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Abstract

Numerous factors that influence cell-surface carbohydrate composition remain to be elucidated. The
combination of novel biochemical and metabolism-based approaches with emerging genomic methods
promises to accelerate efforts to understand glycosylation.

The surface of a mammalian cell is decorated with complex
carbohydrates. These sugars, known individually as glycans
and collectively as the glycocalyx, are biosynthetically assem-
bled from simple monosaccharides into a diverse array of
oligo- and poly-saccharides (Figure 1). Glycans mediate a
cell’s communications with the outside world [1,2] and play a
crucial role in the events at fertilization that initiate the life of
a multicellular organism [3]. Carbohydrates continue to play
a critical role throughout development and contribute to the
healthy life of the mature organism [4,5]. Abnormalities in
glycan expression are implicated as causative or incidental
factors in both relatively rare congenital diseases [6] and
widespread acquired diseases, such as cancer [7]. The recent
revelation that fewer genes than originally thought comprise
the human genome has further highlighted the importance of
post-translational modifications, such as glycosylation, as
determinants of higher eukaryotic functions [8,9].

Deciphering the molecular details of oligosaccharide synthe-
sis and biological activity is one of the major challenges now
confronting the cell biologist. Unlike other structural bio-
molecules such as proteins and nucleic acids, synthesis of
which is template-driven and well defined at a molecular
level, oligosaccharides are not primary gene products [10].
An understanding of their biosynthesis remains rudimen-
tary. This review briefly describes current understanding of
glycan biosynthesis and the methods that have been used to

garner this information. It then addresses the exciting
prospects that emerging genomic and metabolic techniques,
coupled with established methodologies, offer for rapid dis-
covery of the glycosylation processes of a cell.

Conversion of monosaccharides into complex
oligosaccharides

The common sugars, requisite co-substrates, and many of the
enzymes necessary for the synthesis of complex carbohydrates
are already known. Knowing the complete human genome
ensures that the remaining enzymes involved will be identified
soon. What remains mysterious is how these molecular
players work in concert to convert a few simple monosaccha-
rides into the exact pattern of complex cell-surface glycans
that gives each cell type a unique and reproducible identity
(Figure 1). This gap in knowledge not only precludes a detailed
understanding of how these molecules are regulated during
the healthy lifespan of an organism but, more importantly,
also hinders our ability to intervene in pathological situations.
Answering questions about glycan biosynthesis will lead to
insights into basic biological processes and also opens the
door to therapeutic intervention in disease processes.

For the purposes of this review, the metabolic pathways
responsible for endowing each cell with its unique complement
of oligosaccharides are divided into two stages (Figure 2a).
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An overview of the glycosylation process. (a) Complex carbohydrates are biosynthetically assembled from sugars obtained
from dietary sources, from endogenous conversion from other monosaccharides, or from recycling and salvage pathways.
Oligosaccharides of various composition can be attached to various proteins embedded in the plasma membrane (I and 3) or
directly to lipids (2). Collectively, these cell-surface sugars (I, 2, and 3) comprise the glycocalyx that gives each cell a unique
molecular identity. Oligosaccharides can also be attached to secreted proteins (4). (b) Symbols and abbreviations used in this

paper for common sugars (adapted from [36]).

The early steps involve the conversion of monosaccharides
obtained by the cell from dietary sources, or from recycling
and salvage processes (Figure 1), into nucleotide-sugar
donors. This stage typically entails the phosphorylation of
one or more of the hydroxyl groups of the monosaccharides.
In addition, it often involves the inversion of stereocenters to
convert one sugar to a related epimer. In some cases, the
sequential action of several enzymes is required to transform
one monosaccharide (such as ManNAc; see Figure 1 for
abbreviations used in sugar names) into a considerably dif-
ferent sugar (such as sialic acid; see Figure 2b).

Once a phosphorylated monosaccharide of the desired stereo-
chemical configuration is achieved, conversion to the UDP,
GDP, or CMP analog (depending on the sugar) creates a
nucleotide-sugar donor. The nucleotide functions as a high-
energy leaving group to facilitate the assembly of the mono-
saccharides into complex carbohydrates by the stepwise
action of a group of enzymes, known as glycosyltransferases,
most of which reside in the Golgi apparatus (Figure 2c¢) [11].
Each step, although seemingly straightforward, involves the

correct choice of one of several possible glycosyltransferases
with similar, but subtly different, substrate specificities. The
exact composition of the final product is determined, at least
in part, by the route of transit the growing oligosaccharide
follows through the secretory pathway, allowing (or avoid-
ing) contacts with particular glycosyltransferases. As a
result, one protein can be decorated by a particular oligosac-
charide while a different protein, another copy of the first
protein, or even an alternate glycosylation site on the same
protein, can be endowed with distinct oligosaccharides
(Figures 1 and 2c¢).

A fruitful method for determining the internal workings of a
cell is the isolation and analysis of subpopulations of cells
with distinct properties [12]. Molecular and genetic character-
ization of such cells has illuminated the function of enzymes
responsible for a wide range of cellular characteristics, includ-
ing oligosaccharide biosynthesis [13]. Continued progress in
unraveling glycosylation depends on judicious selection of cell
populations with variations in surface glycan expression.
Variation in the output of the glycosylation pathways can
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Figure 2

Molecular details of glycan biosynthesis. (a) The glycosylation process can be divided into early (1) and late (2) stages. First,
nucleotide-sugar donors are enzymatically prepared from monosaccharides, as illustrated by the conversion of ManNAc into
CMP-Sia (1). Nucleotide-sugar donors are assembled by glycosyltransferases into the oligosaccharides that decorate
glycoproteins (shown, 2) or glycolipids (not shown). (b) Specific steps in the conversion of dietary sugars (indicated with
yellow shading) to nucleotide-sugar donors (pink shading). Arrows represent known enzymatic activities drawn in the
direction of the synthesis of nucleotide-sugar donors. It should be noted that the reverse reactions are typically also possible,
catalyzed either by the same or other enzymes (adapted from [19]). (c) Nucleotide-sugar donors enter the endoplasmic
reticulum (ER) or Golgi lumen through the action of specific antiport transporters. Oligosaccharides are synthesized by
sequential action of the appropriate glycosyltransferases as they traverse the secretory apparatus. The process shown is
typical of O-linked (serine- or threonine-attached) glycoprotein biosynthesis. For N-linked glycoproteins (not shown), a core
oligosaccharide is assembled in the cytosol, then transported into the ER where it is processed by glycosidases, and then
further elaborated by glycosyltransferases; details of this complex process are described elsewhere [10].

result from endogenous regulatory mechanisms, abnormali-
ties associated with specific diseases, or external inputs
(Figure 3). We next discuss the benefits and limitations of
using each of these sources of variation in oligosaccharide
composition for further study of glycan biosynthesis.

Endogenous regulatory mechanisms
The glycoconjugate diversity found on different cell types in a
healthy organism is a consequence of intracellular metabolic

mechanisms responding, in many cases, to external stimuli
(Figure 3). In theory, the entire human genome sequence,
coupled with methods to measure the expression level of
each gene, provides tools for thorough study of glycan
biosynthesis. For example, microarray analysis of cell popu-
lations selected at various stages in development, or derived
from different tissues, promises to explain the distinct
oligosaccharide expression pattern of each cell type. Despite
the fact that different cell populations also experience gross
morphological changes involving many genes that are not
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Fagtors that impinge on oligosaccharide biosynthesis and result in altered cell surface glycan display. (a) Endogenous
regulation, in concert with external signaling events, can result in different forms (illustrated by | and 2) of cell-surface
oligosaccharide expression. (b) Disease states are often characterized by specific, and in some cases multiple, changes in
glycosylation that can be attributed to abnormalities in the metabolic pathways involved in oligosaccharide biosynthesis.

(c) External inputs, such as exogenously delivered metabolites, in addition to the previously mentioned signaling events, can

modulate cell-surface glycan composition.

related to glycosylation, the development of sophisticated
computational algorithms should allow glycosylation-spe-
cific effects on gene expression to be deconvoluted from
irrelevant secondary effects. This type of genome-wide
approach will provide an elegant picture of how the internal
glycosylation processes of a cell are reflected on the cell
surface as a diverse array of oligosaccharides. Nevertheless,
such an approach, by itself, may leave a number of key issues
in glycan biosynthesis unresolved.

Microarray studies have the remarkable ability to describe
the interplay of numerous enzymes comprising multiple
metabolic pathways and reveal system-wide perturbations in
gene expression. But, unfortunately, the overwhelming
volume of data generated from these studies presents difficul-
ties in distinguishing a primary molecular defect from
ensuing secondary (and higher order) effects. As a conse-
quence, subtle changes affecting enzymes that play key regu-
latory roles may be obscured amid quantitatively larger, but
functionally less significant, alterations. The molecular

defects responsible for a pathology may be similarly con-
cealed. If so, it will be difficult to identify candidate enzymes
as targets for pharmaceutical intervention, or for replacement
by gene therapy. Accordingly, a more traditional study of
disease states leading to the exact identification of a molecu-
lar defect responsible for a pathological phenotype remains a
sensible experimental route to complement more recent
methods to assess genome-wide changes in gene expression.

Glycosylation changes associated with disease
states

Abnormalities associated with disease states are major con-
tributors to diversity in glycan expression (Figure 3¢). These
defects, in many cases, ultimately arise from the dysfunction
of an individual enzyme, often as the consequence of a single
amino-acid mutation. Determination of the molecular defect
responsible for a disease phenotype can therefore reveal the
normal function of a particular gene product [6]. A funda-
mental limitation, however, of relying on human-disease or



whole-animal models is that the critical role of glycans in fer-
tilization and development means that many glycosylation
defects are embryonic-lethal. Although fortunate from the
perspective of human health, this situation prevents poten-
tially interesting metabolic perturbations from being observed
clinically (or in animal models) and results in an incomplete
understanding of the glycosylation processes of a cell.

To circumvent limitations inherent in the study of animal
disease models, researchers have found that it is possible to
mutagenize large cell populations and select rare-event
mutant cell lines that often mimic disease states at a molecu-
lar level [12,14]. The experimental advantage of such cell-
based ‘forward genetics’ screens is that requirements for
cell-surface glycosylation are significantly less stringent in
cell monocultures than for whole organisms. Consequently,
cells with potentially embryonic-lethal mutations can
survive to be isolated and studied, resulting in an enhanced
picture of the glycosylation machinery.

The most straightforward method for selecting a rare cell
harboring a glycosylation defect is through the use of toxic
lectins. Lectins are proteins that recognize and bind to spe-
cific sugar residues when presented in certain conforma-
tional contexts within an oligosaccharide. Certain lectins are
bifunctional: in addition to a sugar-binding domain they also
contain a cytotoxic (usually ribosome-inactivating) domain
[15]. Incubation of a large, mutagenized cell population with
a toxic lectin rapidly results in the isolation of rare mutant
cell subpopulations that lack the targeted binding motif and
therefore escape death (Figure 4a). As in animal disease
models, molecular characterization leads to the identifica-
tion of the particular molecular defect responsible for the
cell-surface aberration.

The use of toxic lectins, while experimentally easy, can lead
to unintended selection outcomes. For example, most of
these toxins require retrograde transport into the Golgi or
endoplasmic reticulum before they can be translocated into
the cytoplasm [15]. Not surprisingly, selection outcomes
therefore include transport defects that have little relevance
to glycosylation processes. A superior cell selection method,
with mutational outcomes more closely targeted to the
intended glycosylation pathways, is the use of fluorescently
labeled, non-toxic lectins (or carbohydrate-specific antibod-
ies) coupled with a cell-sorting method based on flow cytom-
etry or magnetic particles (Figure 4b). These sophisticated,
high-throughput methods allow the selection and subse-
quent propagation of living cells, thereby avoiding the multi-
ple mechanisms that cells can exploit to reduce the
deleterious effects of exposure to toxins. Also, such methods
permit both positive and negative selection for the desired
glycosylation phenotype (Figure 4b).

A final concern with current selection techniques is that
mutational outcomes are biased toward the later steps in
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glycoconjugate biosynthesis, typically either the Golgi trans-
porter or glycosyltransferase stages (Figure 2c¢) [16,17]. As
illustrated in Figure 2b, the earlier stages of glycosylation
involve multiple interconversions between structurally related
monosaccharides. Many early-stage defects can be ‘masked’ by
re-adjustment of metabolic flux through these intersecting
pathways. Clearly, experimental access to such masked muta-
tions is crucial to gaining a complete understanding of the gly-
cosylation processes of a cell. An emerging metabolism-based
method that we have developed has the potential to illuminate
this class of masked molecular abnormalities.

Externally supplied substrates can illuminate
‘masked’ metabolic defects

External inputs can modulate the glycosylation pathways of
a cell (Figure 3¢). As mentioned above, extracellular signals
can trigger changes in oligosaccharide biosynthesis by as-yet
poorly understood regulatory processes. External manipula-
tion of glycosylation can also be achieved by the direct deliv-
ery of small molecule metabolites into biosynthetic pathways
[18,19]. For example, compounds as simple as ammonia can
have a profound effect on the display of cell-surface carbohy-
drate epitopes [20]. A substrate-based approach can estab-
lish linkages, many of which may be unanticipated, between
various components of metabolic pathways. Also, in contrast
to changes effected by the manipulations of enzymes, sub-
strate-based intervention is easily reversible, and it is
amenable to quantitative analysis by altering the concentra-
tion of the externally delivered agent.

The substrate-based approach that we have pursued involves
the interception of a pathway with an unnatural analog of a
metabolic intermediate. Specifically, the sialic acid pathway
is capable of enzymatically processing unnatural analogs
(Figure 5). N-acetylmannosamine (ManNAc) derivatives can
be converted to their corresponding cell-surface-displayed
sialic acid counterparts [21]. Utilization of an analog such as
N-levulinoylmannosamine (ManLev) results in the incorpo-
ration of a unique chemical tag, the ketone functionality,
into the cell-surface glycoconjugates in the form of the modi-
fied sialic acid SiaLev (Figure 5) [22]. The ability to react
ketone-specific probes, such as biotin hydrazide [23], with
the engineered sialic acid allows the development of cell
selection schemes that exploit the ability of ManLev to suc-
cessfully transit the entire pathway (Figure 5). Consequently,
mutations that either enhance or diminish the ability of the
unnatural substrate to gain cell-surface expression are
detectable throughout the entire length of, or even upstream
of, the portion of the pathway traversed by the analog.

The sialic acid pathway provides an illustration of the molec-
ular nature of early stage ‘masked’ mutations that can be
illuminated by an unnatural substrate-based approach
(Figure 6). One of the mutational outcomes yielded by
ManLev-based selection in human Jurkat (T-lymphoma
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Lectin-based cell-selection strategies. Two lectin-based strategies can separate cells with glycosylation abnormalities from

predominantly wild-type populations. (@) The first strategy uses a bifunctional toxic lectin that binds to a carbohydrate ligand
expressed on wild-type cells thereby causing cell death. Reduced (Mutant cell I) or altered (Mutant cell 2) expression of the
target epitope can abrogate lectin binding allowing cell recovery. A drawback of this strategy is that over-expression
phenotypes (Mutant cell 3) are targeted for death, preventing their isolation; in addition, intermediate levels of lectin binding
(Mutant cell 1) may or may not cause cell death. (b) A superior selection strategy uses fluorescently labeled lectins that allow
separation of cell types by flow cytometry (FACS). In this case, sorting conditions are established with wild-type cells and
these subsequently allow separation of cells with low, no, or even excess, lectin binding by using low, negative, or high FACS
parameters. As a result, each of the mutant cell populations can be isolated with a level of precision not readily attained with

the toxic lectin approach.

derived) cells is a mutant form of the UDP-GlcNAc
epimerase [24]. The mutant enzyme is refractory to
allosteric feedback inhibition because of loss of binding of
the downstream metabolite, CMP-Sia (Figure 6, part 1). The
causative molecular defect, a single amino-acid substitution
identical to that found in the inborn human disease sialuria
[25], results in overproduction of ManNAc [26], thereby
competitively excluding ManLev from the pathway and abol-
ishing SiaLev expression on the cell surface. Because flux of

the natural substrate, ManNAc, continues through the
pathway, there is no change in cell-surface glycan expression
in the absence of ManLev. Consequently, this molecular
defect could not have been isolated using established lectin
or antibody approaches, and it demonstrates one advantage
of the unnatural substrate-based method [24].

Another advantage of substrate-based metabolic selection is
the ability to rapidly compile comprehensive libraries of
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Strategy for metabolic cell selection for defects in the sialic acid pathway. The sialic acid pathway beginning with UDP-GIcNAc
proceeds by the sequential action of (a,b) UDP-GIcNAc 2-epimerase/ManNAc 6-kinase; (c) sialic acid 9-phosphate synthase;
(d) sialic acid 9-phosphatase; (e) CMP-sialic acid synthetase; (f) CMP-sialic acid Golgi transporter; and (g) sialyltransferase
(several in human); to install a sialic acid on glycoconjugates destined for the cell surface. The substrate-based cell selection
approach begins with (1) the interception of the pathway with ManLev, an unnatural analog of ManNAc. The pathway
converts this unnatural substrate into glycan-bound SialLev containing a selectable marker, the ketone (2). The ketone can be
selectively labeled with biotin hydrazide and the cells stained with FITC-labeled avidin (3). Sorting of low-SiaLev cells (shown,
or high-SiaLev cells, not shown) by flow cytometry (4) allows for the high-throughput selection of cells harboring rare
metabolic mutations. After sorting, cells are allowed to recover and then the sorted cell population is analyzed for ketone
expression (5). These five steps are repeated iteratively until the desired phenotypic endpoint of high- or low-SiaLev
expression is obtained.

mutations. To continue the sialuria example, only three = UDP-GlcNAc 2-epimerase. The high-throughput nature of

mutations have been characterized from human patients,
because the disease is rare [25]. In the absence of structural
characterization, this limited data set led to the tentative
suggestion that the mutation affected a regulatory domain in

the substrate-based approach allowed a large set of muta-
tions to be obtained rapidly, and the resulting array of muta-
tions has firmly established the existence of the putative
regulatory domain.
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Molecular outcomes of ManLev-based selection. Three mutational outcomes of metabolic selection include (I, red) a defect
in UDP-GIcNAc 2-epimerase (a) that renders this enzyme refractory to feedback inhibition by CMP-Sia. The consequent
increase in endogenous ManNAc production competitively excludes the unnatural substrate ManLev from the pathway,
accounting for the ‘low-SiaLev’ phenotype. The continued flux of natural substrate through the pathway also explains the
normal cell-surface glycan expression of these mutant cells. Another possible mutational outcome of a low-SiaLev selection is
a defect in the sialic acid synthase (2, green). Like the mutant epimerase cells, these cells also have normal cell-surface glycan
expression, with the internal defect being ‘masked’ by acquisition of exogenous Sia downstream of the defect. Finally, a ‘high-
SiaLev’ phenotype results from neo-expression of poly-Sia (3, blue), as a result of upregulation of NCAM. Unlike the first
two cell lines, these cells have aberrant cell-surface carbohydrate presentation, having gained expression of a carbohydrate
epitope characteristic of highly metastatic cancer (Enzymes a through g are identified in the legend to Figure 5).

Another early-stage masked molecular abnormality that is
only accessible by using the metabolic selection method is a
defect in sialic acid synthase (Figure 6, part 2). In normal
cell culture conditions, this mutation would be comple-
mented by intake of sialic acid from the serum in culture
media. In an animal model, the inability to produce sialic
acid is likely to be embryonic-lethal because of the crucial
role of this sugar in development. A substrate-based
approach is therefore the only strategy capable of detecting

this abnormality in a ‘forward genetics’ screen. Another
important feature of the substrate-based approach is its suit-
ability for selection of gain-of-function or overexpression
mutants. To give a specific example, ManLev-based selection
produced mutant Jurkat cells that had begun to express
polysialic acid (poly-Sia), as a consequence of upregulation
of NCAM expression (Figure 6¢) [24]. This abnormality par-
allels changes in cell-surface carbohydrates observed in
highly metastatic cancers.



In the future, application of metabolic substrate-based
forward genetics methods will extend beyond the sialic acid
biosynthetic pathway. Our recent demonstration that cells
can incorporate ‘ketoGal’, a ketone-containing analog of
GalNAc, into cell-surface glycans [27] has opened the door
for selection strategies that explore molecular defects affect-
ing internal positions of a complex polysaccharide chain.
Together, selection strategies based on unnatural substrates
that target the terminal sialic acid residues (accessed by
ManLev) and the position proximal to the peptide backbone
in O-linked glycoproteins (accessed by ketoGal) promise to
facilitate the identification of new genes and regulatory
control points that impinge on the target pathways.

Future challenges

Currently, characterization of molecular abnormalities
uncovered by genetic screens proceeds largely by using clas-
sical molecular biological and biochemical techniques. This
process has been compared to a search for a needle in a
haystack, requiring a large input of manpower and resources
per gene that is hard to reconcile with the wealth of genetic
information now available [28]. Now that the entire human
genome is (nearly) in hand, the exact sequence of a gene sus-
pected of harboring a glycosylation-related defect can be
determined with relative ease by direct sequencing methods.
Nevertheless, with dozens, and potentially hundreds, of
enzymes involved in oligosaccharide biosynthesis, a direct
sequencing approach remains daunting. Even more prob-
lematic are situations in which the cause of a glycosylation
abnormality is distant from the enzymes directly involved in
carbohydrate metabolism.

The up-regulation of NCAM in ManLev-selected Jurkat cells
[24] exemplifies molecular defects that do not occur directly
in the oligosaccharide biosynthetic pathways yet neverthe-
less affect the composition of cell-surface sugars. Neo-
expression of NCAM, leading to cell-surface polysialic acid
display, may result from regulatory perturbations in one or
more currently unidentified transcription factors. In this
case, no single gene can be readily implicated as a causative
factor. Instead, molecular resolution awaits the exploitation
of genome-wide methods that have yet to reach maturation.
For example, microarray analysis based on comprehensive
libraries of single-nucleotide polymorphisms (SNPs) that are
now being compiled [29], and developing proteomic
approaches, will shed light on how the molecular players
physically interact with each other and their environment.

A final necessity is to translate the effects of the primary
molecular defect to the overall metabolism of the cell and
functioning of the entire organism [30]. As discussed previ-
ously, a genome-wide approach, when used alone, faces the
challenge of identifying a primary metabolic defect amidst
an overwhelming number of compensatory secondary and
tertiary effects. Conversely, traditional approaches used to
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identify a primary, causative defect typically ignore overall
effects on cellular metabolism. As an illustration, we again
consider the ‘sialuria’ cells (Figure 6a). The effects of a single
amino-acid mutation in the UDP-GIcNAc 2-epimerase are
likely to reverberate throughout the cell, affecting metabolic
events far removed from the glycosylation pathways. For
example, the increased sialic acid synthesis in these cells
requires a large diversion of phosphoenolpyruvate (PEP)
from its normal role in energy production. Similarly, pro-
duction of CMP-Sia diverts CTP from its normal cellular
functions that include RNA and DNA synthesis. Neverthe-
less these mutant cells continue to thrive, probably as a con-
sequence of rearrangement of flux throughout multiple
metabolic pathways, a type of change that can only be
assessed through a genome-wide approach.

In conclusion, the ultimate goal of studying glycosylation is to
learn the role of glycans in a whole animal. Methods that
extend lessons learned from cell models to multicellular
organisms are therefore crucial [30]. In the future, with the
entire genomes of higher organisms becoming known, the
molecular defects observed in single cells can be introduced
into the analogous enzymes in stem cells. Already these
‘reverse genetic methods are feasible in the nematode
Caenorhabditis elegans [31,32]. With efforts to sequence the
mouse genome well underway and the rat genome now in
progress [33], such methods will soon be extended to mam-
malian systems. When necessary, sophisticated temporal and
tissue-specific gene expression systems [34,35] can be used to
avoid the problem of embryonic lethality. We conclude that
the integration of constantly improving molecular biology
techniques with emerging substrate-based and genome-wide
approaches promises rapid progress in determining the
molecular forces that govern oligosaccharide biosynthesis.
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