Structural
Glycobiology

EDITED BY
Elizabeth Yuriev

CRC P
meeow  Paul A. Ramsland







Structural
Glycobiology






Structural
Glycobiology

EDITED BY
Elizabeth Yuriev
Paul A. Ramsliand

CRC Press
Taylor & Francis Group

Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2013 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Version Date: 20120801

International Standard Book Number-13: 978-1-4398-5412-9 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts
have been made to publish reliable data and information, but the author and publisher cannot assume
responsibility for the validity of all materials or the consequences of their use. The authors and publishers
have attempted to trace the copyright holders of all material reproduced in this publication and apologize to
copyright holders if permission to publish in this form has not been obtained. If any copyright material has
not been acknowledged please write and let us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmit-
ted, or utilized in any form by any electronic, mechanical, or other means, now known or hereafter invented,
including photocopying, microfilming, and recording, or in any information storage or retrieval system,
without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.
com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood
Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and
registration for a variety of users. For organizations that have been granted a photocopy license by the CCC,
a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used
only for identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Contents

PrEfaCE. ... et e s vii
EItOTS oottt e et e e e et e e e e eetaae e e e eeaes X1
CONITIDULOTS ... eeieee ettt e et e e e e e e eeae e e e e eesaaaeeeeeeeaaaeeeeeensreseeeeennees X1ii

SECTION I Experimental Techniques to Determine
Three-Dimensional Structures

Chapter 1 Crystallography and Small-Angle Scattering of
Carbohydrate—Protein Complexes and Glycoproteins..........c.ceeueenee.. 3

Cy M. Jeffries, William Farrugia, and Paul A. Ramsland

Chapter 2 Nuclear Magnetic Resonance Studies of Carbohydrate—Protein
INEETACTIONS ...t 29

Leonardus M. I. Koharudin and Angela M. Gronenborn

Chapter 3  Electron Cryomicroscopy of Large Glycoprotein Assemblies........... 47
Tzviya Zeev-Ben-Mordehai and Kay Griinewald

SECTION Il  Theortical/Modeling Techniques to
Predict Three-Dimensional Structures

Chapter 4 Protein—Carbohydrate Interactions: Computational Aspects ............ 71

Anita Sarkar and Serge Pérez

Chapter 5 Docking of Carbohydrates into Protein Binding Sites..................... 111
Mark Agostino, Paul A. Ramsland, and Elizabeth Yuriev



vi Contents

SECTION Il  Alternative Approaches for Yielding
Detailed Structural Information

Chapter 6 Mass Spectrometry for Glycomics Analysis of N- and
O-Linked GlyCOPIOtEINS. ....c.eeeruiruierinienienteteteietereeeeeie e 141

Daniel Kolarich and Nicolle H. Packer

Chapter 7 Glycan-Based Arrays for Determining Specificity of
Carbohydrate-Binding Proteins..........cccceceevereenenieneniencnieniennens 163

Xuezheng Song, David F. Smith, and Richard D. Cummings

SECTION IV Carbohydrates in Medicine

Chapter 8 Structural Glycobiology: Applications in Cancer Research ............ 177

Inka Brockhausen and Yin Gao

Chapter 9  Structural Glycobiology: Applications in
Organ Transplantation..........coc.ccueeeeriieieenieiienteneneeseneeeseeneeeens 215

Dale Christiansen, Mark Agostino, Elizabeth Yuriev,
Paul A. Ramsland, and Mauro S. Sandrin

Chapter 10 Structural Glycobiology: Applications in Viral Infection................ 235
Rui Xu and lan A. Wilson

Chapter 11 Developing Drugs from Sugars: Current State of
Glycosaminoglycan-Derived Therapeutics ......c...coccevereencneeniennes 259

Neha S. Gandhi and Ricardo L. Mancera



Preface

Structural glycobiology is a rapidly progressing field of research, where the diverse
structural and functional roles of carbohydrates (oligo- and polysaccharides,
glycolipids, and glycoproteins) are examined using a wide variety of experimental
as well as theoretical (predictive) approaches. Carbohydrates are key molecules in
diverse biological processes that include, but are not limited to, metabolic pathways,
cell—cell interactions, carbohydrate—protein interactions, host—pathogen interactions,
and immunity.

Although there are several well-written and comprehensive textbooks on
glycobiology and the chemistry, biochemistry, and microbiology of carbohydrates,
no current book focuses on the specific topic of structural glycobiology. We believe
that this book fills the gap by bringing together world-recognized authors to con-
tribute chapters that cover their own specialties in the experimental, theoretical, and
emerging technologies employed in this field.

In this book, individual chapters are written by expert authors who are active
research scientists in the field and are specialists in key techniques that are rele-
vant to modern structural glycobiology. The book provides concise overviews of
the application of specialized technologies to the study of carbohydrates in biology,
reviews of relevant and current research in the field, and is illustrated throughout
by specific examples of how research investigations have yielded key structural and
associated biological information on carbohydrates, glycolipids, and glycoproteins.

The topics covered in this book are broadly divided into four sections. Section I
covers well-established, but often challenging, experimental approaches for structure
determinations of carbohydrate—protein complexes and large glycoprotein assem-
blies and explores the techniques of x-ray crystallography and small-angle scatter-
ing (Chapter 1), nuclear magnetic resonance (NMR) (Chapter 2), and cryoelectron
microscopy (Chapter 3). Jeffries, Farrugia, and Ramsland (Chapter 1) discuss two
complementary approaches examining the high-resolution three-dimensional struc-
tures (x-ray crystallography) and the solution shapes and conformations (small-angle
x-ray and neutron scattering) of carbohydrate binding proteins and glycoproteins.
They outline the general features of carbohydrate—protein interactions and discuss
the importance of multivalent carbohydrate binding and the role of oligomerization
in carbohydrate recognition by proteins. Koharudin and Gronenborn (Chapter 2)
provide an easily accessible and educational outline of how NMR can be applied to
the study of protein—glycan interactions. The power of the different NMR method-
ologies for investigating carbohydrate binding, bound carbohydrate conformations,
and detailed structures of carbohydrate—protein complexes is beautifully illustrated
with carbohydrate—lectin systems. The state-of-the-art in cryoelectron microscopy
(cryoEM) for studying very large assemblies of glycoproteins is presented by Zeev-
Ben-Mordehai and Griinewald (Chapter 3). Recent advances in sample prepara-
tion, image collection, and processing are greatly accelerating the use of cryoEM
for structural studies of glycoproteins under near native settings (e.g., in viruses,

vii



viii Preface

cells, and tissues). They provide stunning examples of where cryoEM, particularly
tomographic methods, are providing unprecedented structural information on bio-
logical assemblies, such as membrane channels, intracellular junctions, and viral
glycoproteins.

Section II covers theoretical, or modeling-based, approaches, such as molecu-
lar mechanics, molecular dynamics, and free energy calculations (Chapter 4) and
carbohydrate docking (Chapter 5). Sarkar and Pérez (Chapter 4) give an excellent
overview of the computational approaches used to study protein—carbohydrate inter-
actions. They complement the description of traditional methods with a brief foray
into alternative methods used for the enhancement of conformational sampling,
such as molecular robotics. Agostino, Ramsland, and Yuriev (Chapter 5) demon-
strate the usefulness of molecular docking in structural glycobiology by considering
recent docking validation studies on a range of protein targets. They also describe
very recent developments in the modeling of water-mediated carbohydrate—protein
interactions.

Section III covers alternative techniques for yielding structural information on
carbohydrates from complex biological samples (fluids/secretions, cells, and tissues).
Here, the rapid advances in mass spectrometry (Chapter 6) are being complemented
with glycan-based arrays (Chapter 7) for the study of carbohydrate specificity and
recognition. Kolarich and Packer (Chapter 6) provide a detailed overview of the lat-
est mass spectrometric methods for characterization of complex N- and O-linked
oligosaccharides and how the exciting subfield of glycoproteomics is emerging for
studying diverse protein glycoforms that are relevant to health and disease. A brief
discussion of the need for uniform collection and reporting standards for glycom-
ics-based mass spectrometric investigations is followed by a useful overview of the
bioinformatics resources available to researchers using mass spectrometry in gly-
cobiology. The contribution by Song, Smith, and Cummings (Chapter 7) illustrates
glycan array technology, focusing on the Consortium for Functional Glycomics
methodologies and also introduces the cutting-edge shotgun glycomics approach,
which has enormous potential to accelerate research into carbohydrate-mediated
interactions from diverse and complex biological samples.

Section IV deals with carbohydrates in medicine. Although carbohydrates are
centrally involved in many physiological, biochemical, and cellular processes, three
areas of modern medicine (organ transplantation, cancer immunotherapy, and infec-
tion treatment) have been directly impacted by our understanding of the structural
role of carbohydrates in immune recognition. Brockhausen and Gao (Chapter 8) focus
on a range of cancer-related structural and enzymatic glycoaberrations. Christiansen
et al. (Chapter 9) deal with carbohydrate antigens implicated in organ rejection.
Specifically, they discuss the biochemical, genetic, and immunological characteris-
tics of these carbohydrates, their origins, and interactions with antibodies. Xu and
Wilson (Chapter 10) highlight the role of protein—carbohydrate binding for viral
adhesion and invasion. They focus on three paradigm systems of viral proteins that
recognize sialic acid in cell surface glycans as receptors for viral attachment. They
demonstrate, using high-resolution x-ray structures, the subtle structural variations
governing the recognition process; for example, for avian versus human influenza
A hemagglutinin. Gandhi and Mancera (Chapter 11) describe molecules designed
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to mimic the biological activity of glycosaminoglycans (GAGs) through modifica-
tions of structure, composition, and sulfation patterns. These new generation GAG-
mimetics offer rich potential as therapeutics for treating cancer, inflammation, and
infection.

Although each chapter could be a useful stand-alone introduction to a specific
technique or area of structural glycobiology, several themes are consistent through-
out the book, namely, the role of specific proteins in carbohydrate recognition and
function: lectins (Chapters 1, 2, 4, and 5), antibodies (Chapters 1, 4, 5, 9, and 10),
and glycosyltransferases (Chapters 4, 5, 8, and 9). From the ligand point of view, the
structure and biological roles of two particular types of carbohydrates are of interest
in several areas of study: sialic acid and its derivatives (Chapters 1, 8, and 10) and
glycosaminoglycans (Chapters 5, 7, 8, 10, and 11).

In summary, this book covers the experimental, theoretical, and alternative tech-
nologies that are being applied to the study of the structural basis for the diverse
biological roles of carbohydrates. This should be a valuable reference for research-
ers, graduate students, postdoctoral scientists, and academics with an interest in gly-
cobiology. Researchers from other fields, such as medicinal chemists, biochemists,
immunologists, and microbiologists, should also find this a relevant and up-to-date
reference and a suitable introduction to the field.
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4 Structural Glycobiology

1.1 INTRODUCTION

Carbohydrate-binding proteins and glycoproteins are the focus of intense scientific
investigation due to their central role in diverse biological processes that include,
but are not limited to, immunity and infection, cellular adhesion, and cellular com-
munication and signaling. Yet, our understanding of the fundamental molecular
mechanisms through which carbohydrate-binding proteins and glycoproteins real-
ize their functions still remains underdeveloped. Of note, while it is estimated that
over 50% of all eukaryotic proteins are glycosylated (Apweiler et al. 1999), only
around 5% of the three-dimensional (3D) structures deposited in structural data-
bases such as the Protein Data Bank (PDB) (Berman et al. 2000) include proteins
with N- or O-linked carbohydrates (often called glycans). Similarly, only around 7%
of all PDB entries contain information on protein/carbohydrate systems (covalently
or noncovalently bound to proteins), and there are even fewer examples of high-
resolution structures where the associated carbohydrate components have been fully
resolved (Lutteke 2009).

In this chapter, we discuss two highly complementary experimental approaches
for probing the 3D structures of carbohydrate-binding proteins and glycoproteins:
(1) x-ray crystallography that can provide high-resolution details of macromolecular
3D structures and (2) small-angle scattering that provides global structural param-
eters and shape information from proteins in solution. Using select examples, we
summarize the structural basis for carbohydrate recognition and the role of multi-
valency through oligomerization as revealed by x-ray crystallography, while small-
angle scattering is highlighted as a powerful strategy to probe the states and shapes
of the intact glycoproteins without the conformational constraints imposed by the
crystal matrix.

1.2 STRUCTURE DETERMINATION BY
X-RAY CRYSTALLOGRAPHY

X-ray crystallography is a powerful means and currently the most commonly used
experimental methodology for determining 3D structures of biological macromole-
cules. The basic approach and methodology for determining 3D structures by crystal-
lography is similar for all biological macromolecules and has been described in detail
elsewhere. For a comprehensive and easily accessible reference on macromolecular
crystallography, the reader is referred to the excellent textbook on Biomolecular
Crystallography by Bernhard Rupp (2010). Herein, we provide a brief overview of
the steps involved in 3D structure determination by x-ray crystallography and some
of the specific considerations required when working with carbohydrate—protein
complexes and glycoproteins.

The first and most crucial step in any crystallography project is growing a single
crystal that diffracts x-rays to suitably high resolution (in practice, normally between
3.0 and 1.0 A) for 3D structure determination. This largely empirical process is
achieved via screening highly purified material against numerous crystallization con-
ditions that typically contain dehydrating or precipitating agents (e.g., polyethylene
glycol and ammonium sulfate) and a variety of additives (e.g., buffers and metal ions).
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The most common crystallization method is vapor diffusion where a small droplet
containing the sample and a crystallization solution is equilibrated against a larger
reservoir of the same crystallization media. Crystallization screening against hun-
dreds of individual conditions is performed in parallel in multi-well plastic plates and
can be highly automated using robotics. Once a crystal is obtained—often from one
or a handful of specific conditions—x-ray diffraction data can be collected. However,
to determine a structure, the crystallization process may require a number of rounds
of optimization to produce crystals with improved diffraction intensity and resolu-
tion (for further reading, see the comprehensive textbook on Protein Crystallization
by McPherson [1999]). Since simple carbohydrates are typically highly soluble and
are relatively small, it is possible to either co-crystallize these ligands with the target
protein or soak into the hydrated crystals of the carbohydrate-binding protein. The
affinity of carbohydrates for protein-binding sites is generally quite low (K values in
the millimolar to micromolar range); thus, it is often beneficial to use a molar excess
(e.g., 10- to 100-fold) of the carbohydrate over the protein to ensure that high occu-
pancy is achieved by the ligand in the carbohydrate-binding site during the crystal-
lization or crystal-soaking process.

The natural heterogeneity of N- and O-linked glycans results in glycoproteins being
mixtures of glycosylated variants or glycoforms (Marino et al. 2010). Consequently,
generating crystals of glycoproteins with a well-ordered (uniform) crystal matrix and
which diffract x-rays to high resolution can often be a very frustrating enterprise.
Approaches to crystallize glycoproteins have included the production of recombinant
proteins in bacterial systems such as Eschericha coli that essentially lack glycosyl-
ation machinery or in eukaryotic systems such as insect cell lines (or engineered
mammalian cell lines) that add carbohydrates of reduced complexity and increased
homogeneity compared to unmodified mammalian cells (Nettleship et al. 2010).
Alternatively, site-directed mutagenesis of the glycoprotein can be used to remove
some or all of the glycosylation motifs from the protein to obtain crystals for struc-
ture determination. Another method of increasing the quality of crystals is to truncate
the carbohydrates with the most accessible technique being the removal of terminal
sialic acid residues with neuraminidase (Lustbader et al. 1989). However, the removal
of sialic acids seems to have been often overlooked as a simple method for generat-
ing high-quality crystals of glycoproteins. We suggest that neuraminidase treatment
should be routinely trialed for crystallizing mammalian glycoproteins (particularly
with proteins purified directly from primary sources) such as we found useful for
generating crystals of a glycosylated antigen-binding fragment (Fab) from an IgM
cryoglobulin, which was purified from the plasma of a Waldenstrom’s macroglobu-
linemia patient (Ramsland et al. 2006). For a detailed example of the wide variety
and potential of glycosylation modification strategies, see the excellent study by Lee
and colleagues (Lee et al. 2009) who successfully determined the crystal structure of
the Ebola virus trimeric spike glycoprotein (Lee et al. 2008).

Most macromolecular diffraction data is currently collected using laboratory or
high-intensity synchrotron x-ray sources from crystals that have been cryoprotected
at low temperature (around 100 K using liquid N, cooling systems) to reduce the
effects of ionizing radiation and thermal damage. Diffraction data is often obtained
from a single crystal that is precisely rotated (around at least one axis) to collect a
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series of diffraction images that result from passing an intense x-ray beam through
the crystal. The positions and intensities of numerous diffraction “spots” obtained
from the crystal at each angle are integrated into a unique dataset using readily avail-
able computer algorithms. The electron density is reconstructed by combining the
Fourier transformation of these diffraction data with the derived phases, which may
need to be determined experimentally or calculated using molecular replacement
(MR) methods that are based on fitting previously determined homologous protein
structures to the experimental data (Rupp 2010).

One possible approach to solving the “phase problem” with carbohydrate-binding
proteins has been proposed that uses selenium derivatives of the native carbohy-
drate ligands for multi-wavelength anomalous dispersion (MAD) phasing experi-
ments. This strategy was successfully used for the three-wavelength MAD phasing
of a bacterial adhesin F17-G in complex with an N-acetyl-d-glucosamine derivative,
where the anomeric oxygen was replaced by a selenium atom (Buts et al. 2003).
However, 3D structures of most carbohydrate-binding proteins have been deter-
mined from phases obtained using heavy-atom crystal derivatives, MAD phasing
from selenomethionine-substituted recombinant proteins, or MR.

The final step in crystal structure determination is the iterative process of crys-
tallographic refinement where the 3D electron density map is progressively fitted
(automatically and manually) with a molecular model and a variety of parameters
are optimized that describe the correlation between that 3D model and the observed
experimental data (e.g., atom positions, temperature B-values, and structure factor
intensities or amplitudes). Well-established computational approaches are available
for crystallographic model building and refinement (Rupp 2010) and these are not
described here.

1.3 CRYSTAL STRUCTURES OF CARBOHYDRATE-
PROTEIN COMPLEXES

A wide range of carbohydrate-binding proteins have been now characterized by
x-ray crystallography such as antibodies, lectins (from plants, fungi, and animals),
carbohydrate-binding proteins of pathogens, transport proteins, and enzymes. This
section illustrates the basic principles of carbohydrate recognition using select
examples of crystal structures of carbohydrate—protein complexes, including anti-
carbohydrate antibodies, mammalian lectins involved in innate immunity, and
proteins from pathogens.

1.3.1 GEeNErRAL FEATURES OF CARBOHYDRATE—PROTEIN INTERACTIONS

Carbohydrate-binding sites are generally located on the surface of proteins and form
cavities or grooves. Most amino acids can participate in binding carbohydrates,
although there is a frequent over-representation of amino acids with polar, charged,
and aromatic side-chains lining carbohydrate-binding sites. Hydrophobic interac-
tions primarily between aromatic residue side-chains (e.g., Tyr and Trp) and the
more hydrophobic regions (faces) of carbohydrate rings are known to be important
contributors to the affinity of carbohydrate—protein interactions. In addition to amino
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acids, the relatively solvent-exposed binding sites contain numerous water molecules,
which play a pivotal role in carbohydrate—protein interactions. Bound metal ions also
provide further carbohydrate coordination centers for molecular recognition events
and can act in parallel as critical structural components that help maintain the bind-
ing site shape. The multivalent binding of carbohydrates is also a frequent feature
of carbohydrate-binding proteins and is typified by the repetition of carbohydrate
recognition domains within a polypeptide chain and/or the oligomerization of pro-
tein subunits to generate multiple binding sites for carbohydrate recognition. Thus,
a relatively low-affinity carbohydrate—protein binding site interaction is converted
into a high-strength (avidity) interaction through multivalent carbohydrate binding.

1.3.2 CoMMON CARBOHYDRATE-BINDING MODES

Two common binding modes that have been repeatedly observed in crystal struc-
tures of carbohydrate—protein complexes are end-on insertion and groove-type bind-
ing (Figure 1.1). End-on insertion involves the terminal groups of the carbohydrate
ligand, normally a terminal monosaccharide unit, entering first and most deeply into
the carbohydrate binding site. End-on insertion has been observed for antibodies in
binding small molecules such as haptens and carbohydrates and appears to be the
predominant manner in which carbohydrate epitopes are recognized by antibodies
(Ramsland et al. 2003). Such binding allows the antibody to specifically interact
with unique determinants (epitopes) that are presented near the terminal ends of
longer carbohydrate chains conjugated to proteins or lipids. Frequently, the epitopes
targeted by antibodies consist of minimal determinants, often ranging in size from
disaccharides to tetrasaccharides, which are easily accommodated by the combining
site that is formed by the association of the heavy and light chain variable domains
(Agostino et al. 2012).

FIGURE 1.1 Two common binding modes involved in carbohydrate recognition by pro-
teins. (a) End-on insertion of a trisaccharide, Kdoa(2-8)Kdow(2-4)Kdo, in the binding site
of an antibody, Se25-2 Fab, determined at 1.49 A resolution, PDB ID: 3SYO (Nguyen et al.
2003). (b) Groove-type interaction of a pentasaccharide, Galp(1-4)[Fuca(1-3)]GlcNAcp(1-3)
Galf(1-4)Glc (lacto-N-fucopentaose 111, a Lex tumor-associated antigen), in the binding site
of the amino-terminal domain of human Galectin-8 at 1.33 A resolution, PDB ID: 3AP9
(Ideo et al. 2011). Molecular surfaces are shown for the proteins and the bound carbohydrate
ligands are in stick representations with carbon atoms in black and polar atoms in gray.
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An example of where end-on insertion is used to recognize carbohydrates is the
Se25-2 antibody that uses a germline-encoded binding site that interacts with the ter-
minal 3-Deoxy-D-manno-oct-2-ulosonic acid (Kdo) residues used by certain bacteria
to form lipopolysaccharides (LPS). The 1.49 A resolution structure of Kdoa(2-8)
Kdoa(2-4)Kdo in complex with Se25-2 Fab (Nguyen et al. 2003) shows how the ter-
minal Kdo residue penetrates a cavity while antibody combining site residues could
potentially participate in further interactions with the second and third carbohydrate
residues in the chain (Figure 1.1a).

Lectins have also been shown to utilize end-on insertion binding for recognition,
but in addition often employ groove-type binding, where an extended carbohydrate
chain is bound in a solvent-filled groove (Yuriev et al. 2009). Binding of carbohy-
drate chains in a groove allows proteins to interact with internal carbohydrate moi-
eties, which can partially explain the cross-reactivity with different types of complex
carbohydrates by many lectins. It should be noted that antibodies can also participate
in groove-type binding, but that this appears to be less frequent than for lectins and
other classes of carbohydrate-binding proteins.

Galectins are a class of lectins found in mammals that form part of the innate
immune system and recognize f-galactoside (BGal)-containing carbohydrates.
Human Galectin-8 has been crystallized with a pentasaccharide ligand, Lacto-N-
fucopentaose III (LNFIII, a carbohydrate containing the Lewis x, Le*, trisaccharide
epitope). The crystal structure of the Galectin-8 complex with LNFIII was deter-
mined at a resolution of 1.33 A as well as complexes with other related carbohy-
drate ligands (Ideo et al. 2011). The LNFIII pentasaccharide, Galp(1-4)[Fuca(1-3)]
GlcNACc(1-3)Galp(1-4)Gle, is bound in an extended conformation by an elongated
groove that is open at both ends and located in the amino-terminal domain of
Galectin-8 (Figure 1.1b). Conserved binding interactions (seen in the other Galectin-8
complexes) occur with the lactose Galp(1-4)Glc disaccharide portion of the ligand
(Ideo et al. 2011), while additional interactions occur with the central GlcNAc resi-
due and the terminal pGal stacks against a Tyr side-chain in the binding site. The
al,3-linked fucose residue that is part of the terminal Le* epitope does not contact
the protein, but participates in a further stacking interaction with the terminal pGal
(opposite face to the binding site Tyr residue) as expected for Lewis-type carbohy-
drate antigens (Yuriev et al. 2005).

1.3.3 ANcHORED BINDING OF CARBOHYDRATE LIGANDS

Carbohydrates are often anchored in the binding site by tight interaction with a
monosaccharide subunit of the carbohydrate chain. Two major types of anchored
binding are metal ion mediated (e.g., calcium) and charge neutralization or compen-
sation of terminal sialic acid residues (Figure 1.2).

Metal ion—mediated anchoring of carbohydrate ligands is exemplified by a fam-
ily of innate effector molecules called collectins, which are members of the larger
group of C-type (Ca?*-dependent) lectins (Seaton et al. 2010; Veldhuizen et al.
2011). Up to four Ca?* ions can be bound to C-type lectin domains and not all these
metal ions directly interact with carbohydrates and have been proposed to have
roles in stabilizing the domains. In particular, a single Ca* is held in place in the
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FIGURE 1.2 (See color insert.) Anchored binding of terminal carbohydrate residues.
(a) Calcium-mediated coordination of a glucose residue of maltose in the binding site of
human lung surfactant protein D at 1.40 A resolution, PDB ID: 1PWB (Shrive et al. 2003).
(b) Sialic acid (Neu5Ac) in the binding site of Siglec-7 at 1.90 A resolution, PDB ID: 2DF3
(Attrill et al. 2006). (c) Sialic acid (Neu5Ac) in the binding site of rhesus rotavirus protein
VP4 at 1.40 A resolution, PDB ID: 1IKQR (Dormitzer et al. 2002). Atoms are colored by type:
C, yellow (protein) and cyan (carbohydrate); N, steel blue; O, red; Ca, green. Hydrogen bonds
are shown as dashed black lines and metallic ion coordination bonds shown as solid black
lines. Only the terminal carbohydrate residues are displayed for clarity.

carbohydrate-binding site by six coordination bonds with conserved residues (nor-
mally Asp, Glu, Asn, or Gln) and is involved in the coordination of two waters or
the hydroxyl groups of bound monosaccharides. Thus, carbohydrates are anchored
in the site by the strong pairing with Ca?* and specificity for different carbohydrates
(e.g., mannose or galactose) is determined by subtle differences in the residues in
the Ca?* binding pocket (Weis and Drickamer 1996). The crystal structure of human
lung surfactant protein D (SP-D) has been determined in complex with maltose,
Glca(1-4)Glc, at 1.40 A resolution (Shrive et al. 2003). The coordination of the ter-
minal aGlc (the C2 epimer of mannose that also binds SP-D) occurs between the
3- and 4-hydroxyls and the bound Ca?* ion, which provides a clear example of metal
ion—mediated anchoring of carbohydrate antigens (Figure 1.2a).
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Sialic acids are widely distributed in animal tissues (mostly Neu5Ac and Neu5Gc),
as glycolipids (e.g., gangliosides) or at the ends of complex N-glycans, and are impor-
tant biological ligands for many physiological recognition events and host—pathogen
interactions. Their location at the termini of carbohydrate chains and the negatively
charged carboxylate group make them ideal candidates for anchored binding to pro-
teins. The most obvious anchoring mechanism is charge neutralization by formation
of ion-pairs between the sialic acid carboxylate and basic residues (Arg and Lys)
of the carbohydrate-binding protein. lon-pairing between the sialic acid carboxylate
anion and the guanidinium cation of an Arg residue is a key interaction of Siglec
(sialic acid immunoglobulin-like lectin) receptors and is illustrated with the Siglec-7
interaction with Neu5Ac (Figure 1.2b). Siglec-7 was co-crystallized with a larger tet-
rasaccharide ligand, but only the terminal Neu5Ac is depicted, as this is involved in
anchored binding to Siglec-7 (Attrill et al. 2006). An alternate mode of sialic acid rec-
ognition involves charge compensation of the carboxylate anion by the formation of
strong hydrogen bonds with this portion of the ligand. The rhesus rotavirus VP4 car-
bohydrate recognition domain binds sialic acid by anchoring through multiple hydro-
gen bonding interactions and the sugar and the carboxylate form two hydrogen bonds
with the side-chain hydroxyl and main chain amide of a serine residue in the binding
site (Dormitzer et al. 2002). Thus, VP4 is an example where a protein uses hydrogen
bonding for charge compensation to anchor sialic acid residues (Figure 1.2c).

1.3.4 RoLe oF WATER IN CARBOHYDRATE—PROTEIN INTERACTIONS

Water is a critical component that both drives carbohydrate binding and contributes
to the specificity of carbohydrate—protein interactions within carbohydrate binding
pockets. The strength of x-ray crystallography is it has allowed investigators to show
that, while most of the bulk solvent is displaced from a carbohydrate-binding site when
a target carbohydrate binds, certain ordered water molecules remain and are integral
to maintaining architecture and specificity of a carbohydrate-binding site. In partic-
ular, ordered water molecules frequently participate in extensive hydrogen bonding
networks that form the carbohydrate—protein interaction. For example, we previously
observed the involvement of seven water molecules in forming a hydrogen bonding
network linking the LeY tetrasaccharide to the binding site of a humanized antibody
(hu3S193), for which the hu3S193 Fab complex with Le¥ was determined at 1.90 A res-
olution (Ramsland et al. 2004). The role of water in this and other Lewis carbohydrate
systems was further examined by independent molecular dynamics studies (Reynolds
et al. 2008), which was in general agreement that the water is directly involved both in
determining specificity and maintaining the conformation of carbohydrate antigens.
Recently, Saraboji and colleagues have determined a series of ultra-high-
resolution crystal structures of Galectin-3 both in its unliganded (apo) form and
in complexes with lactose and glycerol (Saraboji et al. 2012). The 0.86 A resolu-
tion crystal structure of the Galectin-3 complex with lactose contains at least 10
ordered water molecules directly engaging the carbohydrate ligand or acting as
hydrogen-bonded bridges between carbohydrate- and protein-binding site residues
(Figure 1.3a). When the 1.08 A apo-structure of Galectin-8 was compared, five of
the same ordered water molecules involved in bridging carbohydrate—protein were



Crystallography and Small-Angle Scattering 11

o %o
° 3 = °
°
(a)
o
e ©O o P
.OO.OO
(b)
o ®o
®
5 & °
]

(o)

FIGURE 1.3 (See color insert.) Central role of water in protein recognition of carbo-
hydrates. (a) Close-up of water (red spheres) network around the lactose interaction with
Galectin-3 determined at 0.86 A resolution, PDB ID: 3ZSJ. (b) Key binding-site waters (steel
blue and light gray spheres) in the apo-structure (unliganded) of human Galectin-3 deter-
mined at 1.08 A resolution, PDB ID: 3ZSL. (¢) Structural overlay of the lactose-bound and
apo crystal forms of human Galectin-3 depicted in panels A and B. Note that waters in the
apo form that correspond to key binding-site waters from the lactose complex with Galectin-3
are shown in steel blue and those that superimpose with carbohydrate atoms are in light gray.
The crystal structures depicted in this figure and related PDB entries are described in detail
elsewhere (Saraboji et al. 2012).

maintained (Figure 1.3b, steel blue spheres). Interestingly, a further eight water mol-
ecules were observed that closely matched the positions of oxygen atoms from the
bound lactose molecule (Figure 1.3b, light gray spheres). Thus, key water molecules,
important for determining carbohydrate specificity, are maintained in what appears
to be a pre-configured binding site ready to engage carbohydrate ligands. In addi-
tion, waters clearly occupy the same location as oxygen atoms in the bound carbo-
hydrate (so may mimic the carbohydrate ligand), and are displaced upon entry of the
carbohydrate into the binding site (see overlays in Figure 1.3c). Many other examples
for the involvement of water in carbohydrate—protein interactions can be found in
the literature, but are beyond the scope of this chapter.
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1.3.5 MuLTivALENCY OF CARBOHYDRATE-BINDING PROTEINS

A quick survey of entries in the PDB that contain the keyword “carbohydrate” reveals
that for antibodies and lectins there appears to be a modular type of assembly and
a capacity for the protein subunits to associate as multimers/oligomers (Figure 1.4).
For the antibody crystal structures, there are two major populations at around 50 kDa
(Fab and Fc regions) and at 100 kDa (dimers of Fab and Fc), which indicate that in
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FIGURE 1.4 Distributions of resolutions and molecular weights for representative crystal
structures of antibodies and lectins within the Protein Data Bank (PDB). (a) PDB entries
containing the keywords “antibody” and “carbohydrate.” The modular nature of antibody
structures shows that most structures fall into monomers (Fab or Fc) or dimers within the
crystals. (b) PDB entries containing the keywords “lectin” and “carbohydrate.” Lectins also
often contain repeating carbohydrate-binding domain architectures or form oligomers that
appear to fall within 4-5 predominant size populations.
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crystals Fab—Fab or Fc—Fc pairing is common (Figure 1.4a). For the lectins, there
are at least four or five size groupings that correspond to the known tandem arrange-
ment of carbohydrate-binding modules and stable oligomers that occur in this class
of carbohydrate-binding protein (Figure 1.4b). While this survey is not comprehen-
sive and contains some non-carbohydrate-bound structures, it is clear that there is a
propensity for carbohydrate-binding proteins to form discrete oligomers in crystals.
This observation is in agreement with the concept that multivalent binding to car-
bohydrates is often required for biological function (Dam and Brewer 2010; Weis
and Drickamer 1996). The multivalency of carbohydrate—protein interactions results
in high avidity and can overcome the low to modest affinities of most carbohydrate
interactions with individual binding sites.

A variety of protein oligomers observed in crystals of carbohydrate—protein
complexes are illustrated in Figure 1.5. The anti-carbohydrate antibody 2G12 binds
to the high density of branched N-glycans on the human immunodeficiency virus
(HIV) envelope protein, gp120. The crystal structures of the 2G12 Fab dimer, with
mannose-containing saccharides, reveal how this antibody is geared toward binding
the high densities of gp120 N-glycans (Calarese et al. 2003). The swapping of the vari-
able domains of the heavy chains in 2G12 Fab forces a stable dimer, in crystals and
the intact IgG antibody, with the carbohydrate-binding sites closely packed together
to form a useful surface for multivalent carbohydrate recognition (Figure 1.5a).
While this is an elegant immunological solution to carbohydrate cluster recognition,
it is not widespread among antibodies. Other mechanisms such as through metal-ion-
mediated Fab—Fab pairing (Farrugia et al. 2009) may be involved in carbohydrate
cluster recognition by antibodies. In addition, antibodies form larger oligomers due
to their covalent structure where IgG has two binding sites and polymeric IgM has at
least 10 binding sites with the potential to interact with carbohydrates.

Similar to other collectins, the carbohydrate recognition domain “heads” of
lung SP-D associate as a stable trimer through the presence of a coiled-coil “neck”
region (Shrive et al. 2003). The carbohydrate ligands recognized by SP-D are located
in binding pockets at one end of the molecule separated by around 45 to 50 A
(Figure 1.5b). The relatively flat carbohydrate-binding surface is suitable for mul-
tivalent recognition of repeating carbohydrate ligands on the surfaces of invading
pathogens. Collectins can also form larger oligomers where several of the trimeric
units associate to form oligomers or “fuzzy balls,” which are highly multivalent
macromolecular assemblies (Veldhuizen et al. 2011).

Carbohydrate-binding proteins from pathogens also tend to form as multivalent
oligomers suitable for avid binding to host carbohydrate determinants. The AB;
toxins are virulence factors of many bacterial pathogens and consist of a catalytic
domain (A-subunit) and a multimeric host receptor-binding domain (pentamers of
B-subunits), which display high avidity binding to glycans on target cells (Beddoe
et al. 2010). The crystal structure of the pentameric B subunit of shiga-like toxin I
(SLT I) of Escherichia coli in complex with an analog of the glycolipid Gb3 (trisac-
charide epitope) shows how the AB; toxins can bind a large number of glycan ligands
(Ling et al. 1998). Each B-subunit of SLT-1 interacts with three Gb3 molecules so that
15 glycans are bound on one face of the B5 oligomer (Figure 1.5¢). A second example
of a pathogen carbohydrate-binding protein is the sigma 1 (c1) trimeric attachment
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FIGURE 1.5 (See color insert.) Examples of crystal structures of protein oligomers
involved in binding to carbohydrates. (a) The domain-swapped 2G12 Fab dimer with two
bound high-mannose-branched complex oligosaccharides (ManyGIcNAc;) determined at
3.0 A resolution, PDB ID: 10P5 (Calarese et al. 2003). (b) Trimeric head and neck regions
of human SP-D in complex with maltose determined at 1.40 A resolution, PDB ID: 1PWB
(Shrive et al. 2003). (c) Pentameric B subunit of shiga-like toxin I (SLT-I) of Escherichia
coli in complex with an analog of the glycolipid Gb3 (globotriaosyl ceramide) determined at
2.80 A resolution, PDB ID: 1BOS (Ling et al. 1998). (d) Trimeric reovirus attachment protein,
sigma 1 (ol), in complex with 3’-sialyllactose, Neu5Aca(2-3)Galf(1-4)Glc, determined at
2.25 A resolution, PDB ID: 3S6X (Reiter et al. 2011). Proteins are shown as ribbon-style
representations and separate polypeptide chains in the oligomers are colored differently.
Carbohydrate ligands are displayed as space-filling spheres in green.

protein of reovirus, which binds to sialyated glycans on host cells. The crystal struc-
ture of ol in complex with 3'-sialyllactose (Reiter et al. 2011) shows an unusual
arrangement where the carbohydrates are bound to the extended trimeric “stalk”
regions rather than the ends of the globular head domains of the attachment protein
(Figure 1.5d). In the intact ¢l protein, the stalk is further extended by a long trimeric
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coiled-coil region placing the carbohydrate-binding sites around the middle of this
approximately 400 A long pathogen cell attachment protein (Reiter et al. 2011).

Clearly, the diversity of oligomeric assemblies within host and pathogen
carbohydrate-binding proteins (illustrated here by only a few examples) highlights
the need to study the full-length proteins in their near physiological states. Such
structural problems often require techniques complementary to x-ray crystallogra-
phy such as small-angle scattering (of x-rays and neutrons) in aqueous solutions,
which is discussed in the second part of this chapter (Sections 1.4 and 1.5).

1.4 PROBING MACROMOLECULAR STRUCTURES BY
SMALL-ANGLE X-RAY AND NEUTRON SCATTERING

Small-angle x-ray and neutron scattering (SAXS and SANS) are powerful techniques
that can complement x-ray crystallography to obtain global size and shape infor-
mation from biological macromolecular systems in solution (Jeffries and Trewhella
2012; Mertens and Svergun 2010; Neylon 2008; Svergun 2010). Importantly,
SAXS and SANS experiments require minimal amounts of purified material, can be
performed in dilute solutions, and the conditions can be readily adjusted to simulate
physiological environments (e.g., ionic strength and pH). Thus, conformations of
macromolecules can be probed and cross-checked against the restricted and often
single conformation observed in crystals. Structural parameters such as the radius
of gyration (R,), maximum dimension (D,,,), and the probable distribution of atom-
pair distances (P(r) vs. r) of, or within, a macromolecule can be evaluated from the
small-angle scattering data. Furthermore, it is possible to monitor (1) the oligomeric
state of a protein, (2) how changes in sample environment or ligand binding can
influence global protein conformation (He et al. 2009, 2003), and (3) how the for-
mation of higher-order macromolecular complexes effects the overall structure of a
macromolecule in solution (Wall et al. 2000).

Both SAXS and SANS are based on a difference existing either between the aver-
age electron density of a macromolecule relative to a supporting solvent (SAXS),
or between the “isotopic composition/density” per unit volume of a macromol-
ecule relative to a supporting solvent (SANS; in particular, hydrogen, 'H, content
per unit volume). This difference is known as contrast (Ap, where Ap,...comolecule =
Prmacromolecule — APsowend)- Assuming that contrast is present, and given that the total
population of macromolecules within a sample is monodisperse, the rate at which
scattering intensities decrease with increasing angle (after having subtracted solvent
scattering contributions) will reflect the distribution of distances between scattering
centers within a single particle. Models can be generated and fitted against the sol-
vent-subtracted data to yield information on the overall volume and shape of a mac-
romolecule in solution as well as the spatial dispositions of subunits within oligomers
or even macromolecular complexes comprised of different subunits.

One of the advantages of SANS over SAXS (Lakey 2009) is that the isotopic
composition/density, specifically the ratio of 'H to deuterium (*H) per unit volume in
the solvent, can be easily altered so that Ap can either be maximized to increase scat-
tering signals from a macromolecule, or be reduced to minimize scattering signal
contributions (Jeffries and Trewhella 2012). Therefore, SANS is particularly useful
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for investigating higher-order macromolecular complexes. Relative to each other,
different classes of macromolecules—proteins, lipids, DNA, and carbohydrates—
have different 'H content per unit volume and hence different neutron scattering
“power.” Therefore, it is possible to selectively “match out” neutron scattering con-
tributions of one component of a complex relative to another by altering the contrast
through adjustments of 'H,0:2H,0 ratios in the solvent. Consequently, using SANS
with contrast variation, shape information can be obtained from a whole complex
as well as the shapes of the individual components within a complex: each different
class of macromolecule will have a different match point at a particular 'H,0:?H,O
ratio where their scattering contributions are minimized from the overall scattering
profile. However, depending on the mass ratios of the components within a complex
(scattering intensity is proportionate to the volume of a particle squared) the sepa-
ration of each component’s match point maybe narrow. The quality of the SANS
scattering signal can be drastically improved by deuterating one component of a
complex so as to radically alter the ratio of 'H per unit volume. The selective deu-
teration of one component of a complex is very powerful for probing the shape of
protein—protein complexes in solution as the incorporation of nonexchangeable *H
into one protein enables a contrast difference to be set up between the 'H and deuter-
ated components of a complex and subsequent separation of their match points in
solution (Jeffries and Trewhella 2012).

Aside from obtaining R, D,,,,, and P(r) versus r, that in themselves can provide
valuable insights into the solution states of macromolecules, what is of most interest
to structural biologists is obtaining a sensible consensus model, or series of models,
that best fit their scattering data. Advances in computational methods (Petoukhov
and Svergun 2007) have seen the routine application of restoring molecular vol-
umes and shapes of a macromolecule from SAXS and SANS data using easy-to-
use ab initio methods (Franke and Svergun 2009) that do not require any prior
knowledge regarding the structure of a macromolecule of interest. When combined
with models derived from x-ray crystallography, NMR, or homology modeling
(Petoukhov and Svergun 2005, 2006; Svergun et al. 1995) SAXS and SANS begin
to open new frontiers with respect to building representative protein structures that
cannot otherwise be accessed using x-ray crystallography alone. SAXS and SANS
are especially powerful for the analysis of modular proteins with inherent struc-
tural flexibility, large macromolecular multi-component complexes, assemblies,
and glycoproteins.

1.5 EXAMPLES OF GLYCOPROTEINS STUDIED BY
CRYSTALLOGRAPHY AND SMALL-ANGLE
SCATTERING TECHNIQUES

An increasing number of structural biologists are beginning to integrate SAXS
and SANS as complementary techniques into their research programs that focus
on the molecular foundations of glycoprotein structure and function. As SAXS
and SANS can be performed on natively glycosylated proteins and usually require
similar or smaller amounts of sample when compared to crystallography (using
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synchrotron-SAXS it is possible to obtain quality x-ray scattering data from as little
as 10 uL of protein at 1-5 mg-mL~" in 1-10 seconds), then, at the very least, scatter-
ing techniques provide an invaluable complementary tool to probe the native global
states and the shapes of glycoproteins in solution.

1.5.1 CRrysSTALLOGRAPHY OF AMIGO-I COMBINED
wiTH SAXS oF AMIGO-II anp -111

Kajander et al. (2011a) provided an elegant example of where SAXS has been
employed in combination with crystallography to probe the structures of a group of
related glycoproteins. For example, the transmembrane AMIGO proteins that are
required for regulating neuronal growth, mobility, and adhesion (Kuja-Panula et al.
2003), which share a similar leucine-rich repeat (LRR) domain that is responsible for
modulating protein—protein interactions (Chen et al. 2006; Kajava and Kobe 2002).
The crystal structure was determined for the glycosylated neuronal protein AMIGO-I
and this was used to develop SAXS-based models for the related and more heavily
glycosylated protein AMIGO-II as well as AMIGO-III (Kajander et al. 2011a).

AMIGO-I crystallized as a horseshoe-shaped dimer with a twofold rotational
axis between each AMIGO-I monomer. The LRR domains of opposing sub-units
pack together to form the base of the horseshoe while separate LRRCT capping and
immunoglobulin (Ig) domains extend from the base to form the individual arms
of the U-shaped horseshoe (Figure 1.6a). Interestingly, SAXS data revealed that
AMIGO-II and AMIGO-III have significantly increased radii of gyration when com-
pared to Ehe AMIGO-I crystal structure (AMIGO-L R, crystal = 30 A; AMIGO-II,
R, = 46 A; AMIGO-III, R, = 40 A). These results indicate that all three related pro-
teins have very different mass distributions and hence different domain orientations
with respect to each other. Indeed, the resulting estimates of D, derived from the
P(r) versus r profiles of AMIGO-II and AMIGO-III show them to be significantly
more extended than the AMIGO-I crystal form (AMIGO-I, D, crystal = 100 A;
AMIGO-IL, D, = 170 A; AMIGO-IIL, D, = 135 A). Unfortunately, the crystal-
lizable AMIGO-I isoform could not be studied by SAXS (for a direct comparison
to SAXS of AMIGO-II and AMIGO-III) due to nonspecific protein aggregation
issues. However, rigid-body modeling of AMIGO-II and AMIGO-III against their
respective SAXS datasets, using the crystal structure of AMIGO-I as a rigid-body
template, shows that the best-fit models are those where the position of the LRR
domains at the dimer interface are reasonably preserved across all three proteins
and that the structural extension involves the arms of the U-shaped molecule open-
ing up through large movements of the C-terminal Ig domains (Figure 1.6a). Since
the Ig domain of the AMIGO proteins is a primary site of glycosylation, one of the
interesting hypotheses from the crystallographic/SAXS study is that the flexibility
between the Ig domains and LRRs of AMIGO-I, AMIGO-II, and AMIGO-III is
modulated by glycosylation, which may affect the orientation of the LRRs within
the intracellular space to facilitate the formation of AMIGO LRR-LRR medi-
ated intercellular trans-dimers and, consequently, promote neuronal cell adhesion
(Kajander et al. 2011a).
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FIGURE 1.6 (See color insert.) Crystallography in combination with solution SAXS of
glycoproteins: AMIGO proteins and Apo-H. (a) x-ray crystal structure of AMIGO-I and a
comparison with the AMIGO-II and AMIGO-III models determined from solution SAXS data.
The LRR domains (blue) self-associate to drive dimerization between AMIGO monomers and
are capped off with the LRRCT domains (red) from which extends an Ig domain (teal). The
spatial orientation of the Ig domains differs between each of the three AMIGO isoforms.
The N-glycans of the AMIGO proteins were modeled and are represented by gray spheres.
The images were generated from PDB coordinates kindly provided by Dr. Tommi Kajander
(Kajander et al. 2011a). (b) The crystal structure of Apo-H, PDB ID: 1C1Z (Schwarzenbacher
et al. 1999) shows that the CCP modules and domain 5 of the protein adopt a J-shaped con-
formation (left), while SAXS reveals that Apo-H undergoes a conformational shift in solution
to form an S-shape and that the N-glycans (red spheres) appear to form a carbohydrate patch
(marked with an ellipse) along one side of the proteins. The SAXS data is represented as a
model derived using the crystallographic coordinates (PDB ID: 1C1Z) as well as information
and a figure presented in the original Apo-H paper (Hammel et al. 2002).

1.5.2  DirrereNT CONFORMATIONS OF APOLIPOPROTEIN H
(B,-GLrycoPrOTEIN 1) OBSERVED BY CRYSTALLOGRAPHY AND SAXS

Apolipoprotein H (Apo-H or B,-glycoprotein I) is a highly glycosylated protein
(~19% wi/w) that comprises five domains: four complement control protein (CCP)
domains and a unique fifth domain, domain V (Bouma et al. 1999; Schwarzenbacher
etal. 1999). Apo-H is involved in triggering the blood coagulation cascade (Brighton
et al. 1996) and has apparent high affinity for heparin, cell membranes, macro-
phages, and phospholipids (Balasubramanian and Schroit 1998; Del Papa et al. 1998;
Schousboe and Rasmussen, 1988). Complexes of Apo-H and phospholipids have
been suggested to act as antigens for autoimmune phospholipid antibodies that are
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associated with a number of pathological conditions (e.g., lupus) (Guerin et al. 1997,
Kandiah et al. 1998; McNeil et al. 1990). A key feature proposed to promote epitope
exposure on ligand binding is the capacity for Apo-H to undergo conformational
changes (Wang et al. 2000).

The crystal structure of Apo-H indicates that the five domains adopt a modu-
lar and extended “J-shaped” conformation (Figure 1.6b) with a calculated R, of
46 A and an approximate maximum dimension of ~150 A (Bouma et al. 1999;
Schwarzenbacher et al. 1999). Hammel et al. (2002) used SAXS to analyze the solu-
tion state of Apo-H and showed that the protein adopts a very different conforma-
tion in solution compared to the crystal form as evidenced by a 3 A reduction in
R, for the solution state (43 A), which represents a significant mass redistribution.
Results derived from modeling the shape of the protein in solution via ab initio
methods, as well as rigid-body refinement against the SAXS data, revealed that the
protein adopts a more compact S-shaped conformation in solution (D, = 140 A)
that is due to a significant rotation in the linker connecting CCP domains 2 and 3
(Figure 1.6b). Furthermore, the N-glycan extensions from CCP domains 3 and 4
“spatially-coalesce” to form a carbohydrate-rich patch along one side of the protein
so that the overall structure is more bulky than that observed in the crystal form
(cross section of crystal, R, = 14.2 A; SAXS = 17.8 A). Importantly, as Apo-H com-
prises five modules connected by linkers, the authors stress that the interpretation
of the SAXS model should be viewed as a representation of well-definable, but one
of several domain dispositions within the protein as opposed to a singular static/
rigid structure (Hammel et al. 2002). Indeed, differences between the crystal and
solution states automatically indicate that the protein can adopt multiple conforma-
tions. The authors suggest that discrepancies between the solution state and crystal
form of Apo-H are, in part, influenced by crystal packing forces and crystalliza-
tion conditions that were well away from physiological conditions. The high ionic
strengths used to crystallize the protein may have destabilized interdomain hydrogen
bonds and strengthened interdomain hydrophobic interactions to cause the observed
extension of the Apo-H structure in the crystalline state. What the combined SAXS/
crystallographic analyses have captured (that crystallography in isolation could not
readily access) is that large conformational transitions can occur in Apo-H. The
bending and stretching of the protein are thought to be key mechanisms by which
epitope presentation is realized for the recognition and interaction of the protein with
autoimmune phospholipid antibodies. The SAXS analyses have provided conclusive
data to support the hypothesis that such global structural transitions of Apo-H are
indeed possible.

1.5.3 SAXS AND SANS oF COMPLEMENT SYSTEM COMPONENTS

The structure of a number of immune system glycoproteins has been probed using
SAXS or SANS, which includes the analysis of components of the complement sys-
tem (Esser et al. 1993; Morgan et al. 2011; Perkins et al. 2002; 2011; Smith et al. 1992)
as well as some of the proteins through which pathogens evade complement-mediated
immune responses (e.g., as observed in Staphylococcus aureus infection) (Burman
et al. 2008; Chen et al. 2011). Currently, around 30 proteins have been identified to
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comprise the complement system that is divided into three main pathways (classical,
alternate, and lectin pathways), which in combination are responsible for the rapid
targeting and elimination of pathogens as well as regulating the removal of immune
complexes and cell debris. The difficulty in analyzing the structure of the protein
components of complement, in particular using x-ray crystallography, is that a signifi-
cant number of proteins comprising the complement system (including many that are
heavily glycosylated) undergo diverse combinatorial interactions and cleavage events
to realize their biological function. Formation of higher-order complexes and oligo-
mers is further complicated by the structural adaptability of many of the protein con-
stituents, both in terms of structural flexibility and conversions from pro-protein to
active-protein constituents via regulated and targeted proteolytic cascades, the order
and timing of which is pivotal to the function of the complement system (Daha 2010;
Ricklin et al. 2010). Of particular interest to structural biologists is the major task of
decoding the molecular interactions that are fundamental to complement in order to
understand the molecular basis of innate immune responses, homeostasis, and patho-
gen defense systems (Burman et al. 2008; Chen et al. 2011). Small-angle scattering,
as complementary to crystallography, has provided unique insights into the molecular
foundations of the complement system, with select examples outlined below.

Factor H is a large (155 kDa) modular glycoprotein that consists of 20 CCP
domains (Ripoche et al. 1986). Note that the glycoprotein Apo-H has only four
of these CCP domains (see Section 1.5.2). Factor H is at high concentration in
blood plasma (0.5 mg-mL~") and is central to regulating the rapid response cascade
of the alternate complement pathway to pathogens, allows for host/foreign cell
delineation and the maintenance of tissues (Clark et al. 2010; Ferreira et al. 2010).
Among a number of Factor H-binding interactions (Perkins et al. 2010), it binds
to another key complement protein 3Cb, which is produced from C3 via interac-
tion with Factor B. Interestingly, the bimolecular C3bBb complex converts even
more C3 into 3Cb that exposes an activated thioester in the thioester containing
domain (TED) region of 3Cb that rapidly attaches to nearby particles, including
cell surfaces, to instigate a potent effector response (e.g., the formation of mem-
brane attack complexes or macrophage targeting) (Morgan et al. 2011). Factor H
is also responsible for accelerating the decay of the C3bBb complex. Of note, the
interaction between C3b or C3bBb and Factor H is amplified on host-cell self-
surfaces carrying glycosaminoglycan or sialic acid markers that are otherwise
absent on the surface of most pathogenic organisms (Pangburn 2000; Varki 2007).
Consequently, this allows the immune system to discriminate between host and
pathogen, although some pathogens have developed sialic acid markers that mimic
self-surfaces (Vimr et al. 2004) as well as Factor H capturing mechanisms that
result in immune system evasion such as glycoproteins gp4l and gpl120 of HIV
(Pinter et al. 1995a, 1995b; Stoiber et al. 1996).

Initial SAXS and SANS investigations showed that Factor H is a flexible pro-
tein and that the CCP modules are organized so that the protein folds back on
itself as opposed to adopting a highly extended conformation in solution, sug-
gesting that the C- and N-terminal domains of the protein could come into close
spatial proximity (Aslam and Perkins 2001). More recently, Morgan et al. (2011)
have shed light on the structural basis underpinning the interaction between
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MBP

Factor H/3Cb ™
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(@) (b)

FIGURE 1.7 (See color insert.) Building complex models from crystallographic and small-
angle scattering data: Factor H and mannan-binding protein (MBP). (a) Using a combination
of crystal structures and solution SAXS data, Morgan et al. (2011) have built a structural
model representing the engagement between Factor H (red) and 3Cb (blue). SAXS data indi-
cated that Factor H folds back on itself (red surface) with the conformation of the protruding
portions (CCP modules 5-18) representing one of multiple possible folded-back conforma-
tions, within the ensembles of Factor H solution conformations previously interpreted from
SAXS and SANS data (Aslam and Perkins 2001). (b) Solution SAXS reveals that MBP forms
a large-molecular-weight oligomer in solution containing 9 subunits arranged like the spokes
of a wheel. Crystallography has shown that the carbohydrate-binding domains of MBP form a
trimer (inset) with four Ca?* ions (blue spheres) bound per protein monomer, PDB ID: IHUP
(Sheriff et al. 1994). The trimeric MBP carbohydrate recognition domains are located at the
end of each spoke in the SAXS-derived structure of intact MBP. Models of the complexes
shown here were derived from information and figures provided in Dong et al. (2007) and
Morgan et al. (2011) and the reader should refer to these works for specific details. The crystal
structures of Factor H CCP1-4/3Cb and Factor H CCP19-20/3Cd are derived from PDB ID:
2WII (Wu et al. 2009) and 2XQW (Kajander et al. 2011b) respectively.

(SAXS)

Factor H and 3Cb on the cell surface by synthesizing data obtained from x-ray
crystallography, NMR, and SAXS to produce a structural model of the Factor
H/3Cb complex (Morgan et al. 2011). The folded-back conformation of Factor H
appears to be integral for the N- and C-terminal domains to both bind 3Cb so
that the N-terminus can perform cofactor and decay accelerating activities of the
C3bBb complex, while the C-terminal domain can interact with the TED of 3Cb
in combination with glycosaminoglycans to modulate self-surface attachment
(Figure 1.7a).

1.5.4 SAXS of AN OLIGOMERIC COLLECTIN: MANNAN-
BINDING PROTEIN OR LECTIN

A branch of the innate complement system is the lectin pathway (Fujita et al. 2004)
that results in the initiation of 3Cb-based complement cascades and, ultimately, the
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lysis or phagocytosis of the pathogen. The collectin family member mannan-binding
protein (MBP) or lectin (MBL) is the archetypal initiator of the lectin pathway of
complement activation and displays binding activity for mannose and fucose resi-
dues on the surface of pathogens like bacteria (Takahashi et al. 2006). MBP under-
goes a number of posttranslational modifications (including glycosylation), but more
significantly it exists in an oligomeric state in solution capable of multivalent car-
bohydrate recognition (Jensen et al. 2005; Teillet et al. 2005). Dong et al. (2007)
have performed an extensive SAXS analysis of MBP in solution. Molecular weight
determinations based on SAXS data show that the protein consists of a trimer of
trimers (i.e., nine MBP monomers) with a molecular weight of 266 kDa (Dong et al.
2007). A reconstruction of MBL from the SAXS data shows that the oligomer adopts
a threefold symmetrical shape in solution, which is relatively flat in one dimension
but is splayed out over 320 A in the other so that the protein adopts a conformation
like wheel spokes connected to a central hub (Figure 1.7b). MBP carbohydrate rec-
ognition domains form a trimer (as revealed by crystallography, inset of Figure 1.7b
[Sheriff et al. 1994]) and are located at the ends of each spoke of intact MBP. Note
the structural similarity of the carbohydrate-binding heads of MBP with the related
collectin family member SP-D shown in Figure 1.5b. Interestingly, on comparison
to the solution state, subsequent atomic force microscopy showed that MBP under-
goes further “spoke extensions” in response to binding surface-conjugated ligands
(e.g., mannosamine) suggesting that surface-induced conformational changes in
MBP maybe important for protein function and regulation (Dong et al. 2007). This
study, as well as other examples discussed previously, highlights the enormous
potential of small-angle scattering to probe the global states of carbohydrate-binding
proteins and glycoproteins in solution so as to greatly enhance high-resolution 3D
structural information derived from x-ray crystallographic investigations of domains
or smaller fragments of these proteins.

1.6 CONCLUDING REMARKS

A structural and functional understanding of multivalent recognition of carbohy-
drates is essential for appreciating the biological activity of carbohydrate-binding
proteins in a wide variety of biological systems. While x-ray crystallography contin-
ues to provide many fundamental detailed 3D structural insights into carbohydrate—
protein interactions and glycoprotein structure, the technique is often limited by the
availability of crystals and the essentially conformationally restrained crystalline
environment. Thus, it is often important to consider other complementary structural
biology methods that allow intact glycoproteins to be examined in solution or in
a less conformationally restrained environment. Both SAXS and SANS have been
successfully employed as complementary techniques to x-ray crystallography and
together have and will continue to expand the frontiers of our knowledge regard-
ing the 3D structure of glycoproteins and carbohydrate-binding proteins and their
diverse multimeric assemblies.
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2.1 INTRODUCTION

Lectins, carbohydrate-binding proteins, are involved in numerous molecular
recognition events associated with the immune response, tumorigenesis, and apop-
tosis that include cell-cell interaction and adhesion, trafficking of glycoproteins,
and glycosylation (Sharon 2008; Sharon and Lis 1989, 2004). Unfortunately, for a
large number of these important biological activities detailed mechanisms of the
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carbohydrate-mediated functions are not fully understood. Considering solely
glycosylation of proteins, a highly sophisticated enzymatic machinery exists in
eukaryotic systems (e.g., human mucin-type O-glycosylation alone involves 20 dif-
ferent isoenzymes) (Hassan et al. 2000; Ten Hagen et al. 2003), and the addition of
carbohydrates is ideally suited to generate diversity of biological molecules. Indeed,
the coding capacity of oligosaccharides is several orders of magnitude larger than
that of oligonucleotides or peptides. This arises from their inherent configurational
variability, created by two anomeric configurations (a/p), different linkages (1-2,
1-3, 1-4, 1-6), different ring sizes (pyranose/furanose), as well as branching and
additional modification through acetylation, phosphorylation, and sulfation (Herget
et al. 2008; Marino et al. 2010; Richards and Lowary 2009; Varki 2009). Although
such complexity seems daunting, there is a growing appreciation for the need to
decipher “sugar-codes” and elucidate glycan shape and dynamics, as well as specific
features pivotal to their specific recognition. To that end, investigating protein—
carbohydrate interactions at the atomic level is becoming a necessity.

Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique to study
protein—glycan recognition. Different from the detailed atomic picture of molecules
arranged in a crystalline array that is provided by x-ray crystallography (Chapter 1),
NMR spectroscopy yields structural and dynamic information about molecules in solu-
tion. Both methods, naturally, have advantages and disadvantages. The first and most
unpredictable requirement for any crystallographic study is the necessity to grow well-
diffracting single crystals of the complexes. This is a difficult process and for protein—
glycan complexes, weak binding and, sometimes, the transient nature of the encounter
further confounds this task. In contrast, NMR spectroscopy is uniquely suited for such
studies, since it is possible to characterize both strong and weak interactions, even
those involving transient complexes. On the other hand, solution NMR spectroscopy is
restricted with regard to molecular size of a complex: large systems tumble slowly in
solution, resulting in fast relaxation and hence large linewidths of resonances. In addi-
tion, the extensive number of resonances in macromolecular complexes causes severe
overlap of signals, making spectral analysis difficult at best and impossible at worse.
However, solution NMR spectroscopic methods are still advancing and innovative
isotopic labeling strategies (Gardner and Kay 1998), sophisticated spin manipulations
(Pervushin et al. 1997, 2000; Riek et al. 2000; Tjandra and Bax 1997; Tjandra et al.
1997), and cryogenic probe technology all contribute to recent progress.

This chapter describes the application of NMR spectroscopy to the study of inter-
molecular protein—glycan interactions with a focus on lectin—carbohydrate systems.
Since such systems involve noncovalent binding between two molecules it is oppor-
tune to introduce and define the three different NMR regimes that can be encoun-
tered: (1) fast exchange, (2) intermediate exchange, and (3) slow exchange on the
chemical shift scale. The parameters that define these regimes are the exchange rate
between bound and free molecules and the difference in resonance frequencies for
atoms in the bound and free states. Appreciating these different scenarios is critical
when considering a particular NMR method, given that certain methodologies are
more suited to particular exchange regimes.

In the following, we describe four major approaches that are frequently used to
characterize intermolecular interactions by NMR (Zuiderweg 2004; Clarkson and
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Campbell 2003; Haselhorst et al. 2009; Mayer and Meyer 1999, 2001; Jimenez-
Barbero and Peters 2003; Siebert et al. 2003; Burgering et al. 1993; Folkers et al.
1993; Zwahlen et al. 1997). These include chemical shift perturbation studies,
saturation transfer difference NMR (STD-NMR), transferred nuclear Overhauser
effect (TrNOE), and standard nuclear Overhauser effect spectroscopy (NOESY)
experiments. The description of the methods will be illustrated with examples
from our own and other laboratories. The different approaches can involve detec-
tion via the glycan resonances (ligand-based method) or via protein resonances
(protein-based method). TTNOE and STD-NMR are ligand-based methods, while
chemical shift perturbation mapping and NOESY involve mainly protein reso-
nances, although the latter can also monitor glycan resonances. Indeed, the three-
dimensional (3D) structure determination of a protein—carbohydrate complex will
encompass extensive NOESY analysis of edited/filtered experiments, involving
protein and ligand resonances. In addition to the above four approaches, we will
also briefly discuss WaterLOGSY or diffusion filtering experiments.

2.2 EXCHANGE RATE AND NMR CHEMICAL SHIFT DIFFERENCE

For any binding reaction, a molecule exchanges between free and bound states with
arate k (expressed in per second). This implies that any nucleus in the molecule will
exist in two magnetically distinct environments, corresponding to the free and bound
states. The resonance frequencies for the bound and free molecules are different,
with Av representing the chemical shift difference (expressed in Hz) (Figure 2.1). In
the fast exchange regime, k >> Av, the resonance will be a population-weighted aver-
age signal between free and bound resonances. This allows one to follow the binding
event using the chemical shift perturbation during titration experiments. The bind-
ing affinity K, for the protein—glycan interaction can be obtained by plotting the
average chemical shift change, A, as a function of the carbohydrate/protein molar

Av
Slow exchange (k<< Av)

Intermediate exchange

(k~Av)

Fast exchange (k>>Av)

FIGURE 2.1 NMR chemical shift exchange. The three possible regimes are slow, inter-
mediate, and fast for a given molecule between free and bound states in a binding reaction.
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ratio. In the slow exchange regime, k << Av, two distinct resonances are observed,
corresponding to the free and bound states. For increasing concentrations of the car-
bohydrate, the intensities of the protein’s free signals decrease while those of the
protein’s bound form increase. The most unfavorable case occurs when the exchange
rate is comparable to the frequency difference between the two states, k ~ Av. In this
intermediate exchange regime, extensive line broadening, sometimes beyond detec-
tion, is observed. Occasionally, it may be possible to escape from this undesirable
intermediate exchange regime by changing temperature (although NMR can only
cover a limited temperature range), by recording spectra at different field strengths
(since the frequency difference between the two signals depends on the magnetic
field strength), using different buffer conditions, such as pH, or salt concentration, all
with the aim of pushing the exchange into either the fast or the slow exchange regime.

2.3 CHEMICAL SHIFT PERTURBATION STUDIES

Chemical shift perturbation mapping obtained via NMR titration experiments is a
sensitive and relatively straightforward NMR approach to identify those residues in
the protein that are involved in carbohydrate binding (Zuiderweg 2004; Clarkson and
Campbell 2003). This protein-based detection method can be employed in all three
NMR exchange regimes. It relies on the fact that the resonance frequency, or the
chemical shift of an individual nucleus, is very sensitive to its conformational, chem-
ical and electronic environment. Upon complex formation, the carbohydrate modi-
fies the environment of the protein nuclei that reside at the interface in the complex.
As a result, atoms involved in binding will exhibit a change in their chemical shifts.

Chemical shift changes in titration experiments can be monitored with 1D 'H or
two-dimensional (2D) spectra, with the 2D 'H-N HSQC experiment probably most
widely used for this purpose. Reasons for this are manifold: first, only '"N-labeling
of the protein is required, and this is easily and inexpensively achieved using
Escherichia coli expression systems. Second, only backbone assignments are nec-
essary, avoiding time-consuming side-chain-focused experiments. Finally, '"H and
5N amide chemical shifts are exquisitely sensitive to any environmental changes,
permitting the detection of even small differences.

For chemical shift perturbation mapping, a series of NMR spectra of the lec-
tin, first without and then with increasing amounts of the carbohydrate ligand, are
recorded, keeping the concentration of the protein constant. Five to ten different
sugar concentrations are generally required for a satisfactory titration curve and for
accurately determining the dissociation constant, K;. Using such experiments, it is
possible to identify the residues that constitute the binding site(s), identify the num-
ber of binding sites, determine binding affinities, and, if a structural model exists,
delineate the binding sites in the 3D structure.

2.3.1 CHEMICAL SHIFT MAPPING IN THE FAST EXCHANGE REGIME:
MaNo(1-2)MAN BINDING TO LKAMG

LKAMG is a designed, chimeric protein that was created by combining domain A
of TbOCVNH and domain B of NcCVNH, with both proteins belonging to the CV-N
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FIGURE 2.2 (See color insert.) Superposition of the 'H-’N 2D HSQC spectra of free
(black) and Mana(1-2)Man-bound (cyan) LKAMG. Two expanded regions, highlighting sev-
eral shifting resonances, are shown in the middle panels. Binding is in fast exchange, and
titration curves for residues N25 and N54 for increasing amounts of ligand are provided in
the right-hand side panels.

homolog (CVNH) family (Koharudin et al. 2008, 2009). Similar to the parental pro-
teins, LKAMG binds Mana(1-2)Man on both domains, A and B. Mana(1-2)Man
binding to LKAMG was followed in NMR titration experiments using "N-labeled
protein (0.1 mM) in 20 mM Na phosphate buffer, 0.02% NaN,, 90/10% H,0/D,0O
(pH 6.0) at 25°C at 700 MHz. A series of spectra for protein to sugar molar ratios of
1:0 (free), 1:0.5, 1:1.0, 1:2.0, 1:4.0, and 1:8.0 were recorded.

As illustrated in Figure 2.2, binding of Mana(1-2)Man to LKAMG is in fast
exchange. The two binding sites identified via the titration experiment are located at
opposite sides of the protein. From the titration curves for resonances that exhibited
sizable, saturable shifts and no resonance overlap, apparent K, values of 1.8 + 0.2
and 0.3 + 0.1 mM were determined for the sites on domains A and B, respectively.
This illustrates that even extremely weak binding with millimolar binding constants
can be detected and characterized by NMR.

2.3.2 CHEMICAL SHIFT MAPPING IN THE SLOW EXCHANGE REGIME:
HEXAACETYL CHITOHEXAOSE BINDING TO MOCVNH-LysM

The LysM domain is a carbohydrate-binding module that recognizes the
N-acetylglucosamine (N-GIcNAc) building blocks of complex sugars, as found in
chitin and peptidoglycan. Chitin is a fungal cell-wall polymer of N-GIcNAc units
connected by p1,4-linkages, and peptidoglycans, a bacterial cell-wall polymer, con-
tains alternating pl1,4-linked N-GIcNAc and N-acetylmuramic acid (N-MurNAc)
units (Buist et al. 2008). The LysM domain is present in a large number of proteins
in higher eukaryotes, including plants and humans (de Jonge and Thomma 2009;
Ponting et al. 1999). For example, in fungi alone, more than 400 putative LysM
domain-containing proteins have been identified, with most of them solely contain-
ing strings of LysMs (Buist et al. 2008).
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We investigated chitin binding by the LysM domain of MoCVNH-LysM, a type-I11
CVNH embedded within the hypothetical MGG_03307 protein from Magnaporthe
oryzae (Koharudin et al. 2011). The binding of hexaacetyl chitohexaose, an oligomer
of six N-GlcNAc units (N-GIcNAc,), and MoCVNH-LysM was followed by NMR
titration experiments using 'N-labeled protein. Increasing amounts of N-GlcNAc,
were added to the protein and spectra were recorded for each addition of sugar at
protein:N-GlcNAc, molar ratios of 1:0 (free protein), 1:0.22, 1:0.45, 1:0.89, and 1:2.4.
2D 'H-N HSQC spectra for the free and N-GlcNAc,-bound states are provided in
Figure 2.3. Binding is in slow exchange; that is, new bound resonances appear and
increase in intensity, while the free resonances get smaller and disappear (Figure 2.3,
left insets). Binding isotherms were plotted on the basis of peak intensities of four
bound resonances (right inset), yielding an apparent K, value of 21 + 4 puM. Mapping
of residues with strongly affected resonances after the addition of N-GIcNAc,
revealed that the binding site in the LysM domain comprises the loop region between
helix al and strand 1, helix a1, and the loop region between helix a2 and strand (2.
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FIGURE 2.3 (See color insert.) Superposition of the 2D "H-’N HSQC spectra of free
(black) and hexaacetyl chitohexaose-bound (magenta) MoCVNH-LysM. Expanded regions
highlighting an interacting residue in the slow exchange regime on the NMR timescale for
a series of glycan additions are shown in the inset panels at the left-hand side. Binding iso-
therms for several resonances are provided in the inset at the bottom right.
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2.4 SATURATION TRANSFER DIFFERENCE NMR

STD-NMR is a ligand-based detection method for determining the binding epitope
on the ligand (Haselhorst et al. 2009; Mayer and Meyer 1999, 2001). STD-NMR s
not limited to a particular protein-to-ligand ratio since background signal intensity
that does not result from the saturation transfer is eliminated by difference spectros-
copy. In practice, a protein-to-carbohydrate ratio of greater than 1:50 is employed to
ensure sizable STD-NMR signals. The large molar excess of ligand over the protein
minimizes the probability of carbohydrate that has already received saturation from
reentering the protein binding site. Furthermore, STD-NMR can be applied over
a wide range of K, values, permitting the investigation of nanomolar to high mil-
limolar binding. One prerequisite, however, needs to be fulfilled under all circum-
stances: binding has to be in the fast exchange regime. Indeed, high-affinity ligands
that generally bind in the slow exchange regime reside too long in their protein-
binding site(s) and are therefore not detectable by STD-NMR spectroscopy.

The basic principle of STD-NMR is depicted in Figure 2.4. In essence, protein
resonances are saturated and magnetization transfer from protein protons via spin
diffusion is allowed to proceed. In the on resonance experiment, saturation will
propagate from the protein to the bound carbohydrate at the complex interface, with
the closest sugar atoms receiving the largest magnetization transfer. The off reso-
nance spectrum is the control spectrum, in which the same radio frequency power is
applied at a frequency outside the protein’s spectrum envelope. The difference spec-
trum between on and off experiments contains only resonances that experience the
saturation transfer. The observed resonances in the difference spectrum will almost
exclusively belong to the ligand, since the protein concentration is small, with pro-
tein resonances not above the noise level. If they are present, they can be eliminated
by a relaxation filter experiment.

Protein Carbohydrate Spectrum
Saturation .
ON resonance .}' <:>

Saturation
OFF resonance

STD spectrum

L
1l
—

Affected
carbohydrate signal

FIGURE 2.4 Tllustration of the basic STD-NMR principle for determining the binding epitope
on a ligand. A schematic difference spectrum between on and off experiments is also shown.
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Setting up an STD-NMR experiment is relatively straightforward. Briefly, two
samples are prepared; one containing the carbohydrate alone (Sample 1) and the
other containing the carbohydrate in the presence of protein, with the carbohydrate
in large excess over protein (Sample 2). For both samples, it is advisable to use D,O
as the solvent, thereby reducing the otherwise intense H,O signal. The typical STD-
NMR experiment is a 1D '"H NMR spectrum. Before carrying out the STD-NMR
experiments, standard 1D 'H NMR spectra for both samples are recorded to select
the optimal frequency positions for the on and off experiments. The on frequency
has to be set to a value where only protein resonances are found and no carbohy-
drate signals are present. Typically, carbohydrates do not possess any resonances
in the aromatic region (6—8 ppm), and this is usually a good region to induce pro-
tein saturation. The off frequency can be placed anywhere, as long as no protein
signals or carbohydrate signals are close, for example, at ~30 ppm. Once both on
and off frequencies have been selected, STD-NMR experiments are performed on
Sample 2. Naturally, it is important to have complete assignments for the sugar spec-
trum. Saturation times of 1.5 to 2 s work generally well. However, for confident
and complete epitope mapping, it is recommended to acquire STD-NMR spectra for
several saturation times, ranging from 0.5 to 4.0 s. As controls, identical STD-NMR
experiments are performed on Sample 1. In principle, perfect subtraction of the on-
and off-saturation spectra for the control experiment should occur.

It should also be pointed out that temperature can have a significant effect on
STD-NMR signal intensities. It is therefore advisable that a series of STD-NMR
spectra at different temperatures is recorded. At lower temperatures, carbohydrates
tend to have less conformational flexibility, resulting in stronger STD signals com-
pared with spectra acquired at higher temperature (Groves et al. 2007; Haselhorst
et al. 2004). Furthermore, since the quantification of the STD-NMR signal intensi-
ties can be influenced by relaxation time, correlation time, exchange rates, and the
molecular topology of the bound ligand, it has been suggested that saturation times
shorter than the 7, relaxation time of the complex should be used (Yan et al. 2003).

2.4.1 MaprPING OF THE CV-N-BINDING EPITOPE ON
OLIGOMANNOSIDES BY STD-NMR

STD-NMR was initially employed to screen a carbohydrate library for wheat-germ
agglutinin (WGA) binding (Mayer and Meyer 1999). Since then, STD-NMR has
been applied in numerous studies to characterize protein—carbohydrate interactions
(Benie et al. 2003; Haselhorst et al. 2004; Jayalakshmi et al. 2004). Here we present
STD-NMR data from our own laboratory where we mapped the interaction between
different oligomannosides and the HIV-inactivating protein Cyanovirin-N (CV-N)
(Sandstrom et al. 2004).

We used a 42- and 100-fold excess of oligosaccharide over 78 pM CV-N. The STD-
NMR spectra were acquired at two different temperatures (10°C and 25°C). It was noted
that all STD-NMR intensities were larger at 10°C. The WATERGATE pulse sequence
was used for water suppression (Piotto et al. 1992) and saturation of the protein mag-
netization was carried out using a pulse train of 40 Gaussians of 50 ms duration, each
separated by a 1 ms delay. Spectra were acquired with on resonance frequencies set
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at 0.25, 0.4, 0.6, 1.3, 2, and 7 ppm, and the reference STD spectra were recorded with
the off resonance set at 30 ppm. Saturation times of 0.5 and 1 to 6 s incremented in 1 s
steps were used, and control experiments were conducted with oligosaccharide-only
samples (at the same concentration as used in the presence of CV-N).

The results of this study established that of the three dimannoses, Mana(1-2)
Mano(1-OMe), Mana(1-3)Mana(1-OMe), and Mana(1-6)Mana(1-OMe), only the
Mana(1-2)Mana(1-OMe) disaccharide yielded large STD-NMR signals when mixed
with CV-N (Figure 2.5). The largest STD effects were observed for the H2', H3’,
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FIGURE 2.5 STD-NMR spectra for three different dimannoses in the presence of CV-N.
(a and b) Only the Mana(1-2)Mana(1-OMe) disaccharide yielded large STD-NMR signals
when binding to CV-N. Mana(1-3)Mana(1-OMe) (c) and Mana(1-6)Mana(1-OMe) (e) did not
show any appreciable signals (d and f), demonstrating that no binding occurred. (Reprinted
with permission from Sandstrom, C. et al., Biochemistry, 43, 13926—13931. Copyright 2004
American Chemical Society.)
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and H4'protons at the nonreducing end of the Mana(1-2)Mana(1-OMe) disaccha-
ride, indicating that these protons make the most intimate contact with CV-N. The
absence of STD-NMR signals for the Mana(1-3)Mana(1-OMe) disaccharide and
extremely weak signals for Mana(1-6)Mana(1-OMe) indicated that these two com-
pounds did not interact significantly with CV-N.

2.5 TRANSFERRED NUCLEAR OVERHAUSER EFFECT

Like STD-NMR, the TrNOE method also uses ligand-based detection and allows
determination of the ligand structure. This method has the remarkable advantage
that very little protein is required and that the experiment works best for very large
molecular mass systems. Therefore, no size limitation for proteins (e.g., lectins)
exists. Furthermore, since the majority of protein—carbohydrate interactions are
in pM to mM range, most systems are in fast exchange on the NMR timescale.
Such low-affinity interactions render crystallographic studies extremely challenging,
making the TrNOE experiment a very valuable method for investigating protein—
carbohydrate complexes (Jiménez-Barbero and Peters 2003; Siebert et al. 2003).
The theoretical underpinnings of the NOE and TrNOE have been described pre-
viously (Balaram et al. 1972; Clore and Gronenborn 1983) and here only a brief
summary will be provided. In the TrNOE experiment, exchange between the free
and bound ligands occurs during the mixing time (illustrated in Figure 2.6) and the
observed NOE depends on the weighted average of the cross-relaxation rates in the
free and bound states. The experiment is set up such that the bound-state NOE is
sizable and negative and after transfer to the free ligand can be easily measured on
the free ligand spectrum. Translating the size of the NOEs into distances between
the involved protons allows one to determine the bound conformation of the ligand.
Since the molecular mass of the protein—ligand complex is usually large, TrNOE sig-
nals are generally negative. It also should be pointed out that the TrNOE experiment

. Free .
Free protein carbohydrate Protein—carbohydrate complex
H Bound
i / carbohydrate
+ — a
0—0 Hb
Hy

TCprot ~TChrot

ci:z Ha
B S—

Hy,
Hy

FIGURE 2.6 The basic principle of TrNOE. NOEs present between protons of the bound
ligand are transferred to and recorded on the free ligand.
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works extremely well for large systems and the larger the size of the complex, the
easier it becomes.

The experimental setup for a TrNOE experiment is essentially identical to the
common 2D NOESY experiment. The major difference pertains to the sample: for
NOESY experiments, a reasonable protein concentration (>100 pM) is required,
while in the TrNOE experiment, a large excess of ligand over protein is employed,
permitting the use of very small protein concentrations. The essential prerequisite
for the TrNOE experiment is suitable exchange kinetics: the off-rate of the ligand has
to be fast. This is frequently the case for low-affinity systems (but not necessarily
so). In practice, a 10- to 50-fold excess of ligand over the protein is used, resulting in
an easily assignable spectrum since it mainly contains free ligand resonances. For
carbohydrates, D,O can be used as the solvent, since no exchangeable protons of the
carbohydrate are monitored. Or, alternatively, the WATERGATE pulse sequence can
be used for water suppression. In general, several 2D NOESY experiments will be
recorded as controls and for evaluating the best conditions. 2D NOESY spectra of
the free protein and the free carbohydrate are recorded, as well as several spectra
of carbohydrate—protein mixtures at different carbohydrate/protein ratios. It should
be pointed out that only the assignments for the free ligand (glycan) need to be
available, since all NOEs will be measured on the free resonances (or correctly, the
weighted average, but with a 100-fold excess these signals are essentially at the free
position). In the ideal case, the free carbohydrate will exhibit positive or zero NOEs,
while the carbohydrate/protein mixture will exhibit negative NOEs.

At this point, a few cautionary notes should be interjected. An important source
of errors in TrNOE experiments is spin diffusion, and indirect NOEs, especially
between very close protons, can lead to erroneous internuclear distances and therefore
the TrNOE-derived conformation. In addition, it has to be ascertained that a single
binding site for the ligand on the protein is involved; averaging between two or more
sites will result in average TrNOEs and an “averaged” conformation that is physically
meaningless. Several approaches are available to address these shortcomings, such as
TrROE, MINSY, or QUIET experiments (Arepalli et al. 1995; Vincent et al. 1997).

2.5.1 THE CONFORMATION OF THE TRISACCHARIDE RHA0(1-2)[GLCNACB(1-3)]
RHA0(1-OPR) BOUND TO A MONOCLONAL ANTIBODY

Protein—carbohydrate interactions have been studied extensively by TrNOE experi-
ments (for reviews, see Jiménez-Barbero et al. 1999; Peters and Pinto 1996). Here
we present as an example the structure determination of the branched Rhaa(1-2)
[GIcNAcp(1-3)]Rhaa(1-OPr) trisaccharide of the cell-wall polysaccharide of Group
A Streptococcus (GAS) when bound to a GAS-directed monoclonal antibody
(Weimar et al. 1995). The experiments were carried out in D,O solutions and the
conditions were evaluated by titration of the Ab with carbohydrate, collecting 1D
transient NOE experiments for each titration step. At the optimized carbohydrate/
protein ratio of 14:1 (2.2 mM carbohydrate: 0.08 mM Ab), two 2D TrNOE experi-
ments were recorded, one normal NOESY with pre-saturation for water suppression
and a second one that contained a T, filter in the NOESY sequence. In addition, a
set of TTROESY experiments was also recorded to remove any TrNOE cross-peaks
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FIGURE 2.7 A comparison between (a) the bound Rhaa(1-2)[GlcNAcf(1-3)]Rhac(1-OPr) tri-
saccharide conformation, calculated based on TrNOE data, and (b) the lowest energy structure
from an ensemble of calculated free conformations. (Reprinted with permission from Weimar, T.
et al., Biochemistry, 34, 13672-13681. Copyright 1995 American Chemical Society.)

originating from spin diffusion. The final, unambiguous TrNOE signals were con-
verted into distances and used as constraints to determine the conformation of the
trisaccharide by simulated annealing.

The bound and free trisaccharide structures are depicted in Figure 2.7. Interestingly,
the bound conformation of the trisaccharide is of slightly higher energy (~2 kcal
mol~') and exhibits a different torsion angle around the Rhaa(1-2)Rha linkage com-
pared to the conformation at the global minimum.

2.6 DETERMINATION OF CARBOHYDRATE-LECTIN COMPLEX
STRUCTURES BY STANDARD NOESY EXPERIMENTS

In order to obtain a complete structural description of a protein—carbohydrate com-
plex at the atomic level, standard NOESY experiments are conducted to determine
the conformation of the bound glycan in the protein. Interatomic distances for as
many protons as possible are measured and translated into distances based on the
well-known relationship Iyo &~ < 1/r® > f(t,). The factor f(t,) describes any modu-
lation of the dipole—dipole interaction by stochastic rate processes with an effective
correlation time t, due to global and local motions of the protein.

Both intramolecular and intermolecular NOEs are required to define the 3D
structure of the complex. Both types of NOEs will be present in homonuclear 2D or 3D
NOESY spectraand their unambiguous identification is difficult and time-consuming.
Therefore, in practice, the proteins are generally N or '3C labeled, and protein-only
NOE:s are identified in heteronuclear separated NOESY experiments. Intermolecular
NOE:s across the binding interface are derived by combining heteronuclear-filtered
and/or heteronuclear-separated NOESY experiments (Burgering et al. 1993; Folkers
et al. 1993; Zwahlen et al. 1997).

2.6.1 THE sTRUCTURE OF THE CV-N—-MAN0(1-2)MAN COMPLEX

The solution structure of the complex between Cyanovirin-N (CV-N) and Mana(1-2)
Man was determined using standard NOESY experiments (Bewley 2001). CV-N is a
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FIGURE2.8 (Seecolorinsert.) (a) Selected intermolecular NOEs between CV-N side chains
of E41 Hyl/y2, T57 HB, T57 Hy, R76 Hyl/y2, Q6 Hy, TS7 Hp, and 194 Hd and Mana(1-2)
Man. (b) The calculated bound conformation of the dimannose in the protein binding sites.
(Reprinted from Structure, 9, Bewley, C. A., Solution structure of a cyanovirin-N:Man alpha
1-2Man alpha complex: Structural basis for high-affinity carbohydrate-mediated binding to
ep120, pp. 931-940, Copyright 2001, with permission from Elsevier.)

small (11 kDa) virucidal lectin originally identified in aqueous extracts from the cya-
nobacterium Nostoc ellipsosporum during screening for anti-HIV activities (Boyd
et al. 1997). The sequence of CV-N comprises two tandem repeats, each containing
~50 amino acids and two pairs of disulfide-bonded cysteines (Bewley et al. 1998;
Yang et al. 1999). NMR titration experiments with Mana(1-2)Man (or Man2«) dem-
onstrated the presence of two binding sites, which mapped to opposite ends of the
molecule (Barrientos and Gronenborn 2002; Botos et al. 2002; Shenoy et al. 2002).

The solution structure of the CV-N-Mana(1-2)Man complex was solved using
5N, 3C-labeled protein and carbohydrate at 1:1 and 1:2 molar ratios. Intramolecular
NOE:s for the protein alone and for Mana(1-2)Man in the complex were extracted
from 3D "“N-separated and 'C-filtered NOESY experiments, respectively. The
intermolecular NOEs between protein and Mana(1-2)Man were obtained using 3D
12C-filtered/"*C-separated NOESY.

The structure of the complex was determined using conjoined rigid-body/torsion-
angle dynamics (Schwieters and Clore 2001). In this procedure, backbone and non-
interfacial side chains of CV-N are fixed, while the interfacial side chains of the
protein are free to move, and Mana(1-2)Man is free to translate and rotate subject
to the intermolecular restraints. A few examples of the intermolecular NOEs are
provided in Figure 2.8a and the bound Mana(1-2)Man conformation in the complex
is shown in Figure 2.8b.

2.7 OTHER NMR METHODS

In addition to the four major NMR methods described previously, other NMR tech-
niques have also been developed to monitor interactions between protein and car-
bohydrate. These include approaches using magnetization transfer from bulk water
to the carbohydrate via labile protein protons, commonly called WaterLOGSY
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(Dalvit et al. 2000) and measuring changes in diffusion constants, termed as
diffusion-edited screening (Hajduk et al. 1997). For details of these two experi-
ments, the reader is referred to the respective references, and only a brief outline is
provided here. The first method is basically a variant of STD-NMR in which satura-
tion transfer involves bound water molecules instead of protein atoms. The second
method exploits the fact that the decrease of carbohydrate resonance intensities when
bound to protein is proportional to the rate of diffusion and thus the strength/length
of the gradient pulse. Both methods can be employed to evaluate binding of ligands
(sugars) to protein, but so far have not gained widespread popularity.

2.8 SUMMARY

NMR has been applied extensively to study important interactions in glycobiology
and has provided invaluable information about sugar-lectin structure and function.
The development of advanced pulse sequences, higher magnetic field magnets, and
cryoprobe technology now permits NMR studies of interesting biological systems of
large molecular sizes. The unique ability of NMR to address systems with weak and
transient interactions, as well as tight complexes, renders it extremely powerful for
studying protein—glycan systems.

Here, we have summarized those NMR approaches that are most often used in the
glycobiology field. Naturally, a full and comprehensive description of these is beyond
the scope of this chapter and we simply aimed to provide the basics that are at the
heart of each method. The examples are provided to illustrate the nature of the infor-
mation that can be extracted when using the different approaches and should peak
the interest of glycobiologists who are not experts in NMR spectroscopy to delve fur-
ther into NMR. To that end, a list of available NMR methods is provided in Table 2.1.

TABLE 2.1
NMR Methods Used for the Characterization of Protein—Carbohydrate
Interactions

Carbohydrate Protein Protein
Detection  Affinity Exchange to Protein Concentration Size Isotope

Scheme Site Range  Regime Ratio (uM) (kDa) Labeling
CSp Protein nM-mM  Fast and >1 >50 <40 Yes
Slow

TrNOE Carbohydrate pM-mM  Fast 10-50 <10 The No

larger,

the

better
STD-NMR Carbohydrate nM-mM  Fast >50 <1 — No
NOESY  Both nM-pM  Slow 1-2 >500 <40 Yes
Water Carbohydrate pM-mM  Fast 10-50 1-10 — No

LOGSY

Diffusion = Carbohydrate pM-mM  Fast >5 50-100 <40 No
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3.1 INTRODUCTION

In recent years, the applications of electron cryomicroscopy (cryoEM) for structural
studies of macromolecules were greatly enhanced. These applications now include
the structural characterization of purified macromolecules, helical filaments, two-
dimensional (2D) arrays, and even whole cells. All of this became possible due to the
improvements in sample preparation, which preserve a close to native environment
for the macromolecules (Dubochet et al. 1981), as well as developments of the micro-
scopes including computer-controlled data acquisition and dedicated data processing
(DeRosier and Klug 1968; Crowther et al. 1970a).

In this chapter, the different applications will be introduced and will be followed
by recent examples of how they were applied for the study of glycoproteins.

47
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3.2 EXPERIMENTAL BACKGROUND

3.2.1 ELecTRON CRYOMICROSCOPY

The essence of cryoEM is visualizing biological specimens embedded in a thin film
of vitreous ice (noncrystalline, amorphous, glass-like; i.e., similar to a liquid with
very high viscosity), the thickness of which is only slightly greater than the diameter
of the specimen (Taylor and Glaeser 2008). Imaging in the frozen-hydrated state
assures a close to native environment for the biological specimen; this is in clear dis-
tinction to classical electron microscopy (EM) methods that involve fixation, stain-
ing, dehydration, and plastic embedment of the specimen that frequently lead to
distortion of the biological specimen.

Methods for preserving specimen hydration within the high vacuum of the elec-
tron microscope were initially developed to preserve crystalline order in protein
crystals for structure determination at atomic resolution using electron crystallog-
raphy. Kenneth Taylor and Robert Glaeser were the first to develop a device that
allowed freezing crystals in thin films by plunging into liquid nitrogen (Taylor and
Glaeser 1973, 1974, 1976). The method seemed successful for preserving the crystal
lattice, however, not for freezing particle suspension. The main problem being that
crystalline ice did not appear to propagate through the crystal lattice while crystal-
line hexagonal ice did form in the suspension.

The pioneering work of Jacques Dubochet and colleagues on vitrifying thin
water films paved the way for the whole field of cryoEM (Dubochet et al. 1981;
Adrian et al. 1984; Dubochet et al. 1988). The idea behind vitrification is to cool the
liquid so rapidly that its molecules become immobilized before they have time to
crystallize. Despite the previous widespread notion that vitrification of pure water or
dilute solutions is fundamentally impossible (Johari 1977), Dubochet and McDowell
were able to vitrify thin water layers by immersing them in liquid ethane (Dubochet
and McDowall 1981). They were successful owing to their observation that cooling
speed increases with decreasing sample size.

Ethane and propane are the preferred cryogens due to their high cooling conduc-
tion (Dubochet et al. 1988). Biological specimens are often prepared in buffered
aqueous solutions with low salt and can thus be considered dilute solutions. To a
first approximation, dilute solutions when vitrified can be treated as water and hence
will be referred to as such in all subsequent discussions. In practice, the sample is
applied onto an EM grid coated with a thin perforated carbon film (Figure 3.1).
Then, the excess of liquid is blotted away with a filter paper resulting in a thin water
layer with suspended particles spanning the carbon holes. The thin film of water is
then instantly plunged into liquid ethane cooled by liquid nitrogen to a temperature
of approximately —180°C (93 K) (Figure 3.1). This approach works well for biologi-
cal specimens <10 pm in thickness. High cooling rates for thicker specimens (up to
few hundred pm) are achieved by high-pressure freezing (Moor 1987; Studer et al.
2008; McDonald et al. 2010). For this, high pressure is applied to the sample while
a jet of liquid nitrogen cools it rapidly. The application of the high pressure impedes
the formation of crystalline ice by preventing volume expansion. Phase transitions
from vitreous water to cubic ice and from cubic ice to hexagonal ice are triggered



Electron Cryomicroscopy of Large Glycoprotein Assemblies 49

l ‘

il
\(Filter paper

W

Liquid ethane

(@) (b) @)

FIGURE 3.1 Vitrification of thin suspension of particles by plunge freezing. (a) The sample
is applied to an EM grid coated with a thin perforated carbon film. (b) The excess of liquid
is blotted away with a filter paper resulting in a thin aqueous film spanning the carbon holes.
(c) This film is vitrified by rapid plunging into liquid ethane that is cooled by liquid nitrogen.
(With kind permission from Springer Science+Business Media: Science of Microscopy,
Cryo-electron tomography (cet), 2006, pp. 535-604, Plitzko, J. M. and Baumeister, W.)

by increased temperature. To avoid devitrification, samples need to be kept at low
temperature (<—135°C [138 K]) at all times following the freezing (Dubochet 2007).
Important instrumental developments, namely the construction of a cryotransfer
mechanism and high-resolution cryostages now allow the visualization of the sample
at —183°C (90 K) achieved by liquid nitrogen cooling or at between —269°C (4 K)
and —261°C (12 K) achieved by liquid helium cooling (Fujiyoshi et al. 1991; Zemlin
et al. 1996; van Heel et al. 2000).

Early on it was noted that macromolecules are highly sensitive to the electron
beam, and thus the dose to which the macromolecules are exposed to needs to be
kept to a minimum (Hart 1968; Glaeser 1971). Low dose procedures, in which the
focusing and astigmatism correction are done on an area adjacent to the one to be
recorded, were developed and are dependent on fast electronic shutters just below
the electron gun chamber and combination of deflection coils (Unwin and Henderson
1975). CryoEM images collected under low-dose mode minimize the radiation dam-
age but result in very noisy images. Furthermore, macromolecules consist of light
elements (H, C, N, and O), which weakly scatter electrons and hence show poor
contrast.

Contrast in an image is the variation in intensity displayed between individual
features of an object against its background. Contrast arises from differences in the
way different parts of a specimen interact with the incoming electrons. The speci-
men can attenuate the amplitude (intensity) of the incident wave, its phase (velocity),
or both. Thin biological specimens, to a first approximation, behave as weak phase
objects and produce only small phase shifts without significant amplitude changes
in the transmitted electron wave. However, it is not possible to directly detect the
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phase change in a wave, just to record its intensity. Thus, the ideal image of a weak
phase object contains no contrast. How can pure phase objects then be imaged?
The answer is that objective lens aberrations destroy the perfect, featureless image
of a phase object and provide contrast by introducing a phase shift. In practice, the
defocus of the objective lens is changed, which causes a phase shift that introduces
contrast. The change in the contrast caused by this phase shift is formulated in the
phase contrast transfer function (CTF):

CTF(g) =sin %(CS—Z Fig?) (3.1

where g represents the frequency, C; is the spherical aberration constant of the micro-
scope, A the wavelength of the electrons, and AF the applied defocus (Figure 3.2).
This method to introduce contrast, however, is imperfect because the CTF periodi-
cally changes sign, which means that for some frequencies there is no contrast (zeroes
of the function), and for some there is contrast reversal (Figure 3.2). A way for inter-
preting the images, or computing structures from them, must either restrict data to
the high-contrast region up to the first zero, thus limiting the resolution of the study,
or it must invert the contrast in regions of contrast reversal in higher resolution bands.

Transmission electron microscopes (TEMs) provide high energy with short
wavelength electron flux, thus imaging of thin samples (<200 nm) in TEM
seems nearly transparent when at perfect focus. If the sample is thinner than the
microscope’s depth of focus, the image can be approximate as a projection of the
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FIGURE 3.2 Phase contrast transfer as a function of frequency. Curves presenting simulated
contrast transfer function for 300 keV acceleration voltage, a spherical aberration (C,) value
of 2 mm, and defocus of —1.5 pm (solid curve) and —6 pm (dotted curve). Frequencies where
the function crosses zero amplitude denote points of zero contrast and contrast reversal. The
attenuation of the function is caused by the modulation transfer function of the detector.
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three-dimensional (3D) object along the beam direction onto a 2D detector. All 3D
image reconstruction techniques are based on the assumption that if we have a gal-
lery of 2D images that are taken of the same sample or of identical samples from
different angular views, then we can reconstruct the original 3D structure (DeRosier
and Klug 1968).

Due to the aforementioned inherent challenges when working with biological
specimens, the maturation of cryoEM of unstained, frozen-hydrated specimens as a
tool for structural studies became only possible with the development of 3D image
reconstruction techniques. In a general sense, two major modalities are available to
obtain 3D structure information of a biological object from 2D projection images;
each has a different data collection and data-processing strategy. In one, an object
that exists in multiple copies of identical structure is reconstructed from a large num-
ber of projections originating from any of these multiple copies (Section 3.2.2) and
in the other one, an object is reconstructed from multiple projections obtained by
tilting the object of interest in the EM (Section 3.2.3). The former modality is fur-
ther divided into two subtechniques depending if the objects are ordered in a lattice
(Section 3.2.2.1) or are isolated/separated (Section 3.2.2.2). These three approaches
will be described in the following in more detail.

3.2.2 3D IMAGE RECONSTRUCTION OF RECURRING
MACROMOLECULAR ASSEMBLIES

Although electron microscopes can provide very high-resolution information due to
the short wavelength of the electrons, this is not achievable for a biological specimen
due to high energy of the electrons and thus the radiation damage they cause to the
specimen. A way around this problem is to distribute the radiation dose over many
identical particles, which allow dose reduction without sacrificing resolution.

3.2.2.1 Objects Arranged in an Ordered Lattice

This technique is based on having the biological objects arranged in an ordered lat-
tice, either in a 2D crystal or a helical array. The basics of 2D electron crystallogra-
phy (2DEX) will be described in the following and for helical array reconstruction
the reader is referred to the structure of acetylcholine receptor and related literature
(Amos et al. 1982; Toyoshima and Unwin 1990; Carragher et al. 1996; DeRosier
et al. 1999).

2DEX is mostly used for the crystallographic analysis of membrane proteins,
which are packed into a 2D crystal within a lipid bilayer (Fujiyoshi and Unwin
2008). 2D crystals of membrane proteins are often grown from solutions of deter-
gent-solubilized purified protein, the concentration of the detergent is reduced below
its critical micellar concentration, where detergent is released from proteins thus
exposing the hydrophobic patches of the proteins, which force them to assemble and
reconstitute into a lipid monolayer (Jap et al. 1992).

The structural information from 2D crystals is acquired either in direct imaging
or in diffraction mode (Figure 3.3a). Electron diffraction records the intensity
distribution of the diffracted electron beam (Amos et al. 1982). Since it is insensitive
to sample drift or vibration, and not dependent on the microscope’s beam coherence,
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FIGURE 3.3 The three modalities for 3D image reconstruction from 2D projection images
(presented in three columns). Column (a): 3D image reconstruction of objects arranged in an
ordered lattice, described in detail in Section 3.2.2.1. Column (b): 3D image reconstruction
of objects arranged in random orientations, described in detail in Section 3.2.2.2. Column
(c): 3D image reconstruction of unique biological objects, described in detail in Section 3.2.3.
For each column, four rows present the following aspects: Row (i): Schematic overview of
the data collection and reconstruction principle. Row (ii): Example of a raw micrograph. Row
(iii): Resulting electron density map. Row (iv): Annotated electron density map. (Reprinted
from Schenk, A. D. et al., Methods Enzymol, 482, 101-129, 2010 (a-i); Krebs, A. et al., J Mol
Biol, 282, 991-1003, 1998 (a-ii and a-iii); Ruprecht, J. J. et al., EMBO J, 23, 3609-3620, 2004
(a-iv); Mitra, K. and Frank, J., Annu Rev Biophys Biomol Struct, 35, 299-317, 2006 (b-i);
Ludtke, S. J. et al., Structure, 12, 1129-1136, 2004 (b-ii—b-iv); Griinewald, K. et al., Biophys
Chem, 100, 577-591, 2003b (c-i); Griinewald, K. et al., Science, 302, 1396-1398, 2003a (c-iv).
With permission.)

atomic resolution information can be recorded. See in Section 3.3.1 the example
of the structure of aquaporin-0 at 1.9 A resolution (Gonen et al. 2005). However,
as for x-ray diffraction, the pattern contains very good amplitude values but lacks
all phase information. In contrast, direct imaging provides both the amplitude and
the phases but is sensitive to specimen drift and vibration. Therefore, if phases of
the particle are not available from any other source (e.g., molecular replacement of
a homologous particle), direct imaging is the only option to get the structure of the
particle.

To obtain the 3D structure of a molecule forming a 2D crystal, data must be col-
lected from many crystals imaged at different tilt angles (Figure 3.3a-i) since all the
molecules in the lattice are presented in the same view. The data from the different



Electron Cryomicroscopy of Large Glycoprotein Assemblies 53

tilts are processed and merged to give the reflections since these reflections have
both amplitude and phase. A Fourier back transformation yields an electron density
(Henderson et al. 1990).

Despite the high-resolution information 2DEX can provide, it is not a commonly
used technique. One reason for the limited use is that growing 2D crystals of mem-
brane proteins is not easy while competitive approaches for growing 3D crystals of
membrane proteins have been developed and already yielded several x-ray structures
(Long et al. 2007). Another reason for the limited use of 2DEX is the tedious data
collection that requires many crystals.

3.2.2.2 Objects Arranged in Random Orientations

The 3D structure of biological samples that do not form any regular arrays can be
determined by the “single-particle” analysis approach (Figure 3.3b). While in 2DEX
the particles are in the same orientation relative to each other, that is, prealigned in
the crystal lattice, in the “single-particle” analysis, random orientation is crucial
(Frank et al. 1991). The particles need to be imaged as isolated and separated from
each other, and at a wide distribution of orientation, for example, see Figure 3.3b-ii.
Projection images are collected at low dose (~10 electrons/A2), and computational
alignment of images of the particles results in the formation of a “virtual crystal”
(Figure 3.3b-iii). If the particles are homogeneous and present in a distribution of
different orientations, a set of untilted images can provide all the information needed
for 3D reconstruction. The major challenge in recovering the 3D structure is to deter-
mine the relative orientation of the 2D projection images. There are two general
approaches for determining the relative orientation: collection of two images of the
same object at different tilt angles (random conical tilt) (Radermacher et al. 1987;
Saito et al. 1988) or common lines analysis of a population of identical particles with
a wide distribution of orientations. In the random conical tilt approach, two data sets
are collected at a known angular difference. The common lines approach is based
on the observation that two projections of the same 3D structure will share at least
one 1D (line) projection (Crowther et al. 1970a; van Heel 1987). Once the relative
orientations of the common lines between a set of images is determined, an initial
3D model can be reconstructed. Refinement of the initial model proceeds iteratively
by projection matching and/or by further common lines analysis (Baker et al. 1999).
In projection matching, the current 3D map is reprojected at different orientations
to provide reference images for improved alignment. Finally, the aligned images
are averaged to improve the signal-to-noise ratio (SNR). The data set must contain
a complete set of projections at least around a single axis to give a uniformly deter-
mined 3D reconstruction. The angular step size needed depends on the size of the
object and the resolution of the analysis. The resolution of the reconstruction depends
mainly on the number of particles as long as they are of very similar conformation.

In the most favorable cases, the “single-particle” analysis yields structures at
atomic resolution (close to 3 A, Zhang et al. 2010a) and commonly produces struc-
tures at a resolution better than 10 A. Most of the structures at atomic resolution
are of viruses (Yu et al. 2008; Zhang et al. 2010a). The high symmetry of spheri-
cal viruses (typically 60-fold) makes them very advantageous objects for structural
analysis. In practice, the symmetry increases the number of particles available for
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averaging. The first approximate structure can be generated using only one image
that can be, as soon as its orientation has been determined, positioned in space
using symmetry operations. Obtaining electron density maps at atomic resolution
allows ab initio model building of novel structures (Zhang et al. 2010a). Near atomic
resolution structures of particles with lower symmetry or no symmetry are now
emerging as well. For example, see the structure of the chaperonin GroEL at 6 A
(Ludtke et al. 2004) or the structure of the ribosome at 5.5 A resolution (Armache
et al. 2010). Structures at near atomic resolution allow for confident fitting of high-
resolution structures from x-ray crystallography or nuclear magnetic resonance
(NMR) into the EM map.

In recent years, it has become clear that proteins exist in multiple conformations
that are highly related to their function. In combination with dedicated data process-
ing, cryoEM has the ability to capture different conformational states of a protein
(Fischer et al. 2010). The projection images can be classified according to the confor-
mational state before averaging using multivariate statistical analysis (van Heel and
Frank 1981; van Heel 1984; van Heel et al. 2000). Each class is composed of images
representing the same orientation of the particles, and averaging is done within the
same class, resulting in several distinct 3D reconstructions.

Combining information from biochemical and kinetic studies allows sorting the
distinct structures along a reaction coordinate and thus revealing the dynamics of the
reaction at molecular resolution. For example, see the ribosome dynamics and tRNA
movement that was recently reported (Fischer et al. 2010).

3.2.3 3D IMAGE ReconsTRUCTION OF UNIQUE BioLocicAL OBJECTS

In electron tomography, the 3D structure of an object is reconstructed from data
collected from only one copy of that object (Figure 3.3c). As such, tomography is
well suited for the structural studies of pleomorphic objects with a unique shape
without symmetry, namely cells, organelles, and subcellular structures with the only
limitation being the thickness of the specimen. Moreover, electron cryotomography
(cryoET) is the only method that can provide molecular resolution information on
macromolecular complexes in their cellular environment.

The basic principle behind tomography is the Hegerl-Hoppe dose fractionation
theorem (Hegerl and Hoppe 1976; McEwen et al. 1995). The basis of this theorem is
that more information can be obtained from a tomogram than from a single projec-
tion by using the same electron dose (Lucic et al. 2005). Accordingly, during the
data collection the total dose is spread over a series of projection images. As vitrified
biological samples are very sensitive to radiation, the total dose available for frac-
tionation is limited. In practice, it is typically kept below 100 electrons/A2, which
is still much higher than the dose used in the other modalities of cryoEM (10—40
electrons/A2). Full tomographic data sets require collecting projection images at
angles +90° at fine increments. According to the Crowther criterion, the resolution
of the reconstruction depends on the number of images collected:
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where R,,, is the maximum resolution, d is the thickness of the specimens, and N is
the number of images (Crowther et al. 1970b). Due to sample holder geometry, the
aforementioned dose limitation, and also the thickening of the sample slab at higher
tilt angles, data are usually collected at angles +60° and at increments of 1.5-2°.
Taken a total dose of <100 electrons/A2 spread over ~120 images means that any tilt
image gets very low electron dose (less than 1 electron/A2) and thus has very low
SNR. In fact, the (raw) resolution obtainable in cryoET (~40 10\) is mainly limited by
the low SNR and not the Crowther criterion. Spreading the total dose further over
more projections as the Crowther formulation implies will not help as the SNR goes
then into a range that makes the signal undetectable in the individual images and the
reconstruction. The resolution of the reconstructed tomogram is not isotropic but is
lower along the axis parallel to the beam (Figure 3.3c-iii) due to the missing infor-
mation from the high-angle tilts (the “missing wedge”) (Lucic et al. 2008).

The ability of cryoET to visualize unique biological objects makes its application
to image macromolecules in their cellular and subcellular context very attractive.
The electron beam penetration limit in TEM is about 1 pm. Many of the organ-
elles and subcellular structures can be imaged directly in plunged intact cells, for
example, the plasma membrane, the secretory machinery, the mitochondria, to men-
tion few (e.g., see Figure 3.3c-ii). Cell protrusions, like filopodia or dendrites and
axons, are also accessible to TEM. The cell nucleus, however, and tissues are rarely
thin enough to directly image them by cryoEM. Hence, electron cryomicroscopy of
vitreous sections (CEMOVIS) has been developed for those cases (Al-Amoudi et al.
2004a). Thicker samples (up to few hundred micrometers) need to be vitrified by
high-pressure freezing as the depth of vitrification by plunge freezing is only in the
10 pm range. The vitrified sample is then sliced at a temperature below the devitri-
fication point into ultrathin sections that are subsequently analyzed by cryoEM or
cryoET in the vitrified state. Although several studies reported remarkable results
using CEMOVIS (Al-Amoudi et al. 2007; Bouchet-Marquis et al. 2007; Hagen and
Griinewald 2008), there are certain limitations that prevent it from becoming a more
commonly used approach. One limitation is that the sectioning procedure and han-
dling of vitrified sections is an art in itself and requires substantial training and
experience. Other limitations are the cutting artifacts, in particular, knife marks,
compression, crevasses, and chatter (Al-Amoudi et al. 2005; Han et al. 2008; Norlen
et al. 2009; Bouchet-Marquis and Hoenger 2011). An alternative method for sample
thinning, free of compression, using focused ion beam (FIB) is emerging, discussed
in more detail in Section 3.4.

Complex molecular assemblies often occur in hundreds or even thousands of
identical copies within a single cell. In such cases, their volumes can be extracted
from the tomogram volume and further aligned in 3D, classified and averaged, in
analogy to the “single-particle” analysis but in three dimensions. This approach is
referred to as “subtomogram averaging” and results in a better SNR, discussed in
more detail in Section 3.3.2. This way the above-described SNR limitation to the
resolution in tomography is overcome, and in parallel, by filling the missing wedge
from particles of different orientations, a more isotropic resolution achieved for the
resulting averaged structure. For example, see the studies on the nuclear pore com-
plex (Beck et al. 2004, 2007).
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3.3 EXAMPLES OF GLYCOPROTEIN STRUCTURES
DETERMINED BY ELECTRON CRYOMICROSCOPY

Glycoproteins constitute a significant subclass of the proteome, however, their
structure determination by high-resolution techniques was hampered due to the
carbohydrate conjugate. The carbohydrate chains tend to introduce biochemical
heterogeneity to the protein preparation and local flexibly, thus sometimes averting
crystallization (see Chapter 1). Additionally, the carbohydrate chains can dramati-
cally increase the mass of the protein and that causes problems in structure deter-
mination by NMR (see Chapter 2). Due to the aforementioned difficulties with the
carbohydrate chains, ways to remove them either enzymatically or nonenzymati-
cally were developed. However, those difficulties do not hamper structure deter-
mination by cryoEM. The application of any of the approaches described before
(Section 3.2) is feasible for macromolecules and macromolecular assemblies with
molecular masses ranging from few hundred kilodaltons to hundred megadaltons.
Moreover, cryoEM is less sensitive to biochemical heterogeneity and local flexibility
and with the appropriate classification can provide structural insight to the different
conformations.

As it will become obvious in the following examples, glycoproteins do not require
special treatment at the sample preparation for cryoEM. The protein and the carbo-
hydrate chains are treated as one entity, and thus the carbohydrate chains are an inte-
gral part of the electron density map obtained. However, the carbohydrate chains are
rarely interpreted, perhaps because of the lack of dedicated tools available to do so.

3.3.1 AQUAPORIN

Aquaporins are a family of water-conducting channels (Agre et al. 1997). More than
10 different mammalian aquaporins have been identified, each with an essentially
unique pattern of expression among tissues and during development (Ishibashi et al.
2009). Different aquaporins have different patterns of glycosylation. Aquaporin-0
(AQPO) is the most abundant protein in lens fiber cell membranes, where it forms not
only water pores but also the 11-13 nm thin lens junctions that assemble after pro-
teolytic cleavage of the cytoplasmic termini (Chepelinsky 2009). AQPO undergoes
glycation, a process that has been implicated in lens opacification (Swamy-Mruthinti
and Schey 1997; Swamy-Mruthinti 2001).

The structure of the AQPO-mediated membrane junction was determined at
1.9 A resolution by electron diffraction from a 2D crystal (Figure 3.4) of protein
purified directly from the core of sheep lenses (Gonen et al. 2005). The crystals
were obtained by addition of lipids to the protein mixture with subsequent deter-
gent removal by dialysis. The AQPO structure was solved by molecular replacement
using the AQP1 structure as a search model, and the final structure had six trans-
membrane-spanning helical regions with intracellular N- and C-termini (Figure
3.4). The resolution of the structure was good enough to resolve individual water
molecules (Figure 3.4d). Three noninteracting water molecules were observed in
the water path forming a hydrogen-bonding network with polar residues of the
pore. The structure also revealed the detailed interaction between lipids and protein
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FIGURE 3.4 (See color insert.) Structure determination of aquaporin-0 by electron crys-
tallography. (a) 2D crystals of aquaporin-0. (b) Electron diffraction pattern showing diffrac-
tion spots to a resolution beyond 2 A. (c) Region of the final 2Fo-Fc map. (d) The water pore
of aquaporin-0. A mesh outlines the density of the water molecules. (e) Lipid—protein interac-
tions in the 2D crystal. (Reprinted from Gonen, T. et al., Nature, 438, 633—-638, 2005. With
permission.)

(Figure 3.4e). AQPO forms tetramers that are separated by lipids, laterally the tet-
ramers do not interact directly with each other and only the protein—lipid—protein
interactions hold tetramers together in a crystalline arrangement. A network of
hydrogen bonds and salt bridges holds the annular lipids together, and lipids inter-
act with the protein mainly via their phosphate headgroups. Although the protein
was purified directly from the tissue, carbohydrate chains were not resolved in this
structure, either because they were disordered or not present. However, this struc-
ture is still worthwhile discussing in this context as it remarkably demonstrates the
value and power of electron crystallography, in reaching high resolution and allow-
ing the study of the membrane-embedded conformation and the detailed protein—
lipid interaction.
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3.3.2 VIRAL GLYCOPROTEINS

Viruses were the first vitrified biological specimens to be studied and paved the way
for the field of structural studies of biological samples with cryoEM (Adrian et al.
1984). The icosahedral symmetry in spherical viruses makes them very advantageous
objects for structural analysis by the ‘“‘single-particle” approach (Section 3.2.2.2),
which now results in structures of atomic resolution (Yu et al. 2008; Zhang et al. 2008;
Liu et al. 2010; Zhang et al. 2010a). CryoET, however, is the emerging approach for the
study of pleomorphic viruses and their viral glycoproteins, in particular (Griinewald
and Cyrklaff 2006). Herpes Simplex virus 1 (HSV-1) was the first virus structure to
be solved by this method (Griinewald et al. 2003a) followed by many other viruses,
including the retroviruses moloney murine leukemia virus (MoMuLV) (Forster et al.
2005), human immunodeficiency virus (HIV) (Benjamin et al. 2005; Briggs et al.
2006), simian immunodeficiency virus (SIV) (Zanetti et al. 2006; Zhu et al. 2006), and
the poxvirus vaccinia (Cyrklaff et al. 2005), just to mention the earliest. This approach
is now applied routinely and has yielded many pleomorphic virus structures. The struc-
ture of HSV-1 with its surrounding membrane envelope allowed, for the first time, the
inspection of the different glycoproteins in their native environment (Griinewald et al.
2003a). Spikes of variable length, thickness, and spacing were observed, and their
distribution seemed nonrandom on the membrane, suggesting functional clustering.
A combined approach of cryoET and subsequent averaging of tomographic sub-
volumes in 3D can be used to yield structures of viral glycoproteins at molecular
resolution (<3 nm). The first proof of principle and also technical landmark paper
for this was the 3D structure of the MoMuLV Env glycoprotein spike obtained by
cryoET and subtomogram averaging (Forster et al. 2005). Volumes containing spikes
protruding from the viral membrane were extracted, aligned, and averaged and pro-
duced the structure of Env in a prefusion state at 2.7 nm resolution (Figure 3.5).
Importantly, Forster et al. compensated for the “missing wedge” effect, a crucial step
at the alignment from tomographic data (see Section 3.2.3). The structure obtained,
following alignment and averaging, had isotropic resolution (Figure 3.5). The Env of
MoMuLV was shown to be a trimer and consisting of a large domain located ~5 nm
from the surface of the viral membrane that is connected to the membrane by three
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FIGURE 3.5 (See color insert.) Analysis of intact moloney murine leukemia virus and its
Env glycoprotein by cryoET. (a) A slice from a tomogram of MoMuLV particles. (b) Surface-
rendered tomogram of an individual MoMuLV virion. (c,d) Isosurface representation of the
Env complex resulting from subtomogram averaging ([c], side view; [d], top view). (Reprinted
from Forster, F. et al., Proc Natl Acad Sci USA, 102, 4729-4734, 2005. With permission.)
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legs (Figure 3.5¢). The significance of this structure emphasized the strength of using
cryoET for the study of large assemblies of glycoproteins as the structure of intact
Env is not available from x-ray crystallography. This is most likely because Env is
highly glycosylated, the glycosylation can exceed 50% of the mass of the protein,
but also because Env is a single-pass transmembrane protein and large quantities
of soluble Env necessary for crystallization attempts are difficult to prepare, and
the material is often unstable and heterogeneous (Elliott 1996). The cryoET Env
reconstruction allowed the tentative docking of the available x-ray structure of the
receptor-binding domain and was used to propose a fusion mechanism.

The Env of SIV and HIV were also studied by cryoET followed by iterative align-
ment and averaging of spike subtomograms by several research groups. The result-
ing structures from the different groups yielded different structures, mainly in the
stem region of the complex. In one structure, the stem has a tripod organization as
of the Env of MoMuLV (Zhu et al. 2006, 2008; Wu et al. 2010), while in the other
there is a single stalk (Zanetti et al. 2006; White et al. 2010). This variation might
be in part caused by difference in the alignment procedures used but is still under
intensive research to understand the differences.

The N-linked glycans of the HIV and SIV Env protein comprise about 50% of the
mass of the protein (Leonard et al. 1990), as in the case of the Env of MoMuLV. The
carbohydrates believed to form a “glycan shield,” which is one of the major mecha-
nisms for blocking or minimizing the virus neutralizing antibody response (Wei et
al. 2003). Using the carbohydrate chains as a constraint, Zanetti et al. proposed two
models to fit the available crystal structure of gp120 into the cryoEM density map.
The resulting models demonstrated the glycan shield (Figure 3.6b and c).

The approach of cryoET followed by subtomogram averaging was applied
not only for the study of retrovirus glycoproteins. The Bunyaviridae are a fam-
ily of negative-sense RNA viruses with three-part segmented genomes (Elliott
1996). Virions are enveloped and decorated with spikes derived from a pair of
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FIGURE 3.6 (See color insert.) The structure of the simian immunodeficiency virus (SIV)
Env complex by cryoET. (a) A slice from a tomogram of SIV revealing the Env spikes on the
virions surface. Scale bar represents 100 nm. (b,c) Isosurface representation of the subtomo-
gram averaged Env complex ([b], side view; [c], top view). The crystal structure of gp120 (shown
in cartoon representation) was fitted into the averaged EM map. Additionally, the carbohydrate
chains (shown in ball-and-stick representation) were added on the predicted N-glycosylation
sites. (Reprinted from Zanetti, G. et al., PLoS Pathogens, 2, €83, 2006. With permission.)
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glycoproteins (GN and GC). Huiskonen et al. determined the structure of the GN—
GC spike complex from Tula Hantavirus of the Bunyaviridae to 3.6 nm resolution
by cryoET and subsequent averaging of tomographic subvolumes (Huiskonen et
al. 2010). Each spike complex was shown to have a square-shaped assembly with
fourfold symmetry. The spikes formed ordered patches on the viral membrane by
means of specific lateral interactions, and the authors suggested that these inter-
actions might be sufficient for creating membrane curvature during virus bud-
ding. Notably, the GN—-GC complex from Hantaan virus (another member of the
Hantavirus genus) was determined by “single-particle” analysis (Section 3.2.2.2)
from side views of the glycoprotein spikes and yielded a tetrameric structure to
2.5 nm resolution with a very good agreement to the Tula virus (Battisti et al.
2011). Large cytoplasmic extensions associated with each GN-GC spike forming a
lattice on the inner surface of the viral membrane could be observed.

3.3.3 DESMOSOMES

Desmosomes are cadherin-based intercellular junctions that primarily provide
mechanical stability to tissues such as epithelia and cardiac muscle but also play an
important role in tissue morphogenesis (Vleminckx and Kemler 1999). A complex
network of lateral interactions between glycoproteins on the extracellular side and
intracellular proteins is believed to account for the strength and durability inherent
to desmosomes (Stokes 2007). Extracellularly, desmosomes use physical associa-
tions between glycoproteins from the cadherin family, viz., desmocollins (Dsc) and
desmoglein (Dsg). Intracellularly, desmosomes are made up of a set of proteins from
the armadillo signaling family, namely plakoglobin (PG) and plakophilin (PP) that
constitute an electron-dense plaque, which is ultimately connected to the cell cyto-
skeleton. The cytoplasmic domains of Dsg and Dsc bind to PG and PP, which, in
turn, associate with the N-termini of the elongated desmoplakin (DP) dimers, which
are ultimately linked, through their C-termini, to intermediate filaments (IF).
Combining state-of-the-art cryoEM techniques with the available x-ray crystal
structures of C-cadherins, Al-Amoudi et al. derived a pseudoatomic model of the
architecture of a desmosome from human epidermis (Figure 3.7), under close to
native conditions (Al-Amoudi et al. 2007). This is particularly remarkable as they
study the desmosome at the tissue level. Due to the nature of the specimen and its
thickness, CEMOVIS (cf. Section 3.2.3) was vital to achieve best specimen preserva-
tion. 2D projection images of human epidermis recorded with CEMOVIS revealed
the periodic nature of the desmosome (Figure 3.7b) (Al-Amoudi et al. 2004b).
The 3D reconstruction of electron tomograms from vitrified sections verified the
quasiperiodic arrangement of the cadherins at ~7 nm intervals along the desmo-
some’s midline with a curved shape resembling the x-ray structure of C-cadherin
(Al-Amoudi et al. 2007). Subtomogram averaging yielded an EM map of the cad-
herin organization at 3.4 nm resolution. It is important to note that averaging was
possible only within the same section. The reason for this is mainly the compres-
sion of the sections that occur at different orientations relative to the cadherin
particles for each section. Fitting of the cadherin atomic structure indicated the
periodic arrangement of a trans W-like and a cis V-like interaction corresponding
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FIGURE 3.7 (See color insert.) Molecular architecture of cadherins in native epidermal
desmosomes. (a) Projection image of a desmosomal region in a vitreous section of human epi-
dermis (D, desmosomes; IF, filament networks). (b) Higher magnification projection image of
a desmosome from an ultrathin vitreous section. (Inset) A slice through the desmosome extra-
cellular space density resulting from subtomogram averaging. (c) An isosurface representa-
tion of the desmosomal cadherins with the C-cadherin crystal structure fitted. Scale bars:
(a), 200 nm; (b), 50 nm; inset in (b), 7 nm. (Reprinted from Al-Amoudi, A. et al., EMBO J,
23, 35833588, 2004a; Al-Amoudi, A. et al., Nature, 450, 832—-837, 2007. With permission.)

to molecules from opposing membranes and the same cell membrane, respectively.
The resulting structure of cadherin organization allowed the authors to explain the
mechanism of cadherin-based cell adhesion and to suggest a conceivable model
for the assembly and disassembly of desmosomes. Unfortunately, the authors did
not attempt to model the carbohydrate chains of the cadherins. Recently, a more
complete model of the protein—protein interactions of the desmosomal plaque was
reported from the same group by fitting the high-resolution structures of the major
plaque proteins (Al-Amoudi et al. 2011).

3.4 OUTLOOK AND PROSPECTS

Electron cryomicroscopy has emerged as a prominent technique to study the struc-
ture of glycoproteins, in particular, in their native state and environment. The
increase of mass and heterogeneity that often accompanies the conjugation of carbo-
hydrate chains to the protein itself are not posing an obstacle for structure analysis by
cryoEM. As such, glycoproteins studied by this technique are characterized together
with their carbohydrate chains as a single entity.

The structures obtained by cryoEM, however, are usually of lower resolution
compared to crystallography and NMR. Instrumental improvements, such as the
highly coherent illumination provided by field emission gun microscopes, and
the stability of specimen stages at cryogenic temperatures had significant impact
on the improvements of resolution now achieved by cryoEM. The low SNR in
images of radiation-sensitive specimens is still, however, limiting the resolution.
Ways to improve the poor SNR are actively being pursued and recent instru-
ment developments hold promise for the near future. One of them is the develop-
ment of thin phase plates called the Zernike phase plate, conceptually similar
to the phase plate used for light microscopes. After slow progress in the efforts
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to develop phase plates for electron microscopes, functional phase plates with
thin carbon films have recently been reported, demonstrating benefits for both
“single-particle” analysis and cryoET (Chang et al. 2010; Danev et al. 2010). The
second upcoming instrument development is the introduction of direct electron
detectors (McMullan et al. 2009). These detectors promise to provide superior
detector quantum efficiency (DQE) over the current indirect detectors, that is,
the charge couple device (CCD) cameras, that have <10% DQE (Mooney 2007).
Consequently, the direct detectors should significantly improve the SNR, and
hence, the contrast and resolution.

Image reconstruction from cryoEM data is readily providing structural informa-
tion at molecular resolution, where high-resolution structures can confidently be fit-
ted into the EM map (Topf et al. 2008; Zhang et al. 2010b). Tools to model the
carbohydrate chains are now available and allow the fitting into the EM density
map (Bohne-Lang and von der Lieth 2005) but unfortunately still not used routinely.
Integrating proteomics information available from mass spectrometry on protein—
protein interaction can further constrain fitting into EM maps of protein complexes
or assemblies (Forster and Villa 2010). The field is still, however, missing robust
methods for structure validation (equivalent to the crystallographic R and R
values) that wait to be developed.

The functionality of many complexes is revealed by their different conforma-
tional states often not provided by crystallographic studies. The classification algo-
rithms routinely applied for “single-particle” reconstructions provide the tools to
characterize this conformational heterogeneity. Different new approaches have now
been developed for classification in three dimensions to expand this possibility of
dealing with sample heterogeneity of subtomogram volumes, for example, algo-
rithms based on maximum likelihood (Scheres et al. 2009) or neural networks (Yu
and Frangakis 2011).

CryoET is the only technique capable of providing structural information at
nanometer resolution in the native environment of the cell or even tissue. The
inherent limitation of application of cellular cryoET is the thickness of the sample.
Although the application of CEMOVIS (Section 3.2.3) provides remarkable results
(e.g., see Section 3.3.3), it suffers from sectioning artifacts and being an art in
itself, both limiting its wider use (Al-Amoudi et al. 2005; Han et al. 2008; Norlen
et al. 2009; Bouchet-Marquis and Hoenger 2011). Focused ion beam (FIB) milling,
previously mainly used in materials science, is an alternative for sample thinning.
In this method, a finely focused beam of ions (usually gallium) is used at high
beam currents for site-specific milling in scanning electron microscope (SEM).
Recently, effort has been made to adopt this technique for biological specimens
and for cryospecimens. Efforts are concentrating on minimizing the impact of
local heating by milling in shallow angles almost parallel to the support surface
and the developments for transfer of the lamella obtained after the milling from
the SEM/FIB dual beam instrument into the TEM for data acquisition (Marko
et al. 2007; Hayles et al. 2010; Rigort et al. 2010). Specimens obtained by this
method do not suffer from compression and will allow particle averaging from
different lamellas.

factor free
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Identification of a specific macromolecule within the crowded environment of
the cell or tissue is vital for following the macromolecules fate. Clonable labeling
techniques providing electron dense markers with a versatility and power similar
to that of green fluorescence protein (GFP) labeling for fluorescence microscopy
are still being sought. One suggestion is the fusion to ferritin that can be detected
in EM when charged with iron and was shown feasible in E. coli (Wang et al. 2011).
However, in its current form this will probably not be useful for labeling in mam-
malian cells due to toxicity of the excess of iron. Labeling glycoproteins on the
extracellular side of the plasma membrane is potentially easier and usually done by
immunogold labeling. Using small gold beads with Fab fragments will allow detect-
ing glycoproteins with higher precision and efficiency.

CryoEM is a powerful technique that has the potential to bridge the gap between
the high-resolution methods (discussed in chapters 1 and 2) and advanced light
microscopy. Methods and instrumentations have been developed to correlate data
acquisition and processing between the light and fluorescence microscopes and the
electron microscope. An integrated approach of the high-resolution structure deter-
mination methods and correlative light and electron microscopy will allow looking
at dynamic biological processes at different resolution and complexity and ultimately
will lead to a better perception of those processes.
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4.1 INTRODUCTION

In nature, carbohydrates form an important family of biomolecules, as simple or
complex carbohydrates, either alone or covalently linked to proteins or lipids. Most
of the earlier studies on carbohydrates focused on plant polysaccharides, such as cel-
lulose, starch, pectins, and so on, largely because of their wide range of applications.
More recently, the role of carbohydrates in biological events has been recognized,
and glycobiology has emerged as a new and challenging research area at the inter-
face of biology and chemistry. Of special interest are the carbohydrate-mediated
recognition events that are important in biological phenomena, which give a pivotal
role to the study of protein—carbohydrate interactions. Actually, the binding protein
partners of carbohydrates encompass a wide variety of macromolecules involved
in functions such as recognition, biosynthesis, modification, hydrolysis, and so on
(Figure 4.1).

Determination of the three-dimensional (3D) structural and dynamical features
of complex carbohydrates, carbohydrate polymers, and glycoconjugates, along with
the understanding of the molecular basis of their associations and interactions, repre-
sent the main challenges in structural glycoscience (Woods and Tessier 2010).

Elucidation of the 3D structures and the dynamical properties of oligosaccha-
rides is a prerequisite for a better understanding of the relationships between struc-
tures and functions, involving the biochemistry of recognition processes and the
subsequent rational design of carbohydrate-derived drugs. Seemingly, the elucida-
tion and the understanding of the different structural levels of polysaccharides are
required to relate structure to properties. Ultimately, some polysaccharides are also
carriers of biological information that can only be deciphered if their interactions
with other biological macromolecules are understood. Unfortunately, oligosaccha-
rides, either in their free form or as part of glycoconjugates, are inherently dif-
ficult to crystallize, and structural data from x-ray studies are sparse (Pérez et al.
2000). In solution, the flexibility of certain glycosidic linkages produces multiple
conformations that coexist in equilibrium. The use of several spectroscopic meth-
ods, with appropriate time resolution, is necessary for analysis of the conforma-
tional behavior of such molecules (Rice et al. 1993; Peters and Pinto 1996). As
for polysaccharides, they differ from other biological macromolecules because the
diffraction data that can be obtained are not sufficient to permit crystal structure
determination based on the data alone. Hence, procedures for molecular modeling
of carbohydrates and carbohydrate polymers have been devised as an important
tool for structural studies of these compounds. Various molecular modeling meth-
ods have been developed (Woods 1996) and have been widely used for the determi-
nation of oligosaccharide and polysaccharide conformations (Pérez and Kouwijzer
1999). The progress made in algorithms and computational power allows for the
simulation of carbohydrates in their natural environment, that is, solvated in water,
in organic solvent, or in concentrated solution. These developments along with
their applications have been thoroughly reviewed in a previously published chapter
(Pérez 2007).

Carbohydrates, along with proteins and nucleic acids, constitute one of the cen-
tral building blocks of life. The interactions between proteins and carbohydrates
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FIGURE 4.1 (See color insert.) Synopsis of the families of proteins interacting with carbohy-
drates, illustrated with examples from PDB for synthesis (Parthasarathy et al. 2002), modifica-
tions (acetyltransferase) (Jansma et al. 2010), degradation by glycosyl hydrolases on a single chain
(Collins et al. 2008) or on a solid substrate (Parsiegla et al. 2000), binding by carbohydrate-binding
modules (CBMs) (Brun et al. 1997; Kraulis et al. 1989; Raghothama et al. 2000; Tormo et al. 1996;
Xu et al. 1995), transport (Cuneo et al. 2009), interaction/recognition by lectins (Sulak et al. 2010),
antibodies (Murase et al. 2009), and chemokines (Schulz et al. 2011).

play a role in numerous biological processes such as protein specificity in antibody—
antigen recognition, cell-cell adhesion, enzyme—substrate specificity, molecular
transport, and so on. They are critical to the onset, detection, and, potentially, also
the prevention of human diseases such as cancer. The interactions between pro-
teins and complex carbohydrates such as polysaccharides are also involved in the
biosynthesis and biodegradation of the major raw materials on Earth. Experimental
assessment of carbohydrate recognition by x-ray crystallography is impeded by
difficulties of cocrystallizing proteins and carbohydrates. Nevertheless, highly
resolved protein—carbohydrate complexes gathered from x-ray synchrotron inves-
tigations have accumulated to the point where it has been possible to compare the
experimentally derived structures with those predicted from computational meth-
ods. Some general features governing protein—carbohydrate interactions have been
derived, and computational tools have evolved and improved accordingly. These
tools provide efficient ways to increase our understanding of the different contribu-
tions to the binding energy. These developments allow searching conformational
space efficiently and yield reliable estimates of binding free energy. They allow
exploring in silico cases where the experimental data are lacking, and provide sound
structural information for a rational design of bioactive carbohydrates or carbohy-
drate mimetics.
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In this chapter, we aim to review the significant contributions and the present
status of the application of computational methods to the characterization and pre-
diction of protein—carbohydrate interactions.

4.2 SPECIFIC FEATURES OF CARBOHYDRATE MODELING

Carbohydrates have a potential information content that is several orders of mag-
nitude higher than any other biological macromolecule. The diversity of carbohy-
drate structures results from the broad range of monomers (>100) of which they
are composed and the different ways in which these monomers are joined (glyco-
sidic bonds). Thus, even a small number of monosaccharide units can provide a
large number of different oligosaccharides (also referred to as glycans), including
branched structures, a unique feature among biomolecules. For example, the num-
ber of all possible linear and branched isomers of a hexasaccharide exceeds 10'?
(Laine 1994).

The carbohydrate recognition mechanism depends on (1) the sequence of the
monosaccharides in the glycan (i.e., glucose vs. mannose), (2) the anomeric centers
(i.e., @ or P), (3) the linkage positions (i.e., 1-3 vs. 1-4), and (4) the chemical modifi-
cations to the core glycan (i.e., sulfation, phosphorylation, methylation, acetylation,
etc.). The strength of this interaction is also determined by the carbohydrate confor-
mation and orientation with respect to the binding site.

Carbohydrates and their derivatives possess many hydroxyl groups and thus a
large number of rotatable bonds. Due to the many hydroxyl groups, these com-
pounds are usually highly water soluble, and their logP is often negative. The
surface of carbohydrates and their derivatives is composed of hydrophobic and
hydrophilic patches formed by nonpolar aliphatic protons and polar hydroxyl
groups. This leads to anisotropic solvent densities around carbohydrate molecules.
In aqueous environments, favorable interactions of water molecules with the
hydrophilic patches result from electrostatic interactions and hydrogen bonding.
Conversely, the interaction of water with hydrophobic surface patches is unfavor-
able. Such equilibrium between hydrophobic and hydrophilic patches forms the
basis for such properties as carbohydrate solubility in water, or such functions as
molecular recognition.

Another essential feature of carbohydrates is their conformational flexibility
(Tvaroska and Pérez 1986). Compared to drug-like molecules, carbohydrates are
typically much more flexible. The relative orientations of two consecutive mono-
saccharide units in a disaccharide moiety are expressed in terms of the glycosidic
linkage torsional angles @ and ¥ around the glycosidic bonds, which are defined
as ® = 05-C1-0-C, and ¥ = C1-O-C,-C_,, for a (1 — x) linkage (Figure 4.2).
The energetically favorable conformations of a carbohydrate dimer may be eas-
ily shown on energy plots called (@, ¥) maps, which are somewhat similar to
the Ramachandran plots used to visualize the backbone dihedral angles of the
constituent amino acids in proteins. These plots feature multiple minima with the
separating energy barriers being over 10—15 kcal/mol.

However, carbohydrates in complex were found to adopt conformations belong-
ing to different minima. These observations underline the necessity for thoroughly
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FIGURE 4.2 (See color insert.) (a) Molecular representation of the disaccharide (Glca(1-4)
Glcp) with the @ and ¥ torsion angles shown on the glycosidic linkage. The potential energy
surface shows conformational energy with respect to the @ and ¥ torsion angles. (b) The
favored low-energy @®/¥ combinations are shown in light color, while the high-energy
regions are shown in red and the inaccessible regions are shown in white. (c) The surface of
the disaccharide is composed of hydrophobic (green) and hydrophilic (red) patches, formed
by nonpolar aliphatic protons and polar hydroxyl groups.
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sampling the conformational space of carbohydrate oligomers during docking.
While this may be feasible for glycosidic bonds, the number of degrees of freedom
increases rapidly when, in addition to this, we take into account the orientation of
the hydroxyl groups.

4.3 PROTEIN-CARBOHYDRATE INTERACTIONS

As with other types of macromolecular interactions, the formation of the complex
is driven by favorable changes in enthalpy (AH) and entropy (AS). Thermodynamic
measurements have indicated that the binding free energy (AG) of monosaccharides
to proteins is quite small. AG increases in a significant manner whenever disac-
charides or higher oligosaccharides are interacting with proteins. Whenever such
proteins are interacting with carbohydrates, a high “avidity” is observed as a result
of a multivalent effect. The binding free energy between a carbohydrate molecule
and a protein partner is indeed the variable of interest to be assessed. It is assumed to
be composed of independent contributions in terms of van der Waals forces, electro-
static interactions with or without encompassing hydrogen bonding, the hydrophobic
effect, and so on.

4.3.1 VAN DER WAALS AND ELECTROSTATIC INTERACTIONS

From the large number of hydrogen bond donors and acceptors present in carbohy-
drates, complex and dense hydrogen bonding networks with proteins arise. The com-
plexity of such networks is enhanced by the competition occurring with the water
molecules for hydrogen bonds. The overall enthalpic gain from hydrogen bonding
may be counterbalanced by some entropic cost.

4.3.2 CH-mt INTERACTIONS

These characterize the enthalpy of binding of carbohydrates to protein. It is defined
as a type of hydrogen bond occurring between a hydrogen atom attached to a carbon
and the nt systems of arenes. Typically, this is a weak effect. Despite the full recog-
nition of this effect, its computation requires a high level of theory and is not fully
taken into account in the computational procedures (Spiwok et al. 2004).

As observed in many crystal structures of protein—carbohydrate complexes,
aromatic residues of the proteins are often stacked against some faces of the car-
bohydrates. Such an arrangement results from the hydrophobic effect wherein
small hydrophobic moieties of the solute induce an ordering of the water mol-
ecules at the solvent interface. The resulting decrease of the hydrophobic surface
area induces a decrease in solvent ordering and a consequent favorable change in
entropy. Alternatively, a nonclassical hydrophobic effect has also been documented
to occur in lectin—carbohydrate complexes, where the complex formation is driven
by enthalpy due to favorable interactions between the solute molecules forming the
complex as well as favorable interactions between the solvent molecules (Poveda
et al. 1997; Chervenak and Toone 1994).
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4.3.3 SoOLVATION—DESOLVATION

As a result of docking carbohydrates into proteins, the number of atomic contacts
between the ligand and the protein is maximized, and the subsequent structure is
such that the carbohydrate lies more or less flat on the protein surface (Tschampel
and Woods 2003). However, x-ray crystal structures show contradictory features,
with carbohydrate residues extending into the surrounding solvent. These struc-
tures might be correctly computed if the impact of solvation and desolvation on the
binding free energy were properly taken into account.

4.4 FORCE FIELDS DESIGNED FOR CARBOHYDRATES

To study carbohydrate structures and properties using molecular modeling tech-
niques, molecular mechanics potential energy functions and parameters specific
for this class of molecules are required. Appropriate force fields for carbohydrate
systems have been created, with the aim of reproducing the particular effects that
influence their global structural properties in solution (Sorin and Pande 2005). The
exocyclic hydroxymethyl group behavior is defined by the w-angle (O5-C5-C6-06),
and its preference for gauche states can be reproduced by introducing scaling factors
that slightly modify the 1-4 nonbonded interactions (Kirschner and Woods 2001).
1-4 nonbonded interactions define the influence, in terms of electrostatic and van
der Waals potentials. 1-4 nonbonded interactions are not treated in the same manner
in all force fields (Figure 4.3), and this could be a problem in simulating complex
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FIGURE 4.3 Parameterization protocol comparison between the carbohydrate force fields:
GLYCAMO6; GROMOS 45A4, CHARMM, and OPLS-AA-SEIL
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systems in which two different force fields have to be used. In these cases, the sepa-
rate treatment of 1-4 nonbonded interactions can assure a full compatibility among
the force fields. The potential impact of choosing the 1-4 scaling factors often
becomes irrelevant when glycans bind to proteins because generally their freedom
in the binding site is reduced. In literature, several reviews describe and compare the
performance of carbohydrate force fields used in glycomodeling (Imberty and Pérez
2000; Pérez et al. 1998).

To simulate the behavior of carbohydrates in vacuo or in solution (e.g., to study
ring puckering (Dowd et al. 1994) or rotational barriers of oligosaccharides), either
established force fields or special parameterizations may be used (Glennon and Merz
1997; Homans 1990; Kirschner et al. 2008; Momany and Willett 2000; Woods et al.
1995). Such force fields allow investigation and prediction of the deformation of
carbohydrate rings. These special force fields (as well as previously established
ones) have been employed repeatedly for molecular dynamics (MD) simulations
of protein—carbohydrate complexes (Bradbrook et al. 2000; Tempel et al. 2002).
In some cases, the simulations were successfully used for estimating binding free
energies (Bryce et al. 2001; Clarke et al. 2001; Liang et al. 1996; Pathiaseril and
Woods 2000).

Despite the many possible advantages of established force fields, they were not
designed to predict binding free energies or enthalpies in protein—ligand docking.
Since solvent molecules are usually modeled explicitly, force fields do not need to
include extra terms for hydrophobic effects. The special CH—n interactions are not
taken into account (Laughrey et al. 2008; Ramirez-Gualito et al. 2009).

Some force fields do model hydrogen bonds explicitly, while others regard it as
part of the electrostatic interaction. Irrespective of the approach, displacement of
water molecules competing for hydrogen bonds is not accounted for.

Some force fields correlate well with ab initio calculations for ab initio optimized
geometries (Spiwok et al. 2005). A recent comparison of the results of ab initio and
force field calculations underlines the difficulties in predicting binding enthalpies in
protein—carbohydrate complexes using existing force fields; for example, the stabi-
lizing interaction energy for the interaction between fucose and tryptophan is heav-
ily overestimated by the AMBER¥* force field (Vandenbussche et al. 2008).

GLYCAMOG is a widely used force field for modeling carbohydrates, glycopro-
teins, and glycolipids, as well as for protein—carbohydrate complexes (Kirschner
et al. 2008; Tessier et al. 2008). It can be used for describing the physicochemical
properties of complex carbohydrate derivatives, and it is fully compatible with the
AMBER force field. Parameters have been developed taking into account a test set of
100 molecules from the chemical families of hydrocarbons, alcohols, ethers, amides,
esters, carboxylates, molecules of mixed functional groups, and simple ring systems
related to cyclic carbohydrates and fit to quantum mechanical data. GLYCAMO06
may be used in simulation packages other than AMBER through the employment of
appropriate file conversion tools.

To facilitate the parameter transferability, all atomic sequences have an explic-
itly defined set of torsion terms, with no generic terms, and PARM94 parameters,

* As implemented in the Maestro Program (1995 version).
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the same used in AMBER, are used for modeling the carbohydrate van der Waals
terms (Cornell et al. 1995). No scaling factors for treating 1-4 interactions are
introduced for reproducing the gauche effect on @ angle rotamers (Kirschner and
Woods 2001).

In GLYCAMOG, the stereoelectronic effects that influence bond and angle varia-
tions at the anomeric carbon atom are included in a unique anomeric atom type. This
feature permits to mimic the ring flipping observed in glycosidic monomers that
occur, for example, during catalytic events (Biarnes et al. 2006). Comparison with
experimental data confirmed that the force field is able to reproduce rotational ener-
gies and carbohydrate features quite well if combined with an appropriate charge set,
except for highly polar molecules for which empirical terms have been introduced to
correct energetic torsion errors (Kirschner et al. 2008). The atomic partial charges
are calculated residue by residue. For each residue, 50—-100 ns MD simulation is per-
formed, 100—200 snapshots are extracted, and charges are calculated by fitting to the
averaging quantum mechanics molecular electrostatic potential (ESP). This strategy
is adopted for incorporating the dependence of molecular conformations on partial
charges. Restraints are employed in the ESP-fitting procedure (RESP) to ensure that
the charges on all aliphatic hydrogen atoms are zero since C—H aliphatic hydrogen
atoms are not significant for reproducing dipole moments (Basma et al. 2001; Woods
et al. 1990). An optimal RESP charge restraint weight of 0.01 is applied, based on
simulations of carbohydrate crystal lattices (Woods and Chappelle 2000).

GROMOS 53A6(CARBO), CHARMM, and OPLS-AA are alternative carbo-
hydrate force fields used, together with GLYCAMO6, to describe conformational
carbohydrate properties in computational chemistry. The GROMOS force field was
earlier developed for MD simulations of proteins, nucleotides, or sugars in aqueous
or apolar solutions or in crystalline form, but it has been modified and upgraded to
include the anomeric effects for mono- and oligopyranoses (Lins and Hiinenberger
2005; Hansen and Hiinenberger 2011). As in GLYCAMO6, quantum mechanics
methods are used for calculating bond and angle force constants, whereas dihedral
parameters derivation and van der Waals terms are directly taken from previous
GROMOS versions (Schuler et al. 2001; Schuler and Van Gunsteren 2000). An ESP-
fitting procedure, with restraints on aliphatic hydrogen atoms and averaging over
atom types, is chosen for reproducing the electrostatic potential, using a trisaccha-
ride as a model for charge development (Lins and Hiinenberger 2005). No distinction
is done between a and p monomers in terms of charges and anomeric atom type, and
electrostatic—van der Waals 1-4 scaling factors are not introduced so as to correctly
reproduce the gauche effects on @ angles. Twenty-nanosecond-long MD simula-
tion in explicit water (Berendsen et al. 1981) was used for validating the force field,
showing the capability to correctly predict the stereoelectronic effects and the most
stable ring conformations but sometimes failing to reproduce their correct energies.
GROMOS was proposed as the more adapted force field to mimic the transition from
4C, to skew boat conformations of the iduronic acid residues in heparin MD simula-
tions (Gandhi and Mancera 2009).

The CHARMM force field was extended to glucopyranose and its diastereomers
(Guvench et al. 2008). Several revisions for carbohydrates have been proposed in
order to extend this force field to five member sugar rings and oligosaccharides
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(Guvench et al. 2009; Hatcher et al. 2009). The same hierarchical parameteriza-
tion procedure and treatment of 1-4 nonbonded interactions are used to ensure a
full compatibility with other CHARMM biomolecular force fields (MacKerell et al.
2000, 1998, 2004). Preliminary parameter sets are created using small-molecule
models corresponding to fragments of pyranose rings and then successively applied
to complete pyranose monosaccharide structures. Missing dihedral parameters
are developed by fitting over 1800 quantum mechanical hexopyranose conforma-
tional energies. Both partial atomic charges and Lennard—Jones parameter values,
taken from previous CHARMM versions, are adjusted to reproduce scaled quan-
tum mechanical carbohydrate—water interaction energies and distances and further
refined to reproduce experimental heats of vaporization and molecular volumes for
liquids. The force field, with different atom types for « and  anomers, was validated
as it reproduces calculated quantum mechanical and experimental properties using
MD simulations with TIP3P water models.

The OPLS force field has been expanded to include carbohydrates (Kony et al.
2002). In OPLS-AASEI (scaling electrostatic interactions) force field, 1-4, 1-5, and
1-6 scaling factors are introduced to improve the prediction of ®/¥ conformations
properties, as well as anomeric effects and relative energies (Kony et al. 2002).
Unique charge sets and atom types for o« and  anomers are used. All nonbonded
parameters are imported directly from the parent force field OPLS-AA (Damm et al.
1997). Charges are derived, as done for previous force field versions (Damm et al.
1997; Jorgensen et al. 1996), from standard alcohols and acetals to simply reproduce
consistent energetic properties, and then transferred to carbohydrates.

Other force fields are employed to understand carbohydrate properties in silico.
In particular, MM3, a force field initially meant for hydrocarbons, is applicable to
a wide range of compounds. The MM3 force field for amides, polypeptides, and
proteins (Allinger et al. 1990; Lii and Allinger 1991) is widely used for the construc-
tion of adiabatic maps of disaccharides. TRIPOS molecular mechanics force field is
designed to simulate both peptides and small organic molecules (Clark et al. 1989),
but parameter extension for oligosaccharides includes sulfated glycosaminoglycan
(GAG) fragments and glycopeptides carbohydrate interactions (Imberty et al. 1991;
Pérez et al. 1995). The TRIPOS force field is implemented in the molecular package
SYBYL (Tripos Associates, St. Louis, Missouri) and commonly used for geometry
optimizations.

4.5 COMPUTATIONAL TOOLS FOR DOCKING
CARBOHYDRATES ON PROTEINS

4.5.1 MoLecuLAR DOCKING

Molecular docking is a computational procedure that aims at predicting the pre-
ferred orientation of a ligand to its target protein, when bound to each other to form
a stable complex (Lengauer and Rarey 1996). In order to perform computational
protein—ligand docking calculations, the 3D structure of the target protein must be
known. Each docking program operates slightly differently, but they share common
features that enable them to (1) search for locations on the protein surface that lead
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to favorable interactions with the ligand, (2) sample the conformational space of the
ligand, and (3) compute the interaction energy (or score the binding) between the
protein and ligand. The interaction with the ligand relies on both the protein back-
bone fold in the region of the binding site and the orientation of the side chains in the
binding site. One of the most significant limitations in docking is that it is generally
performed while keeping the protein surface rigid, which prevents the consideration
of the effects of induced fit within the binding site. For an overview of carbohydrate—
protein docking, see Chapter 5.

4.5.1.1 Difficulties in Molecular Docking

These difficulties are mostly due to the high number of degrees of freedom charac-
terizing a protein—ligand system that increases the computational cost of the calcula-
tions. Thus, several approximations about the flexible states may be introduced in
molecular docking experiments. The simplest approximation (rigid docking) consid-
ers only the three translational and three rotational degrees of freedom of the protein
and of the ligand, treating them as two distinct rigid bodies. The most widely used
algorithms at present enable the ligand to fully explore its conformational degree of
freedom in a rigid-body receptor (Bultinck et al. 2004; Eklund 2005; Holtje et al.
2008; Kranjc 2009; Walker 2003).

4.5.1.2 Docking Algorithms

The docking algorithms can be grouped into deterministic and stochastic approaches.
Deterministic algorithms are reproducible, whereas stochastic algorithms include
random factors that do not allow the full reproducibility. The following describes the
most widely used algorithms in docking simulations.

4.5.1.2.1 Incremental Construction Algorithms

These algorithms consist of the division of a ligand into rigid fragments. One of the
fragments is selected and placed in the protein binding site. The reconstruction of
the ligand is then carried out in sifu, adding the remaining ligand fragments. For
example, DOCK (Ewing et al. 2001) uses incremental construction algorithm to treat
ligand flexibility. It generates points (sphere centers) that fill the binding site and try
to capture the binding site shape properties for identifying favorable regions in which
the ligand atoms may be located. The ligand is divided along each flexible bond
to generate rigid segments. An anchor fragment is then selected from all the rigid
pieces and oriented in the active site by matching ligand atoms with sphere centers.
Fragments are then added, and all possible placements are scored on the basis of
their interactions with the protein using the energetic scoring function. Best anchor
fragments are used for completing the construction of the ligand in the protein bind-
ing site. The best scored poses of the complete ligand are selected.

4.5.1.2.2  Genetic Algorithms

Genetic algorithms are stochastic searching approaches that use techniques inspired
by evolutionary biology to find reliable results. It mimics the process of evolution by
manipulating a collection of data structures called chromosomes.
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AutoDock (Morris et al. 1998) uses this algorithm for obtaining reliable docking
results. First, the protein is placed inside a cube with a predefined size, character-
ized by a defined number of points (grid points). In the second step, probes cor-
responding to the different atom types of the ligand are then moved through the
cube and, in particular, at each point, protein—probe interaction energies are cal-
culated and stored in affinity maps. Thirdly, a conformational search of the ligand
is performed by applying the Lamarckian genetic algorithm. Its characteristic is
that environmental adaptations of an individual’s phenotype can become heritable
traits, transferred to its genotype. At this stage, a minimization or local search is
performed, and the results are taken into account modifying the initial confor-
mation that will enter in a new iteration of crossover and mutation of the genetic
algorithm cycle.

4.5.1.2.3  Hierarchical Algorithms

The algorithm used in Glide (Friesner et al. 2004) can be defined as a hierarchical
algorithm. It uses an exhaustive systematic search for discovering the most favored
ligand conformations in the protein active site, with a screening based on progres-
sively restricted energetic cutoffs. Fields containing information of the protein recep-
tor properties are calculated before the algorithm search. Then a set of initial ligand
conformations is produced. Initial screens are performed over the whole phase space
available to the ligand to locate promising ligand poses in the respective receptor
fields. Ligands are minimized in the field of the receptor using a standard molecular
mechanics energy function (Damm et al. 1997). Finally, the lowest-energy poses are
subjected to a Monte Carlo procedure that examines torsional minima. A composite
scoring function is then used to select the correct docked poses.

A variety of other sampling methods like simulated annealing have been imple-
mented in docking programs.

4.5.1.3 Scoring Functions

Energy scoring functions are necessary to evaluate the free energy of binding
between proteins and ligands. The equation below is the Gibbs-Helmholtz equation
that describes the ligand-receptor affinity:

G= H-T S @)

AG gives the free energy of binding that is the measure of energetic changes
between two states represented by the bound and unbound state of the receptor and
the ligand. AH is the enthalpy, T the temperature expressed in Kelvin, and AS is the
entropy of the system. AG is related to the binding constant K, by the equation:

AG = -RT InK, “4.2)

where R is the gas constant.

Some sophisticated techniques for predicting binding free energies are currently
too slow to be used in molecular docking of large sets of compounds. Thus, fast
scoring functions have been developed. Empirical scoring functions use a set of
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parameterized terms describing properties known to be important in protein—-ligand
binding to construct an equation for predicting affinities. Multilinear regression is
used to optimize these terms using a set of known protein—ligand complexes. These
terms usually describe polar—apolar interactions, loss of ligand flexibility (entropy),
and desolvation effects. The Glide score 2.5 (Friesner et al. 2004) is a regression-
based scoring function:

G = ClipoE f(rlr)+CHb0ndE g( r)h( 0‘)+CmelalE f(rlm)

+ Cpolar—phobvpola:-phob + CcoulEcoul + CvdWEvdw + SOlVathIl term (43)

The first term describes the lipophilic and aromatic interactions, whereas the
polar terms are included in the second (hydrogen bonds, separated into differently
weighted components that depend on the electrostatic properties of donor and accep-
tor atoms) and third (ionic interactions) terms. The fourth term rewards instances
in which a polar but nonhydrogen bonding atom is found in a hydrophobic region.
Coulomb and van der Waals interaction energies between the ligand and the receptor
are evaluated as well as the solvation effect.

Force field-based scoring functions (AutoDock, DOCK) are based on the non-
bonded terms of the classical molecular mechanics force fields. A Lennard-Jones
potential describes van der Waals interactions, whereas the Coulomb energies
describe the electrostatic interactions. In AutoDock (Morris et al. 1998), the imple-
mented scoring function has the following form:

G= Gvdwzi,j (Au/r}jz)‘Bu/r?j) + Giona + 21, E() (C,.j/r}f)—D,.j/r}jO)

2 e(-r2ij/202)
+ Gelec Ei.j 919> / s(rtj) + Gtoeror + Gsol Ei,j (Sl‘/j + Sl‘/l)

@.4)

where the five AG terms are coefficients empirically determined using linear
regression analysis from a set of protein—ligand complexes with known binding
constants. The summations are performed over all pairs of ligand atoms, i, and
protein atoms, j. The first three terms describe the Lennard-Jones dispersion, the
directional hydrogen bonds, and the Coulomb electrostatic potential taken from the
AMBER force field (Cornell et al. 1995). AG,,, is an empirical measure of the unfa-
vorable entropy of ligand binding due to the restriction of conformational degrees
of freedom, whereas N, is the number of ligand rotatable bonds. In the fifth term,
for each atom type within the ligand, fragmental volumes of the surrounding pro-
tein atoms V are weighted by an exponential function and summed, evaluating the
percentage of volume around the ligand atom that is occupied by protein atoms.
This percentage is then weighted by the atomic solvation parameter S of the ligand
atom to give the desolvation energy (Morris et al. 1998). Several developed docking
approaches use knowledge-based scoring functions based on statistical observa-
tions of intermolecular close contacts in protein—ligand x-ray databases, which are
used to derive potentials of mean force. This method assumes that the frequency
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of close intermolecular interactions between certain ligand and protein atoms con-
tributes favorably to the binding affinity. In this approach, no fitting to experimen-
tal affinities is required, and solvation and entropic terms are treated implicitly
(Muegge and Martin 1999).

4.5.2 MD SIMULATIONS

In MD simulations (Figure 4.4), an ensemble of configurations is generated by applying
the laws of motion to the atoms of the molecule. The concept behind MD simulation
involves calculating the displacement coordinates in time (trajectory) of a molecular
system at a given temperature. Finding positions and velocities of a set of particles as a
function of time is done classically by integrating Newton’s equation of motion in time.
Molecular simulations are usually carried out as a micro-canonical (constant-NVE)
or canonical (constant-NVT) ensemble. As a consequence, all other thermodynamic
quantities must be determined by ensemble averaging. In a classical system, Newton’s
equations of motion conserve energy and thus provide a suitable scheme for calculating
a microcanonical ensemble. However, canonical ensemble can readily be performed

Define molecular topology
and force fields

|

| Minimize the initial structure [

\L Compute
> intramolecular
Assign the initial positions and interactions
velocities
\L Compute
) 3 intermolecular
Compute potential interactions l« . .
| interactions
\L (vdw)
Compute forces and move atoms -
according to the equation of motion Compute
. - \L_ _ g .| electrostatic
] interactions

Heating stage 1 | (PME)
! b : I —
Equilibration stage )| _

No | Rescale |! I
i

velocities !
| ]
|

Production stage I

| MD trajectories for analysis ‘ |

FIGURE 4.4 General scheme and the practical sequential approach of MD simulations.
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by coupling the molecular system to a constant-temperature bath, which rescales the
atomic velocities according to the desired temperature. In a similar manner, constant-
pressure simulations can be performed by scaling through coupling to a constant-
temperature position, as the pressure can be calculated from the virial theorem.

Several algorithms have been developed for MD simulations. Such simulations
follow a system for a limited time. Physically observed properties are computed
as the appropriate time averages through the collective behavior of individual mol-
ecules. For the results to be meaningful, the simulations must be sufficiently long
so that the important motions are statistically well sampled. Experimentally acces-
sible spectroscopic and thermodynamic quantities can be computed, compared, and
related to microscopic interactions. It should be noted that MD is severely limited
by the available computer power. With presently available computers, it is feasible
to perform a simulation with several thousand explicit atoms for a total time of up
to a few microseconds. To explore the conformational space adequately, it is neces-
sary to perform many such simulations. In addition, it may be possible that carbo-
hydrate molecules undergo dynamical events on longer timescales. These motions
cannot be investigated with standard MD techniques. Another way is to use high-
temperature dynamics to allow the molecule to assume high-energy conformations.
This approach has to be used with caution since it can make the molecules acquire
“nonphysiological” conformations.

4.5.3 MoLecuLAr RoBorTics

While a number of simulations are performed using MD calculations, it must be
recognized that they are usually performed on short time scales and have there-
fore allowed modeling of the dynamic properties of equilibrium states. Indeed,
simulations that are needed to capture an entire conformational event, particularly
with explicit simulation of solvents are usually too short, relative to the charac-
teristic time of conformational changes occurring upon binding. Consequently,
alternative methods such as essential dynamics or normal-mode analysis have
been successfully applied to selectively enhance conformational sampling along
specific directions of motions and identify large collective motions that may occur
in the protein upon binding to a carbohydrate. Novel methods are being developed
with the aim of simulating molecular motions that can occur on large spatial and
temporal scales.

In addition, to simplify models, methods alternative to MD simulation can be
applied to perform an effective exploration of the conformational space. Algorithms
originally developed to compute robot motions have been extended and proposed
as alternative methods to compute molecular motions (Figure 4.5). Robotics-based
algorithms have been applied to the study of several problems such as ligand docking
and accessible pathways in flexible receptors, or conformational changes of proteins,
due to loop motions, domains motions, and so on. A methodology named “molecular
robotics” has been developed that separates the search for conformational pathways
into two stages. The first stage consists of the exploration of geometrically feasible
motions, using the robotics-based approach, whereas the second stage uses molecu-
lar mechanics for an evaluation of solutions found in the previous stage, while taking
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FIGURE 4.5 (See color insert.) Illustration of the molecular robotics approach to investi-
gate the role of substrate accessibility to the active site on Burkholderia cepacia lipase enan-
tioselectivity. (a) Conformational exploration of the active-site pocket using path-planning
algorithms in order to search exit paths of the ligand from its catalytic position. Exit paths
computed for the R- and S-enantiomers (50 paths for each enantiomer). (b) The distribution
obtained for the R-enantiomer (blue) appears clearly larger and less constrained than for the
S-enantiomer (white). (c) Histogram representing for each enantiomer the relative frequency
of interatomic contacts (averaged among the 50 paths) with amino acid residues. This auto-
mated analysis of ligand—protein contacts enables to highlight amino acid hindering the dis-
placement of enantiomers and thus provide target residues for engineering enantioselectivity
(Barbe et al. 2011).

into account explicit simulation of solvents. Such a conformational search method
handles large molecular motions in a continuous way and within very short comput-
ing times. The key advantage of the robotics-based approach is that it enables fast
exploration of high-dimensional conformational spaces thanks to the combination of
a geometrical treatment of the main molecular constraints, with the performance of
path-planning algorithms.

Based on robotics background, computationally efficient methods have been
developed in recent years for sampling and exploring conformational space of bio-
logical macromolecules. Combined with methods in computational physics such
as normal mode analysis (Kirillova et al. 2008), or using appropriate multiscale
molecular models (Haspel et al. 2010), robot path-planning algorithms relying on
a mechanistic modeling of (macro)molecules are able to compute large-amplitude
conformational transitions in proteins with several orders of magnitude faster than
standard simulation methods such as MD (Barbe et al. 2011; Cortés et al. 2011).
These robotics-inspired methods have also been developed to simulate ligand dis-
placement inside an active-site pocket of a protein considering both partners as flex-
ible molecular models with very low computational cost (Cortés et al. 2011, 2008,
2010) and provide information about the interactions between the ligand and the
protein and about the required conformational changes that are important for under-
standing the complex biochemical processes. Such methods have already been suc-
cessfully applied for rational enzyme engineering (Guieysse et al. 2008; Lafaquicre
et al. 2009), showing the efficiency and the potential of molecular robotics methods
to guide the engineering of enzyme mutants with improved activity, selectivity, and
specificity.
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4.5.4 Free ENERGY CALCULATIONS

The absolute ligand—receptor interaction energies can be obtained by performing
average Molecular Mechanics/Poisson—Boltzmann Surface Area (MM-PBSA)
calculations on an ensemble of uncorrelated snapshots in an implicit water envi-
ronment, collected from an equilibrated MD simulation (Figure 4.6). MM—-PBSA
is a method that approximates the average free energy of binding AG between the
ligand L and the receptor R in an implicit aqueous environment:

G= Gp- Gp- G @.5)

Each term of the above equation is further decomposed as follows:

Gre = Eym+ Gppsa =T Sum 4.6)
Gr = Ewu+ Gpgsa =T Sum @7
G = Eym+ Gepsa =T Sym 4.8)

where AE,;, is the average molecular mechanical energy containing the bond
angles, torsion angles, van der Waals, and electrostatic energetic terms described in

Implicit

-Solvent -Solvent

AG,
Explicit r=0
Explicit | | AGy AGy | | Explicit
= -
A=1
Explicit

FIGURE 4.6 MM-PBSA calculations determine the absolute free energy of binding of
a ligand to a receptor (AG,,) in an implicit solvent environment, whereas thermodynamics
integration methods calculate the free energy of binding difference between receptor—ligand
complexes (AG = AG. — AG, = AG, — AGy), where only the ligand is changed.
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the force field. The solvation free energy term AGpgg, term contains the electrostatic
and nonpolar solvent contributions:

Gpgsa = Gip+ GR “4.9)

The Poisson—Boltzmann equation is solved for determining the solvent polar
effects Gg, (Gilson and Honig 1988), whereas the solvent accessible surface area
is used to determine the nonpolar energetic term  G§ (Sitkoff et al. 1994). Finally,
TAS\\ represents the entropic term, due to the loss of degrees of freedom upon
association. The evaluation of this term represents an issue in computational chem-
istry, commonly performed by using a quasi-harmonic method or by normal-mode
analysis (Srinivasan et al. 1998). The high computational cost combined with a very
slow convergence and the approximations introduce significant uncertainty in the
result (Basdevant et al. 2006; Gohlke and Case 2004). Thus, the entropy contribu-
tion can be neglected in case a comparison of states of similar entropy is desired
such as a series of similar ligands binding to the same protein receptor (Kollman
et al. 2000).

4.5.4.1 Relative Free Energy of Binding

Thermodynamic integration (TI) calculations compute the free energy difference
between two closely related systems A and B by slowly transforming the initial state
A to the final state B. The two states are coupled via a parameter A that serves as an
additional, nonspatial coordinate. This parameter describes the transformation from
the reference system A to the target system B and allows the free energy difference
between the states to be computed as follows:

G(TD = 1[0 < 8V(R)/8(h) > ). d) @.10)

In this equation, A represents the coupling parameter that corresponds to the
potential energy V(A) for A = 0 and V(B) for A = 1. The integration is carried
out over the average of the A derivative of the coupled potential function at
given A values. Thus, MD simulations in explicit water at different discrete A
points are performed, and the value of the integral is calculated numerically.
For TI calculations, the system should not undergo significant conformational
changes during the transformation, otherwise MD simulations will most likely
not sample enough phase space for obtaining converged results (DeMarco and
Woods 2008).

4.6 CASE STUDIES

Avoiding the risk of transforming this section into a catalog, only select examples
are provided that deal with the relevant classes of the macromolecules for which a
range of the conformational features of protein—carbohydrate interactions have been
reported by the application of computational methods.
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4.6.1 RECOGNITION

4.6.1.1 Lectins

Lectins are oligomeric proteins that can specifically recognize carbohydrates, which
per present knowledge act like molecular tools to decipher sugar-encoded messages.
They play biologically important roles in recognition processes involved in fertiliza-
tion, embryogenesis, inflammation, metastasis, and parasite—symbiote recognition
from microbes and invertebrates to plants and vertebrates. In the plant kingdom, lec-
tins have been demonstrated to play a role in defense against pathogens or predators
and hypothesized to be involved in establishing symbiosis with mushrooms and with
bacteria of the Rhizobia species. Among the proteins that interact noncovalently with
carbohydrates, lectins bind mono- and oligosaccharides reversibly and specifically
while displaying no catalytic or immunological activity.

More than 700 crystal structures of lectins have been solved, most of them as
complexes with carbohydrate ligands (Krengel and Imberty 2007). At present the
3D lectin database ([Bettler 1998] www.cermav.cnrs.fr/lectines/) makes 922 lectin
structures available. The wealth of experimental data obtained from the crystallo-
graphic studies of oligosaccharides with lectins provided an essential driving force
to the development of molecular modeling methods of complex oligosaccharides
in their interactions with proteins. These confirmed the flexible conformational
behavior of oligosaccharides that was anticipated from earlier calculations. Studies
of molecular recognition of the histo-blood group oligosaccharides by lectins paved
the way for the conformational analysis of complex carbohydrate—protein interac-
tions, an area that has been thoroughly reviewed (Imberty and Pérez 2000). Several
docking procedures have been developed and tested against the experimental data
available.

Increasing crystallographic explorations of oligosaccharide—lectin complexes
have made significant progress in the characterization of the binding sites of lectins,
which are usually rather shallow, located near the surface, and thus accessible to sol-
vent. This allows predicting the binding mode of complex carbohydrates to proteins
(Sulak et al. 2009). In several lectin families of different origins, one or two calcium
ions are involved in the carbohydrate-binding site with direct coordination to the
sugar hydroxyl groups. Thanks to the availability of well documented 3D structures
of lectins in their native and complexed form, they have been considered as a rich
playground to develop and test the robustness of docking methods in predicting the
binding mode of complex carbohydrates to proteins.

Flexible docking methods of AutoDock, DOCK, and Grid-based Ligand
Docking with Energetics (Glide) were compared for a set of bacterial and animal
calcium-dependent lectins and their calcium-dependent sites (Nurisso et al. 2008).
DOCK represented crystallographic information well, but its lowest energy confor-
mations did not conform to experimental data for all tested cases. Glide results were
similar to that of DOCK, but the lowest energy poses were always satisfactory that
could mimic the real carbohydrate orientation. AutoDock showed reasonable accu-
racy in sugar orientation and reported the most accurate distances between calcium
ions and sugar hydroxyl groups.
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4.6.1.2 Antibodies

The major role of carbohydrates in blood group transfusion and in organ transplants
dramatically highlights the importance of carbohydrate—protein interactions as key
to major biological processes. The two major histo-blood group carbohydrate deter-
minants (Clausen and Hakomori 1989) are the antigen families, so-called ABH(O)
and the Lewis determinants. The majority of the ABO antigens are expressed on
human erythrocytes, at the ends of long polylactosaminic chains, while a minor-
ity of the epitope is expressed on neutral glycosphingolipids. Despite the key role
played by these determinants, the description at the molecular level of the interac-
tions occurring between the antigens and the antibodies is only beginning to be
resolved and characterized, for instance, crystal structures of Fab against Lewis
determinants (de Geus et al. 2009; Ramsland et al. 2004; van Roon et al. 2004,
2003). The exhaustive investigation of the cross-reaction patterns on nine antibodies
against 12 carbohydrate antigens has been conducted through computational meth-
ods (Imberty et al. 1995, 1996). 3D descriptors of the molecular properties of the
carbohydrate antigens were used in comparative molecular field analysis (CoMFA).
Processing of the QSAR data gave indications on the carbohydrate epitopes essen-
tial for antibody recognition while yielding insights into the nature of the molecular
recognition.

The successful transplantation of pig organs to human (xenotransplantation) is
prevented by the occurrence of carbohydrate antigens on the surface of pig organs,
which are recognized by xenoreactive antibodies in the human bloodstream. In silico
protocol aimed at analyzing the interaction between these xenoantigens and antibod-
ies interactions has been developed (Agostino et al. 2009) and applied (Agostino
et al. 2010) to the determination of the structures of these terminating carbohydrate
antigens in complex with a panel of xenoreactive antibodies.

Cell surface complex carbohydrates and polysaccharides are potent targets for
recognizing pathogen infections or cancerous cells. As such, they offer promising or
already successful vaccine components against various pathologies. Consequently,
their interactions with antibodies are of a significant interest. The elucidation of the
molecular basis of the formation of the complexes and also the balance between the
enthalpic and the entropic contribution involved in the binding are both required. For
the time being, only an appropriate combination of computational and experimen-
tal methods may help in establishing these features, in view of developing broad-
serotype coverage vaccines.

A majority of life-threatening cases of septicemia, meningitis, and pneumonia
occur from the deleterious action of surface capsular polysaccharides of bacteria.
Although these polysaccharides may have similar carbohydrate sequences, they may
markedly differ in immunogenicity, antigenicity, virulence, and geographical disper-
sion, for example, the case of Group B Streptococcus agalactiae and Streptococcus
pneumomia.

The generation of the antibody complexed with carbohydrate antigens was per-
formed through a combination of comparative antibody modeling and automated
ligand docking. Subsequently, several 10 ns MD simulations were performed
using the Molecular Mechanics—Generalized Born Surface Area method with
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explicit hydration, augmented by conformational entropy estimates. While provid-
ing detailed insight into the molecular details and the energy components involved in
the formation of the complexes, the analysis offered a comprehensive interpretation
of a large body of biochemical and immunological data related to antibody recogni-
tion of bacterial polysaccharides (Kadirvelraj et al. 2006).

Shigella flexneri is the main causal agent of the endemic form of bacillary dysen-
tery. The O-antigen is the polysaccharide moiety of the lipopolysaccharide; it is the
major target of the serotype-specific protective humoral response elicited upon host
infection by Shigella flexeneri. The repeating unit of the O antigen is a pentasaccha-
ride. The availability of the x-ray structure of the Fab/[AB(E)CD], complex, at a res-
olution of 1.80 A (Vulliez-Le Normand et al. 2008), along with a sufficient amount
of well-characterized pentasaccharides, and IgG monoclonal antibody allowed a
thorough analysis of the complexes by Saturation Transfer Difference (STD) NMR
experiments and extensive MD simulations (Figure 4.7). The study brought into light
information on the dynamics of the corresponding antibody—carbohydrate com-
plexes that is available neither from the x-ray structure nor from the NMR analy-
sis independently (Theillet et al. 2011). The proposed protocol making use of MD
simulations and STD-NMR is likely to facilitate the design of either ligands or car-
bohydrate recognition domains, according to needed improvements of the natural
carbohydrate-receptor properties.

4.6.1.3 Chemokine-GAG Interactions

The GAGs comprise a family of complex anionic polysaccharides including (1) glu-
cosaminoglycans (heparin and heparan sulfate), (2) galactosylaminoglycans (chon-
droitin sulfate and dermatan sulfate), and (3) hyaluronic acid and keratan sulfate. In
addition to their participation in the physicochemical properties of the extracellular
matrix, GAG fragments are specifically recognized by protein receptors, and they
play a role in the regulation of many processes, such as hemostasis, growth factor
control, anticoagulation, and cell adhesion (Kjellen and Lindahl 1991). Given the
importance of protein—-GAG interactions, oligosaccharide fragments are important
targets for drug design.

Docking of GAG oligosaccharide in protein receptor binding sites presents two
main difficulties: (1) the binding site does not generally adopt a pocket or crevasse
shape that would allow for easy identification and (2) both the ligand and the protein
present a high flexibility of side chains. In addition to a simple molecular visual-
ization program, the analysis of the projection of the electrostatic potential on the
Connolly surface of the protein, for example, with the MOLCAD program (included
in SYBYL, Tripos Associates), has proven to be useful. The GRID program
(Goodford 1985), which allows prediction of the most energetically favorable region
for binding of small probes on the protein surface, is very successful in identifying
sulfate-binding regions. For predicting the orientation of the oligosaccharide on the
protein surface, the AutoDock program (Morris et al. 1998), which considers flex-
ibility at glycosidic linkages and pendant groups (hydroxyl groups, hydroxymethyl,
etc.), can be used for charged oligosaccharide fragments. It should be kept in mind
that such an approach generally yields several families of conformations and that
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further simulations, including MD in the presence of explicit water and counter ions,
have to be envisaged for a thorough investigation.

The conformational behavior of the heparin pentasaccharide responsible for
high affinity to antithrombin III has been the subject of several investigations. This
study is complicated by the fact that a conformational change occurs in the protein
upon binding (Johnson et al. 2006; Skinner et al. 1997). The first model obtained
using homology modeling for the protein and hand-docking of the pentasaccharide
allowed the determination of the basic amino acids involved in the recognition of
the sulfate and carboxylate groups (Grootenhuis and Vanboeckel 1991). A study
making use of several newly developed docking programs arrived at the same pre-
diction for the binding site (Bitomsky and Wade 1999). In the crystal structures of
the complex between antithrombin III and pentasaccharide (Jin et al. 1997; Johnson
et al. 2006), a cluster of basic amino acids has been demonstrated to interact with
the oligosaccharide’s sulfate and carboxylate groups. The conformation of the
bound pentasaccharide is also subjected to induced fit upon binding (Figure 4.8).
At the present time, both x-ray crystallographic studies and NMR data coupled with
molecular modeling (Hricovini et al. 2001) agree that the binding is accompanied by
dihedral angle variations of two glycosidic linkages and conformational shift of the
2-O-sulfated iduronic residue.

Among the numerous proteins that bind heparin, the fibroblast growth factors
(FGFs) have received special attention because they are involved in the control
of cell proliferation, migration, and differentiation. Heparin fragments have been
cocrystallized as ternary complexes with two FGFs and their receptors (FGFRs),
and the minimal binding sequences could be determined (Pellegrini et al. 2000;
Schlessinger et al. 2000). Analysis of the crystal structures together with molecular
modeling demonstrated that upon binding, the regular helical shape of heparin is
kinked at one point by both modification of one glycosidic linkage conformation
and one iduronate ring shape (Raman et al. 2003). Such “induced fit” of the ligand
in GAG/protein interactions is very likely to happen since it is classically observed
in lectin—oligosaccharide interactions.

FIGURE 4.8 (See color insert.) General view (left) of the crystal structure of ternary com-
plexes between antithrombin (reddish-brown ribbon), thrombin (green ribbon), and heparin
analog (Dementiev et al. 2004; Li et al. 2004); (righ) blow-up of the binding site of antithrom-
bin interacting with the specific heparin fragment.
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Chemokines, derived from chemo-attractant cytokines, represent a large family
of small proteins which, based on their physiological features, have been classified as
“inflammatory” (or inducible) or “homeostatic” (or constitutive) (Rossi and Zlotnik
2000). Their roles include events as diverse as development, angiogenesis, neuronal
patterning, hematopoiesis, viral infection, wound healing, and metastasis. Given the
importance of protein—-GAG interactions, oligosaccharide fragments are important
targets for drug design. Chemokines interact with GAGs in general and heparan
sulfate in particular. This binding is thought to create a local concentration, or a
gradient, of chemokines on tissues where some GAGs are specifically expressed.
Modeling studies have therefore been used for describing the interaction between
chemokines and heparan sulfate. One interesting structural feature is that chemo-
kines may exist in solution as monomer or dimer (sometimes tetramer), but they bind
GAGs in the dimeric or tetrameric state. Depending on the dimerization mode and
positions of basic amino acids in the peptide sequences, chemokines will present
positively charged clusters on their accessible surfaces that define several possibili-
ties for binding heparan sulfate (Handel et al. 2005; Lortat-Jacob et al. 2002).

4.6.1.4 Transport

Carbohydrates such as the malto-oligosaccharides of lactose, sucrose, raffinose,
fructooligosaccharides, L-fucose, trehalose, oligoalginate, oligogalacturonate, and
so on constitute a source of carbon for many organisms. These molecules have to
be transported across channels and pores, and their motion is critically important
for understanding mechanism of many cellular processes. At the protein level, this
is achieved by a family of proteins, collectively referred to as transporters. These
transmembrane proteins allow permeation of sugars: their structures along with the
mechanistic transport model are the subject of intense research. The recent high-
resolution structural elucidation of transporters is enabling investigation into the MD
of fundamental transport processes.

Transport across the membrane is mediated by channel-forming proteins, of
which maltoporin has been most extensively studied. The elucidation of the first
high-resolution structure of maltoporin (Schirmer et al. 1995) revealed the general
model of specific channel-forming membrane proteins: a f-barrel with 18 antiparallel
strands. Like the general diffusion porins, the functional unit of maltoporin is a tri-
mer with long loops exposed to the cell exterior and short turns exposed to the peri-
plasm. A striking feature is a consecutive stretch of aromatic residues in the channel
arranged in a left-handed helical path, which has been described as the “greasy slide.”

The translocation mechanism of malto-oligosaccharides across the maltoporin
membrane channel (Figure 4.9) has been investigated by MD calculations (Dutzler
et al. 2002). The first event is the binding of sugar to the first residue of the “greasy
slide,” which occurs via van der Waals interactions to the hydrophobic face of the
glucosyl ring. Deeper penetration into the channel occurs throughout guided dif-
fusion of the oligosaccharide along the “greasy slide.” A gradual dehydration of
the malto-oligosaccharide favors the establishment of transitory hydrogen bonds
between the sugars’ hydroxyl groups and the surrounding amino acids. This is made
possible by the conformational flexibility occurring at the glycosidic linkages and at
the primary hydroxyl groups. The presence of the charged side chains (referred to as
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Viewing the periplasmic space through Polar contacts established during maltose transport
maltoporin from the cell exterior

* Crystal structure of the maltoporin—maltose
complex

Periplasmic space

FIGURE 4.9 (See color insert.) Three-dimensional structure of maltoporin (Dutzler et al.
1996) along with snapshots of the interaction of maltooligosaccharides within the channel.

“polar tracks”) mimics the lost hydration shell to the sugar by providing hydrogen
bonds to the hydroxyl groups of the carbohydrate. The polar tracks are divided into
donor and acceptor lanes all along the greasy slide. The movement of the carbo-
hydrate residues to the next binding site of the greasy slide in combination with a
rearrangement of hydrogen bonds is referred to as the “register shift.” The continu-
ous making and breaking of hydrogen bonds results in the oligosaccharide moving
through the porin in a capillary-like fashion.

Within the super family of carbohydrate transporter exists the MFS family, which
exploits the electrochemical potential to shuttle substrates across cell membranes.
These transporters are thought to use an alternating-access mechanism to upload
and download substrates. The elucidation of the 3D structure of a fucose transporter
(Dang et al. 2010) opened the way to MD simulation of the L-fucose residue com-
plexed to the transmembrane protein inserted into a POPE bilayer to mimic the
bacterial membrane. Structural, biochemical, and computational analysis provided
insights into the function of the transporter, with the identification of key amino
acids that play an essential role in the active transport path.
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As the structures of other unique transport systems are revealed, the power of com-
putational methods in transporter analysis and prediction will grow exponentially.

4.6.2 SYNTHESIS: GLYCOSYLTRANSFERASES

The central process of oligosaccharides, polysaccharides, and glycoconjugate biosyn-
thesis is performed by the action of glycosyltransferases (GTs). These enzymes con-
stitute a large family of proteins, which are present in prokaryotes, eukaryotes, and
viruses, and mediate a wide range of functions from structures and storage to signaling.
GTs are responsible for the formation of the glycosidic bond by attaching a sugar moiety
of an appropriate donor substrate, mainly a nucleotide sugar, to a specific acceptor sub-
strate. These proteins are highly stereo- and regioselective, and they are usually classi-
fied by their preferred sugar substrates, acceptor molecules, and the types of glycosidic
linkage they generate (Breton et al. 2006; Breton et al. 2009) (www.cermav.cnrs.fr/
cgi-bin/rxgt/rxgt.cgi).

Molecular modeling of GTs along with their interactions with the nucleotide
sugar and the specific acceptor substrate is difficult. The number of available crystal
structures is still limited (Breton et al. 2009); only a limited number of folds have
been observed. In these crystal structures, the ratio of loops to secondary elements
is high, and many of them do not describe the entire catalytic domain as the elec-
tron densities are not clear due to the flexible polypeptide extremities and/or several
loops. Flexible loops appear to play an important role in substrate binding. For some
of these enzymes, structural and calorimetric binding studies indicate that an obliga-
tory ordered binding of donor and acceptor substrates, linked to a donor substrate-
induced conformational change, and the direct participation of UDP in acceptor
binding, induces a large conformational change. It has been shown that the open state
(free enzyme) has no or little affinity for the oligosaccharide acceptor. Alternatively,
the closed active conformation creates a pocket that serves as the binding site for the
acceptor. Starting from an available crystal structure of a GT, or using such theoreti-
cal approaches as fold recognition (Heissigerova et al. 2003), a 3D model of the GT
of interest is first constructed. Further, a combination of methods like fold recogni-
tion and molecular modeling might aid the prediction of the acceptor specificities of
the putative GT. Docking of substrates also appears to be a difficult task because of
the conformational flexibility of the nucleotide sugar and the presence of phosphate
and divalent cation. Appropriate energy parameters have been developed based on
the AMBER force field interfaced with CICADA for conformational search (Petrova
et al. 1999). Interacting with the protein, the nucleotide sugar(s), the metal ions, and
the oligosaccharide acceptor(s) are then submitted to a docking procedure, which
is followed by energy optimization of the amino acid side chains surrounding the
substrates. At present such molecular modeling procedures are aimed at revealing
the key catalytic amino acids and the nucleotide-sugar donor specificity and are
performed in conjunction with site-specific mutagenesis and biochemical analysis
(Botte et al. 2005). The availability of a well-resolved crystal structure of GT(51),
a penicillin-binding protein, has opened the way to investigate how computational
methods can be used to explore drug targets for antibiotic resistance. Docking and
scoring methodology (Surflex-Dock and FlexX-Pharm) have been applied resulting



Protein—Carbohydrate Interactions: Computational Aspects 97

in the discovery of nine novel potential leads for GT(51) inhibition (Yang et al. 2008).
Detailed characterization of the mechanisms involved in either the inversion or the
retention of stereochemistry can only be interpreted with the use of ab initio molec-
ular orbital study (Andre et al. 2003; Kozmon and Tvaroska 2006; Krupicka and
Tvaroska 2009).

4.6.3 GurycosyL HYDROLASES/GLYCOSIDASES

The hydrolysis of glycosidic bonds in carbohydrates, polysaccharides, glycoproteins,
glycolipids, and so on is performed by glycosidases. These enzymes are classified
into endo- and exo-types. Exo-type glycosidases attack and hydrolyze monoglyco-
sides into free sugar and aglycon. When acting on oligo- or polysaccharides, they lib-
erate a monosaccharide unit from the nonreducing end. Endo-type glycosidases act
on oligo- and polysaccharides and catalyze the hydrolysis of an internal glycosidic
linkage, thereby liberating two carbohydrate moieties or releasing an oligosaccha-
ride (or polysaccharide) and monoglycoside of the reducing end. Some glycosidases
are capable of acting as both exo- and endo-types. The reactions resulting from the
catalytic action of glycosidases can also be characterized by the anomeric configura-
tion of the glycosidic bond of the substrate that the enzyme attacks, that is, with the
retention or inversion of the anomeric configuration.

4.6.3.1 Glycosyl Hydrolases on Single Chain

Computational methods are essentially used to dock the oligosaccharide, polysac-
charides, and so on into the active state (which is usually identified by systematic
mutations). The glycosidases and their carbohydrate ligands are considered in their
energetically stable conformations, and their interaction energies are compared. The
resulting docked structures are used to propose a model for substrate and conformer
selectivity based on the dimensions of the active site. The docking of substrates
and inhibitors indicates the dimensions of the binding site, which are usually large,
extending over several monosaccharide units, beyond and toward the cleaving site.
The key amino acids that may be involved in the catalytic mechanism can be identi-
fied from these results. Such computational protocols have been applied to the study
of several classes of glycosidases. Most recent examples incorporating state-of-the-
art modeling tools have been used to investigate the features of heparanase inter-
acting with heparin (Gandhi and Mancera 2012; Sapay et al. 2012). These docking
ligand—protein complex models can interpret the substrate specificity of heparanase,
providing a rationale for the design of polysaccharides that may act as inhibitors
of the enzymatic activity of heparanase. Predicted heparin/complexes show that
the interactions of the heparin-binding domains in combination with the catalytic
domain can be targeted for the design of inhibitors.

Enzyme inhibitors can be classified into substrate analogs and transition-state
analogs. Both types of analogs inhibit the enzyme via generally competing with the
substrate for binding to the active site of the enzymes but are not affected by the
enzyme. Substrate analogs mimic the structural features of the substrates, whereas
transition-state analogs have some structural characteristics that are unique to the
transition state.
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Structural analysis of influenza virus neuraminidase (Varghese et al. 1983) and
neuraminidase in complex with sialic acid (Varghese et al. 1992) led to the design
of a potent inhibitor of neuraminidase activity: zanamivir (von Itzstein et al. 1993).
Based on the efficacy of zanamivir (Relenza™), another neuraminidase inhibitor was
also developed: oseltamivir phosphate (Tamiflu™) (Kim et al. 1997). Both Relenza,
a carbohydrate-based drug, and Tamiflu, a carbocyclic mimetic, are potent and clini-
cally effective anti-influenza drugs (McCullers et al. 2005). Despite the efficacy of
these drugs, major concerns remain regarding the development of resistance to these
drugs, which is already occurring. Point mutations in the influenza virus enzyme
neuraminidase have been reported that lead to dramatic loss of activity for known
neuraminidase inhibitors cited above. A more sound understanding of the molecular
basis of such resistance is needed toward developing improved next-generation drugs.
Modeling the binding of ligands with neuraminidase has been undertaken using explicit
solvent all-atom MD simulations, free energy calculations, and residue-based decom-
position. The simulations predicted the effects of a known mutation at one amino acid
(R292K) and provided clues as to the origins of resistance to the mutant. The results
significantly enhance experimental observations (Chachra and Rizzo 2008).

The likelihood of future influenza pandemics (including the possibility of highly
pathogenic H5N1 strains) highlighted the need for additional computational meth-
ods. The binding properties of the H5SN1 influenza virus neuraminidase have been
inferred from molecular modeling (Raab and Tvaroska 2011). They concerned the
binding properties between sialic acid, methyl 3'-sialyl lactoside, methyl 6’-sialyllac-
toside, and H5N1 influenza virus neuraminidase using molecular docking and MD
simulations. The obtained results indicate that, in the complex, sialic acid undergoes
a conformational transition of the ring. Meanwhile, methyl 3'-sialyl lactoside estab-
lishes only weak interactions with a key loop of the neuraminidase, in contrast to
what is observed for the complex with methyl 6'-sialyl lactoside. The differences
could be attributed to the occurrence of distinct conformations about the glycosidic
linkages. As these molecular modeling results are consistent with available experi-
mental data on the specificity of neuraminidase, they provide sound structural infor-
mation for a rational design of novel and specific inhibitors of HSN1 neuraminidase
as potential therapeutics for the treatment of avian flu.

4.6.3.2 Glycosyl Hydrolases on a Solid Substrate

Many polysaccharides occur in the form of highly packed 3D arrangements as a
result of extensive inter- and intramolecular hydrogen bonding networks and van der
Waals interactions. These features render the structures completely insoluble in water
(e.g., cellulose and chitin) and provide them with substantial resistance from attack
by most enzymes. The hydrolysis of cellulose in nature is the result of plant cell wall
degrading complexes, referred to as cellulosomes (Doi and Kosugi 2004) including
cellulases. Cellulases consist of a core of glycoside hydrolases and cellulose-binding
modules (also referred to as carbohydrate-binding modules or CBMs) and a linker
that binds the two enzymatic components. By playing the dual role of recognizing
and adhering to the solid state surface of the polysaccharide, and maintaining the
proximity effect, the presence of CBMs is a key factor in the ability of the enzyme
to efficiently breakdown insoluble polysaccharides. Once bound to the crystalline
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substrate, the active center of the core domains of cellulases can attack the cellulose
chains. The cellulases are classified into two types: the exo- and endocellulases,
depending on whether or not the cellulose can recognize the reducing end of the cel-
lulose chains. The morphology of the native crystals is of course an essential feature
in the enzymatic digestion of crystalline cellulose, and this is a major scientific and
industrial question (Demain et al. 2005). It is established that the enzymatic break-
down and degradation of cellulose requires a complex of enzymes working together
(Figure 4.10). The general picture that has emerged from earlier investigations in
this area indicates that the cooperation of at least three types of enzymes is required
for efficient digestion of crystalline cellulose into glucose. These are (1) endoglu-
canases (EC 3.2.1.4), which cleave the chains randomly, (2) cellobiohydrolases
(EC 3.2.1.91), which recurrently cleave cellobiose from the chain end of cellulose, and
(3) p-glucosidases (EC 3.2.2.21), which hydrolyze cellobiose. As for the cellulose-
binding modules, numerous studies have established that three aromatic residues are

Endoglucanase I from Cellobiohydrolase II from f-glucosidase 2 from fungus
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FIGURE 4.10 (See color insert.) The enzymatic digestion of cellulose. The top panel depicts
the 3D structures of the three main categories of enzymes (from Trichoderma reesei) that digest
crystalline cellulose. The central panel provides a visual as to how cellulose-digesting enzyme
(shown here as cellobiohydrolase I or Cel7A) (Crowley 2008) interacts with the cellulose crystal-
line arrangement and breaks down cellulose into glucose and also illustrates a carbohydrate-
binding module (CBM, PDB ID: 1CBH). The bottom panel shows the three faces of the cellulose
I crystal models in projection with the Miller indices of their constituent crystal planes.
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needed for binding onto cellulose crystals and that tryptophan residues contribute to
higher binding affinity than tyrosines. However, evidence has accumulated showing
that different binding sites for the same cellulose-binding domains could occur.

A systematic study of the CBM protein of Cel7A of Trichoderma reesei, with
the cellulose Ia crystal model, has been performed using a combined Grid docking
search and MD calculations (Yui et al. 2010). Three types of cellulose o crystal
models with infinite dimensions were constructed, each consisting of different crys-
tallographic faces, that is, (1 1 0), (1 0 0), and (0 1 0). The (1 1 0) complex models
exhibited larger affinities at the interface than the other ones. It was found that the
CBM was more stably bound to the (1 1 0) surface when it was placed in an anti-
parallel orientation with respect to the cellulose fiber axis. The predicted directional
specificity of the CBM at the optimum positions was consistent with the observed
processing direction of the Cel7A (Imai et al. 1998). In the solvated dynamic state,
the curved (1 1 0) surface resulting from the fiber twist somewhat assisted a comple-
mentary fit with the CBM at the interface.

Much can be learned about the processivity by conducting carefully designed MD
simulation of the binding of the catalytic domains of cellulases with various substrate
configurations, solvation models, and thermodynamics protocols (Hashimoto 2006).

Computational model of cellobiohydrolase I (Cel7A) from Trichoderma reesei on
a cellulose (1 0 0) surface displays the large catalytic domain (left), linker (middle
single strand), and cellulose-binding module (right small domain). A cellodextrin
strand is shown peeled out of the surface of the cellulose and threaded into the cata-
lytic tunnel of Cel7A (Crowley 2008). The investigation requires the consideration
of approximately 800,000 atoms. In order to face such a computational challenge,
most of the numerical simulations shall require major modifications of existing code
and algorithms.

4.7 CONCLUSIONS

In the past few years, there has been an increase in the development and application
of computational methods aimed at establishing the molecular features character-
izing protein—carbohydrate interactions. Quite naturally, these computational meth-
ods are becoming reliant on experimental studies for the elucidation of structural
and dynamics feature in the field of glycoscience. Significant steps have been made
among which are the developments and implementations of force fields capable of
taking into account the specificity of carbohydrates (stereoelectronic effect, gauche
effect, etc.) and their compatibility with the computational tools that have been
developed for proteins. Recently, methods for handling many rotatable bonds in flex-
ible docking of conformationally flexible carbohydrates have been established. It
has been recognized that the surface of carbohydrates and their derivatives that are
composed of hydrophobic and hydrophilic patches remain a source of complexity in
modeling. Nevertheless, the balance between hydrophobic and hydrophilic patches
is essential for carbohydrate solubility and for molecular recognition. The occur-
rence of such a feature combined with the enhanced conformational flexibility is a
unique characteristic that explains how complex oligosaccharides can be transported
throughout transmembrane proteins in a capillary-like and yet selective fashion.
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Calculations of binding free energies and enthalpies with the required accuracy
remain to be improved and tested against well-characterized experimental data.
Certainly, calculation of free energy perturbations is a promising approach for the
prediction of carbohydrate—receptor binding affinity. Such calculations cannot be
performed without a full understanding of solvation. Progresses in this area imply a
better handling of hydration and the major role played by solvation and desolvation
of both carbohydrates and proteins in their isolated state and during the course of
their interactions.

At present these computational tools are considered as useful as the other methods
of structural investigation. They can actually help in reconciling the experimental
results gathered from separate experiments in different conditions and environments
and in extrapolating the results. The wealth of successful applications for many dif-
ferent protein interactions with carbohydrates is a testimony to the maturity of the
modeling methods and protocols that have been developed. Nevertheless, these suc-
cess cases are almost exclusively dealing with cases where proteins interact with
carbohydrates, without any further catalytic actions.

Complementary computational methods need to be developed and/or integrated
to allow the study of enzymatic reaction and the subsequent optimization of biocata-
lysts. These methods, based on molecular robotics algorithms, would be used for
an efficient virtual screening of configurational and conformational spaces of high
dimensions. The ongoing developments of robotics algorithms are likely to provide
efficient tools to explore the dynamic functionality of enzymes. These are based on
efficient path-planning algorithms and fast geometric operators designed for com-
plex articulated chains. The aim is to reduce, in a significant but relevant way, the
exploration of the combinatorial space of the enzyme sequences, based on the geo-
metric feasibility for a ligand either to access or to leave the catalytic site in a “pro-
ductive” way. The enhancement of the predictive performances of such algorithms
will require the use of simplified energy functions to prefilter the conformations that
are nonviable to construct the network of concerted motions while the enzyme is
interacting with the ligand.

The investigation of the catalytic mechanism of inverting and retaining carbo-
hydrate active enzymes requires high level DFT hybrid QM/MM calculations. The
studies of the catalytic reaction and the dynamic motions undergone by the enzymes
are being investigated independently at present. Consequently, developments
are required to set up MD “hybrid methods” based on the principles of quantum
mechanics with the aim of studying the dynamics of electronic effects and charge
transfer within the catalytic site. Such hybrid methods would incorporate ab initio
dynamics as developed by Carr and Parinello (CPMD) and a “classical” MD force
field. Applications of these computational methods will allow exploiting further the
protein—carbohydrate interactions, especially for therapeutic purposes. Design of
transition-state analog inhibitors of glycosyl hydrolases and glycosyl transferases
requires knowledge of the mechanism of the enzymatic reaction along with the
geometry and charge distribution of transition state.

Extremely challenging cases are being identified. Many of the carbohydrates with
biological functions are found at the surfaces of proteins and cells. Some physico-
chemical principles that underline their associations are being considered to model
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such systems, for example, patches of glycolipids and glycosurfaces. As the concept
of “glycolandscape” is being recognized, new modeling protocols need to be devel-
oped. They require novel computational tools capable of constructing the landscape
resulting from the side-by-side arrangements of glycoconjugates such as glycolipids.
A new paradigm will emerge, and the attention will not only be given to the inter-
action of a protein with a single carbohydrate unit (the so-called “tree vision”) but
instead the interaction with glycosurfaces (the so-called “glycocanopy”, as an anal-
ogy to the crown canopy, that is, the uppermost layer in a forest formed by the crown
of the trees.

This concept is likely to become more prevalent as the field of research dealing
with the solid-state degradation of plant cell wall polysaccharides by enzymes offers
formidable challenges. Plant biomass is an alternative natural source for chemical
and feed stocks with a replacement cycle short enough to meet the demand of the
world fuel market. The enzymatic hydrolysis of cellulose is still considered a main
limiting step of the biological production of biofuels from lignocellulosic biomass.
This step involves the action of three types of cellulose-degrading enzymes acting
in a synergistic way. In view of designing a functional kinetic model integrating
the respective properties of each enzyme along with their synergies, much can be
learned by conducting carefully designed computer simulations of the binding of
the cellulose-binding domains and the catalytic domains of cellulases with various
substrates, solvation models, and thermodynamics protocols. Such an extraordinary
computational challenge is delineating the new frontiers of the area of protein—
carbohydrate interactions.
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5.1 INTRODUCTION

Structures of protein—carbohydrate complexes can be investigated experimentally
by x-ray crystallography or nuclear magnetic resonance (NMR) (Chapters 1 and 2).
However, the crystallization of these complexes is often complicated by the inherent
flexibility of carbohydrates, whereas NMR is more appropriate for the determina-
tion of conformation of bound carbohydrates rather than the nature of the interac-
tions occurring with a protein. Computational molecular modeling techniques offer
attractive alternatives for the study of protein—carbohydrate interactions. These tech-
niques have been widely used in conformational studies of carbohydrates, as well as
in the investigation of carbohydrate—protein recognition. Notably, molecular dock-
ing can provide insight into protein—ligand interactions in systems that are difficult
to study experimentally.
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In general, molecular modeling methods require some structural knowledge of the
ligand and the receptor of interest. Carbohydrate ligands are typically constructed
using molecular modeling software or directly sourced from structural databases.
Receptor structures are typically obtained from x-ray crystallography and NMR,
and those that are unavailable can be generated by homology modeling, threading,
and de novo methods.

Docking is a computational technique that places a small molecule (ligand) in the
binding site of its macromolecular target (receptor) and estimates its binding affinity.
Generally, automated in silico docking involves ligand (and, ideally, receptor) sam-
pling and scoring. Sampling itself entails conformational and orientational sampling
of the ligand within the constraints of the receptor binding site. A scoring function
selects the best ligand pose (i.e., ligand conformation, orientation, and translation)
and also rank orders ligands, if a ligand database is docked. To be considered suc-
cessful, docking must accurately predict (relative to experimentally available data)
either or both ligand structure (pose prediction) and its binding propensity (affinity
prediction). For pose prediction, a program’s ability to produce a ligand pose within a
reasonable root-mean-square deviation (RMSD) to the experimental structure (com-
monly, <2 A) as its top or highly ranked pose is usually considered a docking suc-
cess. Available docking methods differ mainly in ligand placement in the active
site, exploration of conformational space, and scoring or binding affinity estimation
(Bottegoni et al. 2009; Corbeil and Moitessier 2009; Friesner et al. 2004; Jain 2007,
Lang et al. 2009; Morris et al. 2009; Trott and Olson 2010; Verdonk et al. 2003).

In most popular docking programs, the ligand is treated as flexible, whereas the
protein conformation is often kept rigid. This relies on the lock-and-key hypothesis
for protein—ligand binding. However, it is now widely recognized that ligand binding
is not a static event but a dynamic process, in which both the ligand and the protein
may undergo conformational changes. Properly accounting for receptor flexibility
is much more computationally expensive than doing so for ligand flexibility (B-Rao
et al. 2009). Several programs and procedures are able to account for receptor flex-
ibility by “soft docking,” which emulates some plasticity of the receptor by allowing
an overlap between the protein and the ligand; by allowing the implementation of
explicit side-chain flexibility; and/or by ensemble docking, where docking is per-
formed into multiple rigid receptor conformations (Cerqueira et al. 2009; Davis and
Baker 2009; Morris et al. 2009; Sherman et al. 2006).

It has been long recognized in the docking field that various docking programs
and scoring functions perform differently for different targets (Warren et al. 2006).
Similarly, varying docking performance has been observed for different ligand
types (Yuriev et al. 2011). A majority of scoring functions currently in use have been
designed for protein interactions with ligands, which are mostly small organic mole-
cules. However, docking studies for ligands other than small organic molecules, such
as carbohydrates, offer novel ways to investigate mechanisms of ligand interactions
with proteins. Therefore, novel docking programs and, more importantly, scoring
functions need to be developed for these systems. Alternatively, existing programs
and functions need to be evaluated for these systems before they can be used reliably.

Compared to protein interactions with small organic molecules, there are some
unique features in protein—carbohydrate interactions that make carbohydrate docking
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particularly challenging. One must consider the extreme flexibility of carbohydrates
and the presence of a large number of hydroxyl groups. The latter often leads to
the formation of extensive hydrogen bonding networks, significantly contributing
to the overall binding. A distinctive feature of protein—carbohydrate recognition is
the interaction between aromatic side chains of the protein and C—H bonds of the
carbohydrate’s hydrophobic faces, which results in the formation of crucial CH-n
contacts (Laughrey et al. 2008). As a result of these peculiarities, widely used dock-
ing programs and scoring functions, which account differently for these types of
interactions, may not perform as well for protein—carbohydrate complexes.

Carbohydrate-specific scoring functions (empirical free energy function [Hill and
Reilly 2008b; Laederach and Reilly 2003] and SLICK [Kerzmann et al. 2006]) and
docking algorithms (DARWIN [Taylor and Burnett 2000] and BALLDock/SLICK
[Kerzmann et al. 2008]) aim to address the specific issues associated with carbohydrate—
protein docking. Despite the development of these specialized methods, it is always
important to evaluate a range of docking approaches (where suitable validation cases
exist) to determine which performs best for a given protein—ligand system. Popular
docking software is routinely used to investigate carbohydrate—protein recognition
because it is often shown to perform well at this task, for example, see the study by
Agostino et al. (2009a). Molecular docking results are often considered in conjunction
with molecular dynamics (MD) simulation or NMR-based approaches.

5.2 CARBOHYDRATE DOCKING COMPARISON
AND VALIDATION

In order to demonstrate that docking can be confidently used for protein—carbohydrate
complexes, a number of studies have been carried out to compare docking programs
for their specific use in this area of research. Targets studied include enzymes
(Alexacou et al. 2008), lectins (Adam et al. 2008; Agostino et al. 2011; Nurisso et al.
2008; Siebert et al. 2009), and antibodies (Agostino et al. 2009a). In one recent study,
different types of protein targets were used to dock glycosaminoglycans (GAGs)
into interleukin-8 (IL-8) by a range of docking programs (Samsonov et al. 2011). In
most studies described in this chapter, where individual programs have been used for
carbohydrate docking, validation against relevant crystal structures or an assessment
of a docked binding mode in conjunction with other biochemical or biophysical data
has been performed (see Tables 5.1 through 5.4).

5.2.1 EvALUATION OF CARBOHYDRATE DOCKING INTO ENZYMES

Glide and GOLD have been compared for docking of glucosyltriazolylacetamide to
glycogen phosphorylase b (Alexacou et al. 2008). Both programs performed well in
predicting the experimentally determined binding poses for the ligand, with Glide,
in particular, producing impressive results. These researchers also used Glide Extra
Precision (Glide XP) to dock a series of glucose-based spiroisoxazolines into glyco-
gen phosphorylase b (Benltifa et al. 2009). The docked structures were found to be in
excellent agreement with experimental results, both in terms of docked pose/crystal
structure RMSDs and docked score/experimental free binding energy correlations.
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5.2.2 EvALUATION OF CARBOHYDRATE DOCKING INTO LECTINS

The performance of AutoDock, DOCK, and Glide was evaluated for lectin—carbohydrate
systems using seven crystal structures (Nurisso et al. 2008). It was found that Glide
marginally outperformed the other programs in terms of pose RMSD to the crystal
structure. However, AutoDock was found to most accurately reproduce calcium-binding
geometry.

AutoDock and DOCK were also compared with respect to their performance in
docking monosaccharide ligands to the calcium-dependent bacterial lectin PA-IIL
(from Pseudomonas aeruginosa) and its in silico mutants (Adam et al. 2008). The
comparison was carried out to check whether the programs could be used to predict
changes in lectin affinity and specificity caused by minor mutations of the binding-
site residues, critical to host recognition by the bacterial lectin. Both programs were
evaluated in terms of both pose prediction and binding-energy prediction accuracy.
This was achieved by comparing the docked structures and scoring function-based
estimated binding energies with the experimental data. It was found that AutoDock
outperformed DOCK on both counts.

Siebert et al. (2009) used AutoDock, FlexX, and Glide, in conjunction with NMR
methods, to determine the binding mode of sialic acid-terminating carbohydrates in
complex with the lectin SHL-2 from the Chinese bird-hunting spider. It was found
that the poses obtained using Glide agreed excellently with the NMR data.

More recently, we used 15 high-resolution (<2.0 A) human-derived carbohydrate—
lectin complexes to evaluate the pose prediction performance of Glide, GOLD,
AutoDock, and DOCK (Agostino et al. 2011). Although the four evaluated programs
were generally able to identify reasonable carbohydrate poses in each test case, the
top ranked pose was seldom found to be the best pose obtained by any of the pro-
grams. The program DOCK correctly ranked the best pose in 6 out of the 15 cases,
closely followed by Glide. We suggest that this ranking failure in the majority of
cases is most likely due to a scoring problem. However, for Glide and GOLD, the best
poses were normally found within the top 10 ranked poses. The program AutoDock
generally failed to accurately identify the correct pose. This kind of performance
discrepancy among Glide, GOLD, and AutoDock was previously observed in both
antibody—carbohydrate (Agostino et al. 2009a) and lectin—carbohydrate (Nurisso
et al. 2008) docking. In terms of pose prediction accuracy, regardless of scoring/
ranking, GOLD was clearly the best program with an average RMSD for the best
poses of 1.4 A, compared to 2.2-2.7 A for the other three programs. This docking
study highlighted that considering the top ranked docking pose alone is not suitable
for studying lectin—carbohydrate interactions and alternative and/or complementary
approaches (discussed in Section 5.3.4) are required for this purpose.

5.2.3 EvaLuATION OF CARBOHYDRATE DOCKING INTO ANTIBODIES

We compared several docking programs (Glide, AutoDock, GOLD, and FlexX)
in antibody—carbohydrate cognate and cross-docking simulations and evaluated
the performance of Glide and AutoDock in rigid versus flexible protein docking
(Agostino et al. 2009a). A total of 11 high-resolution antibody—carbohydrate crystal
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structures were selected, each having short carbohydrates (2—4 residues in length)
with a similar level of flexibility. In this study, all antibody binding sites belonged to
a cavity class (according to Webster and Rees [1995]). We also used the scheme of
Lee et al. (2006) to further characterize the binding sites based on familiar geologi-
cal features. Several binding-site types (valleys, craters, and canyons) were chosen.

Our results demonstrated that Glide was the most accurate program for rigidly
docking carbohydrates to antibodies. The programs GOLD and AutoDock had sev-
eral problems and FlexX performed poorly. The induced-fit docking (IFD) protocol
(Sherman et al. 2006) implemented in the Schrodinger package for flexible recep-
tor docking combines Glide with the protein structure refinement module Prime
(Jacobson et al. 2004). The IFD produced results with a level of accuracy compa-
rable to that of cognate rigid receptor docking. The accuracy of the IFD protocol in
both cognate and cross-docking is promising for the study of the dynamic nature of
protein—carbohydrate recognition. Our findings are in agreement with the experi-
ences of others. Although a perfect docking program does not exist currently, Glide
ranks consistently high in docking studies (Englebienne et al. 2007; Kellenberger
et al. 2004; Nurisso et al. 2008) with some studies listing its treatment of flexible
ligands as an important factor (Vaque et al. 2008). More specifically, Glide seems to
be a popular choice for carbohydrate docking, and this choice is supported by a range
of studies in which carbohydrate docking into diverse proteins has been structurally
validated (Benltifa et al. 2009; Kolomiets et al. 2009; Koppisetty et al. 2010).

Specifically for carbohydrate docking to antibodies, we found that the diverse
antibody binding sites and carbohydrate ligand lengths present challenges for accu-
rate docking (Agostino et al. 2009a). Large, flexible noncarbohydrate residues and
crater-shaped binding sites, accommodating large carbohydrate ligands, were found
to be the most limiting features. The best results were produced for antibodies with
canyon-shaped binding sites, which offered good results for both small and large
carbohydrate ligands.

5.2.4 EvaruatioN oF GAG DockING

Due to their negatively charged nature, GAGs require accurate consideration of elec-
trostatic and water-mediated interactions. This requirement adds another dimension
of the complexity of generating protein—~GAG complexes by docking. Until recently,
docking GAGs represented a very impractical task, and modeling of their complexes
with proteins was usually done in conjunction with other methods (Costa et al. 2010;
Gandhi and Mancera 2009; Rogers et al. 2011; Sapay et al. 2011). To address this
challenge, Samsonov and coworkers (2011) recently developed a method for de novo
placement of explicit water molecules in order to improve docking outcomes. They
used a dataset of 11 protein complexes and tested the docking performance of four
programs (AutoDock 3, eHiTs, MOE, and FlexX 3.1) with and without explicit water.
Test cases were chosen to be high-resolution structures (not greater than 2.2 A) and to
contain ligands with no more than four saccharide monomers. The performance of the
four programs was found to be in the order of FlexX < MOE < eHiTs < AutoDock 3
with all four programs producing better poses when coupled with explicit water mol-
ecules. This finding is very important given that most docking programs, including
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the four tested ones, already include solvation effects implicitly in their scoring func-
tions. Therefore, it was significant to note that the addition of explicit water molecules
to the binding sites could further improve docking outcomes.

The program AutoDock 3 performed significantly better than the other three pro-
grams in the validation experiments. Specifically, it produced top poses with average
1.94 and 1.60 A RMSDs for the binding sites without and with explicit water molecules,
respectively. Yet it failed to correctly reproduce binding-site residues experimentally
known (by site-directed mutagenesis) to be important for binding IL-8 to heparin/
heparan sulfate disaccharides. The program FlexX performed significantly worse
than the other three programs when tested with FlexX type 3 water molecules, but its
performance was improved almost to the level of that of eHiTs when combined with
crystallographic or GRID-generated water molecules. The failure of FlexX to dock
carbohydrates well is similar to our own experience with FlexX and carbohydrate—
antibody complexes (discussed in Section 5.2.3). The authors have suggested that
FlexX’s anchor-based ligand placement algorithm may be a reason for its unsuitability
for GAG docking. Unfortunately, other programs commonly used for docking carbo-
hydrates, such as Glide, GOLD, and Surflex, were not evaluated in this study.

5.3 MODELING CARBOHYDRATE-PROTEIN RECOGNITION
BY MOLECULAR DOCKING

Sections 5.3.1 through 5.3.4 describe docking studies of carbohydrate recognition by
enzymes, lectins, and antibodies. Proteins, recognizing and binding to carbohydrates,
are not limited to these groups and docking methods have indeed been used to inves-
tigate their interactions with carbohydrates. For example, binding of GAGs to cellu-
lar growth factors has been studied by docking (the study by Sapay et al. [2011] and
references to studies therein). However, in many cases docking alone is not sufficient
to investigate the interaction and additional methods, such as MD (Costa et al. 2010;
Sapay et al. 2011), free energy calculations (Gandhi and Mancera 2009), or microar-
ray analysis (Rogers et al. 2011), are used in conjunction with docking. The studies
described Sections 5.3.1 through 5.3.4 present the cases where outcomes of docking
per se have been used to get an insight into protein—carbohydrate recognition.

In many earlier studies, carbohydrate docking was carried out by manually position-
ing the ligand pose based on the crystal structure of a related complex and then optimiz-
ing the new complex (e.g., see study by Meyer et al. [2005]). This approach is based on
the assumption that the new complex is analogous to the template and is therefore biased
toward input structures. Such manual docking cannot be validated and is not amenable
to the prediction of truly novel complexes. Thus, we are not reviewing such studies here.

5.3.1 MODELING CARBOHYDRATE—GLYCOSIDASE RECOGNITION

Carbohydrate recognition by glycosidases and glycosidase-associated carbohydrate-
binding modules (CBMs) has been extensively studied by automated molecular dock-
ing (Table 5.1). The majority of studies focus on elucidating the binding modes and
catalytic mechanisms of carbohydrate cleavage by glycosidases. Selected examples
are discussed in more detail here.
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Amylases are used industrially to catalyze the formation of glucose from starch
and were among the earliest enzymes to be studied by molecular docking (see the
study by Laederach and Reilly [2005] and references to earlier studies listed therein).
Liu and coworkers (2007) determined the solution structure of Rhizopus oryzae glu-
coamylase CBM in complex with p-cyclodextrin and various maltooligosaccharides,
using a combination of high-field NMR and docking simulations in AutoDock.
Dudkiewicz et al. (2008) used a combination of DOCK 6 and Glide 4.5 to calcu-
late the binding energies of phosphorylated maltooligosaccharides in complex with
Solanum tuberosum a-amylase. It was found that complex stability increased with
phosphorylation and chain elongation.

Cellulases are being engineered to make the generation of glucose from cellulose
more economically viable. The Reilly group (Mertz et al. 2007) used AutoDock
3.06 to investigate substrate binding by glycoside hydrolase family 6 enzymes from
Hypocrea jecorina and Thermobifida fusca. It was determined that f-glucose binds
most tightly to the enzyme subsite approximately two carbohydrate residues away
from the glycosidic cleavage point (i.e., the -2 subsite). A subsequent study by the
Reilly group (Hill and Reilly 2008a) investigated the specificity of a variety of gly-
coside hydrolase family 1 enzymes for B-glucosides using AutoDock 3.06. A series
of eight active-site residues were identified by the docking studies as being largely
responsible for carbohydrate specificity. Oliveira et al. (2009) used a combination
of docking in DOCK 5 and MD simulation to investigate cellulose recognition by
the CBM of the Cel9A enzyme from 7. fusca. The docking results suggested that
cellulose chains could bind to the enzyme active site via the CBM, thus explain-
ing why the removal of the CBM results in a reduced turnover of cellulose by the
enzyme.

Sugar derivatives are of interest as therapeutic agents, particularly in the treatment
of diabetes. Alexacou et al. (2008) used a combination of crystallography, molecular
docking, and MD simulation to investigate the interaction of glucosyltriazolylacet-
amide with glycogen phosphorylase. The programs GOLD and Glide were compared
for their ability to reproduce the crystallographic binding mode, and it was found
that Glide performed best at this task both with and without waters bound to the
active site. In a subsequent study (Benltifa et al. 2009), Glide was used to determine
the binding modes of glucose-based spiroisoxazolines in complex with glycogen
phosphorylase. For this purpose, Glide XP mode and quantum mechanics-polarized
ligand docking (QPLD) were utilized. It was found that the methods performed
comparably. The Glide XP and QPLD protocols were also used to investigate the
binding of fluorinated glucosides to glycogen phosphorylase (Tsirkone et al. 2010).
Li et al. (2011) synthesized derivatives of gluco-configured tetrahydroimidazopyri-
dines, which were proposed as mimics of the B-glucosidase transition state. The
program Glide was used to dock the derivatives, and the structures determined were
used to justify the observed activities.

Although flexible receptor docking techniques are generally not used for investigat-
ing carbohydrate—glycosidase recognition, several studies have used automated docking
followed by MD to simulate receptor flexibility (Choi et al. 2004; Moura-Tamames et
al. 2009; Oliveira et al. 2009). Covalent docking was used in a recent study to elucidate
the enzymatic mechanism of p-glucosidase (Moura-Tamames et al. 2009). Flexible
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receptor docking and covalent docking methods are relatively new innovations; thus,
the literature describing their use in studying carbohydrate—enzyme recognition is cur-
rently sparse.

5.3.2 MODELING ENZYMATIC TRANSGLYCOSYLATION

Glycosyltransferases catalyze the extension of glycan chains (transglycosylation)
by coupling an activated donor substrate to a specific acceptor substrate. They are
emerging therapeutic targets for the treatment of glycosylation disorders and bacte-
rial infections; they are also valuable in organ transplant engineering, where their
presence or absence can affect the presentation of specific carbohydrate epitopes.
Docking studies on the mechanisms of glycosyltransferases are challenging due
to methodological limitations in handling multiple ligands and the creation of new
covalent bonds. Although these limitations have recently been addressed (Li and Li
2010; Morris et al. 2009), such methods are yet to be broadly applied to investigate
glycosyltransferase mechanisms. Recently published studies in transglycosylation
are described in Table 5.2.

Rao and Tvaroska (2001) developed a homology model of bovine al,3-
galactosyltransferase to which a donor substrate, uridine diphosphate (UDP)-
galactose, was docked. Homologues of this enzyme are responsible for the production
of the major carbohydrate xenoantigen in pigs, which forms an immunological bar-
rier to xenotransplantation. The model was also used to study the binding of an
N-acetyllactosamine-derived inhibitor. The Tvaroska group (Kozmon and Tvaroska
20006) also investigated the reaction catalyzed by GnT-1, an enzyme that transfers
N-acetylglucosamine to the nonreducing end mannose residue on high-mannose
type glycans. The crystal structure of the catalytic fragment of rabbit GnT-1 was
used as a starting point to which the missing acceptor substrate was docked using
Glide. Mixed quantum mechanical (QM) density functional theory (DFT)/molecular
mechanical (MM) simulations were then used to predict the likely transition state
(Kozmon and Tvaroska 2006). The predicted transition state was subsequently used
to determine the likely structures of transition-state analogs again using a combina-
tion of docking in Glide and QM(DFT)/MM simulations (Tvaroska et al. 2008).

Receptor flexibility is rarely considered in molecular docking studies of glyco-
syltransferases. Takaoka and coworkers (2010) carried out a study to evaluate the
conjugation capacity of mutants of UDP-glucuronosyltransferase 1A1 (UGT1Al).
The donor substrate, UDP-glucuronic acid, was first docked to the mutants using
AutoDock 4. Active-site movements as a result of donor binding were modeled using
the induced-fit method of MOE 2009.10. The program AutoDock 4 was then used to
dock the acceptor substrate, bilirubin, to each mutant enzyme; 100 bilirubin orienta-
tions were collected. The number of bilirubin orientations obtained, in which the
hydroxyl group of bilirubin pointed toward the donor substrate, was tallied for each
mutant enzyme. The tallies obtained were in excellent agreement with the biochemi-
cally determined conjugation capacity of each of the mutants, thus indicating the
utility of the molecular modeling approach.

In glycosidases, the transglycosylation reaction is weakly competitive with cleav-
age because the product of transglycosylation is typically a cleavage substrate.
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However, in some glycosidases, the competing reaction proceeds efficiently. Such
glycosidases are used as starting points to engineer efficient synthetic tools for the
enzymatic production of oligosaccharides. The transglycosylation reaction was
investigated using the recently developed covalent docking method in GOLD (Bras
et al. 2009). Docking calculations against high-resolution x-ray crystal structures
of apo and substrate-bound forms of a series of bacterial glycosidases were used to
predict the regioselectivity of the enzymes for specific transglycosylation products.
The glycosyl enzyme intermediate was generated using covalent docking, which was
followed by noncovalent docking of the acceptor substrate and MD simulation. As
demonstrated by the method validation in the study, this procedure is likely to be
generally useful for studying transglycosylation in silico.

5.3.3 MODELING CARBOHYDRATE—LECTIN RECOGNITION

A wide variety of plant and mammalian lectins have been studied using molecular
docking (for a review of earlier studies, see the study by Neumann et al. [2004]).
Accurate determination of carbohydrate—lectin complexes remains a nontrivial mat-
ter due to the shallow and multichambered binding sites of many lectins. Recent
docking studies in carbohydrate—lectin recognition are summarized in Table 5.3.
Selected examples are discussed here.

One of the most comprehensive studies on the validation of carbohydrate—lectin
docking was performed by the Imberty group (Nurisso et al. 2008). Their study com-
pared the abilities of AutoDock, DOCK, and Glide to reproduce the carbohydrate-
binding modes of seven calcium-dependent lectins. It was found that Glide performed
best at this task, in terms of pose RMSD to the crystal structure. However, AutoDock
was found to most accurately reproduce calcium-binding geometry. Therefore, both
Glide and AutoDock were subsequently used to predict the binding modes of galac-
tose and N-acetylgalactosamine in complex with the sea cucumber lectin CEL-I11. A
subsequent study by the Imberty group (Blanchard et al. 2008) used AutoDock fol-
lowed by MD simulation to investigate the recognition of Gala(1-4)Gal-terminating
glycosphingolipids by P. aeruginosa lectin I (PA-IL). The docking method was vali-
dated by docking Gala(1-3)Gal into the PA-IL binding site and comparing the result
to that obtained crystallographically. The docking study was later extended to inves-
tigate several a-galactosyl disaccharides (Nurisso et al. 2010).

The DC-SIGN is a C-type (calcium dependent) lectin that binds to Lewis x and
high-mannose carbohydrate structures. Pathogens that present these carbohydrates
on their surface utilize DC-SIGN to promote infection, making it a potentially
useful target for anti-infective agents. Reina et al. (2007) generated a manno-
bioside mimic of Mana(1-2)Man, and its complex with DC-SIGN was determined
using QPLD. The procedure gave rise to several poses with distorted ¢ (phi) angles
(i.e., non-exo-anomeric conformations). In a subsequent study (Reina et al. 2008),
FlexiDock was used to dock a series of mannosyl trisaccharides to DC-SIGN. The
study highlighted the importance of multiple binding modes in carbohydrate com-
plexes with DC-SIGN. Obermajer et al. (2011) synthesized a series of mannobio-
side mimics with varying amide substituents on the second residue. The compounds
were docked to DC-SIGN using FlexX, which was demonstrated to perform well
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at reproducing the binding mode of Man,. The docking model highlighted the
importance of hydrophobic substituents in generating mannoside mimics.

The bacterial adhesion protein FimH is known to bind to a-mannosides. The
Lindhorst group investigated agents that mimic a-mannosides for binding to FimH.
Mannoside derivatives were docked into the carbohydrate recognition domain of the
bacterial adhesin FimH using FlexX (Sperling et al. 2006). The structures obtained
were used to optimize ligand interactions with FimH made by the pendant groups
attached to mannose. It has recently been suggested that FimH contains multiple
carbohydrate-binding sites. In a subsequent study (Lindhorst et al. 2010), molecular
modeling was used to optimize the spacer length of a bivalent glycopeptide, which
targeted two putative carbohydrate-binding sites on FimH. However, it was found
that the developed glycopeptide did not offer any significant improvements in activ-
ity. Most recently, squaric acid mannosides were evaluated for their ability to act as
covalent inhibitors of FimH (Grabosch et al. 2011). The assay results, in combination
with docking, indicated that these compounds did not act as covalent inhibitors.

Strino and coworkers (2010) investigated the effect of substituting glycosyl oxygen
atoms with selenium in the derivatives of histo-blood group ABH antigens on their
binding to anti-ABH lectins. Specifically, Glide XP was used to dock eight test cases
of selenoglycosides as lectin ligands, which were chosen on the basis of availability
of experimental data for unmodified glycosides. The OPLS2005 force field was used
because it is parameterized for selenium and is superior to OPLS2001 for modeling
disaccharides. This docking protocol was evaluated by comparing the docked sele-
noglycosides to their unmodified counterparts and docking scores to experimental
binding energies. In some cases, where docking failed to predict the bound poses,
a semimanual approach was implemented, whereby the crystallized ligands were
used as starting points for modification. It was found that the selenoglycosides were
accommodated at the same site as the natural counterpart and, in most cases, the
orientation of the key residues was conserved. Where the conformations and/or ori-
entations of key and remaining residues differed from the natural ligands, they were
commonly compensated by more favorable interactions with proteins. An interesting
example of such an accommodation was the case of PA-IL, in which the terminal
a-galactose of most ligands docked similarly to the crystal structure, whereas other
carbohydrate residues assumed different orientations. This reflects the ability of this
lectin to bind a variety of carbohydrates with a terminal a-galactose. This mecha-
nism of specificity for a terminal anchor residue, combined with a diverse tolerance
for the rest of the ligand, is similar to the mechanism proposed by us for the recog-
nition of carbohydrate xenoantigens by anti-Gal antibodies (Agostino et al. 2010)
(described in more detail in Section 5.3.4 and in Chapter 9). This study (Strino et al.
2010) indicated that selenoglycosides are biologically active as lectin ligands with a
potential for improved affinity. Therefore, they can serve as nonhydrolyzable mimics
of histo-blood group ABH determinants and prove therapeutically useful.

Molecular docking and site mapping were applied to investigate carbohydrate
recognition by lectins involved in innate immunity (Agostino et al. 2011). High-
resolution structures of human lectins cocrystallized with carbohydrates were
used to validate the techniques. Four popular molecular docking programs (Glide,
GOLD, AutoDock, and DOCK) were evaluated for their ability to reproduce the
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crystal bound conformation of the carbohydrate in each case. It was found that
GOLD generated the most accurate binding modes; however, these generally could
not be accurately ranked by the scoring function. This highlighted the need for alter-
native scoring functions when considering carbohydrate—lectin interactions. The
site-mapping technique (discussed in more detail in Section 5.3.4), which considers
multiple alternative binding modes, was able to identify key lectin residues involved
in carbohydrate recognition with improved accuracy over the top pose obtained from
molecular docking. In conjunction with ligand-based mapping approaches (Agostino
et al. 2010), the site-mapping technique may be useful for identifying likely carbohy-
drate-binding modes when studying carbohydrate—lectin recognition.

5.3.4 MOoDELING CARBOHYDRATE—ANTIBODY RECOGNITION

In comparison with the large number of docking studies carried out on carbohydrate—
enzyme and carbohydrate—lectin recognition, there are relatively few published
docking studies on carbohydrate—antibody recognition. The currently published
studies are summarized in Table 5.4. Selected examples are discussed here.

Oomen et al. (1991) reported one of the earliest attempts to model
carbohydrate recognition by an antibody. The mAb YsT9.1 is specific for a
repeating internal motif of the Brucella A-antigen, which consists of al,2-linked
4-formamido-4,6-dideoxy-a-D-mannose (RhaNFo). Models of the antigen were
prepared using the guided evolutionary simulated annealing (GESA) algorithm and
manually docked to a homology model of YsT9.1 using Quanta. Miller et al. (1998)
reported the first use of automated docking to model carbohydrate—antibody recog-
nition. The interaction of Rhaa(1-2)Gala(1-OMe), a derivative of the Shigella dys-
enteriae O-antigen, with mAb 3707 E9 was studied using the ICM program. The
model highlighted the importance of tryptophan residues in binding the O-antigen.
Moller et al. (2002) generated structures of mucin-derived glycopeptides using a
combination of NMR and MD. The generated structures were docked into mAb
SM3 using FlexiDock and the poses subjected to further MD simulation. Krengel et
al. (2004) attempted to determine the x-ray crystal structure complex of mAb 14F7
with N-glycolyl GM3; however, only the unliganded Fab structure could be obtained.
Its complex with N-glycolyl GM3 was modeled using a modified version of DOCK.
Subsequent crystallographic studies on another anti-N-glycolyl GM3 antibody, chi-
meric P3, yielded only an unliganded Fab structure into which the carbohydrate was
docked using AutoDock (Talavera et al. 2009). Since part of the HCDR3 loop was
not well resolved in the crystallographic data, several representative conformations
of this loop were generated for docking.

Antibody—carbohydrate docking, in conjunction with antibody—peptide docking,
has been used to investigate peptide mimicry of carbohydrate antigens (Clement et al.
2006). AutoDock was used to dock Shigella flexneri Sa O-specific polysaccharide
(O-SP) ligands into the homology model of IgA I3. Because of the large size of the
studied ligands, starting structures were based on those known experimentally, and
the conformational flexibility in the ligands was restricted, whereby only hydroxyl
and N-acetyl groups were treated as flexible. One antibody—carbohydrate structure
was found to be compatible with experimental data, including saturation transfer
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difference (STD) NMR, and provided insight into the molecular mechanism of mim-
icry of complex polysaccharides by peptides.

Automated docking has been used to explore the potential antibody-binding
modes of carbohydrates containing terminal Gala(1-3)Gal epitopes (the aGal epi-
tope), which is known to be the main immunological barrier to xenotransplantation
(see Chapter 9 for more details). Initially, docking into the binding sites of anti-
aGal monoclonal antibodies (mAb) 8.17 and 15.101 was performed on the aGal
disaccharide and aGal-terminating trisaccharides (Milland et al. 2007; Yuriev et
al. 2008) using DOCK. The binding modes of the top ranked carbohydrate poses
were analyzed and it was found that end-on insertion was the preferred mode. The
terminal galactose residue entered the deepest part of the cavity and interacted with
a series of conserved residues at the floor of the cavity as previously predicted by
Ramsland et al. (2003). In particular, aromatic residues lining the floor of the bind-
ing site provided numerous van der Waals interactions to the hydrophobic face of the
terminal galactose residue and also participated in hydrogen bonding of the carbo-
hydrate ligands. Unlike lectins, the large size of the antibody binding site was found
to be able to accommodate Gala(1-3)Galp(1-4)GlcNAc/Glc trisaccharides by end-on
insertion with complementarity-determining region (CDR) residues participating in
interactions with all three monosaccharide units.

Following these initial studies, a site-mapping technique was developed to allow
a more thorough exploration of antibody—carbohydrate recognition (Agostino et al.
2009b). It was validated against a series of high-resolution antibody—carbohydrate
crystal structures. The technique involves the use of molecular docking to generate
a series of antibody—carbohydrate complexes followed by an analysis of the hydro-
gen bonding and van der Waals interactions occurring in each complex, which are
mapped (based on their relative contribution) to the antibody binding site surface
(Figure 5.1). Thus, contributions to recognition of a variety of potential carbohydrate
binding modes are taken into consideration to compensate for differences in anti-
body binding-site shapes and flexibility of the carbohydrates. When applied to aGal
carbohydrate—antibody interactions, site mapping indicates that there is a significant
overlap of the antibody regions engaging xenoantigens across a panel of six mono-
clonal antibodies (Agostino et al. 2009b). The consensus recognition site for aGal
carbohydrates comprised nine amino acid positions in five out of the six antibody
CDRs of light (L) and heavy (H) chain variable (V) domains. When an additional six
amino acids were included (forming the extended consensus site), more than 80% of
all potential aGal carbohydrate interactions were accounted for across the panel of
monoclonal antibodies.

The site-mapping technique was further augmented by combining both
receptor-based and ligand-based in silico mapping (Agostino et al. 2010). Using both
mapping approaches and taking into consideration the conformational preferences of
carbohydrate ligands, likely binding modes for carbohydrate xenoantigens in com-
plex with anti-aGal antibodies were determined. Interaction-based filters using the
antibody site maps and the carbohydrate maps were applied to select the carbohy-
drate poses exhibiting the most preferred binding characteristics. Principally, the
protocol exploits the tendency of certain carbohydrate linkages to cluster at specific
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FIGURE 5.1 (See color insert.) Illustration of the site-mapping process. Left: A series
of poses for the trisaccharide in complex with the SE155-4 antibody (PDB ID: IMFD) is
generated by molecular docking. Middle: Hydrogen bonding and van der Waals interactions
are analyzed by LIGPLOT (Wallace et al. 1995) for each pose and tallied. Right: Hydrogen-
bonding (red) and van der Waals interaction (blue) maps are obtained. The contribution
of each residue to overall binding is represented as a percentage of the total number of
interactions observed between the antibody and the carbohydrate ligand. The color intensity
is based on the percentage contribution and indicates the importance of that residue for
binding.

conformational minima; specifically, restricted conformations of the GalP(1-4)
Glc/GIcNAc linkage were observed, and this linkage was used as a filter to select
preferred binding modes of aGal-terminating trisaccharide (or longer) carbohy-
drates. Furthermore, the most populated conformational minimum of this linkage
was in excellent agreement with experimentally observed conformations in simi-
lar carbohydrates. In contrast, conformation of the terminal Gala(1-3)Gal linkage
varied depending on the antibody binding-site topography, and it is possible that
some of the studied antibodies recognize more than one Gala(1-3)Gal conforma-
tion. Carbohydrate interaction maps revealed that, across the panel of antibodies,
the predominant interactions occurred with the terminal Gala(1-3)Gal disaccharide,
but additional interactions occured with the third saccharide unit, which was either
GlIcNAc or Glc in the different xenoantigens examined. The binding modes obtained
indicated that each antibody uses distinct mechanisms for recognizing the target
antigens.

Molecular modeling has also been used to investigate the recognition of
aGal epitopes by a human xenoreactive antibody, IGHV3-11 (Kearns-Jonker et
al. 2007). This antibody was induced in human patients mounting an immune
response to a bioartificial liver. Trisaccharide and pentasaccharide binding modes
were determined, and it was found that a similar set of residues to those identi-
fied in mouse antibodies is important for xenoantigen recognition. The effect of
multiple binding modes in recognition was not considered. This study suggests
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that the aGal epitope is recognized similarly by mouse and human antibodies and,
thus, mouse antibodies represent a good model for the human immune response
to the aGal epitope.

The limited number of carbohydrate—antibody docking studies published reflects
both the limited number of suitable test systems for validation (i.e., high-resolution
carbohydrate—antibody crystal structure complexes) and the difficulties associated
with modeling carbohydrate—antibody recognition.

5.4 CONCLUSIONS

Computational modeling of protein—carbohydrate complexes faces multiple chal-
lenges associated with extreme ligand flexibility, formation of extensive hydro-
gen bonding networks (often water mediated), shortage of specialized scoring
functions, and paucity of experimental structural data available for validation.
However, protein—carbohydrate docking has come of age and, as evidenced by
the studies published in recent years, has started producing reliable and insightful
results. The reliability of such results is supported by structural validations and the
correlation of predicted binding affinities with experimentally measured ones. The
insights achieved in the field have illuminated such areas of research as catalytic
mechanisms of carbohydrate cleavage and extension by enzymes, carbohydrate
binding by lectins implicated in infection and cancer, and xenoantigen recogni-
tion, to name just a few. With respect to specific software, Glide and AutoDock
appear to be programs of choice for carbohydrate docking; they are closely fol-
lowed by GOLD.

But challenges still remain. Further research is needed to properly account for
receptor flexibility in carbohydrate docking. Very few studies have implemented
flexible receptor docking so far, and in cases where it was used for validation it was
shown to be less successful than rigid docking (e.g., see the study by Agostino et al.
[2009a)).

Another challenge is the ability of docking programs to correctly score docking
poses for cases of small ligands in large or poorly defined binding sites, as dem-
onstrated by the failure of AutoDock to do so in the case of IL-8—disaccharide
complexes (Samsonov et al. 2011) or a range of programs to appropriately score
lectin—carbohydrate complexes (Agostino et al. 2011). We have demonstrated that, in
the absence of a perfect scoring function suitable for this task, our mapping approach
(binding-site mapping [Agostino et al. 2009b], epitope mapping, and conformational
clustering [Agostino et al. 2010]) can be utilized to determine likely carbohydrate-
binding modes (Agostino et al. 2010).

For a better account of the role of water in carbohydrate—protein docking, the
issues of displayable versus bridging water molecules still need to be resolved.
Samsonov et al. (2011) have suggested that an on-the-fly sampling step may be
included into the calculation to account for the solvent. Alternatively, the recently
developed WaterMap module within the Schrodinger package, which predicts likely
water binding sites prior to ligand docking (Abel et al. 2008), may be able to fulfill
this task, and it can be used in conjunction with Glide.
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6.1 INTRODUCTION

Mass spectrometry (MS) has become the most popular technique in the analysis of
complex biomolecules such as glycoproteins and carbohydrates. Standardized meth-
ods for the assessment of the protein primary structure using proteolytically derived
peptides have been successfully implemented in high-throughput proteomics work-
flows based on tandem MS fragmentation data (Mann et al. 2001). The preceding
sequencing of the genome contributed significantly to the ability of tandem MS to
identify proteins and the success of current standard proteomics workflows.
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In contrast to peptides, oligosaccharides do not follow template-driven biosyn-
thesis and are rarely assembled in a linear way, making their structural determina-
tion from tandem MS spectra more challenging (Varki et al. 2009). The isomeric
monosaccharide building blocks of oligosaccharides present an additional challenge
as they are not distinguishable by their mass alone (Dell 1990), and monosaccharide
analysis by itself does not provide any information on the structures of the resulting
oligosaccharides (Lindberg and Lonngren 1978; Townsend 1995). Fortunately for
the analyst, nature does not use all the theoretically possible repertoire of monosac-
charides to synthesize eukaryotic protein-bound oligosaccharides but uses a rather
limited collection (Figure 6.1) (Varki et al. 2009). In addition, the pathways of oligo-
saccharide biosynthesis, especially for protein-bound glycans, are highly conserved,
and this knowledge assists the assignment of structures from MS and/or tandem MS
data. Although the current MS technology offers capabilities only imagined just two
decades ago, the crucial key to successful analysis still remains the initial prepara-
tion of a sample. Enrichment/isolation of target compounds and simultaneous deple-
tion of contaminating substances, while concomitantly minimizing the introduction
of artifacts, are the essential steps that must be optimized for successful mass spec-
trometric analysis.

Residue mass Monosaccharide Symbol®
Mono-
A Col .
isotopic verage olor Black/white
Glucose Blue circle L )
Hexose 162.0528 |162.1424: Galactose Yellow circle
Mannose Green circle <)
Neacetyl e
-acetyl 1 903.0794 {203.1950 —
hexosamine N-acetyl
. Yellow square
galactosamine
Desoxyhexose | 146.0579 | 146.1430 Fucose Red triangle A
| 291.0954 |291.2579|  N-acetl Purple *
Neuraminic neuraminic acid diamond
acid 307.0003 [307.2573| N-slycoyl | Lightblue
neuraminic acid diamond
Phosphate 79.9663 | 79.9799 P P
Sulfate 79.9568 | 80.0642 S S
Acetate 42.0106 | 42.0373

FIGURE 6.1 Monosaccharide building blocks and common modifications found on mam-
malian protein-bound N- and O-glycans: *Symbols used are as suggested by the database CFG
(www.functionalglycomics.org). *N-glycolyl neuraminic acid is not a building block of human
oligosaccharides.
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6.2 GLYCOMICS: GENERAL CONSIDERATIONS FOR
SAMPLE PREPARATION

The term “glycome” describes the complete repertoire of glycans and glycoconju-
gates that cells produce under specified conditions of time, space, and environment
(Varki et al. 2009). The term “glycomics,” in general, refers to studies that profile
the glycome. This chapter focuses on the analysis of the part of the glycome that is
found attached to proteins.

Most glycomics approaches for the structural determination of protein-bound
N- and/or O-linked glycans include steps for the enrichment of glycoproteins fol-
lowed by the release of the attached sugars for characterization. Glycoproteins fre-
quently found in secreted fluids such as saliva, tears, and plasma are usually highly
soluble in aqueous buffers and can be comparably easily enriched under mild- and
non-denaturing conditions. In contrast, membrane-bound or membrane-associated
glycoproteins require, in the majority of cases, the addition of detergents such as
sodium dodecyl sulfate (SDS) or Triton X-114. Detergents increase solubility in buf-
fers and reduce losses during sample handling; they have been used for membrane
proteomics and glycomics analyses (Lee, Chick et al. 2010; Lee et al. 2009; Lee,
Nakano et al. 2010). For example, ultracentrifugation enrichment of membranes fol-
lowed by Triton X-114 phase partitioning enriched for a glycoprotein subfraction
with a significant reduction of “contaminating,” higher abundant nonglycosylated
proteins (Lee, Chick et al. 2010).

Electrophoretic techniques such as SDS—polyacrylamide gel electrophoresis
(SDS-PAGE) or two-dimensional (2D)-PAGE offer a relatively straightforward and
quick means of protein separation. Gel separation is still a major step in proteomics
and glycomics sample preparation of individual proteins, and numerous protocols
have been developed using various in-gel digestion methods for further process-
ing of a protein sample (Kolarich and Altmann 2000; Kuster et al. 1998; Rendic et
al. 2007). In addition, gel-separated proteins can be electroblotted onto membrane
carriers such as polyvinylidene fluoride (PVDF), which have been successfully
used to isolate and characterize the N- and O-glycoprofiles of individual glyco-
proteins (Christiansen et al. 2010; Deshpande et al. 2010; Karlsson, Schulz et al.
2004; Karlsson and Thomsson 2009; Thomsson et al. 2005; Wilson et al. 2002).
Immobilization of the protein on PVDF offers the advantage that the analyst is able
to sequentially release and isolate N- and O-glycans, respectively, from the very same
protein spot or band, thereby reducing the amount of sample required for glycomic
analysis of individual proteins. This approach can also provide the basis for general
glycome investigations of a complex mixture of glycoproteins, for example, from
tissue or body fluids, by immobilization of the entire protein fraction onto the mem-
brane followed by subsequent enzymatic N-glycan release by peptide:N-glycanase
F (PNGase F) and chemical O-glycan release using reductive 3-elimination (Jensen
et al. 2012; Wilson et al. 2008). It should be noted that gel or membrane staining by
extended exposure to high acidic conditions can result in the loss of sialic acid and/or
fucose residues as well as other acid-labile molecules such as sulfates and phosphates
(Honda et al. 2003; Woodward et al. 1987) and, hence, it should be used sparingly.
Fixation of the gel after isoelectric focusing (IEF) or SDS-PAGE using the highly
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acidic conditions of 11.5% trichloroacetic acid resulted in a partial loss of sialic acids
(Kolarich, Weber et al. 2006).

Another widely used sample preparation method for global glycomics analyses
of a tissue or fluid involves early-stage proteolytic digestion of extracted proteins.
This approach mostly eliminates the solubility issues of hydrophobic glycoproteins
by converting them into smaller pieces (Ashida et al. 2008; Jang-Lee et al. 2006).
Subsequently, peptides and glycopeptides can be further separated by various
approaches before glycan release and isolation. Depending on the favored choice
of mass spectrometric analysis, native glycans can be analyzed directly by matrix-
associated laser desorption ionization (MALDI) MS/MS and direct infusion electro-
spray ionization (ESI)-MS (Ashida et al. 2008) or separated prior to detection using
liquid chromatography (LC)-ESI-MS/MS (Harris et al. 2010). Alternatively, glycans
can be derivatized by reductive amination with a variety of fluorescent dyes (often in
combination with LC separation) (Pabst et al. 2009; Royle et al. 2006) or be permethyl-
ated prior to analysis (Ashline et al. 2007; Azadi and Heiss 2009; Jang-Lee et al. 2006).

In this chapter, we focus on various aspects, advantages, and limitations of the
most frequently used approaches for the characterization of N- and O-glycans by
mass spectrometric techniques.

6.3 RELEASING GLYCANS FROM PROTEINS

Separation of glycans and proteins into distinct fractions has certain benefits when
more detailed structural analyses of the respective compounds is required. Whereas
enzymatic approaches usually allow for analysis of both, the glycan and peptide/
protein moieties after glycan release and sample cleanup, chemical methods are usu-
ally more optimised to maintain either one or the other component of a glycoprotein.
This section summarises the most commonly applied approaches for releasing gly-
cans from the respective protein carriers.

6.3.1 REeLEASING N-GLYCANS FROM PROTEINS

The N-glycans from mammalian glycoproteins are most commonly released
enzymatically (Figure 6.2). The PNGase F from Flavobacterium meningosepti-
cum (Plummer et al. 1984) is a rugged deamidase that removes most mammalian
N-linked oligosaccharides from peptides/proteins while keeping both the proteins
and the oligosaccharides intact. The hydrophilic N-glycans can be separated from
the hydrophobic protein/peptides by reversed-phase chromatography and both can
be recovered for further analysis (Kolarich, Weber et al. 2006). Another advantage
of the enzymatic glycan cleavage is the fact that the asparagine amino acid carrying
the glycan is deamidated in the reaction to form aspartic acid and the reaction results
in a +1 Da mass increase to the previously glycosylated peptide (Plummer et al.
1984) (Figure 6.2b). This feature allows high-throughput identification of previously
glycosylated peptides in proteomics (Zhang and Aebersold 2006).

The PNGase F has been successfully used to release mammalian N-glycans from
both intact proteins and proteolytically produced peptides with the addition of a low
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FIGURE 6.2 Examples for complex mammalian, plant, and high-mannose N-glycan struc-
tures. (a) Arrows indicate the place of action of different endoglycosidases commonly used
for protein deglycosylation. Endoglycosidase H (Endo H) essentially acts on high-mannose-
type structures; the presence of core al,6-fucose increases the activity of endoglycosidases
F, and F;. (b) The PNGase F and PNGase A cleave between the amine linked to the reducing-
end monosaccharide of the glycan and asparagine, converting it to aspartic acid. The amine
initially remains on the glycan and is subsequently converted to the free reducing termi-
nus autocatalytically. The N-glycans carrying core al,3-fucose, for example, in plants and
insects, require the use of PNGase A for release from the peptide backbone. (c) In contrast,
Endo H and F,_; and other similar enzymes conserve the innermost GIcNAc of the N-glycan
(including core fucose, if present) on the peptide backbone.

concentration of a detergent, for example, SDS, CHAPS, Nonidet P40, and octylg-
lycoside, significantly increasing the deglycosylation efficiency (Nuck et al. 1990).
Although PNGase F has its optimal activity in the basic range of pH values 7-9, it
has been reported to retain its activity at pH values 5—7 (Plummer et al. 1984) and
the digestion conditions do not seem to have any negative effects on acid-labile gly-
can residues such as sialic acid. Glycans on proteins from sources such as insects,
plants, and parasites, which carry the nonmammalian core «l,3-linked fucose resi-
due, inhibit PNGase F action (Altmann et al. 1995) (Figure 6.2a). In these cases,
PNGase A, an enzyme purified from almonds, can be used (Ashida et al. 2008;
Kolarich, Altmann et al. 2006; Kolarich et al. 2005; Lehr et al. 2007; Paschinger
et al. 2008; Rendic et al. 2007). However, PNGase A does not show significant degly-
cosidase activity on intact glycoproteins but requires proteolytic digestion of the
protein prior to N-glycan release (Altmann et al. 1995).

Endoglycosidases F,, F,, F;, and H (Tarentino and Plummer 1994) can also be
used to cleave the majority of glycan structures from the protein (Figure 6.2). In
contrast to PNGase F/A, Endoglycosidases F,, F,, F;, and H cleave between the
two GIcNAc moieties of the chitobiose core leaving the innermost GIcNAc on the
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glycoprotein. These enzymes are less sensitive to protein conformation compared
to PNGase F and are suitable for removing N-glycans from intact glycoproteins and
determining sites of prior glycosylation. However, they have distinct specificities
regarding the outer arm structures and, depending on the structures present, a com-
bination of different endoglycosidases is required to achieve complete removal of the
N-glycans (Tarentino and Plummer 1994).

Hydrazinolysis is a commonly used chemical method for releasing N-glycans
(Natsuka and Hase 1998; Natsuka et al. 2011). The use of different temperatures
allows the sequential release of O-glycans (60°C; see Section 6.3.2) followed by that
of N-glycans (95°C). It is generally considered to be effective in removing all types of
N-glycans, but in contrast to the enzymatic approach the protein is destroyed under the
releasing conditions. In general, anhydrous hydrazine is used, but hydrazine mono-
hydrate is also reported to provide similar results (Nakakita et al. 2007). Following
hydrazinolysis, the amino sugars in the released glycans need to be reacetylated.

6.3.2 RELEASING O-GLYCANS FROM PROTEINS

Global release of complete O-glycan oligosaccharides cannot be achieved by enzy-
matic methods. The available O-glycosidase removes only the core 1 O-glycan
[Galp(1-3)GalNAca-Ser/Thr], and the majority of O-glycans need to be sequentially
truncated by a cocktail of exoglycosidases before this single remaining disaccharide
structure is released from the protein (Figure 6.3). Single O-linked GalNAc also

() (b) |
Core 1 Core 2 R NH
[
O—C—CH
H |
i=°
Core 3 Core 4 R=H;L-Ser O
R=CH,; L-Thr |
6
u B3 E?ﬁ +NaOH
+NaBH,
Core 5 Core 6 |
o3 \:’7 R ITH
clon * C_(|:H
- H
Core 7 5
ore Core 8 Hz C|=O
EH]* O):F R=H; DL-Ala O
R=CH,; DL-2-aminobutyric acid |

FIGURE 6.3 Figure showing O-glycan structures. (a) Eight defined core O-glycan struc-
tures are known. In human beings, cores 1-4 are most commonly found. The only known
O-glycanase can just act on a core 1-type disaccharide; thus, global O-glycomics requires
chemical release procedures. (b) Reductive f-elimination releases O-glycans from the protein
backbone quantitatively. Peeling reactions known to start from the reducing terminus under
basic conditions are prevented by the subsequent reduction of the reducing-end terminus.
Abbreviations: L-Ser = L-Serine; L-Thr = L-Threonine; DL-Ala = D or L-Alanine.



Mass Spectrometry for Glycomics Analysis 147

cannot be removed by this enzyme (Ashida et al. 2008). This approach may give
information on O-linked site glycosylation but does not allow characterization of
heterogeneity of the attached O-glycan structures at that site.

Thus, chemical approaches are most frequently used to quantitatively release
O-glycans from glycoproteins. The commonly used reductive p-elimination chem-
istry releases O-glycans under basic conditions (e.g., 50 mM of KOH) and elevated
temperatures (50°C) in the presence of a reducing agent (sodium borohydrate) (Jensen
et al. 2010) (Figure 6.3). The addition of the reducing agent produces a reduced sac-
charide on the terminus of the O-glycan immediately after release and avoids the
destructive “peeling” of the reducing end under the required alkaline conditions.
Excess salt and borohydride need to be removed prior to mass spectrometric analysis
(Karlsson and Packer 2002).

If the reducing terminus is required to be kept intact for further labeling reac-
tions with fluorescent dyes, hydrazinolysis at 60°C is the best option (Merry et al.
2002). As described for N-glycans in Section 6.3.1, deacetylation of amino sugars
occurs. The method of B-elimination using nonreducing conditions has been shown
to provide less reliable and reproducible results compared to the aforementioned
approaches and is, thus, in the opinion of the authors, not recommended for struc-
tural analysis of protein O-glycans (Wada et al. 2010).

6.4 DERIVATIZATION OF OLIGOSACCHARIDES
FOR MS DETECTION

Mass spectrometric analysis of N- and O-glycans can be performed without any
further modification (see Section 6.4.1); nevertheless, various types of reported
chemical derivatization approaches can provide glycans with different properties,
which can be advantageous or might be required for further downstream analyses.
However, it needs to be considered that chemical modification can result in sample
losses and the introduction of artifacts.

6.4.1 LABELING OF THE RebDucCING END

Labeling of the reducing end of the released glycans with fluorescent or ultraviolet
(UV)-absorbing dyes, enabling sensitive detection by optical methods, has been a
long-standing analytical method, especially in combination with high-performance
LC (HPLC) (Hase et al. 1979a, 1979b). Many compounds for labeling oligosaccha-
rides by reductive amination have been described and most are compatible with mass
spectrometric detection (Anumula 1994; Bigge et al. 1995; Charlwood et al. 2000;
Harvey 2000b; Morelle et al. 2005; Pabst et al. 2009). This derivatization can change
the properties of glycans such that they have beneficial analytical effects: Glycans
can be made more hydrophobic, a charge can be introduced, sensitive detection by
fluorescence can be achieved, and ionization can be enhanced (Harvey 2000a; Klein
et al. 1998; Seveno et al. 2008). However, reductive amination requires an excess
of the labeling reagent for the reaction to occur, which needs to be removed before
further analysis (Pabst et al. 2009). Incomplete derivatization, modifications to the
glycan structure, and sample losses may also occur.



148 Structural Glycobiology

A recent comprehensive study comparing the mass spectrometric features of
15 frequently used oligosaccharide-labeling compounds showed minor differ-
ences between native and labeled oligosaccharides under ESI (positive and nega-
tive modes). The most sensitive label (2-aminobenzoic acid ethyl ester for ESI+ MS
and procaine [4-aminobenzoic acid 2-diethylaminoethyl ester] for MALDI+ time-
of-flight [TOF] MS) resulted in about twice the ion intensity of the underivatized
glycans (Pabst et al. 2009). Similarly, the spot preparation technique and selection of
“hot spots” had a greater influence on signal intensity than the derivatization labels
in MALDI TOF positive ion mode analysis. On the other hand, negative ion mode
MALDI TOF analysis using 2,4,6-trihydroxyacetophenone (THAP) as a matrix
showed that derivatization of oligosaccharides with labels containing a single acidic
group resulted in significantly better ionization compared to those with labels con-
taining three acidic groups (Pabst et al. 2009).

6.4.2 PERMETHYLATION OF OLIGOSACCHARIDES

Permethylation of glycans results in the conversion of all free hydroxyl groups on
an oligosaccharide to stable methyl ethers (Powell and Harvey 1996). This modifi-
cation turns a hydrophilic glycan into a hydrophobic molecule and neutralizes the
negative charge of sialic acid; this explains its ionization behavior (Harvey 2005d;
Zaia 2004). This derivatization allows the simultaneous relative quantitation of neu-
tral and acidic oligosaccharides by MALDI TOF MS since the signal intensities of
uncharged glycans can be correlated with their amount in a sample (Harvey 2005d).
In addition, the sialic acids are stabilized for MALDI TOF analysis by this step and
do not show the in-source and postsource fragmentation often detected for under-
ivatized glycans in MALDI MS (Zaia 2004). For data interpretation, it needs to
be considered that permethylation results in overall mass increase for every glycan
structure (Dell 1990). Permethylation is also a classical approach allowing detailed
determination of glycosidic linkages of the component monosaccharide residues by
gas chromatography (GC)-MS (Price 2008).

6.5 MS IN GLYCOMICS ANALYSIS

Mass Spectrometry (MS) has emerged as one of the major technologies for the
detection and characterisation of biomolecules. Current Proteomics and Glycomics
workflows would not have been possible without the tremendous advances in
MS-technologies made in recent decades. This section provides a broad overview on
different approaches for solving glycomic challenges.

6.5.1 LC-ESI ANALYsis oF UNDERIVATIZED GLYCANS

Mass spectrometry allows direct and sensitive (generally, femtomol—picomol range)
analysis of underivatized glycans (Dreisewerd et al. 2006; Harvey 2005d, 2005e;
Kolarich and Altmann 2000; Kuster et al. 1998). Analysis of released glycans with-
out further derivatization reduces the number of sample preparation steps; however,
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simultaneous detection of both neutral and acidic glycans requires some consider-
ation to be taken into account regarding the analysis methods.

Neutral and acidic glycans can be ionized well under online LC-ESI-MS conditions
(Huang and Riggin 2000; Pabst and Altmann 2008). The sample complexity can be
reduced by introducing a chromatographic separation step prior to mass spectromet-
ric detection. Reversed-phase chromatographic matrices are generally not suited for
the separation of underivatized glycans as the hydrophilic glycans have insufficient
interaction with the separation matrix. Porous graphitized carbon (PGC) LC-MS
proves to be the most robust and widespread method used in the analysis of underiva-
tized glycans by LC-ESI-MS/MS, and its applications, benefits, and limitations have
been excellently reviewed by Ruhaak et al. (2009). Many research groups are using
this approach for the global glycomic analysis of a tissue, a fluid, or specific pro-
teins (Deshpande et al. 2010; Karlsson and Packer 2002; Karlsson, Schulz et al. 2004;
Karlsson et al. 2005; Karlsson, Wilson et al. 2004; Ninonuevo et al. 2005, 2008; Pabst
et al. 2007; Ruhaak et al. 2009; Tao et al. 2008, 2009; Wilson et al. 2008; Wilson et al.
2002). Except for monosaccharides, N- and O-glycans are generally well retained on
PGC, which is able to chromatographically separate isobaric glycan structures differ-
ing only in linkage. This allows the acquisition of separate MS/MS spectra for indi-
vidual isobaric glycan structures, thereby facilitating detailed structural determination
(Figure 6.4). Reduction of the reducing end of N- and O-linked oligosaccharides is
recommended for PGC analysis, since o- and B-anomers of the same structural iso-
mer of a reducing sugar can be separated on the carbon stationary phase resulting in
two chromatographic peaks for an identical structure (Ruhaak et al. 2009). Released
O-glycans are already present in the reduced form if reductive f-elimination release
of the glycans is used, and simple procedures can be applied to reduce enzymatically
released N-glycans or free glycans with sodium borohydride prior to analysis (Jensen
et al. 2012; Ninonuevo et al. 2005, 2008). Reduction provides the additional advantage
of introducing a +2 Da mass tag on the reducing-end sugar, which facilitates interpre-
tation of MS/MS spectra by unambiguous identification of this glycan terminus.

In the mass spectrometric analysis of N- and O-glycans, negative ionization is often
used. Although negative ionization MS is often considered less sensitive than its posi-
tive ion counterpart, negatively charged acidic glycans as well as neutral glycans can
be detected simultaneously using this technique down to low femtomol sensitivities
(Harvey 2005a, 2005b, 2005c; Karlsson, Schulz et al. 2004; Karlsson, Wilson et al.
2004; Peter-Katalinic 1994; Zaia 2004). Under the conditions used for negative-mode
MS, negatively charged glycans usually have higher signal intensities compared with
similar amounts of neutral oligosaccharides. Nevertheless, both neutral and acidic oli-
gosaccharides ionize well in negative ion mode and relative quantitation can be reliably
obtained using normalization factors (Olson et al. 2005). Another advantage of negative
ionization PGC LC-ESI-MS analysis is the facilitated detection of sulfated and phos-
phorylated glycan structures (Karlsson and Thomsson 2009; Thomsson et al. 2005).

An alternative approach for LC-ESI-MS analysis of released, underivatized,
protein-bound glycans using homemade Amide-80 nanocolumns for normal-phase
nanoscale separation of oligosaccharides has been described (Wuhrer et al. 2004).
This approach uses oligosaccharide hydroxyl groups for polar interactions with the
stationary phase under hydrophobic solvent conditions.
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FIGURE 6.4 Example for the LC-MS/MS analysis of released N-glycans by PGC chroma-
tography. The base peak chromatogram (BPC) analysis of the N-glycans released from sIgA
provides an overview of the entity of structures present; the extracted ion chromatograms
(EICs) deliver elution information of different isobaric structures separated by PGC chroma-
tography. By chromatographic separation, separate MS/MS data can be acquired for isobaric
glycan structures just differing in particular monosaccharide linkages. This enhances detailed
structural characterization of isobaric glycoforms A, B, and C. Bottom panels (a), (b), and (c)
exemplify the respective different MS/MS spectra of structures A, B and C, respectively,
acquired for the doubly negatively charged signal of m/z value 1038.9 corresponding to the
composition of Hex5SHexNAc4NeuAcFuc, which is present in three distinct isoforms in the
analyzed sample. Abbreviations: m/z = mass over charge ratio.

6.5.2 OFF-LINE ANALYSIS OF UNDERIVATIZED GLYCANS

Off-line direct-injection nano-ESI-MS analysis has also been reported for the detailed
mass spectrometric elucidation of protein-bound oligosaccharides (Sagi et al. 2002;
Vakhrushev et al. 2006). Very often, a series of various off-line purification steps
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such as reversed-phase cleanups and gel filtration or weak anion exchange, to name
a few, precedes this type of MS analysis. This approach has provided useful data on
the fragmentation patterns of milk oligosaccharide structures under various ioniza-
tion conditions (Chai et al. 2001, 2002, 2006; Kogelberg et al. 2004; Pfenninger et al.
2002a, 2002b; Seymour et al. 2006). Interestingly, more diagnostic cross-ring frag-
mentation cleavages have been identified to be produced from negatively charged
ions under low collision induced dissociation (CID) conditions compared to positive-
mode fragmentation (Chai et al. 2001; Harvey et al. 2008). Negative-mode ESI ion
trap multistage fragmentation (MS") has been used to evaluate isomeric mixtures of
milk oligosaccharides with specific fragmentation patterns (Pfenninger et al. 2002a,
2002b). Specific MS/MS fragmentation masses were also used to determine the
branching pattern of other oligosaccharides (Chai et al. 2001, 2002, 2006, 2005;
Kogelberg et al. 2004). The definition of general fragmentation rules for oligosac-
charides is very useful for detailed structural assignments, although fragmentation
patterns can vary with ionization conditions and between instruments.

6.5.3 ESI-MS" oF PERMETHYLATED GLYCANS

The combination of off-line injection of permethylated glycans and MS" analysis
of defined fragments has been described to accomplish detailed structural assign-
ment of oligosaccharides (Ashline et al. 2005, 2007; Lapadula et al. 2005; Zhang
et al. 2005). In contrast to LC-ESI-MS methods using online separation, the total
glycan pool is analyzed simultaneously when the sample is injected off-line, mak-
ing it more challenging to distinguish between isobaric structures, especially if
there is a considerable concentration difference between structures present in the
mixture. This was partially overcome by Costello et al. (2007) by using PGC for
online LC separation prior to ESI-MS detection. Separation of isobaric oligosac-
charides could be achieved in their permethylated state, although for the price of
significantly increased chromatographic base peak width compared to underiva-
tized glycans.

6.5.4 Grycomics UsiIng MALDI loNizaTION

The MALDI MS is an often-used, contamination-tolerant, and robust method for
the analysis of oligosaccharides. In this approach, oligosaccharides can be analyzed
directly without any prior modification (Finke et al. 1999; Kolarich and Altmann
2000; Kuster et al. 1998; Pfenninger et al. 1999; Rendic et al. 2007; Stahl et al. 1994)
or more commonly as their permethylated derivatives (Jang-Lee et al. 2006; North
et al. 2012).

In contrast to positive- and negative-ion ESI, where singly and multiply proton-
ated [M + xH]** or deprotonated [M — yH]’~ ions, respectively, are the major ions
produced during the ionization, singly charged metal adduct ions are the primary ion
species observed in positive-ion MALDI MS analysis of underivatized oligosaccha-
rides (Harvey 2005¢) (Figure 6.5). Sodiated ions [M + Na]* are generally the most
abundant, but this can be shifted toward different cationic ions by doping the matrix
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FIGURE 6.5 The MALDI TOF MS spectrum of unmodified N-glycans released and iso-
lated from human IgG. Different isobaric glycans cannot be distinguished separately; never-
theless, the speed of analysis is significantly increased. The signals correspond to sodiated
[M + Na]* ions; the spectrum was recorded in linear mode to enable detection of the sialylated
N-glycans, which otherwise would not be detectable if the spectra were recorded in reflector
mode (see also Section 6.5.4).

with the appropriate salt (Harvey 2005¢e). However, sialic acid—containing molecules
usually produce a mixture of ions (M — H]~, [M + Na]*, [M —nH + (n + 1)Na]*) due
to salt formation. These molecules are more susceptible to in-source and postsource
fragmentation with the concomitant loss of sialic acid (Harvey 2005e; Zaia 2004).
In the use of reflectron TOF instruments, postsource fragmentation is reported to
produce metastable peaks (Harvey 2005e) and permethylation is usually the method
of choice for the analysis of sialylated glycans by MALDI TOF MS (Zaia 2004). For
more details on the theory of MALDI MS in the context of oligosaccharides, readers
can refer to the excellent reviews by Harvey and Zaia (Harvey 1999, 2003, 2005e;
Zaia 2004).

Another factor significantly influencing the analysis success of MALDI MS for
oligosaccharides is use of the appropriate matrix. A large number of different MALDI
matrices have been published for oligosaccharide analysis; however, 2,5-dihydroxy-
benzoic acid (DHB) remains the most commonly used matrix (Harvey 2005d). For
the analysis of sialylated oligosaccharides, matrices such as THAP have been shown
to give best results when mixed with ammonium citrate (Papac et al. 1996). It is noted
that 2,6-azathiothymine (ATT) has successfully been used to analyze both sialylated
and neutral oligosaccharides by MALDI MS. Being a nonacidic matrix, ATT offers
the additional advantage that “on-target” exoglycosidase treatments can be applied
for determining specific linkages (Geyer et al. 1999). Pfenninger et al. (1999) com-
pared different matrices and conditions to optimize the conditions for MALDI MS
analysis of milk oligosaccharides. They identified DHB, 3-aminoquinoline, ATT,
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and 5-chloromercaptobenzothiazole to be the most suitable matrices for neutral oli-
gosaccharides (Pfenninger et al. 1999). Additives such as NaCl improved ionization
with DHB especially for neutral oligosaccharides, whereas diammonium hydrogen
citrate (DAHC) as an additive in ATT was their preferred matrix for acidic oligo-
saccharides (Pfenninger et al. 1999). Tzeng et al. (2009) described the use of alkali
hydroxide—doped matrices for structural characterization of neutral underivatized
oligosaccharides by MALDI TOF MS. In this study, the partial alkaline degradation
that occurred on laser desorption/ionization facilitated the structural characteriza-
tion of oligosaccharides by postsource decay TOF MS.

The majority of glycomic studies by MALDI TOF MS, however, use permethyl-
ated oligosaccharides as the stabilization of neuraminic acid and charge neutral-
ization (see Section 6.4.2) facilitates the relative quantitative comparison of neutral
and previously negatively charged glycans (Azadi and Heiss 2009; Jang-Lee et al.
2006). Recently, this approach was applied to the glycomic characterization of the
hyaluronic acid receptor for endocytosis (HARE) (Figure 6.6) (Harris et al. 2010)
and of human mast cells, eosinophils, and basophils, showing that the different
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FIGURE 6.6 Typical example for a glycomic MALDI TOF MS analysis of permethylated
N-glycans from HARE. The spectrum shows the glycomic analysis of s190-HARE by MALDI
TOF analysis of permethylated N-glycans. All molecular ions are [M + Na]*, and nominal
masses of the '?C isotope are shown. The putative structures presented are based on com-
position, tandem MS analysis, and knowledge of biosynthetic pathways. (Harris, E. N. et al.
N-Glycans on the link domain of human HARE/Stabilin-2 are needed for hyaluronan binding
to purified ecto-domain, but not for cellular endocytosis of hyaluronan, Glycobiology, 20,
991-1001, 2010. By permission of Oxford University Press and the Society of Glycobiology.)
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cell types differ significantly in their repertoire of glycoprotein glycan structures
(North et al. 2012). Since glycoproteins and their glycans are often the first line of
interaction between cells because of their location on the cell surface, results similar
to the aforementioned ones are important to study diseases that are related to these
cell types, such as allergy and inflammation. The glycome of different mouse and
human tissue glycoproteins has been studied by this approach and made publicly
available through the efforts of the Consortium for Functional Glycomics (www
.functionalglycomics.org) (Haslam et al. 2006).

Relative quantitation between different sets of samples can also be achieved by
permethylation of two samples using C12 and Cl13-labeled methyl iodide, respec-
tively (Alvarez-Manilla et al. 2007). The two samples are mixed prior to analysis,
which allows quantitative comparison.

It is noted that TOF detectors are frequently used for MALDI ionization sources;
however, combination Fourier transform ion cyclotron resonance (FT-ICR) MS or
quadrupole ion trap (QIT) TOF can also be used (Kronewitter et al. 2010; Takemori
etal. 2006). These techniques provide the specific advantages of ultrahigh-resolution
or multistage tandem MS to MALDI-produced ions.

6.6 GLYCOMICS DATA STANDARDIZATION AND REPORTING

The increasing speeds at which data can be and is generated from current mass
spectrometric glycomics approaches require appropriate means of data handling,
processing, storing, and maintenance. In contrast to proteomics where such stan-
dards have already been acknowledged in the Minimum Information about a
Proteomics Experiment (MIAPE) project (Binz et al. 2008; Taylor et al. 2007, 2008),
similar efforts are currently only starting to develop in glycomics. The Minimum
Information Required for a Glycomics Experiment (MIRAGE) project (glycomics
.ccrc.uga.edu/MIRAGE) is working to set the urgently required standards in this
area. Different glycosylation analysis methods provide different sets of data that are
often manually evaluated by scientists for the determination of glycan structures,
and standardization projects are facing the challenge of defining reliable and strong
data reporting guidelines suitable for the majority of glycomics approaches.

6.7 PUBLICALLY AVAILABLE BIOINFORMATIC
TOOLS FOR GLYCOMICS

In contrast to the collection of well-known genome and proteome databases, the num-
ber of glycan bioinformatic databases is still comparably sparse. Five publicly avail-
able carbohydrate databases (CFG, Eurocarb DB, Glycosciences.de, GlycosuiteDB,
and KEGG GLYCAN) containing sets of data on glycan structures have been
created, which are currently at various stages of development and funding (Aoki-
Kinoshita 2008). The recently initiated UnicarbDB glycan structural MS database
(UnicarbDB; www.unicarb-db.org) and the planned integration of resources into a
glycomics knowledge base (Unicarb KB; www.unicarbkb.org) will hopefully sup-
port glycomics research by providing a high-quality annotated platform for data
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exchange and a database of high-quality datasets (Campbell et al. 2011; Hayes
et al. 2011).

The work of glycobiology MS researchers is also supported by a few freely avail-
able tools that facilitate structure determination by mass spectrometric analyses. The
GlycoWorkBench (www.glycoworkbench.org) is one such freely available software
tool that combines the drawing of glycan structures with their predicted fragmenta-
tion by MS (Ceroni et al. 2007, 2008). The easy-to-use graphical user interface can
be quickly understood by even nonexperts and helps to reduce the time needed for
the interpretation of glycan MS spectra. It is hoped that in time the development of
informatics tools for glycomics will reach the development level of tools available to
genomics and proteomics analysts and will help to realize the discovery potential of
this area of biological research.

6.8 CONCLUDING REMARKS

It is noted that MS is without doubt the most powerful approach for glycomic stud-
ies of glycoproteins, especially if it is combined with selective and appropriate
off-line and online sample preparation. The soft ionization techniques of ESI and
MALDI and the tremendous mass spectrometric innovations made in the last two
decades have contributed significantly to the fact that scientists can now gain novel
and unprecedented insights into biomolecules. Encouraging developments covering
the technical, informatic, and biological aspects of glycomics can be expected to
increase in the near and medium-term future, which makes it exciting to be a scien-
tist in this ever-inspiring field that provides one with new surprises every day.
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7.1 INTRODUCTION

The functions of many glycans in biological systems involve their interactions with
relevant carbohydrate (glycan)-binding proteins (CBPs or GBPs). Protein—glycan
interactions are therefore extremely important and dependent on the structures of
both proteins and glycans. Glycan microarrays (Feizi et al. 2003; Horlacher and
Seeberger 2008; Paulson et al. 2006; Smith et al. 2010; Stevens et al. 2006), in which
many glycan structures are presented simultaneously in a single microscope slide
or chip for interrogation with labeled GBPs and microorganisms, have become very
popular during the last decade largely due to the public availability of a large glycan
array developed by the Consortium for Functional Glycomics (CFG). This platform
of over 600 structurally defined glycan targets is a high-throughput tool to quickly
explore the glycan-binding specificities of GBPs and microorganisms. This chap-
ter serves as an overview of the development and application of this widely used
technique.
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7.2 PREPARATION OF GLYCAN MICROARRAYS

To construct a glycan microarray, glycan structures are immobilized either cova-
lently or noncovalently onto a solid surface using various methods, as shown in
Figure 7.1. Typical noncovalent immobilization techniques are based on hydropho-
bic interactions, where plastic surfaces such as multi-well microtiter plates (Alvarez
and Blixt 2006), nitrocellulose membranes, or glass slides coated with nitrocellulose
are used as hydrophobic surfaces for immobilization of hydrophobic biomolecules.
Glycans by themselves, however, are not sufficiently hydrophobic to adhere strongly
to these surfaces for assay with GBPs. Therefore, free reducing glycans or periodate-
treated reduced glycans are commonly derivatized with a lipid tail and the resulting
“neoglycolipids” are successfully immobilized on the hydrophobic surfaces (Feizi
et al. 1994; Liu et al. 2007). The glycan microarrays generated from these glycan
derivatives have been successfully applied in the analysis of many GBPs.

Covalent attachment of glycans onto solid surfaces can be built on various chemistries.
In most cases, glycans are synthesized to have a specific functional group at the reducing
end or free glycans are modified to have such a group installed in them. Accordingly, the
solid surface needs to be specifically activated so that it can react with the modified gly-
can structures and retain these structures covalently. For example, if a glycan structure is
installed with a primary amino group, both N-hydroxysuccinimide (NHS) ester-activated
and epoxy-activated glass surfaces can be used for the immobilization of these glycans
(Blixt et al. 2004). Similarly, other chemistries have been used, such as thiol-maleimide
chemistry (Houseman et al. 2003; Park et al. 2004; Park and Shin 2002; Ratner et al.
2004), disulfide formation (Bryan et al. 2004), and azide—alkyne click chemistry (Fazio
et al. 2002; Krishnamurthy et al. 2010). A method of directly immobilizing free reducing
glycans using hydrazide- or aminoxy-modified glass surfaces has also been developed
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FIGURE 7.1 (See color insert.) The concept of glycan microarrays and the chemistry
involved in preparing glycan microarrays by covalent and noncovalent attachments. Glycans
are synthesized or derivatized so that a functional group A is presented usually at the reduc-
ing end. These functionalized glycans can be immobilized onto solid surfaces activated with
a corresponding functional group B covalently or noncovalently.
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(Park et al. 2009). In principle, all these methods can be used to prepare a glycan micro-
array, but each method has its unique advantages and drawbacks. In practice, it is more
convenient to use activated glass surfaces that are commonly and commercially available
as the substrate and focus on the chemistry of glycan modifications. The NHS-activated
glass slides are commercially available from various vendors and are currently the most
widely used surface chemistry, as developed by the CFG and used in thousands of analy-
ses in publicly available databases. The reaction between primary amino group and NHS
ester is well defined and used in the conjugation of two suitable biomolecules. It is there-
fore more widely used in the preparation of glycan microarrays.

7.3 GLYCAN MICROARRAYS FROM THE CFG AND THEIR
APPLICATION IN DETERMINING GBP SPECIFICITIES

Although the chemistry of immobilization of glycan derivatives to activated glass sur-
faces is somewhat straightforward, the actual practice of preparing successful glycan
microarrays is challenging. The success of a glycan microarray is critically dependent
on the number, diversity, and relevance of the glycan library toward specific GBPs,
antibodies, and microorganisms. It is, however, challenging to acquire a large and
diversified glycan library, either through synthesis or by isolation from natural sources.
The chemical and/or enzymatic synthesis of glycans is laborious, despite the develop-
ment of many elegant synthetic methods, especially for complex glycan structures. The
isolation of natural glycans is also hampered by their well-known heterogeneity. As a
result, there are only a few glycan microarrays that can be used for general screen-
ing of GBPs, among which the glycan microarray from the CFG is the most widely
used (Blixt et al. 2004) because it is publicly available and supported by the National
Institutes of General Medical Sciences at no cost to investigators. This resource was
established in 2004 and was gradually expanded into the current version comprising
611 glycan targets. In this microarray, most of the glycan structures were synthesized,
either chemically or enzymatically. All the glycan structures possess a primary amino
group that enables their direct immobilization onto NHS-activated glass slides. Due to
the large and diversified glycan library, this glycan microarray has been used for deter-
mining binding specificities of many GBPs and microorganisms (Smith et al. 2010).
A typical glycan microarray experiment includes three steps: (1) Array printing,
(2) assay with GBP, and (3) data analysis (as shown in Figure 7.2). To print glycan

- e Data
GBp 128 Hid analysis
—_— : —_
Binding, washing, and <
fluorescence detection
14 Replicated Subarray Glycan ID

subarrays

Glycan microarray

FIGURE 7.2 (See color insert.) Schematic of a glycan microarray experiment. A glycan
microarray printed as 14 identical subarrays is used as an example.
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microarrays, specialized instruments are required. Given the same glycan library and
an appropriate substrate such as NHS-activated or epoxy-activated glass slides, the
printing technologies can be categorized into contact printing and noncontact printing.
In contact printing, printer pins dispense buffered glycan solutions onto the slides by
physical contact with the slides. In noncontact printing, such as ink-jet and piezoelec-
tric printing techniques, the printer head/pin does not contact the microarray slides. In
piezoelectric printing, printer pins dispense buffered glycan solutions onto the slides
using electronic pulses. Although contact printers can print many slides in a short time,
they are usually less accurate than noncontact printers and require more quantity of
sample for working. Piezoelectric printing, although generally slower than contact
printing, is more accurate and conserves sample. It is more desirable to use noncontact
printing in small batches when sample amounts are very limited, as in the case of many
natural complex glycans. After the glycan solutions are spotted on surface-activated
glass slides, which are then incubated, chemical reactions occur to immobilize the gly-
can structures onto the slides. A quenching process to destroy the remaining activated
functional groups and a washing procedure to remove by-products and any unreacted
glycan complete the preparation of the glycan microarray. After printing, the glycan
microarray can be used immediately or stored desiccated at a controlled temperature.
Most printed glycan arrays are stable for a year or more when stored desiccated at room
temperature.

The binding assay of GBPs or microorganisms on a microarray is straightforward.
Microarray slides are hydrated and equilibrated in the same buffer system in which
the protein solution is prepared. The protein or microorganism is usually prelabeled
either directly with fluorescent tags or indirectly with a tag such as biotin, which is
used to introduce fluorescence through a secondary incubation process. For antibod-
ies, many fluorescent secondary antibodies are commercially available making prela-
beling unnecessary. The incubation of a protein solution with the microarray slides
should be controlled by temperature and time according to the specific protein. If a
fluorescent protein is used, no secondary incubation is needed and incubate in the dark
to avoid any loss of fluorescence. If a nonfluorescent protein is used, secondary incu-
bation is carried out to introduce fluorescence into the bound protein molecules. After
washing, followed by a final washing with water to remove salt from the buffered solu-
tions, excess water is removed from the microarray slides by centrifugation or using
a gentle stream of nitrogen. After air drying, the slides are scanned by a microarray
fluorescence scanner to generate a fluorescence image from which data are processed.
After assay with protein, these slides can be stored only for a limited amount of time
depending on the type of fluorescence carried by the protein. The fluorescence image
of the array is processed by image-processing software, which is available from most
scanner manufacturers. Each fluorescent spot represents a glycan structure that was
specifically bound by the protein. According to the original microarray .GAL file,
which is generated during the printing process and stores information on all the spots
printed on the microarray, the fluorescence image is converted to a data file generally
in the form of a Microsoft Excel file relating glycan to the fluorescent signal, which
is generally expressed in tables and as a histogram. The histogram’s x-axis represents
the individual glycans and y-axis represents the binding strength in relative fluores-
cence units (RFUs). Microarray data are rich in information, and further sorting and
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comparison of data among different glycan structures and corresponding RFUs is
often required for accurately determining the binding specificities of GBPs, including
analysis of bound and related unbound structures.

74 GLYCAN MICROARRAY PREPARED FROM
NATURAL GLYCOCONJUGATES

The 611 glycans on version 5.0 of the CFG glycan microarray evolved through sev-
eral versions over several years as a result of chemical and enzymatic synthesis with
confirmation of structure by mass spectrometry (MS) and/or nuclear magnetic reso-
nance (NMR). It is well known that the synthesis of oligosaccharides is an extremely
challenging and labor-intensive process, despite there being continuous development
of new chemical and enzymatic approaches. The expansion of the glycan library that
supports large glycan arrays such as the one maintained by the CFG becomes more
difficult as more complex glycan structures are needed. On the other hand, nature
represents the largest glycan library with potentially unlimited glycan structures.
Natural glycans are also more biologically relevant. The challenge involved in deal-
ing with natural glycans is the complexity of isolating them and the lack of structural
analytical methods that can be applied to them. However, due to the quick evolution
of chromatography and MS techniques, the isolation of a significant amount of struc-
turally defined glycan structures is possible today.

To isolate natural glycans for a glycan microarray, several problems need to be
addressed. Glycans are relatively invisible to most spectrometric detection, making their
monitoring during chromatographic separation inconvenient. To overcome this problem,
fluorescent tags are introduced to the reducing end, which render the glycans fluorescent.
These fluorescent glycan derivatives can be easily monitored during a high-performance
liquid chromatography (HPLC) separation. Another problem is that natural glycans do
not possess a specific functional group that can be used to immobilize them onto reactive
solid surfaces. We and other researchers have developed multiple bifunctional fluores-
cent linkers that can facilitate the separation of natural glycans and the immobilization
process (de Boer et al. 2007; Song et al. 2009a, 2009b, 2009c). We have applied this
approach to different classes of glycoconjugates, as described in Figure 7.3.

Fluorescent
bifunctional
labeling,
for example,
Natural Glycan AEAB
atural sources Free i in conjugation
(Glycoprotein, glycolipids, L?lse.» gle;:nd;g olg e e GAEABs
cell, tissue, etc.) Enzymatically

or chemically

Solid-phase
HPLC separation Homogenous immobilization GAEAB natural
> GAEAB fractions glycan array

FIGURE 7.3 The natural glycan microarray approach. Natural glycans can be isolated and
tagged for multidimensional HPLC separation. Isolated fractions can be printed as natural
glycan microarrays for functional studies.
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7.5 FREE GLYCANS RELEASED FROM N-GLYCANS

N-glycans are universally present in eukaryotic cells and known to play important roles
in cell adhesion and signaling and protein quality control. Many of these functions are
through their interactions with specific GBPs. Because of their relatively large size,
the synthesis of N-glycans is a very labor-intensive process. On the other hand, various
N-glycans can be specifically released by N-glycanase as free reducing glycans from
common glycoproteins. To utilize such naturally occurring glycans for glycan micro-
arrays, we have developed bifunctional fluorescent tags (Song et al. 2009c). These
bifunctional fluorescent tags can be conjugated to free reducing glycans through reduc-
tive amination; these tags also possess another active amino group that is used for later
immobilization of glycans onto reactive solid surfaces such as NHS-activated glass
slides. Purified reducing glycans or a mixture of heterogeneous glycans can be tagged
with these bifunctional fluorescent tags. Mixtures of labeled glycans can be purified
or resolved into relatively homogeneous fractions after labeling by extensive chroma-
tography, that is, two-dimensional (2D) chromatographic procedures. These separated
fractions can be analyzed and defined using advanced MS and quantified based on
fluorescence. The fluorescence is very important in not only monitoring the chro-
matography process but also quantifying glycans, especially when only microscale
amounts of glycans can be isolated. The separated glycans can be adjusted to precise
concentrations and directly immobilized onto microarray slides because of the exist-
ing active amino group, avoiding further functionalization. This approach minimizes
the chemical treatment on a glycan pool to a single step and avoids undesired side reac-
tions leading to possible structural degradation. The success of this approach is largely
based on HPLC separation and MS analysis. The 2D HPLC based on different HPLC
columns, including amino normal phase, Hypercarb, and C18 reverse phase, has been
shown to successfully resolve the majority of fluorescent glycan conjugates. It is noted
that MS and tandem MS analysis are also compatible with these glycan conjugates,
which have increased sensitivity compared with underivatized glycans.

This approach has proved successful in determining binding specificities of
certain GBPs. Using 2-amino-N-(2-aminoethyl)benzamide (AEAB) conjugates of
glycan prepared and separated from commercially available glycoproteins, we have
revealed the difference between binding specificities of galectin-1 and -3 (Song et al.
2009c). Other researchers, using 2-aminobenzoic acid and 2-aminobenzamide con-
jugates of glycans and by printing on epoxy-coated microarray slides, have success-
fully probed the specificities of several monoclonal antibodies (de Boer et al. 2007).
The release of N-glycans by N-glycanase is easier to achieve than other classes of
glycoconjugates; this approach can be generally applied to all free reducing gly-
cans, including naturally occurring free glycans such as milk oligosaccharides and
O-glycans released nonreductively.

7.6 GLYCOSPHINGOLIPIDS

Since glycosphingolipids (GSLs) are another important class of glycoconjugates
playing important roles in cell adhesion and host—pathogen interactions, the incor-
poration of this class of glycans into glycan microarrays is of great interest. Although
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FIGURE 7.4 Derivatizations of GSLs: Ozone treatment of GSLs provides the aldehyde
functional group. After reductive amination with the heterobifunctional linker PNPA and
following diamine substitution, fluorescently and functionally tagged GSLs can be separated
by HPLC for microarray preparation.

some of the GSL glycans have been synthesized, a systematic study of GSLs using
glycan microarray requires the preparation of many more glycan structures from
natural GSLs. Although endoglycoceramidases can be used to release free reduc-
ing glycans from GSLs, the specificities of these enzymes vary and their efficiency
is generally low. Ozonolysis followed by base-catalyzed p-elimination releases the
glycan portion; however, the glycans are usually reduced immediately to avoid base-
induced degradation of the glycan at the reducing end, often referred to as “peeling”
reactions. By using a commercially available chemical, such as p-nitrophenyl anthra-
nilate (PNPA), as a bifunctional linker, we were able to fluorescently tag GSLs (Song
et al. 2011), as shown in Figure 7.4. Similar to free glycan—AEAB conjugates, these
derivatives have a primary alkylamine at the end of their hydrophobic tails, enabling
direct solid-phase immobilization such as microarray printing. These derivatives can
also be separated by 2D HPLC to nearly homogeneous fractions, which can be ana-
lyzed by MS and tandem MS.

7.7 OTHER CLASSES OF GLYCOCONJUGATES

The concept of building a tagged glycan library (TGL) based on natural glycans
applies to other classes of glycoconjugates also. It is noted that O-glycans are another
important class of glycans attached to glycoproteins. The release of O-glycans is more
challenging than that of N-glycans as there are no O-glycanases available that can
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universally cleave O-glycans. The release of complex O-glycans relies on a chemical
approach; it is most often base-catalyzed p-elimination. The released glycans under
a basic condition are prone to peeling as mentioned in Section 7.6 for GSL-derived
glycans and are often reduced to corresponding alditols by including NaBH, in the
base elimination reaction. Nevertheless, there are nonreducing chemical methods for
releasing O-glycans using hydrazine, ammonium hydroxide/ammonium carbonate,
and so on. Once glycans with intact reducing ends are generated, they can be tagged,
separated, and printed as described in Section 7.4 and Figure 7.3 for other microarrays.

Glycosaminoglycans (GAGs) are another class of glycans that pose a significant chal-
lenge in this field. The GAG chains are highly heterogeneous with respect to sulfate dis-
tribution and glucuronic/iduronic acid isomerization. Both chemical/enzymatic synthesis
and separation of these glycans from natural mixtures are very difficult. In addition,
MS analysis of GAGs is not trivial due to their many negatively charged sulfate groups.
Nevertheless, GAG microarrays have been prepared from relatively small numbers of
GAG structures either through synthesis or from natural sources (de Paz et al. 2006; Noti
et al. 2006; Yamaguchi et al. 2006). Significant improvements have been made recently in
the chromatographic separation and MS analysis of GAG oligosaccharides, and we antici-
pate that more comprehensive GAG microarrays will become available in the near future.

7.8 SHOTGUN GLYCOMICS

From the very beginning of the development of glycan microarrays, it has been
assumed that structures of the glycans spotted on a microarray should be fully
defined as the subsequent analyses of microarray data would generate a defined
answer about the binding specificities of GBPs. Although this has been an extremely
successful approach for defining GBP specificities, which provide important clues to
the function of GBPs, this approach does not contribute directly to the discovery of
novel protein—carbohydrate interactions. We recently developed a novel strategy for
functional glycomics studies that we termed “shotgun glycomics” (Song et al. 2011),
which is depicted in Figure 7.5. In this approach, natural glycans released from bio-
logical sources are fluorescently and functionally derivatized, as in glycan-AEAB
conjugates and GSL-AOAB 2-amino-N -(2-aminooctyl)benzamide (AOAB) conju-
gates. These derivatives can be separated by multidimensional HPLC techniques to
nearly homogeneous fractions and after a quick collection of MS data on all the frac-
tions to obtain compositional data and partial sequencing, they are directly printed
as microarray slides without complete sequencing, which is impractical in a timely
manner. Biologically relevant proteins and microorganisms are then applied to the
shotgun microarray, and the binding data are used to select biologically relevant gly-
cans for further structural analysis. This microarray-facilitated approach addresses
the fact that neither practical high-throughput synthesis nor practical high-throughput
sequencing is available for glycomic analysis and allows the glycobiologist to focus
his or her efforts only on functionally relevant structures. The application of this
approach to a ganglioside mixture helped to define an interesting antibody to a novel
glycan epitope that may be associated with Lyme disease. We anticipate that shotgun
glycomics as a true functional glycomics approach (Song et al. 2011; Xia et al. 2005)
will be more widely used in the future.
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FIGURE 7.5 (See color insert.) Strategy of shotgun glycomics: In the left panel, shotgun
genomics is described, in which gene sequences are obtained from cells or tissues as the
starting material. Analogous to this method, we have developed shotgun glycomics (right
panel). In this approach, natural glycans released from biological sources are fluorescently
and functionally derivatized. These derivatives are separated by multidimensional HPLC
techniques to near homogeneous fractions, and all fractions are subjected to MS to obtain
compositional data and partial sequencing. A TGL is created from this material and the TGL
is directly printed as shotgun glycan microarray slides for interrogation with biologically
relevant proteins and microorganisms. Binding data are used to identify biologically relevant
glycans for further structural analysis.
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7.9 SUMMARY

Microarrays of defined glycans as a high-throughput tool for screening carbohydrate-
binding specificities of proteins and microorganisms are very successful and con-
tinue to evolve in complexity. The utility of glycan microarrays is highly dependent
on the size, diversity, and biological relevance of the glycans involved. The access to
large numbers of complex glycans, through synthesis and/or isolation from natural
sources, is essential for preparation of glycan microarrays and subsequent analyses.
Shotgun glycomics, as a strategy to bypass laborious synthesis and sequencing of
oligosaccharides, puts emphasis on the structures and functions of selected glycans.
The preparation of glycan microarrays will continue to be an important tool in the
study of functional glycomics.
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8.1 INTRODUCTION TO TUMOR GLYCOSYLATION

Glycoproteins on cell surfaces and in secretions are heterogeneously N- and
O-glycosylated, with mucins being extremely highly glycosylated, carrying a multi-
tude of different O-glycan structures. Not only the expression of specific proteins but
also the patterns of their glycans are usually altered in cancer and can differ between
tissue origin, cell type, progression of tumors, stage of disease, and stage and site of
metastasis. There are no rules that apply to all cancer cells, and often the expression
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of more than one gene is affected in the development of tumors. Some alterations
are frequently observed in glycoproteins produced by cancer cells, such as the
overexpression of MUCI mucin and the appearance of short, truncated O-glycans
(Brockhausen and Kuhns 1997; Brockhausen 1999). Other alterations may be spe-
cific for one or more types of cancer and could be useful for diagnosis and the devel-
opment of individualized, targeted treatment.

Many glycan structures or their biosynthetic enzymes, glycosyltransferases, have
been suggested to be markers of specific tumor cells. Methods are currently designed
to analyze very small amounts of body fluids for these markers. If markers or char-
acteristic patterns of glycans can be shown to be specific for a certain cancer type or
for a stage of the disease, they would be extremely helpful in delineating the risk and
guiding timely treatment. Markers could also be exploited in developing therapy that
targets mainly the tumor cell but not normal cells. Detailed structural analyses and
glycomics have identified great individual variations between glycan structures and
their complexity in tumor cells. Abnormal glycan patterns can arise through a multi-
tude of mechanisms involving altered glycoprotein biosynthesis. Understanding the
complex control mechanisms of glycan assembly as well as the functions of specific
structures will help to identify the importance of observed alterations in cancer.
In a number of in vitro and animal cancer models, the biological and physiologi-
cal effects of specific glycans and biosynthetic enzymes have been determined. It
remains to be shown if these findings can be translated to the pathophysiology of
human tumors. The goal is to design methods to assess specific cancer-associated
structures in a patient’s tumor and personalize the therapeutic efforts.

8.2 FUNCTIONS OF GLYCOPROTEIN-BOUND GLYCANS

There are usually multiple changes of glycosylation in cancer, due to dysregula-
tion of glycosyltransferase expression and activities. The alteration of one enzyme
can cause competing enzymes to prevail and pathways to be reshunted, resulting in
a rearrangement of glycosylation patterns. The transcriptional control mechanisms
are not well understood. In addition, the roles of hundreds of different glycan struc-
tures of glycoproteins, in context with their various attachment sites, are only slowly
beginning to emerge. For example, sialic acid residues, present in excess on many
cancer cells, have multiple functions in cell adhesion and in the immune system,
which can affect cancer cell physiology. In order to understand the significance of
glycosylation changes in cancer, it is important to consider the normal functions of
specific carbohydrate structures.

8.2.1 RotLe ofF GLYcANS IN GLYCOPROTEIN FUNCTIONS

On mucous membranes, highly O-glycosylated mucins serve to protect and
lubricate the underlying cells and suppress tumor development. MUCI is an
O-glycosylated cell-surface-bound mucin that is overexpressed in most epithelial
cancer cells and may also serve to protect the cancer cell but, in addition, has
been shown to play a role in the proliferation of tumor cells. Mucins, as well
as glycoproteins on cell surfaces and in the extracellular matrix, are critically
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involved in cell-cell interactions and cell surface functions and can be linked to
signaling cascades. The roles of specific glycans are slowly emerging and may
include intracellular targeting, secretion, protein conformation and stability,
oligomerization, and ligand binding.

Cell surface receptors for growth factors (cytokines) and apoptosis-inducing fac-
tors are involved in regulating cell growth, proliferation, and cell death of cancer
cells. Many of these receptors have been identified as glycoproteins. The N-glycans
can serve in controlling the cell surface expression, conformation, and ligand bind-
ing of receptors and may regulate the induction of signaling cascades (Li et al.
2007; Amith et al. 2010). Cancer cells are often hypersialylated, and sialic acid is
involved in controlling growth factor receptor endocytosis and signaling. When
sialic acid was removed from the cell surface of neuroblastoma cells by transsi-
alidase or neuraminidase treatment, signaling and neurite outgrowth was induced
(Amith et al. 2010). It is thus possible that sialic acid prevents receptor oligomeriza-
tion as the prerequisite for signaling and thus has an important controlling function
on cell behavior.

A number of mucins and glycoproteins have been suggested as cancer markers
that can be detected in serum; for example, MUC16 (CA125) (Diamandis 2010) or
the pan-cancer marker CA215 (Lee and Ge 2010). Antibodies against these markers
may possibly be useful in targeting tumor cells and reducing tumor burden.

8.2.2 ADHESION AND INVASION OF TUMOR CELLS

Tumors are composed of a variety of cell types including vascular and inflammatory
cells, fibroblasts and stromal cells, as well as a complex extracellular matrix net-
work. This cancer cell environment provides nutrients, growth factors, chemoattract-
ing factors and adhesive proteins, and determines cell growth and migration. The
interactions between cancer cells and their environment mediate invasion, tumor
progression, and metastasis.

Tumors invade when they lose the ability for intercellular adhesion. Cancer cells
then migrate through the basement membrane and extracellular matrix containing
glycoproteins and proteoglycans. Those cancer cells that have detached from the pri-
mary tumor and reach the circulation survive in the blood if they have the structures
that block their uptake or removal by the immune system. These cells could then
attach to the endothelium in distant capillary cells, migrate through the endothelial
layer and form metastases. Cancer cell glycosylation, and specifically glycans that
are ligands for selectin—cancer cell interactions, are critically involved in cell migra-
tion and invasion.

Glycosaminoglycan-containing proteins (proteoglycans) on cell surfaces and
in the extracellular matrix can bind and store growth factors. Tumors secrete
proteases and other hydrolases, and upon degradation of proteins, proteoglycans,
and glycosaminoglycans surrounding tumor cells, growth factors are released and
regulate cell growth and angiogenesis (Vlodavsky et al. 1990). Excess amounts
of the large polysaccharide hyaluronic acid (HA) are often found in tumor envi-
ronments (Simpson and Lokeshwar 2008), which can contribute to tumor pro-
gression. HA-binding proteins such as CD44 and RHAMM have been shown
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to regulate cell migration, invasion, and angiogenesis (Itano and Kimata 2008).
The HA-binding proteoglycan versican contributes to cell motility, invasion, and
metastasis of ovarian cancer cells (Ween et al. 2011). The balance between HA
synthesis by HA synthases and degradation by hyaluronidases is often shifted in
tumors leading to higher amounts of HA and altered tumor growth. The specific
effects of HA depend on the tumor and have been shown to vary between tumor
models (Itano and Kimata 2008). Degradation of the cell surface proteoglycan
heparan sulfate by heparanase contributes to neovascularization, tumor progres-
sion, and metastasis. The field of glycosaminoglycans is complex but important
for cancer and metastasis, and has been dealt with in recent reviews (Itano and
Kimata 2008; Barash et al. 2010).

8.2.3  SeLecTINS IN CANCER

Many mammalian lectins are involved in cell—cell interactions, in the immune sys-
tem, and in tumor development. Selectins, expressed on endothelium, leukocytes,
or platelets, are lectins that promote metastasis through adhesion to Sialyl-Lewis x
(SLe»), sialyla(2-3)Galp(1-4)[Fuca(1-3)]GIcNAcp-, and related Lewis epitopes
(Laubli and Borsig 2010; Brockhausen and Kuhns 1997) that can be attached to the
nonreducing termini of O- or N-glycans of glycoproteins. Leukocytes utilize the
selectin-binding mechanism in the process of homing and inflammation. Invasive
and metastatic cancer cells often express increased amounts of SLe*, and the inflam-
matory effect of cancer cells can induce the expression of selectins. This facilitates
the attachment of cancer cells to the endothelium and contributes to the invasion and
metastasis of tumor cells. Increased SLe* expression is therefore associated with a
poor prognosis in colon cancer and other tumors (Nakamori et al. 1993; Fujita et al.
2011). Mucins and other glycoproteins expressed by epithelial cancer cells can carry
SLe* and thus form ligands for selectins. Selectins may also bind to sulfated glycos-
aminoglycan chains of cancer cells, and sulfation of Lewis antigens can increase
their binding affinity to selectins (Monzavi-Karbassi et al. 2007).

The expression of Lewis antigens is often abnormal in cancer. For example, nor-
mal pancreatic tissues express Lewis y, Fuca(1-2)Galp(1-4)[Fuca(1-3)]GIcNAcp-,
while cancer tissues express Lewis x, Galp(1-4)[Fuca(1-3)]GlcNAcp- (Kim et al.
1988). In breast, colon, and prostate cancer cells, the expression of the selectin
ligand SLe* is associated with the degree of aggressive disease and a poor prog-
nosis and plays an essential role in cancer cell migration (Idikio 1997; St Hill et al.
2009; Nakamori et al. 1993). SLe* contributes to the metastasis of B16 melanoma
cells (Chen and Fukuda 2006). Metastasis could be prevented by sulfated oligo-
saccharides that block heparanase and P-selectin (Borsig et al. 2011). E-selectin is
expressed on activated endothelium and is overexpressed during the colonization
stage of metastases. Thus, a downregulation of selectin expression, expression of the
selectin ligand, or inhibition of E-selectin-mediated adhesion could reduce cancer
cell adhesion, invasion, and metastasis (Kojima et al. 1992; Brown et al. 2006, 2009).
These approaches have been partially successful in vitro, and in animal models (see
Section 8.5), but need further development to effectively target cancer cells and not
immune cells.
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8.2.4 GALECTINS

Mammalian lectins have important functions in cell—cell interactions, cell growth,
and apoptosis and therefore play important roles in the biology of cancer cells.
Galectins are soluble lectins with carbohydrate recognition domains that bind Gal
residues, mostly at the nonreducing ends of glycan chains, exposed to the external
environment of the cell. Galectins can link Gal residues due to their multivalent or
oligomeric nature and can affect cell adhesion as well as the conformation and sig-
naling of cell surface receptors. Galectins that have more than one carbohydrate rec-
ognition domain can form lattices and cross-link glycoproteins and proteoglycans,
thus affecting the mobility and functions of cell surface molecules. The binding
of galectins depends on the number of exposed Gal residues on N- and O-glycans
available for binding. Thus, a change of exposed Gal residues due to a derangement
of synthesis, masking of Gal by sialic acid residues, or altered expression of highly
glycosylated proteins may alter the cell’s ability to respond to galectins. The higher
level of sialylation in cancer therefore diminishes galectin binding (Toscano et al.
2007). The apoptosis-inducing galectin-1 may eliminate immune cells that control
tumor growth. In mice, galectin-1 contributes to the escape of tumor cells from the
immune system by downregulating the immune response and leads to increased
tumor survival and aggressive metastases (Stannard et al. 2010). Thus, blocking
galectin binding could be an additional therapeutic strategy for cancer.

Galectin-3 is a chimeric monomeric lectin and a promising anticancer target. It is
widely distributed among normal and neoplastic cell types; it interacts with glyco-
proteins and glycolipids containing Gal exposed extracellularly, and its expression
correlates with metastasis (Takenaka et al. 2004; Yu et al. 2007). Galectin-3 can bind
to MUCI carrying the cancer-associated T antigen, GalB(1-3)GalNAc, and facili-
tate selectin-dependent adhesion to endothelial cells. Serum levels of galectin-3 are
increased severalfold in serum from breast, gastrointestinal, and lung cancer patients
(Yu et al. 2007). Its expression correlates with tumor progression in anaplastic large
cell lymphoma, head and neck squamous cell carcinoma, and thyroid and gastric
carcinoma. However, its expression has also been reported to negatively correlate
with breast, ovarian, and prostate cancer (Takenaka et al. 2004). These apparent
discrepancies may be linked to a wide range of cellular effects of galectin-3 that
include cell growth and differentiation, cell adhesion, angiogenesis, and apoptosis.
Galectin-3 appears to bind to the Gal residues of N-glycans (Srinivasan et al. 2009)
and promote adhesion of B16 melanoma cells to fibronectin and lung metastasis
in mice. Thus, metastasis of B16 melanoma cells may follow selectin-independent
paths (Zhang et al. 2002).

Galectin-8 is a tandem repeat-containing lectin with two Gal-binding domains.
It is also widely distributed and occurs as a number of different isoforms. In some
cancer types, its expression correlates with malignancy or the degree of differentia-
tion. Galectin-8 expression in colon cancer has been shown to be lower than normal,
but the expression in other tumors varies greatly and depends on the cancer cell type
or tumor type (Bidon-Wagner and Le Pennec 2004). Targeting specific galectin—
glycoprotein interactions may be successful in controlling tumor growth, based on
our knowledge of galectins and the biosynthesis of Gal-containing glycoconjugates.
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8.3 CANCER-SPECIFIC GLYCAN STRUCTURES AND MARKERS

Many of the glycoprotein-bound extended and terminal glycan structures and epi-
topes are shared between N- and O-glycans of glycoproteins and glycolipids; for
example, Lewis epitopes (Figure 8.1). The core sugar residues, however, are specific
for O-glycans or N-glycans. The expression of epitopes and structures of many gly-
cans have been reported to be altered in cancer cells and tumors, as described below.
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FIGURE 8.1 (See color insert.) Biosynthesis pathways of cancer-associated O-glycan struc-
tures. The pathways of O-glycosylation are a complex, amazing maze, and start with GalNAc
addition to Ser/Thr residues of glycoproteins. The figure shows only a few of the pathways rel-
evant to cancer. Four major core structures (1-4) can be extended in various ways. Most of the
glycosyltransferases that catalyze individual conversion steps (black arrows) exist as families of
enzymes, with slightly different acceptor substrate specificities. This apparent redundant supply
of enzymes ensures the synthesis of glycan determinants that could be functionally important.
The expression levels of these enzymes, their relative activities, and localization in the Golgi
and many other control factors determine the relative levels of glycans synthesized on a gly-
coprotein. ppGalNACT, polypeptide GalNAc-transferases; ST6GalNAc, a6-sialyltransferases;
C1GalT, core 1 p3-Gal-transferase; C3GIcNACT6, core 3 f3-GlcNAc-transferase, C2GnT, core
2 p6-GlcNAc-transferases, ST3Gal, a3-sialyltransferases; ST6GalNAc, a6-sialyltransferases;
FUT, fucosyltransferases, Gal3ST and GlcNAc6ST, sulfotransferases; B3GlcNACT, p3-GlcNAc-
transferases; P3GalT; P3-Gal-transferases; p4GalT, p4-Gal-transferases; p4GalNACT,
B4-GalNAc-transferases. Changes in the activities of early acting enzymes can drastically alter
the patterns of O-glycans in cancer. Incomplete structures are found if any of the intermediate
acting enzymes have low activities.
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Although some of these have been labeled “markers,” there is still an intensive search
for markers or patterns of markers that are specific for a cancer cell type or stage of
the disease.

A single GIcNAc residue linked to cytoplasmic and nuclear proteins (O-GlcNAc)
has also received much attention since it may be critical for the regulation of gene
transcription in cancer. Epithelial-mesenchymal transition of cancer cells is a dif-
ferentiation event that leads to the characteristics of an aggressive cancer, and a poor
prognosis, for example, in pancreatic cancer (Maupin et al. 2010). This transition is
accompanied by many changes in the expression of glycoproteins, as well as glycosi-
dases and glycosyltransferases, that shift the patterns of glycans of secreted and cell
membrane-bound glycoproteins.

Essentially, all cancer types are associated with glycosylation changes, espe-
cially O- and N-glycans of glycoproteins and the O-GIcNAc modification of
intracellular proteins. For example, the prostate produces many glycoproteins,
and altered glycoprotein structures have been found in prostate adenocarcinomas
(Peracaula et al. 2003, 2008; Tabarés 2006, 2007; Sayat et al. 2008; Meany et al.
2009; Dwek et al. 2010; Yoon et al. 2010; Sarrats et al. 2010; Fukushima et al.
2010; Premaratne et al. 2011). Abnormal glycans can change cancer cell antigenic-
ity, facilitate the escape of cancer cells from the immune response, and increase the
potential for metastasis (Hagisawa et al. 2005; Valenzuela et al. 2007).

N-Glycolyl-neuraminic acid (Neu5Gc) is known as a cancer-associated antigen.
It cannot be synthesized in humans due to lack of CMP-Neu5Ac hydroxylase, but
this sugar can be acquired from the consumption of animal products. Neu5Gc is
antigenic in humans, and in cancer patients, increased levels of anti-Neu5Gc anti-
bodies are found in the blood. In tumors, higher amounts of Neu5Gc are present on
glycoproteins and glycolipids, possibly due to the fast growth of cancer cells that
utilize the sialyltransferase donor substrate CMP-Neu5Gce originating from exog-
enous Neu5Gc (Devine et al. 1991; Malykh et al. 2001). Both the level of Neu5Gc in
glycoconjugates and the corresponding antibodies may be useful markers for cancer.

8.3.1 O-GLycAN STRUCTURES IN CANCER

O-Glycan structures in cancer cells are based on four major core structures (Figure
8.1) with cores 1 and 2 being the most common. Cores can be extended and termi-
nated with a great variety of glycan structures. Alterations of O-glycans in can-
cer have been summarized in previous reviews (Brockhausen and Kuhns 1997,
Brockhausen 1999). The Tn (GalNAca-), sialyl-Tn (sialyla6GalNAc-, STn), and
(sialyD)T antigens (Figure 8.1) are common in cancer cells. These small or trun-
cated O-glycans are especially increased in advanced tumors (Itzkowitz et al. 1990;
Springer et al. 1995) and are associated with a poor prognosis. T and Tn antigens
are expressed in a tissue-specific fashion along the sections of the intestines and the
colonic crypts. While sialyl-Tn increases in cancer, the mechanism may not nec-
essarily involve increased synthesis but may be due to increased exposure due to
decreased O-acetylation of sialic acids. A high proportion of sialic acids is normally
O-acetylated, but in cancer the amount of O-acetylation is reduced. This leads to
a higher degree of nonacetylated sialic acids and unmasking of epitopes that are
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normally recognized by sialic-acid-binding proteins or antibodies (Jass and Walsh
2001). Similarly, increased SLe* expression in cancer may be due to decreased
O-acetylation of sialic acids, or conversely, increased removal of the 9-O-acetyl
ester by sialate-O-acetylesterase (Shen et al. 2004).

Simple O-glycans, Tn, T, and sialyl-T antigens are variably expressed during
human sperm development (Rajpert-De Meyts et al. 2007). Thus, spermatids and
spermatozoa contain Tn but not sialyl-Tn antigens. The Tn antigen appears to be
converted to sialyl-Tn in adult testes. The pattern of antigen expression is different
in testicular germ cell tumors, and both sialyl-Tn and sialyl-T are abundant. STn
expression plays an important role in gastric cancer progression and the development
of gastric carcinoma cells to malignant cell types (Pinho et al. 2007). STn may also
protect cancer cells from natural killer cell lysis (Ogata et al. 1992; Blottiere et al.
1992).

Mucin-type O-glycans are the main carriers of blood group ABO antigens, and
changes in these blood group structures are common in cancer (Brockhausen and
Kuhns 1997). Terminal blood group epitopes in glycoconjugates may be lacking in
cancer, or incompatible blood groups may be expressed. Changes in blood groups
in cancer are inconsistent and include the ABO antigens, P, Sd*/Cad, and Lewis
antigens. For example, the blood group Sd* epitope, sialyla(2-3)[GalNAcP(1-4)]
Galp-, attached to core 3 (Figure 8.1), is missing in some colon cancer cells (Capon
et al. 2001). In gastric cancer, there is a dramatic downregulation of the p4GalNAcT
that synthesizes the Sd* epitope (Dohi et al. 1996; Dohi and Kawamura 2008).
Differentiated colon cancer cells Caco-2 secrete a soluble form of the enzyme.

Leukemia cells are often highly sialylated (Brockhausen and Kuhns 1997),
which alters their cell surface functions, adhesive properties, and survival in the
blood. Cancer glycoproteins, and especially those from metastatic cells, generally
have higher amounts of sialic acid (Bresalier et al. 1996), and the ratio of 2,3- to
2,6-linked sialic acids is often changed. Many tumors, for example, from colon,
liver, cervix, pancreas, and prostate are associated with increased amounts of SLe*,
but the levels of other Lewis antigens may also be altered. These selectin ligands
may be attached to the O-glycan core 2 structure of mucins or mucin-like molecules
and are instrumental in attaching cancer cells to the endothelium. Metastatic cells
especially can express high levels of selectin ligands. These changes are expected to
have a significant impact on the biology of the cancer cells.

8.3.2 MuciNs IN CANCER

MUCI is a major mucin, overexpressed on the cell surfaces of epithelial cancer cells.
Because of its very large size, MUCI1 may interfere with cell—cell recognition events,
although the O-glycans may possess ligands for cell-cell recognition and adhesion.
The glycosylation patterns of MUCI and other mucins have been shown to be abnor-
mal in cancer (Mungul et al. 2004; Hollingsworth and Swanson 2004; Marcos et al.
2004) and often consist of simpler O-glycans (T and Tn antigens; Figure 8.1). MUC1
is involved in immunosuppression, cell adhesion and other cell surface functions
(Hollingsworth and Swanson 2004; Tarp and Clausen 2008). Other mucins can also
be expressed at abnormal levels in cancer and may serve functions that are similar
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to those of MUCTI. Since the O-glycans are the predominant and exposed structures,
roles of mucins are mainly attributed to the properties of O-glycans.

The altered expression, glycosylation patterns, or antigenicity of tumor mucins are
often related to disease progression. MUC1, MUC3, MUC4, MUCS5B, and MUC5AC
are highly expressed in pancreatic cancer tissue (Balagué et al. 1995; Hollingsworth
and Swanson 2004; Tarp and Clausen 2008). Mucin antigens CA19-9 and DU-PAN-2
are found in a number of tumors, including pancreatic cancer (Magnani et al. 1983).
Mucin antigens are found in the serum (Metzgar et al. 1984) but may originate from cell
surface mucins. For example, MUCI not only is highly expressed but also has abnor-
mal antigenic properties in pancreatic cancer cells, and is cleaved from the cell surface.
The cell surface mucin MUCH4 that is overexpressed in pancreatic cancer interacts with
receptor tyrosine kinase HER2 in pancreatic adenocarcinoma cells, thus regulating cell
signaling and potentially influencing the progression of cancer (Chaturvedi et al. 2008).

Prostate adenocarcinomas produce membrane-bound and secreted mucins that
are altered both in expression levels and in structure (Cozzi et al. 2005; Li and Cozzi
2007; Premaratne et al. 2011). MUCI is underglycosylated in prostate cancer but
is overexpressed and accelerates cancer cell progression (Burke et al. 2006; Li and
Cozzi 2007; Garbar et al. 2008). O-Glycan structures of MUCI in prostate cancer
cells include core 2 oligosaccharides (Figure 8.1) (Premaratne et al. 2011). Core 2
forms the scaffold structure for SLe* and may play a critical role in controlling the
adhesion of cancer cells to the endothelium (Hagisawa et al. 2005). A high content
of shorter core 1 structures, as well as sialylated core 1 structures, were typically
found in breast cancer MUCI (Premaratne et al. 2011). The gel-forming secreted
mucin MUC2 is normally highly glycosylated and expressed in the colon and other
tissues. Its expression is significantly lower in nonmucinous adenocarcinoma than in
mucinous adenocarcinomas of the prostate (Osunkoya et al. 2008).

Mucins in gastrointestinal cancers appear to contain less carbohydrate and
increased amounts of Tn, STn, and T antigens. The degree of sulfationis alsodecreased
in colon cancer (Brockhausen 1999), and instead, there is increased sialylation of
mucins (Yamori et al. 1987). The reciprocal relationship between sialylation and
sulfation may be explained by the competition of sialyl- and sulfotransferases for
the same acceptor substrates. Altered sulfation may also indicate changes in sulfate
transport, synthesis and transport of sulfate donor substrate PAPS, or may be due
to altered glycosylation and changes in substrate structures. In human colonic ade-
noma cells, mucin sulfation and sulfotransferase activities toward O-glycans were
lower in cells progressing to the tumorigenic phenotype (Vavasseur et al. 1994). In
colon tumors, sulfotransferase activities were also lower than in normal colon tis-
sue, which suggests that sulfotransferases are downregulated in colon cancer (Yang
et al. 1994).

The expression of mucin antigens such as Lewis antigens has a gradient along the
length of the normal intestines, and along the colonic crypts (Orntoft et al. 1990).
These antigens are markers of poorly differentiated adenocarcinomas, as well as met-
astatic tumors, and are related to a poor clinical outcome. The antigenicity of MUC1
is also altered in ovarian cancer, and MUCI is overexpressed. CA125, isolated from
ovarian tumor cells, is another glycoprotein that has mucin-type O-glycans with
core 2 structures and Lewis x and y determinants. Although CA125 is considered
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a pan-tumor marker, it is also found in benign ovarian disease (Lloyd et al. 1997).
These highly glycosylated proteins are useful for diagnosis and have shown some
success in cancer vaccines and to specifically target cancer cells that overexpress and
abnormally glycosylate mucins.

8.3.3 O-GrcNAc IN CANCER

A single GlcNAc residue (O-GlcNAc) p-linked to the hydroxyl of Ser/Thr residues
of cytoplasmic and nuclear proteins is an important regulator of protein stability and
function (Mi et al. 2011; Hart et al. 2010; Slawson et al. 2010). Phosphorylation of
Ser/Thr residues competes with O-GlcNAc modification; thus, O-GlcNAc regulates
phosphorylation, gene transcription and cell growth. Variable levels of O-GlcNAc
modification of intracellular proteins have been found in cancer. O-GIcNAc can
be detected with anti-O-GIcNAc antibody, and the amounts of O-GIcNAc are
increased in breast cancers and other tumors and are especially high in metastatic
tissues. O-GIcNAc was shown to stabilize proteins such as p53 tumor suppressor
(Yang et al. 2006), which could be beneficial for the induction of apoptosis and cell
growth arrest in tumors. However, tumor invasion and metastasis may be enhanced
via the O-GlcNAc modification of transcription factors (Caldwell et al. 2010; Gu
et al. 2010). The transcriptional regulator C-Myc is glycosylated with O-GIcNAc
mainly at Ser58, which is also a phosphorylation site and a common site of muta-
tion in lymphomas (Chou et al. 1995). In Ewing’s sarcoma, O-GIcNAc may be
involved in transcriptional activation of the oncogene EWS-FLII, which appears to
have the O-GIcNAc modification at the amino-terminal transcriptional activation
domain (Bachmaier et al. 2009). Beta-catenin is involved in the regulation of intra-
cellular Wnt signaling pathways and gene expression and is also modified by both
O-GlcNAc and phosphorylation. The amount of O-GlcNAc is inversely related to
the transcriptional activity of beta-catenin in prostate cancer cells (Sayat et al. 2008).
The anchorage-independent growth of lung and colon cancer cells is enhanced by
the O-GIlcNAc modification of lung cancer cells A549, H1299, and colon cancer
cells HT29. O-GlcNAc contributes to increased breast tumor growth, invasion, and
metastasis (Mi et al. 2011; Caldwell et al. 2010).

The enzyme that adds O-GIcNAc to proteins is O-GlcNAc-transferase (OGT).
Breast cancer tissues show increased OGT expression (Caldwell et al. 2010).
The balance between synthesis and degradation appears to be disturbed in can-
cer and may be due to increased expression of OGT (Mi et al. 2011). While OGT
adds GIcNAc to Ser or Thr residues of proteins in the cytoplasmic compartment,
an N-acetylglucosaminidase (OGA) specifically removes the O-GlcNAc residue.
OGA inhibitors (e.g., PUGNAC) can therefore achieve high intracellular levels of
O-GlcNAc. Staining of lung and colon cancer tissues with an anti-OGT antibody
showed that the expression of OGT was increased in tumors, while OGA showed
no significant change of expression (Mi et al. 2011). OGT may therefore be a useful
therapeutic target in some cancer types. The significance in cancer of site-specific
O-GlcNAc residues is not yet known, but knowledge of the attachment and dynam-
ics of O-GlcNAc at specific sites may add to our understanding of the regulation of
tumor growth.
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8.3.4 N-GLycAaN STRUCTURES IN CANCER

Blood groups and other epitopes can be attached to the nonreducing end of N-glycan
antennae of glycoproteins, and these epitopes can be overexpressed in cancer. The
number of antennae directs the lengths, structures, and functional properties of
N-glycans (Brockhausen, Schutzbach et al. 1998) (Figure 8.2). N-Glycans are impor-
tant in the regulation of cell adhesion. The display of multiple possible ligands can
increase the affinity and lattice formation of lectins that regulate cell adhesion, motil-
ity, cell growth, and apoptosis (Lagana et al. 2006). The most commonly observed
changes in cancer cell glycoproteins are in the ratios of bi-, tri- and tetraantennary
structures, as well as in core a6-fucosylation (Li, Song et al. 2010) (Figure 8.2).
For example, the common serum cancer marker carcinoembryonic antigen, which is
involved in cell adhesion, has highly branched and extended N-glycans. The anten-
nary GIcNAc residues can all be extended and carry similar glycans that may be
involved in regulating cell adhesion. The 1,6 antenna of tri- and tetraantennary

Can be elongated

ﬁ2
a3 Q) a6 a3 a6 o3 a3
GlcNAcT 1 - Mannosldase 11 GlcNAcT 11 GlCNACT 111
a6FUT VIII

GIcNACT-V
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FIGURE 8.2 (See color insert.) N-Glycosylation pathways in cancer cells. After the assem-
bly of a large oligosaccharide on dolichol in the cytoplasmic and endoplasmic reticulum
(ER) compartments and the transfer to Asn residues of proteins in the ER, sugar residues are
removed by processing glucosidases and mannosidases in the ER and Golgi. The figure shows
pathways of interest in cancer. SLe* or other terminal epitopes can be synthesized similarly to
the assembly of O-glycans. Terminal sialyla(2—6)Gal is found in increased amounts in colon
cancer and is added by ST6Gal. These termini are not found on O-glycans. The symbols and
enzyme names are explained in Figure 8.1. Short gray arrows indicate possibilities of sugar
additions and extensions.
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N-glycans may differ from other antennae in their flexibility due to rotation of the 1,6
bond. Having an additional third or fourth antenna may make a significant difference
in the bulkiness of glycans that may be antiadhesive and may mask or stabilize the
underlying protein structure.

The extensions of the B1,6 antenna appear to block cell adhesion and are related
to metastasis in human hepatoma cells (Guo et al. 2000) and in other types of cancer
cells. The P1,6 antenna also contributes to loss of contact inhibition and reduced cell—
extracellular matrix interactions in melanoma cells (Przybylo and Litynska 2011).

The N-glycans of the cell adhesion molecule E-cadherin regulate its adhesion
function. While bisected N-glycans (Figure 8.2) caused increased cell—cell adhesion,
consistent with decreased metastatic properties, the 1,6 antennae appear to cause
the opposite effect, thus contributing to decreased cell adhesion and tumor cell inva-
siveness (Pinho et al. 2009). The mechanism of the effect of bisected N-glycans may
involve control of glycoprotein expression and turnover, while the long extended
glycans based on the p1,6 antenna have a direct antiadhesive effect. Other adhesion
molecules are also affected by the structures of their N-glycans. For example, the
adhesive functions and ligand binding of integrins are controlled by the structures of
their N-glycans. In B16 melanoma cells, bisected GlcNAc residues reduced integrin
asp;,-mediated adhesion to fibronectin (Isaji et al. 2004).

In several cancer types, increased N-glycan core a6-fucosylation is seen (Li, Song
et al. 2010). The Fuca(1-6)GIcNAc structure is a marker for hepatocellular carci-
nomas although other cancer types also show an increase in core fucosylation (Lin
et al. 2011; Miyoshi, Shinzaki et al. 2010; Miyoshi, Ito et al. 2010). In mice, core Fuc
appears to regulate antigenicity, growth factor receptor functions, and cell growth
(Zhao et al. 2008). N-Glycans from metastatic tumors of lung and breast express high
amounts of SLe* (Arnold et al. 2011). Abnormalities can also be detected by gly-
comic and glycoproteomic analysis of patient’s serum. Serum IgG from gastric can-
cer patients was shown to carry triantennary N-glycans with high amounts of SLe*, as
well as core Fuca(1-6) and agalactosyl-biantennary N-glycans, compared to normal
serum IgG (Bones et al. 2011). These changes could be related to disease progression.

The highly sialylated glycans in lung cancer (Arnold et al. 2011) can be part of
lectin or selectin ligands. Alternatively, sialic acid can mask ligands for galectins or
other mammalian lectins involved in cell surface interactions. Terminal sialylo(2—-6)
residues on N-glycans are increased in colon cancer (Dall’Olio et al. 1989, 2000;
Dall’Olio and Chiricolo 2001) and in other cancers and are associated with a poor
prognosis. The role of a6-linked sialic acid has been studied in cultured colon can-
cer cells HT29 and was shown to involve cell migration (Zhu et al. 2001). Highly
a6-sialylated cells were more invasive through the extracellular matrix and may
therefore have an increased potential as invasive cancer cells. In contrast, in a lectin-
binding study of gastric tumors with high metastatic potential, sialic acid residues
in a2,3-linkage were found to be increased and to correlate with invasive depth and
lymph node metastasis (Wang et al. 2009). The highly metastatic cell line SGC-7901
was particularly reactive with sialylo(2-3)-binding Maackia amurensis lectin.

Prostate-specific antigen (PSA), a biomarker used for prostate cancer diagnosis,
contains one N-linked oligosaccharide. Normal serum PSA has mainly bianten-
nary complex chains, while PSA from prostate cancer patients has more tri- and
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tetraantennary N-glycans (Tabarés et al. 2006; De Leoz et al. 2008; Tajiri et al.
2008). Significant changes were also seen at the nonreducing ends of the oligosac-
charide chains. Sialic acid residues were found in increased amounts on prostate can-
cer cells and are functionally important (Suriano et al. 2005, 2009; Valenzuela et al.
2007). The ratio of a2,3- to a2,6-linked sialic acids is increased, as well as fucosyl-
ation at the nonreducing end of N-glycan chains (Ohyama et al. 2004; Peracaula et
al. 2003; Meany et al. 2009; Fukushima et al. 2010).

The neural cell adhesion molecule (NCAM) is involved in neural recognition
events, neural development, cell adhesion, and migration. NCAM has N-glycans car-
rying a high amount of polysialic acids in a2,8-linkages that control cell adhesion
and are formed by polysialyltransferases ST8Siall and ST8SialV. The amount of
polysialic acid is significantly increased in Wilm’s tumor and small lung cell can-
cer, especially in late stages and metastases (Tanaka et al. 2000). However, while
metastases from neuroblastoma were rich in polysialic acids, NCAM was deficient
in polysialic acid in patients with advanced disease accompanied by an unfavorable
prognosis (Cheung et al. 2006; Korja et al. 2009). Neuroblastoma cell lines also
differ in their expression in NCAM and polysialic acid (Valentiner et al. 2011). The
tumors formed in SCID mice by neuroblastoma cells expressing NCAM and polysi-
alic acid showed a disseminated pattern of small metastases. Polysialic acid there-
fore can reduce adhesiveness of neuroblastoma cells and promote dissemination; it
regulates cell adhesion and migrations and contributes to metastasis. A number of
NCAM glycoforms also express the sulfated human natural killer-1 (HNK-1) (CD57)
epitope (sulfo-3-O-GlcAp(1-3)Galp(1-4)GlcNAc), which can be linked to N-glycans
or to O-glycans with the core 2 structure in a cell type-specific fashion. The HNK-1
epitope is displayed on many neuroblastoma, lymphoma, leukemia, and melanoma
cells and may contribute to cell adhesion and metastatic potential (Brockhausen and
Kuhns 1997; Casado et al. 2008). Because of the heterogeneity and complexity of
N-glycan structures and their cell-specific expression, highly sensitive methods to
accurately define minute alterations as markers of cancer are extremely useful.

8.4 BIOSYNTHESIS AND GLYCODYNAMICS OF
TUMOR-ASSOCIATED STRUCTURES

8.4.1 GENERAL MECHANISMS OF GLYCOPROTEIN BIOSYNTHESIS

Glycoprotein-bound glycans are extremely heterogeneous in structure and are assem-
bled and modified according to specific pathways and the activities of their biosyn-
thetic enzymes, including glycosyltransferases and sulfotransferases (Brockhausen
2006, 2007, 2010). The heterogeneity of glycan structures in glycoproteins includes
incomplete or intermediate structures or highly extended chains. Intermediate struc-
tures are often substrates for several enzymes; thus, the relative activities determine the
relative amounts of glycans produced in the final glycoprotein. Truncated structures of
cancer glycoproteins could arise by several possible mechanisms. For example, a gly-
cosyltransferase activity involved in chain extension or branching (Figure 8.1) may be
downregulated, leading to the accumulation of intermediate structures, which then can
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become substrates for competing enzymes. Alternatively, specific glycosyltransferase
and sulfotransferase genes could be up- or down-regulated in tumors, thus produc-
ing high amounts of core structures, extensions, or terminal epitopes that would block
the synthesis of competing structures and shift the overall balance of glycans. SLe* is
assembled by enzymes from four different glycosyltransferase families, and shifts in the
expression of any of these enzymes in cancer have the potential to alter the expression
of SLe*. For example, sialyltransferase ST3Gal3, which acts on N-acetyllactosamine
extensions of N- and O-glycans, was shown to enhance the metastatic potential and
migration of pancreatic cancer cells Capan-1 and MDA Panc-28, which was related to
increased synthesis of SLe* (Pérez-Garay et al. 2010).

A number of factors are thought to regulate the complex biosynthetic pathways.
Many of the enzymes require divalent metal ions for their activities. Enzymes also
appear to be stimulated by interactions or complex formation with other proteins
and the membrane environment that may affect enzyme protein conformation and
activity. For example, the activity of the extension enzyme B3GIcNACTS involved
in the synthesis of N-acetyllactosamine chains in colon cancer (Ishida et al. 2005)
was increased when the two members of the B3GIcNACT family, B3GIcNACT2 and
B3GIcNACTS, were mixed in vitro (Seko and Yamashita 2005). This indicates that
the complex formation with other enzymes may be an important activating factor in
the biosynthesis of glycoproteins. The proper transport, localization, and topology
of enzymes as well as the concentrations of enzymes and substrates within the intra-
cellular compartments are essential for efficient biosynthesis. The kinetic proper-
ties, specificities, and access of enzymes to their substrates and cofactors determine
the final glycan structures. Under the conditions of the endoplasmic reticulum (ER)
and Golgi environment, competing enzymes may differ in their kinetic properties.
From studies of the peptide site specificity of glycosyltransferases, the enzymes that
assemble O-glycan core structures clearly distinguish between glycosylation sites
(Brockhausen et al. 2009) and may thus have different reactivities toward individual
glycoproteins. Thus, an abnormal expression of mucins and glycoproteins in cancer
may in part determine their glycosylation patterns. The functional consequences of
alterations depend on the glycoproteins expressed in a particular cell. The control
mechanisms in cancer cells may become clear upon understanding these complex
regulatory factors of glycoprotein biosynthesis (Brockhausen, Schutzbach et al.
1998; Brockhausen 1999). Little is known about the transcriptional regulation of
glycosyltransferase genes and differential splicing in cancer although a number of
glycosyltransferase genes have been shown to contain binding sites for transcription
factors and other regulatory factors. For example, the extension enzyme p4GalT5,
which contributes to the growth of glioma cells (Jiang and Gu 2010), is regulated by
RAS-MAPK and PI3K-AKT signaling pathways, involving E1AF and Spl transcrip-
tion factors, which may be involved in the uncontrolled growth of cancer cells.

8.4.2 RoLe oF ABERRANT O-GLYCOSYLATION PATHWAYS IN CANCER

In cancer cells, typically, truncated, immature O-glycans, as well as the completed Lewis
antigen structures, are present (Figure 8.1). Truncated O-glycans such as Tn and T antigens
(GalNAc- and Galp3GalNAc-) may be exposed when there is excessive O-glycosylation
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by overexpression of members of the large family of polypeptide GalNAc-transferases
(ppGalNACTs). The expression of polypeptide GalNAc-transferases is restricted and cell
type specific, but ppGalNACT 1, 2, 3,4, 6, and 11 are expressed in many neoplastic cells.
The ppGalNACT 3 expression was found to be a negative indicator of disease aggres-
siveness and tumor differentiation (Table 8.1). A strong expression correlated with a
good prognosis for 5 year survival in colorectal carcinoma patients (Shibao et al. 2002).
The reason for this association with cancer is not clear. In pancreatic cancer tissue, the
expression of ppGalNACT 3 was shown to be increased (Taniuchi et al. 2011), and the
suppression of the ppGalNACT 3 expression in pancreatic cell lines by small interfering
RNA decreased cancer cell growth and induced apoptosis. The differences between the
colon and pancreatic tumors may be related to the O-glycosylation of specific proteins
involved in growth regulation in these cells.

The expression of another enzyme of the ppGalNACT family, ppGalNACT 6, was
found to be increased in pancreatic tissues and related to a better outcome in patients
(Li et al. 2011). Similarly, ppGalNACT 6 expression was shown to be upregulated
in the majority of breast cancers but was not detected in other tissues (Park et al.
2010, 2011). When the expression of the enzyme was suppressed by treatment of
metastatic breast cancer cells T47D with small interfering RNA, cell adhesion was
enhanced while cell proliferation was suppressed (Table 8.2). This suggests a role of
the enzyme in mammary carcinogenesis and growth of breast cancer cells, but the
specific glycoprotein substrates remain to be identified. Breast tumors showed an
unusually high but heterogeneous expression of ppGalNACT 14 (Wu et al. 2010). The
expression in tumors showed a significant association with the histological grades,
invasiveness, mucinous adenocarcinomas, and ductal carcinomas in situ types.

The lack of further processing of GalNAc residues can lead to accumulation of the
Tn antigen. Thus, lack of core 1 f3-Gal-transferase (C1GalT) activity in human colon
cancer cells LSC (Brockhausen, Yang et al. 1998) leads to Tn expression (Figure 8.1;
Table 8.1). The enzyme is unique in that a chaperone “Cosmc” has to be coexpressed.
Due to a mutation in the cosmc gene, C1GalT is degraded in LSC cells (Ju et al. 2008).

The expression of the STn antigen can be a result of lack of O-glycan core syn-
thesizing enzymes, allowing GalNAc to be sialylated instead of being converted
to core structures 1 or 3 (Figure 8.1). STn levels may be excessive in cases where
there is a high expression of ST6GalNAc-I or -II (Brockhausen et al. 2001; Marcos
et al. 2004). ST6GalNAc-I is the main enzyme responsible for the synthesis of the
STn antigen in the intestines and a restricted number of other tissues. Although the
mRNA is not expressed in the normal mammary gland, it appears to be switched on
in 30% of breast carcinoma cells, and this correlates with STn expression. The broad
distribution of ST6GalNAc-I in the Golgi enables it to compete with C1GalT for the
common GalNAc substrate (Sewell et al. 2006). Once STn is formed, C1GalT can
no longer synthesize core 1. ST6GalNAc-I transfection resulted in increased STn in
metastatic breast cancer cells T47D (Figure 8.1) (Julien et al. 2005, 2006) and led
to a decrease in cell adhesion and an increase in cell migration. In addition, STn-
expressing clones of human breast cancer cells MDA-MB-231 showed enhanced
tumor growth in mice. In gastric carcinoma cells MKN45, the expression of STn
was shown to modify cell cycle and apoptosis, adhesion, and motility (Pinho et al.
2007). These observations strongly implicate STn in tumorigenicity.
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TABLE 8.1

Aberrant Glycosyltransferase and Sulfotransferase Patterns in Tumor Cells

Enzyme Abnormality

Decreased ppGalNAcT 3 expression

Increased ppGalNACT 3 expression

Increased ppGalNACT 6 expression

ppGalNACT 14 expression

Mutation in cosmc and loss of
C1GalT activity

Decreased core 3 B3GIcNACT
(C3GIcNACT6) activity

Decreased core 3 B3GIcNACT
(C3GIcNACT6) protein

Increased C2GnT1 expression

Lack of C2GnT1 expression

Increased FUT I, FUT IV, and
ST6Gal-I expression

Decreased FUT III expression

Increased FUT III-VII expression

Increased FUT VI expression
High ST3Gall activity and
expression

High ST6GalNAc-II expression
Increased GIcNACT-V expression
and activity

Increased ST6Gal-I expression

Increased P3GIcNACTS expression
Increased p4GalT5 expression
Loss of p4GalNACT, Sd*

Occurrence

Aggressive colon cancer
Pancreatic cancer tissue
Breast cancer
Breast cancer

Colon cancer cells LSC

Colon cancer tissues and
cells

Tumorigenic polyposis coli
cells

Colon cancer, gastric cancer

Progressing prostate cancer

Prostate cancer cells

Leukemia cells

Variable in breast, colonic
cancer cells

Variable in prostate cancer
cells

Colorectal adenomas

Liver metastases

Lung adenocarcinoma cells

Breast cancer

Breast tumors

Variable in breast cancer
cells

Variable in prostate cancer
cells

Colon cancer

Breast tumors

Colorectal adenomas

Liver metastases

Bladder cancer

Prostate cancer cells

Melanoma

Colon cancer

Many cancers

Colon cancer, many cancers

Glioma

Gastric cancer
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TABLE 8.1 (Continued)
Aberrant Glycosyltransferase and Sulfotransferase Patterns in Tumor Cells

Enzyme Abnormality Occurrence References
Decreased sulfotransferase activities Colon cancer Vavasseur et al. (1994); Yang
Tumorigenic polyposis cells et al. (1994)
Increased O-GlcNAc-transferase Breast cancer Caldwell et al. (2010) and
expression Mietal. (2011)

There are three versions of sialylated T antigens, which are found in both normal
and cancer cells, as a result of a3- and a6-sialyltransferase activities (Figure 8.1).
The mRNA expression of ST6GalNAc-II that acts on core 1 to synthesize sialyl6T
is increased in colorectal cancer with lymph node metastases, correlating with a
shorter survival (Schneider et al. 2001). The expression and activity of ST3Gall
that synthesizes sialyl3T is increased in colon carcinomas (Table 8.1), as well as in
breast tumors (Brockhausen et al. 1995; Burchell et al. 1999). ST3Gall competes
with C2GnT1 (Dalziel et al. 2001) for the common core 1 substrate, and the resulting
structures depend on the relative activities of these two enzymes. The intracellular
distribution of C2GnT1 and ST3Gall in T47D cells is partially overlapping, which
is critical for this competition. Once core 1 is sialylated, it cannot be converted to
the core 2 structure, but the reverse pathway is possible; core 2 can be a substrate for
ST3Gall. Studies of mammary tumorigenesis in mice that spontaneously develop
mammary tumors showed that tumor formation was significantly faster in ST3Gall
transgenic mice. This suggests a role of sialylation in tumorigenesis, possibly by
giving an advantage to cancer cells in the circulation or during tumor development
(Picco et al. 2010) (Table 8.2).

The branched and complex core 2 structures are synthesized by a family of
C2GnTs. We have shown that the activity and mRNA expression levels of C2GnT|1
are variable among breast cancer cells (Brockhausen et al. 1995), colon cancer cells
(Vavasseur et al. 1994, 1995), and prostate cancer cells (Gao, Cheng et al. 2010).
While some cells have a high activity, other cells completely lack C2GnT1 activ-
ity. Normal human colon has a high activity of the C2GnT that synthesizes core 4
(C2GnT2) (Figure 8.1). However, the enzyme is variably active or absent from cul-
tured colon cancer cells (Vavasseur et al. 1995). C2GnT2 expression in human colon
cancer HCT116 cells suppressed cell growth, cell adhesion, and invasive properties.
It also depressed tumor growth in mice (Huang et al. 2006) (Table 8.2). In contrast
to the apparent beneficial effect of C2GnT2, the expression of C2GnT1 has been
correlated with vessel invasion of colon cancer cells (Shimodaira et al. 1997). The
metastatic potential of testicular germ cell tumors as well as aggressive growth is
also related to C2GnT1 (Hatakeyama et al. 2010). This may be due to the fact that
SLe* structures are often attached to the GIcNAc residues of core 2.

Human and rat colonic mucins carry many O-glycans with core 3 struc-
tures and have the enzyme (C3GIcNACT6) that synthesizes core 3 from GalNAc-Thr/
Ser-peptide, but the activity is low in colon tumor tissues (Yang et al. 1994; King et al.
1994). In contrast to C2GnT1, which can be upregulated in cancer cells, C3GIcNACT6
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TABLE 8.2
Roles of Glycosyltransferases and Glycosylation in Cancer

Glycoconjugate,

Enzyme, Lectin Biological Role References
ppGalNACcT 3 Increases pancreatic cancer cell Taniuchi et al. (2011)
growth
ppGalNAcT 6 Contributes to mammary Park et al. (2010, 2011)
carcinogenesis
STn Contributes to progression of gastric ~ Pinho et al. (2007)
cancer
Protects cancer cells from NK cell Blottiere et al. (1992)
lysis
C2GnT1 Induces aggressive growth, invasion ~ Hatakeyama et al. (2010)

Metastatic potential of testicular germ Shimodaira et al. (1997)
cell tumors

C2GnT2 Decreases colon cancer cell growth ~ Huang et al. (2006)
and invasiveness
C3GIcNACT6 Decreases migration of HT1080 Iwai et al. (2005)
FP-10 cells
Suppresses lung metastases
Decreases tumor growth and Lee et al. (2009)

metastasis in PC-3 and LNCaP
prostate cancer cells

GIcNACT-III, In mice reduces growth factor Song et al. (2010) and Isaji et al. (2004)
bisected signaling of mammary cells, Yoshimura et al. (1995), Pinho et al.
N-glycans inhibits breast tumor growth (2009), Kariya et al. (2008), and Zhao

Decreases integrin-adhesion et al. 2008

antimetastatic

GIcNACT-V Decreases cell adhesion to substrate, Demetriou et al. (1995) and Dennis et al.
metastatic phenotype (1999) Pinho et al. (2009), Zhou et al.
Increases lung cancer cell growth, (2011), and Ohyama (2008)

motility, invasiveness, causes loss of
contact inhibition related to
malignant potential in bladder
cancer
Disrupts acinar morphogenesis of Guo et al. (2010)
human mammary cells MCA-10A

p4GalTs Regulates growth of glioma cells Jiang and Gu (2010)

p4GalNACT III Enhances malignant potential of Huang et al. (2007)
colon cancer cells

FUT I Leads to high expression of SLe* in Inaba et al. (2003)

PC-3 cells, large prostate tumors,
increased adhesion to stromal
cells
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TABLE 8.2

(Continued)

Roles of Glycosyltransferases and Glycosylation in Cancer

Glycoconjugate,
Enzyme, Lectin

FUT VII

Sialyl-Lewis x,
E-selectin

Core Fucal-6,
FUT VIII
Sialic acids

ST3Gall

ST3Gal3

Sialic acid a2,6
ST6Gal-1

O-GIcNAc-
transferase

Galectin-1

Galectin-3

Heparanase

Hyaluronan
Versican

MUCI1

Biological Role

Increases chemotactic migration,
invasion of colon cancer cells
LOVO

Contributes to metastasis of lung
adenocarcinoma cells

Indicator of poor prognosis in lung
carcinoma

Contributes to metastasis (e.g., of
B16 melanoma cells)

Causes cell adhesion, invasion,

migration, metastasis

Regulates cell growth

Prevent growth factor receptor
oligomerization and signaling

Increases breast cancer cell survival
in mice

Enhances metastatic potential and
migration of pancreatic cancer cells
Capan-1 and MDAPanc-28

Contributes to cell migration,
invasiveness

Decreases Fas-apoptosis

Regulation of protein
phosphorylation, gene transcription,
contributes to breast tumor growth
and invasion

In mice, evasion of tumor cells from
immune system, increased tumor
survival and aggressive metastases

Cell adhesion (e.g., in melanoma
cells)

Neovascularization, tumor
progression, metastasis

Contributes to tumor progression
Metastasis of ovarian cancer

Adhesion, immune suppression

References

Li, Zhang et al. (2010)

Martin-Satué et al. (1999)

Ogawa et al. (1997)

Chen and Fukuda (2006) and Nakamori

et al. (1993), St.Hill et al. (2009)

Zhao et al. (2008)

Amith et al. (2010)

Picco et al. (2010)

Pérez-Garay et al. (2010)

Zhu et al. (2001)

Swindall and Bellis (2011)

Caldwell et al. (2010), Mi et al. (2011),

and Hart et al. (2010)

Stannard et al. (2010)

Zhang et al. (2002)

Barash et al. (2010)

Itano and Kimata (2008)
Ween et al. (2011)
Hollingsworth and Swanson (2004)
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and C2GnT?2 activities are often lacking in cultured colon, prostate, and other cancer
cells (Vavasseur et al. 1994, 1995; Gao, Cheng et al. 2010; Yang et al. 2008). These
latter two enzymes (Brockhausen et al. 1985) may, therefore, contribute to the main-
tenance and functions of a normal mucosa. Lower levels of the C3GIcNACcT6 protein
were detected in gastric cancer compared to normal gastric mucosa (Iwai et al. 2005).
In the absence of core 3 synthesis, GalNAc is available as a substrate for C1GalT,
allowing a higher production of O-glycan core 1, the T antigen (Figure 8.1). Studies of
core 3 synthesis in colon carcinoma (Iwai et al. 2005) suggested that core 3 has a pro-
tective function (Table 8.2). Transfection of human fibrosarcoma cells HT1080 FP-10
with the C3GIcNACT6 gene decreased migration of cells and drastically suppressed
lung metastases. Lee et al. (2009) investigated the role of core 3 in prostate cancer
cells. C3GIcNACT6 transfected PC-3, and LNCaP cells showed reduced ability of
migration and invasion through extracellular matrix components, and suppressed
tumor formation and tumor metastasis in mice.

The E-selectin ligand SLe* is synthesized by P3GlcNAc-transferases
(B3GIcNACT), p4Gal-transferases (B4GalT), a3Fuc-transferases (mainly FUT IV
or VII), and o3sialyltransferases (ST3Gal) (Figure 8.1). The expression of the indi-
vidual members of these glycosyltransferase families is cell type specific and can
be altered in tumor cells, for example, in prostate cancer cells (Inaba et al. 2003;
Barthel et al. 2008, 2009; Gao, Cheng et al. 2010; Matsuura et al. 1998; Kudo et al.
1998; Trinchera et al. 2011; Martin-Satué et al. 1998). Colorectal carcinomas showed
increased FUT I and IV expression, while liver metastases showed decreased FUT
III expression (Petretti et al. 2000). FUT I11 is the only FUT that synthesizes the al,4-
linkage, which is the basis for Lewis a (Fuca(1-4)[Galp(1-3)]GlcNAcp-) and Lewis b
(Fuca(1-4)[Fuca(1-2)Galp(1-3)]GIcNAcp-) epitopes. Transfection of FUT III gene
into prostate cancer cells PC-3 led to high levels of SLe* and in mice to increased
adhesion to stromal cells and large tumors (Inaba et al. 2003). FUT VII, which adds
Fuc to sialylated substrates, is a major contributor to metastasis of HAL-24Luc
cells (Martin-Satué et al. 1999) and may be a marker indicating a poor prognosis in
lung carcinoma (Ogawa 1997). The effects of FUT VII in colon cancer cells LOVO
include increased chemotactic migration and invasion (Li, Zhang et al. 2010). The
extensions of glycan chains are important in forming the scaffold for glycosylated
epitopes and can direct the biology of a cell. For example, f4-GalNAc-transferase
III (Table 8.2) forms GalNAcP(1-4)GlcNAc- chain extensions and is upregulated
in colonic tumors; its overexpression enhances tumor growth, invasion, and metas-
tasis of colon cancer cells (Huang et al. 2007). Thus, a multitude of cancer-related
changes affect enzymes involved in the synthesis of O-glycan cores, their extensions,
and terminal antigens. The underlying molecular mechanisms remain to be shown.
We also need to clearly delineate how this affects the functions of glycoproteins.

8.4.3 SYNTHESIS OF N-GLYcANs IN CANCER CELLS

Asn-linked N-glycans are preassembled on dolichol-phosphate, transferred to pep-
tides within the Asn-X-Ser/Thr sequon, and processed involving a number of cyto-
plasmic reactions and ER membrane-bound glycosyltransferases (Brockhausen,
Schutzbach et al. 1998). Little is known about the relationship of early acting enzymes
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to cancer. After removal of mannose residues in the ER and Golgi, N-glycans can
be converted to complex-type chains by the sequential action of GIcNACT-I, man-
nosidase II, and GIcNACT-II (Figure 8.2). The enzyme activities of GIcNACT-1I to -V,
which affect the overall N-glycan branching patterns and structures, are upregulated
during colon cancer cell differentiation (Brockhausen et al. 1991). The expression of
GIcNACT-III or -V (Figure 8.2) is often altered in cancer (Li, Song et al. 2010) with
implications in cell migration and carcinogenesis.

GIcNACT-III adds the bisecting GIcNAc residue to N-glycans after the action of
GIcNACT-I (Brockhausen, Schutzbach et al. 1998). GIcNACT-III can act on bi-, tri-
and tetraantennary N-glycans and decreases the possibility of further extension and
branching, probably due to the crowded configuration or distorted conformation of
the bisected N-glycan together with the substrate specificities of GIcNACTs.

GIcNACT-III is thought to have antimetastatic properties (Zhao et al. 2008), and
GIcNACT-III transfected into mouse B16 melanoma cells suppressed tumor forma-
tion in mice (Yoshimura et al. 1995). GIcNACT-III was also shown to inhibit breast
tumor growth in mice, possibly by reducing platelet-derived growth factor signaling
(Song et al. 2010). While bisected N-glycans caused increased cell-cell adhesion of
B16 melanoma cells (Yoshimura et al. 1995) consistent with decreased metastatic
properties, GIcNACT-V appeared to cause the opposite effect, thus contributing to
decreased cell adhesion and to tumor cell invasiveness. In B16 melanoma cells, the
bisecting GlcNAc residue reduced integrin osf3;-mediated adhesion to fibronectin
(Isaji et al. 2004). When human gastric carcinoma cells MKN45 were transfected
with GIcNACT-V, increased cell migration on laminin resulted, while GlcNACT-III
had the opposite effect, possibly by impairing integrin clustering (Kariya et al.
2008). Thus, in most models studied, GIcNACT-III caused a decrease in cancer cell
migration, while GIcNACT-V promoted cancer cell motility.

The GIcNACT-V gene has several binding sites for transcription factors (Saito et al.
1995), and it has been shown that the gene is regulated through the RAS—-RAF-
MAPK signal transduction pathways in cancer cells (Dennis et al. 1999). GIcNAcT-V
expression was also shown to be regulated by oncogenes such as src (Buckhaults et al.
1997), and this may play an important role in cancer cell growth and metastasis (Lau
and Dennis 2008). The display of additional carbohydrate epitopes due to GIcNACT-V
action could increase the affinity and lattice formation of lectins that regulate cell
adhesion, motility, cell growth, and apoptosis (Lagana et al. 2006). The 1,6 antenna
of N-glycans synthesized by GIcNAcT-V may differ from the other antennae in its
flexibility due to rotation of the 1,6 bond. The long extensions often found on the p1,6
antennae reduce adherence of cancer cells, and this phenotype is related to metastasis
in human hepatoma and other cancer cells (Guo et al. 2000). In prostate cancer cells
LNCaP, overexpression of GIcNACT-V was shown to stabilize the activity of the cell
surface protease matriptase (Tsui et al. 2008). The invasive and metastatic properties
of metastatic prostate cancer cells were also increased by GIcNACT-V.

A high GIcNACT-V expression in melanoma contributes to loss of contact inhibi-
tion and reduced cell-extracellular matrix interactions (Przybylo and Litynska 2011).
Increased GIcNACT-V expression was also found in gastric carcinomas, colorec-
tal adenocarcinomas, and their liver metastases (Petretti et al. 2000), as well as in
bladder cancer, where it correlates with malignant potential (Ohyama 2008). Using
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human mammary cells MCF-10A in a HER2 transgenic mammary tumor mouse
model, GIcNACT-V was shown to disrupt acinar morphogenesis (Guo et al. 2010) and
to be associated with higher amounts of tumor-initiating cells. HER2-induced tumors
were significantly delayed with GIcNACT-V deficient cells, confirming the critical
role of GIcNACT-V in tumorigenesis. This role was also demonstrated in human lung
adenocarcinoma cells that express high amounts of GIcNAcT-V and were treated with
small inhibitory RNA to decrease the expression of GIcNACT-V, which resulted in
decreased cell growth in culture and tumor growth in mice (Zhou et al. 2011). Tumor
growth and metastasis induced by polyomavirus middle T antigen in mice were con-
siderably lower when GIcNACT-V was deficient compared to GIcNACT-V expressing
control mice (Granovsky et al. 2000). In cultured mink lung epithelial cells, overex-
pression of GIcNACT-V was associated with increased cell motility and loss of contact
inhibition, which is consistent with a metastatic phenotype (Demetriou et al. 1995).
Not only the antennary and extended structures of N-glycans but their termi-
nal epitopes play roles in cancer development. The a6-sialyltransferase responsible
(ST6Gal-I) is increased in many cancers, including colon carcinoma (Dall’Olio et al.
1989, 2000), and its activity and expression correlate with a shortened survival and
poor prognosis (Lise et al. 2000). The enzyme was shown to block apoptosis by modi-
fying Fas, thus inhibiting Fas internalization as well as its binding to Fas-associated
protein with death domain (FADD) (Swindall and Bellis 2011). The cancer phenotype
includes a characteristic number of different transcripts of ST6Gal-I (Dall’Olio et al.
2000). The role of a6-linked sialic acid has been studied in cultured colon cancer cells
HT29. Antisense DNA to ST6Gal-I resulted in a decreased ability of cells to migrate
through extracellular matrix, suggesting a role of the enzyme in invasion (Zhu et al.
2001). These functional studies are useful to define potential anticancer targets.

8.5 DEVELOPMENT OF CANCER DIAGNOSIS AND
THERAPY TARGETING GLYCOSYLATION

Cancer-associated structures may be useful for the diagnosis of a specific cancer
type or to identify stages of the disease. While cancer markers such as CA125 are
found in a variety of different cancer types, assessing a combination of markers may
result in more specific diagnosis (Diamandis 2010). However, clinical studies and
rigorous validation of these markers need to be carried out in human patients.

8.5.1 TuMOR VACCINES

Cells at the center of the tumor are protected from immune attacks, while cells
in the blood stream are exposed to anticancer antibodies, lectins, and the cellular
immune system. Circulating tumor cells may survive because their glycosylation
shields them from immune recognition and degradation. Antimucin MUCI antibod-
ies have been detected in sera from breast, pancreatic, and colon cancer patients
(Kotera et al. 1994). This suggests that an immune response to cancer mucins can
be raised in cancer patients. MUCI is a preferred therapeutic target in several can-
cer types including prostate cancer (Li and Cozzi 2007). Peptide-based vaccines to
target MUCI1 were successful in eliciting humoral and cellular immune responses
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(Tarp and Clausen 2008; Huang and Wu 2010). Vaccines using glycopeptides with
the cancer-associated STn, Tn, and T antigens have been shown to stimulate the for-
mation of antibodies that recognize MUC1-expressing tumor cells and may be suc-
cessful clinically (Kovjazin et al. 2011; Tarp and Clausen 2008). Sheep submaxillary
mucin carrying Tn and STn glycans also induced IgM and IgG antibody responses
in colon cancer patients (O’Boyle et al. 1992). Springer (1997) showed that conven-
tional treatment for breast cancer was significantly improved using vaccinations with
glycophorin carrying T and Tn antigens. Ideally, MUCI vaccines should contain the
specific aberrant glycosylation found on patient’s cancer cells.

Synthetic glycoconjugates are useful in preparing structurally well-defined vac-
cines (Fung and Wu 1990) and those containing clusters of tumor-associated antigens.
The carrier protein or peptide is also important, and both mucins and keyhole limpet
hemocyanin, peptides derived from poliovirus CD4+ T cell epitope, or tetanus toxin
have been effective (Guo and Wang 2009). A new synthetic approach is based on
labeling cancer cells with unnatural antigens. Due to their enhanced growth, cancer
cells incorporate synthetic sugars at a faster rate and display the antigen on the cell
surface as part of a glycoconjugate. An example is N-phenyl-acetyl-mannosamine
that is converted to an antigenic form of sialic acid. Antibodies to this antigen were
shown to have strong complement-dependent cytotoxicity to cancer cells (Wang
etal. 2007). Further development in this area has significant potential, using vaccines
targeting either specific natural or unnatural tumor epitopes, with a combination of
carriers and adjuvants, aimed at both eliciting antibody and cell-mediated responses.

8.5.2 GLYCOSYLATION INHIBITORS

Inhibitors of glycosyltransferases or N-glycan-processing glycosidases can influ-
ence cellular behavior, growth, migration, and apoptosis, and some of these have
been shown to reduce cancer cell invasion and metastasis (Figure 8.3). For exam-
ple, swainsonine (Figure 8.4a) is an inhibitor of processing a-mannosidase II that
removes Man residues before conversion of N-glycans to the complex-type chains in
the Golgi (Brockhausen, Schutzbach et al. 1998) (Figure 8.3) and has the ability of
attenuating glycoprotein functions attributed to complex N-glycans in cancer cells.
Thus, cancer cell invasion, colonization, and growth can be inhibited by swainsonine
(Jacob 1995). For example, swainsonine treatment of human gastric carcinoma cells
reduced cell growth significantly (Sun et al. 2007). Nontoxic derivatives of swainso-
nine and other N-glycan processing inhibitors also have potential as anticancer drugs.

GalNAca-benzyl (Figure 8.4b) is a substrate for both C1GalT and C3GIcNACcT6,
which synthesize core 1 and core 3 O-glycans, respectively (Figure 8.3). GalNAca-
benzyl can penetrate into cells and block O-glycan extension in the Golgi by serv-
ing as a substrate for the second reaction in the O-glycosylation pathways. In colon
cancer HT29 cells, GalNAca-benzyl also blocked o3-sialylation of glycoproteins
(Delannoy et al. 1996). The expression of Lewis antigens in pancreatic cell lines
(SW1990, CAPAN-2, and PANC-1) can be reduced by treatment with GalNAco-
benzyl but not with the N-glycosylation inhibitor tunicamycin (Sawada et al. 1994).
Treatment of human colonic cancer cells with GalNAca-benzyl reduced their
ability to bind to E-selectin (Kojima et al. 1992). In addition, metastases in nude
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FIGURE 8.3 (See color insert.) Strategies targeting cancer cells by glycosylation inhibi-
tors. The symbols are explained in Figure 8.1. Black bars through reaction arrows indicate
the site of inhibition.

mice were significantly reduced. This indicates that GalNAca-benzyl can suppress
the synthesis of selectin ligands expressed on O-glycans (Bresalier et al. 1991).
Other strategies to block selectin-mediated adhesion are the use of small analogs
or mimetics of the glycan epitope, antibodies that target selectins, or soluble forms
of glycoprotein ligands that compete with natural cell adhesion events. GalNAca-
benzyl also induced apoptosis in colon cancer cells (Patsos et al. 2009), in prostate
cancer cells, and in cells derived from normal prostate (Gao, Cheng et al. 2010), as
well as in HeLa cells (Li et al. 2007). However, the mechanisms of apoptosis remain
to be clarified.

Brown et al. (2009) have developed per-acetylated disaccharide inhibitors of
glycan extension, which can be metabolized to serve as primers for glycosylation
and compete with natural substrates in the Golgi. The per-acetylated disaccharide
GIcNAcB(1-3)Galp-naphthalenemethanol (Figure 8.4c) is taken up by cells, and
after deacetylation, it prevents the synthesis of SLe* on glycoproteins by providing a
substrate for GalT (Figure 8.3) (Brown et al. 2009). In a mouse model, the peracety-
lated disaccharide was able to reduce SLe* expression, as well as metastases from
human colon cancer cells LS180 (Brown et al. 2006; Fuster et al. 2003).

Because of the high activities of f4GalTs in cancer cells and the involvement of
B4GalT in the synthesis of the type-2 backbone structure, which is the scaffold for
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(c) Peracetylated GlcNAcP(1-3)Galp-naphthalenemethanol; (d) GlcNBuf-S-naphthyl; (e) Lith-
O-Asp; and (f) Soyasaponin-1.

SLe* (Figure 8.1), we have developed specific inhibitors for f4GalT (Brockhausen
et al. 2006; Gao et al. 2010). These inhibitors have the potential to reduce the high
GalT activity, the abundance of SLe*, and galectin binding sites in cancer cells. We
synthesized the substrate analog N-butyrylglucosaminef-thio-naphthyl (GlcNBu-S-
naphthyl) (Figure 8.4d) (Brockhausen et al. 2006), which potently inhibited 4GalT
but not B3GalT (Gao et al. 2010) and blocked B4GalT activity more than 90% in
lung, colon, and prostate cancer cell homogenates. In lung cancer cell cultures, it also
reduced SLe* expression (Figure 8.3).

Sialyltransferase inhibitors are also valuable tools to reduce the metastatic
abilities of cancer cells. Lith-O-Asp (Figure 8.4e) inhibits sialyltransferases
(Figure 8.3) and reduced angiogenesis of human umbilical vein endothelial cells.
The inhibitor also decreased sialylation of integrin-pl and drastically reduced
metastasis of highly metastatic mouse mammary cancer cells 4T1-Luc (Chen
et al. 2011). Another nonspecific inhibitor of sialyltransferases, Soyasaponin-I
(Figure 8.4f), was shown to inhibit ST3Gal activity. The inhibitor stimulated the
adhesion of nonmetastatic human mammary cancer cells MCF-7 to extracellular
matrix and decreased cell migration of highly metastatic mammary cancer cells
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MDA-MB-231 (Hsu et al. 2005). Sialyltransferase inhibitor AL10 derived from
lithocholic acid also penetrates into cells and reduces cell surface sialylation. It
inhibited cell adhesion, migration, and invasion of ST3Gal overexpressing human
lung cancer cells A549 and CLI-5 and also potently blocked lung cancer metas-
tasis (Chiang et al. 2010). These inhibitors are useful for the study of the role of
sialic acids in cancer cell behavior and are potential therapeutic tools. A major
challenge is to design methods to deliver inhibitors into cells to reach the pre-
ferred site of their action (i.e., the Golgi), and to target them specifically to tumor
cells, possibly by linking them to carriers that recognize structures on cancer cell
surfaces.

8.6 CONCLUSIONS AND FUTURE APPLICATIONS
IN CANCER RESEARCH

It seems that in cancer, infinite numbers of alterations occur. In this chapter, we
have focused on only a small part of the reported structural and enzymatic aberra-
tions, which does not mean that these are the only important ones. During the past
years, it was possible to carry out many functional studies based on cloned genes of
glycosyltransferases and specific inhibitors. The fields of glycoproteomics; DNA,
glycan, and lectin arrays; and mass spectrometry have made invaluable contributions
to our knowledge of cancer cells and development of cancer markers and sensitive
diagnostic tests. A number of glycoproteins and glycan structures have been claimed
to be cancer markers, but this needs to be much more rigorously validated in models
and in patients. Combinations and patterns of markers may better confirm a cancer
cell type and the stage of the disease and predict outcome. In order to personal-
ize approaches to eliminating cancer cells, we need to analyze these markers with
highly sensitive, reliable, and fast methods of detection. Markers may be individually
different in patients and may be highly variable according to the pathophysiology of
the disease.

There are many open questions in the field of the role of glycan structures in
cancer that remain to be answered. Why are there so many changes? What mecha-
nisms control the expression of so many enzymes in a cell-type-specific fashion?
Why does the same change have a different effect in different cancer cells? Some of
the answers lie in the cell-type-specific production of proteins. Because one enzyme
can act on several glycoproteins, the protein expression levels may direct the glyco-
sylation. Other enzymes may be specific for their glycoprotein substrates. This may
explain some of the apparent discrepancies noted such as the roles of sialic acid in
a2,3- or a2,6-linkages. Thus, the altered glycosylation potential in cancer affects the
cells through the functions of specific glycoproteins, and enzyme expression has to
be seen in context with protein expression. Clearly, the glycans affect glycoprotein
function, and depending on the glycoprotein, it may affect conformation, stability,
transport and secretion, cell surface expression, accessibility, ligand binding, and
oligomerization, all with a potential impact on the growth of tumors. GIcNACT-11I
and -V are examples of how the role of an oligosaccharide can be altered, and how
different glycoproteins are affected differently by these enzymes. Therefore, we
need to explore the functions of specific glycan structures on individual molecules
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such as growth factor receptors. For example, the role of sialic acid in receptor sig-
naling is a very exciting area worth exploring in much more detail. The details of
glycan function in cell death also remain to be determined.

Glycolipids also carry many cancer antigens such as SLe*, extending into the
extracellular space with important roles in cancer cell behavior. However, their
detailed discussion is beyond the scope of this chapter. The actual display of glyco-
lipids and glycoproteins on cell surface in context with the membrane, their concen-
trations in rafts, and clusters may be critical for the functions of the cell surface. The
glycans of both glycolipids and glycoproteins may interact with each other, as well
as with components of the cell membrane with functional implications that affect
cancer cell growth and cell death.
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9.1 INTRODUCTION

Naturally occurring antibodies (i.e., those existing without known exogenous anti-
gen stimulation) are fundamental in the response to foreign organisms and function
in both innate and adaptive immune responses. Indeed, natural preformed antibodies
in a recipient are the first immunological barrier for clinical transplantation. To over-
come the chronic shortage of organs available for transplantation, the practice of live
donation across the ABO blood group barrier is now performed in many countries
(Nydegger et al. 2005; Wu et al. 2003). Furthermore, pig-to-human xenotransplanta-
tion is also being investigated as a viable solution. However, without intervention, the
recipient’s natural antibodies would cause hyperacute rejection of the graft. These
natural antibodies recognize carbohydrate epitopes on the donor tissue (A or B blood
group antigens for allotransplantation; Gala(1-3)Gal [@Gal] for xenotransplantation),
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which are synthesized by closely related members of family 6 glycosyltransferases.
In this chapter, we highlight the biochemical, genetic, and immunological features
of these clinically important carbohydrate antigens from the enzymes responsible for
their synthesis to their molecular interactions with the immune system.

9.2 NATURAL ANTIBODIES AND THEIR ANTIGENS

Natural antibodies are found in the serum of healthy individuals and are produced
in the absence of obvious immunization. It is currently believed that such antibodies
are produced as a consequence of exposure to environmental microbes (Sandrin and
McKenzie 1994; Sandrin, Vaughan et al. 1994). However, low amounts of natural
antibodies (mainly of immunoglobulin M [IgM] isotype) have been detected without
any known cause of stimulation in germ-free, antigen-free, and maternal antibody—
deprived animals (Bos et al. 1989). It is believed that these antibodies, along with the
innate immune system, play a major role as a first line of defense against infection.

9.2.1 THe ABO Broobp Grours

By mixing sera and erythrocytes from unrelated nonimmunized individuals,
Landsteiner (1962) discovered and defined the ABO blood groups. Two blood group
antigens, A and B, were identified with individuals having antibodies to the non-self-
antigens; that is, individuals with blood group A have anti-B antibodies and individ-
uals with blood group B have anti-A antibodies. In addition, two other phenotypes
were recognized. The AB phenotype exhibits neither anti-A nor anti-B antibodies
as they express both the antigens. The O phenotype lacks both A and B antigens
and has both anti-A and anti-B antibodies. Most of these naturally occurring anti-
AB antibodies are IgM (Mollison et al. 1997), which is the most important class of
immunoglobulin involved in hyperacute graft rejection (Ierino and Sandrin 2007,
Sandrin and McKenzie 1994), although in many instances immunoglobulin G (IgG)
is also present (Mollison et al. 1997). For allotransplantation, clinical hyperacute
rejection has been prevented by the judicious choice of donor and recipient. However,
for transplantation across ABO incompatibilities, it is essential to reduce the pres-
ence of anti-A/-B antibodies prior to transplantation. Various strategies have been
developed to achieve this in recipients (Gloor and Stegall 2007; Stussi et al. 2006).

9.2.2 THE xGAL XENOANTIGEN

Current technology is such that desired traits can be readily achieved in many domes-
tic species by genetic modification. With this in mind, reevaluation of xenotransplan-
tation to overcome the shortfall in available organs has recommenced. As it has
been known for many years, all humans have naturally occurring IgM antibodies to
pig antigens; thus, pig-to-human transplantation reintroduces the problem of hyper-
acute rejection. A significant advance for the field was the identification of aGal as
the major antigen recognized by the human natural antibodies (Cooper et al. 1993,
1994; Good et al. 1992; Sandrin and McKenzie 1994; Sandrin et al. 1993; Sandrin,
Vaughan et al. 1994). Depletion of these antibodies for clinical xenotransplantation is
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not viable as approximately 1% of total human IgG and 2% of human IgM is directed
to aGal (Galili et al. 1984). In contrast, anti-ABO antibody levels are estimated as
one quarter of this value (Galili et al. 1993). Therefore, this highlights that success-
ful xenotransplantation requires genetic modifications of the pig to eliminate the
antigen.

9.2.3 TARGET ANTIGENS FOR NATURAL ANTIBODIES

Natural antibodies recognize carbohydrate antigens that are nonreducing termi-
nal al,3-linked galactose (Gal) or N-acetylgalactosamine (GalNAc) found on both
glycoproteins (as either N- or O-linked sugars) and glycolipids formed on precur-
sor backbones by glycosyltransferases. The A and B transferases transfer either
a Gal residue (B transferase) or a GalNAc residue (A transferase) on fucosyl-
ated precursors (for a review on this topic, see the study by Yamamoto [2004]).
In contrast, the aGal antigen can be synthesized by two distinct enzymes: (1) The
al,3-galactosyltransferase (¢GT), which transfers Gal residues to the nonfucosylated
precursor N-acetyllactosamine (LacNAc) found on both glycoproteins and glycolip-
ids (Larsen et al. 1989; Sandrin, Dabkowski et al. 1994), and (2) the isogloboside
(iGb) 3 synthase (iGb3S), which transfers Gal residues exclusively to the glycolipid
lactosylceramide (LacCer) to produce iGb3 (Keusch et al. 2000; Milland et al. 2006)
(Figure 9.1).

Structural studies have been performed on free and lectin-bound aGal-containing
saccharides and reveal some important features of these carbohydrate xenoantigens
(reviewed by Yuriev et al. [2009]). A detailed comparison of glycosidic linkages
revealed similar conformational properties for the free and lectin-bound saccharides.
In particular, the Gala(1-3)Gal linkages showed a broad range of glycosidic torsions,
indicating that the minimal epitope recognized by natural antibodies is relatively
flexible. In contrast, the subsequent Galp(1-4)GIcNAc/Glc linkages of aGal oligo-
saccharides adopt a limited number of conformations, suggesting that this portion
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FIGURE 9.1 (See color insert.) Diagrammatic representation of the terminal carbohydrate
structures of A and B blood group antigens, aGal and iGb3. Only the iGb3 structure is on
LacCer, the others are on LacNAc. Glc = glucose; GlcNAc = N-acetylglucosamine; Fuc =
fucose. Structures are represented in the Consortium for Functional Glycomics notation
and were generated using GlycanBuilder (Ceroni et al. 2007). (Adapted from Milland, J. and
Sandrin, M. S., Tissue Antigens, 68, 459-466, 2006.)
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of the xenoantigens act as a rigid “stalk” for displaying the antigenic aGal epitopes.
One interpretation of these conformational properties of carbohydrate xenoantigens
is that the flexible terminal Gala(1-3)Gal epitopes can be recognized by a wider
variety of binding sites than the rigid and less antigenic GalP(1-4)GIcNAc/Glc stalk
region. However, the presence of either a GIcNAc or a Glc at the third position may
well influence the binding specificity of lectins and antibodies toward aGal carbo-
hydrate xenoantigens.

9.2.4 ANTI-GAL MONOCLONAL ANTIBODIES

The origin of natural antibodies and the role that gut bacteria play in the generation of
anti-aGal and anti-AB antibodies are still unclear. Anti-aGal monoclonal antibod-
ies (mAbs), generated by several laboratories including our own, have been useful
in understanding the immunoglobulin gene structure, understanding the amino acid
changes in the binding site of a natural antibody induced by an immune response,
and determining expression of the epitope.

The first of the anti-aGal mAbs, Gal-13, was produced by immunizing BALB/c
(aGal*) mice with rabbit erythrocytes (Galili, Basbaum et al. 1987). This antibody
only recognized aGal on glycolipids (Galili, Basbaum et al. 1987; Teneberg et al.
1996).

The production of aGT knockout mice (GGTA1~~; see Section 9.3.2) allowed us
and others to develop a series of anti-aGal mAbs (Galili et al. 1998; Milland et al.
2007; Nozawa et al. 2001; Xu et al. 2001). As GGTAI1~~ mice, similar to human
beings, are unable to synthesize the aGal epitope, these mAbs are likely to be struc-
turally and functionally similar to human anti-aGal antibodies. In contrast to Gal-
13, these mAbs recognize aGal on both glycolipids and glycoproteins (Galili et al.
1998; Milland et al. 2007). Furthermore, studies from our laboratory have demon-
strated that the terminal carbohydrate residues determine most of the binding affin-
ity, whereas the subsequent residues of the oligosaccharide define the fine specificity
(Milland et al. 2007) (see Section 9.2.6). Indeed, one of these anti-aGal mAbs (15.101)
was invaluable in determining expression of the epitope on iGb3 (Christiansen et al.
2008), and residual aGal has been reported on GGTA1~~ mice (Milland et al. 2006)
and some GGTAI~- pigs (Sharma et al. 2003).

9.2.5 ANTI-00GAL ANTIBODY GENES

Anti-aGal IgG and IgM antibody genes have been isolated and sequenced from
patients before and after perfusion through pig hepatocytes (Kearns-Jonker et al.
1999). The immunoglobulin heavy-chain variable-region (IgV,) genes of these
antibodies demonstrated a high degree of amino acid identity. Indeed, many were
derived from a single IgV, germ line gene family, that is, IgV,3. Moreover, the
restricted number of germ line IgV, gene sequences suggested a limited population
of progenitors. Hence, polyclonal anti-aGal antibodies demonstrate little genetic or
amino acid variability.

We performed similar studies in mice, using the mAbs produced in GGTA1~~ mice
(Nozawa et al. 2001). Comparisons of these IgV,, genes also demonstrated a limited
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number of germ line genes with the majority being V441 (Nozawa et al. 2001).
In addition, both human beings and mice share conserved amino acid sequences at
particular canonical positions within the HI and H2 hypervariable loops of the IgV
region, and both are therefore predicted to display similar three-dimensional struc-
tures (Nozawa et al. 2001). Similar results were found using mAbs produced from
naive and xenotransplanted GGTA1~~ mice (Xu et al. 2001).

9.2.6 ANTI-0tGAL ANTIBODY STRUCTURE

Although a crystal structure is yet to be determined for an aGal-binding antibody,
we and other researchers have examined the structural basis for aGal recognition
using a variety of experimental and computational approaches. In examining the
crystal structures of lectins in complex with aGal carbohydrates, two major mecha-
nisms for recognition were identified, that is, end-on insertion (Ramsland et al.
2003) and groove-type binding interactions (Yuriev et al. 2009). Kearns-Jonker and
colleagues (2007) used homology modeling, docking, and mutagenesis to examine
the structural basis for human aGal antibodies that were induced after exposure
to pig hepatocytes following placement on a bioartificial liver. Potential amino
acids were identified in the binding site and in the complementarity-determining
region 3 (CDR3) region of the heavy chain. Docking of aGal carbohydrates into
the binding sites of two closely related mouse mAbs, 8.17 and 15.101, demonstrated
that end-on insertion was a likely mechanism for binding of antibodies to terminal
Gala(1-3)Gal determinants. Furthermore, we identified that interactions with the
third carbohydrate can determine the fine specificity of mAb for Gala(1-3)Galp(1-4)
GlcNAc- or Gala(1-3)Galf(1-4)Gle-type carbohydrate xenoantigens (Milland et al.
2007). Based on these studies, our group utilized a panel of mAbs generated from
GGTA17~ mice (Nozawa et al. 2001) to further examine the structural basis for
aGal carbohydrate recognition using in silico approaches, with the key findings
summarized here.

By using a docking protocol that was validated and optimized against a set of
high-resolution crystal structures of carbohydrate—antibody complexes (Agostino,
Jene et al. 2009), a series of possible carbohydrate poses was generated for a variety
of aGal carbohydrates ranging in size from monosaccharides to pentasaccharides.
These ensembles of binding poses (up to 100 poses for each ligand) were used to
generate “‘site maps” (see Chapter 5) in which hydrogen bonding and van der Waals
interactions were tallied across the poses and mapped to the solvent-accessible sur-
faces of a panel of six aGal-binding mAbs. The site maps facilitated the identifica-
tion of antibody-binding site residues that are frequently involved in the recognition
of aGal carbohydrates. With this approach, we determined that a consensus set of
residues (at nine structurally conserved positions) could account for the majority of
predicted aGal interactions. Combined with a few additional residues, the consensus
residues accounted for well over 80% of all interactions with different antibodies and
the ensembles of the different aGal ligands (Agostino, Sandrin et al. 2009). The use
of structurally conserved residues for binding aGal ligands across the panel of six
mAbs supports the idea that a relatively conserved repertoire of antibodies (natural
or elicited) recognizes aGal xenoantigens.
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We next turned to examining the recognition of aGal from the point of view of the
carbohydrate, where the interaction-based tallies were applied for in silico epitope
mapping (Agostino et al. 2010). The terminal Gala(1-3)Gal disaccharide accounted
for the majority of interactions with the different antibodies. In particular, the O3,
06, and C6 positions of the terminal Gal and the O6 and C6 positions of the second
Gal were predominant sites on the ligands for interaction with antibodies. The third
residue could also participate in contacts with the antibodies and the interactions
with this residue (GIcNAc or Glc) helped to explain the fine specificity of one anti-
aGal mAb, 15.101, that selectively binds to iGb3-type carbohydrates.

In addition to interaction-based selection from site and epitope mapping, we
used the restricted conformational properties of Galp(1-4)GIcNAc/Glc linkages
(see Section 9.2.3) to help identify preferred binding modes for the trisaccharide
or longer carbohydrate ligands (Agostino et al. 2010). Whereas different antibod-
ies in the panel were predicted to bind aGal carbohydrates in different ways, the
predominant binding mode was found to be end-on insertion with the Gala(1,3)Gal
portion binding most deeply within the binding sites. The comparison of site maps,
epitope maps, and preferred binding modes further revealed the structural basis for
selective binding to Gala(1-3)Galp(1-4)Glc by mAb 15.101, especially when com-
pared with the closely related mAb 8.17 (Figure 9.2). Differences in the site maps
highlight the pivotal contribution of a single residue (Gly,qoy in 8.17 and Ser,yoy
in 15.101) in the binding site near the GalB(1-4)GlcNAc/Glc disaccharide. In 8.17,
Gly, 4y contributes markedly to hydrogen bonding (Figure 9.2a) and only weakly
to van der Waals (Figure 9.2b) site maps. In contrast, Ser,yq is only marginally
involved in hydrogen bonding in 15.101 (Figure 9.2c), but it contributes more to
van der Waals interactions (Figure 9.2d). The outcome of these differences is that
Gala(1-3)Galp(1-4)Glc can enter the binding site more deeply in 15.101 than can
Gala(1-3)Galp(1-4)GIcNAc in 8.17 (Agostino et al. 2010). This in silico observa-
tion is in agreement with the experimental finding of the reduced affinity of 15.101
for Gala(1-3)Galp(1-4)GlcNAc compared with Gala(1-3)Galf(1-4)Glc (Milland
et al. 2007).

Although end-on insertion appears to dominate the binding of aGal carbohy-
drates by antibodies, it is possible that antibodies can discriminate between differ-
ent xenoantigens using different binding strategies. Although it is not discussed in
detail here, it is possible that groove-type binding modes occur to facilitate selec-
tive interactions with longer carbohydrate chains, including poly-aGal xenoantigens.
In addition, preliminary structural studies of non-aGal xenoantibodies suggest that
similar antibody recognition may occur with other, as yet unidentified, carbohydrate
xenoantigens (Harnden et al. 2010).

9.2.7 ANTI-tGAL ANTIBODY RESPONSES

Human beings produce natural anti-aGal IgM and IgG in an age-dependent man-
ner (Cramer 2000). Increases in both titer and affinity have been reported in sera of
diabetic patients transplanted with fetal porcine islet cell clusters (Galili et al.
1995). Similarly, increases in anti-aGal IgM and IgG are seen after the implan-
tation of porcine aortic (Konakci et al. 2005; Mangold et al. 2009) or pulmonary
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FIGURE 9.2 (See color insert.) Interaction-based site maps and predicted aGal carbohy-
drate-binding modes for two murine mAbs. Figure shows the likely binding mode obtained
for Gala(1-3)Galf(1-4)GlcNAc in complex with mAb 8.17, with hydrogen bonding (a) and van
der Waals (b) site maps displayed on the solvent-accessible surfaces. It also shows the likely
binding mode obtained for Gala(1-3)Galf(1-4)Glc in complex with mAb 15.101, with hydro-
gen bonding (c) and van der Waals (d) site maps displayed on the solvent-accessible surfaces.
Figures generated in PyMOL based on site mapping and binding-mode determination results
reported previously (Agostino, Sandrin et al. 2009; Agostino et al. 2010).

(Park et al. 2010) valves. In contrast, no anti-aGal antibodies were observed when
pig tendons treated with a-galactosidase were used to replace anterior cruciate liga-
ments (Stone et al. 2007).

The generation of GGTA1~~ mice has provided a very useful small-animal model
to study anti-carbohydrate antibody production. Similar to human beings, naturally
occurring anti-aGal antibodies are present in these mice (Thall et al. 1995) and are
produced by Bl-like B cells (Ohdan et al. 2000). The B-1 B cells, a subset of B cells,
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secrete natural serum antibodies from a restricted set of variable (V)-region genes.
Furthermore, the induced anti-aGal IgM and IgG antibody responses are dependent
on both CD4* T cells (Chong et al. 2000; Cretin et al. 2002; Milland et al. 2006)
and CD40 costimulation (Cretin et al. 2002; Tanemura et al. 2000). It has been sug-
gested that xenogeneic peptides, possibly glycopeptides, activate a larger repertoire
of helper T cells (Tanemura et al. 2000), resulting in stronger anti-aGal antibody
responses observed with xenogeneic rather than allogeneic cells.

In contrast to the aforementioned anti-aGal antibody responses, where aGal gly-
copeptides can be presented by major histocompatibility complexes (MHCs) class 11,
CD1 molecules are generally considered as presenting glycolipids to T or natural
killer T (NKT) cells to augment antibody responses. However, our recent study dem-
onstrates that although purified neutral glycolipids (iGb3 and blood group B) require
CD4* T cells to generate anti-carbohydrate antibody responses, there is no require-
ment for CD1 NKT cells or peptides (Christiansen et al. 2011). Currently, it is unclear
how these glycolipids are processed or what presentation pathway is used for this
purpose.

9.2.8 CuiNicAL ReLevaNCE OF ANTI-0tGAL ANTIBODIES

In general, anti-aGal antibodies do not have clinical relevance except in xenotrans-
plantation. However, in certain circumstances they can interfere with treatments or
become life threatening. The mAbs and soluble proteins produced for therapy may
contain aGal residues (Ashford et al. 1993; Borrebaeck et al. 1993), the presence
of which may result in reduced in vivo half-life due to immune complex formation
(Borrebaeck et al. 1993; Sandrin and McKenzie 1994). Chung et al. (2008) reported
anaphylactic reactions in cancer patients treated with a chimeric mouse—human
mAD to epidermal growth factor receptor (cetuximab) due to the presence of anti-
aGal IgE antibodies. Anti-aGal IgE antibodies have also been shown to be impor-
tant in sensitivity to cat IgA (Gronlund et al. 2009) and meat-induced anaphylaxis
(Commins et al. 2009; Jacquenet et al. 2009). In contrast to classical anaphylaxis that
occurs within minutes after injection, the anti-aGal IgE meat-induced anaphylaxis
typically manifests 3—6 hours after ingestion (Commins et al. 2009). Based on a pre-
viously reported association between red-meat allergies and tick bites (Van Nunen
et al. 2009), Commins and coworkers (2011) demonstrated that patients with tick
bites had elevated anti-aGal IgE. These authors suggest that immune response to the
ectoparasite gives rise to the allergy.

9.3 GLYCOSYLTRANSFERASES

Carbohydrate antigens are typically oligosaccharides synthesized by glycosyltrans-
ferases that are Golgi resident type II integral membrane proteins. Structurally,
these proteins consist of a short amino-terminal cytoplasmic tail, a transmembrane
region, a stalk region, and a carboxyl-terminal catalytic domain that resides within
the lumen of the Golgi (Joziasse 1992). Based on amino acid sequences, glycosyl-
transferases are currently grouped into 92 different families (CAZY: www.cazy.org);
this grouping highlights the vast diversity of these enzymes and the reactions they
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catalyze. However, for optimum function, most glycosyltransferases have a pH range
similar to that typically found within the secretory pathway (pH of 5.0-7.0) and
require the presence of divalent cations (Mg?* or Mn?*). The glycosyltransferases rel-
evant to this chapter, that is, the A and B transferases, aGT and iGb3S, all belong to
family 6 based on their sequence conservation (~45% amino acid identity) (Milland
and Sandrin 2006). The members of this family are further classified as retaining
enzymes, as they retain the anomeric configuration that exists between the nucleo-
side and the sugar (a configuration) during catalysis. The exon organization is such
that the cytoplasmic and the transmembrane domains are each encoded by separate
exons. The stalk region is encoded by a variable number of exons and the catalytic
domain is typically encoded by two exons, a small one toward the N-terminus and a
larger one encoding the majority of the domain (Milland and Sandrin 2006).

9.3.1 HuUMAN A AND B TRANSFERASES

The A and B blood group antigens, which are expressed on the surface of red blood
cells and a variety of other cell types (Hakomori 1999), are synthesized by two
glycosyltransferases that are encoded by two alleles at the ABO locus on chromo-
some 9g34 (Yamamoto et al. 1995). The A blood group antigen is synthesized by the
A-specific al,3-N-acetylgalactosaminyltransferase (GTA) (Yamamoto 2004). This
enzyme catalyzes the transfer of a GalNAc residue in an «l,3-linkage to H substance
(Fuca(1-2)Galp(1-4)GIcNAc-R) (Seto et al. 1999). Similarly, the B blood group anti-
gen is synthesized by the B-specific «GT (GTB) (Yamamoto 2004). The GTB uses
the same substrate as GTA; however, it catalyzes the transfer of a Gal residue in an
al,3-linkage to H substance (Seto et al. 1999).

It is noted that GTA and GTB were among the first mammalian glycosyltransfer-
ases to be cloned, and the molecular basis for ABO polymorphism was established
by demonstrating that GTA and GTB are indeed alleles (Yamamoto et al. 1990).
Remarkably, the specificity of these enzymes is determined by amino acid dif-
ferences at only four positions: (1) Arg/Gly,, (2) Gly/Ser,ss, (3) Leu/Met,q, and
(4) Gly/Ala,g (Yamamoto et al. 1990). Moreover, complementary deoxyribonucleic
acid (cDNA) from individuals of blood group O has a frameshift mutation, due to
deletion of a single nucleotide, resulting in a nonfunctional GTA, thus providing the
genetic basis for O blood group (Yamamoto and Hakomori 1990).

Further structure—function studies were undertaken to elucidate residues involved
in donor specificity. Several groups sequentially altered each of the four amino acids
to that of the alternate enzyme (i.e., replacing residues in GTA with those found at
the same positions in GTB) (Seto et al. 1997, 1999; Yamamoto and Hakomori 1990).
Furthermore, the Gly/Ala,,; was mutated to every other amino acid (Yamamoto and
McNeill 1996). The enzymes were then tested for their ability to transfer either Gal
or GalNAc in an «l,3-linkage to H substance. The results of these studies showed
that of the four amino acid differences, only the last two, that is, differences at posi-
tions 266 and 268, were crucial for determining substrate specificity of an enzyme
(Seto et al. 2000; Yamamoto and McNeill 1996) and that Gly/Ala,q directly inter-
acts with the carbohydrate of the nucleotide sugar (Yamamoto and McNeill 1996).
The crystal structure of the catalytic domains of both GTA and GTB confirmed that
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FIGURE 9.3 (See color insert.) Comparison of the crystal structures of A and B transfer-
ases. (a) The A transferase crystal structure (PDB ID: 1LZI) and (b) the B transferase crystal
structure (PDB ID: 1LZJ) (Patenaude et al. 2002). Solvent-accessible surface is shown with
key residues at positions 266 (blue) and 268 (magenta) mapped to the surface. The bound
synthetic H (BHG) substance and a nucleotide (UDP) are shown as stick representations and
the Mn?* ion is shown as a space-filling sphere. Images were generated with DS Visualizer,
version 2.5 (Accelrys, Inc., San Diego, California).

Leu/Met,q, and Gly/Ala,q are positioned within the active sites and are in contact
with the nucleotide-sugar residues (Figure 9.3) (Patenaude et al. 2002). However,
these studies showed that only Leu/Met,, can distinguish between uridine diphos-
phate (UDP)-GalNAc and UDP-Gal.

In humans, several natural mutations in glycosyltransferases family 6 have been
characterized. There are mutations that affect the enzymatic kinetics of a transfer-
ase, such as the A2 phenotype, which has much lower amounts of A antigen expres-
sion due to an altered stop codon, causing read-through of an additional 21 amino
acids (Yamamoto et al. 1992), or weak A or B blood groups (with reduced antigen
expression) from amino acid substitutions (Hult et al. 2010). Other mutations gener-
ate a chimeric enzyme (GTA/B) that can synthesize both A and B antigens, which is
known as the “cis-AB phenotype” (Yamamoto et al. 1993a; Yazer et al. 2006). The
third group of mutations produces nonfunctional enzymes resulting in the O pheno-
type (Chester and Olsson 2001). In contrast to the most common O blood mutation
that yields a truncated protein discussed above, another nondeletional O blood group
allele, with a single-point mutation, synthesizes nonfunctional full-length GTA
(Chester and Olsson 2001; Grunnet et al. 1994; Yamamoto et al. 1993b).

9.3.2 oGT

The aGal epitope is generated by an oGT, which transfers a terminal Gal residue
to a subterminal Gal (Figure 9.1), and is expressed in most tissues (Sandrin and
McKenzie 1994). The cDNA clones for this transferase have been isolated from
numerous species, including mouse (Joziasse et al. 1992; Larsen et al. 1989),
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ox (Joziasse et al. 1989), rat (Taylor et al. 2003), and pig (Sandrin, Dabkowski et al.
1994), and are encoded by the GGTA! gene that comprises nine exons (Joziasse
et al. 1992; Koike et al. 2000). Indeed, most mammalian species have a functional
aGT, with the exception of Old World primates and human beings (Galili, Clark
et al. 1987; Galili et al. 1988) in which mutations have inactivated the gene (Galili
and Swanson 1991). In human beings, two aGT genes have been identified: (1) One
on chromosome 9 (HGT-10, encoding only the N-terminal region of the protein) and
(2) one on chromosome 12 (HGT-2, a processed pseudogene lacking introns, which
contains multiple deletions and insertions) (Joziasse et al. 1991; Shaper et al. 1992).
The inactivation of aGT is a relatively recent evolutionary event, which occurred
after higher-order primates diverged into New and Old World monkeys (Galili 1999).

The catalytic domain of bovine aGT, the first family 6 member for which the
tertiary structure was solved (Boix et al. 2001; Gastinel et al. 2001), is a globular
protein comprising two central 3-sheets, each comprising four -strands, surrounded
by four long a-helices (Figure 9.4). The four amino-terminal parallel B-strands, sur-
rounded by two of the a-helices, form the nucleotide sugar—binding site. The remain-
ing two parallel p-strands, flanked by two antiparallel B-strands and surrounded by
the other two a-helices, are involved in acceptor substrate binding. The catalytic
pocket is formed by portions of these two subdomains and a small B-sheet domain
(comprising two p-strands), with the conserved Asp-Val-Asp (DVD) motif, charac-
teristic of family 6, at the base.

Mutational/functional studies can be used to investigate the importance of indi-
vidual amino acid residues for enzymatic function. Site-directed mutagenesis of pig
aGT demonstrated that His,,, was critical for enzyme function (Lazarus et al. 2002).
In addition, molecular modeling suggests that His,,; interacts with the Gal moiety
of UDP-Gal (Lazarus et al. 2002). Enzymatic and structural analysis of bovine «GT

FIGURE 9.4 (See color insert.) Crystal structure of bovine aGT, a family 6 glycosyl-
transferase. (a) Side view and (b) end-on view of the aGT catalytic domain (PDB ID: 1G93)
(Gastinel et al. 2001) are ribbon-style representations with secondary structure elements
shown (f-strands in cyan; a-helices in red). The bound Gal and UDP-Gal are shown as stick
representations and the Mn?* ion is shown as a space-filling sphere. A solvent-accessible
surface (transparent yellow) is displayed over the sugar substrate and nucleotide-sugar donor
molecules. The N- and C-termini are indicated for the side view of the aGT catalytic domain.
Images were generated with DS Visualizer, version 2.5 (Accelrys, Inc., San Diego, California).
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mutants confirmed the importance of this residue for enzymatic function and identi-
fied the molecular interaction of His with Gal (Zhang et al. 2003). Furthermore, this
study also showed contact between Gln,;5 and the acceptor substrate. Other studies
have highlighted the important roles played by several other amino acid residues in
enzymatic function (Tumbale et al. 2008; Zhang et al. 2004).

As discussed in Section 9.2.2, the major barrier to clinical pig-to-human xeno-
transplantation is the hyperacute rejection of vascularized organs due to presence
of natural anti-Gal antibodies and complement activation. The most obvious way
of preventing this is to develop aGal- pigs by inactivating the GGTAI gene. This
has been achieved in several species including mice (Tearle et al. 1996; Thall et al.
1995), pigs (Dai et al. 2002; Lai et al. 2002; Nottle et al. 2007; Phelps et al. 2003),
and cattle (Sendai et al. 2006).

The GGTAI gene was inactivated in mice by targeting exon 9 (Tearle et al. 1996;
Thall et al. 1995). As expected, these mice were viable, had marked decrease in
aGal expression, and developed natural anti-aGal antibodies (Tearle et al. 1996;
Thall et al. 1995). These mice have been useful in establishing small-animal models
to evaluate immune responses to aGal (Christiansen et al. 2011; Gock et al. 2000;
McKenzie, Koulmanda et al. 1998; McKenzie, Li et al. 1998; Pearse et al. 1998;
Salvaris et al. 2000). Translation of this strategy to pigs was more problematic and
required the advent of nuclear transfer technology. Several centers have produced
GGTAI1- pigs that show the same characteristics as GGTA1~~ mice (i.e., viable and
show reduced aGal expression) (Dai et al. 2002; Lai et al. 2002; Nottle et al. 2007;
Phelps et al. 2003). Transplantation of organs from GGTA1~~ pigs into immunosup-
pressed primates does not lead to hyperacute rejection; however, vascular injury still
occurs due to the development of coagulopathy, leading to graft failure (Chen et al.
2005; Ekser et al. 2009; Hisashi et al. 2008; Kuwaki et al. 2005; Shimizu et al. 2008;
Yamada et al. 2005).

9.3.3 iGb3S

Residual aGal expression has been observed in GGTA1~~ animals (Milland et al.
2006; Sharma et al. 2003), which demonstrates that in addition to aGT other
enzymes can synthesize aGal. The most likely candidate is iGb3S (Keusch et al.
2000; Milland et al. 2006), another member of family 6. Indeed, in the rat, iGb3S
was originally considered to be the aGT ortholog (Keusch et al. 2000); however,
both functional aGTs (xGT and iGb3S) are present (Keusch et al. 2000; Taylor et al.
2003). Furthermore, iGb3S ¢cDNA was cloned from the thymus of GGTA1~~ mice
(Milland et al. 2006). The unique feature of iGb3S is that, in contrast to aGT, LacCer
is the only substrate that can be utilized to synthesize the iGb series of glycolipids
(Keusch et al. 2000; Taylor et al. 2003).

Several studies suggest that iGb3 is an endogenous glycolipid involved in the
activation and development of NKT cells in both mice and human beings (Zhou et
al. 2004). Studies have confirmed that iGb3 is an agonist for subsets of mouse and
human NKT cells (Brigl et al. 2006; Cheng et al. 2007; Schumann et al. 2006; Scott-
Browne et al. 2007; Wei et al. 2006; Xia et al. 2006; Zhou et al. 2004). However,
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normal development of NKT cells was seen in iGb3S~~ mice (Porubsky et al. 2007)
and, furthermore, iGb3 was undetectable in mouse or human thymus (Speak et al.
2007), suggesting that iGb3 is not essential for NKT development.

To determine whether human iGb3S is enzymatically active, the catalytic domain
of rat iGb3S was replaced with the analogous human domain (Christiansen et al.
2008). Unlike the rat iGb3S, the chimeric glycosyltransferase was unable to synthe-
size iGb3 (Christiansen et al. 2008). Moreover, substitution of single amino acids in
the rat iGb3S sequence, with their human analogs, resulted in a significant reduction
in activity (L,g;P) or complete inactivation (Y,5,N) of the rat enzyme (Christiansen
et al. 2008). Thus, similar to aGT, iGb3S is inactivated in human beings.

The residual «Gal on GGTA1~~ pigs was considered to be iGb3 (Milland et al.
2006; Milland et al. 2005; Sharma et al. 2003); however, more recent studies using
mADbs and lectins (Diswall et al. 2011; Puga Yung et al. 2009) and mass spectrom-
etry/nuclear magnetic resonance (NMR) (Diswall et al. 2007; Puga Yung et al.
2009) could not detect glycolipids terminating in aGal. Nevertheless, a fucosyl-
ated form of iGb3, originally reported in pig gut mucosa (Slomiany et al. 1974),
was identified in GGTA1~~ and the wild-type pigs (Diswall et al. 2007). These
findings suggest that iGb3 is unlikely to be involved in antibody-mediated xeno-
graft destruction.

9.4 CONCLUSIONS

The demand for organs for transplantation has greatly outstripped the supply, lead-
ing to the consideration of pig-to-human xenotransplantation and live donation
across the ABO blood group barrier. A more complete understanding of the immu-
nobiology and structural glycobiology of carbohydrate antigens may result in the
development of novel therapeutic approaches to prevent antibody-mediated damage
in xenotransplantation.
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10.1 INTRODUCTION

Protein glycosylation is an important form of posttranslational modification that
plays vital roles in various cellular events. The attachment of carbohydrates on
secreted and membrane-bound proteins is necessary for proper protein folding and
assembly. Glycosylation can also improve protein stability and modulate protein
functions. Specific recognition of glycans on cell surface proteins is an efficient way
of mediating cell—cell interactions in multicellular organisms, as well as interactions
between different organisms.

For eukaryotes, the biosynthesis of glycoconjugates is confined to the endoplas-
mic reticulum (ER) and Golgi compartments. The attached glycans display amazing
structural diversity compared to proteins and nucleic acids. So far, at least 41 different
glycoprotein linkages have been identified, involving 13 different monosaccharides
and 8 different amino acids (Spiro 2002). The covalently linked monosaccharide
is further decorated with other glycan residues through different glycosidic bonds
(Varki et al. 2009). The large number of possible combinations results in glycoconju-
gates of significant macroheterogeneity and microheterogeneity (Jenkins et al. 1996).
The type and pattern of attached oligosaccharides are influenced by their location
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and the environment within the protein structure as well as by host factors including,
but not limited to, species, tissue distribution, and developmental stage of the host.

Over evolution, many pathogens have explored the subtle differences in glycan pat-
terns to mount infections in precise species-specific or even tissue-specific manner.
Glycan-binding proteins that recognize specific glycans or glycosidic linkages are used
by microbes for adhesion and eventual invasion (Karlsson 2001; Sharon 1996; Imberty
and Varrot 2008; Olofsson and Bergstrom 2005; Taube et al. 2010). In this chapter, we
discuss three paradigm systems in which viral proteins use different sets of protein—
glycan interactions to recognize sialic acid in cell surface glycans as receptors for viral
attachment: (1) The most extensively studied influenza virus hemagglutinin (HA), (2) the
paramyxovirus hemagglutinin—neuraminidase (HN) protein mediating both receptor
engagement and viral fusion, and (3) the VP8* domain from nonenveloped rotaviruses.

Not content with utilizing host glycans as a gateway for viral entry, viruses
also hijack the host glycosylation machinery to modify their own surface proteins.
Decoration with host-like oligosaccharides is sometimes crucial for protein folding
and processing; most importantly, this glycan shield can disguise a viral particle from
host immune surveillance (Vigerust and Shepherd 2007). Two prominent examples
are influenza A virus and human immunodeficiency virus (HIV-1), both of which
are of great importance to human health. As a counterattack, the immune system
attempts to generate antibodies that target functionally important regions of viral pro-
teins that are not fully covered by the glycan shield (Kwong and Wilson 2009). These
regions include the CD4-binding site of HIV-1 gp120 (Zhou et al. 2007, 2010) and the
stem region of the influenza virus HA, as evidenced by several recently discovered
antibodies (Ekiert et al. 2009, 2011; Sui et al. 2009; Kashyap et al. 2008; Throsby et
al. 2008; Corti et al. 2011). In a more extreme case, antibody 2G12 targets the densely
packed glycan shield itself and binds to the unusual cluster of high-mannose glycans
atop HIV-1 gp120 (Calarese et al. 2003). Other highly potent, broadly neutralizing
antibodies that recognize glycans on HIV-1 gp120 have also been recently discovered
(Walker et al. 2011; Pejchal et al. 2011; McLellan et al. 2011; Walker et al. 2009).

Protein—glycan interactions in the viral life cycle provide a practical avenue for
the development of antiviral agents (von Itzstein 2008). Tamiflu has become a house-
hold name because of its role in treating infections by influenza A viruses from sea-
sonal flu to “avian flu” and the more recent (2009) “swine flu” pandemic. Its active
ingredient, oseltamivir carboxylate, is an inhibitor of the viral glycan-destroying
enzyme neuraminidase (NA). We summarize here the progress made on designing
inhibitors for the influenza A virus as an example of antiviral drug design at the viral
protein—glycan interface.

10.2 GLYCANS AS RECEPTORS FOR VIRAL INVASION

Glycans that constitute receptors for enveloped and nonenveloped viruses mostly
belong to three categories: (1) glycans containing sialic acid, (2) sulfated glycosami-
noglycans (GAGs), and (3) histo-blood group glycans (Olofsson and Bergstrom 2005).

Sialylated glycoconjugates are often used by viruses as receptors for entry
because of their wide distribution on the surface of epithelia. Among the many vari-
ants of sialic acid, the one affecting human health the most is N-acetylneuraminic
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acid or sialic acid. Most sialic acid receptors are terminal sugars that are attached to
a penultimate galactose through either an 2,3- or an a2,6-linkage. Viruses engaging
these receptors include influenza viruses, parainfluenza viruses (PIVs), adenovirus
serotype 37, and so on (Imberty and Varrot 2008, Olofsson and Bergstrom 2005).
Although this occurs less frequently, an internal sialic acid in the glycan can also
serve as a receptor for some viruses, including simian virus 40 and NA-insensitive
strains of human rotaviruses (Imberty and Varrot 2008, Taube et al. 2010).

The GAGs are long, unbranched polysaccharides formed by linear repetitions
of disaccharide motifs. They are frequently sulfated and, thus, highly negatively
charged. Among the GAG family, heparan is most widely implicated as a viral
receptor (Olofsson and Bergstrom 2005). The attachment of many human pathogens,
including hepatitis C and dengue viruses, is mediated by heparan sulfate. However,
definitive GAG glycoepitopes for viral binding have not been well characterized.

Human histo-blood group is the least used group for viral infections in humans
and includes the A, B, and H antigens from individuals of blood types A, B, and
O, respectively. They are complex fucosylated oligosaccharides present on the sur-
faces of red blood cells, the gut, and respiratory epithelia. Only a few representatives
from norovirus, lagovirus, and parvovirus are known to utilize these neutral glycans
as receptors (Olofsson and Bergstrom 2005). Differential expression of histo-blood
group glycans in the human population correlates to susceptibility and resistance
to viral infection (Lindesmith et al. 2003). In recent years, the structural basis of
recognition of blood group oligosaccharides has been determined for two strains of
noroviruses (Choi et al. 2008; Bu et al. 2008; Cao et al. 2007).

Among the three groups of glycoepitopes, receptor binding of the sialic acid moi-
ety has been well documented structurally for many viral surface proteins (Imberty
and Varrot 2008). The glycan recognition generally involves sialic acid bound to a
shallow depression on the surface of the receptor-binding domain of the viral pro-
tein. The apparently low binding affinity is compensated by multivalent attachment
between virus and host cell. Here, we will discuss in detail the structural mechanism
of sialoside recognition in three well-characterized viral systems.

10.2.1 INFLUENZA A VIRus HEMAGGLUTININ (HA)

Influenza viruses are single-stranded, negative-sense RNA viruses belonging to the
Orthomyxoviridae family. Three genera of influenza viruses are currently known:
influenza A, influenza B, and influenza C. Although all three recognize sialoside recep-
tors on respiratory tract and cause contagious infections in humans, influenza A is of
the most interest to human health and is the only type that has caused flu pandemics.

Influenza A virus displays two major surface proteins on the viral envelope:
(1) The HA and (2) the NA. The HA is the protein responsible for viral attachment.
On attachment and internalization through endocytosis, HA also mediates the mem-
brane fusion between viral envelope and host endosomal membrane under stimulus
from an acidic pH (Skehel and Wiley 2000). Because of its abundant presence on the
viral envelope, HA is also the target for neutralizing antibodies. Complementary to
HA'’s receptor-binding ability, the NA is a sialidase that removes sialic acid recep-
tors, which enhances the release of progeny viruses (Colman and Ward 1985).



238 Structural Glycobiology

Based on its serotype, HAs of influenza A virus are classified into 16 subtypes.
Whereas all subtypes exist in avian species, particularly aquatic birds, only a few
have infected humans and only three have caused widespread human infections. In
the past 100 years, only H1, H2, and H3 subtypes have been involved in four human
pandemics: (1) 1918 (H1), (2) 1957 (H2), (3) 1968 (H3), and (4) 2009 (H1). In addi-
tion, isolated outbreaks of avian-origin H5, H7, and H9 influenzas were reported
during the last decade, which stirred up considerable concern about the potential
emergence of a “bird flu” pandemic. It is still largely a mystery why some subtypes,
but not others, have been able to adapt sufficiently for infection and transmission
in humans. One species barrier that has been well studied and documented is the
receptor-binding specificity of HA. Human adaptation of the current HSN1 viruses
is likely limited by the ability of their HA to acquire glycan-binding specificity for
human receptors (Shinya et al. 2006; Stevens et al. 2006¢, 2008).

Receptor-binding specificity of HA is reflected by its binding preference for
cell receptors of different oligosaccharide structures, most importantly the linkage
between sialic acid and the penultimate galactose. In the early 1980s, it was shown
that influenza viruses isolated from different species exhibit differential specificity
for sialoglycans with terminal NeuAca(2-3)Gal and NeuAca(2-6)Gal linkages, pro-
viding an underlying molecular basis for receptor-binding differences (Rogers and
Paulson 1983). The correlation between receptor specificity and species of origin was
supported by extensive surveys of human and animal isolates in later years (Stevens
et al. 2006a; Rogers and D’Souza 1989; Gambaryan et al. 1997, 2005). Human-
adapted viruses prefer receptors of a2,6-linkage, whereas avian viruses specifically
recognize a2,3-linked sialoside glycans. Such binding preferences are determined
by the different distribution patterns of these glycan linkages in humans and birds.
The «2,3-linked sialic acids are expressed on epithelial cells in the intestine and
respiratory tract of birds. In humans, the epithelial cells of the upper respiratory tract
contain primarily a2,6-linked glycans, whereas the lower respiratory tract and lung
display mainly a2,3-linked sialosides (Matrosovich et al. 2004, Shinya et al. 2006).
Infection to the upper respiratory tract readily enables human influenza viruses to
spread among the population via sneezing and coughing (Shinya et al. 2006). A lack
of binding for a2,3-linked glycans also prevents human viruses from being trapped
by mucins in the respiratory tract (Couceiro et al. 1993).

Glycan receptor binding has significant implications on the host range, tissue tro-
pism, pathogenesis, and transmission of the influenza A virus. Tremendous progress
has been made in recent years toward the characterization of HA—glycan interactions
from two different aspects: From the protein side, structural determination of HAs of
various subtypes, along with their receptor complexes, has elucidated the structural
basis of receptor-binding specificity (Gamblin and Skehel 2010). On the glycan side,
analysis of epithelial cells has revealed the distribution of glycan structures and link-
ages in various host species (Guo et al. 2007; Bateman et al. 2010; Ito et al. 2000; Chou
et al. 2002). Identification of novel glycans, combined with microarray technology
(see Chapter 7), has resulted in glycan microarrays that allow rapid assessment of viral
receptor specificity against a large panel of glycan epitopes (Stevens et al. 2006b).

Influenza HA of the H3 subtype was the first viral envelope protein to have its
atomic structure determined (Wilson et al. 1981). Subsequently, glycan recognition
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in H3 HA was studied in crystal structures of HA in complex with various sialylated
glycan analogs (Eisen et al. 1997; Sauter et al. 1992; Watowich et al. 1994; Weis
et al. 1988; Ha et al. 2003). Since then, all major HA subtypes, of both human origin
and avian origin, have been analyzed structurally in their “apo” form and in receptor
complexes. Structural analyses have been carried out for the HAs from H1 (Gamblin
et al. 2004; Stevens et al. 2004; Xu et al. 2010a; Lin et al. 2009; Xu et al. 2012), H2
(Xu et al. 2010b; Liu et al. 2009), H5 (Ha et al. 2001, 2002; Stevens et al. 2006¢), H7
(Yang et al. 2010; Russell et al. 2004), and H9 (Ha et al. 2001, 2002).

The crystal structures suggest a conserved architecture for all subtypes of HA.
Each HA spike is a trimeric complex comprising identical HA protomers. The
receptor-binding site is located in a shallow pocket on the membrane-distal globu-
lar head of HA. The binding site is surrounded by three major structural elements:
The (1) 130 loop, (2) 190 helix, and (3) 220 loop (Figure 10.1). The bottom of the
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FIGURE 10.1  (See color insert.) Receptor recognition in influenza A virus HA envelope
protein. (a) Human H2 HA in complex with human receptor analog (PDB: 2WR?7), (b) avian
H2 HA in complex with avian receptor (PDB: 2WR3), (c) human H1 HA in complex with
human receptor analog (PDB: 3UBE), and (d) avian H1 HA in complex with avian receptor
(PDB: 3HTP).
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depression is formed by strictly conserved aromatic residues including Tyr98,
Trpl153, and His183. Across subtypes, molecular recognition for the terminal sialic
acid is well conserved. The pyranose ring of sialic acid sits near the rim of the 130
loop, with the 2-carboxylate, the 5-acetamido, and the 8- and 9-hydroxyl groups
pointing into the binding pocket. Sialic acid is bound by hydrophobic interactions
and hydrogen bonding with well-conserved amino acids on the HA. The carboxyl-
ate group forms hydrogen bonds with the side-chain hydroxyl group of residue 136
(All HA residues are numbered as for the H3 subtype) and the amide of residue 137.
The 8- and 9-hydroxyl groups are part of a hydrogen bonding network along with
the side chains of Tyr98 and His183. Another conserved hydrogen bond is formed
between the 5-acetamido nitrogen and the carbonyl oxygen of residue 135. The
hydrophobic methyl group of the 5-acetamido moiety makes van der Waals contact
with the indole ring of Trpl53. Other interactions are unique to certain subtypes
or certain HA strains. GIn226, when present, is hydrogen bonded to the carboxyl-
ate and the 8-hydroxyl of sialic acid (Figure 10.1b through d). In human H2 and
H3 HA, it is replaced by Leu226 (Figure 10.1a). It is noted that Glu190 of H2 HA
forms a hydrogen bond with the 9-hydroxyl group (Figure 10.1a and b). In human
HI HA, a similar hydrogen bond is mediated through a water molecule coordinated
by Aspl190 (Figure 10.1c).

Preferential binding toward glycans of different linkages is achieved by specific
interactions beyond the sialic acid. In H1, H2, and H3 HAs, shift of receptor speci-
ficity from a2,3- to a2,6-linkage requires as few as two amino acid changes at or
near the 220 loop: (1) E190D/G225D in H1 (Stevens et al. 2006a; Matrosovich et al.
2000; Tumpey et al. 2007), and (2) Q226L/G228S in H2 and H3 (Matrosovich et
al. 2000; Connor et al. 1994). The substitutions remove hydrogen bonds that confer
specificity to o2,3-linked glycans and add favorable interactions between HA and
a2,6-sialosides (Ha et al. 2003; Liu et al. 2009; Xu et al. 2010b, 2012).

The a2,3-linked receptor analogs adopt an “extended conformation” in the crys-
tal structures of avian HAs (Lin et al. 2009, 2009; Ha et al. 2003, 2001). The recep-
tor analogs exit the binding pocket over the 220 loop, with the Gal-2 sugar ring
contacting GIn226 (Figure 10.1b and d). Hydrogen bonds are formed between the
GIn226 side chain and the O3 and O4 atoms of Gal-2. This pair of hydrogen bonds is
present in all avian HAs and is the only HA—glycan interaction beyond the terminal
sialic acid.

Two different strategies have been used successfully in natural viruses to switch
HA-binding specificity. In H2 and H3, the polar-to-hydrophobic mutation of Q226L
directly removes the hydrogen bonding interactions that are specific to «2,3-linked
glycans. The combination of Q226L/G228S substitutions also expands the receptor-
binding site by about 0.5 A (Ha et al. 2003; Xu et al. 2010b). The slightly shifted
220 loop now orients the hydrophobic Leu226 to enable contact with the C6 atom
of Gal-2 in the receptor analogs. Thus, the hydrophobicity switch at residue 226
directly exploits the linkage difference between receptors, replacing polar interac-
tions for avian receptor binding with hydrophobic interactions for human receptor
binding. In contrast, GIn226 is retained in human H1 HAs, but it moves away from
the binding site and reduces interaction with receptor analogs (Xu et al. 2012). This
loss of contacts to avian receptors is manifested by the reshaping of the 220 loop
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that is promoted by mutations E190D and G225D. It is noted that Glul90 is part
of a hydrogen bonding network that likely contributes to the shape of loop 220 and
leads to improved avian receptor binding (Gamblin et al. 2004). The G225D substi-
tution has an even larger effect on the 220 loop conformation, given that the dihe-
dral angles of Gly225 (¢ = 139.1° y = —69.7°) in avian Hl HAs are energetically
allowed only for glycine residues (Lovell et al. 2003; Lin et al. 2009). As a result, the
GIn226 side chain in human H1 HA sits relatively deep in the binding pocket and is
too distant from Gal-2 of avian receptors to make hydrogen bonds (Xu et al. 2012).
In addition, the E190D/G225D substitutions also introduce new polar interactions
with a2,6-linked glycans. These newly formed interactions are unique to human
receptors because of the difference between the overall shapes of a2,3- and a2,6-
linked glycans. In the HA complexes, human receptor analogs form a bent or folded-
back conformation. The Gal-2 skirts over the 220 loop, while the third sugar ring
abruptly turns toward the 190 helix to make an exit for the rest of the sugars above
the receptor-binding site. The Gal-2, through its O3 and O4 atoms, forms extensive
hydrogen bonds with Asp225 and the neighboring Lys222. The Asp190 forms hydro-
gen bonds with the 2-acetamido nitrogen of GlcNAc-3 and the 2-hydroxyl group of
Gal-4 (Figure 10.1c).

Based on structural analysis, receptor-binding specificity is determined by the
presence or absence of a few favorable interactions beyond the terminal sialic acid.
These subtle differences in receptor binding correlate with only small differences in
intrinsic affinity for the receptor glycans. Human H3 HA has K (dissociation con-
stant) values of 2.1 and 3.2 mM for a2,6- and a2,3-linked glycans, respectively, as
revealed by direct nuclear magnetic resonance (NMR) affinity measurements (Sauter
et al. 1989). An avian variant with Gln at position 226 exhibited corresponding val-
ues of 5.9 and 2.9 mM. Such small differences in absolute affinity are amplified by
multivalent binding between virus and host cells and are translated into distinguish-
able binding properties.

In recent years, it has become increasingly clear that binding specificity of HA
depends not only on the glycosidic linkage, but also on the rest of the oligosac-
charide structure. Fucosylation, sulfation, branched glycans, and glycan length can
greatly influence receptor binding. Glycomic profiling of respiratory epithelial cells
is underway to understand the diversity and relative abundance of glycans distrib-
uted in humans and animals (Bateman et al. 2010; Lo-Guidice et al. 1994). The
new knowledge about the range of glycan structures on tissues related to influenza
infection goes hand in hand with the emerging data from glycan microarray analyses
(Stevens et al. 2006b). Glycan microarray technology enables the coupling of up to
hundreds of different glycan structures on a single chip and allows the high-through-
put study of glycan binding in a matter of hours.

The glycan microarray developed by the Consortium for Functional Glycomics
(CFG) (Blixt et al. 2004) is widely utilized for the analysis of influenza virus—receptor
specificity. Assay protocols have been optimized for both recombinant HA samples
and inactivated whole viruses. Human HAs, including those from the aforemen-
tioned four influenza pandemics, show clearly restricted preference to «2,6-linked
sialosides (Stevens et al. 2006a; Xu et al. 2010b, 2012; Yang et al. 2010). Avian virus
HAs exhibit specific recognition for a2,3-linked sialosides (Stevens et al. 2006a,



242 Structural Glycobiology

2006c¢; Xu et al. 2010b). The fine specificity of HAs has been revealed by such glycan
array analyses. Human H1 HA binds only to a limited group of linear o2,6-linked
glycans compared with H2 and H3 HAs. Fucosylated o2,3-linked sialosides are rec-
ognized by human rather than avian H2 HAs. The biological relevance of these bind-
ing preferences is likely related to viral adaptation and tissue tropism.

Another application of glycan assay in influenza virus research is in the rapid sur-
veillance of H5N1 virus strains and evolution. The H5N1 influenza virus is of avian
origin and has infected human beings in isolated cases in the past decade. The highly
pathogenic H5N1 virus aroused global concern due to its high mortality in humans and,
hence, its potential for causing a devastating human pandemic. Avian H5 showed classi-
cal specificity for a2,3-linked sialosides on the glycan microarray (Stevens et al. 2006c¢).
H5 HA does not readily switch to a2,6-linkage specificity through a simple set of muta-
tions that had occurred in H1, H2 and H3 (Stevens et al. 2006c, 2008; Maines et al.
2011). A recent report suggests that as few as four amino acid changes could change the
binding specificity of H5 HA and allow an H5 containing virus confer respiratory drop-
let transmission in ferrets (Imai et al. 2012), although three of them have been strictly
conserved in field strains since 2003. Instant assessment of receptor specificity for newly
isolated H5N1 viruses is important in order to evaluate whether any human adaptation
has occurred and, hence, whether they are more likely to be transmitted in humans.

10.2.2 Paramyxovirus HN

The Paramyxoviridae family includes many pathogens that affect human health, such
as measles virus, human PIV (hPIV), and respiratory syncytial virus. The attach-
ment proteins from the family share a  propeller—like fold, which enables binding
to glycans and protein receptors of host cells. Based on their receptor ligands, these
attachment proteins belong to three distinctive classes: (1) The HN, (2) H, and (3)
attachment glycoprotein G (Bowden et al. 2010). The H and G glycoproteins use cell
surface proteins as receptors and are thus out of the scope of this chapter. The HN
glycoprotein utilizes terminal sialic acid for attachment and has sialidase activity, as
well as the ability to bind glycan receptors. The crystal structures of HN receptor
binding domains have been determined for three viruses: (1) Newcastle disease virus
(NDV) (Crennell et al. 2000; Zaitsev et al. 2004; Yuan et al. 2011), (2) hPIV type 3
(hPIV3) (Lawrence et al. 2004), and (3) PIV type 5 (PIV5) (Yuan et al. 2005).

The HN glycoprotein is a tetramer of six-bladed p-propeller, similar to influ-
enza virus NA. Each blade consists of four antiparallel p-strands. The receptor-
binding site is located at the center of the P-propeller. When cocrystallized with
sialic acid, only 2-deoxy-2,3-didehydro-D-N-acetylneuraminic acid (Neu5SAc2en or
DANA) was found in the receptor-binding site (Crennell et al. 2000; Lawrence et
al. 2004; Yuan et al. 2005). This unsaturated sialic acid derivative is a sialosyl cat-
ion transition-state analog, which confirms sialidase activity in the binding site of
HN. The Neu5Ac2en binding is coordinated by a group of residues that are highly
conserved in sialidases (Figure 10.2a). The carboxylate group of NeuSAc2en inter-
acts with a conserved arginine triad, that is, Argl63, Arg405, and Arg495 (number-
ing as in PIVS5). The interaction provided by Arg495 is bidentate, with salt bridges
formed from Arg guanadinium to both carboxylate oxygen atoms of the sugar. It
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FIGURE 10.2 (See color insert.) Receptor recognition in paramyxovirus and rotavirus.
(a) the PIV 5 HN in complex with Neu5Ac2en (PDB: 1Z50); (b) PIV 5 HN in complex with
a2,3-sialyllactose (PDB: 1Z4X); (c) binding of sialic acid in the VP8* fragment of rhesus
rotavirus (PDB: 1KQR); and (d) the equivalent region in human rotavirus strain Wa, which is
substantially different from the rhesus rotavirus. The electron density for glycan ligand is not
present in the crystal structure (PDB: 2DWR).

is mentioned that Argl63 and Arg405 approach from either side of the carboxylate
in nearly symmetric directions. On the other end of the binding site, Glu247 forms
hydrogen bonds with the 7- and 9-hydroxyls of the ligand. The O8 of Neu5Ac2en
points into the binding pocket and is hydrogen bonded with Tyr306. It is noted that
Glu390 and Tyr523 line the floor of the binding pocket.

The HN structure in complex with «2,3-sialyllactose was obtained by ligand
soaking under pH conditions for attenuated enzymatic activity (Yuan et al. 2005).
The terminal sialic acid is deformed into a boat-like conformation (Figure 10.2b),
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which is unlike the chair conformation observed in influenza HA complexes. As a
result, the glycosidic bond between Gal-2 and Sia-1 is oriented in the axial position,
whereas the 2-carboxylate group is positioned nearly equatorially toward the argi-
nine triad. The lactose moiety provides only limited surface contact and no specific
interactions with HN (Yuan et al. 2005).

Human paramyxovirus displays distinctive receptor-binding specificity from
human influenza virus. An earlier report suggests that hPIV type 1 (hPIV1) and
hPIV3 recognize a2,3-linked sialic acid with hPIV3 also showing some affinity for
o2,6-linked sialic acid (Suzuki et al. 2001). A later study using the glycan microarray
revealed (Amonsen et al. 2007) that hPIV1 and hPIV3 both recognize a glycan epitope
on Neu5Aca(2-3)Galf(1-4)GlcNAc. The hPIV3 shows more restricted binding than
hPIV1 and generally binds only long oligosaccharides. Binding to both viruses is also
detected for other a2,3-linked sialosides that are sulfated or fucosylated. No noticeable
binding for a2,6-linked sialic acids was observed in the glycan microarray experiment.

The crystal structure of NDV HN uncovered a second sialic acid binding site at
the dimer interface of HN (Zaitsev et al. 2004). Although the existence of the sec-
ond binding site has been proposed for PIV (Bousse et al. 2004; Porotto et al. 2006,
2007), it was not observed in the crystal structures of hPIV3 and PIV5 (Lawrence
etal. 2004; Yuan et al. 2005). Further studies are necessary to resolve this discrepancy.

Besides viral attachment, receptor binding in HN is responsible for inducing con-
formational changes that lead to F protein—mediated membrane fusion. Here again,
conflicting models have been proposed based on existing HN structures. The NDV
HN shows considerable conformational changes on receptor binding (Zaitsev et al.
2004). The structural changes in HN protomer are correlated with changes in the dimer
interface, leading to the formation of the proposed second binding site and F protein
activation (Zaitsev et al. 2004; Crennell et al. 2000). However, no ligand-induced con-
formational changes were observed in the HN of hPIV3 and PIV5 (Lawrence et al. 2004;
Yuan et al. 2005). Rather, it was proposed that engagement of glycan receptors triggers
HN tetramer dissociation, which then leads to F protein activation (Yuan et al. 2005).
This difference is mirrored by recent studies on measles virus H protein (Hashiguchi et
al. 2011; Navaratnarajah et al. 2011). Thus, the mechanism by which receptor binding
induces membrane fusion in paramyxoviruses still remains somewhat enigmatic.

10.2.3 Rortavirus VP8*

Rotaviruses are nonenveloped viruses that cause severe diarrheal illness in children
worldwide (Parashar et al. 2006). The viruses target intestinal cells through sialoside
glycan receptors (Banda et al. 2009). Cell attachment is mediated by VP4 spikes on
the outer shell of the virus (Lopez and Arias 2006). Trypsin cleavage of VP4 is a nec-
essary priming step for viral entry and it yields two cleavage fragments: (1) VP5* and
(2) VP8* The VP8* is the glycan-binding domain and has been studied structurally.
Rotaviruses can be classified into two groups: (1) “NA-sensitive” and (2) “NA-
insensitive” rotaviruses (Banda et al. 2009). The NA-sensitive strains recognize ter-
minal sialic acid as a receptor, whereas NA-insensitive strains, utilize internal sialic
acid as the receptor (Haselhorst et al. 2009). Pretreatment of host cells with sialidase
decreases the infectivity of NA-sensitive strains, but not NA-insensitive strains.
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Crystal structures of VP8* show a galectin-like P-sandwich fold in both
NA-sensitive strains (Dormitzer et al. 2002b; Blanchard et al. 2007; Kraschnefski et
al. 2009) and NA-insensitive strains (Monnier et al. 2006; Blanchard et al. 2007). In
NA-sensitive strains, the receptor-binding site is located in a shallow groove between
the two B-sheets (Figure 10.2¢). It is noted that Tyr189 forms the floor of the bind-
ing pocket. Only a few hydrogen bonds anchor the protein—glycan interaction. The
carboxylate group of sialic acid forms hydrogen bonds with the hydroxyl group, as
well as the main-chain amide of Ser190. The glycerol side chain is stabilized by
Argl01, with two hydrogen bonds to the 8- and 9-hydroxyls of the sugar. Another
conserved hydrogen bond is found between the 5-acetamido nitrogen and the main-
chain carbonyl oxygen of Tyr188. The Tyr188 and Tyrl55 provide van der Waals con-
tacts with the sialic acid from opposite rims of the binding site. Alanine mutations
of ArglOl and Ser190 result in reduced glycan binding (Kraschnefski et al. 2009).
NMR spectroscopy experiments demonstrate that the rhesus rotavirus VP8* core
binds a-anomeric N-acetylneuraminic acid with a K, of 1.2 mM without preference
for a2,3- or a2,6-linked glycans (Dormitzer et al. 2002a).

The residues important for sialic acid binding are well conserved among
NA-sensitive strains but not in NA-insensitive strains (Dormitzer et al. 2002b).
Although similar in overall fold, the putative glycan-binding site in NA-insensitive
strains shows a significantly different architecture (Figure 10.2d) (Monnier et al.
2006; Blanchard et al. 2007). Most notably, ArglOl is replaced by an aromatic
PhelOl. Electron density for glycans was not found at the putative binding site.
Instead, it was proposed that VP8* of NA-insensitive strains recognizes internal
sialic acid through an alternate site that is equivalent to the carbohydrate-binding
groove of galectins (Blanchard et al. 2007).

10.3 VIRUS GLYCOSYLATION

Viruses co-opt the host translational machinery for the synthesis of viral proteins.
Naturally, they also take advantage of the host glycosylation apparatus to modify
viral surface proteins. The addition of N-linked and O-linked oligosaccharides on
viral surface proteins serves at least two important functions: (1) Facilitating protein
folding and stability and (2) preventing antibody recognition (Vigerust and Shepherd
2007). We summarize here how glycosylation improves immune evasion for two
viruses affecting human health: (1) Influenza A virus and (2) HIV-1. As no viral
defense can be perfect, we also discuss recent advances in the identification and
structural elucidation of antibodies that have successfully overcome the barrier pro-
vided by the glycan shield and also by extreme antigenic diversity in these viruses.

10.3.1 ProtecTioN OF VIRUSES BY GLYCANS FROM IMMUNE RECOGNITION

The surface proteins of influenza A HA and NA are both heavily glycosylated.
The HA is the target of neutralizing antibodies and generally has 5-11 potential
N-glycosylation sites in each protomer (Vigerust and Shepherd 2007). The stem
region is highly glycosylated with around 5 glycosylation sites in all strains and
subtypes (Das et al. 2010; Klenk et al. 2002). The distribution of glycosylation sites
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on the membrane-distal globular domain is more variable and evolves during viral
circulation in humans. Glycosylation helps viruses to evade immune responses in
two ways: (1) The added “self”-like carbohydrate prevents antibody generation
against the protein surface underneath and, thus, modifies the antigenicity of HA.
The difference in the location of antigenic regions in HAs from different strains
and subtypes, such as H1 and H3, is largely dictated by the different locations and
extent of the glycosylation sites (Caton et al. 1982; Wiley et al. 1981); (2) A newly
acquired glycosylation site in the antibody-binding region of HA disrupts antibody—
HA interaction and is commonly used by influenza virus to escape from antibody
neutralization (Daniels et al. 1983; Tsuchiya et al. 2002). The H1 HA, since being
introduced into humans in 1918, has added up to three N-glycosylation sites in the
Sa antigenic site (Xu et al. 2010a; Wei et al. 2010). The tendency to add oligosac-
charides for shielding antigenic sites is even greater in H3 HA, which has accumu-
lated four more N-glycosylation sites in the globular domain since the 1968 H3N2
pandemic (Abe et al. 2004).

The HIV-1 virus uses the same strategy of glycan shielding but to an even greater
extent. The HIV-1 envelope protein gpl20 is one of the most heavily glycosylated
proteins known with 18-33 potential N-glycosylation sites (Korber et al. 2001).
These oligosaccharides limit the neutralizing antibody response and shield the viral
protein gpl20 from immune recognition (Reitter et al. 1998). Similar to influenza
virus HA, glycosylation sites are added to gp120 over the course of infection to evade
the evolving host neutralizing antibody responses (Sagar et al. 2006). Nevertheless,
in an interesting twist, the extreme glycosylation in gpl20 compared with human
proteins has rendered these self-sugar clusters immunogenic, as exemplified by sev-
eral human antibodies that can specifically recognize high-mannose sugars on the
surface of gpl20 (see Section 10.3.2).

10.3.2 Host ANTIBODY RESPONSE TO VIRAL GLYCOPROTEINS

Although effective in escaping antibody recognition, adding glycosylation sites some-
times comes with a penalty for viral fitness. Excessive glycosylation may interfere
with proper protein folding. Some parts of viral proteins, especially those important
for host interactions, cannot be masked by oligosaccharides. Glycosylation near the
receptor-binding site of influenza HA can decrease the receptor-binding avidity of
HA (Abe et al. 2004; Tsuchiya et al. 2002). During infection in humans in the late
1957-1968, the H2N2 pandemic virus failed to add new N-glycosylation sites to its
globular head domain of HA. The detrimental effect of adding glycosylation sites
to H2 HA may then have hampered its escape from human immunity (Tsuchiya et
al. 2002). Such structural or functional limitations may prevent viral proteins from
being hyperglycosylated and leave holes in the glycan shield so that antibody can
penetrate to the protein surface underneath. Antibodies can then gain access to the
highly conserved receptor-binding sites as in influenza HA or HIV-1 gp120 and neu-
tralize the virus (Barbey-Martin et al. 2002; Fleury et al. 1998; Zhou et al. 2007,
Whittle et al. 2011; Wu et al. 2011).

Another interesting example of antibodies breaching the glycan shield is the
recently identified stem region antibodies of influenza HA (Okuno et al. 1993; Sui et al.
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2009; Kashyap et al. 2008; Throsby et al. 2008; Corti et al. 2011). The stem region
of HA is highly conserved in overall structure and sequences across subtypes and
groups. It is also heavily glycosylated and less accessible compared to the membrane-
distal globular head domain; thus, it is not usually targeted by antibodies. Instead,
host immune attention is directed to the often less glycosylated membrane-distal
globular domain, especially to the highly variable and more accessible loops where
escape mutations have less effect on HA function and thus arise relatively easily. The
stem region antibodies, however, target highly conserved epitopes that are not fully
shielded by oligosaccharides in the stem region (Ekiert et al. 2009, 2011; Sui et al.
2009; Corti et al. 2011). These first identified human antibodies to this region show
broad neutralization across subtypes in the group 1 family (10 of 16 HA subtypes)
(Throsby et al. 2008; Sui et al. 2009; Kashyap et al. 2008; Ekiert et al. 2011; Corti
et al. 2011), and it is harder for viruses to escape from these antibodies (Sui et al. 2009;
Ekiert et al. 2009). In the complex structures of antibody CR6261 (Ekiert et al. 2009;
Figure 10.3a), the antibody-binding footprint is relatively small (680 A2) and is located
between N-linked oligosaccharides on the HA. The HA—antibody interaction is domi-
nated by the heavy chain of the antibody. The strategy of heavy chain—only recogni-
tion is useful for targeting small and recessed antigenic epitopes, as also evidenced by
HIV antibody b12 (Zhou et al. 2007; Kwong and Wilson 2009). Such an arrangement

FIGURE 10.3  (See color insert.) Broadly neutralizing antibody recognition of influenza
A and HIV-1. (a) The footprint for antibody CR6261 binding (colored purple) is confined by
four N-glycosylation sites within the stem region of HI HA (strain: A/South Carolina/1/1918)
(PDB: 3GBN). The N-glycans built in the crystal structure (HA1 Asn 21 and HA2 Asn 154)
are shown in a space-filling model. Other potential N-glycosylation sites (HA1 Asn33 and
HA1 Asn289) are colored in green. For clarity, only the variable domains of CR6261 are
shown here (heavy chain in yellow; light chain in orange). (b) The HIV-1 neutralizing anti-
body 2G12 in complex with the oligosaccharide Many,GlcNAc, (PDB: 10P5). The Fab V,,/V
domain exchange (heavy chains colored in green and yellow) is important for glycan binding
in 2G12. The ManyGIcNAc, moieties are bound to the primary combining sites as well as the
novel V,,/V, interface that is formed in the domain exchange.
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appears to be necessary for CR6261 and related V1-69 antibodies to avoid the HA
stem glycans. One conserved glycosylation site, HA2 Asn154, is located between HA
and the light chain of CR6261, eliminating possible direct light chain contacts to the
HA protein residues (Ekiert et al. 2009). Another antibody was recently identified
that recognizes group 2 influenza A viruses (i.e., the remaining 6 of the 16 HA sub-
types) and recognizes a distinct epitope on group 2 viruses (Ekiert et al. 2011) where
a glycosylation site potentially restricts antibody access on group 1 viruses. A further
recent advance is the identification of other antibodies that are able to accommodate
the different glycosylation in the group 1 and group 2 viruses and, hence, neutralize
almost all influenza A viruses (Corti et al. 2011). In this case, the flexible sugars that
might have impeded recognition are rotated out of the way and enable the antibody to
specifically recognize the highly conserved protein residues below.

In the HIV virus, the glycan shield can present itself as an immunogenic epit-
ope for antibody binding. Unlike most viral glycoproteins, HIV-1 gp120 is largely
glycosylated with clusters of high-mannose oligosaccharides. The incomplete pro-
cessing of glycans in gpl20 is likely due to the high density of oligosaccharides
that impede access by mannosidases in the Golgi (Kwong and Wilson 2009). This
unique glycan composition of gp120 may play a role in viral infection (Geijtenbeek
et al. 2000); it also enables the virus to be considered “foreign” and, therefore, to be
placed under the surveillance of the host immune system. Antibody 2G12 differen-
tiates these glycan differences on the glycan shield and neutralizes HIV-1 through
the binding to an epitope formed by high-mannose N-glycans attached to residues
295, 332, 392 and so on (Sanders et al. 2002). In the crystal structures of 2G12 in
complex with glycan oligosaccharides (Calarese et al. 2003), 2G12 adopts a unique
“Vy domain—swapped dimer” architecture. Domain exchange is necessary for bind-
ing the HIV-1 glycan shield (Doores et al. 2010) as the dimer of two Fabs forms a
multivalent binding surface that includes two conventional antigen-combining sites
and two potential noncanonical binding sites at the newly formed V-V, dimer
interface (Calarese et al. 2003). In the primary combining site, glycan recognition
is dominated by recognition of the terminal Mana(1-2)Man disaccharide. Binding
specificity is achieved by high shape complementarity and a total of 12 hydrogen
bonds between the Mana(1-2)Man disaccharide and 2G12 (Calarese et al. 2003).
High-affinity binding, however, is possible only with multivalent binding as interac-
tion with a single oligosaccharide is normally in the micromolar or lesser range, but
it is increased to the nanomolar range by using the primary and secondary binding
sites in the domain-swapped dimer. Recently, another two groups of broadly neu-
tralizing antibodies that target the glycan shield of HIV-1 were identified (Walker
et al. 2011; Walker et al. 2009). Crystal structures of two of these antibodies suggest
a different mechanism for recognition (Pejchal et al. 2011; McLellan et al. 2011).
These antibodies both display two glycan-binding sites in the Fab without utilizing
the swapping dimer architecture in 2G12. Besides binding to well-conserved high-
mannose glycans, antibody PGT128 also recognizes a protein segment under the
glycan shield in the V3 loop region of gp120, potentially improving binding affinity
as well as specificity (Pejchal et al. 2011). A similar motif of antibody binding to two
glycans and a B-strand segment was observed for antibody PG9 binding to the VIV2
region of HIV-1 gp120, where, in this case, the p-strand comes from the V2 region
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and Man; is specifically recognized in PG9 compared to Mang_, in PGT128/PGT127
for one of the glycans, whereas the other glycan interaction seems less restricted by
glycan type and position (Walker et al. 2009; McLellan et al. 2011).

10.4 PROTEIN-GLYCAN INTERFACES AS DRUG TARGETS

The role of glycan recognition in the life cycle of many viruses has stimulated much
interest in drug design at the protein—glycan interface (von Itzstein 2008). For influ-
enza A virus, both HA and NA are potential targets for the discovery and develop-
ment of viral inhibitors (Matrosovich and Klenk 2003; von Itzstein 2007).

The development of HA inhibitors was inspired by the identification of sialic acid
as a viral receptor (Paulson 1985) and later by x-ray structural determination of HA
in complex with sialic acid (Weis et al. 1988) in the 1980s. Initial studies explored the
possibility of designing sialic acid analogs with high-affinity binding to the receptor-
binding site, often with the aid of structure-guided optimization (Sauter et al. 1989;
Sauter et al. 1992; Watowich et al. 1994; Toogood et al. 1991). However, low-affinity
binding to the shallow receptor-binding site proved to be an insurmountable chal-
lenge for monovalent sialic acid analog ligands (Matrosovich 1989). The balance
between potency and specificity also handicaps the design of sialic acid analogs, as
tight binding to all the known HA subtypes, or at least subtypes of interest to human
health, such as the pandemic H1, H2, and H3 and other human-infecting zoonotic
viruses, H5, H7, and H9, is the desired outcome. Substitutions on the designed inhib-
itors that improve affinity likely also enhance only interactions with nonconserved
residues at the receptor-binding site. As a result, derivatives of Neu5Ac often have
variable effects on different viral strains (Matrosovich et al. 1991, 1992, 1993). Later
approaches have used polyvalent presentation of sialic acid analogs, mimicking the
multivalent binding between virus and host cell. Methods of presentation include
linear polymers, synthetic dendrimers, sialic acid—containing liposomes (Carlescu et
al. 2009) and, more recently, nanostructures (Papp et al. 2011). Sialylglycopolymer is
the best studied among the group and shows greatly improved inhibitory activity over
monovalent ligands (Mammen et al. 1996). Notwithstanding, a polyvalent inhibitor
against influenza virus has not yet been approved for clinical trials, as concerns of
toxicity and drug delivery remain to be solved. In recent years, sialic acid—mimic
peptides have been selected from phage display as potential HA inhibitors and show
improved binding affinities over sialic acid (Matsubara et al. 2010).

The development of NA inhibitors has been much more fruitful. As for HA,
inhibitor design was also aided by high-resolution NA crystal structures. The crystal
structure of NA revealed a tetramer of pB-propellers (Varghese et al. 1983; Colman
et al. 1983), which represents a structural fold conserved in sialidases, as described
in Section 10.2.2 for PIV HN. In the active site, NeuSAc is oriented by interaction
with an arginine triad, and ligand binding is facilitated by significant contacts with
five other highly conserved residues. Later, higher-resolution structures suggested the
glycan moiety that is trapped at the active site is NeuSAc2en, an unsaturated NeuSAc
derivative and a known low-affinity inhibitor of influenza virus (Varghese et al. 1992;
Burmeister et al. 1993). The moiety Neu5Ac2en displays a distorted boat conforma-
tion that proved to be a valuable starting point for the design of potent inhibitors.
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Under the guidance of structural analysis, the 4-hydroxyl group of Neu5Ac2en
was replaced by a large basic functional group for optimal formation of salt bridges
with the conserved Glull9 and Glu227 (von Itzstein et al. 1993). The resultant
4-deoxy-4-guanidino-Neu5Ac2en is a highly effective inhibitor of influenza NA
(Woods et al. 1993) and was later marketed as zanamivir (Relenza) by Glaxo (now
GlaxoSmithKline, London, United Kingdom). In the crystal structure of NA from
the 1918 HIN1 pandemic in complex with zanamivir (Xu et al. 2008), the Glul19
carboxylate adopts a different orientation from the unliganded structure to accom-
modate the 4-guanidino group of zanamivir (Figure 10.4a). Electrostatic interactions
are, indeed, evident between zanamivir and the two conserved glutamate residues
as intended. Ligand binding also induces conformational changes in the 150 loop
for more extensive interaction and brings another acidic residue, Aspl51, within the
hydrogen bonding distance of the guanidinyl group of zanamivir (Xu et al. 2008).

In later years, continuing efforts to improve the bioavailability of NeuSAc2en
derivatives led to the development of oseltamivir (Tamiflu) (Kim et al. 1997, 1998).
The active metabolite of oseltamivir is a cyclohexene derivative that mimics the struc-
ture of NeuSAc2en. An amine group replaces the 4-hydroxyl group to create charge
interactions with Glul19 and Glu227. The glycerol moiety of Neu5Ac2en is replaced
by a pentyl ether side chain to improve its lipophilicity. X-ray crystallographic stud-
ies suggest that oseltamivir engages most of the conserved interaction seen in the NA
complexes with NeuSAc2en and zanamivir (Figure 10.4b). The Glu276 reorients away
from the ligand to make room for the bulky hydrophobic pentyloxy group (Kim et al.
1997, 1998; Russell et al. 2006). In the oseltamivir-resistant mutant, substitution of
H274Y presents a bulkier tyrosine residue that pushes the carboxyl group of Glu276
into the binding site and reduces inhibition by oseltamivir (Collins et al. 2008).
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FIGURE 10.4 (See color insert.) Influenza A virus sialidase NA as an effective target for
antiviral inhibitors. (a) The N1 NA (viral strain: A/Brevig Mission/1/1918) in complex with
zanamivir (PDB: 3B7E) and (b) the N1 NA from an avian flu virus in complex with oselta-
mivir (PDB: 2HU4).
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The successful story of drug design in influenza NA has inspired similar
approaches in other viral sialidases. Inhibitors of hPIV have been designed based on
crystal structures of NDV HN and these efforts have led to the micromolar inhibition
of HN from hPIV3 (Alymova et al. 2004; Tindal et al. 2007).
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11.1  INTRODUCTION

Sulfated glycosaminoglycans (GAGs) such as heparin and heparan sulfate (HS) are
linear glycans consisting of 1,4-linked uronic acid and glucosamine (Figure 11.1) and
encompassing varying degrees of sulfation (Gandhi and Mancera 2008). The HS and
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FIGURE 11.1  Chemical structure of the general repeating disaccharide unit in heparin and
heparan sulfate, where R, = H or SO3, R, = H/COCH, or SO3, and Ry = H or SO;3. The
heparin disaccharide comprises a 2-O-sulfated L-iduronic acid linked to a 6-O-sulfated,
N-sulfated D-glucosamine by al,4-glycosidic linkage. The a-L-IdoA can be replaced by its
C-5 epimer, B-D-GIcA.

heparin, a minor ubiquitous form of HS, are polydisperse, polyanionic polysaccha-
rides in which the negative charges arise from the presence of sulfate and carboxylate
groups. These molecules found inside the cell and in the extracellular matrix (ECM)
have manifold regulatory functions and are critically relevant to many disease pro-
cesses, such as inflammation (Parish 2006), neurodegeneration (Diaz-Nido et al. 2002),
angiogenesis (Iozzo and San Antonio 2001), cardiovascular disorders (Rosenberg et al.
1997), cancer (Yip et al. 2006), and infectious diseases (Rostand and Esko 1997).

Thus, GAGs represent novel targets for the development of therapeutic agents for
treatment of numerous diseases (Brown et al. 2007; Fuster and Esko 2005; Shriver
et al. 2004), with drugs already being developed for the treatment of metabolic dis-
orders, cancer, and infection. The pharmacological and therapeutic value of HS/
heparin and their mimetics resides in their ability to bind and cause immobiliza-
tion and/or activation of a variety of proteins, such as enzymes, enzyme inhibitors,
growth factors, ECM proteins, cytokines, adhesion molecules, and receptor proteins
(Gesslbauer and Kungl 2006; Volpi 2006). To date, many of these agents have proved
useful as anticoagulant and antithrombin (AT) agents and in the inhibition of carbo-
hydrate—lectin interactions (Osborn et al. 2004).

Heparin, which is isolated from mammalian tissues, is the largest selling phar-
maceutical by weight in the world and has been used in the clinic to prevent blood
clotting for over 60 years. Unfractionated heparin (UFH) remains the anticoagulant
of choice during cardiopulmonary bypass as its anticoagulant activity can be quickly
and completely neutralized by protamine. The UFH modulates the contact activa-
tion pathway by inactivating factor XIa and, to a lesser extent, factor XIla through
an AT-III-dependent mechanism (Figure 11.2) (Olson et al. 2004). Nevertheless, the
use of UFH has some major disadvantages (Krishnaswamy et al. 2010), such as the
potential for pathogen contamination due to its sourcing from animal tissues (Liu,
Zhang et al. 2009) and a variable dose—response curve (Hirsh et al. 2007). Long-term
use of UFH is associated with change in bone mineral density, as it directly affects
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FIGURE 11.2 (See color insert.) A cartoon illustrating differences in mechanism of action
of UFH and LMWH. Activated AT III degrades thrombin and FXa and binding of UFH to
AT through the pentasaccharide sequence increases the catalytic action of AT. Soon after, the
UFH-AT complex binds to and sequesters both FXa and thrombin, thereby preventing the
cascade of events that normally allows blood to clot. The LMWH, which also consists of a
pentasaccharide sequence, binds to AT and more selectively increases degradation of FXa but
not thrombin and consequently prevents blood clotting.

the activity of bone cells (osteoclasts/osteoblasts) as well as indirectly influencing
intercellular signaling and mineral metabolism that leads to heparin-induced osteo-
porosis (fractures of vertebral bodies or femoral neck) (Matzsch et al. 1990; Monreal
et al. 1990). Administration of UFH can lead to devastating heparin-induced throm-
bocytopenia (HIT) (Arepally and Ortel 2010). These side effects are attributed to
the structural diversity (Hirsh 1991) of UFH attributed to its large chain length and
the presence of numerous negatively charged groups, resulting in various potential
binding sites along the heparin chain, which can bind numerous proteins such as AT,
von Willebrand’s factor (vWF), growth factors, platelets, leucocytes, vascular endo-
thelial cells, and other biological components. The variable anticoagulant response
is caused by AT-independent binding of UFH to plasma proteins and to proteins
released from platelets.

Low-molecular-weight heparins (LMWHs) have been produced by fragmenta-
tion of heparin to avoid the aforementioned problems with UHF, in particular the
occurrence of HIT. This disease originates from immunoglobulin G (IgG)-type
antibodies that activate platelets. The activation of platelets occurs on formation of
the antigenic complex of platelet factor 4 (PF4) and UHF, followed by binding of
the tail of the antibody to the platelet Fcylla receptor (Kelton et al. 1994). The PF4
is a chemo-attractant cytokine released from the a-granules of activated platelets
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involved in neutralizing heparin on the endothelial surface of blood vessels, thereby
inhibiting local AT activity and promoting coagulation (Hermodson et al. 1977
Nath et al. 1975). The LMWHs are less prone to interact with PF4 and have thus
been investigated in various clinical trials (Warkentin et al. 2000), offering simpli-
fied parenteral anticoagulant therapy for the treatment of pulmonary embolism (PE)
and deep vein thrombosis (DVT). The LMWHs have an average molecular weight
of less than 8000 Da. The small size of LMWHs also allows them to target antifac-
tor Xa (aXa) and reduces their ability to inhibit thrombin (anti-FIIa activity; see
Figure 11.2) (Olson et al. 2004). Various LMWHs, such as Lovenox® (enoxaparin)/
Sanofi-Aventis Laval, Quebec, Fragmin® (dalteparin)/Pfizer and Eisai Woodcliff
Lake, New Jersey, Sandoparin® (certoparin)/Novartis Niirnberg, Bavaria, Germany,
Innohep® (tinzaparin)/LEO Ballerup, Denmark, and Fraxiparin® (nadroparin)/
GSK and Sanofi-Synthélabo Canada, Markham, Ontario, have been manufactured
using various methods to depolymerize heparin (Fareed and Walenga 2007). The
LMWHs have a more predictable dose response and a longer half-life than UFH.
The LMWH is cleared principally by the renal route. In contrast, UFH is not cleared
by the kidneys and, hence, has potential benefits and higher safety than LMWH in
patients with renal insufficiency. Recently, several clinical studies have reinforced
the significance of thromboprophylaxis with LMWH in cancer patients (Robert
2010). Unlike UFH-induced osteoporosis in pregnancy, adequate data are not avail-
able to assess the change in bone density and resorption associated with the use
of different doses of LMWH in different patient groups (Lefkou et al. 2010; Le
Templier and Rodger 2008).

Heparin and LMWH are recommended for prolonged use in women with
antiphospholipid (aPL) syndrome (APS) or other blood-clotting disorders (thrombo-
philia disorders) that are linked to recurrent pregnancy loss (RPL). In thrombophilia
disorders, heparin is used to thin the blood in the developing placenta, eventually
preventing miscarriage, although the use of heparin and LMWH may increase the
risk of bone loss (Rajgopal et al. 2008). The combination of heparin or LMWH with
aspirin is superior to aspirin or heparin monotherapy in achieving more live births in
patients with positive aPL antibodies and RPL (Clark et al. 2010; Mak et al. 2010);
however, a recent study found that neither heparin nor low-dose aspirin improved
birth rates compared to placebo among women with unexplained RPL (Kaandorp
et al. 2010). Furthermore, in similar studies heparin was shown to be beneficial for
women having RPL but showing negative tests for aPL antibodies, postulating that
recurrent miscarriages could be due to some unrecognized blood-clotting disorder
(Di Nisio et al. 2005; Kaandorp et al. 2009). Therefore, the potential use of hepa-
rin/LMWH during conception in women with thrombophilia remains controversial
(Ricci et al. 2010).

Medium-molecular-weight heparins (MM WHs) were designed to inactivate free
and fibrin-bound thrombin, as well as activated factor Xa (FXa). The GH9001 (Leo
Pharmaceuticals), a mixture of MMWH and low-molecular-weight dermatan sul-
fate (LMWDS), showed bioavailability and half-life similar to those of LMWH;
however, its development was halted following the results of a study that showed
an increase in liver enzymes in subjects given repeated doses of the drug (Weitz
et al. 2003). Danaparoid or heparinoid (Orgaran®; Org 10172) is an anticoagulant
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consisting of GAG mixtures, such as HS, dermatan sulfate (DS), and chondroitin sul-
fate (CS), rendering it chemically distinct from LMWH and MMWH (de Pont et al.
2007; Meuleman 1992). It is used in patients who develop HIT during high-risk
surgeries (Chong and Magnani 2007). This compound has a lower affinity for AT,
significant anti-FXa (aXa) activity, and a lesser amount (approximately 20%) of
cross-reactivity with heparin-induced antibodies (Magnani and Gallus 2006). These
properties are attributed to its composition, which is devoid of heparin fragments.
As a consequence, its use is also recommended as an alternative anticoagulant in
pregnancies having high risk for thrombosis and heparin intolerance (Magnani
2010; Schindewolf et al. 2007). High-molecular-weight heparins (e.g., Astenose;
Glycomed, Inc., Hastings, New York) were also developed to treat restenosis follow-
ing balloon angioplasty (Ian et al. 1995). It had negligible anticoagulant activity and
significantly enhanced potency to inhibit specific vVWF/platelet interactions (Sobel
et al. 1996; Sternbergh et al. 1995); however, the molecule was withdrawn following
toxicity results in preclinical trials.

Anticoagulants have been widely used for the prophylaxis of surgical thrombosis
over many years. Clinicians have a wide therapeutic arsenal of anticoagulants to
choose from, including UFH, LMWH, warfarin, synthetic heparin derivatives (such
as fondaparinux, idraparinux, and idrabiotaparinux), direct inhibitors of FXa (such
as rivaroxaban and apixaban), and direct inhibitors of thrombin (such as dabigatran)
(Eikelboom and Weitz 2010; Samama and Gerotziafas 2010). The mechanism of
action of these anticoagulants is extensively reviewed by several researchers (Bauer
2002; Klement and Rak 2006). The AT-glycan interaction has been successfully
targeted by UFH and LMWHs for many decades. The discovery of the mechanism
of binding of heparin to AT has increased interest in the development of small, struc-
turally defined heparin mimetics with AT activity but with reduced side effects (De
Kort et al. 2005).

The structural diversity of heparin—/HS—protein interactions is enormous
(Coombe and Kett 2005; Gama and Hsieh-Wilson 2005; Kreuger et al. 2006). These
interactions and mechanisms are being investigated at the molecular and functional
levels with the use of new experimental techniques, such as gel mobility shift assays,
filter-binding assays, isothermal titration calorimetry (ITC), surface-plasmon res-
onance (SPR), carbohydrate microarrays, and chemical synthesis (Fugedi 2003;
Powell et al. 2004; Rek et al. 2009). Several approaches are available to develop
GAG-based agents to target the HS-dependent binding of a protein ligand to its cell-
surface receptor (Lindahl 2007). The GAG mimetics can activate (agonists) or inac-
tivate (antagonists) cell-surface receptors by directly binding to the receptors, form
ternary complexes with a protein ligand and receptor, or interfere with the binding
of endogenous heparin. Typical examples are heparin mimetics binding to AT to
increase its ability to inhibit serine proteases and GAG inhibitors of heparanase, the
endo-B-D-glucuronidase that plays a role in metastasis and angiogenesis. In malaria,
an oligosaccharide lacking an AT-binding site is capable of blocking the interaction
between the plasmodium-induced protein PFEMP1 and HS on erythrocyte or vascu-
lar endothelial surfaces (Vogt et al. 2006). Low-molecular-weight compounds, such
as guanidinylated neomycin and peptidic foldamers, can bind specifically to HS and
block HS—protein interactions (Choi et al. 2005; Elson-Schwab et al. 2007). Another
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therapeutic approach involves the binding of antiangiogenic polypeptides, such as
endostatin and histidine-rich glycoprotein (GP), to HS, interfering with the binding
of endogenous protein ligands and thereby inhibiting receptor signaling (Kreuger
et al. 2002; Vanwildemeersch et al. 2006). Metabolic and enzyme inhibitors are
known to alter the biosynthesis of HS (Brown et al. 2007). Compounds such as sele-
nate; sodium chlorate, an inhibitor of the universal sulfate donor 3’-phospho-adenyl-
5’-phosphosulfate (PAPS) (Baeuerle and Huttner 1986); and p-D-xylosides are used
to block HS biosynthesis in cells and tissues (Fritz et al. 1994). The GAG—protein
interactions have also been explored by the use of soluble GAGs or GAG mimet-
ics, such as sucrose octasulfate, suramin, pentosan polysulfate, and dextran sulfates,
which presumably occupy the GAG-binding sites in these proteins (Manetti et al.
2000; Zhu et al. 1993). Polypeptides containing clusters of positively charged amino
acids can bind to the negatively charged sulfate and carboxyl groups, as is the case
in protamine (Portmann and Holden 1949) and lactoferrin (Hekman 1971). Synthetic
peptides containing lysine and arginine (Morad et al. 1984; Schick et al. 2004; Wang
and Rabenstein 2006) also antagonize protein interactions with HS/heparin.

This chapter reviews recent advances in the development of GAG (heparin/HS)-
based inhibitors that have been or are likely to be introduced into current clinical
practice both as anticoagulants and as non-anticoagulants and helps one to under-
stand their mechanism of action.

11.2  HEPARIN/HS MIMETICS AS ANTICOAGULANTS

For decades, antithrombotic and anticoagulants based on heparin/HS have been the
mainstay of polytherapy for venous thrombosis, cardiovascular disorders, throm-
botic and ischemic strokes, cancer, and neurodegenerative diseases (Alban 2008).
The unique pentasaccharide (sometimes referred to as AGATA or DEFGH) GlcNAc/
NS6S->GlcA->GIcNS3S6S->IdoA2S->GIcNS6S (where Gle is glucosamine, IdoA is
iduronic acid, and GIcA is glucoronic acid, all of which are either sulfated or acety-
lated) is responsible for the blood anticoagulant activity of heparin. Notably, pres-
ence of the rare 3-O-sulfate group at position F in the pentasaccharide, in addition
to the more common N- and 6-O-sulfate groups of GIcN residues, is responsible for
the strong and very specific interactions of the pentasaccharide with the AT-binding
domain (ABD) (Atha et al. 1985). The structural requirements for the binding of
heparin (1 in Figure 11.3a) to AT, as shown in Figure 11.3, were determined by ana-
lyzing homology models based on the crystal structure of cleaved o, -antitrypsin
(Grootenhuis and Van Boeckel 1991; Huber and Carrell 1989; van Boeckel et al.
1991) and crystal structures of cleaved and intact AT (PDB codes 1ATT and 1ATH)
(Mourey et al. 1990; Schreuder et al. 1994) and by determining the structure—activity
relationships of a series of oligosaccharides that had various combinations of sulfate
and carboxylate groups (Boeckel and Petitou 1993; Petitou and Boeckel 2004). The
hydrophobic interactions between the heparin pentasaccharide and AT were deter-
mined to increase the binding affinity (Jairajpuri et al. 2003). Charged groups, as
depicted in Figure 11.3, were found to either be absolutely essential for the activa-
tion of AT (highlighted in the solid boxes) or be required to increase the biological
activity (in the dotted boxes). On binding to this specific sequence, AT undergoes a
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FIGURE 11.3 Heparin/HS mimetics as anticoagulants. (a) Chemical structures of hepa-
rin pentasaccharide derivatives. (1) The AT-binding pentasaccharide motif. The functional
groups highlighted are essential for AT activation. (2) Structure of fondaparinux. (3) Structure
of idraparinux. (4) Structure of idrabiotaparinux, the biotinylated analog of idraparinux.
(b) Chemical structures of synthetic HS mimetics. (5) The M 118 is a low-molecular-weight anti-
coagulant rationally designed specifically to treat acute coronary syndromes. It has an averaged
molar mass between 5500 and 9000 Da and a polydispersity of approximately 1.0. The chemical
structure of M118 consists of C,,,H,4,,100,N,,Na,R5,_R1,, C\,, H 4, 1200,:1N,Na,R;,R1, .
where n is equal to average number of disaccharide repeats, m = 1 + n, R is H or SO;Na, and
R, is SO;Na or COCH;. (6) Structure of the neutralized anticoagulant EP217609, a biotinylated
form of EP42675. The biotin and lysine moieties are highlighted by dotted rectangles. These
molecules are the first representatives of a new class of synthetic, parenteral anticoagulants
with a dual mechanism of action combining the properties of an indirect FXa inhibitor and a
direct thrombin inhibitor.
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FIGURE 11.3  (Continued) Heparin/HS mimetics as anticoagulants.

conformational change that allows the inhibitory protein to be recognized by FXa,
which is then inhibited. However, the inhibition of thrombin requires a much larger
oligosaccharide containing the ABD (not necessarily the AT-specific pentasac-
charide) and a thrombin-binding domain (Oosta et al. 1981). Several recent review
articles describe the structure—activity relationships and the mechanism of action
of heparin-mimetic anticoagulants (Boeckel and Petitou 1993; De Kort et al. 2005;
Petitou and Boeckel 2004; Petitou et al. 2009).

11.2.1  ANTICOAGULANT FONDAPARINUX

Pharmaceutical companies such as Organon and Sanofi-Aventis have been work-
ing on the development of oligosaccharides closely related to the natural heparin
sequence that can bind AT and thereby cause anticoagulation efficiently without
the need for frequent administration compared to full-length heparin. A synthetic
analog of heparin (2 in Figure 11.3a) with a methyl group at the anomeric center was
selected as a development candidate based on the observation that such derivatives
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are easier to synthesize and avoid nonspecific binding to plasma proteins (Boeckel
and Petitou 1993; Petitou et al. 1987). Fondaparinux (Arixtra®, SR90107, Org31540)
binds specifically with a dissociation constant K; of ~40 nM to plasma AT in a
1:1 stoichiometric relationship (Herbert et al. 1997). The crystal structure of the
complex of Arixtra with AT (PDB: 2GD4) allows elucidation of the mechanism of
the pentasaccharide-induced conformational change in AT, which is required for
efficient “allosteric inhibition” of the coagulation factors IXa and Xa (Figure 11.4),
whereas thrombin inhibition is accelerated by ~1000-fold solely through a “bridg-
ing mechanism” (Johnson, Li et al. 2006). Determination of several crystal struc-
tures of wild-type and mutant AT in different states (native and inhibitory) bound to
fondaparinux also revealed the presence of a native-like hinge region (Figure 11.4)

Argl29

Lysl14

Glul13

FIGURE 11.4 (See color insert.) (a) Binding interactions of heparin with AT are shown.
The structures show ribbon diagrams of native monomeric AT in orange and fondaparinux-
activated AT (PDB: 2GD4) in cyan. The chains of FXa are not shown for clarity. The pen-
tasaccharide-activation of AT is seen to involve closing of the -sheets A, an extension of
D-helix (yellow) and an expulsion of residues of the reactive site loop (yellow). The spe-
cific AT—fondaparinux (shown in sticks) interactions within 4 A are indicated. The penta-
saccharide interactions involve Arg46, Argd7, Lysl14, Lys125, and Argl29. (b) Mechanism
of action of idraparinux with AT is shown. (1) Dimer of latent AT (red) and inhibitory AT
(blue) each complexed with a pentasaccharide analog of idraparinux (represented as spheres;
PDB: 1AZX) are shown. The reactive site loop in each molecule is shown in green ribbons.
(2) Superimposition of structures of inhibitory AT (magenta; PDB: 1E05) and pentasaccharide
analog of idraparinux complexed with inhibitory AT (blue; PDB: 1E03). The heparin-induced
conformational change in the reactive site loop and induced helical segment is shown in
green and yellow, respectively. The pentasaccharide is represented as sticks. (3) Interactions
of the pentasaccharide analog of idraparinux with inhibitory AT with the lowermost induced
helical segment shown in magenta and the reactive site loop in green. Only residues within
3.5 A forming heparin-binding site are shown. The conformation and interactions of the
idraparinux pentasaccharide with AT are similar to those of fondaparinux and involve inter-
actions with Argl29 and Lys125 in the D-helix, Arg46 and Arg47 in the A-helix, Lys114 and
Glul13 in the P-helix, and Lysl1 and Argl3 in a cleft formed by the N-terminus. (c) Crystal
structure of the ternary complex of AT, thrombin, and SR123781A (Li et al. 2004) is shown.
The proteins are shown in a ribbon representation (thrombin in blue and AT in orange) and
the 16-mer heparin is shown as sticks.
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FIGURE 11.4 (See color insert.) (Continued) (a) Binding interactions of heparin with AT
are shown. (b) Mechanism of action of idraparinux with AT is shown. (c) Crystal structure of
the ternary complex of AT, thrombin, and SR123781A is shown.

and suggested the existence of a three-step induced-fit binding mechanism (Johnson,
Langdown et al. 2006; Langdown et al. 2009). The crystal structure of the synthetic
pentasaccharide—thrombospondin-1 (TSPN-1) complex has been resolved (PDB:
1Z.A4), indicating that residues Arg29, Arg42, and Arg77 in an extensive positively
charged patch at the bottom of the domain specifically associate with the sulfate
groups of heparin; however, the formation of these interactions is dependent on the
length of the oligosaccharide (Tan et al. 2006).

In 2001, following successful clinical development programs in the 1990s,
GlaxoSmithKline (London, United Kingdom) registered fondaparinux as a new anti-
thrombotic drug under the name Arixtra after approval from the U.S. Food and Drug
Administration (FDA) and the European Committee for Proprietary Medical Products
(CPMP) (Turpie 2004). Fondaparinux was recently approved for patients with acute
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coronary syndrome (ACS) after successful completion of phase II and III clinical
trials (Sharma et al. 2010). The phase II studies PENTALYSE (Coussement et al.
2001) and PENTUA (Simoons et al. 2004) showed a promising benefit-risk ratio in
patients with ACS. Fondaparinux was found to be associated with less bleeding and
improved survival in non-ST elevation ACS and ST elevation myocardial infarc-
tion (MI), according to the OASIS-5 and OASIS-6 phase III clinical trials (Schiele
2010; Wienbergen and Zeymer 2007). Fondaparinux is not recommended for pri-
mary percutaneous coronary intervention (PCI) or as the sole anticoagulant for PCI
(Mehta et al. 2007; Wienbergen and Zeymer 2007). The once-daily dose of 2.5 mg
was chosen for phase III studies on the basis of a number of dose-ranging clinical
trials (Coussement et al. 2001; Mehta et al. 2005; Simoons et al. 2004). Although
the intrinsic bleeding risk is minimal, recombinant factor VIIa (fVIla) reverses the
anticoagulant effect in patients treated with fondaparinux who develop bleeding
complications (Lisman et al. 2003). A registry study showed that the routine use of
fondaparinux in patients with ACS increases considerably and that the mortality rate
is lower compared to the use of LMWH or UFH (Schiele et al. 2010).

There is increased demand in the market for an oral formulation of fondaparinux
as an alternative to subcutaneous delivery, which is the current mode of admin-
istration. A recent study reported a small-intestine-targeted delivery system that
increases the oral bioavailability of fondaparinux based on thiolated polycarbophil
(PCP-Cys) and glutathione (GSH) combined with sodium decanoate (Vetter et al.
2010). Endotis Pharma (Romainville, France; EP371510) and Emisphere (Cedar
Knolls, New Jersey) are also developing oral formulations of fondaparinux.

11.2.2 ANTICOAGULANT IDRAPARINUX

Idraparinux (SanOrg34006, SR34006; 3 in Figure 11.3a) has a structure and mecha-
nism of interaction similar to those of fondaparinux, but it can be synthesized more
easily due to the presence of a “pseudo” alternating sequence that can be readily pre-
pared from glucose (Westerduin et al. 1994). The presence of methyl and O-sulfates
(Herbert et al. 1998) in idraparinux (K, of 1 nM) results in stronger binding to AT
than fondaparinux (K, of 50 nM) (Hjelm and Schedin-Weiss 2007); this also imparts
superior aXa activity to idraparinux compared to fondaparinux (1600 vs. 700 U pug™")
(Desai et al. 1998a, 1998b; Herbert et al. 1998). Crystal structures of the complexes
of a pentasaccharide analog of idraparinux (modified by the addition of a sulfate
at the H unit) (Basten et al. 1992) with a dimer consisting of inhibitory, latent, and
intermediate a-AT (Jin et al. 1997; Johnson and Huntington 2003; McCoy et al.
2003; PDB: 1AZX, 1E03, 1NQ9) and with B-AT (McCoy et al. 2003; PDB: 1E04)
reveal pentasaccharide-induced conformational changes in AT involving the reac-
tive site loop (Figure 11.4). This mechanism further leads to the activation of AT, the
allosteric inhibition of the principal coagulation factors IXa and Xa, and the nonal-
losteric inhibition of thrombin.

Idraparinux has been indicated for the treatment and secondary prevention of
venous thromboembolism (VTE) and the prevention of thromboembolic events
associated with atrial fibrillation (AF) in various clinical trials (Prandoni et al.
2008). Unlike fondaparinux, it is not metabolized, does not have an antidote to
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reverse the anticoagulant effect, and is excreted unchanged through the kidneys
(Faaij et al. 1999). In addition, it has a longer half-life (80—120 hours) in the blood-
stream, thus enabling once-weekly administration (Ma and Fareed 2004). The
phase II dose-ranging PERSIST study established that subcutaneous once-weekly
administration of 2.5 mg of idraparinux was just as effective as existing treatments in
VTE prevention such as warfarin, with potential advantages in terms of both safety
and patient convenience (Buller et al. 2004; The PERSIST Investigators 2002).

A subcutaneous once-weekly dose of 2.5 mg of idraparinux was administered in the
three comparative Van Gogh phase III trials, focusing on the long-term treatment of
patients with confirmed DVT or PE (Buller et al. 2007a, 2007b). The Van Gogh DVT
trials (Van Gogh PE, Van Gogh DVT, and Van Gogh extension) compared idraparinux
with standard oral anticoagulant therapy (heparin or LMWH followed by a vitamin K
antagonist) to demonstrate that idraparinux is at least as effective as the standard agents
but superior in safety. Unfortunately, the results of the Van Gogh PE and DVT trials
showed that the rate of symptomatic recurrence was significantly higher with idraparinux
than with conventional therapy. In addition, the elimination half-life of 60 days led
to a prolonged anticoagulant effect after completion of the therapy (Harenberg, Jorg
et al. 2008). The Van Gogh extension trial enrolled patients completing 6 months of
treatment in the PE and DVT trials to receive once-weekly either idraparinux or placebo
for an additional period of 6 months. Overall, the results of the Van Gogh trials showed
that idraparinux is effective as standard therapy for DVT but not for PE, and for longer-
term prophylaxis, although the increased risk of clinically relevant bleeding outweighs
its benefits (Harenberg, Vukojevic et al. 2008; Harenberg et al. 2009).

The AMADEUS phase III trial was designed to compare the efficacy and safety of
idraparinux with vitamin K antagonists for the long-term prevention of thromboembolic
events associated with AF (The AMADEUS Investigators et al. 2008). The results of the
trial showed that idraparinux is at least as effective as oral, dose-adjusted anticoagulant
therapy; however, the trial was stopped because of excessive bleeding with idraparinux
and a few documented ischemic events in patients. The results of a pharmacokinetic
(PK) study that evaluated creatinine clearance in patients enrolled for the AMADEUS
phase III and van Gogh clinical trials led to the recommendation that a lower dose of
idraparinux should be used in patients with renal impairment (Veyrat-Follet et al. 2009).

11.2.3 ANTICOAGULANT IDRABIOTAPARINUX

Idrabiotaparinux (biotinylated idraparinux, SSR126517, SSR126517E; 4 in Figure 11.3a)
is a novel, long-acting, synthetic anticoagulant, which has a chemical structure similar
to its predecessor idraparinux but contains a biotin segment (Figure 11.3). It is indi-
cated for the treatment of DVT and/or PE and for the secondary prevention of VT3
(Harenberg 2009). The linkage of biotin at position 2 of the nonreducing end of glucose
in the pentasaccharide and an optimal 6C-length of the spacer arm prevent the interac-
tion of the molecule with either AT or FXa in vitro (Savi et al. 2008). Idrabiotaparinux
has a similar PK profile to idraparinux, allowing once-weekly subcutaneous admin-
istration with the added safety feature of easy reversibility using avidin as antidote.
Avidin is a tetrameric protein derived from the egg white of many species with each
monomer having a biotin molecule attached to it. As a consequence, injection of avidin
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can trigger the immediate elimination of biotinylated idrabiotaparinux from the blood-
stream of animals and humans, resulting in the complete neutralization of the anti-
thrombotic (aXa) activity (Paty et al. 2010; Savi et al. 2008).

11.2.4 ANTICOAGULANT SR123781

The SR123781 (SR123781A) is a short-acting hexadecasaccharide analog of hepa-
rin with N-sulfate groups replaced by O-sulfates, and alkylated hydroxyl groups in
the ABD. It has tailor-made FXa- and thrombin-inhibitory activities combined with
more selectivity in its mode of action. The likely molecular interactions of this hexa-
decasaccharide (Figure 11.4) have been determined from the x-ray crystal structure
of the ternary complex of AT-thrombin—HS (Li et al. 2004). This hexadecasaccha-
ride consists of an ABD (S12-S16) at the reducing end of the nonsulfated linker, a
nonsulfated linker region (S5-S11), and a TBD (S1-S4) at the nonreducing end of
the linker. The highly sulfated glucose units allow nonspecific binding to throm-
bin, which is dependent primarily on the overall charge density of the GAG frag-
ment rather than on the precise sequence of the variously substituted sugar residues.
The nonsulfated linker region (S6—-S11) does not interact with any protein residues;
rather, it facilitates the formation of the ternary complex, giving rise to increased AT
activity with minimal interaction with PF4.

The SRI123781 was found to have more potent activity than heparin and
fondaparinux in different experimental models of arterial and venous thrombosis
and showed high affinity for human AT (K, of 58 nM) (Herbert et al. 2001). Ex vivo
SR123781 displayed prolonged aXa and AT activity after intravenous and subcutane-
ous administration to rats, rabbits, and baboons, and inhibited thrombus formation. It
also exhibited a favorable antithrombotic/bleeding ratio as compared with standard
heparin, which encourages its use in the treatment and prevention of various throm-
botic diseases (Herbert et al. 2001). The DRIVE phase IIb study used SR123781
for the prevention of VTE events in patients undergoing total hip replacement and
confirmed a correlation between dose and clinical response, with good efficacy and
safety. The compound was undergoing its phase IIb trial (SHINE) for the prevention
of major cardiovascular events in patients with non-ST elevated acute coronary syn-
drome. However, Sanofi-Aventis discontinued the development of SR123781 follow-
ing the success of their heparin-mimetic AVE 5026 (Xu-song and Bing-ren 2009).

11.2.5 ANTICOAGULANT AVE5026

The AVES026 (Sanofi-Aventis) is a polydisperse mixture (polydispersity of approxi-
mately 1.0) of oligomeric ultra-LMWH fragments (molecular weights of 2000-3000
Da) prepared by partial and controlled chemoselective depolymerization of porcine
UFH; it is currently in clinical development phase for the prevention of VTE (Viskov
etal. 2009). The AVE5026 binds to and activates AT, which may result in the inhibition
of activated factor Xa and, to a minimal extent, factor Ila (thrombin). It exhibits an even
higher ratio of aXa to anti-factor Ila activity (>30:1) and also shows dose-dependent
antithrombotic activity in a rat microvascular thrombosis disease model, suggesting
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that this agent may inhibit tumor growth by regulating angiogenesis and apoptosis
(Hoppensteadt et al. 2008a, 2008b). The half-life of AVE5026 is 16-20 hours, enabling
once-daily subcutaneous administration. The AVES5026, similar to fondaparinux, is
excreted renally and its anticoagulant effects are not neutralized by protamine sulfate.

The efficacy and safety of the administration of AVE5026 in conjunction with
enoxaparin as an antithrombotic were evaluated in patients undergoing total knee
replacement surgery. Once-daily subcutaneous doses of 5, 10, 20, 40, or 60 mg
of AVE5026 and 40 mg of enoxaparin were injected to patients undergoing knee
arthroplasty in a phase II (TREK) dose ranging study. The study demonstrated high
statistically significant dose-dependent response with AVE5026 for the prevention of
VTE (Lassen et al. 2009). In this study, a 20 mg dose of AVE5026 showed superior
efficacy and a good safety profile for confirmed adjudicated VTE and, hence, this
dose will be evaluated in an extensive phase I1I trial in patients undergoing hip, knee,
or abdominal surgery and in cancer patients receiving chemotherapy.

11.2.6  ANTICOAGULANT M118

Momenta Pharmaceuticals (Cambridge, Massachusetts) developed M118, which is
presented in Figure 11.3 (5 in the figure). It is a next-generation anticoagulant engi-
neered from UFH using a specific enzymatic depolymerization process (Kishimoto
et al. 2009). The M118 can effectively prevent thrombosis in diseased arteries in an
animal model of vascular plaque formation and attenuate the formation of platelet—
neutrophil conjugates (Chakrabarti et al. 2009). Preclinical and phase I studies have
shown that M118 combines the positive attributes of both UFH and LMWH, such as
potent activity against factors Xa and Ila (Fier et al. 2007; Volovyk et al. 2009), pre-
dictable pharmacokinetics after both intravenous and subcutaneous administration,
ability to be monitored by the use of point-of-care coagulation assays, reversibility
with protamine sulfate (Draganov et al. 2009), and lack of drug—drug interactions
when coadministered with aspirin and clopidogrel or with GP IIb/IIIa inhibitors such
as eptifibatide (Fier et al. 2009). The M118 has been evaluated in a phase II clini-
cal trial involving patients undergoing PCI (Chiara et al. 2009); results of the trial
demonstrate that M118 is well tolerated, noninferior to UFH, and feasible to use as
an anticoagulant in patients undergoing PCI in ACS. These results form the basis for
further investigation of M 118 in treatment of ischemic heart disease (Rao et al. 2010).

11.2.7 ANTICOAGULANTS EP42675 AnD EP217609

The anticoagulant EP42675 is the first representative of a new class of synthetic par-
enteral anticoagulants. It inhibits FXa in the presence of AT and inhibits both fibrin-
bound and fluid-phase thrombin due to the presence of a direct thrombin-inhibiting
moiety (Bal Dit Sollier et al. 2009a). This dual mechanism is attributed to its structure,
consisting of fondaparinux (AT-binding pentasaccharide and an indirect FXa inhibi-
tor) coupled to a peptidomimetic -NAPAP analog (a direct inhibitor of the active site
of both free and clot-bound thrombin) (Bal Dit Sollier et al. 2009a). This dual mecha-
nism imparts a favorable PK profile to EP42675 that ensures prolonged anticoagulant
coverage with improved control over its therapeutic window and no cross-reaction
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with PF4 antibodies. The EP42675 has successfully completed phase I trials, in which
it did not show any clinically relevant negative effects in 100 healthy subjects enrolled
in the study. The PK profile of this molecule showed low intra- and inter-subject vari-
ability (Gueret et al. 2009a). Furthermore, a pharmacodynamic (PD) interaction study
of EP42675 with a combination of oral aspirin and clopidogrel did not show any rel-
evant drug—drug interactions (Gueret et al. 2009b). As a result, it is expected that
EP42675 will be used either intravenously or subcutaneously on a fixed dose regimen,
without the need for routine anticoagulation monitoring (Bal Dit Sollier et al. 2009b).

Endotis has also developed neutralized anticoagulant EP217609, the biotinylated
form of EP42675. In EP42675, the biotin entity is covalently linked to the spacer
between the pentasaccharide portion and the direct thrombin inhibitor portion of
the molecule (Figure 11.3), with the molecule having a dual mechanism of action
similar to that of EP42675 (De Kort and Van Boeckel 2010). The presence of the bio-
tin moiety (6 in Figure 11.3b) allows it to be neutralized on administration of avidin.
The PK/PD profiles of EP217609 and EP42675 in animal models were found to be
similar, with half-lives of approximately 3 hours (Petitou et al. 2009). Furthermore,
both EP217609 and its specific antidote avidin showed no evidence of clotting in the
canine model of extracorporeal circulation (ECC), making it a promising candidate
for ECC in cardiac surgery and PCI in human subjects with high risk of bleeding
(Fromes et al. 2010). The phase I study assessed neutralization of EP217609 by avi-
din in 24 healthy subjects receiving single, ascending doses. In this study, admin-
istration of EP217609 showed a dose-dependent increase in standard and specific
coagulation tests followed by a decrease in thrombin generation (Gueret et al. 2010).

11.3 NON-ANTICOAGULANT HEPARIN/HS MIMETICS

Heparin and LMWH were shown to attenuate cancer progression and metastasis in
several mouse models of carcinomas and melanomas, in which the anticoagulant activ-
ity of heparin was of no consequence (Casu et al. 2008; Kragh et al. 2005; Yoshitomi
et al. 2004). Therefore, attention has recently been focused on the non-anti-coagulant
properties of heparin, which is known to inhibit inflammation (Lassen et al. 2009;
Young 2008) and the metastatic spread of tumor cells (Borsig 2010; Yip et al. 2006).

11.3.1 PI-88

Heparanase is an endoglycosidase enzyme that cleaves HS and plays vital roles in
inflammation, tumor cell invasion, metastasis, and angiogenesis (McKenzie 2007).
Sulfated sugar molecules such as cyclitols and glycol-split derivatives have been
reported to inhibit heparanase and suppress tumor metastasis (Miao et al. 2006). The
PI-88 (muparfostat; 6-0-PO;H,-Mana(1-3)Mana(1-3)Mana(1-3)Mana(1-2)Man; a in
Figure 11.5) (Wall et al. 2001) is one such selective inhibitor of heparanase—hepa-
rin interactions derived from chemical sulfonation of the oligosaccharide phosphate
fraction of phosphomannan produced by the yeast Pichia holstii NRRL Y-2448
(Ferro et al. 2001). The PI-88 inhibits heparanase and competes with HS for the bind-
ing of growth factors, such as fibroblast growth factor (FGF)-1, FGF-2, and vascular
endothelial growth factor (VEGF), involved in angiogenesis, thereby preventing HS
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FIGURE 11.5 Non-anti-coagulant heparin/HS mimetics. (a) Chemical structure of PI-88,
a potent antiangiogenic, antitumor, and antimetastatic agent that inhibits heparanase activity
and competes with heparan sulfate binding of peptide growth factors involved in angiogene-
sis, such as FGF and VEGEF. It is a highly sulfonated oligosaccharide with an average sulfation
of three sulfates per mannose residue and a molecular weight of 2100-2585 Da. (b) Chemical
structure of PG543, a potent inhibitor of angiogenesis and metastasis. (c) Tramiprosate is the
first GAG mimetic to be investigated as an anti-Alzheimer drug in advanced clinical trials.
Tramiprosate was shown to slow or arrest the progression of AD by binding preferentially to
soluble AP (amyloid) peptide and maintaining A in a nonfibrillar form. (d) Chemical struc-
ture of eprodisate sodium, a structural analog of tramiprosate. Eprodisate binds to the GAG-
binding site and interferes with heparan sulfate interactions on serum AA and consequently
arrest amyloidosis. (e) Surfen, an aminoquinoline derivative, is a small-molecule heparan
sulfate proteoglycan antagonist. It binds to various sulfated GAGs and thereby neutralizes the
ability of various heparins to activate AT and inactivate FXa. In addition, surfen possesses
anti-inflammatory, antibacterial, and antiviral properties.
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degradation (Parish et al. 1999). Apart from its anticipated anticoagulant effects,
PI-88 was well tolerated in in vivo models of mouse-derived tumors, demonstrating
potent antiangiogenic and antimetastatic effects (Joyce et al. 2005). Besides its use
in halting cancer progression, PI-88 has proved its potential in treating inflammatory
diseases, thrombosis, and viral infections (Ferro and Don 2003; Lee et al. 2006).
Promising results from phase I/II trials have been reported with PI-88, both as
a single agent and in combination with chemotherapy in treating a variety of tumor
types, including melanoma and hepatocellular carcinoma (HCC; Kudchadkar et al.
2008). The first phase I trial determined the recommended dose and toxicity profile
of PI-88 in patients with advanced malignant disease, in which the drug was adminis-
tered subcutaneously for 4 consecutive days either bimonthly or weekly (Basche et al.
2006). The outcome of this study showed that PI-88 at a dose of 2.28 mg/kg/day for
14 days results in dose-limiting thrombocytopenia, which appeared to be immuno-
logically mediated through the development of antiheparin PF4 complex antibodies
(Rosenthal et al. 2002). Administration of PI-88 (250 mg/day subcutaneous) with fixed
weekly (30 mg/m?) docetaxel (a chemotherapeutic agent) showed improved pharma-
cological properties and broad antitumor activities in the second phase I trial (Chow
et al. 2008). However, minor toxicity responses during the course of the therapy, such
as fatigue, dysgeusia, thrombocytopenia, diarrhea, nausea, and emesis were noticed.
In another similar phase I trial, the recommended dose of PI-88 was reported to be 190
mg/m? alone and 1000 mg/m? in combination with dacarbazine administered every
3 weeks (Millward et al. 2007). However, a phase I/II trial of daily PI-88 alone or
with dacarbazine in patients with hormone refractory prostate cancer (HRPC) did not
meet its end point due to cases of significant febrile neutropenia (Khasraw et al. 2010).
Furthermore, the development of antibody-induced thrombocytopenia limited its use
in some patients. The PI-88 was investigated further in patients with advanced mela-
noma in phase II trials: a fixed dose of 250 mg/day was given by injection for 4 con-
secutive days followed by 3 drug-free days in a 28 day cycle (Kudchadkar et al. 2008).
Nonetheless, in patients with advanced melanoma, PI-88 demonstrated significant
activity, but further investigations are warranted for its use in combination with chemo-
therapy. It is noted that PI-88 was evaluated for the treatment of HCC in a phase II trial
(Liu, Lee et al. 2009). Followed by the encouraging results of this study, which showed
low toxicity with PI-88 and a well tolerated dose of 160 mg/day, the second stage of
this phase II trial was commenced. Progen Pharmaceuticals (Queensland, Australia)
has halted further development of PI-88 at this moment, although an ongoing phase
IIT trial in the setting of postoperative recurrence of HCC will continue to completion.
Progen has capitalized on the development of semisynthetic heparin mimetics (the
PGS500 series) as potent inhibitors of angiogenesis and metastasis (Ferro et al. 2007).
These compounds, based on the PI-88 scaffold, are fully sulfated and have single-
entity oligosaccharides attached to a lipophilic moiety, such as a glycone, at the reduc-
ing end of the molecule (Karoli et al. 2005). These compounds are believed to have
a similar mechanism of action to PI-88 in cancer progression, through the inhibition
of VEGF, FGF-1, and FGF-2, and in metastasis, through the inhibition of heparanase,
thereby blocking cell signaling (Dredge et al. 2009). The PG545 (b in Figure 11.5) has
been chosen as the lead candidate based on its complete target profile, incorporating
aspects such as its efficacy, pharmacokinetics, toxicology, and ease of manufacture
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(Bytheway et al. 2009; Hammond et al. 2009). This compound has been evaluated in
preclinical trials in animal models of cancer, and it is being progressed for the filing
of an investigational new drug (IND) application with the U.S. FDA.

11.3.2 TRAMIPROSATE

Sulfated GAGs such as HS/heparin have been widely reported to promote the aggrega-
tion of amyloid B-peptide (Ap) into the insoluble amyloid fibrils that play a pivotal role
in plaque formation in Alzheimer’s disease (AD) (McLaurin et al. 1999; van Horssen
et al. 2003). Several molecules such as LMWH (Ariga et al. 2010), pentosan polysul-
fate and dextran sulfate (Leveugle et al. 1994), small-molecule anionic sulfonates or
sulfates (Kisilevsky et al. 1995), and sulfonated dyes such as Congo red and thioflavin
S have been proposed to be used to prevent HS-induced aggregation of Ap. Several of
the compounds that inhibit the formation of A fibrils, such as phenothiazines, poly-
phenols, and porphyrins, can also alter Tau protein aggregation (Taniguchi et al. 2005).
Tramisprosate (Alzhemed™; ¢ in Figure 11.5) is one such GAG mimetic designed to
interfere with the actions of A early in the cascade of amyloidogenic events (Aisen
et al. 2007; Geerts 2004) preventing the formation of Tau—actin aggregates without
interfering with the binding of Tau to microtubules (Santa-Maria et al. 2007).

Tramiprosate (also referred to as 3-amino-1-propanesulfonic acid, 3-aminopro-
pylsulfonic acid, 3-APS, homotaurine, or NC-531) was the first investigational can-
didate (Neurochem, Inc. [now Bellus Health], Quebec, Canada) to enter a phase III
trial for treating mild-to-moderate dementia in AD (c in Figure 11.5). Tramiprosate,
a modification of the amino acid taurine, binds preferentially to the soluble AP pep-
tide and maintains AP in a random-coil/a-helical rich conformation and in nonfibril-
lar form, thereby inhibiting aggregation and hence plaque formation and deposition
(Wright 2006). Preclinical results showed that it can cross the blood—brain barrier
(BBB) with low toxicity in various animal species, particularly TeCRNDS trans-
genic mice, a model of early-onset brain amyloidosis, and it exhibits protective
effects against AB-induced cytotoxicity (Gervais et al. 2007).

A phase Il trial demonstrated that tramiprosate crossed the BBB and dose depend-
ently reduced Ap,, in the cerebrospinal fluid of patients with mild-to-moderate AD
(Aisen et al. 2006), but there were no significant differences observed in cognitive
functioning after 3 months of treatment. In the U.S. phase III trial, the drug appeared
safe and well tolerated in patients, who were randomly assigned to receive a placebo
or 100 or 150 mg twice-daily doses of tramiprosate; but it was not found to be sig-
nificantly better than placebo in improving cognitive function or dementia (Rafii
and Aisen 2009). Most of the results of the trials were inconclusive, and no further
reports on the drug are available except magnetic resonance imaging (MRI) results,
which show less hippocampal shrinkage on treatment with tramiprosate (Gauthier
et al. 2009; Saumier et al. 2009). Subsequently, the European phase III trial has
been discontinued owing to lack of clinical efficacy compared to placebo. After the
failure of phase III trials, Bellus Health promoted the molecule as a nutraceutical
VIVIMIND™, a supplement against memory loss (Neugroschl and Sano 2010). It
has also completed a phase II trial (CEREBRIL™) for the treatment of hemorrhagic
stroke resulting from cerebral amyloid angiopathy (CAA) (Greenberg et al. 2006).
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The NRM8499, a prodrug of tramiprosate (Bellus Health), is undergoing phase I
clinical trials to investigate its safety, tolerability, and PK profile in a group of up to
84 young and elderly healthy subjects for the treatment of AD. Preclinical studies
conducted in rodents showed that the prodrug increases plasma concentration and
brain exposure to tramiprosate (by 1.5- to 3-fold), which may help to improve the
therapeutic effect on cognitive function and other clinical outcomes in AD.

11.3.3 EPRODISATE SODIUM

Eprodisate (NC-503; 1,3-propanedisulfonic acid disodium salt; Kiacta®; Fibrillex™;
d in Figure 11.5) is a low-molecular-weight negatively charged sulfonated molecule
that is a structural analog of tramiprosate. It interferes with the binding of HS and
serum amyloid protein A (SAA), thus targeting amyloid fibril polymerization and
inhibiting amyloid deposition in tissues (Ancsin and Kisilevsky 1999; Kisilevsky
et al. 1995; Revill et al. 2006). Eprodisate inhibits the development of amyloid
deposits in in vivo mouse models of amyloid protein A (AA) amyloidosis (Gervais
et al. 2003). Preclinical PK studies of eprodisate showed good bioavailability on oral
administration in various animal models and the absence of interactions with plasma
proteins. The drug is not metabolized, is excreted primarily by the kidney, and is
known to have an approximate terminal half-life of 10-20 hours based on a multiple
rising oral dose study. High inter-individual variability in its plasma concentrations
was observed in PK analyses during phase I trials (Kisilevsky 2000). Phase ITI-II1 tri-
als in AA amyloidosis-patients (ClinicalTrials.gov identifier NCT00035334) showed
that eprodisate was well tolerated and that its adverse events profile was comparable
to that of the placebo. The results of a recent trial showed that it delays the pro-
gression of AA amyloidosis-related renal disease compared with placebo (Dember
et al. 2007; Manenti et al. 2008). Patients receiving eprodisate had better creatinine
clearance and, consequently, they were at reduced risk of worsening of renal func-
tion; however, no effect was seen on SAA levels, proteinuria, and amyloid content
of abdominal fat in these patients compared to those receiving placebo (Dember
et al. 2007; Manenti et al. 2008). Despite having previously been granted orphan and
fast-track status, the company Bellus Health withdrew its application for marketing
authorization for eprosidate in the treatment of AA amyloidosis (SARL 2008).
Eprosidate was also evaluated in clinical trials for diabetes linked to amyloidosis. It
was found to decrease glucose, cholesterol, and triglycerides in the blood of obese dia-
betic Zucker rats compared with antidiabetic drugs such as metformin or a sulfonyl-
urea agent while preserving 40% more pancreatic islet cells compared with the control
group, consequently having some protective effect on renal function. However, the
development of eprodisate in relation to diabetes was halted after a clinical proof-of-
concept trial, as the study did not meet its primary efficacy end point (Bellini 2010).

11.3.4 SURFEN

Esko (Carlton County, Minnesota) has been focused on identifying small-molecule
antagonists of HS function. One such molecule identified is bis-2-methyl-4-amino-
quinolyl-6-carbamide, also known as “surfen” (e in Figure 11.5). This molecule was
first described in 1938 as an excipient for the production of depot insulin (Umber et al.
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1938). It was known to have anti-inflammatory and antibacterial properties as it blocks
the binding of C5a receptor and anthrax lethal factor, respectively (Lanza et al. 1992;
Panchal et al. 2004). Fluorescence-based titrations indicated that surfen could bind to
GAGs and neutralize the aXa activity of heparin—AT complexes (Schuksz et al. 2008).
Addition of surfen to cultured cells was shown to block binding and signaling mediated
by FGF2, which depend on the formation of ternary complexes of FGF, FGF receptors,
and cell-surface HS (Schuksz et al. 2008). Furthermore, surfen blocked cell adhesion
to the heparin-binding Hep-II domain of fibronectin and prevented infection by herpes
simplex virus dependent on GP D binding to cell-surface HS (Schuksz et al. 2008).

Recently, surfen was shown to impair the action of a factor in semen that greatly
enhances viral infection (Roan et al. 2010). In semen, proteolytic peptide fragments
from prostatic acid phosphatase can form amyloid fibrils termed “semen-derived
enhancer of viral infection” (SEVI). These fibrils greatly enhance HIV infectivity by
increasing the attachment of virions to their target cells. Therefore, SEVI may have a
significant impact on whether HIV is successfully transmitted during sexual contact.
Surfen interferes with the binding of SEVI to both target cells and HIV-1 virions; but
it does not cause SEVI fibrils to break up.

11.4 OTHER NOVEL GAG MIMETICS

Drug discovery programs based on heparin and its mimetics have predominantly
been focused towards the antithrombotic and anticoagulant fields. In recent years,
however, GAG mimetics designed to mimic the natural ligands (or conjugated to
a non-carbohydrate moiety to increase the potency) have been developed to treat
genetic diseases affecting the central nervous system. GAG mimetics are also being
used as a tool to investigate the effects of GAG moieties on cellular behavior.

11.4.1  SuBsTRATE-OPTIMIZED GLYCANS

Mucopolysaccharidosis (MPS) is a form of lysosomal storage disease (LSD) caused
by a deficiency in the lysosomal enzymes responsible for the degradation of GAGs.
Inhibitors of GAG synthesis, although not tested in clinical trials, have been used
for substrate reduction therapy (SRT) in LSD and as antiviral agents (Roberts et al.
2006; Tiwari et al. 2007). Zacharon Pharmaceuticals (San Diego, California) has
developed small-molecule inhibitors of GAG biosynthesis for LSD based on sub-
strate optimization therapy (SOT). The SOT offers a novel therapeutic approach by
selectively modifying GAG structure (generally the sulfation pattern) without reduc-
ing the overall amount produced despite enzyme deficiency (Crawford et al. 2011).
An inhibitor of the biosynthetic step involving the addition of 2-O-sulfate is a more
feasible approach in MPS II patients with 2-sulfatase deficiency. The activity of such
an inhibitor results in the production of glycans with less 2-O sulfation and increased
6-0 sulfation (Figure 11.6a). Screening of 74,000 compounds resulted in the identifi-
cation of ZP2345 as a lead compound that reduces 2-O sulfation in a dose-dependent
manner in a cultured human cell model of MPS-II (Crawford et al. 2011). Ongoing
studies focus on the synthesis of congeners and biological testing to improve the
potency and efficacy of these inhibitors across multiple MPS classes.
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11.4.2 HepARIN MIMETICS IN CANCER

Carbohydrate ligand-binding protein molecules such as heparanase and P- and
L-selectins facilitate the metastasis of cancer cells. Exogenous heparin, LMWH, and
their mimetics exercise their antimetastatic and antiangiogenic activity by specifi-
cally inhibiting selectin-mediated cell—cell interactions and the enzymatic activity of
heparanase (Casu et al. 2010; Stevenson et al. 2005). Heparin-related inhibitors such
as aza sugar derivatives, glycol-split derivatives, and cyclitols have been reported to
inhibit heparanase by blocking its active site or its heparin/HS binding sites, or both
(Vlodavsky et al. 2007). In addition, antiangiogenic and antimetastatic activities were
also reported with several LMWH derivatives, including a deoxycholic acid conju-
gate and a periodate-oxidized heparin fragment (Lee et al. 2009; Mousa et al. 2006).

Endotis Pharma has chemically synthesized short oligosaccharides that have
potent affinity for and cause selective inhibition of several growth factors and pro-
teins (VEGF-A, FGF-2, PDGF-B, stromal-derived factor [SDF]-1a, and heparanase)
involved in tumor growth and dissemination (Cabannes et al. 2009). These “glyco-
drugs” were identified from a library of over 100 synthetic oligosaccharides of differ-
ent sizes and substitutions screened for their affinity for specific targets, efficacy on
cell proliferation and migration, and in vitro endothelial tubule formation. The lead
compound in the series, EP80061 (structure not disclosed), induced a very potent anti-
metastatic effect on a disseminated tumor model in C57B1/6 mice (Serina et al. 2010).

The M402 (Momenta Pharmaceuticals), a novel HS mimetic containing a mixture
of linear sugar chains, has been evaluated in preclinical studies for antimetastatic
properties (Zhou et al. 2009). The M402 showed reduced anticoagulant activity and
inhibited tumor metastasis in vitro and in vivo through modulation of multiple fac-
tors, such as P-selectin, VEGF, FGF-2, and SDF-1a (Chu et al. 2009; Zhou et al.
2009). The M402 on its own or in combination with chemotherapeutics increased
survival in animal models with aggressive tumors (Chu et al. 2009; Zhou et al. 2010).
Combination therapy of M402 and gemcitabine demonstrated significantly prolonged
survival and reduced metastasis compared with groups treated with a monotherapy
of saline solution or gemcitabine in a murine pancreatic model (Lolkema et al. 2010).
A reduction in the epithelial-to-mesenchymal transition stage in cancer metastasis
was observed in mice treated with M402.

11.4.3 REeGENERATING AGENTS

ReGeneraTing Agents (RGTAs) are large biopolymers engineered to promote tis-
sue repair and regeneration (Barbier-Chassefiere et al. 2009) by stabilizing many
heparin-binding growth factors (HBGFs), such as FGF-2 (Tardieu et al. 1992), trans-
forming growth factor-f (TGF-f) (Meddahi, Benoit et al. 1996), and VEGF (Rouet
et al. 2005). These polymers also protect proteins bound to the ECM from prote-
olysis. The RGTAs have been found to inhibit human leukocyte elastase (Meddahi,
Lemdjabar et al. 1996), plasmin (Meddabhi et al. 1995), and heparanase (Rouet et al.
2006). The RGTA derivatives are potent activators of tissue repair in various in
vivo wound-healing models, such as wounds (Meddahi et al. 1994), bone defects
(Albo et al. 1996), infarcted myocardium (Yamauchi et al. 2000), colic ulceration
(Meddahi, Alexakis et al. 2002), and periodontitis (Escartin et al. 2003). These
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RGTAs have also been shown to stimulate satellite cell growth and differentiation
in primary cultures (Papy-Garcia et al. 2002). The RGTA polymers are easier to
synthesize and more cost-effective than growth factors.

The RGTAs are dextran derivatives comprising varying amounts of substituted
carboxymethyl, benzylamide, and sulfonate groups (Figure 11.6b). The RGTAs
with an increased level of sulfation and benzylamidation show anti-prion activity by
blocking the conversion of prion protein PrP€ into some abnormal forms in scrapie-
infected GT1I cells (Schonberger et al. 2003) and scrapie-infected and bovine spongi-
form encephalopathy-infected mice (Adjou et al. 2003). However, RGTA OTR4120
(alternatively called RGDI120 or RG1192), derived from a glycosidic polymer of
dextran T40 and functionalized with a certain degree of substitution (ds) of sulfate
residues (ds = 1.2) and carboxymethyl residues (ds = 0.5) (Barbosa et al. 2005),
is known to enhance tissue repair in several animal models, including peripheral
nerve injury in rats (Zuijdendorp et al. 2008), burned skin in rats (Garcia-Filipe et al.
2007), chronic skin ulcers in mice (Barbier-Chassefiere et al. 2009), and cutaneous
wound repair in rats (Tong et al. 2009). An nuclear magnetic resonance (NMR) study
of OTR4120 showed the presence of a 15-sugar-unit repeat sequence (Martelly et al.
2010; Papy-Garcia et al. 2005). This polymeric compound resembles heparin in its
structure, but it has at least 10 times less anticoagulant activity than heparin (Aamiri
et al. 1995). A PK study in a muscle crush mouse model showed that OTR4120 could
replace degraded HS—GAG following tissue injury and bind to the heparin-binding
sites present on many ECM proteins that have been freed from occupation by their
endogenous GAGs (Meddahi, Brée et al. 2002). In a recent clinical pilot study, an
OTR4120 ophthalmic solution was found to improve the healing of severe corneal
ulcers and dystrophy (Khammari Chebbi et al. 2008).

The OTR4131 is a compound similarly characterized by the presence of dex-
tran T20, and carboxylate and sulfated groups as in OTR4120, but it differs from
OTR4120 by the presence of acetate groups (ds = 0.2). The GAG mimetics OTR4120
and OTR4131 bind directly to RANTES/CCLS and inhibit RANTES-induced
hepatoma cell migration and invasion (Sutton et al. 2007). Nondifferential biolog-
ical activities were observed for both RGTAs, suggesting that the acetate groups
in OTR4131 are not essential for RANTES interaction. Similar observations were
recorded for SDF-1, a cytokine that binds to these GAG mimetics and, consequently,
has the same effect on the mobilization of progenitor cells in peripheral blood in
mice (Albanese et al. 2009). However, the acetyl groups of OTR4131 mediate the
high affinity for chemoattractant factors of hematopoietic stem cells. The OTR4131
has been tested in vitro and in vivo for the treatment of oral mucositis (Mangoni
et al. 2009), controlling ocular surface inflammation and promoting corneal wound
healing (Brignole et al. 2005).

11.4.4 HEPTAGONISTS

Protamine and low-molecular-weight protamine are antidotes used in the reversal of
heparin and LMWH during bleeding complications such as those occurring in cardio-
vascular surgeries. PolyMedix, Inc., Radnor, Pennsylvania has developed novel, small
synthetic salicylamide derivatives called “heptagonists”, which do not cause the side
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effects caused by protamine. Heptagonists act as universal anticoagulation-reversing
agents and are active against heparin, LMWH, idraparinux, and fondaparinux (Jeske
et al. 2007). One of these molecules, PMX-60056 (Jeske et al. 2009), can neutral-
ize effectively the AT and aXa activities of LMWH. The molecule PMX-50056 has
been shown to completely reverse the anticoagulant effects of heparin and normalize
blood-clotting time in six human subjects in less than 10 minutes in a phase IB clini-
cal trial (www.polymedix.com/heptagonists.php).

11.5 CONCLUSIONS

Early work by many research groups was focused on generating semisynthetic anti-
coagulant analogs by selectively modifying the functional groups in heparin/HS.
Maintaining a specific sulfate substitution pattern or spatial arrangement of anionic
groups along a saccharide chain is certainly critical to achieving the agonist-like
actions of heparin, such as the binding and activation of AT by a unique heparin pen-
tasaccharide. However, heparin/HS are complex structures endowed with a plethora
of biological activities in numerous disease processes, such as angiogenesis, cancer,
tissue repair, cardiovascular disease, immune system function, and microbial and
viral pathogenesis, to name a few. Consequently, it is necessary to design antago-
nists that bind to the HS-binding site of a protein and block HS—protein interactions.
There are clear differences in the structural requirements for heparin-like anticoagu-
lants or agonists, where critical contacts between protein and anionic oligosaccha-
rides must occur to allosterically modulate or otherwise mediate protein function,
versus antagonists of HS—protein interactions, where affinity and selectivity of GAG
mimetics for the HS-binding site of a protein are critical factors regardless of oligo-
saccharide conformation and/or oligosaccharide—protein contacts. Using structure—
function relationships based on chemical synthesis and molecular modeling to more
specifically modify heparin and heparin-based molecules with structurally diverse
nonanionic moieties holds great potential for ultimately identifying novel, selective
therapeutics and diagnostics of specific HS-mediated biological processes.

The PD and PK properties of several previous-generation GAG oligosaccharides
make them inadequate for direct therapeutic application. Their anionic nature may
result in significant interactions with multiple, physiologically important proteins
leading to many side effects, such as low tissue permeability, short serum half-life,
and poor stability. In addition, the chemical sulfation of heparin-related saccharides
(greater than 40 saccharides in size) is difficult, tedious, and costly at both drug
development and production scales (Bonnaffé 2011; Codée et al. 2004). Furthermore,
new therapeutic applications of sulfated GAGs in the areas of treatment of infectious
diseases and inflammation, and the control of cell growth in wound-healing and can-
cer require elimination of the anticoagulant activity of heparin oligosaccharides and
engineering of appropriate PK properties and optimal oral bioavailability.

Despite these shortcomings, LMWHs and their derivatives offer advantages over
oral anticoagulant drugs such as warfarin and dabigatran, as well as aXa drugs such
as epixiban. These orally available small molecules are capable of crossing the pla-
cental barrier and hence cannot be used directly in pregnancy. The GAG-based agents
can, however, be used as alternative anticoagulants in pregnant women with high risk
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for thrombosis. Furthermore, cancer patients are at an increased risk of both VTE
and bleeding. The LMWHs offer a favorable balance of anticoagulation and antitu-
mor effects, which could contribute to the improved survival of cancer patients when
given for long-term prophylaxis. Detailed insight on GAG—protein interactions has
predominantly been provided by recent progress in NMR spectroscopy, x-ray crystal-
lography, and molecular modeling techniques. The chemoenzymatic synthesis that
mimics the biosynthetic pathway of HS (Peterson et al. 2009) offers an alternative
to the chemical synthesis of GAGs, which poses challenges for medicinal chemists.
A library of sulfated polysaccharides can be synthesized by selecting the appro-
priate combination of biosynthetic enzymes such as glycosyl transferases, a GIcA
C5-epimerase, and sulfotransferases. The synthesis of GAGs is further accelerated by
the use of both microarray-based and microfluid-based platforms, seamlessly coupled
with bioactivity screening (de Paz and Seeberger 2008; Laremore et al. 2009). As a
consequence, a detailed understanding of the molecular basis of selective modulation,
as well as new insights into the biology of interactions of GAGs with proteins, pro-
vides significant opportunities for the discovery of improved treatment mechanisms
for many diseases. Many newly established companies, such as Intellihep (Liverpool,
United Kingdom), Zacharon Pharmaceuticals, GlycoMimetics (Gaithersburg, United
Kingdom), Endotis Pharma, PolyMedix, Progen Pharmaceuticals, and OTR3
Momenta, have ongoing discovery programs in GAG therapeutics. Nevertheless, it
will probably take a long time before analog candidates whose safety and efficacy are
robustly proved undergo early clinical evaluation.
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FIGURE 1.2 Anchored binding of terminal carbohydrate residues.
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FIGURE 1.3  Central role of water in protein recognition of carbohydrates.



FIGURE 1.5 Examples of crystal structures of protein oligomers involved in binding to
carbohydrates.
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FIGURE 1.6 Crystallography in combination with solution SAXS of glycoproteins:
AMIGO proteins and Apo-H.
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FIGURE 1.7 Building complex models from crystallographic and small-angle scattering
data: Factor H and mannan-binding protein (MBP).
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FIGURE 2.8 (a) Selected intermolecular NOEs between CV-N side chains of E41 Hyl/y2,
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lated bound conformation of the dimannose in the protein binding sites.
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FIGURE 3.4 Structure determination of aquaporin-0 by electron crystallography.
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FIGURE 3.5 Analysis of intact moloney murine leukemia virus and its Env glycoprotein
by cryoET.

(a)

FIGURE 3.6 The structure of the simian immunodeficiency virus (SIV) Env complex by
cryoET.

(b)

FIGURE 3.7 Molecular architecture of cadherins in native epidermal desmosomes.
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FIGURE 4.2 (a) Molecular representation of the disaccharide (Glca(1-4)Glcp) with the
@ and W torsion angles shown on the glycosidic linkage. The potential energy surface shows
conformational energy with respect to the ® and ¥ torsion angles. (b) The favored low-energy
@/¥Y combinations are shown in light color, while the high-energy regions are shown in red
and the inaccessible regions are shown in white. (c) The surface of the disaccharide is com-
posed of hydrophobic (green) and hydrophilic (red) patches, formed by nonpolar aliphatic
protons and polar hydroxyl groups.
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FIGURE 4.5 Illustration of the molecular robotics approach to investigate the role of
substrate accessibility to the active site on Burkholderia cepacia lipase enantioselectivity.
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FIGURE 4.8 General view (left) of the crystal structure of ternary complexes between
antithrombin (reddish-brown ribbon), thrombin (green ribbon), and heparin analog; (right)
blowup of the binding site of antithrombin interacting with the specific heparin fragment.

Viewing the periplasmic space through Polar contacts established during maltose transport
maltoporin from the cell exterior

" Crystal structure of the maltoporin—maltose*
complex

Periplasmic space

FIGURE 4.9 Three-dimensional structure of maltoporin along with snapshots of the inter-
action of maltooligosaccharides within the channel.
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FIGURE 4.10 The enzymatic digestion of cellulose.
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FIGURE 5.1 Illustration of the site-mapping process.
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FIGURE 7.2 Schematic of a glycan microarray experiment. A glycan microarray printed as
14 identical subarrays is used as an example.
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FIGURE 9.1 Diagrammatic representation of the terminal carbohydrate structures of A and
B blood group antigens, aGal and iGb3.



FIGURE 9.2 Interaction-based site maps and predicted aGal carbohydrate-binding modes
for two murine mAbs.

FIGURE 9.3 Comparison of the crystal structures of A and B transferases.
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FIGURE 10.1  Receptor recognition in influenza A virus HA envelope protein.
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FIGURE 10.2  Receptor recognition in paramyxovirus and rotavirus.



FIGURE 10.4 Influenza A virus sialidase NA as an effective target for antiviral inhibitors.
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FIGURE 11.4 (a) Binding interactions of heparin with AT are shown. (b) Mechanism of
action of idraparinux with AT is shown. (c) Crystal structure of the ternary complex of AT,
thrombin, and SR123781A is shown.
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