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 The research projects in my lab share the common mission of bringing concepts from synthetic 

chemistry into biological systems that are in need of new experimental approaches.  Glycobiology is a major 

focus area, with recent projects oriented toward the identification of glycan biomarkers of cancer and molecular 

imaging of changes in glycosylation associated with development and disease.  In parallel, we are seeking new 

avenues for treating Mycobacterium tuberculosis infection.  Our projects in this area focus on pathways of 

sulfur metabolism and the identification of enzymes and metabolites that are critical for virulence and survival 

within the host.  Finally, we are developing new technologies to probe and manupulate cells using 

nanomaterials.  Projects in this area focus on modification of carbon nanotubes for cell biosensing, and their 

employment in nanoinjectors. 

 

A.  Chemistry in Living Systems ï New Tools for Glycobiology 

 

Glycans decorate eukaryotic cell surfaces, where they are poised to mediate a variety of cell surface 

recognition events such as bacterial and viral binding to host cells and leukocyte adhesion during an 

inflammatory response.  In addition to their cell surface roles, glycans can regulate many intracellular processes, 

including trafficking of proteins to the lysosome and transcription and translation.  Despite the involvement of 

glycans in so many biological systems, progress toward delineating the molecular basis of their function has 

been slow relative to comparable studies of proteins and nucleic acids.  This is due to the fact that the 

biosynthesis of glycans, unlike the other biopolymers, is not template driven and under direct genetic control.  

As a consequence, glycans can be heterogeneous and their structures difficult to perturb using conventional 

genetic techniques.  A major focus of our research is the development of chemical approaches for probing the 

functions of glycans in cell-based systems, and the application of these tools to studies of glycobiology.   

 

1. Metabolic labeling of glycans with bioorthogonal chemical reporters 

 

Metabolic oligosaccharide engineering is the process of 

modulating cellular glycan structures by biosynthetic introduction of 

unnatural sugars.  Through a cellôs biosynthetic machinery, unnatural 

monosaccharides can be incorporated into glycoconjugates destined 

for secretion, delivery to cellular compartments, or presentation on the 

cell surface (Fig. 1).  Such perturbations to glycan structures can alter 

their biological activities, providing a means to discern their functions 

in the physiologically relevant context of living cells.  In addition, 

ñchemical reportersò can be introduced that facilitate the detection and 

structural characterization of glycans in proteome-wide profiling 

experiments.  These reporters comprise bioorthogonal functional 

groups that can be reacted in physiological systems with 

complementary functional groups attached to probes or affinity 

reagents.  We first described the concept in 1997, and in the last three 

years we have expanded and applied the technique to several problems in glycobiology, including proteomic 

analysis of protein glycosylation and chemical remodeling of cell surfaces in living animals (Pubs 100, 108, 

109, 110, 125, 126, 127, 132, 140, 152, 158).  Moreover, the bioorthogonal chemical reporter concept has now 

been popularized within the chemical biology community by virtue of its use in protein labeling, profiling 
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Figure 1. Metabolic oligosaccharide 
engineering. 
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cellular targets of synthetic inhibitors, and identifying 

posttranslational modifications beyond glycosylation. 

A critical element of this research was the 

development of highly selective chemical reactions 

that can be performed in living systems.  We 

identified the azide as an ideal chemical reporter for 

metabolic labeling of glycans due to its minimal size, 

biocompatibility and selective reactivity profile. We 

introduced the Staudinger ligation with phosphine 

analogs as a means to selectively tag azide-labeled 

glycans with probes for visualization or affinity 

capture (Pub 135).  As an example, Figure 2 

illustrates the metabolic labeling of cellular glycans 

with N-azidoacetylmannosamine (ManNAz), an azido 

analog of the sialic acid precursor N-

acetylmannosamine (ManNAc).  The resulting azido sialic acid was reacted with phosphine probes in order to 

identify sialylated glycoproteins in living mice (Pub 126).  This was the first demonstration of a covalent 

reaction proceeding within a living animal, and without harmful effects.  In addition, we demonstrated that 

azido analogs of GlcNAc (i.e., GlcNAz) can be used to identify cytosolic GlcNAcylated proteins (Pub 100), and 

azido analogs of GalNAc (i.e., GalNAz) can label mucin-type glycoproteins within living animals (Pub 152).  

Recently, we extended the techniqe to the identification of fucosylated glycoproteins using 6-azido fucose as a 

metabolic label (Pub 158). 

Despite these successes, we anticipated that certain applications would be restricted by intrinsic 

properties of the Staudinger ligation.  The reaction suffers from slow kinetics, which limits its sensitivity for 

azide detection, and the phosphines are subject to competing air oxidation.  Thus, we developed a superior 

bioorthogonal reaction based on the Huisgen [3+2] dipolar cycloaddition with alkynes.  This typically sluggish 

reaction can be accelerated, as demonstrated by Sharpless 

and coworkers, by use of a copper (I) catalyst.  

Unfortunately such catalysts are cytotoxic.  We therefore 

adopted an alternative means of alkyne activation that 

would not require a toxic catalyst: ring strain (Pub 130).  

Insertion of alkynes into an 8-membered ring incurs 18 

kcal/mol of ring strain, much of which is released in the 

transition state for cycloaddition with azides.  Thus, 

cyclooctyne probes 1-4 were synthesized (Fig. 3) and their 

reactions with azides on live cell surfaces evaluated.  The 

difluorinated cyclooctyne (4) reacts with azides 

approximately 60-fold faster than the phosphines used in the 

Staudinger ligation, and with no toxic effects on cells.  We 

are presently evaluating this reagent for proteomic profiling 

of glycosylation and in vivo imaging applications. 

  

Future directions 

 

Imaging glycosylation 

Despite numerous reports of changes in cell-surface glycosylation associated with disease, there are 

virtually no reports of glycan-specific imaging.  The ability to chemically modify cell surface glycans in living 

animals provides a means to monitor changes in glycosylation in a physiologically authentic context.  For 
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Figure 2.  Conversion of ManNAz to SiaNAz and subsequent 
Staudinger ligation. 
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cycloadditions with azides in living systems. 
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example, changes in glycan profiles that occur during tumor growth and metastasis could be visualized in real 

time.  We plan to explore applications of azidosugar metabolism/covalent ligation to tumor targeting with 

probes for noninvasive imaging.  Toward this end, we are synthesizing probes for multiple imaging modalities 

and establishing murine tumor models with collaborators at Stanford Univ., Johns Hopkins Univ. and UCSF.  

 
Identification of novel glycan-based tumor biomarkers 

The availability of biomarkers for early detection of cancer would improve the accuracy of diagnosis 

and long-term patient survival.  Biomarkers that can be detected in body fluids, such as serum or urine, are 

particularly important to identify, as they allow for non-invasive screening across a large population.  At 

present, there are less than a handful of biomarkers in clinical use, and these suffer from a high rate of false-

positives.  A major complication in the proteomic analysis of serum biomarkers has been the overwhelming 

abundance of proteins that are not related to disease.  For this reason, most mass spectrometry-based serum 

biomarker discovery platforms require several immunodepletion steps to remove interfering proteins, such as 

albumin and IgGs, that comprise >70% of serum proteins.  The ability to focus serum analysis on specific, 

information-rich classes of proteins could reveal novel biomarkers that would otherwise be obscured by noise. 

There is extensive literature that links changes in mucin-type O-linked glycosylation with epithelial 

cancers.  We plan to employ metabolic labeling with GalNAz (Pub 152) as a means to identify changes in 

mucin-type glycosylation in murine cancer models, with the long-term objective of finding new biomarkers.  

The first step in this process is to develop a method for proteomic identification of GalNAz-labeled 

glycoproteins using mass spectrometry.  The method will then be used to analyze serum and tumor tissue 

samples from normal and tumor-bearing mice. 

 

2. Small molecule modulators of enzymes involved in glycan biosynthesis and regulation 

 

 The field of glycobiology could benefit from small molecule tools that affect cell-surface glycan 

expression in a temporally controlled fashion.  One means to achieve this is by targeting the enzymes involved 

in the biosynthesis and processing of glycans within the secretory pathway.  Glycosyltransferases are the 

primary biosynthetic enzymes that assemble glycans from monosaccharide building blocks.  Sulfotransferases 

further modulate the structures and functions of glycans by installing sulfate esters, akin to phosphorylation of 

proteins by kinases.  There are ~250 predicted glycosyltransferases in the human genome and 37 glycan-

specific sulfotransferases.  A major goal of our research is to develop small molecule modulators of these 

enzymes.  Thus far we have adopted two approaches: (a) design of targeted libraries for the discovery of 

glycosyltransferase and sulfotransferase inhibitors, and (b) engineering Golgi enzymes for small molecule 

control of their subcellular localization.  Representative examples are summarized below. 

 

(a) Identification of ppGalNAcT inhibitors using a library screening approach 

 We have been particularly interested in small molecule inhibitors of the polypeptide N-

acetylgalactosaminyltransferases (ppGalNAcTs), the enzymes that initiate mucin-type O-linked glycosylation 

(Fig. 4) (Pubs 104, 115, 143).  Mucin-type O-linked glycosylation is as prevalent in higher eukaryotes as the 

better understood N-linked form of glycosylation, yet the functions of the posttranslational modification are 

largely unknown.  Just as inhibitors of N-linked glycosylation (i.e., tunicamycin) have proven to be 

indispensable research tools, inhibitors of O-linked glycosylation would have a major impact on the field of 

glycobiology.  None were available prior to this work.   

All mucin-type O-linked glycans possess a core GalNAc residue that is appended to Ser or Thr residues 

by the ppGalNAcTs.  We therefore targeted this enzyme family (24 isoforms predicted in humans) with the 

initial goal of identifying a broad-spectrum inhibitor.  We designed a library of uridine analogs directed to the 

enzymesô common UDP-GalNAc binding site and screened the 1300-member collection against several 

ppGalNAcT isoforms (Pubs 109, 112).  Compound I -68A (Fig. 4) was identified as a general ppGalNAcT 

inhibitor that is active in cells (Pub 112) and cultured murine organs (Pub 131).  The compound has 
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subsequently been used by several other labs for studies of O-

linked glycan function.  Future directions include the 

development of second-generation libraries from which we hope 

to identify compounds with greater potency and selectivity for 

individual ppGalNAcT isoforms.   

 

(b) Small molecule modulators of Golgi enzyme localization 

The Golgi-associated glycosyltransferases and 

sulfotransferases share a common anatomy comprising a luminal 

catalytic domain and a membrane-bound localization domain.  

The two domains can function independently but their fusion is 

required for the enzymes to colocalize with and then act upon 

glycoconjugates within the secretory pathway (Pub 120, 122).  

We engineered the enzymes so that their separate domains can 

undergo an induced association in the presence of a small 

molecule drug (Fig. 5).  The two domains were fused to the 

proteins FRB and FKBP, which bind simultaneously to the natural 

product rapamycin forming a high-affinity ternary complex.  In 

the presence of rapamycin, the enzymesô catalytic domains are 

colocalized with their substrates in the Golgi cisternae, whereas in 

the absence of the drug the catalytic domains are simply secreted 

from the cell.  The drug thereby activates an otherwise inactive 

enzyme in a reversible and temporally controlled fashion.  We used this approach to control the activities of 

glycosyltransferases (Pubs 107, 124) and sulfotransferases 

(Pubs 102, 123) in cell-based systems.  Future directions 

include studies of tumor-associated glycans in metastasis 

models and extension to transgenic mouse systems. 

 

B.  Mycobacterial Sulfation Pathways 

 

Sulfated glycans are known to play important roles in 

cell-cell communication in higher eukaryotes.  The associated 

sulfotransferases are considered to be regulatory enzymes in 

these processes.  By contrast, the functions of sulfated 

metabolites and sulfotransferases in prokaryotes are less well 

understood.  About six years ago we embarked on a project 

aimed at elucidating the roles of sulfation pathways in 

mycobacteria.  The project was initiated by our discovery of 

four putative sulfotransferase genes in the M. tuberculosis genome, which we termed the stf family (Pub 157).  

Our immediate goals were then (1) to define the repertoire of sulfated metabolites in M. tuberculosis, (2) to 

identify the relevant sulfotransferases, and (3) to define their biological roles as they relate to pathogenesis.   

 

1. Genetic and biochemical studies of Sulfolipid-1 biosynthesis 

Prior to our work, only one sulfated glycoconjugate had been reported in M. tuberculosis, the putative 

virulence factor sulfolipid-1 (SL-1, Fig. 6).  Its biosynthetic machinery was largely unknown, with the 

exception of a polyketide synthase (Pks2) that assembles the three methyl-branched fatty acyl side chains.  In 

the past three years we have elucidated a majority of the SL-1 biosynthetic enzymes using primarily genetic 

approaches.  We determined that Stf0 is the sulfotransferase responsible for sulfation of SL-1 (Pubs 118, 137), 

 
 

Figure 5.  A strategy for conditional activation of 

Golgi enzymes by small molecule-mediated 

assembly of catalytic and localization domains. 

 
Figure 4.  Mucin-type O-linked glycosylation 

is initiated by the 24 ppGalNAcTs in humans.  

Compound I -68A was identified from a uridine 

library screen as a broad-spectrum ppGalNAcT 

inhibitor that is active in cells and in organ 

culture. 


