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Oligosaccharides transact information exchange at the cell

surface and modulate the activities and distribution of proteins

within cells. Recently, the ability to modify monosaccharide

structures within cellular glycans through metabolic processes

has offered a new avenue for biological studies. The technique of

metabolic oligosaccharide engineering has been used to disrupt

glycan biosynthesis, chemically modify cell surfaces, probe

metabolic flux inside cells, and to identify specific glycoprotein

subtypes from the proteome.

Addresses
Departments of Chemistry and Molecular and Cell Biology and Howard

Hughes Medical Institute, University of California, and Materials

Sciences Division, Lawrence Berkeley National Laboratory, Berkeley,

CA 94720, USA
�e-mail: bertozzi@cchem.berkeley.edu

Current Opinion in Chemical Biology 2003, 7:616–625

This review comes from a themed issue on

Analytical techniques

Edited by Peter Wagner

1367-5931/$ – see front matter
� 2003 Elsevier Ltd. All rights reserved.

DOI 10.1016/j.cbpa.2003.08.006

Abbreviations
GalNAz N-a-azidoacetylgalactosamine

GlcNAz N-a-azidoacetylglucosamine

GalNAc N-acetylgalactosamine

GlcNAc N-acetylglucosamine

LOS lipooligosaccharide

ManLev N-levulinoylmannosamine

ManNAc N-acetylmannosamine

ManNAz N-a-azidoacetylmannosamine

ManNBut N-butanoylmannosamine

ManNProp N-propanoylmannosamine
NCAM neural cell adhesion molecule

PSA polysialic acid

Introduction
Amajorlessonfromeukaryoticgenomesequencingprojects

is that the absolute number of genes an organism’s genome

encodes is not the best parameter for defining complexity

of function. Rather, it appears that the complex functions

associated with human health and disease are determined

by combinatorial expansion of genomic information in the

form of post-translational modifications [1]. Of these, the

most complex and ubiquitous is glycosylation, highlighting

the importance of glycobiology in the postgenomic era.

Glycans decorate eukaryotic cell surfaces, where they are

poised to mediate a variety of cell surface recognition and

binding events. For example, they can serve as points of

attachment for pathogenic organisms such as viruses and

bacteria, and for other cells. Glycans participate in many

facets of the vertebrate immune response [2]. In addition

to their role on the cell surface, glycans can regulate many

intracellular processes, including trafficking of proteins to

the lysosome [3] and transcription and translation [4].

Despite the involvement of glycans in so many biological

systems, progress toward delineating the molecular basis

of their function has been rather slow relative to compar-

able studies of proteins and nucleic acids [5]. This is

partly because the biosynthesis of glycans, unlike the

other biopolymers, is not template driven. As a conse-

quence, glycans (especially those bound to proteins) can

be heterogeneous and their structures difficult to perturb

using conventional genetic techniques. For biochemical

studies, homogeneous samples of glycans can be obtained

by chemical and enzymatic synthesis [6,7]. But cellular

studies of function will require techniques that allow

manipulation of glycans within their native environment.

Several genetic, enzymatic and chemical strategies have

been devised to study and manipulate cellular glycans

and these are reviewed in detail elsewhere [8�]. This

review focuses on a strategy termed metabolic oligosac-

charide engineering, which is emerging as an important

complementary tool for the glycobiologist.

History
Metabolic oligosaccharide engineering permits the intro-

duction of subtle modifications into monosaccharide res-

idues within cellular glycans. Through a cell’s biosynthetic

machinery, unnatural monosaccharides can be transformed

into activated nucleotide sugars that are transported into

the Golgi compartment then transferred to glycoconju-

gates destined for secretion, delivery to cellular compart-

ments, or presentation on the cell surface (Figure 1a). The

site of modification of the unnatural substrate is repre-

sented in its biosynthetic product, permitting one to relate

the structure of a sugar with its activity in cellular assays.

There is rich literature from the 1960s and 1970s in which

unnatural sugars, mostly deoxy and fluoro analogs, were

fed to cells in the hope that glycan biosynthesis would be

perturbed in a defined manner [9]. Because of the limited

analytical capabilities of that time, the effects of these

metabolic substrates on cellular glycan structures were

rarely characterized in detail, but physiological effects

were often observed, suggesting a future for metabolic

oligosaccharide engineering in biological research. With

the development of high-resolution HPLC and mass

spectrometry techniques over the past two decades, the
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Figure 1
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Metabolic oligosaccharide engineering. (a) Unnatural monosaccharides are taken up by cells, transformed by the cell’s biosynthetic machinery,

and ultimately incorporated into glycoconjugates. A majority of these are secreted or cell surface glycoproteins, but some are found inside the cell.
(b) The sialic acid biosynthetic pathway is permissive of unnatural ManNAc analogs. ManNAc 6-kinase is a bottleneck enzyme that rejects substrates

with larger N-acyl groups. (c) Examples of unnatural N-acyl mannosamines discussed in this review and their conversion to the corresponding

sialic acids. The sugars can be fed to cells either in free (R0 ¼ H) or peracetylated form (R0 ¼ Ac), the latter being taken up more efficiently (about

200-fold) and then deacetylated in situ by cytosolic esterases.
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tools became available to predict and probe the biosyn-

thetic fates of unnatural sugars, promoting metabolic

oligosaccharide engineering to a bona fide research tool.

The first real landmark in the development of the tech-

nique came in its application to studies of sialic acid

biology. This sugar has a rather privileged role in verte-

brate biology as it is often at the capping position of cell

surface glycans and is therefore exposed for interactions

with exogenous cells and proteins. Sialic acid is a critical

component of carbohydrate epitopes responsible for initi-

ating inflammatory leukocyte adhesion [10], B-cell signal-

ing and activation [11], and viral binding [12]. Sialic acid

has a complex metabolic origin, with ManNAc serving as

its first committed metabolic intermediate (Figure 1b).

ManNAc can be biosynthesized inside cells from UDP-

GlcNAc, or taken up from the cell’s milieu. Once inside

the cell, five enzymatic transformations and a transport step

convert ManNAc to sialosides on the termini of cellular

glycans. In 1992, Reutter and co-workers reported the

remarkable discovery that the entire sialic acid biosyn-

thetic pathway is permissive of unnatural N-acyl substitu-

ents [13]. For example, ManNAc homologs containing one,

two or three extra methylene groups at the N-acyl position

are taken up by mammalian cells and metabolized to the

corresponding unnatural N-acyl sialic acids in vitro and

in vivo (Figure 1c) [14��].

The ability to structurally alter sialic acid in this way

provided a new tool for probing its function in cellular

processes. As a demonstration, Keppler et al. showed that

the infectivity of human B lymphoma cells by B-lympho-

tropic papovavirus (LPV), known to recognize sialic acid

in the first step of infection, can be modulated by chang-

ing the structure of the sugar via metabolism of unnatural

N-acyl mannosamines. This observation implicated the

N-acyl position as a critical determinant for viral binding

and infection [15]. In other cases, a role for sialic acid in a

complex process has been implied by metabolic engineer-

ing experiments, although the exact molecular basis of

the effects have not yet been delineated. For example,

alteration of the sialic acid structure was found to disrupt

contact inhibition of cell growth in culture [16], and

to block binding of myelin-associated glycoprotein to

neurons [17�].

Since these original applications, the scope and limita-

tions of unnatural substrate tolerance of the sialic acid

biosynthetic pathway have been examined in detail.

Unnatural mannosamine analogs bearing N-acyl substi-

tuents of more than five carbons in length, or with

branching of the side chain, show drastically reduced

metabolic conversion to the corresponding sialic acid in

human cells [18]. The first step of the pathway, phos-

phorylation of the mannosamine substrate by ManNAc 6-

kinase (Figure 1b), appears to be a bottleneck for man-

nosamines with larger N-acyl groups. Fortunately, one can

bypass this step in the pathway. By supplementing cells

directly with sialic acid rather than ManNAc analogs,

Pawlita and co-workers were able to avoid the constraints

imposed by the phosphorylation step [19�]. Sialic acid

analogs containing substitutions at the C-5 and C-9 posi-

tions were efficiently taken up by cells that do not

produce their own sialic acid and detected on the cell

surface with proteins that specifically bind sialic acids.

Expanded scope of metabolic
oligosaccharide engineering
Metabolic oligosaccharide engineering has now been

applied to a myriad of problems in glycobiology. As

described below, the technique has been used to disrupt

glycan biosynthesis, chemically modify cell surfaces,

probe metabolic flux inside cells, and for proteomics

analysis of glycosylation.

Disrupting glycan structures on cells

Although primarily a sugar of higher eukaryotes, sialic

acid is also found within lipooligosaccharides (LOSs) and

polysaccharide capsules of certain bacterial pathogens.

Its functions therein could range from specific molecular

recognition of host receptors to mimicry of host glycans

to thwart immunological recognition. Some bacteria have

their own machinery for de novo sialic acid biosynthesis,

similar to humans, while others such as the Gram-

negative Haemophilus ducreyi must scavenge sialic acid

from the medium [20]. Goon et al. exploited this pathway

in H. ducreyi to introduce exogenously supplied sialic acid

analogs bearing non-native N-acyl groups into the LOS

of the bacterial outer membrane (Figure 2a) [21�]. Some

analogs, such as N-propanoyl sialic acid, replaced natural

sialic acid, whereas others such as the eight-carbon

analog N-octanoyl sialic acid inhibited LOS sialylation

altogether. This result suggests that it may be possible

to identify unnatural sialic acids that perturb sialylation

of prokaryotic cell surfaces yet leave eukaryotic cell

surfaces unaffected. In the future, analogs of sialic acid

that are substrates of prokaryotic but not eukaryotic

pathways will be sought to selectively incorporate an-

alogs onto prokaryotic cell surfaces for potential thera-

peutic targeting.

In some cases, modification of sialic acid at the N-acyl

position alters further glycan extension, leading to trun-

cated glycoforms on the cell surface. Mahal et al. discov-

ered that treating human neurons and cancer cells with

the unnatural sialic acid precursor ManNBut led to inhi-

bition of polysialic acid (PSA, a homopolymer of sialic

acid) biosynthesis (Figure 2b), while treatment of the

same cell lines with ManNProp produced full-length PSA

comprising N-propanoyl sialic acid residues [22��]. It

appears that PSA chain extension by polysialyltrans-

ferases becomes inefficient after a certain number of

N-butanoyl sialic acid residues are incorporated. These

metabolic substrates were used in further experiments to
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address the effects of modulating PSA structure and

length on neuronal development [23]. Neurite outgrowth

is thought to be influenced by PSA, and, indeed, treat-

ment with the PSA biosynthesis inhibitor ManNBut

significantly reduced neurite outgrowth, as did enzymatic

treatment with a PSA-specific sialidase. ManNProp and

the natural substrate ManNAc, however, both promoted

neurite outgrowth. Buttner et al. found similar axonal

growth stimulation when neurons were cultured in the

presence of ManNProp [24].

Delivering bio-orthogonal chemistry for cell surface

modification

The ability to modulate certain functional groups on cell

surface glycans has enabled new applications of metabolic

oligosaccharide engineering beyond direct perturbation

of glycan function. A notable example is the use of glycan

biosynthetic pathways to deliver novel chemical func-

tional groups into cell surface glycoconjugates for further

covalent modification with exogenous reagents. These

applications have capitalized on bio-orthogonal chemo-

selective ligations (i.e. reactions of functional groups that

are so selective for each other they can be ligated in a

richly functionalized biological mileu) [25]. The first

example of metabolic oligosaccharide engineering fol-

lowed by chemoselective ligation was reported by Mahal

et al. with the demonstration that ManLev, when fed to

cells, is transformed to the corresponding sialic acid

within cell surface glycans (Figure 1c) [26,27]. The

ketone is unique in the context of the cell surface and

can be ligated with hydrazine and aminooxy compounds

for further cell surface remodeling (Figure 3a). The

GalNAc salvage pathway is also tolerant of unnatural

keto anlogs. A GalNAc isostere in which a ketone group

substituted for the N-acetyl group was incorporated into

cell-surface glycans by Hang et al. [28�]. Finally, the

unique reactivity of the ketone has also been exploited

in bacterial systems. Sadamoto et al. introduced ketones

Figure 2
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into bacterial cell walls through the metabolic incorpora-

tion of ketone-bearing precursors [29�].

A limitation of ketone condensation reactions is their

relatively slow rates at physiological pH (their pH optima

are between 5 and 6) and the presence of ketones within

cells, which can interfere with the reaction in complex

cell mixtures or tissues. This prompted the development

of an alternative chemoselective reaction between azides

and triarylphosphines termed the Staudinger ligation

(Figure 3a) [30��]. The azide is a highly selective elec-

trophile that is readily introduced into synthetic precursor

sugars. The phosphine partner is designed for intramo-

lecular trapping of an aza-ylide intermediate, ultimately

forming an amide bond in the presence of water. Neither

functional group reacts appreciably with biological

functional groups, and both are stable in a physiological

medium.

Proceeding readily at physiological pH and with total

orthogonality to native cellular chemistry, the Staudinger

ligation has been used for covalent tagging of azido sugars

incorporated biosynthetically into cell surface glycans.

For example, ManNAz, bearing an azido group on the

N-acyl substituent, is readily converted to the correspond-

ing sialic acid on human cells [30��,31]. The azide is then

available for reaction with various phosphine-based

probes. Other metabolic pathways also tolerate azido

groups within simple sugar substrates. For example, in

mammalian cells, both the GalNAc and GlcNAc salvage

pathways are permissive of unnatural metabolic precur-

sors. GalNAz is incorporated into O-linked glycoproteins

Figure 3
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(unpublished data; manuscript submitted) and GlcNAz is

incorporated into nuclear and cytosolic proteins as an

analog of O-GlcNAc [32�]. As discussed later, the tech-

nique provides a new means for proteomics analysis of

glycosylation.

Progress toward diagnostic and therapeutic

applications

Metabolic oligosaccharide engineering offers a means to

alter cell surface glycans in a defined manner and,

further, to chemically modify the glycans in the context

of the cell surface. Several practical applications of this

have now been explored, as summarized in Figure 3b and

outlined below.

Certain disease states are characterized by changes in

glycosylation, suggesting a potential medium for use of

metabolic oligosaccharide engineering for diagnostic or

therapeutic purposes. For example, cancer cells have long

been known to possess glycosylation patterns that are

different from those found on normal cells from the same

tissue [33–35]. Sialic acid is a component of several known

carbohydrate antigens that are overexpressed in tumors

and, as a result, many tumors have been shown to display

elevated levels of this monosaccharide [36]. This feature,

combined with their generally elevated levels of meta-

bolism, suggests that cancer cells might incorporate dis-

proportionately high amounts of unnatural sialic acids into

their cell surface glycans [37]. If so, one might use the

expression of unnatural sialic acid as the basis for distin-

guishing cancer cells from normal cells, or for preferential

delivery of toxic agents by chemoselective ligation.

Based on this notion, Lemieux et al. developed a mag-

netic resonance imaging (MRI) contrast reagent compris-

ing a Gd3þ chelate linked to an aminooxy group, and

demonstrated that the reagent accumulates on cancer

cells treated with ManLev as a function of cell surface

sialic acid levels [38]. The possibility of small-molecule

drug delivery based on ketone targeting was explored by

Nauman et al. in a kinetic study using biotin hydrazide as

a model drug [39]. The mathematical model developed in

this study suggested that covalent delivery of drugs via

chemoselective ligation of keto-sialic acids can parallel

antibody-mediated drug delivery in terms of the number

of molecules delivered to a cell surface. To validate this as

a therapeutic strategy, however, experiments addressing

the selective uptake of unnatural sialic acids by cancer

cells and subsequent covalent targeting will have to be

conducted in an animal model.

An alternative cancer therapy that makes use of metabolic

oligosaccharide engineering might involve immune recog-

nition of the unnatural sugar. Formulated as a vaccine, a

modified sugar can provoke a potent immune reaction,

which can later be directed against tumors if they can be

induced to express the same sugar metabolically. As a

model for this approach to tumor immunotherapy,

Jennings and co-workers generated antibodies against

PSA bearing N-propanoyl sialic acid. The same unnatural

PSA is generated on PSA-positive tumor cells by treat-

ment with the metabolic precursor ManNProp. Passive

administration of the antibody to mice bearing implanted

PSA-positive tumors inhibited tumor growth in the pre-

sence of ManNProp but not in its absence [40�]. Addi-

tionally, Lemieux et al. were able to raise antibodies

specific for N-levulinoyl sialic acid that, importantly, did

not cross-react with native sialic acid [41]. These poly-

clonal antibodies directed complement-mediated lysis of

cells that were treated with the metabolic precursor

ManLev. These results suggest that it is possible to direct

an immune reaction against unnatural carbohydrates in

cell culture and in vivo.

Probing metabolic flux

The expression of unnatural sugars on a cell is a reflection

of several factors, including the activities of metabolic

enzymes in that pathway and in competing pathways, the

availability of appropriate protein scaffolds, and the activ-

ity of the secretory pathway. Thus, metabolic oligosac-

charide engineering can provide a cell surface readout of

the systems within a cell that affect metabolic flux (shown

conceptually in Figure 4a). This feature prompted

Yarema et al. to use the technique for selection of genetic

mutants with altered metabolic properties, with the long-

term goal of identifying novel mechanisms that regulate

glycan expression [42�]. By subjecting human cell lines to

repeated rounds of mutagenesis and selection for either

elevated or reduced levels of unnatural sialic acid expres-

sion, new cell lines were developed with distinct meta-

bolic defects (Figure 4b). The cells that expressed high

levels of unnatural sialic acids upon treatment with

ManLev had undergone neo-expression of the neural

cell adhesion molecule (NCAM), the scaffold of PSA.

Induction of NCAM led to greatly elevated levels of PSA

on the cell surface and a corresponding increase in un-

natural sialic acid expression.

The cells that expressed low levels of unnatural sialic

acids on their surface were found to have elevated levels

of intracellular ManNAc, which competed with the unna-

tural substrate ManLev and prevented its conversion to

the corresponding sialic acid. The basis for this pheno-

type was traced to the gene encoding UDP-GlcNAc 2-

epimerase (Figure 1b), the enzyme that generates

ManNAc from UDP-GlcNAc and initiates the sialic acid

biosynthetic pathway [43�]. Mutations in the gene had

caused the enzyme to lose sensitivity to negative feed-

back inhibition by CMP-sialic acid and, consequently, to

overproduce ManNAc within the cells. Thus, the meta-

bolic selection approach identified the region of the

UDP-GlcNAc epimerase gene that encodes the regula-

tory domain of the enzyme. Remarkably, the same muta-

tions were concurrently identified in the UDP-GlcNAc
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epimerase gene of patients with the congenital disease

sialuria.

This example of unnatural sugar expression as an indi-

cator of metabolic flux within a cell prompted further

application of the technique to cell-based studies of

GlcNAc 2-epimerase, an enzyme that catalyzes the inter-

conversion of GlcNAc and ManNAc in vitro but whose

function in cells was unknown. While UDP-GlcNAc 2-

epimerase was known to promote the biosynthesis of

sialic acid by converting UDP-GlcNAc to ManNAc

[43�], it was unclear whether GlcNAc 2-epimerse played

an anabolic or catabolic role with respect to sialic acid.

Using both ManNAz and ManLev as metabolic precur-

sors, Luchansky et al. showed that unnatural sialic acid

production, and therefore flux in the sialic acid biosyn-

thetic pathway, was suppressed by expression of the 2-

epimerase gene [44�]. This suggested a catabolic role for

the enzyme in vivo.

Proteomics analysis of glycosylated proteins

With the availability of complete genomic information for

an organism, the stage is now set for systems-based

analysis of the proteins expressed in certain cells and

tissues. A major challenge in such proteomics efforts is the

inventory of a protein’s various glycoforms, including the

Figure 4
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identities and sites of the attached glycans. Metabolic

oligosaccharide engineering permits the introduction of

unique chemical tags into specific sugars within cellular

glycoproteins, and may therefore find use in proteomics

analysis alongside specific antibodies and lectins that bind

sugars non-covalently.

The technique has been recently applied to the identi-

fication of nuclear proteins modified with a single residue

of GlcNAc. This dynamic form of glycosylation occurs on

serine and threonine residues of nucleocytoplasmic pro-

teins and is thought to regulate numerous cellular pro-

cesses including transcription and translation [4]. The

precise functions of the ‘O-GlcNAc’ modification are not

fully understood, nor is the complete repertoire of pro-

teins that possess this unusual form of glycosylation.

Vocadlo et al. have recently shown that cells incubated

with GlcNAz will convert this azido sugar to UDP-

GlcNAz via the salvage pathway, and further append

the unnatural residue to proteins at sites normally

occupied by O-GlcNAc [32�]. The unique azido group

enables selective Staudinger ligation of the O-GlcNAc

(GlcNAz) modified proteins with phosphine-based

probes, even among all the components of a cellular

lysate (Figure 5). Thus, O-GlcNAc-modified proteins

can be readily detected by Western blotting for the probe,

or purified on a probe-specific affinity matrix for sequence

analysis. This method for detecting the O-GlcNAc modi-

fication on the proteome-wide scale should facilitate

functional studies.

Similarly, metabolic oligosaccharide engineering has

been used to label secreted and membrane proteins that

bear higher order O-linked glycans. Unlike the case with

N-linked glycans, O-linked glycans are not elaborated

from a defined amino acid consensus sequence and their

presence on a protein is therefore difficult to predict from

primary sequence alone. Hang et al. demonstrated that

GalNAz, when fed to cells, is transformed to UDP-

GalNAz and incorporated into O-linked glycoproteins

within the secretory pathway (unpublished data; manu-

script submitted). Because most O-linked glycans share a

common core GalNAc residue, the azide can serve as a

unique marker of proteins bearing O-linked glycans.

Future prospects
As research into the structures and functions of glycans

continues to expand, so will the utility of metabolic

oligosaccharide engineering. So far, most applications

of the technique have involved cell-based systems, but

efforts to expand into animal models are well underway.

This will be important for exploring the potential diag-

nostic and therapeutic uses of unnatural sugar biosynth-

esis. In addition, new bio-orthogonal chemistries have

Figure 5
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Amongst a pool of cellular proteins, the azide serves as a unique chemical handle for Staudinger ligation with probes for detection or purification [32�].
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recently been developed that might interface with meta-

bolic oligosaccharide engineering. For example, the

copper(I)-catalyzed azide-alkyne [3þ2] cycloaddition

recently reported by Sharpless and co-workers offers an

alternative method for selectively labeling azides [45�].
Already, this new chemoselective ligation reaction has

been used to probe azide-modified proteins from tissue

lysates [46��]. Finally, the principles established in the

field of metabolic oligosaccharide engineering might be

exported to the study of other secondary metabolites and

post-translational modifications. The metabolic incor-

poration of unique functionality into lipids, for example,

may offer a new method for probing their structures

and functions.
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