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Abstract 24 

Metabolic oligosaccharide engineering (MOE) has fundamentally contributed to our understanding of 25 

protein glycosylation. Efficient MOE reagents are activated into nucleotide-sugars by cellular 26 

biosynthetic machineries, introduced into glycoproteins and traceable by bioorthogonal chemistry. 27 

Despite their widespread use, the metabolic fate of many MOE reagents is only beginning to be mapped. 28 

While metabolic interconnectivity can affect probe specificity, poor uptake by biosynthetic salvage 29 

pathways may impact probe sensitivity and trigger side reactions. Here, we use metabolic engineering to 30 

turn the weak alkyne-tagged MOE reagents Ac4GalNAlk and Ac4GlcNAlk into efficient chemical tools to 31 

probe protein glycosylation. We find that bypassing a metabolic bottleneck with an engineered version of 32 

the pyrophosphorylase AGX1 boosts nucleotide-sugar biosynthesis and increases bioorthogonal cell 33 

surface labeling by up to two orders of magnitude. Comparison with known azide-tagged MOE reagents 34 

reveals major differences in glycoprotein labeling, substantially expanding the toolbox of chemical 35 

glycobiology. 36 

Introduction 37 

Protein glycosylation is an important modulator of biological processes. Chemical MOE reagents have 38 

developed into important alternatives to protein-based binding reagents to profile the roles of glycans in 39 

cellular processes.1–4 Monosaccharides with chemical modifications can be fed to living cells as caged 40 

analogs,  are metabolically activated and introduced into the glycome by the activity of 41 

glycosyltransferases (GTs).1,4–6 Modifications such as azides or alkynes can be probed by bioorthogonal 42 

ligation using Cu(I)-assisted azide-alkyne cycloaddition (CuAAC)  to allow for visualization and 43 

characterization of glycoconjugates.2,4,7,8 While it is generally accepted that small chemical perturbations 44 

are compatible with metabolic activation, the actual fate and turnover efficiency of modified 45 

monosaccharides is only beginning to be understood. Key to use by GTs is the biosynthesis of modified 46 

nucleotide-sugars, such as derivatives of uracil diphosphate (UDP)-activated N-acetylgalactosamine 47 

(GalNAc) and N-acetylglucosamine (GlcNAc) (Fig. 1A). The salvage pathway of GalNAc derivatives 48 



features the kinase GALK2 and the pyrophosphorylases AGX1/2, while GlcNAc derivatives have to be 49 

activated by the kinase NAGK, the mutase AGM as well as AGX1/2.9,10 In the cytosol of mammalian 50 

cells, derivatives of UDP-GalNAc and UDP-GlcNAc can be interconverted by the UDP-GalNAc/GlcNAc 51 

4’-epimerase GALE, which interconnects both nucleotide-sugar pools. Epimerization substantially 52 

decreases the glycan specificity while enhancing the labeling efficiency of certain MOE reagents and can 53 

be suppressed by careful choice of the chemical modification.10–12 Once biosynthesized, derivatives of 54 

UDP-GalNAc and UDP-GlcNAc can be used as substrates by cellular GTs, including the large 55 

polypeptide GalNAc transferase (GalNAc-T) family in the secretory pathway and a myriad of GlcNAc 56 

transferases in several cellular compartments. 57 

Recent years have seen increasing evaluation of the metabolic fate of MOE reagents. Although the 58 

enzymes of GalNAc and GlcNAc salvage pathways generally display reduced efficiency towards 59 

modifications on the acetamide side chain, the relatively small azide group is accepted as part of reliable 60 

MOE reagents.10,12–15 In contrast, large modifications prevent enzymatic activation of GalNAc and 61 

GlcNAc analogs.11,16,17 Yu et al. thus developed an engineered version of AGX1 (mutant F383G) to 62 

increase substrate promiscuity and biosynthesize UDP-GlcNAc analogs from the corresponding GlcNAc-63 

1-phosphate analogs that can be delivered through caged precursors.16 We have used the similar F383A 64 

mutant, herein termed mut-AGX1, to biosynthesize UDP-GalNAc analogs that would normally not be 65 

made in the living cell.4,11,17 Somewhat surprisingly and contrary to azide-tagged analogs of similar size, 66 

Batt et al. found that the most simple alkyne-tagged UDP-GalNAc and UDP-GlcNAc derivatives, UDP-67 

GalNAlk 1 and UDP-GlcNAlk 2, are biosynthesized in varying and often low efficiency in mammalian 68 

cells (Fig. 1A).18 Metabolic incompatibility thus impairs the efficiency of precursors of 1 and 2, 69 

Ac4GalNAlk and Ac4GlcNAlk, as MOE reagents despite their straightforward commercial access and 70 

potential GT acceptance.19 71 

Here, we profile the metabolic fate of the weak MOE reagents Ac4GalNAlk and Ac4GlcNAlk in order to 72 

turn both reagents into highly efficient tools to probe cell surface glycosylation. We find that mut-AGX1 73 



effectively biosynthesizes UDP-GalNAlk 1 and UDP-GlcNAlk 2 with greatly increased efficiency over 74 

WT-AGX1 from caged precursors that can thus be used to profile cell surface protein glycosylation. By 75 

suppressing GALE-mediated epimerization, we further find that UDP-GalNAlk 1 and UDP-GlcNAlk 2 76 

enter different subsets to azide-tagged analogs, potentially due to differential acceptance by GTs. We 77 

show that close monitoring of the biosynthetic fate enables the development of highly effective MOE 78 

reagents. 79 

Results and Discussion 80 

To study the metabolic fate of UDP-GAlNAlk 1 and UDP-GlcNAlk 2, we first assessed in vitro whether 81 

both reagents are epimerized by GALE (Fig. 1B). Incubation of synthetic 1 with either a wild type (WT), 82 

GALE-containing cell lysate or purified GALE led to epimerization to 2, as detected either by ion-pair 83 

HPLC or high performance anion exchange chromatography (HPAEC). A lysate made from GALE-KO 84 

cells did not lead to epimerization. We next profiled the suitability of UDP-GalNAlk 1 as a substrate for 85 

members of the GalNAc-T family. GalNAc-Ts prime highly abundant mucin-type protein O-GalNAc 86 

glycans, and acceptance of 1 would thus correlate with high cell surface labeling efficiency.  Synthetic 87 

peptides served as acceptor substrates in in vitro glycosylation experiments. Compared to the native 88 

substrate UDP-GalNAc, UDP-GalNAlk 1 was used with lower but well-measurable efficiency by 89 

GalNAc-T1 and T2, and similar efficiency by GalNAc-T7 and T10 (Fig. 1C). The isoenzymes T7 and 90 

T10 differ from T1 and T2 in their preference of pre-O-GalNAc-glycosylated substrate peptides, which 91 

may hint to the use of UDP-GalNAlk 1 as a GalNAc-T subset-selective substrate.20 92 



 93 

Fig. 1: The metabolic fate of GalNAlk and GlcNAlk. A, biosynthesis of UDP-GalNAlk 1 and UDP-94 

GlcNAlk 2 from caged precursors using salvage pathways. Dashed arrows indicate diffusion across 95 

membranes and (thio-esterases). B, in vitro epimerization of UDP-GalNAlk 1 (yellow) to UDP-GlcNAlk 96 

2 (blue) using a GALE-containing cell lysate, or a GALE-KO lysate as a control as assessed by HPAEC. 97 

The reaction was also performed using purified GALE, and retention times were compared to standards 98 

(Fig. S1). C, in vitro glycosylation with purified GalNAc-Ts of synthetic peptides using UDP-GalNAlk 1 99 

or UDP-GalNAc as substrates. Red amino acids are new glycosylation sites. T* denotes a-D-GalNAc-Thr 100 

Data are individual measurements of biological duplicates and means. The reactions using UDP-GalNAc 101 

as a substrate have been used previously.11 102 

 103 

We next studied the biosynthesis of UDP-GalNAlk 1 and UDP-GlcNAlk 2 in cells fed with caged, 104 

membrane-permeable precursors. Since AGX1 has been identified as a metabolic bottleneck of other 105 

modified GalNAc analogs, we synthesized caged GalNAlk-1-phosphate 3 to specifically probe AGX1-106 



mediated biosynthesis of UDP-GalNAlk 1.4,11,17 We tested UDP-sugar biosynthesis from 3 in K-562 cells 107 

with either normal GALE expression or a GALE-knockout and stably transfected with either mut-AGX1, 108 

WT-AGX1 or empty vector. HPAEC revealed measurable biosynthesis of both UDP-GalNAlk and UDP-109 

GlcNAlk in the presence of mut-AGX1, but not WT-AGX1 (Fig. 2A). Free GalNAlk-1-phosphate was 110 

detectable in all cases, as observed by comparison with a synthetic standard (Fig. 2A). In the absence of 111 

GALE, UDP-GlcNAlk was not detectable, indicating that UDP-GalNAlk is biosynthesized by mut-AGX1 112 

and subsequently epimerized by GALE in the cytosol. 113 

We then assessed metabolic cell surface labeling mediated by caged GalNAlk-1-phosphate 3 by flow 114 

cytometry. The clickable fluorophore AF488-picolyl azide was used in non-cytotoxic Cu(I)-click CuAAC 115 

conditions to visualize labeling.8,21 The presence of mut-AGX1 led to a dose-dependent increase of 116 

fluorescence by up to two orders of magnitude compared to WT-AGX1 (Fig. 2B). Of note, the presence 117 

of WT-AGX1 still led to discernible cell surface labeling, indicating that UDP-GalNAlk can be 118 

biosynthesized at levels that are too low to detect chromatographically. This was especially pronounced in 119 

GALE-KO cells in which no endogenous UDP-GalNAc is present to compete with UDP-GalNAlk 1 as 120 

substrates of GalNAc-Ts (Fig. 2B, Fig. S2B). A labeling difference of one order of magnitude was 121 

observed between cells expressing WT-AGX1 and mut-AGX1 when fed with Ac4GlcNAlk, indicating 122 

that mut-AGX1 also mediates UDP-GlcNAlk 2 biosynthesis (Fig. S2A). Increasing UDP-GalNAc levels 123 

in these cells by supplementing cell culture media with free GalNAc led to a decrease of UDP-GalNAlk 124 

1-dependent labeling signal (Fig. 2C, Fig. S2C).17 Likewise, labeling signal by Ac4GlcNAlk was 125 

abrogated by addition of free GlcNAc (Fig. 2C). In contrast, labeling by the control compound 126 

Ac4ManNAlk, an MOE reagent that enters the biosynthetic pathway of the sugar sialic acid, was 127 

unchanged irrespective of AGX1 overexpression or addition of free GalNAc or GlcNAc (Fig. 2C, Fig. 128 

S2B). Enhancing the levels of native UDP-sugars thus competed out incorporation of GalNAlk and 129 

GlcNAlk, but not ManNAlk, into glycoproteins. We concluded that AGX1 is likely a bottleneck in the 130 

biosynthesis of both UDP-GalNAlk 1 and UDP-GlcNAlk 2, impairing metabolic labeling which can be 131 



enhanced by stable overexpression of mut-AGX1, but not WT-AGX1. Our data further indicate that 132 

Ac4GalNAlk exhibits low-level metabolic glycoprotein labeling without mut-AGX1 expression in line 133 

with findings of Zaro et al.7 UDP-GalNAlk 1 formation is not measurable under these conditions, 134 

underlining the highly inefficient biosynthesis of 1 by the GalNAc salvage pathway without mut-AGX1.18 135 

As overexpression of mut-AGX1 enabled cell surface labeling from Ac4GlcNAlk, GlcNAlk-1-phosphate 136 

biosynthesis from the free monosaccharide by NAGK/AGM1 was apparently not a major metabolic 137 

bottleneck. We next assessed whether UDP-GalNAlk 1 biosynthesis followed the same principles which 138 

would, in turn, allow us to use the readily available MOE reagent Ac4GalNAlk instead of caged GalNAlk-139 

1-phosphate 3. We found that mut-AGX1, but not WT-AGX1, efficiently biosynthesized UDP-GalNAlk 140 

1 and UDP-GlcNAlk 2 from the per-acetylated precursors Ac4GalNAlk and Ac4GlcNAlk, respectively, in 141 

living cells (Fig. S3). We note that the ‘upstream’ precursors Ac4GalNAlk and Ac4GlcNAlk required 142 

longer feeding times (12-16 hours instead of 6-9 hours) than caged GalNAlk-1-phosphate 3 until UDP-143 

sugar biosynthesis could be detected, in line with additional enzymatic reactions being required. At these 144 

time points, free GalNAlk-1-phosphate is clearly detectable (Fig. S3) These data indicated that WT-145 

AGX1 is likely the rate-determining step in the biosynthesis of UDP-GalNAlk 1 and UDP-GlcNAlk 2. 146 

Overexpression of mut-AGX1 likely renders the upstream activation steps NAGK/AGM and GALK2 147 

rate-determining.  148 

 149 

 150 



Fig. 2: mut-AGX1-mediated biosynthesis of UDP-GalNAlk 1 and cell surface labeling. A, metabolite 151 

profiling of K-562 cells based on AGX1 expression and presence of GALE by HPAEC. Grey trace 152 

represents standards. Arrowhead depicts epimerization of UDP-GalNAlk 1 to UDP-GlcNAlk 2. Data are 153 

representative of two independent experiments. B, dose response of cell surface labeling of AGX1-stably 154 

transfected K-562 cells after feeding 3 as assessed by flow cytometry. Data are means ± SEM as fold 155 

increase from DMSO-treated cells from at least three independent experiments. Error bars for WT-AGX1 156 

data are too small to be shown. C, competition of cell surface labeling in mut-AGX1-transfected GALE-157 

KO K-562 cells fed with 50 µM caged GalNAlk-1-phosphate 3, 50 µM Ac4GlcNAlk or 10 µM 158 

Ac4ManNAlk by different concentrations of GalNAc or GlcNAc. Data are from three independent 159 

experiments. Statistical significance was assessed by unpaired, two-tailed t test against labeling 160 

experiments without additives (dashed line). Asterisks indicate P values: *P < 0.05; **P < 0.01; ***P < 161 

0.001; n.s. non-significant.  DTAF = Dichlorotriazinylamino fluorescein; MFI = median fluorescence 162 

intensity. 163 

 164 

We next visualized the impact of metabolic engineering on glycoprotein labeling by Ac4GalNAlk and 165 

Ac4GlcNAlk. Following feeding of AGX1-transfected K-562 cells with alkyne-containing 166 

monosaccharide precursors, cell surfaces were either treated with a neuraminidase or left untreated. The 167 

living cells were then subjected to CuAAC with the clickable near-infrared fluorophore CF680 picolyl 168 

azide, and labeled cell surface glycoproteins were analyzed by in-gel fluorescence.17 Under these 169 

conditions, the compounds Ac4GalNAlk, Ac4GlcNAlk and caged GalNAlk-1-phosphate 3 exhibited mut-170 

AGX1-dependent labeling while the control reagent Ac4ManNAlk labeled glycoproteins irrespective of 171 

the AGX1 construct used (Fig. 3A). Treatment with a non-specific sialidase led to an increase of signal in 172 

all cases except for Ac4ManNAlk-labeled cells, consistent with increased availability of GalNAc- and 173 

GlcNAc-carrying alkyne tags towards click reagents when the layer of sialic acid is enzymatically 174 

trimmed.11,17 Of note, the dependence on mut-AGX1 for GalNAlk/GlcNAlk labeling emphasizes that 175 



UDP-sugar formation is a prerequisite for efficient labeling, excluding previously reported non-enzymatic 176 

cysteine glycosylation that typically happens under very high concentrations of per-acetylated sugars.22,23 177 

We next visualized glycocalyx labeling by fluorescence microscopy on AGX1-transfected murine 4T1 178 

cells. Clickable biotin picolyl azide and Streptavidin-AF647 readily detected a large enhancement of 179 

Ac4GalNAlk-mediated cell surface labeling in cells stably expressing mut-AGX1 over non-transfected 180 

cells (Fig. 3B). In contrast, cell surface labeling by the AGX1-independent MOE reagent Ac4ManNAlk 181 

was remained unchanged upon mut-AGX1 transfection (Fig. S4).  182 

 183 

 184 

Fig. 3: mut-AGX1 enables efficient metabolic labeling with caged precursors of GalNAlk and GlcNAlk. 185 

A, cell surface labeling of AGX1-transfected K-562 cells fed with 50 µM Ac4GalNAlk, 50 µM 186 

Ac4GlcNAlk, 10 µM Ac4ManNAlk or 25 µM caged GalNAlk-1-phosphate 3 as assessed by on-cell 187 

CuAAC with the NIR fluorophore CF680-picolyl azide and in-gel fluorescence. Data are representative of 188 

two independent experiments. B, fluorescence microscopy of mut-AGX1-expressing of  non-transfected 189 

4T1 cells fed with DMSO or 25 µM Ac4GalNAlk, treated with biotin-picolyl-azide under on-cell CuAAC 190 

conditions and visualized with Streptavidin-AF647. Data are representative of two independent 191 

experiments. Scale bar, 20 µm. 192 



 193 

Due to GALE-mediated interconversion of UDP-GalNAlk and UDP-GlcNAlk, the glycoprotein profile 194 

labeled by both MOE reagents Ac4GalNAlk and Ac4GlcNAlk is identical (Fig. 3A). To assess the 195 

contribution of each UDP-sugar to signal, we profiled the glycoprotein patters in GALE-KO cells that 196 

functionally separate UDP-GalNAlk 1 and UDP-GlcNAlk 2 (Fig 4A). Cells were grown in GalNAc-197 

containing media to maintain native levels of metabolites such as UDP-GalNAc, allowing for comparison 198 

with GALE-expressing control cells when all cell lines were transfected with mut-AGX1. While GALE-199 

expressing control cells displayed identical labeling patterns when fed with either Ac4GalNAlk or 200 

Ac4GlcNAlk, GALE-KO had a striking effect on labeling patterns. UDP-GalNAlk 1 contributed highly 201 

intense glycoprotein bands at approx. 100 kDa and 40 kDa, while UDP-GlcNAlk 2 contributed a diffuse 202 

pattern of lower overall intensity (Fig. 4A). We speculated that the intense bands labeled by UDP-203 

GalNAlk 1 are highly GalNAc-glycosylated mucin domain-containing glycoproteins. To test this notion, 204 

we subjected GalNAlk-fed and CF680-picolyl azide labeled K-562 cells to different concentrations of the 205 

mucin protease StcE or the more promiscuous O-glycoprotease OpeRATOR (Fig. S5).24 Treatment with 206 

both proteases led to a decrease of cell surface glycoprotein signal in a dose-dependent manner, while 207 

signal was recovered as fluorescently labeled broad bands of lower molecular weight in the supernatant. 208 

These data confirm that GalNAlk enters mucin domain-containing proteins and other O-GalNAc-209 

glycosylated proteins. Further, we compared the Ac4GlcNAlk and Ac4GalNAlk labeling band patterns in 210 

GALE-KO or control cells with previously characterized, azide-containing MOE reagents Ac4GlcNAz, 211 

Ac4GalNAz. Both reagents are converted to azide-tagged UDP-GlcNAc/GalNAc analogs that are 212 

interconvertible by GALE.10–12 We further used the O-GalNAc-specific reagent Ac3GalNAzMe-1-213 

P(SATE)2 4 that is a precursor to epimerization-resistant UDP-GalNAzMe that is not a substrate for 214 

GALE in the living cell (Fig 4B).11 To ensure that band patterns are comparable between azide- and 215 

alkyne-tagged monosaccharides, we used the same NIR-fluorophore CF680 with either alkyne or picolyl 216 

azide groups for CuAAC. Ac4GlcNAz/Ac4GalNAz showed a similar pattern to Ac4GlcNAlk/Ac4GalNAlk 217 



in labeling different glycoprotein subsets upon GALE-KO, although the number of glycoprotein bands 218 

was higher with azide-tagged monosaccharide analogs. These findings are in line with UDP-GalNAz 219 

being a better substrate for the commonly expressed GalNAc-T1 and T2 than UDP-GalNAlk 1 (Fig. 220 

1C).11,19 The Ac4GalNAlk-labeled band pattern in GALE-KO cells resembled a subset of O-GalNAc 221 

glycoproteins labeled by 4. Taken together, these data suggest that UDP-GalNAlk 1 and UDP-GlcNAlk 2 222 

label different sets of glycoproteins but are interconnected by GALE in the living cell. Structurally simple 223 

azide- and alkyne-tagged GalNAc/GlcNAc derivatives label particular glycoprotein subsets and should 224 

thus serve as orthogonal, but potentially complementary MOE reagents in the presence of mut-AGX1. 225 

 226 



 227 

Fig. 4: GalNAlk and GlcNAlk-mediated labeling of glycoprotein subsets. A, cell surface labeling of mut-228 

AGX1-transfected K-562 GALE-KO or control sgRNA-expressing cells fed with 10 µM Ac4GalNAlk, 50 229 

µM Ac4GlcNAlk, or 10 µM Ac4ManNAlk as assessed by on-cell click chemistry and in-gel fluorescence. 230 

Data are representative of two independent experiments. B, comparison of cell surface labeling of mut-231 

AGX1-transfected K-562 GALE-KO or control sgRNA-expressing cells fed with 10 µM Ac4GalNAlk, 50 232 



µM Ac4GlcNAlk, 3 µM Ac4GalNAz, 8 µM Ac4GlcNAz or 100 µM caged GalNAzMe-1-phosphate 4. 233 

Data are representative of two independent experiments. 234 

We have shown that comprehensive metabolic profiling can turn weak MOE reagents into efficient 235 

chemical biology tools to profile cellular glycosylation. The expression of mut-AGX1 enhances labeling 236 

by Ac4GalNAlk and Ac4GlcNAlk by orders of magnitude, substantially expanding the toolbox for 237 

glycobiology. While our approach relies cell transfection, the plasmids we use are based on transposase-238 

mediated stable integration which is compatible even with hard-to-transfect cell lines and more complex 239 

model systems such as organoids.11 240 
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