regarded as safe

h Hour(s)

HbAlc Glycated hemoglobin

HPLC High performance liquid chromatography
iPr;SiH Triisopropylsilane

iPrOAc Isopropyl acetate

iv. Intravenous

Kg Kilogram

KK-AY Mouse of the KK-strain carrying the A¥ mutation
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L Liter(s)

mg Milligram

mg/kg Milligram per kilogram
mL Milliliter

mmHg Millimeters of mercury
MeOH Methanol

Me Methyl

MSA Methanesulfonic acid
n-BuLi n-Butyllithium

nM Nanomolar

nm/s Nanometer per second

NaOH Sodium hydroxide
NMM N-Methyl morpholine

Pd-C Palladium on carbon

PO Per os

S Second(s)

S-PG S-Propylene glycol

SAR Structure—activity relationships

SD Sprague Dawley

SGLT Sodium-dependent glucose cotransporter

STZ Streptozotocin, a pancreatic toxin used to induce diabetes
TEA Triethylamine

TEMPO  (2,2,6,6-Tetramethylpiperidin-1-yl)oxy

THF Tetrahydrofuran

TMSC1 Chlorotrimethylsilane

T ax Time to reach Cp.x

TMS Tetramethylsilane

Tol Toluene

TGA Therapeutic goods administration

UKPDS United Kingdom Prospective Diabetes Study
Vs Apparent volume of distribution at steady state

1 Introduction

The incidence of type 2 diabetes has become an increasing worldwide concern,
as the number of patients suffering from type 2 diabetes is projected to increase from
approximately 371 million people currently to 552 million by 2030 ([1], www.idf.
org/diabetesatlas/Se/Update2012). Type 2 diabetes is characterized by hyper-
glycemia due to excessive hepatic glucose production, a deficiency in insulin secre-
tion and/or peripheral insulin resistance. As the disease advances, hyperglycemia
becomes the major risk factor for diabetes complications, including retinopathy,
neuropathy, nephropathy, and macrovascular diseases [2—4]. Due to the progressive
nature of the disease, combination therapy is usually necessary to achieve the target
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glycemic level, thereby necessitating development of alternative agents acting by
novel mechanisms to control hyperglycemia [5, 6]. This need is underscored by the
United Kingdom Prospective Diabetes Study (UKPDS) findings that at present only
25-50% of type 2 diabetics are effectively treated by current therapies [7, 8].

In healthy individuals, greater than 99% of the plasma glucose that is filtered in
the kidney glomerulus is reabsorbed, resulting in less than 1% of the total filtered
glucose being excreted in urine [9, 10]. This reabsorption process is mediated by
two sodium-dependent glucose cotransporters: SGLT1, a low capacity, high affinity
transporter expressed in gut, heart, and kidney [11, 12] and SGLT?2, a high capacity,
low affinity transporter that is expressed mainly in kidney [13, 14]. It is estimated
that 90% of renal glucose reabsorption is facilitated by SGLT2 residing on the
surface of the epithelial cells lining the S1 segment of the proximal tubule; the
remaining 10% is likely mediated by SGLT1 localized on the more distal S3
segment of the proximal tubule [15-20]. Humans with SGLT1 gene mutations
experience glucose-galactose malabsorption, resulting in frequent, watery diarrhea
and dehydration when on a glucose diet, confirming that SGLT1 is the major
glucose transporter in the small intestine. These individuals present with little or
no glucosuria, suggesting that SGLT1 is not the major glucose transporter in the
kidney [21, 22]. Persistent renal glucosuria is the sole reported phenotype of
humans with SGLT2 gene mutations [23, 24].

Inhibition of SGLT?2 has been proposed to aid in the normalization of plasma
glucose levels in diabetics by preventing the glucose reabsorption process and
promoting glucose excretion in urine [25]. Selective SGLT?2 inhibitors would be
desirable, since gastrointestinal side effects associated with SGLT1 inhibition
would be minimized. This mechanism is expected to be associated with low risk
of hypoglycemia, because there would be no interference with the normal
counterregulatory mechanisms for glucose regulation.

A systematic study was conducted to identify superior SGLT2 inhibitors that are
potent, selective over SGLT1, promote glucosuria when administered in vivo, and
exhibit a pharmacokinetic profile compatible with once-daily administration.

2 Results and Discussion

2.1 Discovery

The natural product O-glucoside phlorizin (1, Fig. 1) is a well-documented, potent
glucosuric agent that was subsequently shown to be a nonselective SGLT inhibitor
[26]. The finding that chronic subcutaneous administration of 1 reduced plasma
glucose levels of diabetic rodents supported this mechanistic approach [27-29]. How-
ever, phlorizin itself is not considered to be a suitable drug candidate because of its
ability to inhibit SGLT1 and poor metabolic stability due to susceptibility to
B-glucosidase-mediated cleavage resulting in release of the aglycone phloretin.
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Fig. 1 Structures of some known SGLT inhibitors

In a series of papers, researchers at Tanabe disclosed the structure—activity
relationships (SAR) of phlorizin analogs resulting in the identification of selective,
potent SGLT2 inhibitors. However, in order to achieve a significant reduction of
hyperglycemia with a concurrent increase of glucosuria, the metabolic instability of
the O-glucoside linkage necessitated oral administration of their lead compound
T-1095A (2, Fig. 1) to KK-A” mice as the methyl carbonate pro-drug T1095 (3,
Fig. 1) [25, 30-36]. Subsequently, Kissei disclosed two other series of O-glucosides
containing SGLT2 inhibitors as potential treatment for type 2 diabetes which also
required administration as pro-drugs [37—40].

In an attempt to increase the metabolic stability of the glucosyl linkage of
O-arylglucoside Sa (Fig. 1), we synthesized C-benzylglucoside Sb (Fig. 1)
[41]. This compound displayed a significant loss in SGLT?2 activity (75-fold) as
compared to compound Sa. Link et al., reported that a similar modification of 2 to
generate the carbon analog 4 produced a >20-fold loss in potency [42]. Together,
these findings imply that the isosteric replacement of the oxygen glucosidyl link
with a methylene greatly attenuated previously favorable ligand—protein interac-
tions. Possibly, the greater conformational freedom of 4 and 5b contributed to the
reduction in SGLT2 affinity due to absence of the conformational constraints
imposed by the exo-anomeric effect [43, 44].

Fortuitously, an alternative lead for C-glucoside-derived SGLT?2 inhibitors
surfaced upon characterization of a minor C-arylglucoside side-product that
was generated during our SGLT2 program [45]. Of particular interest was the
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meta presentation of the glucosyl and benzyl appendages of 6 rather than the
typical ortho presentation of O-glucoside-derived inhibitors. The activity (ECsq
SGLT2 = 1,300 nM) and selectivity (>sixfold vs SGLT1) of 6 was unexpected
especially since the SAR for all O-glucosides indicated that substitution of the
aglycone with polar substituents markedly reduced SGLT?2 activity. In hopes of
achieving improved potency, 7a, the counterpart of a potent O-glucoside SGLT2
inhibitor S5a, was synthesized. The in vitro profile of 7a was extremely encouraging:
SGLT2 ECs¢ = 22 nM; >600-fold selectivity vs SGLT1. The importance of a para
substituent on the distal ring became readily apparent upon comparison of 7a to the
parent 7b or meta isomer 7c, thereby underscoring the role of the substituent to
properly orient the distal ring to achieve high affinity. A similar bias for para
substitution of the distal ring had been observed for O-arylglucoside analogs of
both 5b and dihydrochalcones reported by Hongu et al. [46].

These findings prompted a systematic study of meta-C-arylglucosides with
varying linkers to evaluate proper placement of the distal aryl ring. The assumption
was that high affinity SGLT2 inhibitors require not only the distal aryl ring to bear a
lipophilic substituent but also that the distal ring assumes an orientation such that
the lipophilic substituent can occupy a favorable binding pocket. Incorporation of a
small lipophilic substituent at C-4 of the central aryl ring further augmented SGLT2
potency with little apparent impact on selectivity versus SGLT1, thereby maximi-
zing potency while minimizing the potential for gastrointestinal (GI) side effects
mediated by inhibition of intestinal SGLT1. A number of compounds with pre-
ferred C-4 substitutions were synthesized and evaluated to further understand the
consequences of introduction of a zero, one, two, or three methylene spacer and
impact of distal ring substitution with m-methyl or p-methyl groups.

Table 1 summarizes the structure—activity consequences upon alteration of the
spacer moiety between the C-glucoside proximal and distal rings. Variation of the
spacer from one (7) to zero (8), two (9), or three methylenes (10) reduced affinity ~
threefold for the unsubstituted (R = H) and m-methyl substituted examples. In
contrast, changing the methylene spacer of 7a from one to zero (8c¢), two (9¢), or to
three methylenes (10c¢) reduced the binding affinity of the p-methyl substituted
analogs 13-, 19-, and 29-fold, respectively. The unique advantage conferred by the
single methylene of 7a is further confirmed by the respective threefold and 25-fold
reduction in affinity upon replacement with a sulfur (12) or oxygen (11) bridging
atom. Significant inhibition of human SGLT1 was not observed for any of the
C-arylglucosides tested. In particular, the demonstrably high level of selectivity of
7a is expected to preclude gastrointestinal side effects.

Upon i.v. administration to rats and mice at 1 and 0.3 mg/kg, respectively, 7a
produced maximum glucosuric levels of 230 and 600 mg/dL." In contrast, upon

! Fasted male Sprague—Dawley rats or Swiss—Webster mice were anesthetized with I.P. Ketamine:
Xylazine (0.001 mL/g), an abdominal incision made, and their bladders cannulated with a
16 gauge catheter. Drug was administered intravenously, and urine was collected over 60 min in
10 min intervals. Glucose concentration in urine samples were determined by COBAS MIRA.
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Table 1 C-Aryglucoside (I) SAR exploration of the aglycone spacing element (A) and distal ring
substituent (R)*

Compounds A R hSGLT2 ECs¢ (nM) Binding Select. vs. ASGLT1
7Ta CH, 4-Me 22 >600
7b CH, 3-Me 510 ND
Tc CH, H 190 >50
8a bond H 623 >13
8b bond 3-Me 1,200 ND
8c bond 4-Me 290 >30
9a (CH,), H 710 ND
9b (CH,), 3-Me 970 ND
9¢ (CH,), 4-Me 430 >20
10a (CHy); H 480 ND
10b (CH,)3 3-Me 1,200 ND
10c (CHy); 4-Me 630 >13
11 (0] 4-Me 540 >15
12 S 4-Me 69 >100
1 35 10

4 8 350
1° 160 1

20 50 4

13 CH2 4-Et 10 1,000

“The intracellular accumulation of the SGLT-selective glucose analog [14C]—alpha—methyl
glucopyranoside (AMG) by CHO cells expressing the human SGLT2 or the human SGLT1
transporter was quantified in vitro in the presence and absence of inhibitors, using the following
conditions: Each inhibitor, dissolved in DMSO, was tested at eight concentrations in the presence
of 137 mM NaCl and 10 pM [14C] AMG, over a 120-minute incubation in protein-free buffer.
Percent inhibition of transport activity was calculated based on a comparison of the activity of
non-inhibited control cells treated with DMSO alone. The response curve was fitted to an empirical
four-parameter model to determine the inhibitor concentration at half-maximal inhibition. The
reported ECs is the aggregate result of triplicate dose—response determinations.

®ECs, data from Oku et al. [25]

administration of O-glucoside 5 under the same conditions, efficacy in rats was
reduced ~ 50-fold relative to that obtained in mice. C-Arylglucoside 7a was found
to be ~100-fold more stable in the presence of rat liver microsomes than the
corresponding O-glucoside 5 [45]. We attribute the greater in vitro stability of 7a
and the diminished variability in glucosuric response across species to 7a being
impervious to glucosidase cleavage (unlike 5). This profile of the C-glucoside 7 to
that of 5 reveals greater selectivity versus SGLT1, as well as enhanced metabolic
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4 55 555 3> 2
4l 6'

Fig. 3 Structures of advanced SGLT?2 inhibitors

stability. C-Arylglucosides show enhanced glucosuric activity in rats compared to
O-arylglucosides that we attribute, in part, to the metabolic stability of the aryl-
glucosyl C—C bond.

SAR exploration revealed meta-substituted diarylmethanes to be superior
SGLT?2 ligands to their biphenyl and 1,2-diarylethane counterparts [41]. Only
small, hydrophobic para (C-4) substituents such as ethyl, methoxy, thiomethyl,
and difluoromethoxy enhanced SGLT?2 inhibitory activity resulting in ECs, values
of ~10 nM, whereas substitution at C-2 or C-3 was not beneficial. Compounds in
this series exhibit >1,000-fold selectivity for SGLT2 than SGLT1. Further SAR
exploration of the central aryl ring revealed that small lipophilic substituents at the
C-4’ position of the central aryl ring further increased SGLT2 affinity such that
ECsq values decreased to 1 nM. Although substitution at C-5" or C-6' modestly
improved affinity, C-2’ substitution was deleterious (Fig. 2).

This SAR culminated in the discovery of several selective SGLT2 inhibitors
such as compounds 13, 14, 15, 16, which exhibited properties warranting further
progression as clinical candidates for the treatment of type 2 diabetes (Fig. 3).

The in vitro SGLT inhibitory potential (ECso) of 16 and analogs were assessed
by monitoring the inhibition of accumulation of radiolabeled a-methyl-p-
glucopyranoside (AMG) by CHO cells stably expressing human or rat SGLT2
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Table 2 #SGLT2 and ASGLT1 inhibitory activity for 1, 6, and 16"

No. hSGLT2 ECsq (nM) hSGLT1 ECso (nM) Selectivity vs. ASGLT1 (fold)
1 35 270 8
2 6 211 30
Sa 9 8,000 90
6 500 8,000 16
16 1 1,200 1,200

#Assays were performed in protein-free buffer

a p=0.5
** p<0.01

3000

2500

2000
1500

1000

500

Total Urine Glucose Output (mg)

Vehicle 0.01 0.1 1.0 10
Dose (mg/kg)

Fig. 4 Mean total urine glucose excretion over 24 h following a single oral dose of dapagliflozin
16 in normal SD rats. n = 3. Mean total urine glucose excretion was statistically significant
vs. vehicle at the 0.1, 1, and 10 mg/kg dose groups

and SGLT1. As shown in Table 2, ECs, values of 1.0 nM for ASGLT?2 and 1.6 pM
for ASGLT1 were determined for 16 which corresponded to 1,200-fold selectivity
for SGLT2 as compared with eightfold selectivity for phlorizin. The inhibitory
potencies of 16 against rat and human SGLT2 were comparable, but the selectivity
of 16 for rSGLT2 versus rSGLT1 decreased to 200-fold. At 20 pM, 16 was also
found to weakly inhibit (8%) AMG uptake in human adipocyte mediated by
GLUT1 and GLUT#4 facilitative glucose transporter [47].

Statistically significant dose-dependent glucosuria occurred over a 24-hour
period following oral administration of doses from 0.01 to 10 mg/kg of 16 to
normal Sprague Dawley rats. This glucosuria was accompanied by dose-dependent
increases in urine volume of 16-300% (Fig. 4). In this study, the loss of 700 and
2,400 mg of glucose per rat over 24 h following single oral dose of 0.1 and 10 mg/
kg of 16, respectively, corresponded to a 1,000- and 10,000-fold elevation in
glucose disposal relative to vehicle controls. In a separate experiment with
streptozotocin-induced (STZ) diabetic rats (starting blood glucose levels of 480—
530 mg/dL), a single 0.1 mg/kg oral dose of 16 followed by food restriction
produced a 55% reduction in the elevated blood glucose level of treated versus
control rats at 5 h after dosing (Fig. 5). This level of efficacy surpassed that of 13
(34% reduction in hyperglycemic blood glucose levels) and matched the efficacy
observed for other analogs 14 and 15 (59%, and 62%) at this dose [48, 49].
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—- 6 (0.1 mg/kg)
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Blood Glucose (mg/dL)

Time (h)
Fig. 5 Mean blood glucose values in streptozotocin-induced (STZ) diabetic SD rats following a

single oral dose of 0.1 mg/kg dapagliflozin, 16. n = 6. *p < 0.05 vs. control group using a paired
student z-test

Table 3 Pharmacokinetic profile of dapagliflozin 16 in rats

Dose (mg/kg) 1

Cinax (PO dose, pg/mL) 0.6
Tmax (PO dose, h) 1.7
T (h) 4.6
F (%) 84
Vs (L/kg) 1.6
Cl (mL/min/kg) 4.8

The above correlation of SGLT?2 inhibition, glucosuria, and blood glucose lowering
effects suggested that selective SGLT2 inhibition with compounds 13-16 held
promise as a viable approach to treat type 2 diabetes.

Dapagliflozin 16 displayed a favorable ADME profile conducive to further
development. At 10 pM in serum from rats and humans, the free fraction of 16
was 3 and 4%, respectively. Compound 16 is anticipated to be orally bioavailable in
humans based on a high (>150 nm/s) caco-2 cell monolayer permeability value and
84% oral bioavailability in rats (Table 3). The steady-state volume of distribution
value (1.6 L/kg) was greater than the total blood volume in rats, indicating that 16
distributed into the extravascular space. Low to intermediate in vitro metabolic
rates were observed upon incubation of 16 with liver microsomes and hepatocytes
from rats and humans. After oral administration of 1 mg/kg dose of 16 to rats, a
Cinax Of 0.6 pg/mL was obtained at 1.7 h with a low systemic clearance rate of
4.8 mL/min/kg. The elimination half-life for 16 following intra-arterial admini-
stration was 4.6, 7.4, and 3.0 h in rats, dogs, and monkeys, respectively. These
pharmacokinetic parameters for dapaglifiozin in preclinical species revealed a
compound with adequate oral exposure, clearance, and elimination half-life, consis-
tent with the potential for single daily dosing in humans [49].

In summary, dapagliflozin, compound 16, is a potent, selective SGLT2 inhibitor
which stimulates glucosuria in normal rats. The promising significant reduction of
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blood glucose levels in diabetic STZ rats, combined with a favorable ADME
profile, in vivo clinical data prompted nomination of dapagliflozin as new drug
for the treatment of type 2 diabetes.

Clinical efficacy and safety of dapaglifiozin were assessed in multiple Phase III
placebo-controlled trials, and the results were recently reviewed [50]. Patients
receiving dapagliflozin experienced improved glucose control as demonstrated by
placebo-subtracted HbAlc reductions of >0.5%. Patients experienced additional
benefits of weight loss (2-3%) and reductions in systolic blood pressure
(4.4 mmHg) [50] that are attributed to caloric loss (glucosuria) and osmotic
diuresis, respectively. Several studies have demonstrated the additional glucose-
lowering effect of dapaglifiozin on a background of insulin or oral glucose-lowering
agents, indicating that the mechanism of action is complementary to other
antidiabetic therapies [50].

2.2 Chemistry

To generate C-aryl glucosides, particularly with preferred C-4' and C-4 substitu-
tions, to support initial toxicological studies and Phase I clinical trials, a first
generation synthesis was developed. This synthesis, based on the methodology
developed by Kishi [51, 52] and Kraus [53], was used to gain rapid access to
compounds 13, 15, and 16 starting with 2,3,4,5-tetra-O-benzyl-p-glucose 17 as
outlined in Scheme 1. Lactone (18) [54-56] was prepared from compound 19 via
TEMPO/bleach oxidation in >90% yield. On a large scale, purification of the
syrupy product 20 was not practical; therefore, it was used directly in the next
step without purification. Various m-bromo substituted aglycones [41] (19)
employed in this route were lithiated and then added to 2,3,4,6-tetra-O-benzyl-
gluconolactone (18). Reduction of the resultant lactols (20) with the sterically
encumbered triisopropylsilane was preferred to generate predominantly p-linked
glucosides [57] 21 that were deprotected by hydrogenolysis to give amorphous API
(7-11, 13, 16) in which “A” is a methylene.

During process development of the first generation synthesis, we identified
several disadvantages to using 2,3,4,6-tetra-O-benzyl-p-glucono-1,5-lactone 18 as
a starting material. For instance, 18 was synthesized from commercially available,
but expensive, 2,3,4,6-tetrabenzylglucose 17. Product 18 was difficult to isolate and
purify on scale due to its syrupy nature. The crude product also gradually
decomposed over several months, thereby limiting its usefulness in a commercial
process. The reduction of intermediate lactol 20 required sterically hindered silanes
to give favorable P-selectivity, which were expensive and difficult to obtain on
commercial scale. More critically, the synthesis of C-arylglycosides via 2,3,4,6-
tetra-O-benzyl gluconolactone 18 required a hydrogenolytic deprotection in the
final step of the synthesis. Due to the amorphous nature of the active pharmaceutical
ingredient (API) (7, 8, 9, 10, 11, 13, or 16) chromatography was required to remove
palladium and process impurities. Although this route enabled rapid delivery of API
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17: 2,3,4,6-tetrabenzylglucose 18 THF/-78 OC[ 192 :X = Li

H,/ 10% Pd-C
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21a: B isomer

7a:R=H,R'=4Me, A=CH,
7b:R=H,R'=3Me, A=CH,
7c¢:R=H,R'=H,A=CH,
8a:R=H,R'=H, A=Bond
8b: R=H, R'=3 Me, A =Bond
8c:R=H,R'=4 Me, A =Bond
9a:R=H,R'=H, A=CH,CH,
9b:R=H,R'=3Me, A=CH,CH,
9c:R=H,R'=4Me, A=CH,
10a:R=H,R'=H, A= CH,CH,CH,
Amorphous 10b: R=H, R'=3 Me, A = CH,CH,CH,

Overall Yield 35-40% 10 cR=H, R'=4 Me, A = CH,CH,CH,

1I:R=H,R'=4Me,A=0

13:R=H,R'=4Et, A=CH,

16 : R=CL, R'=4 OEt, A=CH,

7,8,9,10,11,13 or 16

Scheme 1 General route employed in the synthesis of C-arylglucosides

to support early toxicology and preclinical studies, the inability to crystallize API
was of paramount concern.

Despite extensive investigation, a neat crystalline form of the API has not been
discovered, possibly due to the amphiphilic nature of the molecule. In addition, the
amorphous, foamy API becomes a tacky or gummy solid on exposure to moisture. A
syrupy, noncrystalline and hygroscopic form presented a formidable challenge to
the development team. A lack of sufficient control over the isolation and purification
of amorphous API, a high cost of goods, and unfavorable physical characteristics of
several intermediates provided motivation for the development of a new process and
anew final form for API, particularly to the nominated candidates 13, 14, 15, and 16,
which required significant quantity for toxicology and clinical studies.

While some derivatives of glucose (such as 17) can be expensive and as such not
realistic starting materials, we did realize the advantages of employing materials
from the naturally occurring chiral pool that eliminated the need to control four of
the five stereocenters present in the API. This strategy suggested that we should
retain the glycoside core of 17 or 18 as a starting material and explore protecting
group modifications to circumvent the adverse physical characteristics of the
intermediates in the original synthesis. In this manner, proper protecting group
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selection could offer cost advantages and improvements to the physical form of
certain intermediates for ease of isolation. A final desired change would entail the
discovery of a simple deprotection method to avoid the use of the hydrogenolysis
that was employed in the first generation synthesis.

Avoidance of chromatographic step for the final purification of the amorphous
API was critical. We discovered that per-acetylation of API, particularly for
compounds 13, 14, 15, and 16 yielded the corresponding tetraacetate 25 as a stable
and pure crystalline solid that was amenable to purification by crystalization. The
subsequent deprotection of this material to API (13, 14, 15, and 16) was facile and
the resulting purity was very high (>99.9 area percent purity). Although the
advantages presented by this crystalline derivative were apparent, there was a
concern that acetates would not be compatible with the organometallic chemistry
used to generate aglycone 17. As an alternative, we employed the transient protec-
tion of gluconolactone as the per-trimethylsilyl derivative [58—60], since the
trimethylsilyl groups would resist lithioaromatics at low temperature but could
also be cleaved during the work-up under mildly acidic conditions. Starting with

D-gluconolactone 21, silyl protection was achieved using TMSCI/N-methyl
morpholine in THF to give 21a. The work-up of this intermediate required a
carefully controlled process as its oily nature and sensitivity to moisture precluded
easy isolation. Therefore, the reaction mixture was diluted with toluene prior to
aqueous washes; the per-silylated lactone 21a was isolated as a solution. The
selection of toluene as solvent was critical as it efficiently extracted the product
and enabled azeotropic drying, required in the following step.

Bromo-aglycone 17 was transmetallated with nBuLi to form the lithiated species
17a which was reacted at —78°C with the solution of 21a prepared above to give
lactol 22. In this transformation, the toluene/THF solvent combination (3.5:1)
proved ideal for yield and product purity; in THF solvent, a competing silyl transfer
reaction dominates, forming trimethylsilyl-aglycone as a major by-product [61].

In all cases, lactol 22 was noncrystalline and problematic to isolate, therefore the
toluene solution of 22 was quenched into methanol/methanesulfonic acid. This
acidic quench served to: (1) neutralize any excess organometallic species, (2) pro-
mote in situ trans-ketalization with methanol, and (3) expedite concomitant
removal of the TMS protecting groups to produce crude solutions of methyl
glycosides 23. Intermediates 23 were typically amorphous, foamy solids. Extensive
investigation failed to produce crystalline forms of 23. Thus, after an aqueous work-
up, the solutions were dried via toluene azeotrope and further telescoped into the
following step. Toluene solutions of 23 were typically isolated in >83% yield.

Based on our previous investigations [58—60], acetate groups were chosen to
protect the hydroxyls in 23 since the reduction would provide advantageous crys-
talline per-acetylated API (13, 15 or 16). Toluene solutions of 23 were exhaustively
acetylated with Ac,O/TEA, catalyzed by DMAP, to generate solutions of
tetraacetate 24. Following quench of the remaining anhydride by aqueous phos-
phoric acid and aqueous work-up, the partially concentrated dry toluene solutions
were ready for the key transformation: reduction.
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A B potential beta face hydride attack

axial alpha face hydride attack

RARRRR

Fig. 6 Proposed stereochemistry of hydride attack

We screened a wide variety of anomeric reduction conditions, starting with acid-
catalyzed silyl hydride process. We investigated both Lewis and Bronsted acids as
potential alternatives to BF3¢Et,O along with triethylsilane as an alternative to the
tri-isopropyl derivative. While several alternative catalysts gave encouraging
results, we decided to retain BF;¢Et,O for a combination of cost, product purity,
and process robustness. The less expensive and more readily available triethylsilane
(Et3SiH) replaced triisopropylsilane (iPr3SiH) since the resulting isomer ratio
(>20:1, p:a) was similar.

The optimized process entailed dilution of toluene solutions of 24 with aceto-
nitrile followed by reduction with Et;SiH, BF;¢Et,0, and one equivalent of water.
Water is critical for the reaction to progress to completion; and we believe that
water and BF;°OEt, generate a strong Bronsted acid, such as H'BF;0H™~, which
accelerates [62, 63] the formation of an oxa-carbenium ion intermediate. These
strongly acidic conditions are essential to compensate for the deactivating effect of
the carbohydrate acetoxy-substituents. Based on the literature [64] and our own
studies [58—60], we believe that predominant axial hydride attack from the o-face
on the oxacarbenium ion intermediate “A” is preferred resulting in p-C-
arylglucosides 25 as the major products (>20:1 :). Intramolecular stabilization
via the C-2-acetate group (B) which would block the a-face does not seem to result
in B-hydride attack (Fig. 6).

The use of Et;SiH on scale presented safety concerns. Unreacted silane can
generate hydrogen gas in spent reaction streams, which would render the waste
streams more hazardous to storage and transport. To mitigate this risk,
2,2-dimethoxypropane was charged to the mature reaction mixture to quench
excess Et;SiH. After complete disappearance of triethylsilane by GC analysis,
aqueous work-up and crystallization of the product from ethanol produced a

2 Crystallographic coordinates and unit cell data (excluding structure factors) for 25, 26, 27, 28, 29
and r-Proline forms 13-P1, 13-P2, 13-P3, 13-TP have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication numbers CCDC 756030-756038.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/const/retrieving.html
(or from the CCDC, 12 Union Road, Cambridge CB21EZ, UK; fax + 44 1223 336033; e-mail
deposit@ccdc.cam.ac.uk).
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Scheme 2 Synthesis of tetraacetate 25

~74% yield of the final intermediates 25 (>98.6 HPLC AP purity). Saponification
of tetraacetates 25 (aq. NaOH/EtOH) produced API (13, 14, 15, and 16) as
amorphous powders (Scheme 2).

To solve the isolation and final crystal-form issues of the amorphous,
amphiphatic drug substances 13, 14, 15, and 16, we first attempted traditional
high-throughput crystallization screening studies, testing different solvents, sol-
vent/antisolvent combinations and temperatures. These studies failed to produce a
crystalline form. Subsequently, we focused on a co-crystallization approach [65]
based on understanding of the structure of the drug substances. Although in
principle virtually any pair of molecules may co-crystallize [66], we reasoned
that another molecule containing structural elements that could favorably interact
with both components of the drug substances should enhance the probability of
crystallization. An amphiphilic co-crystallization component might interact with
both the polar hydroxyls and the hydrophobic hydrocarbon regions of B-C-
arylglucosides (13, 14, 15, and 16). The ideal co-crystallization component would
be a GRAS (Generally Regarded as Safe) list compound, mitigating safety con-
cerns. We identified several natural amino acids as possible partners for
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Fig. 7 X-ray structure of complexes 26, 27, 28, and 29

co-crystallization with 13, 14, 15, and 16 but concentrated on L-Phenylalanine.
These efforts provided crystal forms (complexes) 26, 27, and 28, each composed of
1 mol of drug substance + 1 mol L-phenylalanine + 1 mol of water. In case of
dapagliflozin, 16, the L-Phenylalanine complex was isolated but its physical prop-
erties were deemed not suitable for development. An S-propylene Glycol (S-PG),
29, complex was also identified. Crystals of 29 are fine needles that are stable under
ambient conditions.

The structures of these hydrogen bonded complexes could only be solved from
synchrotron X-ray diffraction data of the very fine, hair-like crystals (see footnote
2). The S-PG complex, comprised of 1 mol of drug + 1 mol S-PG + 1 mol of water,
was found to be stable and suitable for development; in addition, it provided a
significant weight advantage over the other complexes. Thus, the S-PG form was
chosen for development (Fig. 7).
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R’

25 Crystalline

aq. NaOH/EtOH or MeOH

amorphous 1. AcOH quench
1. EtOH/ water 2. iPrOAc/ S-PG
2. L-Phenylalanine 3 Seeds
3. Seeds

L—Phen{/lalanine R" S—Prop);lene glycol R"
H,0 )

26R'=H,R"=Et H0

27R'=CI, R"=Et 29 R'=CI, R"=OEt

28R'=CI, R"=SMe

Scheme 3 Synthesis of co-crystalline complexes 26, 27, 28, and 29

Stable crystalline complexes with L-proline and p-phenylalanine were also
prepared and their structures (see footnote 2) were determined via single X-ray
analysis. The power of such “foreign” agents as co-crystallization “partners” in
assembling crystal structures of pharmaceutical products that alone crystallize with
difficulty (if at all) has been increasingly recognized in recent years (dedicated issue
on “Pharmaceutical Co-crystal” please see: [67]).

The final step of the synthesis consists of deprotection of the acetyl protecting
groups and formation of the crystalline complex. In contrast to the hydrogenation
required to cleave the benzyl protecting groups of the final intermediate in the first
generation synthesis (Scheme 1), the final step now required only aqueous base to
remove the acetates. The saponification is rapid and irreversible and can be
performed under a wide range of reagent concentration and temperature conditions.
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There are no potential side reactions in this process which can impact the
stereochemical integrity of the compound. Thus, in the final step the quality of
the product was effectively preserved. Essentially no process changes were required
to scale up the final intermediate 25. Deacetylation using EtOH or MeOH and
aq. NaOH (Scheme 3) followed by neutralization with aq. HCI to pH 7 generated a
solution of compounds 13, 14, 15, or 16 which was converted to the final complexes
26,27, 28, or 29 respectively and crystallized as a monohydrate. After filtration and
drying, the isolated product was obtained in 80-88% yield with 99.9 HPLC Area
Percent purity.

In summary, a robust and practical synthesis of p-/C-arylglucosides was devel-
oped that includes a co-crystalization approach with L-Phenylalanine or
S-Propylene glycol to circumvent isolation and purification challenges.

3 Summary, Conclusions, Outlook

In summary, B-1C-arylglucosides were identified as potent SGLT-inhibitors that are
significantly more stable than their O-glycosides counterparts. Initial SAR studies
of benzylaryl-O-glucosides led to discovery of C-arylglucosides that showed
greater selectivity towards SGLT2 versus SGLT1 with increased metabolic stabil-
ity. Further exploration of the in vivo SAR studies allowed us to identify superior
SGLT?2 inhibitors based on a p-/C-arylglucoside with a diarylmethane moiety and
C-4 and C-4 substitutions. Through this investigation, PB-/C-arylglucoside
dapagliflozin 16 was identified as a potent and selective ASGLT?2 inhibitor with
an ECsy for ASGLT?2 of 1.0 nM and 1,600-fold selectivity over ASGLT. Initial
toxicological studies, combined with a favorable ADME profile and vivo data, led
to development of dapagliflozin 16 as a drug for the treatment of type 2 diabetes.
Multiple placebo-controlled clinical trials demonstrated safety and efficacy of
dapagliflozin. The results showed patients receiving dapagliflozin experienced
improved glucose control, benefits of weight loss, and reductions in systolic
blood pressure. The glucose-lowering effect of dapaglifiozin occurs on a back-
ground of insulin or oral glucose-lowering agents, indicating that the mechanism of
action is complementary to other antidiabetic therapies. Dapagliflozin was
approved by the Australian TGA and the European Commission under the brand
name Forxiga™ in a 10 mg daily dose (5 mg starting dose for severe hepatic
impairment) as oral monotherapy for the treatment of diabetes. It was also approved
by the US Food and Drug Administration (FDA) under the brand name Farxiga™,
as a once-daily oral treatment to improve glycemic control in adults with type
2 diabetes. In addition, the European Commission granted Marketing Authorization
for a fixed dose combination product of dapagliflozin and metformin hydrochloride,
two anti-hyperglycemic products with complementary mechanisms of action to
improve glycemic control, in a twice daily tablet (5 mg/850 mg and 5 mg/1,000 mg
tablets) under the brand name Xigduo™. This is the first regulatory approval for a
fixed dose combination of an SGLT?2 inhibitor and metformin.
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Abstract Over the last decade, the family of galectin proteins has been identified
as key regulators of important biological processes. They bind p-p-galacto-
pyranoside residues in glycoconjugates, and by presenting multiple binding sites,
within one galectin or by forming dimers or multimers, they can cross-link glyco-
proteins and form galectin-glycoprotein lattices. Such lattices formed on the cell
surface or in vesicles have been shown to control, for example, surface residence
time and signaling by receptors. Hence, compounds modulating galectin binding to
their glycoprotein ligands are of potential clinical interest. This chapter describes
the design and development of disubstituted thiodigalactoside derivatives that form
optimal interactions with the galectin-3 binding site resulting in double-digit
nanomolar affinities. Studies are discussed in which such galectin-3-modulating
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compounds have been important in elucidating galectin-3 mechanisms, including
galectin-3 trafficking, cancer, inflammation, fibrosis, and angiogenesis. Medically
relevant models using the galectin-3 modulators in characterizing macrophage
alternative activation and chronic inflammation, myofibroblast activation and fibro-
sis, and ocular angiogenesis are discussed in more detail. In summary, the high
galectin-3 affinity and definitive effects in relevant models of the disubstituted
thiodigalactosides identify them as promising as lead compounds for drug devel-
opment, albeit leaving a challenge in terms of optimizing PK/ADME properties.

Keywords Angiogenesis, Cancer, CD98, Fibrosis, Galectin, Macrophage,
Modulator, Myofibroblast, Small molecule, TGF-p, VEGF

Contents

I INtrodUCtioN .. ...t 97
Galectin CRD Structure and Ligand Subsites ............uuuuuuiniiiiiiiiiiiiiiaaaa et 99

3 Galectin MOdUIALOLS ......ueiitt it 100
3.1 Small Molecule Galectin-3 Modulators Targeting Subsites A—D ................... 101
3.2 Small Molecule Galectin Modulators Targeting Subsite C-E ....................... 104
3.3 Small Molecule Galectin Modulators Targeting Subsites A—E ..................... 104
3.4  Small Molecule Galectin Modulators Targeting Alternative Subsite Combinations 106

4 Galectin-3 Modulator Biological Effects ... 106
4.1 Galectin-3 Modulators in Chronic Inflammation and Fibrosis ...................... 108
4.2 Galectin-3 Modulators in ANZIOZENESIS ...ttt eeee e eeeeeeaaaans 113

5 Summary, Conclusions, OUutlooK ..............uiiiiiiiiiiiiiii i e 115

REfETENCES .. ...t 115

Abbreviations

ADME Absorption-distribution-metabolism-excretion

ApoE Apolipoprotein E

bFGF Basic fibroblast growth factor

CD31 Cluster of differentiation 31 protein

CD8 Cluster of differentiation 8 protein

CD98 Cluster of differentiation 98 protein

CRD Carbohydrate recognition domain

DMSO Dimethylsulfoxide

EGF Epidermal growth factor

EGF-R Epidermal growth factor receptor

EMT Epithelial-mesenchymal transition

FDA Food and Drug Administration
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galectin-9N  Galectin-9 N-terminal domain

Grb2 Growth factor receptor-bound protein 2
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1L4 Interleukin 4

IPF Idiopathic pulmonary fibrosis

IRS-1 Insulin receptor substrate- 1

JAK Janus kinase

K4 Dissociation constant

LacNAc N-acetyllactosamine

Mgat5 B1,6-N-acetylglucosaminyl transferase 5
MHC-1 Major histocompatibility complex 1
MMFFs Merck molecular force field s

PBS Phosphate buffer saline

PDB Protein data bank

PI3K Phosphatidylinositide 3-kinase

PK Pharmacokinetic

siRNA Small interfering ribonucleic acid

Smad?2 Mothers against decapentaplegic homolog 2
Smad3 Mothers against decapentaplegic homolog 3
STAT6 Signal transducer and activator of transcription 6
TCR T-cell receptor

TGEF-p Transforming growth factor 8

TGF-pRII Transforming growth factor p receptor 2
Th2 Type 2 helper T cell

VEGF Vascular epithelial growth factor

VEGF-R Vascular epithelial growth factor receptor
VEGF-RII  Vascular epithelial growth factor receptor 2
WT Wild type

1 Introduction

Modulators in human health acting via chemical means have largely focused on
receptor messenger concentrations and downstream signal pathway enzyme activ-
ities. Disease related to too high or too low messenger levels has been counteracted
by the use of antagonists and agonists, respectively, of receptor activation. Virtually
no chemical modulators have targeted the concentration, localization, or availabil-
ity of active receptors, although such targeting in principle could be viewed as an
equally valid strategy. The biological mechanisms behind the control of concen-
tration, localization, and availability of receptors and other glycoproteins on cell
surfaces and intracellularly have during the last decade been the subject of a number
of ingenious studies and a coherent picture related to protein glycosylation is
emerging [1-4]. A key aspect in this picture is lectins that by interacting with
glycoprotein glycans influence glycoprotein localization and/or interactions with
their binding partners, thus influencing glycoprotein biological activities. The
family of galectin proteins appears to play a central role in such mechanisms.
Galectins are small soluble proteins defined by a carbohydrate recognition
domain (CRD) with affinity for f-galactose and a conserved amino acid sequence
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motif [5, 6]. One galectin type consists of only one ~130 aa CRD with little other
sequence, which may form dimers over a certain concentration; they are also named
prototype and include galectin-1, -2, -5, -7, -10, -11, -13, -14, and -15 in mammals.
Another galectin type has two different CRDs in the same peptide chain joined by a
linker peptide sequence; they are also referred to as tandem-repeat galectins and
include galectin-4, -6, -8, -9, and -12 in mammals. Galectin-3 has one CRD and an
unusual ~100 aa N-terminal domain containing in glycine, proline, and tyrosine
rich repeats. It is the only galectin of this chimeric type in vertebrates, but other
chimeric galectins occur in invertebrates. The N-terminal domain of galectin-3
confers efficient oligomerization of the protein upon ligand encounter and is
required for many of its biological effects. Galectin-3 is often depicted as a
pentamer in recent reviews, but the evidence for this is weak [7] and alternative
models of oligomerization have been proposed [8]. Dimerization of prototype
galectins, oligomerization of galectin-3, and the dual CRD of tandem-repeat
galectins allow for cross-linking of glycoproteins carrying galectin-binding glycans
and formation of membrane-associated lattices [1—4]. Lattice formation between
glycoproteins and galectins has been observed [9] and is suggested to influence cell
surface residence time and thus activity of receptors, interactions between different
glycoproteins, and organization of glycoproteins in vesicles (lysosomes) targeting
extracellular locations. Altogether, galectins are thus different from other mole-
cules modulating glycoproteins (e.g., a cytokine specifically activating one
membrane-bound receptor) in that they influence cellular signaling rather than
inducing it and that a galectin can modulate several different glycoproteins as
long as the glycoprotein carries a common glycan structural motif. Hence, such
modulation depends on the particular galectin expressed and enzymatic glycan-
producing activities in a certain situation. Selected important and medically rele-
vant examples of galectin-3 lattices roles include organizing non-raft glycoprotein
cargo in vesicles targeting the apical membrane in epithelial cells, retention of
EGF-R, TGF-p-R, CD98, TCR, and VEGF-R at the cell surface modulating down-
stream effects, and prevention of TCR co-localizing with CD8 required for MHC-1
binding and immunological synapse formation (Table 1). Other galectins are also
interesting targets for medical therapy, but they will not be covered in detail here.
At the cellular level also other galectins are likely to have the role in directing
intracellular glycoproteins and forming membrane lattices as described for
galectin-3, but different based on their different fine specificity. At the tissue and
organismal level, galectin-1, the most studied, has mainly drawn attention because
of its immunosuppressive [20] and pro-angiogenic activities [21]. The immuno-
suppressive effect is proposed to be due to induction of apoptosis in certain
activated T cells and also to effects on dendritic cells. Inhibition of the carbohydrate
recognition site of galectin-1 has been proposed to have anticancer effects by
preventing tumor immune evasion [22]. Galectin-1 itself may act as an immuno-
suppressive agent in autoimmune disease [20]. The pro-angiogenic effect may also
be inhibited by the antiangiogenic peptide anginex, which interacts with galectin-1,
although the exact mechanism remains unknown [23-25]. Some studies suggest
that biological effects of some plant polysaccharides are due to interaction with
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Table 1 Selected examples of galectin-3 lattice formation with glycoproteins and proposed
effects

Glycoprotein Cell or cell function Physiological effect

Non-raft glycopro-  Epithelial cells -
teins [10, 11]

EGF-R [12] Cell growth Tumor growth
CD98 [13] M2 macrophages Excessive fibrosis in chronic inflammation
TGF-f [14] Myofibroblasts Excessive fibrosis in chronic inflammation
TCR [15-17] Cytotoxic tumor-infiltrating ~ Immunosuppression in cancer

T lymphocytes
VEGF-R [18, 19] Angiogenesis Excessive neovascularization in eye

another site, different from the canonical carbohydrate recognitions site, on
galectin-1 [26]. Galectin-9 also has immunosuppressive effects and most attention
has been given to its interaction with the ligand Tim-3 to promote regulatory T cells
[27], although this interaction has been called into question [28]. The other
galectins have been studied much less, but it is likely that also they are potentially
interesting therapeutic targets by different or similar mechanisms as found for
galectin-1, -3, and -9, specified by the different carbohydrate-binding fine specific-
ity and tissue expressions in each case [29]. Altogether, these observations point to
galectins being relevant targets for modulation in clinical situations.

This chapter summarizes our chemistry effort over the last decade towards
development of small-molecule galectin-antagonizing modulators that target spe-
cific subsites, as well as recent examples of effects of such modulators in medically
relevant systems of cancer [30, 31], fibrosis [13, 14], angiogenesis [18, 19], and
inflammation [13, 32, 33]. The antagonist development described below is largely
focused on galectin-3 since a number of medically relevant functions have been
suggested for this galectin and since structural data was published [34] early for this
galectin.

2 Galectin CRD Structure and Ligand Subsites

The galectin CRD is of a B-sandwich type with two antiparallel B-sheets and an
extended groove or valley along one of the f-sheets forms the carbohydrate binding
site [35] which is long enough to hold about a tetrasaccharide. For orientation, it
may be described in terms of the subsites A-E in order to facilitate analysis and
discussions on ligand binding [6, 36—38] (Fig. 1). The subsite C is the galectin-
defining p-p-galactoside-binding site and is built largely from the conserved amino
acid sequence motif. Subsites A-B extend from the p-p-galactopyranoside HOs,
these two sites are structurally more varied than subsite C, and this structural
variation in subsites A—B among the galectins confers different selectivities
towards natural complex glycoconjugate ligands. Subsite D harbors a second
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Fig. 1 Visualization of a
high-resolution X-ray
structure of galectin-3 CRD
in complex with lactose
([39], PDB id 3ZSJ). The
figure was generated with
PyMOL Molecular
Graphics System (Version
1.5.0.4 Schrédinger, LLC)

pyranose moiety that consistently provides one secondary hydroxyl for hydrogen to
the CRD. This subsite D pyranose is most commonly glucose or N-acetylglu-
cosamine as in lactose and LacNAc, but can also be other pyranoses. Subsite E
typically does not form critical interactions with endogenous saccharides but may
be important for interactions with aglycons or synthetic structures.

Galectin-3C does easily and reproducibly crystallize in complex with natural and
synthetic ligands, and a recent study reported ultra-high-resolution structures of apo
galectin-3C and its complex with glycerol and lactose of 1.08, 0.9, and 0.86 A reso-
lution, respectively (Fig. 1) [39]. The near atomic ultrahigh resolution also revealed
anumber of water sites in the apo structure. These water sites occupied positions that
in the glycerol and lactose complexes were occupied with ligand oxygens or, in a few
positions, carbons. Furthermore, dynamic simulations did identify water sites that
agreed with the crystal structure data [39]. Hence, the galectin-3C binding appears to
be pre-organized to recognize a sugar-like framework of atoms.

An overall reflection is that the fB-sheet spanning the comparatively shallow
CRD-binding valley comprising of subsites A—E does not resemble a so-called
drugable binding site, which are typically smaller and deeper with significant
hydrophobic character providing efficient affinity-enhancing interactions with a
larger part of a ligand surface. Hence, in this respect, development of galectin-
modulating small synthetic molecules can be regarded as a major challenge.

3 Galectin Modulators

Various strategies for modulating or inhibiting galectin activities have been devel-
oped and investigated involving natural saccharides and fragments thereof (e.g.,
LacNAc and lactose), modified polysaccharides [40—43], glycodendrimers [44—46],
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antibodies, siRNA, agonistic peptides [25, 47-49], antagonistic peptides [50-57],
dominant negative fragments (e.g., the C-terminal CRD of galectin-3) [58, 59], and
synthetic small molecule antagonists. The latter has typically been investigations
with synthetically modified carbohydrate derivatives by others [60—69] and by us
targeting subsites A—B, C, D, or E, or several subsites simultaneously [70-92]. This
has been reviewed elsewhere [93-96]. Glycosylation with glycosyltransferase
inhibitors also serves as a possible route to indirectly enhance or diminish galectin
binding to glycoproteins.

Natural saccharides, polysaccharides, and fragments thereof can have the advan-
tage of being more readily available from natural sources, but suffer from the
drawbacks of large size, high polarity, and hydrolytic lability. Glycodendrimers
can confer high affinity but mostly also have the drawback of large size and high
polarity. Antibodies are attractive due to having high affinity and selectivity for a
specific galectin, but suffer from disadvantages associated with protein structures,
such as size, production challenges, limitation to extracellular activity, and short
in vivo half-life. Furthermore, for example, galectin-3 antibodies typically do not
interfere with carbohydrate ligand binding. Dominant negative fragments suffer
from the same protein-associated disadvantages. From a pharmaceutical develop-
ment view, small molecules are particularly attractive due to more straightforward
route towards optimal pharmacodynamics/pharmacokinetic profile by means of
synthetic modifications. Research on small molecule galectin modulators is exem-
plified below based on the discoveries and developments of structural motifs
interacting with each of the subsites A—B and D—E while retaining the core subsite
C-binding p-p-galactopyranose structure intact.

3.1 Small Molecule Galectin-3 Modulators Targeting
Subsites A-D

The first galectin-3 X-ray structure [34] made it evident that the groove extending
from O3’ of bound LacNAc disaccharide forming subsites A-B (Fig. 1) was an
attractive target for accommodating affinity-enhancing ligand structural modifica-
tions. Fortunately, the core subsite C-bound galactose HO3 does not form any
critical direct hydrogen bonds to galectin-3, which promised that chemical manip-
ulation of galactose O3 or C3 would be well tolerated by galectin-3. Indeed, already
the first studies of C3’-modified LacNAc derivative compounds with significantly
enhanced affinity were identified [84, 85] (Fig. 2a—c). While compounds carrying a
variety of anionic moieties at the LacNAc C3’ were intended to ion pair with
galectin-3 Argl44, the best compounds were identified among a panel of randomly
selected LacNAc C3’-benzamides. A C3’ 2,3,5,6-tetrafluoro-4-methoxy-benzamide
[86] derivatization proved to be particularly beneficial with almost two orders of
magnitude affinity enhancement over the parent LacNAc disaccharide structure
(Fig. 2¢) [84]. A larger collection of second-generation LacNAc C3’-benzamide
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Fig. 2 Selected examples
of LacNAc and galactose-
derived structure binding
subsites A—D: 3/-ethers
[85], 3’-amides [84, 86],
3/-thioureas [83], and
3/-triazoles

[81, 82]. LacNAc is shown
for reference
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Fig. 3 Visualization of an
X-ray structure the galectin-
3 CRD complexing a
3’'-benzamido-LacNAc
derivative binding subsites
A-D ([84], PDB id 1KJR).
The Argl44 side chain
stacking face-to-face onto
the left-hand
3,5-dimethoxybenzamide is
illustrated in mesh. The
figure was generated with
PyMOL Molecular
Graphics System (Version
1.5.0.4 Schrodinger, LLC)

derivatives further improved the affinity for galectin-3, which is exemplified with a
2-naphthamido derivative in Fig. 2d. The X-ray structure of the subsite A-B
binding 3'-(2,3,5,6-tetrafluoro-4-methoxybenzamido)-LacNAc derivative
(Fig. 2¢), in complex with galectin-3 [84], revealed a surprise in that Argl44 had
undergone a conformational change moving the guanidinium functionality >2.5 A
to create a new pocket accommodating the 2,3,5,6-tetrafluoro-4-methoxy-
benzamide moiety (Fig. 3). This structural data demonstrated that LacNAc
3'-derivatizations indeed target and bind subsites A-B in galectin-3 and that it
enhances affinity significantly. The affinity enhancement was hypothesized to
mainly originate from a high surface complementary between the 2,3,5,
6-tetrafluoro-4-methoxy-benzamide moiety and the newly created pocket, specific
fluorine-amide carbonyl interactions [97, 98], highly favorable desolvation of a
heavily fluorinated structure, and to a arginine-n interaction. A later X-ray inves-
tigation of a complex between the corresponding unsubstituted 3’-benzamido-
LacNAc derivative and galectin-3 revealed a structure in which the Argl44 side
chain remained unmoved and the 3’-benzamido instead resided face-to-face
stacking onto Argl44 on the surface of the protein [99]. Hence, the structure and
electronic properties of the 3’-benzamido moiety apparently influence the subsite B
Argl44 conformation and thus the complex structure and this has to be taken into
consideration when designing novel galectin-3-modulating compounds.

Following the early discoveries of 3’-benzamido-LacNac derivatives showing
sub-uM affinity, other 3’-derivatizations proved to enhance affinity for galectins.
4-Carbamido- and 4-aryl-1,2,3-triazol-1-yl derivatives [81, 82] were about as efficient
binders of galectin-3 as the 3'-benzamides described above, while aryl-thiourea
derivatives displayed enhanced affinity towards galectin-7 and galectin-9N [83].

Recently in-depth studies of thermodynamics and structure of galectin-3-ligand
binding have revealed intriguing and to some extent counterintuitive features. An
NMR-relaxation study of 'C- and '’N-labelled galectin-3 CRD (galectin-3C)
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provided order parameters for backbone amide, arginine and tryptophan NH bonds,
as well as methyl CH bonds [99]. The order parameters in turn allowed for
estimation of the protein conformational entropy of apo galectin-3C and of three
ligand complexes, lactose and two 3C’-benzamido-LacNAc derivatives (Fig. 2b, c).
Ligand binding did increase galectin-3C conformational entropy to an extent
equaling the total enthalpy of binding. This may suggest that proteins that bind
polar and well-solvated carbohydrates have evolved to have a free energy of
binding to a larger extent being driven by protein conformational entropy increase
[99-101]. This suggests that further studies on how carbohydrate binding by pro-
teins influence protein dynamics is of importance and may provide key information
on how to efficiently design lectin antagonists.

3.2 Small Molecule Galectin Modulators Targeting Subsite
C-E

A key feature of galectin-ligand binding is that the f-face of the core p-b-
galactopyranoside residue stacks onto a conserved Trp residue. The opposite side
of the binding site, encompassing the a-face of the core f-p-galactopyranoside, is
lined up with 2-3 basic amino acid residues. In case of galectin-3, the three basic
amino acids are Argl44, Argl62, and Argl86. The Argl44 was involved in
affinity-enhancing stacking with the aromatic moiety of the 3’-benzamido-LacNAc
compounds described above. The highly conserved Argl86 in galectin-3,
corresponding to Arg74, Argl86, Arg75, and Arg87 in galectin-1, -3, -7, and
-ON, respectively, lies beneath the N-acetyl of bound LacNAc, which lead to the
hypothesis that an Argl86-arene interaction could be created with aromatic 2-O-
esters, i.e., compounds binding subsites C-E (Fig. 4). Computer modeling
supported this hypothesis (Fig. 5) and synthetic aromatic 2-O-esters did show
almost two orders of magnitude higher galectin-3 affinity than the parent lactoside.
Thus, aromatic substituents at 3’- or 2-position of lactosides or LacNAc both do
form greatly affinity-enhancing interactions with conserved arginine side chains in
subsites A-B and E in the galectin-3 binding site. These observations point to the
possibility of obtaining even further improved galectin-3 binding ligands by design-
ing novel molecules that present properly positioned aromatic rings interacting with
both Argl44 and Argl86.

3.3 Small Molecule Galectin Modulators Targeting Subsites
A-E

Thiodigalactoside (di-p-p-galactopyranosyl sulfane) can be regarded as a lactose or
LacNAc mimic. Indeed, in experiments where thiodigalactoside has been
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Subsite
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Fig. 4 Example of a lactoside ester binding subsite C-E [72]. The galactoside binds subsite C and
the glucoside subsite D, while the benzoate aromatic ring stacks face-to-face onto Argl86 in
subsite E of galectin-3

Fig. 5 A model of the galectin-3 CRD complexing a lactoside ester binding subsite C-E. A
3,5-dimethoxybenzoate stacking face-to-face onto a m-surface, created by in-plane Glu-Arg-Glu
ion pairs, is illustrated with mesh. The model was built from an X-ray structure of galectin-3 CRD
in complex with LacNAc (PDB id 1KJL [84]). A n-surface, created by in-plane Glu-Arg-Glu ion
pairs, stacking face-to-face with one 3,5-dimethoxybenzamide, is illustrated in mesh. Modeling
was performed with the MMFFs force field with water implemented in MacroModel (version 9.1,
Schrodinger, LLC, New York). The figure was generated with PyMOL Molecular Graphics
System (Version 1.5.0.4 Schrodinger, LLC)

co-crystallized with both galectin-1 [31] and galectin-3 [91], the thiodigalactoside
occupies subsites C—D. One galactopyranose expectedly binds the core galactose
subsite C and the second galactopyranose binds subsite D with its 2-OH forming a
hydrogen bond analogously to 3-OH of lactosides or LacNAc. A 3,3'-disubstituted
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thiodigalactoside bound to the galectin-3 subsites C—D would thus place its two
substituents in ideal positions to stack with Argl44 and Argl86 to create double
arginine—arene interactions. This hypothesis was verified by synthesizing
3,3'-benzoyl-[75] and 3,3’-bis-benzamido-thiodigalactosides [73, 74], which
indeed had strong affinities for galectin-3 down to sub-pM and double-digit
nanomolar, respectively (Fig. 6a, b). The 1,2,3-triazol-1-yl substituents, earlier
proven to be as efficient affinity enhancers as 3-benzamides towards galectin-3,
were also implemented on the thiodigalactoside core [14, 32, 81, 82] (Fig. 6¢, d),
which resulted in even further improved affinity for galectin-3, but at the same time
also with less selectivity as galectin-1 was inhibited with equal affinity.

With nanomolar affinities for galectin-3, the 3,3’-bis-benzamido- and
3,3'-bis-1,2,3-triazol-1-yl thiodigalactosides constitute powerful research tools for
elucidating galectin biology mechanisms as well as being promising lead structures
for development of galectin-modulating drugs.

3.4 Small Molecule Galectin Modulators Targeting
Alternative Subsite Combinations

While the nanomolar galectin-3 modulator binding subsites A—E have been used to
investigate galectin-3 functions and mechanisms in biological systems (vide infra),
compounds targeting subsites C—D and A-D with noncarbohydrate subsite D
binders [87, 88] C-C’ and C-C’-D with galactosides [77, 79] or talosides [70, 76,
80, 91] presenting nonsugar groups in subsite C' (perpendicular to subsite C) and
A—C with f-mannosides [89] have been developed. None of these compounds have
hitherto been used in biological systems due to their weaker affinities for galectins.
However, it is probable that further development of such compounds may lead to
smaller molecules with acceptable PK/PD space that will appear in future galectin
biology investigations (Fig. 7).

4 Galectin-3 Modulator Biological Effects

A large number of studies using galectin-modulating natural saccharide fragments
and polysaccharides in biological in vitro and in vivo assays and model have been
instrumental in contributing to the current understanding of galectin functions and
mechanisms. The small synthetic subsite A—E binding molecules described above
have been used to a lesser extent, but have, however, been employed to demonstrate
carbohydrate-dependent galectin functions in highly clinically relevant systems,
e.g., endocytosis, tumor migration, tumor cell apoptosis, antitumor immunity,
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experimental hepatitis, pancreatic islet cell apoptosis, macrophage differentiation,
myofibroblast activation, and angiogenesis (Table 2). The latter three are examples
with a clear clinical need due to lack of satisfactory treatments of fibrotic diseases
and ocular angiogenesis, and they are discussed more in detail below.
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Fig.7 A model of the galectin-3 CRD complexing a 3,3'-dibenzamido-thiodigalactoside binding
subsites A—E. The model was built from an X-ray structure of galectin-3 CRD in complex with a
3'-benzamido-LacNAc derivative (PDB id 1KLR [84]). A z-surface, created by in-plane Glu-Arg-
Glu ion pairs, stacking face-to-face with the right-hand 3,5-dimethoxybenzamide and Argl44
stacking face-to-face onto the left-hand 3,5-dimethoxybenzamide, is illustrated in mesh. Modeling
was performed with the MMFFs force field with water implemented in MacroModel (version 9.1,
Schrodinger, LLC, New York). The figure was generated with PyMOL Molecular Graphics
System (Version 1.5.0.4 Schrodinger, LLC)

4.1 Galectin-3 Modulators in Chronic Inflammation
and Fibrosis

Fibrotic diseases represent a significant clinical need that to a large extent still today
is unmet. Cellular and molecular mechanisms are complex and involve a number of
different cells and signaling pathways [104]. Fibrosis can be considered to be
dysregulated wounding response to chronic injury characterized by myofibroblast
activation and extracellular matrix deposition leading to scarring and organ dys-
function (reviewed in Wynn and Ramalingam [104]). This general response under-
lies the pathophysiology of many common diseases, including cardiovascular
disease, cancer, and chronic diseases of the liver, lung, and kidney. There are
very few therapeutic options for the treatment of fibrosis and there are currently
no FDA-approved anti-fibrotic therapies. Transplantation remains the only option
for end-stage disease so the characterization of novel anti-fibrotic therapies is
urgently required.

In recent years, it has become clear that galectin-3 has profound effects on tissue
fibrosis in a variety of organs [14, 105-107]. Using mice deficient in galectin-3, it
was observed that there was reduced collagen accumulation in experimental models
of fibrosis of the liver, kidney, lung, and blood vessels. In WT animals and in human
fibrotic disease, there is an increase in galectin-3 expression within the areas of
scarring (Fig. 8).
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Table 2 Small molecule galectin modulators in experiments demonstrating roles of galectin-3
carbohydrate binding

Galectin-3 inhibitor (see

Fig. 4) Cell or animal organ Effect

3,3'-Ditriazolyl thiodiga- M2 macrophages Galectin-3 endocytosis attenuated
lactoside [102]

3,3'-Benzoyl thiodiga- Lung and prostate tumor ~ Tumor cell motility attenuated
lactoside [75] cell lines

3,3-Ditriazolyl thiodiga- Thyroid tumor cell line Enhanced sensitivity to proapoptotic
lactoside [30] drug

Thiodigalactoside [31] Mouse breast cancer Stimulation of antitumor immunity

model

3,3'-Ditriazolyl thiodiga- Mouse liver Attenuation of conA-induced
lactoside [32] hepatitis

3,3'-Ditriazolyl thiodiga- Mouse pancreas Attenuation of pancreatic islet cell
lactoside [33] apoptosis

3,3’-Benzamido thiodiga- M2 macrophages Attenuation of macrophage M2
lactoside [13] polarization

3,3'-Ditriazolyl thiodiga- Mouse lung Attenuation of bleomycin-induced
lactoside [14] lung fibrosis

3,3-Ditriazolyl thiodiga- Mouse eye Reduced neovascularization in eye

lactoside [103]

Although the myofibroblasts themselves upregulate galectin-3 expression [106],
the source of galectin-3 in diseased organs may be principally derived from tissue
resident and recruited immune cells principally macrophages [13, 105]. Macro-
phages are key cells which orchestrate the evolution and resolution of fibrosis in
liver [108, 109], kidney [105], and lung [110], and galectin-3 has been shown to
induce macrophage differentiation towards a pro-fibrotic phenotype leading to the
promotion of scar formation [13] (Fig. 9). Moreover the key roles of macrophage
differentiation in kidney [105] and of bone marrow-derived, lung, and peritoneal
macrophages [13] and myofibroblast differentiation in hepatic [106], lung [14, 91],
and cardiac fibrotic development are linked to enhanced galectin-3 expression. This
has raised the question of whether the role of galectin-3 in the macrophages/
myofibroblast axis during fibrotic development is carbohydrate dependent and
may be amenable to modulation by galectin-3 CRD-binding molecules.

4.1.1 Modulating Macrophage M2 Differentiation

Classical macrophage differentiation (M1-polarization) and function are associated
with acute inflammatory processes resulting in eradication of, e.g., pathogens and
tumor cells. The wound-healing phase on the other hand is characterized by
alternative macrophage M2 polarization, which eventually leads to tissue
remodeling and fibrosis. M2 polarization is stimulated by the Th2 cytokines IL-4
and IL-13 inducing their respective receptor dimerization, which in turn activates
JAK tyrosine kinases resulting in STAT6 and insulin receptor substrate-1 (IRS-1)
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Fig. 8 Galectin-3 expression in WT and collagen deposition in WT and galectin-3-/-fibrotic
mouse tissue (/eft). Galectin-3 expression in normal (/eft) and fibrotic (right) human liver (cirrho-
sis), kidney (glomerulonephritis), and lung (usual interstitial pneumonia (UIP))
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Fig. 9 Alternatively activated macrophages (YM-1 positive) are recruited to the injured areas of
lung (bleomycin), artery (ApoE—/—), and kidney (unilateral ureteric obstruction) in WT but not
galectin-3—/— mice
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Fig. 10 Proposed mechanism for a carbohydrate-dependent galectin-3 feedback loop in macro-
phage M2 polarization and its modulation by a small molecule binding galectin-3 subsites A—E
with nanomolar affinity [13]. IL4- and IL13-induced activation of macrophages leads to PI3K
activation and STAT6 phosphorylation and nuclear translocation, which in turn induce galectin-3,
mannose receptor, and arginase expression. Extracellular galectin-3 cross-links CD98, which
enhances CD98 binding to integrins and thus even further PI3K activation

family phosphorylation. Nuclear translocation of phosphorylated STAT6 initiates
transcription and phosphorylated IRS-1 activates PI3K and Grb2. Galectin-3 and
arginase are key genes upregulated during M2 polarization. Galectin-3 is known to
bind cell surface CD98, an inflammation-related transmembrane glycoprotein that
is highly expressed in macrophages [111]. CD98 in turn associates with 1 integrins
leading to further enhanced PI3K activation. Activation of arginase leads to
increased arginine catabolism and polyamine and proline production (required
for collagen production by myofibroblasts, vide infra). Furthermore, macrophages
are a significant source of TGF-p, a central regulator of myofibroblast activation
and fibrosis (vide infra). On a cellular level, it was observed that M2 polarization
of bone-marrow-derived macrophages in vitro and resident lung and recruited
peritoneal macrophages in vivo was reduced in galectin-3-deficient mice
[13]. These observations were also corroborated by the discovery that a subsite
A-E nanomolar-binding galectin-3 modulator (bis-(3-deoxy-3-(3-methoxy-
benzamido)-p-p-galactopyranose) sulfane, Fig. 6) blocked M2 polarization
(Fig. 10). Altogether, these data suggest that macrophage M2 polarization is
enhanced by a carbohydrate-dependent galectin-3 feedback mechanism, which
points to galectin-3 being a relevant target within the galectin-3/CD98/PI3K path-
way for therapeutic strategies based on small molecules modulating galectin-3
carbohydrate binding for treating chronic inflammation, fibrosis, and possibly
cancer.
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Fig. 11 Subsite A-E nanomolar-binding galectin-3  modulator  (bis-(3-deoxy-3-
(4-(3-fluorophenyl)-1,2,3-triazol-1-yl)-pB-p-galactopyranose) sulfane, Fig. 6) was administered
LT during the fibrotic phase of bleomycin-induced murine lung fibrosis. Mice treated with
inhibitor showed decreased fibrosis score and lung collagen content [14]

4.1.2 Modulating Myofibroblast Activation and Fibrosis

Galectin-3 expression is consistently enhanced in fibrotic tissue (vide supra) and
lung macrophages are known as a major source in pulmonary inflammation and
fibrosis. Mice deficient in galectin-3 were demonstrated to display a marked
decrease in pulmonary fibrosis in two models, fibrosis induced by bleomycin or
by the pro-fibrotic cytokine TGFf [14]. This result was also mirrored in an
experiment where TGFBRII cell surface residence and pulmonary fibrosis were
greatly decreased by treatment with a subsite A—E nanomolar-binding galectin-3
modulator (bis-(3-deoxy-3-(4-(3-fluorophenyl)-1,2,3-triazol-1-yl)-p-p-galactopy-
ranose) sulfane, Fig. 6) during the fibrotic phase of bleomycin-induced injury
(Fig. 11).
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Fig. 12 Proposed mechanism for a carbohydrate-dependent galectin-3-mediated enhancement of
TGFp signaling and its modulation by a small molecule binding galectin-3 subsites A—E with
nanomolar affinity [14]

While TGFf is known to induce epithelial to mesenchymal transition (EMT),
myofibroblast activation, and collagen production via downstream signaling
involving Smad2 and Smad3 phosphorylation, galectin-3 deletion or inhibition
had no effect on Smad phosphorylation. However, f-catenin phosphorylation and
B-catenin nuclear translocation were reduced suggesting a link between TGFPRII
galectin-3 binding and the noncanonical Wnt/p-catenin pathway, which is com-
monly aberrantly activated in idiopathic pulmonary fibrosis (IPF). It was hypoth-
esized that TGFPRII-galectin-3 interactions and lattice formation enhance
TGFp-retention at the cell surface promoting f-catenin activation (Fig. 12). To
sum up, galectin-3 manifests itself as a unique anti-fibrosis target as it is rate
limiting for fibrotic activities by two key cell types in the development of fibrosis,
M2-polarized macrophages, and myofibroblasts. This is of great clinical importance
with respect to IPF, as this chronic condition is today lacking efficient methods for
treatment and rapidly decreases lung function and thus ultimately leads to respira-
tory failure and death.

4.2 Galectin-3 Modulators in Angiogenesis

Formation of new blood vessels, angiogenesis, is a process needed for a variety of
normal organism function as well as for progression of a large number of patho-
logical states, including ocular diseases. Angiogenesis is initiated by epithelial cells
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Fig. 13 Treatment with the galecin-3-modulator bis-(3-deoxy-3-(4-(3-fluorophenyl)-1,2,3-
triazol-1-yl)-B-p-galactopyranose markedly reduces corneal neovascularization. Neovascu-
larization was induced in mouse corneas by silver nitrate cautery. The modulator (325 ng in
10 pL) or vehicle (10 pL PBS containing 0.5% DMSO) was administered by subconjunctival
injections every other day. In addition, a 10 pL of vehicle alone or 50 pM modulator eye drop was
applied once every day. After 5 days, mice were sacrificed, and flat mounts of corneas were stained
with anti-CD31 to visualize blood vessels (green). (a) Administration of vehicle; (b) administra-
tion of modulator. Representative segments from corneal flat mounts stained with anti-CD31
(A and B). The density of blood vessels (c) covering the whole cornea was quantified by Image].
The neovascular response after cautery is significantly diminished when the modulator is admin-
istered (Magnification: a and b, x100) [103]

responding to cytokines, e.g., bFGF and VEGF, which result in increased migra-
tion, proliferation, and finally blood vessel formation. Galectin-3 was recently
demonstrated by siRNA knockdown experiments and in galectin-3 knockout mice
to be a regulator of bFGF and VEGF signaling [19]. VEGFRII cell surface resi-
dence time and thus neovascularization were later shown to be related to galectin-3,
and carbohydrate binding with the VEGFRII glycoprotein, presumably by forming
lattices as an interaction between galectin-3 and VEGFRII at the plasma membrane,
could be detected [18]. Furthermore, these observations were supported by exper-
iments showing reduced neovascularization in galectin-3 and in Mgat5 knockout
mice. As Mgat5 induces branching of N-glycan polylactosamine chains on glyco-
proteins and thus increases the prevalence of galectin-binding epitopes, the latter
in vivo result suggests carbohydrate dependence. Indeed, a subsite A—E nanomolar-
binding galectin-3 modulator bis-(3-deoxy-3-(4-(3-fluorophenyl)-1,2,3-triazol-1-
yl)-p-p-galactopyranose) sulfane (Fig. 6) diminished VEGF-induced endothelial
cell sprouting and migration in a dose-dependent manner (Fig. 13), which further
strongly supports the view that galectin-3-VEGFRII interactions are carbohydrate
dependent [103]. This was also corroborated in vivo in an experiment where
subconjunctival administration of the same galectin-3 modulator reduced corneal
neovascularization in a mouse model of silver nitrate-induced cautery [103]. All
these data lead to the intriguing suggestion that galectin-3 modulators may be of
value in treating not only angiogenesis-related ocular conditions but also other
diseases in which VEGFRII signaling and angiogenesis is rate limiting.
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5 Summary, Conclusions, Outlook

Systematic investigations with synthetically modified galactopyranose derivatives
designed to specifically interact with galectin-3 CRD subsites have proven that it is
possible to develop galectin modulators with high (single-digit nanomolar) affini-
ties and high selectivities and that such compounds indeed can antagonize galectin
functions in relevant in vitro and in vivo models. As galectin-3 appears rate limiting
in a number of pathological processes, these discoveries hold great promise for
future galectin-3-targeting pharmaceuticals. However, although several examples
of galectin-3 modulators with in vivo efficacy are known, most have used models
with local administration as ADME/PK properties of galectin-3 modulators are
typically far from optimal due to their hydroxylated and polar nature. Hence, with
an increased focus on ADME/PK optimization, the field can expect to witness the
development of future galectin-3 modulators with good systemic exposure and
efficacy in a broader range of pathological models.
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Discovery and Application of FimH
Antagonists

Sébastien G. Gouin, Goedele Roos, and Julie Bouckaert

Abstract Just like bacteria need to be mobile to seek for nutrients, bacteria need to
adhere to biotic and abiotic surfaces to enable their progression. Most bacteria
regulate the expression of a multitude of fimbrial adhesins that display varying
specificities and architectures. FimH at the tip of type 1 fimbriae is one of the first
recognized lectins on Escherichia coli. FimH evokes through its binding symptom-
atic and chronic E. coli infections in the urinary tract, in the intestine, and beyond.
The mannose specificity of type 1 fimbriae has been the lead to the discovery of the
FimH adhesin more than 32 years ago and presents today a role model as the
template for anti-adhesive drug design. Curiously, the specificity of the FimH lectin
had been defined very early on toward a Manal,3Manf1,4GlcNAc trisaccharide
isolated from the urine of mannosidase-deficient patients. Indeed, a much larger
dependence of bacterial adhesion can be attributed to structural differences in the
mannosidic receptors than based on amino acid variance in FimH. The crystal
structure of FimH in complex with oligomannoside-3 presented a breakthrough that
enhanced the rational design of mannose-based anti-adhesives against FimH. In this
overview, we will provide insights gained from a plethora of FimH antagonists.
Crystal structures of FimH in complex with anti-adhesives and applications in vivo
in mouse models for metabolic diseases reveal unexpected features and alternative
routes for improved molecules.
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epithelium of the Peyer’s patch
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1 Introduction

Escherichia coli is the most prevalent causative agent of bladder infection or
cystitis, in more than 75% of the cases. Other bacterial agents include Klebsiella,
Proteus, Enterococcus, and Pseudomonas. E. coli belongs to the family of
enterobacteriaceae and only opportunistically enters the urinary tract: at times,
bacteria invade it from the intestinal tract and cause urinary tract infections (UTIs).
Most E. coli express a few hundreds of about 1 pm-long rod-shaped proteinaceous
organelles on their cell surface to adhere in a multivalent fashion to the superficial
bladder cell linings. On surface, E. coli forms colonies, and when under stress it
forms communities in a protective biofilm matrix. The fimbriae carry at the edge of
a flexible tip fibrillum, an adhesin that is a lectin with high-affinity for mannose,
FimH. A successful settlement of an E. coli seed in the urinary tract enholds binding
of FimH to high-mannosylated glycoprotein receptors, such as uroplakin Ia [1], and
a3pl integrins [2] by the binding of the type-1 fimbrial FimH adhesin. FimH
binding provokes large conformational changes in the glycoprotein receptor, trans-
lating into signaling in the cytoplasm of the infected epithelial cell [3] and uptake of
E. coli. In the epithelial cells, E. coli grows dynamically in intracellular bacterial
communities (IBCs) in a biofilm-like matrix [4—6], which sometimes bulges out of
broken epithelial cells [7]. Type 1 fimbriae are thus necessary for bacterial adher-
ence and invasion [8—10], but were also found essential for biofilm formation and
for maturation of the IBCs [11]. Maturation of the biofilms allows the bacteria to
flux out of the cells and restart their pathogenic life cycle by adhering to neighbor-
ing cells. Without fimbriae, the bacteria have a much reduced fitness in the infected
host [12].
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Usual antibiotics cannot reach the bacteria inside the cells and the IBCs. The
recurrence and persistence of urinary tract infections is due to this internalization of
E. coli in the superficial epithelial cells [5]. Because the superficial cell layer is
damaged and sloughed off, E. coli may also penetrate in the underlying cell layers
and resides there quiescently for a long time, to only reappear and reseed the
infection upon underlying cell growth and differentiation [13—15]. Remarkably,
the latter process is itself activated by the binding of FimH, but not by chemical
substances that can remove bacteria-loaded superficial cells such as protamine
sulfate [13], and is the onset to tissue remodeling [16]. Severe early inflammatory
responses to the bladder cell invasion by the uropathogenic bacterium are the
prelude to recurrent and persistent urinary tract infections, because they speed up
tissue remodeling [16, 17]. Patients suffering from diabetes mellitus are more prone
to contract a urinary tract infections caused by the type-1 fimbriated E. coli, and the
recurrency rate of these infections is higher (RR =1.40) compared to women
without diabetes mellitus, despite longer treatments with a more potent initial
antibiotic such as norfloxacin [18]. It appears that the increased prevalence of
urinary tract infections in diabetic women is not the result of a difference in the
bacteria, but due to an increased adherence of E. coli expressing type-1 fimbriae to
uroepithelial cells of women with diabetes mellitus [19]. Not only is the adherence
of type 1-piliated E. coli higher to diabetic than to control epithelial cells, but it was
also found that there is a correlation between the degree of bacterial adherence and
the levels of glycosylated hemoglobin in the blood of the diabetic patients. This
parallel observation prompted the authors to suggest that the receptors of FimH in
diabetic uroepithelial cells have a different glycosylation profile than in those of
healthy controls. Therapeutics against bacterial infections linked to metabolic
changes may become a fast developing field in targeted anti-adhesive drug
design [20].

2 Discoveries

2.1 The Mannose-Binding Lectin on the Surface of E. coli

The very first report on the isolation of a mannose-specific lectin from E. coli and its
role in the adherence of the bacteria to epithelial cells was submitted more than
32 years ago by Nathan Sharon [21]. The purified lectin, with a molecular weight of
about 36,500 Da, was located on the E. coli surface but its amino acid composition
was markedly different from the type 1 pili protein or from the K99 (nowadays
called F5) pili proteins reported earlier. In this same seminal paper, inhibition of
yeast agglutination by E. coli, but not Salmonella typhimurium, by p-nitrophenyl
a-p-mannoside was 60-fold more powerful than by yeast mannan (minimal inhi-
bitory concentration of 0.25 mg/mL) or methyl a-pD-mannoside [22]. This was
indicative of a hydrophobic site near the mannose binding site of the E. coli but



Discovery and Application of FimH Antagonists 127

not the S. typhimurium type-1 fimbrial adhesin [23]. The much increased inhibitory
potential of aglycons p-nitro-o-chlorophenyl and 4-methyl umbelliferyl over
methyl was further confirmed among a panel of substituents of the phenyl group
[24]. The location of the hydrophobic site in the E. coli adhesin could be determined
as juxtaposed to the binding pocket for the reducing a-anomeric p-mannoside by
distinguishing the lower inhibitory activity on yeast agglutination by E. coli 025 of
4-methylumbelliferyl o-mannobioside (twofold increase relative to the methyl
aglycon) over 4-methylumbelliferyl a-mannose that was 600-fold more potent.
By means of mannose derivatives or oligosaccharides isolated from urine of
patients with diseases of glycoprotein catabolism [25], the carbohydrate binding
site of FimH was suggested to be an extended pocket with optimal fit for a
trisaccharide, Manal,3Manf1,4GIcNAc, and with a hydrophobic region in or
close to the combining site [26]. The hydrophobic site located next to the a-p-
mannose-binding pocket became the basis for the development of generalized anti-
adhesives (Fig. 1).

2.2 FimH Recognizes Short N-Linked High-Mannose
Glycans on Protein Receptors

The gene responsible for the mannose-specific adhesion protein of type-1 fimbriae
was identified [28]. Its gene product, FimH, appeared antigenically conserved
among E. coli, Klebsiella pneumoniae, Serratia marcescens, and Citrobacter
freundii species, that each belongs to the Enterobaceriaceae family [29]. In con-
gruence with these findings, FimH variants from uropathogenic, faecal, and
enterohaemorrhagic isolates expressed the same specificities and affinities for
high-mannose glycan structures [30, 31]. The only exception to this rule FimH
adhesins from O157 strains with a mutation, Asn135Lys, which annihilates all
mannose binding [30]. Affinity measurements demonstrated a strong preference of
FimH toward oligomannosides exposing Manal,3Man (K;=300 nM) at their
nonreducing end [30, 32]. Binding is further enhanced by the p1,4-linkage to a
chitobiose by a 100-fold over that of a-p-mannose. Epitope mapping on high-
mannose glycan receptors revealed the highest affinity of the FimH lectin domain
for oligomannose-3 and oligomannose-5 [30]. Both these oligomannosides expose
Manal,3Manf1,4GlcNAc at the nonreducing end of the D1 branch and have an
increased affinity for FimH over mannotriose and mannopentaose that lack the
chitobiose unit (Fig. 1). The increased affinity was partially due to the f-anomeric
linkage of the mannotriose to the chitobiose GIlcNAcP1,4GlcNAc, because
Manal,3ManfOMe had an elevated affinity (K;= 112 nM) over the anomeric
mixture of Manal,3Man ~OH (K, =281 nM). FimH thus prefers the f-anomeric
configuration on the core mannose. However, the presence of the f-linkage alone is
not sufficient to explain the significant increase in affinity between mannotriose
(K;=204 nM) and mannopentaose (K;= 127 nM) on one hand, both lack the
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Fig. 1 (a) Nurit Firon and Nathan Sharon predicted the existence and the position of a hydro-
phobic subsite on the E. coli mannose-binding lectin and its importance in adhesion to «l,3-
terminating short high-mannose glycan receptors (figure from [24]). Predicted subsite A corre-
sponds to Man4, B to Man3, and C to GlcNAc2 of Fig. lc. (b) The crystal structure of FimH in
complex with the oligomannoside-5 N-linked glycan showed stacking of the central core mannose
between two tyrosines, Tyr48 and Tyr137, over Ile52 and with its nonreducing end N-acetylglu-
cosamine at Thr51 (bright green). [27]. (¢) Interaction network of oligomannoside-3 with FimH,
where polar ligand residues are shown in blue with their hydrogen bonds in green, and aliphatic or
aromatic ligand residues are shown in red with hydrophobic stacking and van der Waals inter-
actions in red [27]

chitobiose core; on the other hand, oligomannose-3 and oligomannose-5
(K;=20 nM) contain the chitobiose unit. Instead, the GlcNAcp1,4GlcNAc
chitobiose sequence, bridging the mannosides to the asparagine side chain in the
Asn-X-Ser/Thr motif of glycoprotein receptors, is a crucial contributor to the
interaction with FimH, in agreement with previous results.
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2.3 Serendipitous Discovery of Butyl a-p-Mannose as FimH
Ligand Was the Onset of New Drug Design Ventures

The FimH lectin domain was first expressed and purified to co-crystallize it with
differently linked mannosides; nevertheless all the crystals obtained turned out to
have the same space group and unit cell content. In two independent crystallo-
graphy laboratories, the crystals of the FimH lectin domain were found to contain a
clear electron density in the binding pocket of FimH. The electron density
corresponded to mannose with a tail with the size of a butyl on the a-anomeric
oxygen, butyl a-p-mannose [33]. Although no such sugar had been advertently
added with the objective of crystallization, butyl a-pD-mannose could be well-fitted
in the electron density of the crystal and refined (Fig. 2b). We hypothesized that a
mannosidic ligand had been picked up from the Luria—Bertani (LB) medium used to
grow bacteria for the expression of recombinant FimH. We analyzed the sample
using electrospray ionization mass spectrometry (ESI-MS), and as a control, butyl
a-D-mannose was synthesized and analyzed in the same manner to reassure its size
and the atomic nature of the anomeric linkage (Fig. 2a). When ESI-MS was run on
FimH lectin expressed in bacteria grown in minimal medium, no peak
corresponding to butyl a-D-mannose could be detected, indicating that the ligand
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Fig. 2 The finding of butyl a-p-mannoside as the first anti-adhesive for pathogenic E. coli based
on a simple alkyl-derivatized a-p-mannoside was the onset for further investigations. (a) Mass
spectrometric analysis of the recombinant FimH lectin domain produced by E. coli grown in Luria
Bertani broth. The inset shows the mass spectrum of the synthesized O-linked butyl a-pD-mannose
(m/z of 259 Da). (b) Overlay of the two crystal structures of butyl a-pD-mannose—FimH complexes
(PDB entries 1tr7 (cyan) and luwf (magenta)) with FimH—oligomannoside-3 (PDB entry 2vco)
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was not present and that it indeed originated from the LB medium, although its
biological origin is not understood. From then on, FimH lectins to be used for
interaction studies were extracted from E. coli grown in minimal medium, which
lacks the yeast mannans and remnants of GPI-anchored glycoproteins.

Butyl a-pD-mannose conserves the crucial interactions of FimH with the al,3
glycosidic linkage and the first 1,4 linkage to the chitobiose of oligomannose-3
[33]. First, the strong stacking of the central mannose with the aromatic ring of Tyr48
is congruent with the high affinity for synthetic inhibitors in which this central mannose
is substituted by an aromatic group (Fig. 1a) [34]. Second, the FimH ligand butyl a-p-
mannose, serendipitously co-crystalized with FimH, was perfectly mimicking the 1,4
linkage of the mannotriose to the first N-acetylglucosamine residue (Fig. 2b) [33].

The X-ray crystal structure, at 2.1 A resolution, of the lectin domain of the FimH
adhesin is complex with its most specific and minimal substructure of high-
mannose N-glycans, oligomannoside-3 (K;= 18 nM) [27], also illustrated that the
chitobiose anchor to Asn-glycosylated receptors is important for specificity. This
returns the story back to the specificity of the trisaccharide, Mana(1,3)Manf(1,4)
GlcNAc, identified as best FimH ligand by Nurit Firon and Nathan Sharon [23]. The
potential of ligand-based design of antagonists of urinary tract infections is thus
regulated by structural mimicry of the natural carbohydrate epitope. Extension of
the butyl chain to longer alkyl revealed the potency of n-heptyl as the most suitable
aglycon on a-p-mannoside, with a high affinity defined by different experimental
methods (K;=7.3£ 1.8 nM using isothermal titration calorimetry (ITC) [35];
K;=5 nM using surface plasmon resonance (SPR)). The FimH ligand n-heptyl
a-p-mannoside, which we call a first generation anti-adhesive targeting FimH,
replaced methyl a-p-mannose as the new reference molecule for comparison of
affinities and ICsy with second generation FimH antagonists (Fig. 3) [36-39].
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Fig. 3 Principle finding and first generation of anti-adhesives in a mouse cystitis model. The
reports where FimH antagonists have first been used to reduce E. coli colonisation upon co-
instillation in the murine bladder. xMM, methyl a-p-mannose, aMG, methyl a-p-glucose, aHM,
heptyl a-p-mannose
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3 Factors That Enhance Bacterial Adhesion

3.1 Glycoprotein Receptors of the FimH Adhesin

FimH is the type 1 fimbrial adhesin and invasin of E. coli and specifically recog-
nizing high-mannosylated glycoprotein receptors. FimH can equally recognize the
single high-mannose glycan on uroplakin Ia [40], on the urinary defense protein
uromodulin or Tamm-Horsfall glycoprotein [41] and intriguingly enough also on
the a3p1 integrin despite its presence on basolateral rather than lumen-exposed
apical membranes [2]. The luminal side of the large superficial urothelial cells is
abundantly seeded with uroplakins. When uropathogenic E. coli enters the bladder,
the initial encounter of the bacterium with the urothelium is made with these
uroplakins. The uroplakin Ia receptor is in ring-shaped complexes with three
other uroplakins on the bladder epithelium and carries a single high-mannosylated
glycosylation site. Uroplakin Ia from embryonic tissue carries a mixture of
oligomannosides-6, -7, -8, and -9 [42]. Binding to the bladder epithelium is
proposed to be mediated by binding to the uroplakin Ia’s single N-linked glycan
of the high-mannose type [42]. The same virulence factors of E. coli, the type-1
fimbriae with the FimH adhesin, recognize the CEACAMS6 glycoprotein on
enterocytes, which was found to be upregulated with the overgrowth (dysbiosis)
of adherent-invasive E. coli (AIEC) [43], which in inflammatory bowel diseases
developing into ulcerative colitis or Crohn’s disease [40, 44]. Glycoprotein
2 exposed on M cells is another intestinal receptor for FimH in lymphoid structures,
called the Peyer’s patches [45]. Bacteria can transcytose across the M cells upon
binding. Transcytosis is a prerequisite in mucosal immunization to evoke an
antigen-specific immune response.

The N-glycans that are preferentially recognized by the FimH adhesin are
paucimannosidic. The FimH adhesin has an unusually high affinity for truncated
high-mannose glycans [20]. Truncated oligomannosides can be found in the urine
of patients [25] and in cells [46] with mannosidase deficiencies due to their inability
to achieve high-mannose structures. The specificity of FimH for high-mannose type
branched N-glycans as they are present in glycoproteins is fine-tuned toward the
shorter structures: the affinity increases from K;=900 nM for the largest-size
oligomannoside-9 down to K, =20 nM for oligomannose-3 and oligomannose-5.
This is not only true for clinical E. coli isolates from the urinary tract but also for
enterohaemorraghic and faecal E. coli, excluding some enterohaemorrhagic O157:
H7 [30]. FimH lectin variants isolated from uropathogenic or intestinal E. coli
strains have similar affinity profiles regardless of their origin and display the highest
affinity toward oligomannosides-3 and -5. The recent crystal structure of FimH in
complex with oligomannoside-3 disclosed the reason why this is so: the
tetrasaccharide Manal,3Manf1,4GIcNAcf1,4GlcNAcf of oligomannoside-3
forms a close and extended interaction with amino acid residues that are conserved
among E. coli strains (Fig. 1c) [9, 33].
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Fig. 4 Paucimannosylated glycoproteins (GP) are receptors for FimH and serve as a template for
FimH-targetted drug design

The physiological receptors of FimH are paucimannosidic membrane glyco-
proteins (Fig. 4). FimH binds to high-mannosidic glycan receptors and this binding
leads to signaling in the cytoplasm of the infected epithelial cell and invasion of the
bacteria, with the induction of apoptosis [3]. However, high-mannose type
N-glycans generally are not part of glycoproteins embedded in the membrane of
eukaryotic cells. Therefore, the glycocalyx of a mammalian cell is not really
compatible with FimH binding. The current paradigm being pursued is that the
N-glycosylation profile of the membrane proteins and of the specific receptors for
FimH shifts to more of the high-mannose type in diseased cells. It was recently
recognized that apoptotic cells possess an altered surface glycopattern and release
distinct types of blebs derived from the endoplasmic reticulum or the plasma
membrane [47]. Both types of blebs exhibit desialylated glycotopes, resulting
from surface exposure of immature endoplasmic reticulum (ER)-derived high-
mannose glycoproteins, or from surface-borne sialidase activity resulting in expo-
sure of galactosyl glycotopes, respectively [48]. Apoptotic cells or ER-derived
blebs possessing high-mannosylated glycans can thus be the site of bacterial entry
into epithelial cells [49]. Endocytic adaptors moreover facilitate the active uptake
of FimH from the luminal cell surfaces seeded with high concentrations of
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glycoprotein receptors [50]. Possibly at later stages in the pathogenesis cycle or
dependent on tissue remodeling, FimH is also interactive with the cytoskeleton via
an HDAC6-modulated microtubule-dependent pathway [51]. The FimH adhesin
thus potentially interferes with several different glycoproteins playing diverse roles
in cellular processes, in favor of E. coli progression, but that all share one common
receptor module: the mannose monosaccharide that served as the basis of FimH-
targetted anti-adhesive drug design 1.

3.2 FimH Conformational Changes Under Shear Force

From early on, it was found that E. coli tropism depends strongly on the contents of
the fimbrial shaft [31] and was unrelated to the specificity of FimH in hybrid
fimbriae [52]. Factors other than the FimH adhesin were responsible for E. coli
strain-dependent differential binding mediated by type 1 fimbriae. For example,
E. coli expressing the CI#4 fimH variant from uropathogenic E. coli adheres tightly
to yeast mannan, A498 human kidney cells, and J82 human bladder cells, whereas
bacteria expressing fimH from the fecal E. coli F-18 strain show poor adhesion to all
these three substrates. Allelic variation in fimH has been long held responsible for
altered mannoside binding and bacterial adhesion profiles [53]. However, allelic
variation in fimH is very limited among E. coli isolates with an intestinal or
extraintestinal origin such as the urinary tract [9, 54]. Moreover, when expressed
as a soluble lectin domain, in the absence of the other fimbrial components [30], or
as a translational fusion protein with maltose-binding protein [52], FimH lectins
failed to demonstrate any strain-dependent tropism and soluble FimH binds equally
to all cells, mannosylated proteins, and mannosides [30, 31].

A breakthrough came when it was found that fecal, commensal F-18 E. coli do
not agglutinate guinea pig red blood cells under static conditions but only
co-aggregate when rocked [55]. The dependence of this strain on shear was further
examined using parallel flow chambers. The studies revealed that type-1 piliated
E. coli bacteria show a stick-and-roll adhesion pattern with increasing shear rates:
they roll slowly along a mannose-coated surface at low shear and convert into
stationary binding when shear is enhanced [56]. In general, it is expected that shear
force would weaken the lectin—-mannose interaction, because the interacting mol-
ecules are pulled apart. These interactions are called slip bonds, as the ligands slip
out of the binding pocket at higher forces. In contrast to this type of binding, FimH
at the fimbrial tip increases the lifetime of its noncovalent bonds with mannose
when under shear force. Such bond formation is called catch bond. The stick-and-
roll adhesion of type-1 fimbriated E. coli to mannose-coated surfaces can be
explained by the transition of a low- to a high-affinity conformational state of
FimH with allosteric regulation of the mannose-binding pocket [57]. The adhesion
of type-1 piliated E. coli to mannose-coated surfaces is longest lived at intermediate
forces of 60—100 pN, while binding is weakened or abolished below 40 pN and
above 140 pN, respectively [55, 58].
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Importantly, FimH does not show a shear-force dependent behavior when
exposed to surfaces coated with mannotriose. Mannotriose contains the
Manal,3Man sequence at a nonreducing end recognized specifically by FimH
and explaining its tenfold higher affinity (K;~ 300 nM) than mannose (K, ~ 2.3 pM)
[30]. Higher affinity ligands thus manage to induce the conformational change in
FimH and induce the fit in the mannose-binding pocket independently from shear
force [59]. However, the absence of these nonsubstituted mannotriose receptors,
combined with the common presence of more weakly binding, nonreducing end
a-D-mannose [9] and Manal,2Man (K, ~ 1,400 nM [30]) on high-mannose glycans
[42] of healthy epithelial cells, explains the evolutionary adaptation of E. coli
toward shear-force dependent bacterial adhesion. Another evolutionary benefit
gained from shear-force enhanced adhesion of E. coli to surfaces is protection of
E. coli against removal by oligosaccharides, antibodies, and natural defense pro-
teins such Tamm-Horsfall glycoprotein. These natural inhibitors cannot apply shear
force because of their soluble form [60].

In selectins, an interdomain communication regulates the strength of the adhe-
sion. Congruent with this idea, bacteria expressing type 1 pili with either allelic
variations or engineered mutations that were predicted to destabilize the linker
between lectin and pilin domain of FimH and to facilitate its extension were shown
to exhibit decreased shear-dependent adhesion. Steered molecular dynamics simu-
lations predicted that application of tensile force along the long axis of FimH, as
might result from shear forces, disrupts the interdomain contacts in the FimH
adhesin, resulting in the extension of its flexible linker containing the Gly159—
Gly160 sequence and pulling the FimH lectin domain in a high-affinity conforma-
tion [61]. These studies indicated that the short, stubby type-1 pilus tip fibrillum is
in its low-affinity conformation when not in contact with potential receptors
[62]. Meanwhile, the crystal structures of mannose [9] and butyl a-D-mannoside
bound to FimH [33] showed that mannose binds snugly into a highly specific
mannose-binding pocket at the tip of the FimH lectin domain (Fig. 5c). The
pocket appeared near-optimal for mannose binding with almost all of the
hydrogen-bonding potential satisfied, as indicated by the unusually high monosaccha-
ride affinity of FimH for mannose (K, = 2.3 uM). It was thus difficult to envision how
conformational changes could additionally enhance mannose binding.

A second large breakthrough was made, again by the group of Wendy Thomas,
with the crystal structure of the whole type-1 fimbrial tip (Fig. 5a, b, PDB entry
code 3jwn). The crystal structure of the full fimbrial tip showed FimH in its resting,
condensed conformation and low-affinity state (the fimbrial tip cannot be subject to
shear forces in solution or in a crystal structure) [58, 63], with Ile13, Asp140, and
Phel42 too far away from a potential mannosidic ligand to make interactions
(Fig. 5b). This same study confirmed the high-affinity state of the isolated FimH
lectin domain. Comparison of FimH in its low-affinity state with its extended, high-
affinity conformation revealed FimH lectin—pilin interdomain contacts that break
under shear force, paired with conformational rearrangements that propagate up to
the binding pocket to allosterically improve affinity for the ligand (Fig. 5).
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Fig. 5 Surfaces of FimH lectin domain crystal structures in the low-affinity, compressed state
(a and b, PDB entry 3jwn) and its high-affinity, extended form (c and d, PDB entry 4av5, ligands
from 4v5 (blue) and 4avi (green). The surfaces are colored for electrostatic potential calculated
according to Coulomb’s law, with red representing negative charges and blue representing positive
charges. (a) The whole, compressed FimH conformation as present in the type-1 fimbrial tip (PDB
entry code 3jwn), with pilin domain (down) and lectin domain up. Tyr48, Thr51, Tyr137, and Ile13
residues are indicated. Two glycerol molecules are shown as sticks. (b) Two ligands in their
position in the open tyrosine gate superimposed on the low-affinity conformation of the lectin
domain of FimH (3jwn): methylester octyl a-p-mannose (stick, green for carbon, red for oxygen,
from 4avi) and the propynyl biphenyl a-p-mannose (/ight blue for carbon, entry 4av5) in the open
gate configuration. Ile13 is in a retracted lip of the binding pocket and not available for the
important van der Waals interactions with the C1-C2 bond of mannose. Also residues Phe142 and
Aspl140 are too far away from a potential ligand to make van der Waals interactions with the
C2—-C3 side of the mannose and a hydrogen bond to Os, respectively (Fig. 7). (¢) The Coulombic
potential surface becomes less negatively charged when the lectin domain catches on the
mannosidic ligand. The lectin domain extends and thins out. FimH ligand residues Ilel3,
Phel42, and Aspl40 have leveraged toward the ligand to enable interaction. Shown are two
ligands in their respective crystal structures (from 4avi at 2.4 A resolution and from 4av5 at 1.4 A
resolution) with an open tyrosine gate [35]. (d) Surface with the foregoing ligands protruding from
the mannose-binding pocket and peeking over the top of the lectin domain. FimH residues
potentially interacting with the protein part of glycoprotein receptors are labeled

This new knowledge may relate to the previous findings that the affinity and
specificity of bacterial adhesion are strongly influenced by the type-1 fimbrial
shaft [31].
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FimH lectins from S. typhimurium, K. pneumoniae, and E. coli, expressed in
fusion with maltose-binding protein, bind indifferently to a broad range of
mannose-presenting compounds, thus not explaining the distinct cell adhesion
and agglutination profiles of these three bacterial species [52]. Intriguingly, the
adhesion profile of bacteria expressing hybrid type 1 fimbriae (e.g., K. pneumoniae
FimH at the tip of E. coli type 1 fimbriae or vice versa) resembles the adhesion
profile of the bacteria from which the fimbrial rod was derived [31]. Electron
microscopic pictures have revealed that the helical rods of type 1 fimbriae and P
pili can extend significantly as a result of either mechanical shear during prepa-
ration or from exposure to 50% glycerol [64]. The extension is due to the breaking
of the quaternary interactions between nonadjacent pilin subunits within the right-
handed helical rod, leading to its uncoiling. The uncoiling of the helical structure of
P and type 1 fimbriae to a linear conformation is fully reversible and the fimbrial rod
can work as a spring under shear forces [65, 66]. The spring-like qualities of the
rods have been suggested to be fine-tuned to support the formation of long-lived
catch bonds that promote tight adhesion under conditions of shear stress. Type-1
fimbrial mechanical properties are expected to contribute considerably to adapting
bacterial adhesion [67], in agreement with significant interstrain sequence variation
in the FimA pilin, the major component of type 1 fimbriae.

3.3 Phase Variation of Fimbrial Expression Regulates
Multiplicity of Bacterial Adhesins

Bacteria coordinate fimbrial gene expression at the single cell level to prevent
coexpression of different types of fimbriae [68]. Phase variation allows individual
bacteria to turn on and off the expression of specific virulence factors
[69, 70]. Phase variation and coordinated transcriptional regulation are presumably
employed by the pathogenic bacteria to adapt to sequentially changing environ-
ments during infection, colonization, and/or invasion. The proportion of bacteria in
a population expressing a particular fimbrial adhesin can be influenced by a number
of environmental factors such as temperature, pH, osmolarity, and the presence of
specific ligands in the surrounding medium. Regulation of fimbriation is necessary
because a high level of fimbriation on bacteria triggers inflammatory host
responses, putting the entire bacterial colony at risk of being eliminated. Lowering
the proportion of fimbriated bacteria decreases the inflammatory response to levels
where it may even be beneficial for the bacterial population.

Phase variation of type-1 fimbrial expression in E. coli is controlled by the site-
specific recombination of a 314-base pair invertible element [71], also called the fim
switch or fimS. The fim switch is a transcriptional control element of type-1 fimbrial
expression that contains the promoter for the fimA gene encoding the major subunit
of type 1 fimbriae. The cAMP receptor protein, or CRP, is a metabolic sensor that
regulates type-1 fimbrial expression [72]. cAMP is a second messenger derived
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from adenosine triphosphate (ATP) and used for intracellular signal transduction in
many organisms. When CRP is bound to cAMP (cyclic adenosine monophosphate),
it changes into a conformation that can bind tightly to DNA promotor regions, thus
repressing the switching of nonfimbriated E. coli to the type-1 fimbriated phase.
Type-1 fimbrial repression by CRP is alleviated by lowering the intracellular
concentrations of cAMP. The presence of glucose in the growth medium, paired
with a higher ATP production, or the entering of the bacteria into stationary growth,
paired with a lower glucose consumption, each decreases cellular cAMP concen-
trations and thus de-repress type-1 fimbrial expression. Type-1 fimbrial expression
as a response to high glucose and growth stop is consistent with the adaptation of
E. coli, which evades extracellular stresses by entering into the host epithelial cells
and forming intracellular bacterial communities (IBCs) therein [6]. Type 1 fimbriae
have been shown to be crucial for the organization and maturation of the protective
biofilm-like matrices of IBCs and, driven by intracellular stresses, to prepare
E. coli’s way out back out of the cell [11]. The absence of type 1 fimbriae seriously
compromises in vivo fitness of E. coli. The presence of the CRP-cAMP protein in
pathogenic E. coli that can sense glucose contents to regulate type-1 fimbrial
expression and bacterial adhesion is thus an important parameter to control infec-
tions in patients with metabolic diseases such as type-2 diabetes [73].

The complexity and importance of the regulation of bacterial fimbriation impli-
cate that certain allelic variations in fimH could have resulted due to evolutionary
constraints steered by fimbrial biogenesis rather than on affinity and specificity of
the FimH adhesin. The FimH adhesin is indeed also the initiator of type 1 pilus
biogenesis. FimH activates and opens the outer membrane usher of E. coli
to reach upon transfer the bacterial surface as the first of the fimbrial proteins
[74-76]. Examples of allelic variation that may affect fimbrial biogenesis are a
single Gly73Glu amino acid difference between two FimH lectins, from the F-18
commensal E. coli strain and from the uropathogenic E. coli strain CI#4. When
FimH is bound in the fimbrial export channel of the C-terminal domain 1 of the
usher (PDB entry 3rfz), this variant residue is juxtaposed to the side chains of
Thr706 and Arg709. Other mutations that can affect fimbrial biogenesis are the
natural variant Ala/Val27, the double mutation engineered to inhibit FimH domain
linker extension, GIn32Ala/Ser124Ala, and the point mutation Vall56Pro,
engineered to facilitate FimH domain linker extension [55], which are all located
on the surface of FimH in the chaperon binding cleft. In conclusion, the ability to
regulate the expression of type-1 fimbrial genes has important functional signi-
ficances [77] and has been positively selected for during the evolution of pathogenic
E. coli [78]. An altered efficiency in fimbrial assembly introduced by allelic
variation in lectin and pilin sequences could result in different multitudes or
ultrastructures of type 1 pili and offers another way to adapt adhesion to the
particular needs of a bacterial strain.
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3.4 Density of Glycan Receptors on Host Surfaces Mediates
Multivalent Adhesion

FimH-mediated bacterial adhesion comprises a multivalent interaction, with a
number of type 1 fimbriae on E. coli interacting with a number of receptors
molecules presented on a cell surface. The recognition by bacterial lectins of
glycosylation patterns on host cells is strongly enhanced by higher densities of
those glycans on surfaces [54, 79]. This enhancement is especially remarkable for
adhesins with a low affinity for their receptors such as F17-G [54]. The expression
of glycosylated receptors on cells, such as glucose transporters, and also of the type
of glycans and the degree of GlcNAc-initiated branching (by GnT-IV) of the
glycans, depends strongly on the hexosamine flux and regulates cell growth and
differentiation. It has been shown that the hexosamine flux upregulates the presence
of cell surface glycoproteins with a low number of glycosylation sites in a linear-
concentration dependent manner, whereas those receptors with a higher valency of
glycosylation (both in number of sites and in degree of branching) display a
hyperbolic response curve [80]. Only cell surface glycoproteins that are sufficiently
dense glycosylated can get involved into the cross-linked lattices with galectin-3.
A low glycan density on the glycoprotein receptors weakens their cell surface
retention by means of the cross-linked lattices with galectin and induces their
endocytosis for further glycan biogenesis and growth. Cross-linking with
galectin-3 mediates signaling for the transcription of glycosyl transferases to
maintain glycan biosynthesis, thereby suppressing cell proliferation and constitu-
tive endocytosis [80]. Endocytosis is one of the mechanisms used by bacterial
adhesins to enter host cells [81].

Multivalent binding is a mechanism employed by bacteria to enhance adhesion.
This multivalency can potentially be used to create more potent inhibitors of
bacterial adhesion. Small-molecule adhesin inhibitors can be competitive with the
binding of multiple fimbriae simultaneously to epithelial surfaces only when their
affinity is high enough to displace the bacteria. Multivalent anti-adhesives have the
extra advantage over monovalent inhibitors in that they can target multiple fimbrial
adhesins simultaneously and are a better mimic of bacteria adhesion. However, the
design of multivalent inhibitors for fimbrial adhesins is much more complicated
than for multimeric proteins, such as for example the tetrameric plant lectin
concanavalin A (for a review see [82]). In multimeric proteins, a distance between
the binding sites is determined by the relatively rigid quaternary organization.
In contrast, the length and number of type 1 fimbriae on bacteria is highly variable,
raising uncertainty in choosing optimal distances for targeting FimH lectin domains
and making both the design process and the evaluation of results difficult.

Regardless of this uncertainty, soluble glycoconjugated multivalent scaffolds
most often cluster several bacteria via their fimbriae, rather than roping the fimbriae
of a single bacterium together. In clusters, the distance between the sugar receptors
on a surface to be bridged by the fimbrial adhesins does not really have a strict upper
limit; nevertheless a minimal distance between two mannose epitopes is needed to



Discovery and Application of FimH Antagonists 139

15.5

-16.0

-16.5

Log(x?)
-17.0

-17.5

-18.0

-18.5

0 2 4 6 8 10

Fig. 6 Results for the short mannosidic ligand are shown by the blue triangles (n=3.4),
mannosides substituted with longer aglycon moieties are associated with the data points in red
spheres (n=7) and in green squares (n=7). The number of FimH lectin domains, n, bound
per fullerene was determined from the best fit, as evaluated by x>, of the equilibrium binding
constants K, and K, and of the uninhibited concentration of FimH, by sampling the molar ratio n.
Inset: Model of the hypothetical arrangement of six FimH molecules (a seventh one is not shown for
clarity) around a C60 fullurene that was 12 times bearing a benzylic aromatic ring at the anomeric
position of mannose and an amide group that might provide favorable contacts with the lectin
binding cavity. Red colors represent negative charges, blue colors represent positive charges [36]

avoid steric hindrance of FimH lectin domains. For this reason, the first part of the
aglycon in a polyvalent mannosidic compound should not be considered as a linker,
because it superimposes on the hexaoses of oligomannoside-3 as a functional part
of the antagonist [27]. The FimH-oligomannoside-3 complex can be used to
estimate the ligand size, although the minimal distance between two FimH lectin
epitopes can equally be understood by considering the binding of alkyl mannosides
to the mannose-binding site of FimH. The length of an alkyl tail O-linked to a-p-
mannose that is optimal for interaction with FimH is seven carbon atoms [33],
suggesting that a linker between antagonists meant for interaction with FimH
should be more than double this size to avoid steric clashes of the two approaching
binding surfaces of FimH.
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Biophysical methods have been explored to analyze the geometry and dynamics
complexes between multivalent ligands with aglycons grafted onto «-D-mannosides
and conjugated by linkers to a scaffold and the FimH lectin domain [36, 83, 84]. The
molar ratio (n) of FimH binding to the multivalent ligand can be determined not only
using ITC [83, 84] but also using SPR [36]. The stoichiometries of the FimH lectin
with mannose-derivatized fullerenes revealed that a minimal size of the ligand is
indeed required to optimize occupation of sterically available mannosides on a
multivalent scaffold [36]. The functional valency n, or stoichiometry, of the FimH
inhibition in solution by fullerenes was measured in an SPR competition assay, using
molar concentrations of the fullurenes. This number of FimH lectin domains, », bound
per fullurene was determined from the best fit, as evaluated by y?, of the equilibrium
binding constants K, and K; and of the uninhibited concentration of FimH, by
sampling the molar ratio n. A fullerene derivatized with 12 a-p-mannosides binds
either 3.4 or 7 FimH lectin domains, depending on the size of the mannosidic ligands
(Fig. 6).

4 Chemistry and Design of FimH Antagonists

4.1 Structural Basis for Design of FimH Inhibitors

Mannose-binding type 1 pili are important virulence factors for the establishment of
E. coli urinary tract infections. These infections are initiated by adhesion of
uropathogenic E. coli to uroplakin receptors in the uroepithelium via the FimH
adhesin located at the tips of type 1 pili. An alternative to adhesin-based vaccines as
a means to block bacterial adhesion is the use of small compounds that interact
tightly with the E. coli adhesins [85, 86]. Indeed, blocking of bacterial adhesion not
only allows to prevent the infection but also to reduce bacterial counts and disease
symptoms [37, 87, 88]. This makes FimH antagonists accessible for the develop-
ment of therapeutics. The very first demonstration of the potency of mannose
derivatives as FimH antagonists in vitro and in vivo goes back to 1979, only
1 year after the mannose-binding properties of E. coli had been discovered
[21]. The blocking agent was methyl a-D-mannopyranoside, which with a dose of
18 mg per female mouse visibly reduced the number of bacteria attached to the
mouse bladder mucosa [87].

Almost every E. coli can express type 1 fimbriae with the FimH adhesin, which
displays high specificity for mannose using a binding pocket (Fig. 7) that is
conserved among E. coli strains [9, 33]. This makes the application of mannose-
based anti-adhesives applicable to therapy of a large range of inflammations and
infections caused by pathogenic E. coli. The FimH adhesin almost completely
envelops mannose in a deep pocket and involves it in an intense hydrogen bonding
network (Fig. 7). The specificity is strongly geared toward mannose (K;=2.3 pM),
as no other monosaccharide can fit in the FimH binding pocket and
deoxymannosides pay a large penalty in affinity [33]. The only exception is the
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Aspd7

Fig. 7 Interactions of mannosidic anti-adhesives targeting FimH. The polar mannose-binding
pocket is highlighted, with butyl a-p-mannose (PDB entry 1luwf) making polar (potential hydrogen
bonds and their length, in A, in purple, ligating residues labels in red) and apolar (green cones and
labeled residues) interactions

pyranose form of L-fructose, but not fructofuranose, which can substitute for
mannose with a 15-fold reduction in affinity [33, 89]. With mannose being the
common recognition point for the FimH lectin, generalized anti-E. coli
anti-adhesives have been based on the common core, mannose. A limited number
of attempts have been undertaken to modify the mannose monosaccharide as the
basic unit for the design of anti-adhesives. The most apparent is the change of the
oxygen on the anomeric C1 position of a-pD-mannose and involved in the glycosidic
link with the remainder of the FimH ligand, by a nitrogen [90, 91], sulfur [35], or
carbon [91, 92] atom. This elementary change of the glycosidic linker atom may
lead to a minor loss in affinity. Loss in affinity has been found due to the mannose
chair taking on the 'C4 conformation for a series of C-glycosidically linked a-p-
mannosides [91]; however, such chair conversion is not a general rule for
C-glycosides [92].
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Fig. 8 First generation of
mannosidic anti-adhesives
targeting FimH. The small
and narrow binding pocket
of FimH is a negatively
charged pocket that attracts
polar ligands through a
greasy slide: the so-called
tyrosine gate, formed by
Tyr48 and Tyr137 and
backed up by Ile52. The two
different alkyl
conformations of butyl a-D-
mannosides (BM, PDB
entries 1tr7 (green) and
luwf (white)) and heptyl
o-D-mannose (HM, PDB
entry 4buq (yellow)) are
overlayed

Exogenous butyl a-p-mannose exhibits a significantly better affinity for FimH
(BM, K;=0.15 pM) than mannose. Exploration of the binding affinities of a-p-
mannosides with longer alkyl tails revealed affinities up to 5 nM for heptyl a-p-
mannose (HM) [33]. Natural receptors, being high-mannose glycans, have to pass
through the hydrophobic tyrosine gate (tyrosines 48 and 137, Fig. 8) to reach the
polar mannose-binding pocket. The tyrosine gate of FimH is the reason why alkyl-
and aryl-substituted mannosides bind so much better than just mannose. The
tyrosine gate was first named as such when it was discovered in the high-resolution
structure of the lectin domain of FimH that the butyl hydrophobic substituent on
mannosides makes favorable interactions inside this gate [33]. Also the high
affinities of 4-methylumbelliferyl a-p-mannose and p-nitrophenyl a-pD-mannose
could be explained by the docked structures of these aglycons into the tyrosine
gate of FimH. The FimH binding site maintains an open gate conformation when
not involved in crystal packing contacts (Fig. 4 & 5c, d). In many co-crystal
structures however, the Tyr48 side chain is displaced by the Vall55 side chain of
a neighboring molecule, thus closing the tyrosine gate [35]. Ligands then bind over,
instead of in between, the two tyrosines, a binding mode that was later called the
out-docking mode [93] when recognized in the co-crystal structure of FimH in
complex with a biphenyl mannoside [94].
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4.2 Considerations for Adaptability to Conditions In Vivo

The potential of ligand-based design of FimH antagonists is not limited to blocking
of bacterial adhesion and invasion, but is also in the blocking of intracellular
bacterial growth by the inhibition of biofilm formation and consequently incapaci-
tating E. coli to flux back out of the epithelial cells and cause recurrent and
persistent urinary tract infections [33]. These observations signaled the start of a
second generation series of modified mannosides. The aim remains to conceive
pharmacophores for FimH antagonists, with pharmacophores being defined as the
ensemble of steric and electronic features that is necessary to ensure the optimal
supramolecular interactions with a specific biological target and to trigger
(or block) its biological response [95]. FimH antagonists simulate the action of
oligomannose-3, with the central mannose and the N-acetylglucosamines present in
the chitobiose core linking to the asparagine of glycoproteins. The mannose-
binding pocket and the tyrosine gate form the center of interactions for the
second-generation FimH antagonists, that are in the broad sense based on the highly
specific a-pD-mannoside monosaccharide, substituted with aromatic aglycons opti-
mized to improve the stacking within the tyrosine gate, especially with tyrosine 48.

Pharmacological parameters are being taken into consideration and become built
in into the compounds to allow their therapeutic use in vivo. The decisions on the
structures of FimH antagonists are paralleled by the required pharmacokinetics and
distribution of the drug molecules to permit a therapeutic dose during a sufficient
retention time in the diseased organ. An optimal combination of these parameters
will allow to make full use of the activity of the therapeutic molecules and will tend
to avoid undesired side effects such as cell and organ toxicity. Successful examples
have recently been illustrated in the literature for the application of FimH anta-
gonists in the mouse bladder to eradicate urinary tract infections, upon oral admini-
stration [38, 96] or upon a single intravenous injection [84].

Solubility, stability, lack of toxicity, partitioning based on lipophilicity or
binding to plasma serum proteins, permeability through membranes that have to
be crossed by the drug molecules to reach to infection niche have to be analyzed and
optimized in relation to the route of administration and the body niche infected by
E. coli. Also they have to be placed in the metabolic context of the patient suffering
from, for example, diabetes mellitus or in pregnancy [20], Crohn’s diseases [90], or
cancer. The placement in a specific metabolic context is especially important to
avoid unwanted side effects of the mannose-based antagonists. This is because
expression of glycoprotein receptors for FimH is different, often augmented, under
metabolic imbalance [40], and the activated state of the immune systems with
increased involvement of macrophages that are prone to interfere with FimH
antagonism. Characteristics that are commonly shared between the drug molecule
candidates are the ability to clear them from the organism and to avoid retention in
kidneys and liver, as evaluated using logP and logD7.4 [37]. Orally available FimH
antagonists have to resist enzymatic and chemical degradation, and have to be
soluble as well as contain lipophylic properties to absorb over the intestinal
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membrane (evaluated in, for example, a caco-2 assay) or to bind plasma proteins
once in the blood circulation. The group of Beat Ernst established an ingenious
prodrug approach to unite these apparently opposed characteristics in an orally
administrated biphenyl a-p-mannose (bpMan) [97]. An ester group was brought
onto the bpMan for the molecule to undergo intestinal absorption. Esterases present
in enterocytes and in the liver cleave the ester to a carboxylate that helps its
clearance by the liver and renal elimination.

In history, two varieties of synthetic FimH antagonists were particularly studied,
that is, the monovalent mannosides with specific anomeric aglycons and the
multivalent glycoclusters where several copies of a given mannoside are grafted
to a common scaffold. From a conceptual point of view, mono- and multivalent
compounds operate by specific and different binding mechanisms. Efforts in devel-
oping monovalent mannosides were nearly exclusively focused on shaping the
anomeric aglycon moiety, the mannose core being too deeply buried in the lectin
domain for modifications. In a first generation of mannose-based anti-adhesives,
aliphatic and aromatic anomeric aglycon created hydrophobic stacking and van der
Waals interactions with the side chains of Tyr48 and Tyr137, located at the entrance
of the FimH binding site. Aside from this classical “key and lock” approach, several
groups have developed multivalent mannosides in an attempt to increase the
apparent affinity of FimH by a “glycoside cluster effect” [98]. Indeed, it is well
known that multivalent ligands for lectins can be much more effective than
expected from their structural ligand valency. Here, we will illustrate these two
approaches with specific examples of highly potent and promising mono- and
multivalent FimH inhibitors. In view of the large number of structures developed
since the first proof-of-concept, the few examples reported here forms a small part
of the FimH antagonists reported in literature. For a more complete overview, we
invite the reader to refer to specific reviews [99, 100].

4.3 Monovalent Anti-adhesives

Pioneering work by Sharon and coworkers showed that mannosides with an aro-
matic aglycon were much better FimH inhibitors than methylmannoside reference
(MeMan, Scheme 1) [34]. p-Nitro-o-chlorophenyl a-p-mannoside (pNPoClaMan)
and 4-methylumbelliferyl a-p-mannoside (MeUmbaMan) were identified as the
most potent FimH antagonists of the series. The compounds are 470- and 1,015-fold
more potent than MeMan in inhibiting E. coli attachment to guinea pig ileal cells,
with affinities relative to methyl a-p-mannose that correlate well with the relative
concentrations required for inhibition of yeast and intestinal cell adhesion of type-1
piliated E. coli [34]. This finding highly stimulated the development of new
synthetic inhibitors based on phenyl mannoside.

Starting from the potent antagonist 2, Lindhorst and coworkers have developed a
simple procedure to introduce a squarate moiety to further interact with the lectin
domain exterior of FimH (Scheme 2) [101]. The nitro group of 2 was reduced with
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Scheme 1 Relative inhibitory values of the aromatic mannosides pNoCIPaMan and MeUmbaMan
compared to MeMan in removing adherent E. coli strain O128 from ileal epithelial cells
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Scheme 2 Lindhorst and coworkers grafted a DES group to further enhance the binding affinity at
the entrance of the FimH lectin domain [101]

H,/Pd and the amine was subsequently reacted with diethylsquarate (DES) leading
to 4 with 55% overall yield. The compound proved to be a potent E. coli anti-
adhesive in an ELISA assay. The relative inhibitory of 4 was shown to be 6,900-
fold more potent than MeMan 1 and 35-fold than 2, showing the benefit of
extending interactions beyond the phenyl ring. It should be noted that the higher
anti-adhesive effect of 4 compared to 2 was also evidenced by others in an
aggregation assay [102].

Introduction of a second phenyl ring in the para position of phenylmannoside
(pMan) led to a particularly potent class of FimH antagonist. The corresponding
biphenyl mannosides (bpMan) were first reported by Scott Hultgren and coworkers
(Scheme 3) [94]. The authors developed a large library of bpMan and the structural
basis for enhanced potency was determined with the obtention of an X-ray crystal
structure of analogue 5 bound to FimH. A key n-stacking interaction was formed
with Tyr48 and the biphenyl moiety, and a H-bond electrostatic interaction with the
Arg98/Glu50 salt bridge. If several lead compounds were identified here, Beat Ernst
and coworkers showed in an independent study that closely related bpMans have
the potential to reduce uropathogenic E. coli levels in the bladder after oral
administration to mice [97]. Reduction of colony forming units by several logs
was observed in the bladder and urine with FimH antagonist 7. These results
highlight the potential of this class of compounds for the effective treatment of
UTIs.
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Scheme 3 Independent studies conducted by the groups of respectively Ernst and Hultgren
revealed in vivo potential of bpMan for treating urinary tract infections [94, 97]
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Scheme 4 Chemical design of an improved bpMan for treating urinary tract infections [38, 88]

BpMan can be obtained by a synthetic sequence involving a glycosylation step
to introduce the first aromatic ring and a Pd-mediated coupling for the terminal
phenyl group. This strategy was used by Hultgren and coworkers for the obtention
of a second generation of optimized FimH antagonists (compound 6, Scheme 4)
[38]. Treatment of cystitis in a mouse model with 7 and related compounds showed
particularly promising results. The compounds were shown to prevent urinary tract
infection in a prophylactic therapy and to treat chronic cystitis. Diminution of
bacterial levels in the bladder was also shown to be higher with bpMan than with
the commonly prescribed antibiotic trimethoprim-sulfamethazole. Ernst and
coworkers have also recently shown that indolinyl phenyl mannoside can reduce
bladder bacterial load to a similar extent (four orders of magnitude) as a standard
antibiotic treatment with ciprofloxacin [37].

Recently, a new set of FimH antagonists has been developed in the group of
Sebastien Gouin, with the aim to introduce different natures of atoms at positions of
interaction between the FimH adhesin and the anti-adhesive molecule (Scheme 5).
A convenient addition—cyclization methodology was developed to build thiazoles,
pyrimidines, and triazines on the mannose, by performing the heterocyclization
reaction with differently substituted dienophiles and electrophiles [90]. Hetero-
cycles circumvent the rather low solubility generally encountered with O- or
C-mannosides bearing hydrophobic aglycons and potentially represent versatile
tools for adapting partitioning (logP, logD), membrane permeability, pharmaco-
kinetics, and organ distribution. Because the structure of the heterocyclic moiety
and the R substituent can each be conveniently modulated, a large panel of potential
inhibitors with good aqueous solubilities can be obtained.
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Scheme 5 Mannosides with heterocyclic aglycons for improved water solubility and affinity.
Results obtained with the thiazole series (TazMans) suggested for the first time a potential
anti-adhesive treatment of Crohn’s disease [90]
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Scheme 6 The addition—cyclization strategy to design TazMans [90]

N-linked thiazolyl o-p-mannosides (TazMans) have been obtained from
mannosylisothiocyanate 11 (Scheme 6). The compound was first converted into a
thiazadiene 12 with NH; gas followed by treatment with N,N-dimethylformamide
dimethyl acetate. The critical addition—cyclization steps with 12 and a set of
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chlorocetones led to the expected thiazoles with good to excellent yields
(Scheme 6). TazMans were particularly potent FimH antagonists with binding
affinities in the nanomolar range in an ELISA assay [90]. The high-resolution
crystal structure obtained with lead compound 13 and FimH showed the thiazole
moiety interacting with Tyr48 and interaction energies were calculated to be higher
with the thiazolyl group than with a phenyl group (see Section 4.4). The most active
TazMan 14 was shown to prevent attachment of adherent-invasive E. coli (AIEC)
to intestinal cells at 10,000- and 100-fold lower concentrations than mannose and
the potent FimH inhibitor HM, respectively. AIEC were previously shown to
colonize the ileal mucosa of patients with Crohn’s disease, inducing the secretion
of large amount of tumor necrosis factor alpha (TNF-a) [43]. The present results
suggest for the first time a potential anti-adhesive treatment against AIEC in
inflammatory bowel diseases [103].

4.4 Multivalent Anti-adhesives

The serendipitous discovery of alkyl mannosides as strong binders to FimH of these
“sticky” ligands led to the identification of a new class of FimH inhibitors. Being
easily synthesized and highly soluble in water, they became potential blocking
agents for FimH-mediated adhesion. Disappointingly, rather high concentrations
(around 5 mM, see Fig. 3) were required to obtain 90% reduction of bacterial by the
monovalent HM compound in a mouse model. Therefore, mannosides were also
grafted in multiple copies to synthetic scaffolds to evaluate the effect of ligands
clustering on E. coli adhesion. It is well known that so-called glycoclusters can
improve affinity for lectins to a large extent, with examples reported reaching up to
several logs increased affinity compared to monovalent references. A logarithmic
affinity enhancement is however not a general rule, the binding mode operating and
the nature of the lectin playing a critical role. The highest multivalent effects were
reported with glycoclusters able to embrace simultaneously several lectin domains
of a multimeric lectin. Several binding mechanisms operating independently or
simultaneously were shown to stabilize glycocluster—lectin interactions [104—106].

A first one is that upon the first ligand-lectin domain interaction, subsequent
binding is favored due to the spatial preorganization of the ligands during the first
interaction and thus the lower entropic cost paid. This chelate scenario is not
operating with FimH due to the monovalent nature of the lectin. However, E. coli
expresses hundreds of type 1 pili at their surface. With a high density of low-affinity
glycan receptors on cells, a “bind and recapture” process may prevail and diminish
bacterial dissociation rates [59]. A multivalent mannosidic inhibitor can potentially
cross-link multiple FimH, which either belong to fimbriae of the same bacteria and
thus forms a chelate or belong to different bacteria and thus forming clusters of
E. coli. The concentrations, required to block adherence to the cells, of multivalent
inhibitors that cluster bacteria should be decreased compared to its monovalent
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Scheme 7 Di- and trivalent mannosylthiourea probing multivalent effects on type 1 piliated
E. coli [107]

analogues, because bacteria trapped inside the aggregates would be incapacitated to
attach to a surface even if only a small part of their pili are cross-linked.

Lindhorst and coworkers first observed multivalent effects on type-1 piliated
E. coli with synthetic glycoclusters (Scheme 7) [107]. The authors have developed a
simple procedure to form di- to octavalent mannosylthiourea. Di- and trivalent
compounds 16 and 17 were shown to be the most potent inhibitors of the series in a
haemmaglutination assay. Relative inhibitory titers expressed in moles mannose
compared to monovalent 15 reached 39 and 37 for 16 and 17, respectively. The
tetra- to octavalent analogues did not show enhanced affinity, meaning that a
plateau of inhibition is readily obtained at a low valency.

Lee and Roy have studied how highly mannosylated ligands enhance affinity
toward E. coli K-12 [108]. Mannose-containing neoglycoproteins were designed
from bovine serum albumin or human serum albumin (HSA). Up to 35 mannosides
copies were grafted to the amino groups of the proteins with different linking arm.

L-Lysine-based mannose dendrimers developed by René Roy were also included in
the study. Compounds with 2, 4, 8, or 16 phenylmannosides residues were obtained
by increasing the generation of the dendrimers. Compounds were evaluated in a
competitive assay with 125]abeled mannosylated HSA. The dendrimers and the
neoglycoproteins with the highest mannose valency were particularly potent anti-
adhesive compounds with ICs, values in the subnanomolar range. A significant
multivalent effect was also observed with the dendrimers, DP-2, DP-4, DP-8, and
DP-16 being around two-, four-, three-, and fivefold more potent inhibitors on a
mannose molar basis when compared to para-nitrophenyl mannoside (Scheme 8).
DP-16 was the most potent dendrimer evaluated in the assay with 4 orders of
magnitude higher affinity than MeMan. Valency-corrected multivalent effects
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Scheme 8 Dendritic mannosides developed by Roy and coworkers [108]

reaching up to one log were also observed with mannosylated glycoproteins. Both
the chemical nature and the length of the tethers were shown to be important factors
on the affinity. To rationalize the affinity enhancement observed with increased arm
length, the authors proposed that the compounds bind to two or three fimbriae of
E. coli. Based on the neoglycoprotein size, they moreover suggested that the
mannosyl residues that span a distance of 20 nm or longer can be sampled by
more than one fimbrial tip.

Roy and coworkers also identified potent dendrimers with much lower valencies.
A tetrameric glycodendrimer 18 carrying aryl mannosides had subnanomolar
affinities (K;=0.45 nM) for FimH [109], compared with nanomolar affinity for
the monovalent form (K,=18.3 nM) [35], in SPR experiments, but inhibited
haemagglutination by type-1 fimbriated E. coli a factor 2 better than HM (Fig. 9).

A set of HM clusters has been designed to combine the potency of the anomeric
heptyl chain, in improving intrinsic FimH affinity, with a multivalent stabilization
(Scheme 9) [83, 84, 110]. Tetravalent HM 19 with ethylene glycol spacers was
shown to prevent in vitro bacterial bladder cell binding at 12 nM [110]. In com-
parison, mannose and HM required 6,000- and 64-fold (sixteenfold in ligand molar
basis) higher concentrations to achieve a similar anti-adhesive effect. In subsequent
reports, the FimH binding mechanism was investigated for HM clusters 20 [84] and
21 [83]. Data obtained from ITC showed that compound 21 was able to accommo-
date seven FimH molecules simultaneously. The formation of larger FimH
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Fig. 9 A pentaerythritol scaffolds was used for the preparation of glycodendrimers bearing aryl
o-D-mannopyranoside residues, the latter assembled using Sonogashira and click chemistry.
Surface plasmon resonance measurements showed these two mannosylated clusters recognize
FimH from E. coli at subnanomolar concentrations; however, they showed no obvious multivalent
effect in the inhibition of haemagglutination [109]
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aggregates was also shown with dodecamanosylated fullerene that can accommo-
date up to seven FimH molecules (Fig. 6) [36]. These results obtained with two
different types of multivalent mannosides evidenced that ligands separated by only
a short distance on the scaffold can be functionally binding FimH.

A first model of a glycocluster—-FimH interaction, with compound 20, was
created by combining data from isothermal titration calorimetry (ITC), dynamic
light scattering (DLS), and small-angle X-ray solution scattering (SAXS). Small-
angle X-ray scattering, in conjunction with dynamic light scattering, is a powerful
way to image shapes and solution behavior of low-resolution structures (Fig. 10).
Interestingly, heterocompounds 20 and 21 were also able to promote bacterial
clustering in solution by cross-linking FimH attached to different bacteria pili,
giving a particularly valuable insight in the binding mode operating. This effect
was not readily observed with the corresponding monovalent references; however,
a head-to-tail association of FimH lectin domains was proposed from the fitting of
SAXS data, when aggregation was observed to follow HM binding in solution
NMR studies [111]. These results clearly showed that the capture/aggregation of
living bacteria in solution can be promoted by highly dynamic glycoclusters with
low valencies and that this phenomenon is not restricted to polymeric
mannosides [112].

The effect of multivalency of FimH anti-adhesives, namely compound 20, was
for the first time evaluated in vivo, in the murine cystitis model C3H/HeN [84]. The
level of infection was reduced tenfold for instillation of 10 pM of 20 in the bladder.
Similar levels of inhibitions were observed with HM and a monovalent HM
reference at much higher concentrations of 5 and 1 mM, respectively. A 100-fold
lower concentration of 20 correspond to an injected dose by animals of less than
2 pg. With this dose, a similar anti-adhesive effect compared to monovalent
analogues was obtained, an effect that was retained over more than 24 h in the
bladder. The bladder targeting and retention was also assessed with a *™Tc-labeled
analogue of 20. Results showed a very rapid accumulation in the bladder (locus of
infection). The rapid distribution of multivalent 20 in the bladder (20% after 5 min)
avoids undesired side effects that may occur when a mannose-based FimH anta-
gonist is applied in vivo by interference with mannose-binding lectins, such as
DC-SIGN and the macrophage mannose receptor, from cells of the innate immune
system and indeed suggests that the multivalent HM-derivatives are poorly retained
by the human mannose-binding lectins. On the other hand, a reduction of 20 with
only about 40% between 30 min and 24 h upon intravenous injection suggests a
favorably long-lasting retention of the treatment that can treat during a complete
pathogenic life cycle of E. coli, even of those strains with a slow kinetics. The
pharmacokinetic and pharmacodistribution parameters (supplementary information
in [84]) indicate a strong therapeutic potential of 20 by a single-shot intravenous
administration.
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Fig. 10 Behavior of a supramolecular complex of 20 with FimH. 20 is a p-cyclodextrin that is
sevenfold grafted with n-heptyl a-p-mannose (see Scheme 9). The SAXS data fit a model of three
FimH lectin domains bound to 20 (inset right up). Twofold dilutions in the same buffer of 12.4 g/L
(cyan) to 6.4 g/L (blue), 3.3 g/L (green), and 1.6 g/L (red) demonstrate that more of a higher-order
species exists at higher FimH concentrations that readily dissociates, upon dilution, toward the stable
(FimH);:cyclodextrin trimeric complex that is observed in reverse isothermal titrations (n =3 in the
ITC experiment in the inset left under). This multivalent FimH antagonist interferes at very low doses
(2 pg per mouse is sufficient to reduce bacterial counts over a 24-h period) in aggregation-prone
complexes with E. coli adhesion. The complex formation of FimH with 20 is followed by a
reorganization with an enthalpic stabilization at FimH concentrations higher than six times the
inhibitor concentration (decline in the ITC titration curve at n =6, red arrow in ITC inset) into a
higher-order oligomer formation based on the inter-trimer FimH-FimH interactions [84]
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4.5 Optimization Using Principles from Quantum Chemistry

Ligand binding in proteins is an extremely complex subject with the binding free
energy resulting from different contributions (e.g., desolvation, loss of confor-
mational motion of the bound ligand, noncovalent interactions formed in the
binding pocket upon binding). Experimental techniques can give insight in the
overall binding free energy AG, but not in its individual enthalpic and entropic
contributions, making the rational design of high affinity ligands difficult. Further-
more, experimental characterization of protein—ligand affinity is limited by several
aspects as cost, efficiency, availability of biological material. Therefore, compu-
tational techniques gain more and more interest to model and elucidate protein—
ligand interactions and to predict ligand affinities prior to ligand synthesis. Compu-
tational studies can help to decide the most promising candidates to be tested
experimentally [113]. Docking, to generate structural information, and force-field
and empirical scoring functions, to obtain insight in the underlying energetics of
ligand binding (determination of AG and its decomposition in different compo-
nents, so-called “scoring”), together with force-field-based molecular dynamics
(MD) simulations enabling structure prediction, refinement and scoring, are cur-
rently the generally applied techniques to computationally study and predict
protein—ligand interactions (for a review on docking, see chapter of Martin Frank
in this volume).

A very promising alternative strategy to obtain a correct ranking of ligand
affinities is the calculation of the total interaction energy Ejy. (o1 (EQ. 1) using
semiempirical (approximated methods that use several parameters from empirical
data) or ab initio (e.g., density functional theory, DFT) quantum mechanical
calculations.

Eint,total = Ecomplex - Eprotein - Eligand (1)

The free energy G can be written as the sum of the electronic interaction energy
Eiy and the nonelectronic contributions, thermal energy, and entropy. For similar
ligands, the nonelectronic contributions to the free energy (entropy, temperature
corrections, solvent effects) can be considered as constant in a first approximation
[114], by which a linear correlation between the calculated interaction energies and
the experimentally obtained binding affinities K,; (which is related to AG via
AG = —RT In K,) can be found. The correlation between measured affinity and
interaction energy in the FimH binding pocket nicely illustrates this feature
(Fig. 11).

The ligand BM (see Fig. 11 for ligand identification) is more similar to HM and
ligand 25 than to ligands 23 and 24, and thus based on the assumption that
nonsimilar ligands give nonconstant nonelectronic contributions to the free energy,
it is expected that BM would not fit into the correlation. However, the BM ligand
still fits in the correlation, whereas HM and ligand 25 do not fit. This rather
unexpected result might be due to the model system used in the calculations. The
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Fig. 11 Correlation between affinity K, (nM) and the calculated interaction energy Ein. total
(Eq. 1) calculated using FimH-ligand co-crystal structures with closed tyrosine gate [39]. The
numbers refer to the ligand identification numbers used in the text

model was limited to the tyrosine gate of FimH, represented by Tyr137 and Tyr48.
Errors were most likely introduced because Ile52, a residue that also contributes to
the formation of the hydrophobic pocket, was not included. The model system was
rather simple, which ignored explicit solvation and relaxation effects and relied
only on the single binding mode found in the crystal structure. Conformational
dynamics of the side chain of Tyr48, found in at least two different conformations
in the crystal structures [27, 35, 115], were not taken into account.

A careful structure preparation before calculation of Ejy o is thus of crucial
importance. DFT methods, corrected for dispersion and with an implicit continuum
solvent model, are currently the most accurate to obtain a correct ranking of
Eint. 1ora1 but are restricted more by the system size than semiempirical quantum
chemical methods (SQM) [116]. Advanced SQM methods, with corrections for
hydrogen bond interactions, for dispersion and with an implicit continuum solvent
model, demonstrate a clear improvement over the force-field-based methods and
perform very similar to the previously mentioned DFT-based quantum mechanical
(QM) methods to correctly rank Ejy ora1 [116]. The correct ranking of calculated
interaction energies Ejy (ora1 1S already achieved for a cutoff distance of a sphere
with 7 A radius around the ligand (note that the effective distance around the ligand
is about 10-12 A, since in the set up, all residues with at least one atom within the
cutoff distance were kept completely) [116]. The sizable contributions beyond a
distance of 7-10 A seem to be rather uniform and contribute similarly in all cases.
As such, according to this study, quantum chemical calculations can be restricted to
smaller model systems without losing predictive power.
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Upon obtaining accurate Ej,. (ora) N @ subsequent step, the strength and selecti-
vity of the calculated Ejy, ora1 can be investigated and analyzed within the frame-
work by quantitative molecular orbital (MO)-theory [117]. The MO-model and its
associated energy-decomposition approach give insight in the obtained ligand—
protein binding energy and form the current state of the art in explanatory chemistry
[118]. Much effort has been recently undertaken to develop semiempirical QM
scoring functions, in which not only Ejy ora1 1S present but also the desolvation free
energy, the change of conformational free energy upon binding, and entropy terms.
These SQM-based functions give clearly a better ranking of AG of, for example,
HIV protease inhibitor complexes and cyclin-dependent kinase 2 (CDK2)-ligand
complexes than the docking scoring functions [119]. The calculation of exact
binding free energies remains problematic. To obtain exact values of AG in
accordance with experimentally measured values, explicit solvent molecules, and
not the frequently used implicit continuum solvation models, need to be included
[120]. Further, desolvation energies and entropic effects need to be accurately
described as correction terms upon Ej (otal-

Insight in the interactions determining Ejp, 1ot Will help in rational drug design.
Based on a well-prepared starting structure, quantum chemically obtained E;,,, using
advanced calculation methods forms a promising route to at least correctly rank
binding energies. Still, high-level calculations of Ei (o are computationally
demanding and require structural information. Therefore, the development of
descriptors able to predict ligand affinity based on earlier obtained insights from
calculated and analyzed Ej, o1 and on the properties of the considered ligands
alone is very valuable. The present authors recently validated the reactivity descrip-
tors local hardness n(r) [121, 122], a local version of the chemical hardness [123]
and polarizability a [124] to assess affinity in the tyrosine gate of FimH, a setting of
two tyrosines (Tyr48 and Tyr137) backed up by an isoleucine (Ile52) [33]. The
introduction of alkyl and aryl moieties in the aglycon of synthetic a-p-manno-
pyranosides can mimic the stacking interactions observed of oligomannoside-3 in
the tyrosine gate [27]. Using the hardness and polarizability descriptors, infor-
mation on the ligand affinity might be obtained without the need of calculating
the interaction energy, and thus, without the need of structural information. The
dispersion and the electrostatic energy components form the major part of the
noncovalent T—x interaction between aromatic rings and thus by calculating these,
information on the interaction between aromatic amino acids as Tyr137 and Tyr48
of FimH and various ligands can be obtained.

From a conceptual point of view, the dispersion part of the interaction energy
can be related to the polarizability a [124] and the electrostatic part of the inter-
action energy to the local hardness #n(r). The polarizability a gives the tendency of
an electron cloud to be distorted by an electric field, caused for example by the
stacking partner. A larger polarizability is favorable for the interaction. The local
hardness is a measure of negative charge accumulation. A large value of #(r) creates
an unfavorable interaction energy [125, 126]. Based on the lowest local hardness
and highest polarizability criteria, the interactions with ligands 24 and 22
(see Fig. 11 for ligand identification) are overall more favorable than for the
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Fig. 12 Identification of substituted ring and unsubstituted rings (Tyr48 and Tyr137) in the
benzene dimer and the FimH tyrosine gate, respectively

reference systems of benzene and ethyne [115]. This might be due to the delocal-
ization of electrons (larger polarizability) between the phenyl ring and the alkyne
moiety of the ligand, resulting in less negative charge around the phenyl ring and
the triple bond. As such, interaction properties of large ligand systems can differ
largely from the small reference systems like benzene and ethyne.

Model calculations reveal that all substituents stabilize the benzene dimer
(Fig. 12) relative to the unsubstituted case, regardless of the substituent’s
electron-withdrawing or electron-donating character [127]. The effect of substitu-
ents on the stacking interaction does not hinge upon the changes induced in the aryl
system, but are better described as arising from local, direct interactions of the
substituent with the other ring. More precisely, the effect of a substituent depends
on the orientation of its local dipole moment relative to the electric field of the
unsubstituted ring. This is nicely illustrated for the following ligands with
substituted benzenes: ligand 26 (no substitution on the phenyl), 27 (hydroxyl in
para position), and 28 (chloride halogen in para position) (see Table 1 for ligand
identification). The following affinity sequence was measured: 28 >27 >26
[115]. For these ligands, the sequence of the lowest hardness (—-Cl <—-OH < -H)
and the highest polarizability (—C1 >—-OH > —H) follows the sequence of the affi-
nity (—Cl>-OH >-H) (Table 1). The —OH and —CI substituents are inductive
electron acceptors and mesomeric donors, with the inductive effect being the
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Table 1 Local hardness and polarizability of the substituting aromatic ring [90, 115]

Ligand SPR affinity K, (nM) a (Bohr*3) n(r) P (kcal/mol)
26 372426 66 73
HO OH
HO %
HO
H
)
(0]
27 328 £63 67 69
HO OH
HO &
HO
H
o
(0]
28 113 £37 70 66
HO OH
-0
HO
HO
H
(e}
29 220+8 99 58 (Tyr48)
HO OH 46 (Tyrl37)

largest for —Cl and the mesomeric effect being the largest for -OH. As such, -OH
brings electrons in the ring and is a ring activator toward electrophilic substitution,
whereas —Cl is a deactivator. This different behavior of the —OH and —CI sub-
stituents toward electrophilic substitution is not reflected by the affinity, which
indicates that local direct interactions between the substituent and the other ring
dictate the substituent’s effect [127].

In the FimH tyrosine gate, one can identify the tyrosine residues as the
“unsubstituted ring” and the ligand as the substituted stacking partner (Fig. 11)
[128]. The fact that the substituent depends on the orientation of its local dipole
moment relative to the electric field of the unsubstituted ring might cause disagree-
ment between affinity predictions that are based on the local hardness calculated on
standard positions, without referral to structural data [115]. However, if structural
information is available, predictions based on structural information of similar
ligands and under the assumption that the investigated ligands bind in the same
way, predictions become feasible. Keeping this in mind, the interaction between
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Fig. 13 Second generation mannosidic anti-adhesives targeting FimH [90]. (a) A thiazolylamino-
mannoside (TazMan, or 13 in Scheme 6), a second generation compound, bound to the FimH
lectin domain in crystal structure (PDB entry 3z12). Red-dotted spheres represent water molecules
that have been evacuated from the hydrophobic ridge, also because the latter is involved in crystal
packing. (b) Aromatic stacking interactions of TazMan with Tyr48, the orientation of its hetero-
cycle sulfur atom toward Tyr137, and the compatibility of its carboxyl group with the hydroxyl
groups of the two tyrosines and the aqueous environment

ligand 29 (see Table 1 for ligand identification) and Tyr48 and Tyr137 was assessed
via the local hardness on specific positions and compared with this of benzene as
reference molecule located at the same position as the heterocycle of ligand 29
[90]. For the interaction with Tyr48, we found a local hardness of 58 and 104 kcal/
mol for 29 and benzene, respectively. This corresponds with the 2.5 kcal/mol more
favorable interaction energy calculated between 29 and Tyr48 and is in agreement
with the fact that ligand 29 is at stacking distance to Tyr48 (Tyr48 at 3.68 A,
Fig. 13), but relatively far away from Tyr137 (Tyr137 at 4.79 A, Fig. 13). For the
interaction with Tyr137, we found a local hardness of 46 and 95 kcal/mol for 29 and
benzene, respectively. This large difference in local hardness between benzene and
29 is not reflected in the calculated interaction energies between 29 (0.1 kcal/mol)
or benzene (—0.4 kcal/mol) and Tyr137, showing no interaction is apparent at the
calculated positions with Tyr137.

In conclusion, the combination of biophysical data and quantum chemical
calculations forms a promising research line to develop tools for rapid ligand
screening prior to synthesis [115]. Force-field-based and empirical scoring func-
tions face a lot of complexity to rank and predict binding affinities [129]. This
review article summarizes the first steps in quantum chemical research toward
affinity predictions of FimH antagonists and thus further research will design
improved calculation protocols and quantum-chemical-based scoring functions to
successfully assess FimH-ligand affinity.



160 S.G. Gouin et al.
5 Perspectives

A large range of FimH inhibitors have been described during the last 25 years.
Efforts focused on improving the affinity for the tyrosine gate. This hydrophobic
region is quite flexible, adopting anomeric alkyl, aromatic and heterocyclic moie-
ties that can be trapped in an open or closed gate conformation. Among the potent
inhibitors developed, biphenyl a-pD-mannosides are particularly studied and are
promising orally available compounds for a potential treatment of UTIs. Further
preclinical lead optimizations are, however, required to improve their bio-
availability and limit their often insoluble nature. E. coli anti-adhesives that target
the FimH lectin may also find new fields of applications, as recently suggested with
the thiazolyl a-pD-mannoside series that showed strong antagonistic effects on
adherent invasive E. coli on intestinal cells in vitro and ex vivo [90]. Those results
suggest a therapy for inflammatory bowel diseases, by hampering the E. coli,
that maintains the inflammatory reaction in a dysbiosis [43], rather than the inflam-
mation itself using TNF-a antagonists.

The design of multivalent mannosidic inhibitors was shown to be a relevant
strategy to obtain potent anti-adhesive compounds. There are conflicting views on
their modus operandi with the FimH lectin. Glycoclusters constructed with high-
affinity ligands such as HM do not improve the intrinsic affinity for FimH, as
evidenced by ITC and SPR results. These results suggest that stabilizing intra-
molecular chelate effects or “bind and recapture” mechanisms do not prevail for
these kinds of multivalent inhibitors. The stoichiometry of a single FimH lectin
domain interacting with one monovalent a-pD-mannosidic derivative has been well
characterized; however, significant evidence always existed that such first protein—
carbohydrate interaction can trigger FimH-FimH protein aggregation into larger
but easily dissociatable clusters [24, 36, 84, 111]. The spatial distribution of the
ligands on the glycocluster is thereby a very important determinant for simul-
taneous binding of multiple FimH molecules or fimbriae on the inhibitor scaffold;
it favors the co-aggregation of FimH onto the glycocluster via the, mostly hydro-
phobic, FimH surfaces. A first apparent “dimerization” of FimH on a glycoligand,
such as HM [111], increases dynamics of FimH within the glycocluster and on its
turn induces aggregation with neighboring FimH-charged glycoclusters. This
aggregatory mechanism allows for bacterial clustering, with much lower concen-
trations of the multivalent ligand than the stoichiometric equivalent of its monova-
lent analogues, and explains the avidity generally observed in cell-based assays.
Because of their higher water solubility and molecular weight, multivalent ligands
are probably less orally available for the urinary tract but are ideally suited for
therapeutic purposes in the intestines. Larger assemblies of mannosides could be
tested for antagonist potencies on inflamed tissues such as the ileum in Crohn’s
disease patients. Nevertheless, multivalent anti-adhesive effects were recently
measured in the mouse bladder, using very low doses of glycoclusters intravenously
injected and with adequate pharmacokinetics and organ distributions. Mono- and
multivalent FimH antagonists are therefore complementary tools to treat type-1
piliated E. coli infections in a context of growing antibiotic resistances.
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Design based on structure, thermodynamics, and quantum chemistry of the
FimH-ligand interaction is a powerful path that must be combined with optimized
pharmacokinetic and pharmacodistribution parameters of the therapeutic drugs.
The crystal structures of the FimH adhesin in complex with its natural receptor
and butyl mannose opened the way for drug design of carbohydrate-based anti-
adhesives. The soaking of the ligand-free FimH crystals with antagonists is giving a
reliable picture of the interactions that allows the optimization of the calculations
and the prediction of interaction modes and their energies. Calculations are being
used not only for the FimH with ligands bound in the in-docking (ligand bound in
the open tyrosine gate) and out-docking (ligand bound over the closed tyrosine
gate) modes but in the future also for FimH in its compressed, low-affinity confor-
mation versus its extended, high-affinity structure upon the formation of catch
bonds with mannose. In conclusion, pharmacophores are being further developed
to guide the drug design of FimH antagonists.
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Carbohydrate-Based Anti-Virulence
Compounds Against Chronic Pseudomonas
aeruginosa Infections with a Focus on Small
Molecules

Alexander Titz

Abstract The Gram-negative bacterium Pseudomonas aeruginosa can establish
life-threatening chronic infections through biofilm formation. The two bacterial
lectins LecA and LecB play important roles in the formation of these biofilms and
the inhibition of the lectins with carbohydrate-based ligands was shown to disrupt
biofilms. These effects provide a novel therapeutic option against infections caused
by P. aeruginosa. In addition to the urgent need for novel therapeutics against
Pseudomonas infections, two major advantages arise from these lectins as targets
for therapy: (1) the extracellular localization and site of activity of LecA and LecB
circumvent the bacterial cell envelope as a particularly impermeable barrier of
Gram-negative pathogens, which must be overcome by drugs against intracellular
targets, and (2) the lectins are targets of the so-called anti-virulence therapy and
therefore a reduced appearance of resistances towards lectin-directed drugs can be
anticipated. In this review, the recent development of carbohydrate-based inhibitors
against both lectins is summarized with a main focus on small molecules.
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1 Introduction

Since the discovery of penicillin by Alexander Fleming infectious diseases have lost
their frightening reputation in the society. Numerous antibiotics of different classes
have been discovered at a high pace, especially during the golden ages of antibiotics,
the 1960s and 1970s. Consequently, the vast majority of infections could be suc-
cessfully treated. In addition to the mostly beneficial but sometimes inappropriate
use, for example against viral infections, antibiotics have also found widespread use
in livestock and especially poultry mass production. Unfortunately, the discovery
and introduction of novel classes of antibiotics into the market has stalled during the
last 1015 years and the number of pharmaceutical companies developing antibi-
otics has significantly dropped from 1990 to 2011 [1]. The excessive use in combi-
nation with a lack of novel drugs has led to the appearance of resistances among
pathogens against existing antibiotics [2]. In recent years, multiresistant germs have
appeared, pharmaceutical companies have withdrawn from antibacterial research
and therefore, chemotherapeutic treatment options are consequently on the decline
[1]. The Gram-positive methicillin-resistant Staphylococcus aureus (MRSA) is
probably the best known multiresistant organism. In recent years a number of
problematic organisms have appeared, and the so-called ESKAPE pathogens
(Enterococcus  faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species)
are in the center of concern regarding hospital-acquired infections [3]. Among
them, highly resistant Gram-negative strains of Pseudomonas aeruginosa have
evolved and present currently a major threat to public health [4, 5].

P. aeruginosa is a ubiquitous organism that is found in soil, water, and numerous
other habitats as a consequence of its high adaptability to different environmental
conditions. The genome of P. aeruginosa consists of a conserved core genome and
a highly variable accessory genome which allows the bacterium to respond to
numerous environmental factors, e.g., nutrients, niches, and defense mechanisms
[6, 7]. Besides its ability to infect plants, this Gram-negative rod-shaped bacterium
is an opportunistic pathogen and a major threat to hospitalized patients [8] as well
as to individuals suffering from the congenital disease, cystic fibrosis [9]. Chronic
pulmonary infections of cystic fibrosis patients with P. aeruginosa and subsequent
organ failure account for 80% of deaths of these patients [10]. Among the nosoco-
mial infections caused by this pathogen, pulmonary infections of artificially venti-
lated patients as well as wound infections are the most prevalent ones, but urinary
tract infections or infections of implants equally pose major problems for treatment.

Contrary to the cell wall of Gram-positive bacteria like Staphylococcus aureus,
which consist of an inner membrane and an outer layer of peptidoglycan, Gram-
negatives possess an additional outer membrane covering the peptidoglycan layer
and the inner membrane. This extra barrier gives an extended protection of Gram-
negatives against treatment with antibiotics. Furthermore, P. aeruginosa has
numerous so-called efflux pumps, i.e., proteins that deplete exogenous compounds
like antibiotics within the cell after they have entered the cell by passive diffusion
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or active transport processes. In addition to the presence of various resistance genes,
for example beta-lactamases, the organism can switch its lifestyle to the biofilm
mode of life. In summary, P. aeruginosa has a vast arsenal of resistance mecha-
nisms against antibiotic treatment [11].

The so-called biofilms are social colonies which can be formed by unicellular
organisms to provide a concerted mechanism of protection or resistance against
external threats, e.g., antibiotics. Such biofilms are usually located not only on
surfaces such as host tissue but also on implant or non-biogenic material, e.g.,
catheters or respirators. The development of biofilms is usually classified into five
stages from initial adhesion of single bacterial cells, to the irreversible attachment
and formation of micro-colonies, two subsequent maturation stages of the biofilm
and an ultimate rupture leading to a release of unicellular organisms into the
environment [12]. The initiation of such biofilms is usually regulated by quorum
sensing, which is a mechanism of bacterial communication to coordinate and direct
joint processes against the host [13]. Pathogens embedded in such a biofilm pose
severe problems for therapy, as they are placed in a self-produced matrix which
provides a barrier against the host’s immune defense and antibiotic treatment
[14]. The matrix of bacterial biofilms is very complex and consists of extracellular
nucleic acids, various polysaccharides (pel, psl, and alginate for P. aeruginosa),
lipids, and proteinaceous material [15]. In addition to the pure physical protection, in
the center of a biofilm there are the so-called persister cells in a metabolically resting
or dormant state, which display a strongly decreased susceptibility towards antibi-
otics. This state likely comes from a lack of nutrient availability and a lack of oxygen
within the biofilm, slowing down the bacterial metabolism and, therefore, antibiotics
targeting metabolism are rendered ineffective [16, 17]. Making use of this mecha-
nism, pathogenic bacteria can survive in the host for months or years and can be
revived after an antibiotic therapy has ended, leading to recurrent chronic infections.

In recent years, a novel paradigm in treating infections has evolved: the so-called
anti-virulence therapy aims at targeting mechanisms of infection rather than targeting
bacterial viability as traditional antibiotics do [18]. By interfering with non-essential
functions for viability of the organism, a strongly reduced appearance rate of resistant
mutants is expected. Numerous virulence factors are known and bacterial toxins such
as proteins (e.g., AB5 toxins, proteases, and lectins) and small molecules (e.g.,
pyocyanin), as well as the delivery of such toxins, e.g., by targeting type three
secretion systems (TTSS) or other secretory pathways, are among the most studied
targets. Furthermore, the formation of biofilms is a validated target of anti-virulence
therapy. The main areas of anti-biofilm strategies against Gram-negative bacteria are
interfering with the quorum sensing processes, the inhibition of bacterial adhesins as
well as the disruption of adhesive organelles, e.g., pili and fimbriae [19].

Because numerous adhesins are carbohydrate-binding proteins, their blocking
with carbohydrate-based drugs is a validated strategy for anti-infective research
[20-22]. For uropathogenic Escherichia coli, mannose-based inhibitors of the fimbrial
adhesin FimH have been developed independently by the laboratories of Ernst and
Hultgren and were shown to be active in vivo in a murine urinary tract infection model
[23-29]. The literature on FimH as target for carbohydrate-based drugs is reviewed by
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Julie Bouckaert in this volume. For P. aeruginosa, the two soluble lectins [30] LecA
(formerly called PA-IL) and LecB (formerly called PA-IIL) were shown to be both
cytotoxic [31-33] and involved in biofilm [34, 35] formation and are, therefore,
considered as targets against chronic infections with P. aeruginosa.

2 The Lectins LecA and LecB as Targets Against Chronic
P. aeruginosa Infections

2.1 Biological Relevance of LecA and LecB

Carbohydrate-binding molecules are often involved in cell-adhesion processes or
host—pathogen recognition and blocking their carbohydrate binding sites may lead to
novel therapies against bacterial infections [21]. In contrast to adhesins present on
extracellular organelles like pili and flagella, the P. aeruginosa lectins LecA and
LecB are soluble proteins [30, 36, 37]. In 1983, Glick and Garber reported a cytosolic
localization of both, LecA and LecB [38]. However, for an adhesion process to take
place, the localization of these adhesins is likely to be in the extracellular space.
Therefore, it was hypothesized that the lectins are made available to the remaining
population for adhesion by sacrifying bacteria through lysis. Interestingly, the expres-
sion of both lectins is controlled by quorum sensing [39], a mechanism of bacterial
communication to sense the presence of surrounding fellow bacteria and to concert
pathogenicity against the host. Quorum sensing leads to the expression of various
virulence factors as well as to biofilm formation of the bacteria [13, 40, 41]. The lectins
LecA and LecB were both shown to be necessary for biofilm formation [34, 35]. A lecB
mutant of P. aeruginosa PAOI showed strongly reduced biofilm formation on glass
slides as reported by Tielker et al. [35]. Diggle and coworkers analyzed a lecA” mutant of
PAOI and observed a similar effect on biofilms grown on stainless steel coupons [34]. In
the same study the LecA-overexpressing mutant PAO-P47 showed increased biofilm
formation compared to the wild-type bacteria. Interestingly, the biofilm formation of
PAOI and of PAO-P47 could be inhibited by the addition of IPTG, a galactoside ligand
of LecA.

P. aeruginosa has a vast array of virulence factors [42], for example the
cytotoxic blue-green pigment pyocyanin, the secreted protease elastase B, which
protects against host immune defense or a TTSS which injects cytotoxic effector
proteins into host cells. In addition to its role in biofilm formation, it was shown
in vitro that LecA displays a dose-dependent toxicity towards primary respiratory
epithelial cells and the rate of ciliary beating was reduced upon exposure to LecA
[33]. A similar inhibitory effect on ciliar activity was reported for LecB and ciliary
beating could be restored in a carbohydrate-dependent manner by addition of
fucose, a known inhibitor of LecB [32]. Since cilia are protective organelles on
lung tissue, co-administration of fucose was proposed by Adam et al. to facilitate
treatment of P. aeruginosa-mediated pneumonia. Subsequently, a significant



Carbohydrate-Based Anti-Virulence Compounds Against Chronic Pseudomonas. . . 173

reduction in bacterial load was reported after inhalation of aerosols consisting of
fucose and galactose on chronically infected patients [43, 44]. Animal models of
chronic pulmonary infection with P. aeruginosa relevant to biofilm-linked long-
term infections are scarce [45, 46]. In an animal study of acute toxicity, mutants
deficient in either LecA or LecB were tested and compared to the corresponding
wild-type strain PAOI by Chemanei et al. [31]. It was shown that both lectins are
equally important for adhesion and lung colonization of P. aeruginosa and, in
addition, that LecA displays an increased toxicity towards mice, which could be
blocked by addition of either p-galactose or N-acetyl p-galactosamine. Although
the presence of LecB did not show an influence on acute toxicity, its important role
in bacterial adhesion to A549 cells was demonstrated in this study. This cellular
adhesion data together with the reported biofilm-deficiency of lecB" strains supports
the prominent role of LecB as an anti-biofilm target in chronic infections.

2.2 LecA: Isolation, Natural Ligands, Structure,
and Synthetic Inhibitors

2.2.1 Isolation, Natural Ligands, and Derivatives

LecA was first isolated in 1972 by Gilboa-Garber from P. aeruginosa from a heat-
stable fraction of whole bacteria [36]. The lectin was shown to bind to p-galactose
(1, Fig. 1) and to a lower extent to N-acetyl p-galactosamine (2), both in a calcium-
dependent manner. A dissociation constant of 87.5 pM was later determined for p-
galactose (1) with LecA [47]. Numerous galactosides were then tested and the
influence of their aglycon on LecA binding was analyzed [48]. Whereas methyl o-D-
galactoside (3) is more potent than its -anomer 4, the binding strength is increased for
B-anomers of larger and more lipophilic aglycons compared to the corresponding
a-anomers. For example, 4-nitrophenyl -p-galactoside (5) binds to LecA with a K3 of
14.1 uM [47, 48]. Furthermore, the introduction of thio-glycosides was beneficial for
binding to LecA and 6 (IPTG) has a K4 of 32.4 uM [47, 48]. More than 30 years after
the discovery of the monosaccharide specificity of LecA by Gilboa-Garber in 1972
[36], the saccharide moiety of a globo-series glycosphingolipid was identified as the
potential natural ligand of LecA present on lung epithelial cells from a glycan array
screen in 2008 [49]. The glycolipid 7 was reported as natural ligand and its trisaccha-
ride Gal-a-1,4-Gal-B-1,4-Glc (8) showed a K, of 77 uM for LecA. Various galabiose
disaccharide derivatives of 7 showed K values between 37 and 132 pM [49, 50].

2.2.2 Structure

The crystal structure of LecA in complex with its galactose ligand was solved by
Imberty and co-workers [51]. The protein forms a non-covalent homotetramer of
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a b

Fig. 2 (a) LecA forms a homotetramer with one calcium ion in the binding pocket of each
monomer and coordinates D-galactose containing ligands, such as its proposed natural substrate
8 (pdb code 2VXJ). (b) Illustration of the coordination of the natural trisaccharide 8 in the binding
site of LecA with His50 (shown in bold sticks) forming one hydrogen bond to the 6-OH of the
reducing end galactoside (pdb code 2VXJ). (c¢) Illustration of the coordination of the nonnatural
naphthyl thiogalactoside 13 in the binding site of LecA with His50 (shown in bold sticks) forming
one hydrogen bond to the 6-OH of the galactoside as well as its T-shaped interaction through a CH
contact with the protein-faced plane of the aromatic ring (pdb code 4A6S). The protein surfaces in
(b) and (c) are color-coded within MOE by electrostatics: blue positive partial charge, red negative
partial charge, white: neutral

four LecA polypeptide chains, both in solution and in the crystalline state, with the
carbohydrate binding sites on opposing ends of the tetramer (Fig. 2a). The C-type
lectin LecA mediates the binding to its ligands via one calcium ion in the binding
site and coordinates with the cis-diol in galactose-based ligands. In addition, the
galactose moiety is embedded into the binding site through extended hydrogen-
bonding contacts. The crystal structure also provided an explanation for the
increased activity of lipophilic p-galactosides. In a-anomers, the agylcon is posi-
tioned towards the solvent and therefore attractive interactions are minimal,
whereas a patch on the surface of LecA is accessible for additional interaction
with p-substituents (Fig. 2b, c).
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2.2.3 Inhibitors

As a result of the low affinity of the galactose moiety alone, numerous multivalent
and dendritic structures were synthesized to increase binding affinity. Especially
the groups of René Roy, Sébastien Vidal, and Jean-Louis Reymond have synthe-
sized a diverse set of core structures which provide the scaffold of galactose
display. It is the focus of this review to report on the direct interaction of small
molecules, especially the carbohydrate moiety or its derivatives with the Pseudo-
monas lectins. For a complete summary of the broad area of multivalent
dendrimers, the interested reader is directed to some recent reviews summarizing
activities in this field [52-54]. One example for a dendrimer is peptide-based
10 containing four galactose residues, which was recently reported by Kadam
et al. [47] (Fig. 1). The multivalent compound is a potent inhibitor of LecA in vitro
with an ICsy of 100 nM. Its glycopeptide residue forms contacts over a large
area with the protein through recognition by the carbohydrate binding site,
aromatic contact of the phenyl aglycon, and further interactions with the peptide
part as determined from X-ray crystallography of the monovalent analog
(Gal-p-OC¢H,CONH-Lys-Pro-Leu-CONH,) with the recently reported [55] K4 of
4.2 uM. Furthermore, the formation of biofilms by planktonic P. aeruginosa could be
inhibited with dendrimer 10 showing the potential of such compounds. The
same group recently performed a systematic chemical mutagenesis approach on
the glycosylated tripeptide part of 10 and identified numerous analogs
(best monovalent analogs Gal-p-OC¢H,CONH-Lys-Arg-Leu-CONH, and
Gal-p-OC¢H4CONH-Lys-Pro-Tyr-CONH,, for both K4 = 2.7 pM), which were
active in biofilm assays when coupled to the peptide dendrimer [56]. Because the
tetramer of LecA displays two of its four binding sites in a syn fashion ca. 32 A
apart, oligovalent inhibitors aim at a simultaneous binding of the two neighboring
sites. By making use of such a chelate, binding entropy contributes significantly to
the free energy of binding and optimally suited bi- or multivalent ligands display a
superior affinity over their monovalent analogs. Pertici and Pieters pursued an
approach to optimally structure two galactose residues for simultaneous binding
to two of the four carbohydrate recognition sites of the LecA tetramer [57]. The
length and nature of the linker groups between both galactosides were varied and
bivalent 9 was identified as highly potent and presumably chelate-forming inhibitor
of LecA with an ICsq or 220 nM. The authors report a 545-fold increase in relative
potency of bivalent 9 compared to the corresponding monovalent analog in their
assay system. Pertici et al. further extended their study on the influence of the linker
motif on binding to LecA and identified one derivative of 9 with a reduced number
of rotatable bonds resulting in a high affinity inhibitor with a K4 of 28 nM for LecA
[58]. Recently, approaches to further modify the aglycon in -galactosides were
reported (Fig. 1). Roy and coworkers reported C-glycosides of galactose bearing an
additional aromatic ring to mimic the known effect of phenyl rings for binding
[59]. Compound 9 was tested by microcalorimetry and a K4 of only 37 pM was
reported for this monovalent LecA inhibitor, which was further coupled to
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dendrimer support via its carboxylic acid to increase potency in a multivalent
framework. In related studies to increase affinity of the monovalent galactoside
by Vidal and coworkers, -galactoside 12 with an amido-substituted phenyl agly-
con was identified as a potent monovalent inhibitor of LecA (K4 of 5.8 pM) [60]. A
screen for increased aglycons with respect to size and lipophilicity was performed
by Rodrigue et al. and 2-naphthyl thio-galactoside 13 was identified as potent
monovalent inhibitor of LecA (K4 of 6.3 pM) [61]. Along these lines, Reymond
and coworkers analyzed further aglycons in a detailed study in combination with
thermodynamic analyses and crystallography of numerous complexes with LecA
[55]. Both, the Roy and Reymond groups reported a T-shape coordination of
aromatic aglycons through a CH bond from a histidine side chain in close proximity
to the saccharide (e.g., Fig. 2c). In summary, the interaction of LecA with
galactose-based ligands has been thoroughly studied. In addition, Stoitsova
et al. [62] and Boteva and coworkers [63] reported a binding of LecA to fluorescent
hydrophobic ligands and the quorum sensing signaling molecules AHL, respec-
tively. However, both compounds have not been further developed to date.

2.3 LecB: Isolation, Natural Ligands, Structure,
and Synthetic Inhibitors

2.3.1 Isolation and Natural Ligands

In analogy to LecA, the lectin LecB has been isolated from heat-resistant fractions
of P. aeruginosa by Gilboa-Garber and coworkers in 1977 [37]. Initially, the
protein was identified as a b-mannose(14)-binding agglutinin (Fig. 3), which was
later also shown to bind L-fucose (15) and other monosaccharides with the same
relative orientation of their ring hydroxyl groups [30]. The dissociation constant
for methyl mannoside (16) was reported in the intermediate micromolar range
(Kq = 71 pM) [64]. L-Fucose was published as strongest monosaccharide inhibitor
of LecB-mediated hemagglutination and its dissociation constant with LecB was
later reported [65] in the low micromolar range (K4 = 2.9 pM) while its methyl
glycoside 17 [64] displayed a sixfold stronger affinity (Kq = 430 nM). In 2005,
Perret et al. analyzed the interaction of LecB with milk oligosaccharides and the
trisaccharide Lewis® (18) was identified as the best known monovalent inhibitor of
LecB with a dissociation constant of 220 nM [65].

2.3.2 Structure

The structure of LecB in the crystalline state was first solved in complex with L-
fucose by Imberty and coworkers [66] and later in complex with p-mannose and
other ligands by Loris [67] and coworkers. Similar to LecA, the protein forms a
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homotetramer of its 115 amino acid- and 11.8 kDa-polypeptide chain, each mono-
mer assembled in a f-sandwich fold with one carbohydrate binding site per subunit
(Fig. 4a). Interestingly and in contrast to LecA, the binding sites are arranged in an
opposing orientation where the sites are localized on the vertices of a tetrahedron
and the C-terminus of one polypeptide chain contributes to carbohydrate binding of
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Fig. 4 (a) LecB forms a homotetramer with two calcium ions in the binding pocket of each
monomer and coordinates L-fucose or D-mannose containing ligands, such as its proposed natural
substrate Lewis® (pdb code 1IW8H). (b) The interaction of Lewis® (18) is depicted in the binding
site (pdb code 1W8H). (¢) Mannose-based sulfonamide 27 closely interacts with the surface of
LecB (pdb code 3ZDV). The protein surfaces in b and ¢ are color-coded within MOE by
electrostatics: blue positive partial charge, red negative partial charge, white: neutral

the neighboring chain. Furthermore, LecB recruits two calcium ions per binding
site to coordinate its carbohydrate ligands: the 2-, 3-, and 4-hydroxy groups of
fucose are coordinating simultaneously to both protein-bound calcium ions with the
3-hydroxy group acting as bridging p*-ligand of both calcium ions. The unusual
strong interaction of LecB with L-fucose was explained by increased electrostatic
interactions due to the presence of two calcium ions, as well as a lipophilic
interaction of the methyl group in L-fucose with the protein surface [66—68]. The
structure of p-mannose with LecB shows an additional hydrogen bond of the
6-hydroxy group of the ligand with the side chain of serine 23 of the receptor
[67]. The so-called sugar-specificity loop consisting of the amino acids Ser22-
Ser23-Gly24 in LecB was reported by Adam et al. to be responsible for its
monosaccharide specificity for fucose and the inverted preference of the closely
related Ralstonia solanacearum lectin RS-IIL for mannose-based ligands [69]. In
2005, Perret et al. reported the interaction of LecB with various milk oligosaccha-
rides by microcalorimetry and X-ray crystallography [65]. In the complex of the
high affinity trisaccharide ligand Lewis® (18), the terminal fucose residue of 18 is
bound by LecB at its carbohydrate recognition site and the penultimate N-acetyl
glucosamine moiety forms attractive interactions with the protein via its 3- and
6-hydroxy groups, whereas the galactoside moiety in 18 does not form direct
contacts with LecB (Fig. 4b).
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2.3.3 Inhibitors

Based on the structural data of the complex of LecB and Lewis® (18, Fig. 3),
Marotte et al. subsequently truncated this trisaccharide to identify a minimal
binding epitope [70]. The galactose moiety which is not in direct contact with the
protein in the crystal structure of the complex was removed and an azido function-
ality at the reducing end of the resulting Fuc-a-1,4-GIcNAc disaccharide was
introduced allowing conjugation onto multivalent scaffolds. The interaction of the
two monovalent derivatives with LecB, ester 19 and alcohol 20, was analyzed by
microcalorimetry and negligible loss in binding affinity compared to the parent
trisaccharide was observed (19: K4 = 290 nM, 20: K4 = 310 nM). Similar to
LecA-directed 10, Reymond and coworkers developed the peptide-based dendrimer
21 carrying four C-fucosyl coupled monosaccharides [71]. Dendrimer 21 showed
an ICsy of 140 nM in an ELLA-based in vitro assay and its monovalent C-fucosyl
tripeptide 22 showed intermediate affinity (IC5o = 5.9 pM). Importantly, multiva-
lent 21 showed successful anti-biofilm activities in vitro, both as inhibitor of biofilm
formation and as disrupting agent for pre-formed biofilms of P. aeruginosa. The
monovalent C-fucoside 22 showed weaker affinity for LecB than a comparable
O-fucoside. However, a stabilization of the metabolically labile O-fucosidic link-
age in previous fucose-based inhibitors can be anticipated by the introduction of
such a hydrolytically stable C-glycosidic linkage. Reymond and coworkers further
reported monovalent O-fucoside 23 as LecB inhibitor with intermediate affinity
(IC59 = 5.3 pM). Notably, O-fucoside 23 was also shown to be active in two
biofilm assays: the formation of biofilms was inhibited and disruption of existing
biofilms could be achieved although at increased concentrations [71]. As a
continuation of their reductionist approach for the trisaccharide Lewis® (18) leading
to 19 and 20, Imberty and Roy further simplified the LecB-bound moiety.
Fucosylated oxazole 24 was reported as an equipotent ligand to LecB as Lewis®
itself and the crystal structure of the complex was deposited at the protein database
(www.pdb.org, code 2VUC) [53]. Another approach modifying the anomeric center
was reported by Andreini et al. and fucosyl amides, e.g., compound 25 (K4 = 1.2
pM), were prepared [72]. By docking analyses, the aglycon was shown to contrib-
ute to the binding to LecB and a hydrogen bonding network between both carbonyl
oxygens with the side chain of Ser23 was proposed. Recently, we reported novel
mannose-based inhibitors of LecB, in which the 6-hydroxy group of mannosides
was substituted as cinnamide 26 or sulfonamide 27 [73]. As a result of the unusual
high affinity of fucosides with LecB, p-mannose (14) had not served as scaffold in
the search for high affinity ligands of LecB before. We could show by X-ray
crystallography and isothermal titration microcalorimetry that targeting additional
patches on the surface of LecB (Fig. 4c) with substituents as in 27 could increase the
binding affinity of mannosides to a K4 of 3.3 pM, which is comparable to that of L-
fucose (15). Such terminally capped saccharides were designed with the purpose to
increase specificity towards the pathogenic lectin LecB and reduce binding to the
ubiquitous lectins of the host, requiring terminal mannose or fucose residues.
Interestingly, both molecules offer distinct possibilities of further substitution as
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they differ significantly in the binding mode of the aromatic moieties with 27
coordinated with the surface and 26 presumably opening a cleft into the
B-sandwich of LecB. Both compounds were shown to inhibit LecB-mediated
adhesion of P. aeruginosa to glycosylated surfaces.

2.4 Attempts on Targeting Both Lectins with a Single
Compound

Bifunctional inhibitors to target both lectins, LecA and LecB, simultaneously could
provide an elegant way to interfere with P. aeruginosa biofilm formation. Single
chemical entities with inhibitory groups against both lectins, i.e., broad-spectrum
inhibitors targeting a single organism but two targets simultaneously, may have a
regulatory advantage in the drug registration and approval process. However,
experimental evidence is lacking if such compounds could block biofilm formation
by blocking the individual lectins or rather act as an artificial adhesive and
strengthen the biofilm architecture. In 2007, GlycoMimetics Inc. disclosed com-
pound 28 as a mimic of Lewis® (18) with an additional a-galactoside attached [74]
(Fig. 5). This compound was reported as potent monovalent inhibitor of both



182 A. Titz

bacterial lectins, LecA (ICsy = 47 pM) and LecB (IC5p =~ 1 pM). Furthermore,
Deguise et al. reported the heterobivalent dendrimer bearing both galactoside and
fucoside residues [75]. Dendrimer 29 was reported to bind to LecA and LecB but
affinities were not disclosed.

3 Conclusion

Since the discovery of the P. aeruginosa lectins by Gilboa-Garber and co-workers
in the 1970s, their ligand binding properties and crystal structures have been solved
in complex with numerous natural and synthetic compounds. The finding of their
important roles in biofilm formation of this opportunistic pathogen has sparked the
interest of numerous synthetic chemistry groups for the development of novel
therapeutics against chronic infections with P. aeruginosa. Because carbohydrates
usually have a low affinity to their lectin receptors, multivalent approaches to
increase binding affinities are widely used. Such molecules may, however, display
indiscriminate affinities for a large number of proteins in the host, such as the
numerous pattern recognition receptors (PRRs) with many lectins among this class
of proteins of the innate immune system [76]. Unwanted inhibition of these
ubiquitous PRRs with anti-biofilm drugs can thus interfere with mechanisms of
immune defense and evoke side effects. It is therefore of importance to address
specificity, but attempts to analyze specificity are scarce [77] for P. aeruginosa
directed compounds, and their interactions with human lectins have not been
studied to date. To achieve specificity, a promising approach is the modification
of the monovalent ligand in order to optimally exploit interactions with the lectin
binding sites of LecA and LecB. Because lectins typically have shallow binding
sites, high affinity inhibitors may require larger areas of interaction. Recent success
on related lectin targets with shallow binding sites is encouraging [78-81].
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The Evolution of a Glycoconjugate Vaccine
for Candida albicans
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Abstract The monoclonal antibody C3.1 has been found to afford protection
against Candida albicans, an opportunistic fungal pathogen. The exceptional inhi-
bition profile of C3.1 has propelled synthetic and immunochemical studies of
antibody—oligosaccharide interactions, leading to the development of candidate
vaccines. The B1,2-linked mannan of the fungal-cell-wall phosphomannan complex
is a protective antigen that exhibits a well-defined conformation. A f1,2-linked
trisaccharide conjugated to tetanus toxoid generates protective antibodies in rabbits,
and STD-NMR studies show that these antibodies approximate the binding profile
of the protective monoclonal antibody. This simple trisaccharide—tetanus toxoid
conjugate was a strong immunogen in rabbits, but it was poorly immunogenic in
mice. However, when a carbohydrate antigen targeted at dendritic cells was incor-
porated in this conjugate vaccine, it improved uptake and processing of the antigen
and resulted in a five-fold higher mannan-specific antibody response together with a
cytokine profile appropriate for an antifungal vaccine. When the same trisaccharide
was conjugated to a T-cell peptide derived from Candida cell-wall protein, the
resulting glycopeptide—tetanus toxoid conjugate engendered a peptide- and
carbohydrate-specific response that afforded protection against live challenge by
C. albicans without requiring an adjuvant.
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Abbreviations

Abe Abequose (3,6-dideoxy-p-xylo-hexose)

Ac Acetyl

All Allyl

"Bn Benzyl

Boc tert-Butoxycarbonyl

BSA Bovine serum albumin

Bu Butyl

DMF Dimethylformamide

DMSO Dimethyl sulfoxide

Enol Enolase

Fab Fragment (of an antibody) that contains the antigen-binding region

Fba Fructose-bisphosphate aldolase

Gal Galactose

Gapl Glyceraldehyde-3-phosphate dehydrogenase

Glc Glucose

GIcNAc N-acetylglucosamine

Hwpl Hyphal wall protein-1

1C5 Half-maximal inhibitory concentration

LPS Lipopolysaccharide

mAb Monoclonal antibody



The Evolution of a Glycoconjugate Vaccine for Candida albicans 189

Man Mannose

Me Methyl

Met6 Methyltetrahydropteroyltriglutamate
NOE Nuclear Overhauser effect (NMR)
Pgkl Phosphoglycerate kinase 1

Pr Propyl

Rha Rhamnose

STD-NMR  Saturation transfer difference nuclear magnetic resonance
t-Bu tert-Butyl

Tf Trifluoromethanesulfonyl (triflyl)

THF Tetrahydrofuran

TMSOTf Trimethylsilyl trifluoromethanesulfonate

Tr Triphenylmethyl (trityl)

trNOE Transferred nuclear Overhauser effect (NMR)

T-ROESY  Two-dimensional rotating-frame Overhauser effect spectroscopy

1 Introduction

For more than 80 years it has been known that vaccination of adults with the
purified capsular polysaccharide of Streptococcus pneumoniae produces anti-
polysaccharide antibodies [1]. These antibodies also confer protective immunity
against other S. pneumoniae serotypes that express the same or closely related
polysaccharides [2, 3]. These findings subsequently resulted in several licensed
polysaccharide vaccines that afforded protection in adults and adolescents against
diseases caused by encapsulated bacteria such as S. prneumoniae and Neisseria
meningitides. Unfortunately, the immune responses afforded by these polysaccha-
rides to infants under the age of 18 months and to seniors were non-existent or
significantly impaired [4-7].

An equally important observation (also in the 1930s) established that capsular
polysaccharides conjugated to proteins induced anti-polysaccharide antibodies that
could confer active and passive immunity against the homologous strain of
S. pneumoniae [8, 9]. It took another 50 years before this knowledge was applied to
vaccine development, when the capsular antigen of Haemophilus influenzae type b
was conjugated to a fragment of diphtheria toxoid [10]. The resulting vaccine was
shown to protect infants against this agent of childhood meningitis [11]. The ensuing
30 years have seen the rapid deployment of a series of conjugate vaccines with annual
sales now in the billions of dollars [12]. The use of such vaccines constitutes a highly
successful and cost-effective public health measure. These successes have spurred
many research initiatives into capsular polysaccharide conjugate vaccines that target a
wide spectrum of infectious diseases, including Group B Streptococcus and S. aureus.
Other initiatives have investigated conjugates of cell-wall polysaccharides such as
lipopolysaccharides from Shigella species.

The bacterial diseases caused by encapsulated bacteria such as S. pneumoniae,
H. influenzae type b, and N. meningitides have been countered by licensed vaccines.
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Major producers of conjugate vaccines now face a dilemma: the cost of the research
and development and marketing for new vaccines currently in the pipeline can
exceed the financial capacity of even the largest manufacturers. Further, since
licensed vaccines address diseases that represent the largest markets, vaccines at
the research stage often address diseases that affect a smaller population than those
that afford protection against S. pneumoniae and N. meningitides. In this context
development of new conjugate vaccines will need to focus on diseases that are the
most economically and medically critical. Many of the diseases for which conju-
gate vaccines have yet to be deployed represent such niche markets.

Vaccines for some microbial diseases — especially those caused by intracellular
pathogens and fungal infections — will likely have to address the need for cell-
mediated as well as antibody-mediated protection. Recent advances in our under-
standing of how the immune system processes conjugate vaccines [13] and whether
carbohydrate recognition can be exploited for the purpose of cell-mediated immu-
nity together offer intriguing possibilities for the development of chemically
defined vaccines and perhaps fully synthetic vaccines.

2 Steps Toward a Vaccine for C. albicans

Numerous reviews have covered polysaccharide [14] and conjugate vaccines [15-22]
including those developed using synthetic oligosaccharides [23-26]. This chapter
describes attempts to develop a conjugate vaccine against the fungal pathogen Can-
dida. The investigation evolved from studies of molecular recognition of $-mannans
by two monoclonal antibodies that protected mice challenged by live C. albicans. In
this sense, much of the initial impetus might be described as reverse engineering these
antibody specificities to arrive at a potential conjugate vaccine.

2.1 Reverse Engineering Monoclonal Antibodies

The term “reverse engineering” can have a variety of subtle interpretations. In this
case, it refers to using a monoclonal antibody (mAb) known to protect against a
given pathogen to guide the development of an immunogen that elicits polyclonal
antibodies of related specificity and — most importantly — with the capacity to confer
protection following immunization with the inferred antigen [27]. Since the spec-
ificity of the mAb can be determined in some detail, molecular recognition of the
native antigen can be mapped by various approaches, including saturation transfer
difference (STD) NMR, crystallography, and functional group substitutions. The
key recognition elements can then be incorporated into a minimally sized antigen.
Depending on whether this antigenic determinant is itself immunogenic, it may be
necessary to conjugate the determinant to a carrier protein to ensure a robust
immune response.
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The most intense attempts to reverse engineer an antibody have involved 2G12,
an N-linked glycan-specific mAb [28—31]. This broadly neutralizing antibody binds
the envelope protein gpl120 of human immunodeficiency virus type 1 (HIV-1)
[29]. It is a highly unusual antibody, the most unique feature of which is its Vg
domain-exchanged structure. The multivalent binding surface has two primary
glycan binding sites specific for the conserved cluster of oligomannose-type sugars
on the surface of gp120. Crystal structures of the 2G12 fragment that contains the
antigen-binding region (Fab) and its complexes with the disaccharide Mana(1 — 2)
Man and with the oligosaccharide MangGIcNAc, revealed that two Fabs assemble
into an interlocked Vi domain-swapped dimer [28]. This dimeric assembly was not
previously observed in hundreds of other Fab structures in the protein data bank.
The Vi domain swap in 2G12 results in a twist of the variable regions relative to the
constant region, putting the two Fabs side-by-side with a 35 A separation of binding
sites that face in the same direction. This arrangement of immunoglobulin G (IgG)
binding sites is markedly different from the norm, in which such sites are located at
the tips of Y- or T-shaped antibodies. Crystal structures and models derived from
them suggest that the dimeric Fab can bind up to four epitopes, two in the usual IgG
sites created by the six hypervariable loops of the Vi and Vy domains and an
additional two at the interface between the two Vy domains of the Fab dimer. As a
result of this multivalency, 2G12 binds the saccharide epitopes with nanomolar
avidity.

Heroic efforts have been expended to synthesize and conjugate ManyGIcNAc,
[30-32] and related epitopes to protein carriers. While most of the synthetic
constructs have shown strong binding to 2G12, none of these immunogens have
so far produced protective antibodies in immunization experiments. An epitope that
binds a protective antibody will not necessarily generate an antibody that has both
binding specificity and functional protective properties.

Reasons for this lack of success may include the adoption of a unique confor-
mation by the native antigen when it is displayed at the cell surface, and synthetic
conjugate antigens may lack these conformational features. Consequently, anti-
bodies induced by immunization with such synthetic antigens may bind the native
antigen but lack the essential effector functions.

An additional complication in the reverse engineering of antibodies is the
existence of conformational epitopes [33—-38]. Several capsular polysaccharide
epitopes of this type have been identified. Typically but not exclusively, they
have contained neuraminic acid. In addition, only the relatively large oligomers —
often within the range of 10-20 saccharide residues — inhibit native antigen—
antibody binding, whereas smaller epitopes appear to lack this ability [33]. For
conformational epitopes, antigenic oligomers may need to be significantly larger to
be capable of raising a protective immune response [39].

In general, one can imagine the binding site as able to capture an antigen and
adapt the conformation to satisfy the primary protein—antigen interactions.
Although short epitopes may fit the binding site, they may fail to adopt the
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conformation of the native antigen in its cell wall or membrane environment for the
length of time required to induce protective antibodies.

This chapter will discuss in detail the reverse engineering of a protective
carbohydrate binding antibody that binds to and protects against the pathogenic
fungus C. albicans. The mAb C3.1 and its immunoglobulin M (IgM) counterpart
B6.1 both bind the cell-wall -mannan of C. albicans [40]. This substructure is a
relatively small component of the much larger cell-wall phosphomannan complex.

2.2 Antibody Binding Sites

Early work by Kabat sought to determine the size of an oligosaccharide that
optimally filled a binding site. These studies looked at polyclonal sera and the
inhibitory power of oligomers of increasing length. In this case, the optimum size
ranged from trisaccharides to hexasaccharides [41, 42]. Other work examined the
size of oligosaccharide epitopes that could generate sera able to recognize the
native antigen on the microbial cell wall [43—45] or that could confer protection
to live microbial challenge after immunization with a conjugate vaccine prepared
from the oligosaccharide [45—47].

Although these studies often used polysaccharides with grossly different char-
acteristics (such as homo- versus heteropolysaccharides), a comparison is of inter-
est. Although inhibition data suggested that short oligosaccharides filled the binding
sites, protection data pointed to oligosaccharides that were at least twice or three
times larger.

The first crystal structures of oligosaccharides bound to antibodies suggested
that tri- and tetrasaccharides filled the binding sites [48, 49]. This was true for many
antibodies [48—57], although exceptions were found where a single terminal residue
provided nearly all of the binding specificity [58]. In another case, that of the
antigen for 2,8-polysialic acid meningococcal serogroup B, the binding site
required at least ten monomer residues [59]. This polysaccharide belongs to the
class of carbohydrate antigens that are thought to possess a conformational epitope.
These conclusions are supported by a detailed body of work [39].

Many anti-carbohydrate antibodies possess a groove-type binding site that
allows entry and exit of the polysaccharide chain [50, 51, 53, 57, 59]. Given the
repeating-unit character of many bacterial polysaccharides, this feature allows the
antibody to bind to internal units as well as terminal epitopes. The polysaccharide
can enter and exit a grooved site without impediment. An interesting example of an
antibody that binds a branched lipopolysaccharide (LPS) O-antigen demonstrates
the importance of this steric requirement. The Salmonella serogroup B
O-polysaccharide has a tetrasaccharide repeating unit (Fig. 1a). The crystal struc-
ture of the antibody with bound trisaccharide shows the branching monosaccharide,
an abequose residue (Abe; 3,6-dideoxy-D-xylo-hexopyranose) to be buried and the
two residues of the main chain galactose (Gal) and mannose (Man) essentially lay
across the top of the binding pocket (Fig. 1b) [48]. Modeling studies suggested that
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a

Fig. 1 (a) The biological repeating unit of the O-antigen of the LPS belonging to Salmonella
serogroup B: {—2)[a-pD-Abe(l — 3)]a-pD-Man(l — 4)a-L-Rha(l — 3)a-p-Gal(1—}. In some
serogroup B antigens, an acetyl group may occur at O-2 of the abequose residue. (b) The crystal
structure of the trisaccharide a-p-Gal(1 — 2)[a-D-Abe(1 — 3)]a-D-Man(1 — OCHj5 with the Fab of
the monoclonal antibody Se155.4 [48]. The abequose residue is buried in the binding pocket with
mannose and galactose lying across the top of the pocket

the next residue, a-L-rhamnopyranose (Rha) unit, does not contact the protein but
points its anomeric bond directly toward the protein [60, 61]. This orientation
would cause the next residue, a galactose, to clash with protein if the glycosidic
linkage from rhamnose to galactose adopts the usual syn conformation (Fig. 2a, c).
To avoid a steric clash, the psi angle of this Rha-Gal glycosidic bond was proposed
to rotate approximately 180 degrees and adopt the anti glycosidic conformation.
NMR experiments on the bound state confirmed this prediction (Fig. 2b, d)
[60]. Further experiments using two repeating units of the polysaccharide that
could each bind in only one of the frame-shifted modes also supported the require-
ment for an antigen conformational change on binding (Fig. 2d) [62]. Of course, the
adoption of a higher energy conformation comes with an attendant decrease in
intrinsic affinity [61].
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Fig. 2 (a) Extension of the bound trisaccharide shown in Fig. 1 shows that in the expected
low-energy conformation, the Man-Rha glycosidic linkage orients the Rha O1 toward the protein.
This orientation would result in the Gal residue clashing with the antibody surface. (b) To relieve
the steric clash, the Man-Rha glycosidic bond adopts an anti conformation rather than the normal
syn conformation. (¢) A molecular model showing the Man-Rha linkage in the syn conformation.
The Rha O1 points toward the protein. This would cause subsequent polysaccharide residues to
clash with the extended antibody surface adjacent to the binding site. (d) A molecular model
showing the Man-Rha linkage in the anti conformation. The Rha O1 points away from the protein,
allowing the subsequent polysaccharide residues to avoid clashes with the extended antibody
surface

These observations are of interest in the context of the Candida work to be
discussed. The results with the Salmonella LPS antigens demonstrate that even
though a significant conformation change may occur in the antigen, antigen—
antibody interactions will still occur (albeit with reduced affinity) provided the
energy costs in adopting this conformation are sufficiently small. The crystal
structures also show that polysaccharide elements contact protein beyond the
formal binding pocket.

2.3 Candida

Candida is a commensal organism that can shift toward pathogenesis with alter-
ations in host immunity, physiology, or normal microflora. The acquisition of novel
or hypervirulent factors is not necessary. Invasive C. albicans infection can be a
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serious clinical complication, especially for patients with an impaired immune
system: it has an incidence of between 1.1 and 24 cases per 100,000 individuals
and a mortality rate of more than 30% [63]. Antifungal agents have limited impact
on the mortality statistics for systemic fungal infections, and new clinical
approaches are needed (such as a combination of chemotherapy and immunother-
apy). However, the immune response to fungal infections is complex and requires
not only the production of protective antibodies but also the recruitment of cell-
mediated immunity. The fungal cell wall plays an important role in directing the
immune response to fungal infection [40].

Host defense against systemic candidiasis relies on the ingestion and elimination
of fungal cells by cells of the innate immune system, especially neutrophils and
macrophages [64]. These responses can be promoted by antibodies. Macrophages
not only have direct antimicrobial activity against such organisms but also promote
the presentation of antigens and the production of cytokines and chemokines.
Recognition of C. albicans by monocytes and macrophages is mediated by systems
that sense pathogen-associated molecular patterns (PAMPs) of the C. albicans cell
wall. These systems include recognition of N-linked mannans by the mannose
receptor (MR), O-linked mannans by Toll-like receptor 4 (TLR4), B-glucans by
dectin-1/TLR2, p-mannosides by galectin-3/TLR2 complexes [65] and by the
C-type lectin known as mincle [66].

2.3.1 The Cell Wall of C. albicans

The three major glycans of the C. albicans the cell wall are branched (1 — 3) and
B(1 — 6) glucans, chitin, and a phosphomannan glycoprotein [67, 68]. These poly-
saccharides function as a robust exoskeleton and scaffold for external protein
structures. This outer layer consists of highly glycosylated mannoproteins that are
modified by N-linked [69] and O-linked mannose glycans and phosphomannans
[64, 69]. The phosphomannan complex has been the subject of detailed structural
analyses and immunological studies.

The structural elucidation of the phosphomannan complex represents a major
achievement. Unlike bacterial cell-wall polysaccharides, it lacks a regular repeating
unit motif and its glycan component possesses marked microheterogeneity as well
as variation across different Candida species [70]. An example of the substructures
present in the mannan component of C. albicans is shown in Fig. 3. More detailed
examples can be found in reviews by the Suzuki group. These structures were
determined using acetolysis [71] and partial hydrolysis in conjunction with NMR
and mass spectrometry [72—75]. Mannans consist largely of short a(l — 2)- and
a(1 — 3)-pD-mannopyranan; less than 10% is O-linked [76]. The complex N-linked
components are composed of extended ol — 6)-pD-mannopyranan backbones
containing ol — 2)-p-mannopyranan branches, some of which may contain
a(1 — 3)-p-mannopyrannose residues. Oligomers of f(1 — 2)-mannopyranan may
be attached to these side chains either glycosidically or through a phosphodiester
bridge (Fig. 3). The position of attachment of the phosphodiester has yet to be
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Fig. 3 The structure of the glycan chains of C. albicans phosphomannan glycoprotein. The
composite structure varies widely with Candida species and with growth conditions. The
(1 — 6)-linked a-mannan backbone (blue) is attached to protein. Branching side chains consist
of (1 — 2)a-mannan (green) with occasional (1 — 3) linkages. This basic structure is shared by
most Candida species. In C. albicans and several other prominent Candida species, (1 — 2)-linked
p-mannans (black) can be attached either via a phosphate diester (red), giving acid-labile
p-mannan, or glycosidically linked to the a-mannan side chains

determined. Mannans are heterogeneous, with chain lengths depending on nutri-
tional and environmental conditions [77].

The precise antigenic epitopes of f-mannan exist in three different forms. Two
forms of the P(1 — 2)-linked oligosaccharides are extensions of the a(l — 2)-
mannose and a(1 — 3)-mannose residues [55]. The third form has the f(1 — 2)-p-
mannopyranan attached via the phosphodiester to a(l — 2)-pD-mannopyranan
branches [72, 73].

C. albicans strains are assigned to either of two major serogroups, A or B [72,
73,75, 77]. Serotype A has f-mannose residues attached to a(1 — 2) mannose side-
chain residues via glycosidic bonds and via phosphodiesters. Serogroup B lacks
B-mannan attached via a glycosidic bond and possesses only phosphodiester-linked
f-mannan. Thus, acid-labile f-mannan (linked through a phosphodiester to the
phosphomannan side chains) is thought to be a major epitope of both serotypes A
and B.

C. tropicalis and C. guilliermondii also express the f-mannan epitope, and it
may also be attached via a (1 — 3)-linkage to an a-mannose residue [78-
80]. Although B-mannan epitopes larger than a tetrasaccharide have been reported,
it appears that (1 — 2)-f-mannopyranan di-, tri-, and tetrasaccharides oligomers
predominate [8§1-84]. Goins and Cutler found that tri- and disaccharide epitopes are
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most abundant in the P(1 — 2)-mannopyranan oligomers released from the
phosphomannan by f elimination [85].

In their structural studies of several Candida species, Shibata et al. employed
detailed multidimensional NMR studies and inferred from nuclear Overhauser
effect (NOE) data that the p(1 — 2)-linked mannose oligosaccharides possessed a
“distorted” structure [73].

2.3.2 Monoclonal Antibody Specific for the -Mannan of C. albicans

Cutler and colleagues immunized mice with a liposomal preparation of the
C. albicans cell-wall phosphomannan complex and produced a series of mAbs
[86]. Those that were specific for the a-mannan component failed to protect mice
against a live challenge with C. albicans. However, two mAbs (mAbs), C3.1 (IgG3)
and B6.1 (IgM), were specific for the (1 — 2)-pf-mannan epitope and protected mice
against candidiasis in passive protection studies [40, 87—89]. Preliminary binding
studies also suggested that these antibodies recognized a trisaccharide epitope
[90]. In addition, the Cutler group reported results suggesting that relatively short
B-mannan oligosaccharides (di- to tetrasaccharides) were heavily represented on the
surface of growing C. albicans cells [85].

2.3.3 Mapping the Size of -Mannan-Specific Antibody Binding Sites

When the mAbs C3.1 (an IgG3) and B6.1 (an IgM) were evaluated against a set of
(1 — 2)-p-mannan oligosaccharide propyl glycosides ranging in size from di- to
hexasaccharide, unexpected and dramatic results were observed (Fig. 4) [91]. Oli-
gosaccharide inhibition with carbohydrate-specific antibodies normally shows
affinities increasing with oligosaccharide length until a plateau of activity is
reached [42, 43]. Further increases in oligosaccharide size produce only very
small affinity gains. Dramatic decreases in binding are not seen. Surprisingly,
however, inhibitory power for C3.1 and B6.1 mAbs reached a maximum for di-
and trisaccharides. Both antibodies exhibited similar binding constants for di- and
trimannosides [with half-maximal inhibitory concentration (ICsg) values of 44 pM
and 38 pM for B6.1 and 8 pM and 16 pM for C3.1]. Larger oligosaccharides were
bound progressively more weakly, with the ICs of a hexamannoside being 844 pM
for C3.1 and >1,000 pM for B6.1. It was speculated that the weaker binding of
larger oligosaccharides was due to steric restrictions at either end of the
(1 — 2)-f-mannans [91].
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Fig. 4 The inhibition of C. albicans P-mannan-specific mAb (C3.1) binding to cell-wall
phosphomannan by a series of (1 — 2)-linked mannan homo-oligomer propyl glycosides disac-
charide through hexasaccharide 1-5

3 Solution Structure of f-Mannan

3.1 Conformational Studies (1 — 2)-f-Mannan
Oligosaccharides

The chemical synthesis of (1 — 2)-B-mannan propyl glycosides 1-5 (Fig. 4) [92]
provided a set of oligomers that were not only useful as inhibitors of antibody—
antigen interactions but also permitted a thorough analysis of the solution structures
of these important C. albicans antigens [91].

The excellent NMR signal dispersion observed for the proton resonances of the
(1 — 2)-p-mannopyranan oligomers 1-5 at 800 MHz aided the assignment of
resonances by gradient correlation spectroscopy (GCOSY), gradient total correla-
tion spectroscopy (GTOCSY), and heteronuclear multiple quantum coherence
(HMQC) experiments (Fig. 5). The discrete chemical shifts of each hexopyranose
spin system of pentasaccharide 4 suggested that each hexose is conformationally
distinct within a well-defined oligosaccharide conformation (Fig. 5a, b). The
distinct "H chemical shifts observed for the H1 and H2 resonances of each mannose
residue of pentasaccharide 4 are in contrast to the near identical shifts observed for
H1 resonances of many homo-oligomers, (1 — 2)-a-mannopyranotetrose [93] and
maltoheptose [(1 — 4)-a-glucopyranoheptose] [94]. Similarly distinct chemical
shifts of anomeric resonances occur for the o- and f-1,2-linked oligomers of
glucose [95, 96]. These two oligomers and (1 — 2)-pf-mannopyranan were identi-
fied by early modeling studies as belonging to a class of homopolymers expected to
form relatively stiff and crumpled conformations [97].
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Fig. 5 (a) '"H NMR of pentasaccharide 4. (b) GTOCSY two-dimensional NMR spectrum of
pentasaccharide 4 showing the spin systems H2A through H2E of the five mannose residues A
through E. The mannopyranose rings are labeled A-E starting at the reducing end of the
pentasaccharide

After the resonances of the ring protons had been assigned (Fig. 5b), NOE
correlations between protons on either side of each glycosidic linkage could be
used to establish the residue identity of the spin systems of adjacent pyranose rings
and to confirm their sequence within each linear oligomer (Fig. 6) [91].

NOE correlations were then used to define solution conformations of oligosac-
charides 1-5. This method is especially effective when there are numerous NOE
contacts between hexose residues. NOE correlations were measured from the
two-dimensional rotating-frame Overhauser effect spectroscopy (T-ROESY) spec-
tra of the oligomers (1-5). These results revealed numerous contacts between
noncontiguous n +2 and n + 3 residues, as illustrated for pentasaccharide 4 (Fig. 6).

NOE contacts between noncontiguous residues occur often, especially in branch
structures such as the A, B and Lewis antigens in human blood [98-100]. A linear
homopolysaccharide can achieve the equivalent of vicinal substitution if the
hydroxyl group adjacent to the anomeric center is the site for chain extension.
Many 1,2-linked homo-oligomers, such as those of the Brucella abortus A antigen,
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Fig. 6 NOE contacts observed for the pentasaccharide propyl glycoside 4. Three groups of NOE
are displayed: ones between adjacent residues n/n+1, those between residues separated by
1 pyranose ring, and those between residues separated by 2 residue. The mannose residues are
labeled A through E as in Fig. 5. Bold numbers are the interproton distances determined by
quantitation of the NOE data. Numbers in parentheses are the corresponding interproton distances
predicted by molecular dynamics

Fig.7 Three-dimensional model of hexasaccharide 5 in solution as determined by NMR. Running
from left to right atoms defining the glycosidic linkages C1-O1-C2-O2 trace out a helix shown in
yellow. In this conformation the most prominent exposed atoms of each ring are C3 to C6 and their
attached hydroxyl groups
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yield few if any NOE contacts between noncontiguous residues [101]. In the
conformational analysis of linear oligosaccharides observation of multiple NOE
contacts between noncontiguous residues as seen for the (1 — 2)-f-mannopyranans
studied here is atypical (Fig. 6). The presence of NOE interactions between residues
A and D (n to n+ 3 contacts) has limited precedence and is indicative of a compact
structure (Fig. 7).

The T-ROESY cross-peak volumes for the tri-, tetra-, and pentasaccharide (2—4)
were used to derive conformationally averaged interproton distances (Fig. 6)
[91]. Similar distances observed across the glycosidic linkages of the oligomers
1-4 are indicative of a compact, repetitive solution structures. The distances also
suggest the inferred structure is not just a result of steric interactions between
distant, noncontiguous residues but represents a population of low-energy confor-
mations with similar torsional angles about the glycosidic linkages. If steric inter-
actions between noncontiguous residues were limiting the conformations of the
oligomers, the shorter oligomers would be expected to have distances that differed
from those of their counterparts with higher molecular weights, but this was not
the case.

3.2 Molecular Modeling

Unrestrained molecular dynamics modeling was carried out for oligomers 24
[90]. The resulting model for pentasaccharide 4 is discussed below.

Comparisons of the ten structures of the pentasaccharide obtained from a
simulated annealing protocol showed a single family of low-energy conformations.
A static model of the pentasaccharide in one of these conformations shows the
helical nature of this oligosaccharide (Fig. 7). The three-dimensional repeating unit
approximates three mannose residues.

Theoretical interproton distances were calculated from a 5 ns molecular dynam-
ics run at 300 K. The resulting data compared well with distances determined from
experimental NOEs (Fig. 6 distances in parentheses). During the dynamics model
run, the oligosaccharide stayed within the range of glycosidic torsional angles
represented by the family of conformations generated by simulated annealing.

A comparison of the conformational space sampled by the oligosaccharides
indicates that the tri-, tetra-, and pentasaccharides 2—4 explore very similar torsional
angles across all their linkages [91]. The family of conformations sampled is
consistent with a model that imparts helical character to this glycan chain
(Fig. 7). The repeating unit is approximately three residues long, but due to the
inherent flexibility about glycosidic torsional angles, the overlap of residues n and
n+3 is only approximate. In this family of conformations, hydroxyls are oriented
out into the solution and a hydrophobic core forms from the a-faces of the mannose
rings. Interestingly, the Crich group reported a crystal structure of a
(1 — 2)-f-mannopyranan tetrasaccharide with attached organic protecting groups
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Fig. 8 Structures of monodeoxy and mono-O-methyl congeners 7-20 of disaccharide 6 and
trisaccharides 21 and 22 used to map the binding site of mAb C3.1

[102] and the gross features of this molecule were closely related to the aqueous
solution structure inferred from NMR-derived constraints.

4 Molecular Recognition of 3-Mannan by Protective mAb

4.1 Mapping the C3.1 Antibody Site

Inhibition data for oligosaccharides 1-5 established that the mAb C3.1 binding site
could optimally accommodate a di- or trisaccharide, but larger oligosaccharides
were progressively more difficult to accommodate. To establish which hydroxyl
groups were essential for binding a disaccharide epitope, the C3.1 binding site was
chemically mapped. The principle of hydroxyl group replacement developed by
Lemieux was adopted [103]. Synthesis of monodeoxy- and mono-O-methyl
mannoside derivatives followed by their use in inhibition assays identified hydroxyl
groups that made energetically important contacts with the mAb binding site
[104, 105]. Hydroxyl groups that are involved in hydrogen bonds deep within the
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Table 1 ICs, for inhibition by disaccharide congeners 6—20 and trisaccharides 21 and 22 of mAb
C3.1 binding to C. albicans f-mannan

Compound Derivative ICs0 (pmol/L) Relative potency (%) A(AG)? (kcal/mol)
6 Disaccharide 31 100 0

7 3-Deoxy Inactive® <1 >2.7
8 3-0O-methyl Inactive® <1 >2.6
9 4-Deoxy Inactive” <1 >2.7
10 4-O-methyl Inactive® <1 >2.6
11 6-Deoxy 14 221 -0.5
12 6-O-methyl 81 38 0.6
13 2'-0-methyl 33 94 0.04
14 3/-Deoxy 119 26 0.8
15 3/-0-methyl 62 50 04
16 4'-Deoxy Inactive® <1 >2.7
17 4'-0-methyl 670 5 1.8
18 6'-Deoxy 426 7 1.6
19 6'-O-methyl 588 5 1.7
20 2'-Gluco 47 66 0.3
21 Trisaccharide 17 182 -04
22 2"-Gluco 52 60 0.3

“The molar ratio of ICsy values (K,) for two inhibitors is a measure of relative potencies and is
used to calculate A(AG) =RTInK

®No inhibition at 2938 pmol/L

“No inhibition at 2700 pmol/L

Fig. 9 The three key
hydroxyl groups of
disaccharide 6 (C3-OH,
C4-OH and C4'-OH) that
form H-bonds with the
antibody. The points at
which chain extension
would occur in either
direction for larger
oligomers are labeled (blue
arrows)
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binding site cannot be deoxygenated or O-methylated without a significant loss of
binding affinity. Those involved in hydrogen bonds at the periphery of the binding
site may exhibit a range of changes in affinity upon deoxygenation, whereas
O-methylation of such groups generally leads to a significant loss of affinity due
to the challenge of accommodating the relatively bulky O-methyl group.

Each hydroxyl group of the disaccharide 6 (the methyl glycoside analog of the
propyl glycoside 1) was replaced to produce the disaccharide congeners 7-19
(Fig. 8) [104, 105]. Important hydrogen bonds were identified as those from the
C3-, C4-, and C4'-OH groups, since the 3-deoxy (7), 3-O-methyl (8), 4-deoxy (9),
and 4-O-methyl (10) congeners and the 4’-deoxy analog 16 were inactive (Table 1).
We inferred that these three were buried hydroxyl groups that make essential
hydrogen bonds to the antibody binding site (Fig. 9). The weak activity of the
4'-0-methyl disaccharide 17 is consistent with C4’' hydroxyl being relatively
exposed and also a hydrogen bond acceptor. Its weak activity suggests C4'-OH is
exposed at the periphery of the binding site, where it likely accepts a hydrogen bond
from the protein and perhaps donates a hydrogen bond to water. If this hydroxyl
group were buried in the site, the larger O-methyl group could not be accommo-
dated and an inactive compound would be expected. The weak activity of the
C6'-modified congeners 18 and 19, which were also not completely inactive,
suggests that the C6’-OH also forms hydrogen bonds near the periphery of the
site. The gluco configuration of the terminal residue is well tolerated (compound
20) suggesting little antibody—oligosaccharide interaction in this region of the
epitope.

Also of interest is the only slightly higher activity [A(AG) = —0.4 kcal/mol] of
trisaccharide 21 (Table 1 and Fig. 9) relative to disaccharide 6, which showed that a
third mannose residue contributes minimal additional binding affinity. This con-
clusion is supported by the activity of trisaccharide 22 with a f-glucose residue at
the nonreducing end. These data suggest that the minimal epitope that might induce
antibodies specific to f-mannan could be a disaccharide or trisaccharide.

4.2 Antigen Frameshift Revealed by Chemical Mapping

Studies with modified trisaccharide derivatives were carried out to investigate the
possibility of frameshifting (Fig. 10) [106], which is the exchange of epitope
binding between chemically identical binding sites on a homopolymer (assuming
that these sites are also conformationally identical). Since the minimal oligosac-
charide epitope appeared to be small and since f-mannan is a homopolymer, any
compound consisting of more than two mannose units theoretically had the possi-
bility of frameshifting. Monodeoxygenation data described above guided the syn-
thesis of trisaccharides 23 and 24 in which the essential hydroxyl group at C4 of the
reducing mannose or C4’ of the nonreducing mannose was deoxygenated, respec-
tively, preventing binding to either the internal (23) or terminal (24) disaccharide
epitopes [106]. Trisaccharide 23 showed the most dramatic decrease in binding
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Fig. 10 Two P-mannan trisaccharide motifs are present in C. albicans phosphomannan:
phosphodiester linked (a) and glycosidically linked (b) p-mannan. The possibility of frame
shifting is indicated for the two modes of binding a disaccharide epitope in each of the motifs.
Compounds 23 and 24 are deoxygenated at the reducing end and nonreducing end. Since
deoxygenation abrogates binding of the residue in which that modification occurs 23 and 24,
respectively, provide “non-reducing” terminal and “reducing” internal disaccharide epitopes

Table 2 Comparison of the ICsy for inhibition by congeners 23 and 24 of mAb binding to
C. albicans B-mannan with that of the native trisaccharide 21

Trisaccharide Derivative 1Cs0 (pmol/L) A(AG) (kcal/mol)
21 - 25 0

23 4-Deoxy 189 1.2

24 4""-Deoxy 79 0.68

affinity with A(AG) = 1.2 kcal/mol relative to the native trisaccharide 6 while 24
showed a decrease of 0.68 kcal/mol (Table 2). These results suggest that an internal
disaccharide epitope is the recognition element preferred by mAb C3.1.
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Fig. 11 STD spectra for the disaccharide methyl glycoside 6 (trace A), trisaccharide propyl
glycoside 2 (trace B), and tetrasaccharide propyl glycoside 3 (trace C). The labels A through D
refer to the saccharide residues identified as in Fig. 6. The associated digits refer to the hydrogen
atoms bonded to saccharide or propyl carbon atoms numbered in the standard manner. The
tetrasaccharide binds in a frame-shifted mode such that anomeric resonance H1B rather than
H1A receives the strongest STD effect

4.3 Correlation of Solution Structure with Inhibition Data

The unusual pattern of inhibition of compounds 2—5 with C3.1 [91] was consistent
with a binding site that could accommodate a trisaccharide and possibly even a
fourth residue without a huge loss of binding energy. The slightly higher activity of
a trisaccharide over a disaccharide suggested that a trisaccharide provided the
optimum fit even though the primary polar contacts are located within a disaccha-
ride. The well-ordered solution conformation of oligosaccharide raised the possi-
bility that tetra-, penta-, and hexasaccharides might have to undergo a
conformational change — most probably of glycosidic torsional angles — to avoid
clashes with the surface of the binding site, as was seen in a Salmonella O-antigen-
specific mAb [60, 61]. For a binding site with strict size constraints, such imposed
conformational changes would be progressively more costly energetically with
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each additional hexose residue beyond a trisaccharide. These data also pointed to
the potential of a small oligosaccharide epitope as a B-cell epitope that might be
used to raise protective polyclonal sera.

4.4 NMR Studies of Bound Oligosaccharides

Observations of the oligosaccharide interfaces with the C3.1 antibody binding site
were made for compounds 1-3, 23, and 24 using STD-NMR spectroscopy
[57]. These data were consistent with and extended the conclusions of the inhibition
data [91, 105]. STD-NMR experiments can provide an epitope map, with the
strongest enhancements corresponding to oligosaccharide protons in close contact
with protons of the antibody combining site [107]. STD-NMR patterns for com-
pounds 2, 3, and 6 are shown in Fig. 11. The intensity of the 'H resonances that
experience the largest STD effect is seen to increase. Di- and trisaccharides 6 and
3 showed the strongest enhancements in residue A, followed by residue
B. Enhancements in residue C of 6 were weaker. These results confirmed that an
internal disaccharide is recognized by mAb C3.1. Further, within this disaccharide
epitope, the internal monosaccharide residue (residue A) is more strongly bound
than the terminal residue. Disaccharide 6 and trisaccharide 2 had similar binding
modes, although some subtle differences were detectable, such as a greater
enhancement of H2A over HIA in 1.

In contrast to the results for disaccharide 6 and trisaccharide 2, tetrasaccharide
3 (a 5-fold weaker inhibitor than trisaccharide 2) showed maximal enhancements
for residue B, followed by the other residues in the order A >C=D. These
observations (Fig. 11) are interpreted as a frameshift. A frameshift results from
the sequence redundancy of the homopolymer and the steric constraints of the
combining site. This hypothesis is supported by the increased STD enhancement in
the propyl aglycone (non-sugar portion) of 3 relative to 6, suggesting that the
increasing oligosaccharide length of 3 leads to additional contacts with the antibody
at the reducing end.

Additional NMR studies based on the transferred nuclear Overhauser effect
(trNOE) allowed us to determine the bound conformations of 6, 2, and 3. Helical
conformations with short distances between monosaccharides separated by one
residue were found to be bound by the antibody. These conformations are similar
to those adopted by unbound oligosaccharides in solution, suggesting that the
antibody recognizes conformations similar to the solution global minimum
[91, 108].

NMR data collected for the deoxygenated trisaccharide 24 (H replacing the OH
at C4 on the C residue) showed similar STD enhancements to the trisaccharide
glycoside 2. Since 24 cannot bind via the B—C disaccharide, this compound pro-
vides an essentially pure representation of binding to the internal epitope (the A—B
disaccharide) (Fig. 12). That the STD pattern of 24 was only minimally different
from that of 2 showed that contributions from a secondary, frame-shifted binding
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Fig. 12 Graphical representation of STD-NMR enhancements for the oligosaccharides 6, 2, 3, 23,
and 24 binding to the IgG C3.1. The enhancement magnitudes of each resonance (isolated
resonances only) are indicated by colored circles (red 67-100%; green 34—66%; blue 0-33%);
all magnitudes are relative to the most strongly enhanced resonance in each spectrum [78].
(© American Society for Biochemistry and Molecular Biology)

mode (where B—C is recognized) are not very significant in the binding of the native
trisaccharide.

In contrast, the trisaccharide 23 (deoxygenated at the 4-position of the A residue)
showed a different STD enhancement pattern relative to 2: strong enhancements of
the B residue, somewhat increased enhancements of the C residue, and increased
enhancements of the aglycone (Fig. 12). These observations are consistent with a
frameshift similar to the pattern observed for the tetrasaccharide glycoside 3. In
total the STD data support the interpretation that molecular recognition of
C. albicans (1 — 2)-B-mannan oligosaccharides by a protective monoclonal anti-
body reveals the immunodominance of internal saccharide residues.

No significant changes in the bound conformations were observed by trNOE for
the deoxygenated trisaccharides, suggesting that frameshifting is not accompanied
by any noteworthy conformational changes. As we discuss later, structures larger
than a tetrasaccharide cannot be accommodated without significant conformational
changes and resulting diminution of the binding free energy, AG.



The Evolution of a Glycoconjugate Vaccine for Candida albicans 209

Fig. 13 (a) Anend-on view a
of the C3.1 binding site with
a docked trisaccharide
ligand 6 and (b) a cutaway
side view of the C3.1
binding site with a docked
hexasaccharide. The
residues A, B, and C
displayed in Fig 13 a are
labeled and these
corresponding residues are
also labeled A, B, and C in
2.13b. The cutaway side
view 2.13b shows that the
residue to the right of A may
be accommodated without a
clash with the antibody
surface but not the next
residue. The residue to the
left of C cannot be
accommodated due to a
clash with protein. This
view clearly shows that
irrespective of frame
shifting penta and
hexasaccharide will
experience serious obstacles
to binding, thereby
accounting for their weak
inhibitory power

4.5 Molecular Modeling of the C3.1 Binding Site

A model of the C3.1 binding site was constructed by homology modeling and a new
computational procedure was developed to dock oligosaccharides into the site
[57]. This procedure used the previously developed chemical mapping and NMR
results to rank computer-generated binding modes of disaccharides. Larger oligo-
saccharides were then superimposed in the same binding modes, and additional
molecular dynamics refinement was used to generate the final model [57]. To avoid
producing false-positive binding modes with the computational docking software, it
was necessary to omit residues that were known to have no strong interactions with
the binding site, such as pyranose C of 2 or C/D of tetramannoside 3; the docking
routine would otherwise attempt to produce interactions for these residues as well.
We based our approach on disaccharide 1 and used subsequent molecular dynamics
rounds to model the larger oligomers. The resulting model explained the unusual
binding observations in this system, not only revealing a binding site that optimally
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accommodates only two mannoside residues but also explaining the preference for
a disaccharide epitope (Fig. 13). In agreement with the earlier observations, residue
A was found to be in closest contact with the base of the binding groove. The C3-
and C4-OH hydroxyl groups of A, which are essential for binding, are near the
potential hydrogen bond donors Ala H97 NH and Trp L91 NEI1, and the C6-OH
group forms hydrogen bonds with the Asp L50 carboxylate side chain. Residue B is
partly solvent-exposed, but as predicted from the chemical mapping data, its
C6-OH and C4-OH can form hydrogen bonds — the former with Trp H33 N, Asn
H95 OD1, and NDI and the latter with Asn H31 O. Residue C is highly solvent-
exposed and makes only minimal contact with the antibody, consistent with the
chemical mapping and NMR data.

Attempting to dock the tetramannoside 3 in the same binding mode as the
trisaccharide 2 combining site did not allow room at the nonreducing end for the
D residue, because of steric interactions with Trp H33 (Fig 13b). Instead, 3 binds in
a frame-shifted mode where the B-C-D trisaccharide takes a position corresponding
to that of the A-B-C trisaccharide in 2 (Fig. 13a). This model therefore explains the
frameshifting we observed for 3 [106], which presumably must occur for any
oligomer larger than a trisaccharide to bind.

The steric constraints of the binding site in the area of both the reducing and
nonreducing end of the oligomer are quite strict, and when frameshifting, the
ligands must avoid unfavorable interactions with Met H98, Tyr H32, and the
protein backbone of CDRs H1 and H3. The shape of the binding site at the reducing
end is not complementary to a longer B(1 — 2)-linked oligosaccharide, and hence
frameshifting by more than one residue without significant conformational changes
is not possible. The binding of oligosaccharides larger than tetrasaccharide 3 would
require several energetically unfavorable changes to glycosidic torsional angles to
compensate for the lack of shape complementarity (Fig 13b), which explains the
drop in binding affinity observed for penta- and hexasaccharides [91].

Taken together, these results are promising for the development of a vaccine
based on an epitope of very small size, namely a di- or trisaccharide. However, we
still needed to confirm the biological relevance of our hypothesis that reverse
engineering the specificity of C3.1 is a valid basis for vaccine design and for
establishing the structural models described here. To this end, STD-NMR experi-
ments were performed with trisaccharide 2 and sera derived from rabbit immuni-
zation experiments with a trisaccharide-BSA (bovine serum albumin) conjugate 37.
Similar to the data for C3.1, the polyclonal sera spectra showed strongest enhance-
ments for the A residue, with weaker enhancements for the B and C residues. The
aglycone enhancement strength was also similar for both cases, as were those of H6
and H6'. Compared to the C3.1 case, however, increases were observed in the
enhancement strengths of H5 and other degenerate multiplets. This observation is
not surprising given that polyclonal sera contain a mixture of different antibodies.
The observed STD-NMR trends thus indicate not only a detectable prevalence of
C3.1-like binding but also a persistent preference for an internal epitope in exper-
imental immunizations, which points to the biological importance of this mAb [78].
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4.6 The p-Mannan to a-Mannan Phosphodiester Linkage

As discussed above, most structural and synthetic efforts have focused on acid-
stable f-mannan epitopes. Recently, we completed synthetic and modeling studies
of a C. albicans serotype B acid-labile f-mannan epitope that incorporates the
phosphodiester: tetrasaccharide 25 (Fig. 14) [109]. This tetrasaccharide, synthe-
sized via an anomeric H-phosphonate method, binds to C3.1 with an affinity
essentially identical to that of the p-trimannoside 21.

Modeling of 25 was carried out based on results for the B-mannosides. As
described above, the C3.1 binding groove is unable to accommodate -mannan
oligosaccharides larger than a tetrasaccharide without requiring energetically unfa-
vorable conformational adjustments to avoid steric clashes with the antibody.
However, it appears that the introduction of an a-linkage at residue B in 25 allows
the clashes with the narrowest part of the binding site to be avoided. The
phosphodiester and the other a-linked monosaccharide, residue A, provide addi-
tional shape complementarity.

The phosphate group does not appear to engage in specific interactions; for
example, no salt bridges or strong hydrogen bonds are predicted. Residues C and D
of 25 can bind in a similar orientation and conformation to the residues A and B of
2; therefore, they are predicted to participate in similar intermolecular interactions.
This is consistent with the inhibition data, which show that 24 does not bind any
more strongly than the f-mannotrioside 2. Considering the greater shape comple-
mentarity of 25, it is perhaps surprising that it is not more active than 2. However,
the introduction of charged groups at the periphery of binding sites has been shown
to produce unpredictable effects, as in the case of the GS-1V lectin binding analogs
of the Lewis b tetrasaccharide. In these examples, significant enthalpy and entropy
changes were observed but the A(AG) binding energy changes were close to
zero [110].

We were then interested in which compound would provide a more successful
conjugate vaccine [57, 111]. Our model predicts that 25 would be more
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complementary to the C3.1 binding site than are p-mannosides. Tetrasaccharide 25
should also contact a more diverse set of amino acid residues than the
B-mannosides. This additional complementarity is provided by the arrangement
of the phosphate group and residue A. These observations could mean that this
compound may more efficiently stimulate the production of C3.1-like antibodies,
despite having no greater binding affinity to C3.1 than propyl f-mannotrioside 2.
Because C3.1 is protective and C3.1-like binding modes are observable in exper-
imental animal sera, C3.1-like antibodies may be desirable in a vaccine strategy. On
the other hand, our candidate vaccine studies to date have been driven by inhibition
studies that showed P-mannotriosides to be the most active inhibitors of C3.1
[91]. The latter approach is also favored based on synthetic efficiency as well as
chemical and possibly conformational stability [91, 112]. Consequently, immuno-
logical studies have to date dealt only with f-mannosides. Syntheses and immuno-
logical studies of glycoconjugates of 25 are now in progress, however, and should
provide more insight into the immunological correlations of these structural
findings.

Our modeling studies with tetrasaccharide 25 also suggest that a
(1 — 2)-pf-mannotriose joined via its a-anomer to a tether not only would provide
the required specificity to f-mannans but also would allow the tether to exit the
binding site unrestricted [57]. The component trisaccharide Man(p1-2)Man(f1-2)
Man(al- is common to both acid-stable and acid-labile f-mannan epitopes, and
therefore might represent a common phosphomannan epitope of multiple Candida
species and growth stages [70, 78]. This antigen would allow us to eliminate the
synthetically challenging phosphate group at the same time [109]. Though some
complementarity to the C3.1 binding site is predicted to be lost, this loss may be
outweighed by the potential advantages of tethering the trisaccharide to other
structures such as carrier proteins. The activities of vaccine constructs that incor-
porate some of these features have been investigated by glycopeptide antigen work
(see Sect. 5.6).

5 Synthetic Conjugate Vaccines

5.1 Glycoconjugate Vaccines

Our initial vaccine design was based on the oligosaccharide inhibition data (Fig. 4)
[91]. We interpreted this data as suggesting that a trisaccharide or disaccharide
epitope conjugated to protein should induce antibodies able to recognize the cell-
wall phosphomannan. The first test would be with phosphomannan extracted and
coated on ELISA plates; the second would be against phosphomannan as it is
displayed on the fungal cell wall. Provided these criteria were satisfied, the final
step would be live challenge experiments.
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Scheme 1 (continued)

5.2 Immunization and Challenge Experiments in Rabbits

A trisaccharide functionalized for conjugation to a carrier protein employed an allyl
group. A selectively protected allyl mannoside 26 (Scheme 1a) was glycosylated by
the glucosyl imidate 27. With persistent benzyl protection at C3, C4, and C6, the
acetyl group at C2 guided efficient B-glycoside formation to yield 28. Removal of
acetate to yield 29 followed by an oxidation-reduction sequence gave the disac-
charide alcohol 30, which could be subjected to a similar sequence of glycosylation
by 27 to give 31. Then transesterification gave 32, and the same oxidation—reduc-
tion sequence was used again to obtain the protected target trisaccharide 33. The
fully protected trisaccharide allyl glycoside 33 was reacted with cysteamine to yield
an amino-terminated tether 34 after a debenzylation step (Scheme 1b) [92]. This
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Scheme 1 (a) Assembly of the protected p-mannan trisaccharide 33 from monosaccharide
building blocks. (b) Conversion of trisaccharide allyl glycoside 33 to the deprotected and
amino-terminated tether trisaccharide 34. Conjugation to BSA and tetanus toxoid to give antigens
37 and 38 employs a homobifunctional coupling agent 35

37 Carrier protein = BSA
38 Carrier protein = Tetanus toxoid

glycoside 34 was activated for conjugation with protein by first reacting with p-
nitrophenyl adipic acid diester 35 [112]. The half ester 36 was then reacted with
protein to afford either BSA or tetanus toxoid glycoconjugates 37 and 38.
Employing a different approach, a disaccharide was similarly conjugated to chicken
serum albumin [105, 113]. Both the trisaccharide and disacccharide conjugates
were used to immunize rabbits.
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Fig. 15 (a) The antibody responses of rabbits to the conjugate vaccine 38. (b) C. albicans colony
count in lung, spleen, liver, and kidney of rabbits in the vaccinated and control groups. Accumu-
lated data were collected for 16 rabbits in the vaccinated group and 13 rabbits in the control group.
Colony-forming unit (CFU) counts were performed on the organs of each rabbit, and the data
presented are averaged for 16 rabbits vaccinated with the conjugate vaccine and 13 rabbits
vaccinated with tetanus toxoid. The statistical treatment of data with the Generalized Estimating
Equations (GEE) method revealed that the reduction of Candida CFU was statistically significant
in the kidney (average reduction in log counts 4.4, p =0.016) and liver (average reduction in log
counts 3.6, p =0.033). The effect of vaccination was not observed in lungs and spleen (increase in
log counts 0.002, p =0.99; 0.411, p =0.80, respectively) [114].

When rabbits were immunized with trisaccharide vaccine 38 (administered with
alum, an adjuvant approved for use in humans), ELISA titers to the immunizing
oligosaccharide conjugated to a heterologous protein exceeded 100,000 [112,
114]. Titers against the cell-wall mannan were approximately 2-3 fold lower
(Fig. 15). Serum from rabbits immunized by vaccine 38 generated antibodies that
stained C. albicans cells more intensely in fluorescent labeling studies [114] than
antibodies from rabbits immunized with a disaccharide conjugate [105].

The two vaccines were also evaluated in live challenge experiments [99,
114]. Since C. albicans is a commensal organism, it is necessary to evaluate the
vaccine in rabbits that are immunocompromised [114]. The disaccharide vaccine
was studied in a smaller sample of rabbits [105], and therefore those results lack the
statistical significance of the larger study performed with the trisaccharide vaccine
[114]. Vaccine was administered prior to the onset of immunosuppression, allowing
a persistent level of antibody directed toward the cell-wall f-mannan. Both vaccines
reduced C. albicans counts in vital organs, but it was evident that the vaccines alone
were insufficient to provide 100% protection [114].
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Scheme 2 The use of azido transfer reagent imidazole-1-sulfonyl azide hydrochloride converts
amino groups to azides, allowing amide bond formation between 34 and the carboxylic acid
residues of tetanus toxoid employing 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmor-
pholinium chloride. Trimethylphosphine is used to reduce protein azide groups back to amino
groups. Circular dichroism measures suggest the tetanus toxoid retains its tertiary structure during
these transformations
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5.3 Immunization and Challenge Experiments in Mice

When the trisaccharide—tetanus toxoid conjugate vaccine 38 was evaluated in mice,
we consistently observed only modest ELISA titers recorded on plates coated with
trisaccharide-BSA conjugate [115-117]. Only in 10-20% of immunized mice did
titers exceed 1:10,000, which itself was a level of antibody that we have observed to
confer almost no protection to live challenge with C. albicans. Several different
vaccine constructs were synthesized and tested [115-117]. Some approaches
attempted to cluster epitopes [115], while others employed novel carrier constructs
[117]. In all of these cases, the immune response as determined by antibody titer
was judged to be insufficient to proceed to challenge experiments.

In work that will be described in Sect. 5.4, collaboration with the Dr. Jim Cutler
and Dr. Hong Xin established that dendritic cell priming could improve the immune
response to low-molecular-weight glycopeptides [118]. These data — together with
accumulating literature evidence for the importance of dendritic cells in processing
and presenting antigens [119-122] — suggested that targeting dendritic cells with a
vaccine construct might improve the immune response to our conjugate
vaccine [118].

Scientists at Novartis have shown that conjugate vaccines consisting of different
[-glucans (either oligo- or polysaccharides) conjugated to CRM197, a variant of the
diphtheria toxin were highly effective against fungal diseases [123, 124]. Antibodies
to the p-glucan were responsible for the protection, but it is of interest to note that
1,3-B-glucans are ligands for dectin-1 [125], a C-type lectin present on the surface
of dendritic cells [125—130]. In the expectation that f-glucan would deliver vaccine
to dendritic cells we elected to attach -glucan to our f-mannotriose-tetanus toxoid
vaccine to examine the effect on antibody levels.

The preparation of the three-component vaccine involved unique chemistry
(Scheme 2) [131]. In the first step, tetanus toxoid was reacted with a diazo transfer
reagent, imidazole-1-sulfonyl azide hydrochloride, to convert amino groups into
azide groups [132]. Removing amino groups in this way avoids the tendency of
proteins to form intramolecular or intermolecular lactams, thus permitting efficient
use of carbodiimide- or amide-forming coupling reagents. Following activation by
4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride of the
aspartic acid and glutamine side-chain carboxylic acids of the azido tetanus toxoid,
coupling with the amino-terminated trisaccharide hapten 34 yields 39. The resulting
conjugate was divided into two portions. One half was reduced by trimethyl
phosphine to convert the azide groups back to amines, affording a control vaccine
40 that was designated TS-TT (trisaccharide—tetanus toxoid). The second half of 39
was conjugated to propargylated laminarin 41 using click chemistry [133, 134]. The
residual azide groups of the resulting conjugate 42 were reduced back to the
original amino groups by trimethyl phosphine to give vaccine 43, designated TS-
TT-Lam [131].

Immunization of mice with the TS-TT-Lam vaccine resulted in an improved
immune response, as manifested by high titers of antibody recognizing C. albicans
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f-mannan antigen when compared to mice immunized with TS-TT vaccine
[131]. TS-TT-Lam vaccine also affected the distribution of IgG subclasses, show-
ing that targeting the dectin-1 receptor can augment and immunomodulate the
immune response. In more detailed immunological investigation of the two vaccine
constructs, a macrophage cell line expressing dectin-1 was employed to reveal the
binding and activation of the dectin-1 signal transduction pathway by the TS-TT-
Lam vaccine. Antigen binding to dectin-1 resulted in (1) activation of Src-family-
kinases and SYK, as revealed by their recruitment and phosphorylation in the
vicinity of the bound conjugate, and (2) translocation of NF-xB to the nucleus.
Treatment of immature bone-marrow-derived dendritic cells (BMDCs) with
tricomponent or control vaccine confirmed that the vaccine containing f-glucan
exerted its enhanced activity by virtue of dendritic cell targeting and uptake.
Immature primary cells stimulated by the tricomponent vaccine showed activation
of BMDCs, but those stimulated by the f-mannan tetanus toxoid vaccine did not.
Moreover, treated BMDCs secreted increased levels of several cytokines, including
TGF-p and IL 6; these cytokines activate Th17 helper T-cells, a cell type known to
be important in antifungal responses.

The vaccination experiments described to this point suggest that (1) a simple
trisaccharide conjugated to a potent protein carrier can reduce C. albicans counts in
live challenge experiments, (2) targeting dendritic cells significantly augments the
B-mannan-specific antibody levels, and (3) targeting dendritic cells also elevates
cytokine responses, which in turn activate T-cell subsets that are important to
antifungal immune responses.

5.4 Synthesis and Evaluation of Glycopeptide Vaccines

Protection against infections by C. albicans and other Candida species requires the
involvement of cellular immunity, including cells of the innate immune system
[135]. However, it was only recently appreciated that humoral immunity could also
play a role in protection against C. albicans [136—138]. Consequently, fungal cell-
wall peptides were sought that would serve as carriers and to provide an additional
protective epitope [118]. The latter attribute would induce protection against fungal
strains not producing the carbohydrate epitope, especially because that moiety is
not essential for C. albicans growth [82, 83] and only 80% of isolates of C. glabrata
(another important agent of candidiasis) produce -linked mannosides [70]. To
satisfy these features, efficient conjugation chemistry was developed (Scheme 3).
The oligosaccharide B-cell epitope was provided in the form of trisaccharide 34,
which was acylated by the NHS ester of the acryloyl polyethylene glycol (PEG)
derivative 44 to produce 45. This allowed the facile conjugation of unprotected
B-(Man); with six candidate peptide carriers derived from the cell wall of
C. albicans [118]. The conjugation strategy involved Michael addition of 45 to
synthetic peptides that had been modified at their N-terminus by 3-thiopropionic
acid. These structures allowed the efficient coupling of the two deprotected
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components — the antigenic f-(Man); and the specific Ty peptide epitopes — as the
last step of the synthesis [139]. This is shown for the Fba peptide 46, which is first
converted to 47 and then conjugated in fairly good yield to give the glycopeptide 48
(Scheme 3). This strategy permits the screening of a range of peptide carriers and
facilitates the identification of the most suitable peptides. The heterobifunctional
coupling reagent 44 is based on a water-soluble triethylene glycol core
functionalized at one end with an N-hydroxysuccinimide ester and a sulthydryl-
reactive acrylate moiety at the other [139]. This linker permits efficient coupling of
biomolecules under aqueous conditions while still affording, as far as possible, an
immunologically silent tether.

C. albicans carrier proteins were selected from cell-wall proteins expressed
during pathogenesis of human-disseminated candidiasis [140, 141]. The six candi-
date carriers were fructose-bisphosphate aldolase (Fba), methyltetrahydropteroyl-
triglutamate  (Met6), hyphal wall protein-1 (Hwpl), enolase (Enol),
glyceraldehyde-3-phosphate dehydrogenase (Gapl), and phosphoglycerate kinase
(Pgkl). An epitope-finding algorithm (GenScript, Antigen Design Tool,
OptimumAntigen) was used to select putative epitopes composed of 14 amino
acids each. Locations near the N-terminus were chosen, as it was presumed that
this location was more likely to be accessible to the host immune system. Each



220 D.R. Bundle

peptide shows 100% homology only with C. albicans and none with mammalian
proteins. Peptides Fba, Met6, and Pgk1 contain obligatory P1 anchor residues and
are predicted to bind the human leukocyte MHC (major histocompatibility com-
plex) class II cell surface receptor and multiple MHC class I binding sites are
predicted for all six peptides [142, 143].

Antigen-pulsed dendritic-cell-based vaccination was used in all immunizations
for development of antibodies in mice. Immune sera were tested for antibodies
specific for the whole conjugates, synthetic 3-(Man)s, synthetic peptide carriers and
fungal cell surface phosphomannoprotein (PMP) extract from C. albicans cell walls
[118]. All six conjugates were immunogenic, as shown by high titers of antibodies
specific to each of the test antigens. Each antiserum — but not the negative control
sera — reacted directly with yeast and hyphal forms of the fungus, as evidenced by
indirect immunofluorescence microscopy. The antibody response to the
glycoconjugates was several-fold greater than that of sera from control groups
injected with dendritic-cell adjuvant without antigen. The presence of p-(Man);
antibodies in the sera of vaccinated animals was confirmed by dose-response
ELISA inhibition [118].

The conjugates were assessed for their potential in a vaccination strategy for
disseminated candidiasis. Fourteen days after the second immunization, mice were
challenged intravenously with a lethal dose (5 x 10°) of viable yeast forms of
C. albicans that eventually killed all control mice. Conjugate immunized animals,
except for those that received the f-(Man);-Pgkl, survived longer than the control
groups. The immunized groups that received the 3-(Man);-Hwpl, -(Man);-Fba, or
B-(Man);-Met6 conjugates showed 80—100% survival throughout the 120-day post-
challenge observation period. Mice that received either 3-(Man);-Enol or f-(Man)s-
Gapl showed 40-80% survival. However, control groups and mice given the
B-(Man);-Pgk1 conjugate had median survival times of 5, 6, 14, 16, and 11 days,
respectively [118]. Importantly, compared with animals that succumbed, the sur-
vivors had greatly reduced or even nondetectable viable fungal colony-forming
units (CFUs) in kidneys, a target organ in disseminated candidiasis. The antibody
dependency of protection was evidenced by the protection transferred to naive mice
by immune serum, but not by serum pre-absorbed with C. albicans [118].

An advantage of this approach is that the peptide carrier is derived from the
infectious agent of interest, providing the possibility of a dual-protective immune
response against both the glycan epitope and the peptide carrier. For the trisaccha-
ride-Fba-glycopeptide, both f-mannan and peptide antibodies contributed to pro-
tection. These experiments showed the potential for chemical synthesis of vaccines
of relatively low molecular weight that induce protection against more than one
unrelated epitope expressed by the infectious disease agent of interest. However,
ex vivo dendritic cell stimulation is not a generally useful approach: a modified
approach would be required for the practical incorporation of glycopeptides into a
viable vaccine construct.
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Scheme 4 (continued)

5.5 Self-Adjuvanting Glycopeptide Conjugate Vaccine

To improve immunogenicity and allow the incorporation of an adjuvant suitable for
human use, we modified the p-(Man);-Fba conjugate by conjugating it to tetanus
toxoid [144]. This necessitated a modified conjugation strategy designed to conju-
gate glycopeptide to the carrier protein via the C-terminus of the glycopeptide
moiety. To this end, the peptide was synthesized with an additional lysine residue at
the C-terminus of the peptide (Scheme 4a), and this was linked to the Fba peptide
via a triethylene glycol spacer to give the peptide 49. The target glycoconjugate



222 D.R. Bundle

// ™ e
/ }( Tetanus toxoid \\I
| 0 |\ 52
|\\ Br\v/\ A /
H (120
~ I .
_ O0—3—H HONH; HCI,
H?}.E_\_\.!O 8 3 l EDTA, pH 8 PBS
HO- | o 0 O._OH
%ﬂ.o[\]ls\fw%/\o]&/\s o He 2y o
H | ST N NJ\
3 4 L l.,.-" [/\ 15 H ’{/\3"1
YGKDVKDLFDYAQE 5 $
.'lI
T HNTY,
53 ~ X7 o
o E Y
}' Tetanus to><0|d\'
\'-'\__/i_/
k5‘? o 52_ 4
HONH, HC,
EDTA, pH 8 PBS

HO- ¢ 2
ﬂ%ﬁﬁ_.o HO_O N i
2
s. N j /\[ ~ N <
- = N N B I YGKDVKDLFDYAQE
WQOSJQ\ sy ‘Li O’»\ h o~ Q
- s

& N

~
L ( N -
{ Tetanus toxoid )
NS

Scheme 4 (a) Modification of the solid-phase peptide synthesis approach shown in Scheme 3
installs a C-terminal lysine (K) to allow conjugation to tetanus toxoid. The crucial peptide
intermediate possesses two thiol groups. The thiolglycolic acid residue at the C-terminus is
protected as an acetate 49. The basic conditions used to conjugate 45 with 49 results in acetate
transfer and the formation of the two glycopeptides 50 and 51. (b) Tetanus toxoid containing
approximately 20 bromoacetyl groups reacts with the latent thiol groups of 50 and 51 (released
under basic conjugation conditions) to form 53 and 54, respectively

vaccine 50 was obtained by reaction of 45 and 49. Bromoacetate groups were
introduced on approximately 20 of the lysine residues present in tetanus toxoid to
give 52 (Scheme 4b) and reaction of 50 with 52 was expected to give the target
vaccine 53. However, under the basic conditions used to react 49 with 45, it was
found that the acetyl group on the C-terminal thioglycolic acid residue used to
acylate the e-amino group of lysine can undergo an intermolecular migration to the
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Scheme 5 (continued)

3-thiopropionic acid residue. This set up the conditions whereby two glycopeptides
50 and 51 were formed in the ratio 1:2 rather than a single product 50. Subse-
quently, 51 also reacts with 52 to give a second vaccine construct 54 [145]. Thus,
the study of a self-adjuvanting vaccine [144] unintentionally used a 1:2 mixture of
the two constructs 53 and 54 and not the cited single vaccine 53.

This mixture of the new glycopeptide vaccine conjugate 53, -(Man);-Fba-TT
together with the C-terminal conjugated trisaccharide 54 proved to be highly
immunogenic, as it induced robust antibody responses when administered with
either alum or monophosphoryl lipid A as adjuvants [144]. Moreover, prior to the
second booster dose, an isotype switch occurred from IgM to IgG antibodies for
both the B-(Man); and Fba peptide epitopes. This result indicated a possible
memory cell response and, perhaps, a vaccine that induces long-term immunity.
Most importantly, the (f-Man)s;-Fba-TT conjugates 53 and 54 administered with
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Scheme 5 (a) An alternative conjugation strategy for unambiguous attachment of glycopeptides
to protein. An azido lysine residue is introduced at the C-terminus of the Fba peptide 5S5.
Conjugation of trisaccharide 56 to the peptide follows the same approach described in Schemes
3 and 4a. (b) Propargyl groups are introduced into tetanus toxoid to give 59, and click chemistry is
used to conjugate glycopeptides 58 with the modified tetanus toxoid 59 to produce 60

either alum or MPL induced protection against disseminated candidiasis on a par
with the high level of protection observed with the original dendritic-cell/complete
Freunds adjuvant immunization approach [118]. In previous work involving the
latter approach, we found that the Fba peptide itself was immunogenic, inducing not
only a robust antibody response but also a protective response against disseminated
candidiasis [118]. We were surprised, therefore, to find that the Fba-TT conjugate
in adjuvant did not perform well in mice [144]. We were even more surprised to
discover that mice that received the p-(Man)s;-Fba-TT without any adjuvant
performed as well or better than mice that received the vaccine with adjuvant. All
three groups vaccinated with glycoconjugate with or without either of the two
adjuvants, alum or MPL, showed a high level of protection against a lethal
challenge with C. albicans: survival times were significantly increased and kidney
fungal burdens were reduced or nondetectable at the time of sacrifice compared to
control groups that received only adjuvants or buffer prior to challenge [144]. Fur-
thermore, sera from mice immunized with the conjugates 53 and 54 transferred
protection against disseminated candidiasis to naive mice, whereas C. albicans
pre-absorbed immune sera did not; this confirmed that the induced antibodies were
protective. These results demonstrated that the addition of tetanus toxoid to the
vaccine conjugate provided sufficient self-adjuvanting activity without the need for
additional adjuvant. As far as we are aware, this is the first report of a self-
adjuvanting glycopeptide vaccine against any infectious disease [144].
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5.6 Variants of Glycopeptide Vaccines

Our modeling studies of various ligands in the binding site of mAb C3.1 suggested
that if the terminal reducing residue of a trisaccharide ligand adopted the «
configuration. This orientation could be favorable for allowing the extended
phosphomannan to avoid contact with the antibody surface. Thus, a trisaccharide
attached to a tether via an a-mannopyranosyl linkage might be as active as the
B-linked analog 53. However, it would be a synthetically preferred construct for a
vaccine, since forming an a-mannopyranosyl linkage involves fewer steps. We set
out to synthesize a glycopeptide ligand of this type to investigate this hypothesis
and to simplify the conjugation chemistry as summarized in Scheme 5.

As in the synthesis of peptide derivative 49, peptide 55 was synthesized on solid
support. This time, however, azidolysine was attached to the resin instead of lysine
and the Fba peptide was elaborated with a diethylene glycol spacer to give 55. The
trisaccharide 2-aminoethyl glycoside 56 [145] was bromoacetylated to give 57.
Conjugation to the 3-thiopropionic acid residue of 55 by 57 gave glycopeptide 58,
which in turn was conjugated to propargylated tetanus toxoid (TT) derivative 59 to
afford the target vaccine 60.

Mice were immunized with 60 using the protocol described for vaccines 53 and
54. Sera were titrated against copovidone polymer bearing the epitope 56 and the
Fba peptide [146]. While strong antibody titers of ~1:100,000 for the Fba peptide
were observed, most mice exhibited only weak titers of <1:1,000-5,000 against the
B-mannan.

These data raise questions about the optimum length of tether employed to attach
the f-mannan epitope to Fba peptide in order to secure a strong immune response.
The data from this experiment combined with other unpublished work using
conjugates of glycopeptides and tetanus toxoid containing the a-linked mannan
also support the conclusion that the trisaccharide epitope represented by 34 or
analogs also B-linked to tether are the preferred structures to elicit protective
antibodies with a binding profile of the C3.1 mAb type. This idea is consistent
with the profile of antibodies observed in the sera of rabbits immunized with the
simple conjugate vaccine 38.

6 Summary, Conclusions, and Outlook

The observed binding profile of mouse mAb C3.1 with homo-oligomers of the
C. albicans f-1,2-mannan is in stark contrast with a 40-year-old paradigm of
oligosaccharide-antibody binding. This surprising finding prompted a thorough
investigation of p-1,2-mannan—antibody interactions and led to the discovery of
protective vaccines based on a trisaccharide epitope.

A B-1,2-mannan trisaccharide conjugated to tetanus toxoid gave high titers of
antibodies specific to C. albicans in rabbits. Immunized rabbits rendered
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neutropenic and challenged intravenously with live C. albicans showed signifi-
cantly reduced fungal burden in vital organs. However, the same conjugate vaccine
was poorly immunogenic in mice.

This conjugate may be converted to a much improved vaccine by conjugation
with a second carbohydrate antigen, a f-glucan, which is also a ligand for dectin-1
(a dendritic cell lectin). This vaccine is directed to antigen processing cells and
induces a much improved immune response, with a cytokine profile well suited to
protection against fungal infection.

A third vaccine construct is the trisaccharide conjugated to a T-cell peptide,
which was conjugated in turn to tetanus toxoid. This vaccine did not require the use
of an adjuvant to exhibit potent immunogenicity: it conferred protection by induc-
ing combined carbohydrate- and peptide-specific responses.

The results summarized here suggest that highly effective and completely
synthetic vaccines should be feasible by incorporating ligands targeting dendritic
cells in a construct that includes B- and T-cell epitopes.
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