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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. 
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Figure 1
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 (1 and 3) or
directly to lipids (2). Collectively, these cell-surface sugars (1, 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]). 
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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]. 
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Figure 3
Factors 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 1 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.
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Figure 4
Lectin-based cell-selection strategies. Two lectin-based strategies can separate cells with glycosylation abnormalities from
predominantly wild-type populations. (a) 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 1) 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. 
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Figure 5
Strategy for metabolic cell selection for defects in the sialic acid pathway. The sialic acid pathway beginning with UDP-GlcNAc
proceeds by the sequential action of (a,b) UDP-GlcNAc 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 SiaLev 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.
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Figure 6
Molecular outcomes of ManLev-based selection. Three mutational outcomes of metabolic selection include (1, red) a defect
in UDP-GlcNAc 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). 
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