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ABSTRACT 

 Galactose is one of only nine monosaccharide precursors used to build complex 

glycans in vertebrates. Defects in galactose metabolism cause galactosemia and lysosomal 

storage diseases, and the ability to visualize metabolic flux through these pathways would 

help to understand mechanisms underlying disease pathogenesis. Bioorthogonal metabolic 

reporters are widely used tools to image glycan biosynthesis, but to date, no galactose 

analogs have capitalized on this strategy. We demonstrate that the galactose salvage 

pathway is remarkably intolerant of unnatural galactose and galactose-1-phosphate 

analogs. Subtle modifications to uridine diphosphate galactose (UDP-Gal), the universal 

donor for galactosyltransferases, however, yielded effective metabolic probes for labeling 

glycans in vivo. We applied 6-alkynyl UDP-Gal, followed by click chemistry tagging, to 

visualize glycosylation during zebrafish development, revealing a striking accumulation 

into glycan-rich ridges within the organism’s enveloping layer. UDP-Gal analogs represent 

a new class of glycan metabolic probes for revealing physiological and pathological 

changes in glycosylation in vivo. 
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INTRODUCTION 

 Glycans are the most structurally complex of all the natural biopolymers, and the 

chemical diversity of protein glycosylation dwarfs that of other posttranslational 

modifications. Yet, in the cells of higher eukaryotes, glycans are built from a small set of 

only nine monosaccharide precursors. Among these privileged building blocks, galactose 

(Gal) plays myriad important roles in the cell. The historical importance of Gal in 

glycobiology and human health is underpinned by its discovery1 and structural 

determination2 by Pasteur and Fischer, respectively, and its later elucidation as a key 

constituent of the ABO blood group antigens3–5. Gal is now appreciated to be a ubiquitous 

component of nearly all major forms of glycans, including N- and O-linked glycoproteins 

and several types of glycolipids6. 

Unsurprisingly, defects in Gal metabolism can cause severe diseases. Heritable 

loss-of-function mutations in genes encoding enzymes that assimilate and catabolize 

dietary Gal via the Leloir pathway result in galactosemia, which features a buildup of toxic 

Gal-derived metabolites7. Severe galactosemia causes infant mortality, and milder forms 

can permit life, though with serious developmental, physical, and cognitive disabilities 

even under a highly lactose-restricted dietary regime8–10. Defects in the breakdown of Gal-

containing glycans cause several lysosomal storage diseases that also have severe health 

consequences11. For example, Krabbe disease results from loss of a single galactosidase 

responsible for hydrolysis of galactosylceramide lipids, leading to demyelination, 

neurodegeneration, and infant mortality12,13.  

Though the genetic and biochemical defects underlying these disorders of galactose 

metabolism are established, the diseases are currently incurable. This clinical challenge 
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arises in part because glycosylation is not directly encoded in the genome. Instead, it is the 

product of a complex web of metabolic and membrane trafficking reactions, where 

alterations to a single player (i.e., a metabolic enzyme or a transporter) can have complex 

and unpredictable effects on overall changes in pathway flux and the identities and 

abundances of the resultant glycan structures and metabolic intermediates. A key set of 

tools that has emerged over the past two decades to unravel the complexity of glycan 

biosynthesis are metabolic reporters that enable the direct visualization of flux through 

these pathways. 

Metabolic oligosaccharide engineering involves the delivery to cells of synthetic 

monosaccharide precursors that hijack glycan biosynthetic pathways and are incorporated 

into glycan structures14–16. Following the metabolic labeling step, these reporters can be 

subsequently tagged via a bioorthogonal click chemistry reaction17, which enables their 

visualization by fluorescence microscopy or enrichment by affinity chromatography for 

glycomic or glycoproteomic analysis. Sialic acids were the first glycan constituents to be 

labeled in this manner, using analogs of a biosynthetic precursor, N-acetylmannosamine18–

23. Subsequently, several of the other monosaccharide constituents of vertebrate glycans 

were targeted by this strategy, including N-acetylgalactosamine24, N-acetylglucosamine25, 

fucose26,27, xylose28, and, most recently, glucose29. Importantly, metabolic labeling 

followed by bioorthogonal tagging is a viable strategy for imaging changes in glycosylation 

in vivo in animal models30–35, where changes in glycosylation can report on changes in 

development and disease progression. 

Gal represents one of the few remaining monosaccharides used for vertebrate 

glycan biosynthesis that has not yet been targeted for imaging using metabolic reporters. 
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Critically, tools for monitoring changes in Gal incorporation into glycans could aid in 

understanding changes in flux in glycan biosynthesis, trafficking, and degradation in 

diseases of Gal metabolism. Here, we describe the design, synthesis, and validation of 

unnatural Gal analogs as glycan metabolic reporters and their application to visualize 

glycosylation occurring during zebrafish embryonic and larval development. Our studies 

identify certain privileged Gal analogs as a new class of metabolic probes for glycosylation 

and suggest future applications to image changes in glycan biosynthesis that accompany 

both physiological and pathological changes in animal models of disease. 

 

RESULTS AND DISCUSSION 

 To understand the substrate tolerance of the Gal salvage pathway, we prepared a 

panel of peracetylated Gal analogs in which a hydroxyl group was replaced with an azide 

or terminal alkyne (Figs. 1A and S1 and Scheme S1). These sugars were designed to be 

cell-permeable; following deacylation by cytosolic esterases, they could enter the Gal 

salvage (i.e., Leloir) pathway, which converts Gal to Gal-1-phosphate and then to uridine 

diphosphate Gal (UDP-Gal), the universal donor for galactosyltransferases (GalTs) that 

mediate addition of Gal to glycoproteins and glycolipids (Fig. 1A). None of the six analogs 

afforded metabolic labeling of cell-surface glycans, as assessed by flow cytometry 

following biotin tagging via Cu-catalyzed azide-alkyne cycloaddition (CuAAC) with either 

alkyne-biotin or azido-biotin conjugate and streptavidin-fluorophore staining (Fig. S1). 

Notably, the phosphorylation of Gal at the 1 position, representing the first committed step 

in the Gal salvage pathway, is catalyzed by galactokinase (GALK), whose crystal structure 
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reveals several key hydrogen bonds to the hydroxyl groups of Gal that may explain the 

very limited tolerance of GALK to unnatural substrates36–38. 

To probe the tolerance of later Gal salvage pathway steps to unnatural substrates, 

we bypassed the restrictive GALK-catalyzed step by preparing a 6-deoxyazido analog of 

Gal-1-phosphate, the product of the GALK reaction. We designed this analog to be cell 

permeable by peracetylation of hydroxyl groups and protection of the phosphate with 

hydrophobic and esterase-sensitive S-acetyl thioethyl (SATE) groups (Fig. S2 and Scheme 

S2)39,40. We confirmed the use of the SATE strategy for enabling cell permeability by using 

it to cage a known azide-modified metabolic reporter analog of N-acetylglucosamine-1-

phosphate41 as a positive control (Fig. S2). Interestingly, the SATE-protected 6-azido-Gal-

1-phosphate analog exhibited no detectable metabolic labeling of cell-surface glycans (Fig. 

S2).  

One possible conclusion from these studies is that even very small modifications to 

Gal that would permit its tagging using bioorthogonal chemistry do not enable metabolic 

labeling via the salvage pathway, in contrast to the majority of other reported 

monosaccharides. The other possibility was that these precursors were being successfully 

converted to the corresponding UDP-Gal analog but that these nucleotide sugars were 

either not recognized by transporters for import into the Golgi apparatus or were not 

substrates of GalTs. 

To distinguish between these possibilities, we synthesized a 6-deoxyazido analog 

of UDP-Gal (UDP-6AzGal, Fig. 1A) and evaluated whether it could be accepted as a GalT 

substrate. For these studies, we used ceramide galactosyltransferase (CGT), which couples 

UDP-Gal and ceramides to form a b-galactosylceramide (GalCer) products that can be 
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detected by liquid chromatography–mass spectrometry (LC–MS). We performed an in 

vitro glycosylation reaction by treating lysates from HEK 293TN cells overexpressing 

CGT with a non-natural, 17-carbon ceramide donor and UDP-6AzGal (Fig. 2A). To 

enhance MS detection, we carried out a subsequent CuAAC tagging reaction with an 

alkynyl quaternary ammonium reagent (Alk-QA)42,43. Gratifyingly, we observed formation 

of the expected QA-modified GalCer product, confirming that UDP-6AzGal could indeed 

act as a GalT substrate (Fig. 2B). 

We next strove to apply UDP-6AzGal as a metabolic substrate for visualizing 

glycosylation in live cells. Because of their negative charges, nucleotide sugars are not cell-

permeable, and thus we turned to zebrafish embryos, which can be easily microinjected 

and serve as a powerful vertebrate system for imaging the biosynthesis of several types of 

glycans during embryonic and larval development using the bioorthogonal metabolic 

reporter strategy28,30,44–46.  

 In these studies, we microinjected either UDP-6AzGal or an analogous alkynyl 

analog, UDP-6AlGal (Scheme S3), whose acetylene tag represents a slightly smaller 

perturbation than the azido group, into the yolk of zebrafish embryos at the one-cell stage, 

allowing for permeation of the unnatural sugar into the cell. Following 24 hours of 

development, we observed minimal toxicity and developmental defects at the injected 

doses with UDP-6AlGal and moderate toxicity with UDP-6AzGal. We thus proceeded with 

UDP-6AlGal for all future studies in zebrafish.  

First, we generated lysates at the 24 hour-post fertilization (hpf) timepoint, and the 

metabolically labeled glycoproteins were tagged with azido-biotin via CuAAC, followed 

by Western blot with streptavidin-HRP. We observed substantial labeling of glycoproteins 
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(Fig. 3A and B). To determine the types of glycans being labeled, we took advantage of 

chemical differences between O- and N-linked glycans, which can be selectively removed 

either chemically or enzymatically, respectively.  

To assess the extent of UDP-6AlGal labeling within O-glycans, the post-CuAAC 

lysate was transferred to a PVDF membrane following SDS-PAGE, and O-glycans were 

removed by b-elimination with sodium hydroxide. Under these conditions, we observed 

no loss of UDP-6AlGal-derived signal (Fig. 3A, C). As important controls, lysates from 

HeLa cells metabolically labeled with peracetylated N-(4-pentynoyl)mannosamine 

(Ac4ManNAl) or N-(4-pentynoyl)galactosamine (Ac4GalNAl), both of which result in a 

substantial level of incorporation into O-linked glycans21,22,47, led to a b-elimination-

dependent loss of signal using this assay (Fig. S3). Thus, we conclude that only a negligible 

fraction of UDP-6AlGal signal derives from all forms of O-linked glycoproteins. 

To assess the extent of UDP-6AlGal incorporation into N-linked glycans, we 

performed glycosidase digestion of metabolically labeled lysates with peptide N-

glycosidase F (PNGase F), which cleaves N-glycans from the protein backbone. Following 

digestion, we performed CuAAC tagging with azido-biotin and Western blot analysis as 

above and observed a substantial (~50%) decrease in overall signal in the PNGase F-

digested samples (Fig. 3B, C). Again, we used lysates from HeLa cells metabolically 

labeled with Ac4ManNAl or Ac4GalNAl as important controls for this assay, observing the 

expected decrease in the samples labeled with Ac4ManNAl (due to its incorporation into 

sialic acids, which appear in both N- and O-linked glycans21,22) but not Ac4GalNAl (due to 

its incorporation into O-linked glycans47) (Fig. S3). 
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 Having characterized the nature of glycoprotein labeling by UDP-6AlGal in vivo, 

we applied this probe to image changes in glycosylation in vivo during zebrafish 

development. Zebrafish embryos were microinjected with UDP-6AlGal and a tracer, 

rhodamine-dextran, and click chemistry tagging and imaging of glycans on their 

enveloping layer was performed at different timepoints within the first five days of 

development, i.e., up to 120 hpf. For the click chemistry-mediated tagging, to ensure the 

highest signal-to-background, we used a two-step procedure involving a live embryo-

compatible CuAAC reaction48 with an azido-biotin reagent followed by streptavidin-Alexa 

Fluor 488 labeling.  

Excitingly, we detected UDP-6AlGal-derived fluorescence as early as 12 hpf, 

corresponding to early segmentation (Fig. 4A). The labeling was observed throughout the 

enveloping layer, and the extent of labeling increased up to 24 hpf and persisted through 

120 hpf (Fig. 4A). Importantly, minimal fluorescence was observed in negative control 

embryos injected with rhodamine-dextran only and similarly labeled via CuAAC (Fig. 4B). 

The use of a UDP-Gal analog was required to observe labeling, as microinjection of an 

unprotected alkynyl Gal-1-phosphate analog (8, Scheme S3) also resulted in no detectable 

labeling, further supporting the lack of tolerance of the Leloir pathway to unnatural 

modifications.  

A close examination of the enveloping layer in UDP-6AlGal-labeled animals 

revealed strong fluorescence from ridged structures whose morphology changes over the 

course of embryonic and early larval development (Fig. 4C). Interestingly, this type of 

glycan labeling pattern of the epithelium30,45 is reminiscent of “ridge-mazes” previously 

observed on the skin of a variety of fish species49–51. These ornate ridged structures, which 
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are species-specific, dramatically increase the surface area of the skin and are thought to 

provide protection against pathogens, osmotic shocks, and shear force49,52. Critically, they 

are rich in mucous substances, including membrane-associated and secreted glycans49,51,52. 

The appearance of strong UDP-6AlGal-derived labeling in these epidermal structures in 

zebrafish larvae suggests that they are particularly metabolically active areas for de novo 

glycoprotein synthesis at these developmental stages, which coincide with the beginning 

of swimming behavior53. 

 

CONCLUSION 

We have performed a detailed investigation of the ability of unnatural Gal analogs 

to serve as metabolic reporters for visualizing glycosylation in vivo. Using in vitro 

biochemical and cellular assays, we reveal that the Gal salvage pathway is notably 

intolerant of modified Gal or Gal-1-phosphate analogs, in contrast to several other 

monosaccharide salvage pathways. By contrast, a bioorthogonal analog of UDP-Gal, the 

universal donor for galactosylation, was an effective galactosyltransferase substrate and 

metabolic label for tagging glycans following its microinjection into zebrafish embryos. 

Intriguingly, the bulk of metabolic labeling afforded by UDP-6AlGal was found to be in 

N-linked glycoproteins, and detailed examinations of the glycoproteins and glycan 

structures labeled by this sugar, as well as the glycosyltransferases that utilize it as a 

substrate, represent interesting future directions. Our in vivo imaging studies of UDP-

6AlGal to visualize glycosylation patterns in developing zebrafish suggest the utility of 

this metabolic probe to examine changes in glycosylation accompanying perturbations that 

model congenital human diseases of glycosylation in this organism. 
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FIGURES 

 

Figure 1. Strategy for using synthetic galactose analogs for metabolic labeling and 

imaging of cell-surface glycans. Galactose analogs were synthesized to intercept various 

steps of the galactose salvage pathway (Leloir pathway). Shown are analogs of galactose 

(A), galactose-1-phosphate (Gal-1-P) (B), and uridine diphosphate galactose (UDP-Gal) 

(C). Ac, acetyl; SATE, S-acetyl thioethyl; UDP, uridine diphosphate. Red ball indicates 

bioorthogonal tag (azide or acetylene), and crescent–star refers to bioorthogonal reaction 

partner to introduce epitope tag to enable visualization. See also Fig. S1 for structures of 

all analogs. 
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Figure 2. An azido analog of UDP-Gal is accepted by a galactosyltransferase in vitro. 

UDP-6AzGal was incubated overnight at 37 ºC with C17-ceramide and lysates from HEK 

293TN cells expressing CGT to generate the 6-azido analog of galactosylceramide 

(6AzGalCer). Following lipid extraction and CuAAC tagging with an alkynyl quaternary 

ammonium reagent (Alk-QA) to generate the quaternary ammonium lipid derivative (QA-

GalCer), analysis was performed by LC–MS (electrospray ionization–time of flight (ESI–
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TOF)). (A) Schematic of experimental design. (B) Mass spectrum showing identification 

of QA-GalCer, with observed and expected m/z values indicated. 
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Figure 3. UDP-6AlGal labels N-linked glycans in developing zebrafish. Zebrafish 

embryos were microinjected with UDP-6AlGal or no sugar at the 1-cell stage and allowed 

to develop at 28 ºC for 24 h, followed by generation of protein lysates. (A) Lysates were 

reacted with azido-biotin by CuAAC and analyzed by SDS-PAGE and transfer to a PVDF 

membrane. At this point, membranes were incubated with or without NaOH (55 mM, 40 

°C for 22 h) to remove O-glycans, followed by Western blot with streptavidin-HRP or 

silver stain. (B) Lysates were incubated with PNGase F to remove N-glycans, followed by 

CuAAC tagging with azido-biotin and Western blot analysis with streptavidin-HRP or 

silver stain. (C) Quantification of Western blot data from (A) and (B), showing the 
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retention of UDP-6AlGal-derived signal in the presence of NaOH (left) or PNGase F (right) 

treatment. Each experiment was performed three times (biological replicates) with three 

technical replicates for each experiment. 
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Figure 4. Imaging of glycosylation in developing zebrafish embryos and larvae using 

UDP-6AlGal and CuAAC. (A) Zebrafish embryos were microinjected with the red 

fluorescent tracer rhodamine-dextran and either UDP-6AlGal (A) or no sugar (B) at the 1-

cell stage and allowed to develop at 28 ºC for the indicated amount of time up to 120 hpf 

(hours post-fertilization). Live zebrafish were then tagged with azido-biotin via CuAAC, 

followed by labeling with streptavidin-Alexa Fluor 488, mounting in low-melt agarose, 

and imaging by confocal microscopy. Images in (C) show zoomed-in regions of enveloping 

layer cells on the surface of the embryo, above the yolk sac, highlighting intense UDP-

6AlGal-derived fluorescence in ridged structures; insets at bottom right show area in 

dashed line.  


