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THE ESSENTIALS OF GLYCOBIOLOGY could not appear at a more opportune time, for
the field is in a period of enormous progress and the prospects for future advances are even
greater. Glycobiology has its roots in the nineteenth century, when chemists first began to
analyze sugars and polysaccharides. Perhaps the first glycoprotein to be studied was the
“glvcogenous matter” of liver which the famous French physiologist Claude Bernard iden-
tified in 1855 as a storage form of glucose. (Interestingly, the evidence that glycogen is a
glycoprotein was not obtained until more than 100 years later.) Advances in this area con-
tinued at a steady rate during most of this century, but the past 20 years has witnessed an
unparalleled explosion of new knowledge that has transformed the field. There are many
reasons for this acceleration of progress, including great technical advances in establishing
oligosaccharide structures, but by far the most important is the application of recombi-
nant DNA technology to the field. This has resulted in the molecular characterization of
the enzymes involved ifi the assembly, processing, and degradation of oligosaccharides and
proteoglycans. It has also allowed the identification of numerous families of plant and ani-

- mal lectins that recognize carbohydrate structures. The surprising finding to emerge is the

vast number of enzymes and proteins that are devoted to glycoprotein and glycolipid syn-
thesis and function. The understanding of the biologic roles of glycans has also increased
to a great extent, and we now know that these molecules serve multiple functions, ranging
from assisting the folding of nascent proteins to determining the trafficking of lympho-
cytes and granulocytes in the circulation. The important role of glycans is underscored bv
the growing list of human diseases that are the result of defects in glycan assembly. The
challenge for the future is to further define the biologic functions played by glycans. In this
regard, recombinant DNA technology has provided another valuable tool for the glycobi-
ologist: the ability to disrupt genes of interest in mice and other organisms. This presents
an unparalleled opportunity for the scientist interested in elucidating the biologic roles of
sugars. Without a doubt, the future in this area is the brightest it has ever been.

Essentials of Glycobiology provides an ideal entry into the field. It contains the basic
information needed to understand this area along with the most current work at the fore-
front of the field. The authors are to be commended for assembling a broad, comprehen-
sive, well-organized overview of this burgeoning field. They have also been successful in
conveying the excitement in this area of research.

Stuart Kornfeld
Washington University School of Medicine
March 1999




EMERGING FROM ITS ROOTS in classical carbohydrate chemistry and biochemistry,
glycobiology has become a vibrant, expanding, and important extension of modern mol-
ecular biology. Over the years, many outstanding monographs and books have document-
ed important advances in this area and summarized critical methods and concepts (see
listing following this preface). These volumes continue to serve as excellent resources for
those interested in glycobiology. Why then should one publish an additional book on the
subject? Most of these prior volumes have been directed at the specialist, assuming a sub-
stantial level of technical sophistication and expertise and a working knowledge of the rel-
evant jargon. We present here a beok that seeks to fulfill a somewhat different need: to
summarize the current state of the art for the expert and yet serve as a resource for the
novice wishing to explore the essentials of glycobiology.

This book had its origins from some independent lines of effort. For several years, some
of us have been teaching a short elective course in glycobiology for graduate students at the
University of California, San Diego. With the recent arrival of additional faculty with exper-

“tise in this field, it was decided to present a more comprehensive course on the subject, to

be supplemented by a course book that could be then converted into a formal text.
Meanwhile, other experts elsewhere in the country had put forward independent proposals
to fill the perceived need for a basic textbook in glycobiology. Following a discussion over a
beer after a glycobiology conference, we decided to pool all our efforts in this direction.

Since a major goal was to produce a text that would be accessible to students and other
trainees, we used the 1998 UCSD Spring Quarter Graduate Course in Glycobiology as the
basis for creating the text. By recruiting several additional experts as lecturers, we could pre-
sent a comprehensive course that covered most aspects of the field. Each lecturer was asked
to provide handouts for the students that were essentially the first drafts of chapters for the
book. In turn, each student was required to provide anonymous critiques of some chapters
as a part of the course requirement. This approach ensured not only that the draft chapters
were written early on, but also that they underwent in-depth evaluation by bright young
minds with an expressed interest in the field. Additional rounds of internal review by the
group of six editors served to produce what we hope will be a valuable resource not only for
the expert in the field, but also for the novice who wants to learn about glycobiology. We
have tried to be as accurate and up to date as possible and to present a balanced point of
view on controversial subjects. Given the current breadth of knowledge, it was not possible
to do full justice to all aspects of the field, nor to comprehensively reference the extensive
literature that exists. The relative emphasis on vertebrate biology bespeaks the greater vol-
ume of information currently available in this area of glycobiology.

The Editors are indebted to many others who made this book possible. Besides the stu-
dents who took the course for credit, several other trainees audited the course and provid-
ed very useful feedback. Although the editors wrote the majority of the chapters in the
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book, the efforts of the other lecturer/authors were crucial in assuring the depth of exper-
tise needed to cover the field effectively. Special thanks are due to John Inglis and Kaaren
Janssen at Cold Spring Harbor Laboratory Press for realizing the potential of this book,
and for putting up with our many demands and idiosyncrasies. We also thank the Press
staff, Jan Argentine, Inez Sialiano, Mary Cozza, Denise Weiss, Dotty Brown, and Danny
deBruin, who deserve much credit for keeping us on track and converting our efforts into
an attractive product. Last but not least, we acknowledge our families, lab members, and
administrative assistants who supported us through all of the hard work needed to create
this text. It now remains for the reader to decide if we have achieved our goals in produc-
ing this book.

Ajit Varki
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THIS CHAPTER PROVIDES HISTORICAL BACKGROUND to the emergence of the field of gly-
cobiology, as well as an overview of this book. General terms and definitions found
throughout the volume are also considered. The common monosaccharide units of
glycoconjugates are mentioned and a uniform symbol nomenclature used for structural
depictions throughout the book is presented. The general oligosaccharide classes to be
discussed in the book are mentioned, and an overview of the general pathways for their
biosynthesis is provided. Topological issues relevant to biosynthesis and function are also
considered.
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2 CHAPTER 1

WHAT IS GLYCOBIOLOGY? (1-4)

The central paradigm of modern molecular biology is that biological information flows
from DNA to RNA to protein. The power of this concept lies not only in its template-dri-
ven precision, but also in the ability to manipulate any one class of molecules based on
knowledge of another, and in the patterns of sequence homology and relatedness that
predict function and reveal evolutionary relationships. With the upcoming completion of
the genomic sequences of humans and several other commonly studied model organisms,
even more spectacular gains in the understanding of biological systems are anticipated.
However, there is often a tendency to assume the following extension of the central
paradigm:

DNA—» RNA—» PROTEIN —» CELL—» ORGANISM

In actual fact, creating a cell requires two other major classes of molecules: lipids and
carbohydrates. These molecules can serve as intermediates in generating energy, as signal-
ing molecules, or as structural components. The structural roles of carbohydrates become
particularly important in constructing complex multicellular organs and organisms,
which requires interactions of cells with one another and with the surrounding matrix.
Indeed, all cells and many macromolecules in nature carry a dense and complex array of
covalently attached sugar chains (called oligosaccharides or glycans). In some instances,
these glycans can also be free-standing entities. Since most glycans are on the outer surface
of cellular and secreted macromolecules, they are in a position to modulate or mediate a
wide variety of events in cell-cell and cell-matrix interactions crucial to the development
and function of a complex multicellular organism. They are also in a position to mediate
interactions between organisms (e.g., between host and parasite). In addition, simple,
highly dynamic protein-bound glycans are abundant in the nucleus and cytoplasm, where
they appear to serve as regulatory switches. An extended paradigm of molecular biology
can thus be rendered as follows:

DNA —» RNA ——»PROTEINS ——» ENZYMES

CARBOHYDRATES

|

CELL +———GLYCOCONJUGATES

\
ORGANISM pms’

In the first part of this century, the chemistry, biochemistry, and biology of carbohy-
drates were very prominent matters of interest. However, during the initial phase of the
modern revolution in molecular biology, studies of glycans lagged far behind those of
other major classes of molecules. This was in large part due to their inherent structural
complexity, the difficulty in easily determining their sequence, and the fact that their
biosynthesis could not be directly predicted from the DNA template. The development of
a variety of new technologies for exploring the structures of these sugar chains has opened
up a new frontier of molecular biology which has been called glycobiology. This word was
first coined in 1988 by Rademacher, Parekh, and Dwek to recognize the coming together
of the traditional disciplines of carbohydrate chemistry and biochemistry with modern
understanding of the cellular and molecular biology of glycans. The term glycobiology has
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gained wide acceptance, with a major biomedical journal, a growing scientific society, and
a Gordon Research Conference now bearing this name.

Defined in the broadest sense, glycobiology is then the study of the structure, biosyn-
thesis, and biology of saccharides (sugar chains or glycans) that are widely distributed in
nature. It is one of the more rapidly growing fields in the biomedical sciences, with rele-
vance to basic research, biomedicine, and biotechnology. Indeed, several biotechnology,
pharmaceutical, and laboratory supply companies have invested heavily in the area. The
field ranges from the chemistry of carbohydrates and the enzymology of glycan-modify-
ing proteins to the functions of glycans in complex biological systems, and their
manipulation by a variety of techniques. Research in glycobiology requires a foundation
not only in the nomenclature, biosynthesis, structure, chemical synthesis, and functions of
complex glycans, but also in the general disciplines of molecular genetics, cellular biology,
physiology, and protein chemistry. This volume provides an overview of the field of glyco-
biology, with a particular emphasis on the glycans of higher animal systems, about which
the greatest amount is currently known. It is assumed that the reader has a basic back-
ground in graduate-level chemistry, biochemistry, and cell biology.

MONOSACCHARIDES ARE THE BASIC STRUCTURAL UNITS
OF GLYCANS (5)

Carbohydrates are defined as polyhydroxyaldehydes or polyhydroxyketones, or larger
compounds that can be hydrolyzed into such units (for examples, see below and for more
details, see Chapter 2). A monosaccharide is a carbohydrate that cannot be hydrolyzed into
a simpler unit. It has a potential carbonyl group at the end of the carbon chain (an alde-
hyde group) or at an inner carbon (a ketone group). These two types of monosaccharides
are therefore named aldoses and ketoses. Free monosaccharides can exist in open chain or
ring forms (Figure 1.1).

Ring forms of the monosaccharides are the rule in oligosaccharides, which are
branched or linear chains of monosaccharides attached to one another via glvcosidic link-
ages (the term polysaccharide is typically reserved for large glycans that are composed of
repeating oligosaccharide motifs). The ring form of a monosaccharide generates a chiral
(anomeric) center (at C-1 for aldo sugars or at C-2 for keto sugars) (for details, see Chapter
2). A glycosidic linkage involves the attachment of a monosaccharide to another residue,
typically via the hydroxyl group of this anomeric center, which can be o linkages or B link-

1
H-C=0
f2
H-C-OH 6
3 CH, -OH
HO-C-H 51
. . OH C
FIGURE 1.1. Open chain and ring forms of galac-  B0-C-H | 1
tose. Changes in the orientation of hydroxyl H-C-OH 4 ¢ om c
groups around specific carbon atoms resuit in new l6 \ (l:3 2 ("m
molecules that have a distinct biology and bio- n-¢|:-on
chemistry (e.g., glucose is the 4-epimer of galac- B OH

tose). D-Galactose a-D-Galactopyranose
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GLYCANS CAN CONSTITUTE A MAJOR PORTION OF A GLYCOCONJUGATE (2)

CHAPTER 1

Sl i,

ages depending on the relationship of the oxygen to the anomeric carbon (see Chapter 2).
It is important to realize that these two types of linkages confer very different structural
properties and biological functions upon sequences that are otherwise identical in com-
position. A glycoconjugate is a compound in which one or more monosaccharide or
oligosaccharide units (the glycone) are covalently linked to a noncarbohydrate moiety (the
aglycone). An oligosaccharide that is unattached to an aglycone usually retains the poten-
tial reducing power of the aldehyde or ketone in its terminal monosaccharide component.
This end of a sugar chain is therefore often called the reducing terminus or reducing end
(this term tends to be used even when the sugar chain is attached to an aglycone and thus
has actually lost its reducing power). Correspondingly, the outer end of the chain tends to
be called the nonreducing end (note the analogy to the 5" and 3" ends of nucleotide chains
or the amino and carboxyl termini of polypeptides).

In naturally occurring glycoconjugates, the portion of the molecule comprising the glycans
can vary greatly, from being very minor in amount to being the dominant component.
Indeed, it is striking that sugar chains make up a substantial portion of the mass of most
glycoconjugates (for a typical example, see Figure 1.2). For this reason, the surfaces of most
types of cells (which are heavily decorated with different kinds of glycoconjugates) are
effectively covered with a dense coating of sugars, giving rise to the so-called glycocalyx.
This cell surface structure was first observed by electron microscopists many years ago as
an anionic layer external to the plasmalemma, which could be decorated with polycation-
ic reagents like cationized ferritin (for an example, see Figure 1.3).

MONOSACCHARIDES GENERATE MORE LINKAGE VARIATION THAN AMINO ACIDS

OR NUCLEOTIDES (1,6)

Nucleotides and proteins are linear polymers that can each have only one basic type of
linkage. In contrast, each monosaccharide can theoretically generate an o or a f3 linkage to
any one of several positions on another monosaccharide in a chain or to another type of
molecule. Thus, it has been pointed out that although three nucleotide bases or amino

Polypeptide

FIGURE 1.2. Schematic representation of the Thy-1
glycoprotein including the three N-glycans and a
glycophospholipid (GPI-glycan) anchor whose acy!
chains would normally be embedded in the mem-
brane bilayer. Note that the polypeptide represents
only a relatively small portion of the total mass of
the protein. (Modified, with permission, from [2]
Rademacher et al. 1988 [© Annual Reviews].)

N-glycan
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FIGURE 1.3. Electron micrograph of endothelial cells from a blood capillary in the diaphragm
muscle of a rat, showing the lumenal plasmalemma of the cells (facing the blood) decorated with
particles of (pl 8.4) cationized ferritin (see arrowheads). These particles are binding to acidic
residues (sialic-acid-containing glycans and sulfated glycosaminoglycans) contained in the cell
surface “glycocalyx.” Note that the particles are several layers deep, indicating the remarkable
thickness of this laver of glycoconjugates. (Courtesy of George E. Palade.)

acids can only generate six variations, three hexoses could produce (depending on which
factors are considered) anywhere from 1,056 to 27,648 unique trisaccharides. As the num-
ber of units in the polymer increases, this difference in complexity becomes even greater.
For example, a hexasaccharide with six hexoses could have more than 1 trillion possible
combinations. Thus, an almost unimaginable number of possible saccharide units could
be theoretically present in biological systems. Fortunately, for the student of glycobiology,
naturally occurring biological macromolecules contain relatively few of the possible
monosaccharide units in a limited number of combinations.

COMMON MONOSACCHARIDE UNITS OF ANIMAL GLYCOCONJUGATES (5,7)

The common monosaccharides found in higher animal oligosaccharides are listed below,
along with their standard abbreviations (for more details regarding their structures, see
Chapter 2).

* Sialic Acids: Family of nine-carbon acidic sugars (generic abbreviation is Sia), of which
the most common is N-acetyl neuraminic acid (Neu5Ac, also sometimes called NeuNAc,
NeuAc, or NANA) (for more details, see Chapter 15).

* Hexoses: Six-carbon neutral sugars, including glucose (Glc), galactose (Gal), mannose
(Man).

* Hexosamines: Hexose with an amino group at the 2-position, which can be either free or,
more commonly, N-acetylated: N-acetylglucosamine (GlcNAc) and N-acetvlgalac-
tosamine (GalNAc).

* Deoxyhexoses: Six-carbon neutral sugar without the hydroxyl group at the 6-position,
fucose (Fuc).

* Pentoses: Five-carbon sugar, xylose (Xyl).

* Uronic Acids: Hexose with a negatively charged carboxylate at the 6-position, glucuron-
ic acid (GlcA) and iduronic acid (IdA).



