
www.chembiochem.org

Accepted Article

A Journal of

Title: Expanding the Scope of Metabolic Glycan Labeling in
Arabidopsis Thaliana

Authors: Yuntao Zhu and Xing Chen

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: ChemBioChem 10.1002/cbic.201700069

Link to VoR: http://dx.doi.org/10.1002/cbic.201700069



FULL PAPER    

For internal use, please do not delete. Submitted_Manuscript 

 
 

 
 

Expanding the Scope of Metabolic Glycan Labeling in 

Arabidopsis Thaliana 

Yuntao Zhu, and Xing Chen* 

Dedicated to the life and w ork of Professor Werner Reutter  

Abstract: Metabolic glycan labeling (MGL) has gained wide utility 

and has become a useful tool for probing glycosylation in living 

systems. For the past three decades, the development and 

application of MGL have been mostly focused on animal 

glycosylation. Recently, exploiting MGL for studying plant 

glycosylation has started to gain interest. Here, we describe a 

systematic evaluation of MGL for f luorescence imaging of root 

glycans in Arabidopsis thaliana. A collection of nineteen 

monosaccharide analogs containing a bioorthogonal group (i.e., an 

azide, alkyne, or cyclopropene) were synthesized and evaluated for 

metabolic incorporation into root glycans. Among these unnatural 

sugars, fourteen, including three new compounds, were evaluated in 

plants for the f irst time. Our results showed that f ive unnatural 

sugars could be used to metabolically label root glycans eff iciently, 

and enabled f luorescence imaging via bioorthogonal conjugation 

with f luorophores. Furthermore, we optimized the experimental 

procedures for MGL in Arabidopsis. Finally, distinct distribution 

patterns of newly synthesized glycans were observed along the root 

developmental zones, indicating regulated biosynthesis of glycans 

during root development. We envision that MGL w ill f ind broad 

applications in plant glycobiology. 

Introduction 

All cells in all organisms synthes ize glycans, one of the four 

classes of biomacromolecules that mediate a variety of 

physiological and pathological processes.[1] Methods and tools  

for visualizing glycans in vivo are vital for studying glycobiology, 

but have been challenging to develop. Seminal w orks by the 

Reutter group and the Bertozzi group in 1990s opened up the 

development of the metabolic glycan labeling (MGL) strategy,[2-3]  

which has emerged as a pow erful tool for probing glycosylation 

in living systems.[4 -8] MGL exploits the substrate promiscuity of 

the enzymes in the glycan biosynthetic pathw ays to 

metabolically incorporate monosaccharide analogs or unnatural 

sugars containing a bioorthogonal group (e.g., an azide or  

alkyne) into cellular glycans. Subsequent bioorthogonal 

reactions  (e.g., click chemistry) covalently  conjugate the 

unnatural sugars w ith desired functionalit ies, such as imaging 

probes and enrichment tags. For  the past three decades, MGL 

has been w idely developed and utilized in various animals  

including mice, [9-10]  rats,[11]  zebrafish,[12]  Caenorhabditis 

elegans,[13]  and Drosophila melanogaster.[14] How ever, apply ing 

MGL for studying plant glycobiology has received much less 

attention.  

Plant glycans play important roles in regulating plant 

development and prov ide biomass for generating renew able 

energy.[15] Fluorescent labeling and imaging of glycans in plants  

have been enabled by using carbohydrate-recognizing lectins or 

antibodies,[16-17] and small molecule dyes binding specif ic 

polysaccharides.[18] Inspired by the success of MGL in probing 

animal glycosylation, it is envisioned that extending MGL to the 

plant system w ould expand the toolkit for probing plant 

glycosylation. In particular, MGL can potentially be used to study  

the dynamics of plant glycosylation in vivo, in a w ay similar to 

probing glycosylation dynamics in zebrafish and rats.[11-12]  

Recently, several research groups have successfully 

demonstrated MGL in Arabidopsis thaliana, the most w idely 

used model organism in plant  biology. The Somerville group f irst 

show ed that an alkynyl fucose analog, Ac4FucAl, could be used 

to metabolically label the cell w all polysaccharide pectin in the 

root t issue.[19] Subsequently, our group and several other groups  

reported metabolic labeling and f luorescent imaging of 

Arabidopsis root glycans by using several azido or alkynyl 

analogs of N-acetylglucosamine (GlcNAc), 3-deoxy-D-manno-

oct-2-ulosonic acid (Kdo), glucose (Glc), N-acetylgalactosamine 

(GalNAc), and L-arabinose (Arab).[20-23] These w orks have 

demonstrated the applicability of MGL in probing plant 

glycobiology. The distinctive differences betw een plant and 

animal glycosylation require re-evaluation of unnatural sugars in 

plants, and development of new  sugar reporters for plant 

glycans. Herein, w e report a systematic evaluation of a 

collection of unnatural sugars, w hich include several new ly 

synthesized and ones that have been reported, for metabolic  

glycan labeling in Arabidopsis. The procedures for metabolic  

labeling and click reactions w ere optimized for f luorescence 

imaging of glycans in Arabidopsis roots. The metabolic fates of 

unnatural sugars and distr ibution of the metabolically labeled 

glycans in the developmental zones of roots w ere also 

investigated.  

Results and Discussion 

Design and synthesis of unnatural sugars  
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Plants synthesize a w ealthy repertoire of glycans, some of w hich 

are unique in plants (Figure 1A).[1] While animal glycans are 

made of nine kinds of monosaccharides, more than a dozen of 

monosacchar ides are needed for plants.[1, 24] Plant N-linked 

glycans have the conserved pentasaccharide core structure, but 

several unique glycosidic  linkages  are used for extending the 

core.[25] Intracellular protein O-GlcNAcylation occurs in both 

animals and plants.[26] In addition, structural cell w all proteins are 

modif ied w ith unique O-glycans, arabinose or galactose 

attached to hydroxyproline residues.[27] The cell w all also contain 

an abundant pool of high-molecular-w eight polysaccharides, 

which mainly cons ist of: i) cellulose, a linear polymer of β1,4-

linked glucose w hich protects plant cells from the osmotic  

pressure; ii) hemicelluloses, branched polysaccharides w ith 

β1,4- linked backbones and xylose-containing side chains that 

crosslink cellulose f ibrils; and iii) pectins, uronic acid-containing 

polymers forming the acidic jelly including homogalacturonan 

(HG), xylogalacturonan (XGA), rhamnogalacturonan- I (RG- I), 

and rhamnogalacturonan- II (RG- II).[28-29] The Arabidopsis roots 

can absorb unnatural sugars supplied in the media. If the 

unnatural sugars can enter the glycan biosynthetic pathw ays 

and tolerated by  the under lying enzymes, the corresponding 

glycans are metabolically incorporated w ith the chemical  

reporters for subsequent bioorthogonal conjugation w ith imaging 

probes (Figure 1B). 

 

 

Figure 1. Metabolic gly can labeling enables v isualization of root gly cans in 

Arabidopsis. A) Schematic of  v arious gly cans sy nthesized in plant cells. B) 

Arabidopsis seedlings were cultured with monosaccharide chemical reporters 

(i.e., unnatural sugars containing a bioorthogonal group). The unnatural  

sugars were taken up via root absorption, and metabolically incorporated into 

cellular gly cans through the underly ing glycan biosy nthetic machinery. 

Subsequent bioorthogonal labeling of the seedlings with f luorophores 

conjugated with a complementary  bioorthogonal group enables f luorescence 

imaging of  root gly cans.  

 

 We first surveyed the know n biosynthetic and 

interconversion pathw ays of nucleotide monosaccharides in 

plants (Scheme 1A).[24] For designing monosaccharide chemical 

reporters for different plant glycans, w e chose to target 

monosacchar ides that can either be used directly as biosynthetic  

precursors or enter a salvage pathw ay. We avoided us ing 

phosphorylated monosaccharides due to their troublesome 

chemical synthesis, and low  cellular uptake due to the negative 

charge. A iming to label different plant glycans including pect in, 

cellulose, hemicellulose, and glycoproteins, w e designed and 

synthesized a panel of monosaccharide analogs including 

several ones that have been previously evaluated in Arabidopsis 

(Scheme 1B).  The hydroxyl groups w ere acetylated and the 

carboxylic group w as methyl esterif ied to facilitate the cellular  

uptake of unnatural sugars. 

 

Scheme 1. A) Biosy nthetic and interconv ersion pathway s of  sev eral important 

monosaccharides in Arabidopsis. The question marks indicate that the 

existence of the salv age pathway s f or GalNAc and Xy l is speculated. B) 

Structures of  unnatural sugars used in this work. 
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 Targeting cellulose or/and hemicellulose, w e synthesized 

peracetylated 6-az ido-6-deoxy-D-glucose (Ac46AzGlc) and 

peracetylated 3-O-propargyl-D-glucose (Ac43AlGlc) using the 

previously  reported synthetic  procedures.[30-31]  Three az ido 

analogs of xylose, peracetylated 2-az ido-2-deoxy-D-xylose 

(Ac32AzXyl), peracetylated 3-az ido-3-deoxy-D-xylose 

(Ac33AzXyl), and peracetylated 4-az ido-4-deoxy-D-xylose 

(Ac34AzXyl),[32] w ere synthesized as reported and used as  

potential reporters for hemicellulose, N-linked glycans, or/and 

pectins.  

Among the pectin components, fucose, rhamnose, Kdo 

and L-arabinose are also possible parent monosaccharides. We 

synthesized peracetylated alkynyl fucose (Ac4FucAl) and 

peracetylated 6-az idofucose (Ac4FucAz) using the reported 

synthetic procedures.[33-34] The metabolic incorporation of 

Ac4FucAl and Ac4FucAz into cell w all glycans has been recently  

demonstrated. [19, 23]  To synthesize the azido analog of rhamnose, 

peracetylated 6-az idorhamnose (Ac4RhaAz, 1-4), L-mannose 

was reacted w ith 4-toluenesulfonyl chloride. The resulting 6-O-

tosyl-L-mannose w as globally acetylated and reacted w ith 

sodium azide to give the product in a yield of 30% (Scheme 2). 

To synthes ize the alkynyl rhamnose (2-12), w e oxidized the 6-

hydroxyl group of a selectively protected L-mannose (2-7,  

Scheme 3), follow ed by dibromomethylation of the aldehyde 

group and elimination to obtain the alkynyl compound (2-10). 

After deprotection and full acetylation, the f inal product w as 

obtained in an overall yield of 1.4% (Scheme 3). A different 

synthetic route for Ac4RhaAl w as recently reported.[35]  For the 

synthesis of Ac4Me8AzKdo (3-8), w e synthesized 8AzKdo (3-7)  

as reported,[36] follow ed by methyl esterif ication  of the 

carboxylate and acetylation of the hydroxyl groups to give the 

f inal product in a y ield of 3.8% (Scheme 4). It w as recently 

show n that 8AzKdo could be metabolically incorporated into root 

glycans in Arabidopsis.[21] The synthesis of Ac3AraAz (4-4) 

started by reacting L-arabinose w ith 4-toluenesulfonyl chloride,  

follow ed by full acetylation and substitution reaction us ing 

sodium azide to give the product in a yield of 18% (Scheme 5).  

A different synthetic route for Ac3AraAz w as recently reported.[23]  

To label glycoproteins, w e synthesized peracetylated N-

azidoacetylglucosamine (Ac4GlcNAz),[37] peracetylated N-4-

pentynoy lgalactosamine (Ac4GlcNAl), [ 38]  peracetylated 6-azido-

6-deoxy-N-acetylglucosamine (Ac36AzGlcNAc),[39] peracetylated 

6-azido-6-deoxy-mannose (Ac46AzMan),[40] peracetylated 4-

azido-4-deoxy-mannose (Ac44AzMan),[40] peracetylated N-

azidoacetylgalactosamine (Ac4GalNAz),[41] and peracetylated N-

4-pentynoy lgalactosamine (Ac4GalNA l)[38] as previously reported. 

Ac4GlcNAz and Ac4GalNAz have been recently show n to label 

glycoproteins in Arabidopsis.[20, 23, 42] In addit ion, w e designed 

and synthesized a GlcNAc analog containing a cyclopropene, 

peracetylated N-2-methylcycloprop-2-enoylglucosamine 

(Ac4GlcNCp), w hich can react w ith tetrazine-containing probes  

via inverse electron demand Diels-Alder (invDA) reaction.[43]  The 

synthesis of Ac4GlcNCp (5-4) w as achieved by synthesizing of 

2-methylcycloprop-2-enecarboxylic acid (5-3), follow ed by 

coupling w ith tetra-O-acetylglucosamine to give the product w ith 

an overall yield of 12% (Scheme 6). A slightly different 

cyclopropene-containing GlcNAc analog, peracetylated (2-

methylcycloprop-2-enoyl) methoxycarbonylglucosamine 

(Ac4GlcNCyoc) w as recently show n to be metabolically  

incorporated into Arabidopsis root glycans  and labeled by invDA 

reaction. [23] It should be noted that the one unnatural sugar might 

be metabolically incorporated in multiple types of glycans, w hich 

w ill be discussed further below . 

 

 

Scheme 2.  Sy nthesis of  Ac4RhaAz. a) TsCl, py ridine, 0 °C-r.t., 12 h, 78%;  b) 

Ac2O, py ridine, 0 °C-r.t., 12 h, 84%; c) NaN3, DMF, 65 °C, 16 h, 46%. 

 

 

Scheme 3. Sy nthesis of Ac4RhaAl. a) PhCH2OH, HCl(g), 50 
o
C, ov ernight, 98%; 

b) BF3.Et2O, HC(OMe)3, 2,3-butanedione, MeOH, r.t., 17 h, 86%; c) Pd(OH)2/C, 

MeOH, 18 h, 30 °C, 79%; d) TBDPSCl, imidazole, DMF, 0 °C-r.t., 12 h, 70%; e) 

Acetone, Me2C(MeO)2, CSA, r.t., 16 h, 73%; f ) N-Bu4NF, THF, r.t., 6 h, 77%; g) 

4Å-Molecular Siev e, PCC, DCM, r.t., 3 h, 56%; h) PPh3, CBr4, DCM, 0 °C-r.t., 

5 h, 43%; i) n-BuLi, THF, -78°C, 4 h; j) TFA:H2O=9:1, 0 °C-r.t., 2 h; k) Ac2O, 

py ridine, 0 °C-r.t., 12 h, 21% ov er three steps. 

 

Scheme 4.  Sy nthesis of Ac4Me8AzKdo. a) TsCl, py ridine, 0 °C-r.t., 12 h; b)  

Ac2O, py ridine, 0 °C-r.t., 12 h; c) NaN3, DMF, 65 °C, 16 h, 27% ov er three 

steps; d) MeONa, MeOH, r.t., 30 min; e) H2O, pH=11, r.t., 2 h; f) 80 °C, 30 min, 

32% ov er three steps; g) Acety l chloride, MeOH, 0 °C-r.t., 3 h; h) Ac2O, 

py ridine, 0 °C-r.t., 12 h, 44% ov er two steps. 
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Scheme 5.  Sy nthesis of  Ac3AraAz. a) TsCl, py ridine, 0 °C-r.t., 12 h; b) Ac2O, 

py ridine, 0 °C-r.t., 12 h; c) NaN3, DMF, 65 °C, 16 h, 18% ov er three steps.   

 

 

Scheme 6. Sy nthesis of  Ac4GlcNCp. a) Rh2(OAc)4, 1-(Tr imethy lsily l)-1-

propy ne, DCM, 0 °C, 2 h, 50%; b) KOH, DCM, MeOH, H2O, 4°C, 24 h; c) EDCI, 

DMAP, TEA, DCM, r.t., 12 h, 25% ov er two steps. 

 

Evaluation of azido and alkynyl unnatural sugars for 

metabolic incorporation in Arabidopsis roots  

 

The Arabidopsis Col-0 seeds w ere planted in Murashige and 

Skoog (MS) solid media, and vernalized in dark at 4 oC for 3 d. 

The result ing seedlings w ere cultured under long-day condit ions  

at 22 oC for 4 d, transferred to a liquid culture medium containing 

the azido or alkynyl monosaccharides, and cultured for 2 or 3 d. 

The incubation t ime w as chosen for specif ic unnatural sugars so 

that high labeling could be achieved. The azido sugar- or alkynyl 

sugar-treated seedlings w ere then reacted w ith alkyne-Alexa 

Fluor 488 or  azide-Alexa Fluor  488, respectively, via copper( I)-

catalyzed az ide-alkyne cycloaddit ion (CuAAC, also termed click 

chemistry),[44-45]  follow ed by f luorescence imaging of root t issues 

using confocal f luorescence microscopy (Figure 2). Robust 

f luorescence signal w as observed for seedlings treated w ith 

Ac4FucAl, Ac4FucAz, Ac4Me8AzKdo, Ac4GlcNAz, and 

Ac4GalNAz. Weak f luorescent labeling w as observed in 

Ac4RhaAl-treated samples. The rest of the unnatural sugars did 

not show  signif icant cell surface or cell w all labeling in 

Arabidopsis roots. 

 Glucose is the major component of plant cellulose and 

hemicellulose. Our results show ed that 6AzGlc w ith the 6-

hydroxyl group replaced by an azide or  3AlGlc w ith a 3-O-

propargyl group could not be metabolically incorporated into 

Arabidopsis glycans (Figure 2, top row ). Interestingly, another  

alkyny l glucose, peracety lated 6-deoxy-D-gluco-6-ynopyranose, 

was recently reported to be specif ically incorporated into root 

hair t ips in Arabidopsis, and arrest root hair and root grow th.[22] 

This unnatural monosaccharide, how ever, may  also be regarded 

an alkyny l analog of xylose, 5-ethynylxylose; its metabolic fate in 

Arabidopsis has not been completely c lear. These results  

indicate that the biosynthesis of cellulose and hemicellulose 

does not tolerate w ell the modif ications on glucose. Xylose is a 

major component of the hemicellulose xyloglucan. It is also 

present in the pectin XGA and N- linked glycans. Although the 

xylose salvage pathw ay does not exist in animals, some 

evidence indirectly indicated that plants may have a salvage 

pathw ay for xylose.[46] Our results show ing that azidoxylose w ith 

the 2-, 3-, or 4-hydoxyl group substituted w ith an azide could not 

be metabolically incorporated can be explained either by  

intolerance of the chemical modif ications on xylose or by  

inexistence of the xylose salvage pathw ay (Figure 2, top row ). 

 Rhamnose is a stereoisomer of fucose and both of them 

are major components of plant cell w all pectins. Although 

Ac4FucAl and Ac4FucAz show ed robust metabolic incorporation 

and f luorescence labeling, in cons istent w ith previous reports,[19,  

23] Ac4RhaAz and Ac4RhaAl w ith similar  substitutions only  

exhibited very w eak labeling, indicating that the enzymes  

processing rhamnose are not as promiscuous as the ones for 

fucose (Figure 2, middle row ). Ac4Me8AzKdo show ed robust 

f luorescence labeling (Figure 2, middle row ). Because Kdo only  

exists in the pectin RG- II, Ac4Me8AzKdo is presumably a RG- II-

specif ic chemical reporter. In this w ork, w e observed that 

Ac3AraAz did not result in signif icant incorporation (Figure 2, 

middle row ). How ever, the same compound w as recently show n 

to be able to label Arabidopsis root glycans.[23] This discrepancy 

might be attr ibuted to different experimental condit ions for plant 

culture and metabolic labeling. In addit ion, w e used 

peracetylated N-az idoacetylmannosamine (Ac4ManNAz),[47] a 

designated precursor for sialic acid biosynthesis in animals that 

is not metabolized by plants, as a negative control.  No 

f luorescence labeling w as observed in Ac4ManNAz-treated 

Arabidopsis roots (Figure 2, middle row ), ruling out the 

possibility of non-specif ic physical absorption of unnatural 

sugars to the roots. 

    For metabolic labeling of glycoproteins in Arabidopsis, 

Ac4GlcNAz and Ac4GalNAz show ed robust f luorescence labeling 

(Figure 2, bottom row ), in agreement w ith the previous results.[20,  

23] Ac4GlcNAz w as metabolically incorporated into N-linked 

glycans and O-GlcNAc through the GlcNAc salvage pathw ay. 

Since Arabidopsis does not synthesize GalNAc-containing 

glycans, GalNAc w as probably converted to UDP-GlcNAc. 

How ever, the interconversion pathw ay remains incompletely  

know n.[48-49] The alkynyl analogs of GlcNAc and GalNAc did not 

show  signif icant metabolic labeling. Moreover, the azido analogs  

of mannose did not appear to be incorporated into N-linked 

glycans, w hich contain mult iple mannose res idues (Figure 2, 

bottom row ). 
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Figure 2. Ev aluation of azido and alky ny l unnatural sugars for metabolic incorporation in Arabidopsis roots. The 4-d-old Arabidopsis seedlings were incubated 

with DMSO f or 2 d (negativ e control f or azido monosaccharides ), DMSO f or 2 d (negativ e control f or alky ny l monosaccharides ), 200 μM Ac46AzGlc f or 2 d, 200 

μM Ac43AlGlc f or 2 d, 100 μM Ac32AzXy l f or 2 d, 100 μM Ac33AzXy l f or 2 d, 100 μM Ac34AzXy l f or 2 d, 10 μM Ac4FucAl f or 4 h, 100 μM Ac4FucAz f or 1 d, 1 mM 

Ac4RhaAl f or 3 d, 1 mM Ac4RhaAz f or 3 d, 200 μM Ac4Me8AzKdo f or 2 d, 200 μM Ac3AraAz f or 3 d, 200 μM Ac4GalNAz f or 2 d, 200 μM Ac4GalNAl f or 2 d, 200 

μM Ac4GlcNAz f or 2 d, 200 μM Ac4GlcNAl f or 2 d, 200 μM Ac36AzGlcNAc f or 2 d, 200 μM Ac44AzMan f or 2 d, 200 μM Ac46AzMan f or 2 d, or 200 μM Ac4ManNAz 

f or 2 d. The azido monosaccharide-treated seedlings were reacted with alky ne-Alexa Fluor 488 and the alkyny l monosaccharide-treated seedlings were reacted 

with azide-Alexa Fluor 488 v ia CuAAC, f ollowed by analysis with conf ocal fluorescence microscopy . The images were collected with a 63× oil-immersion objectiv e 

lens on a conf ocal microscope. Scale bar, 100 μm. 

Optimization of the metabolic labeling procedures  

 

We investigated the concentration and time dependence of the 

metabolic incorporation of unnatural sugars in Arabidopsis, by 

using Ac4FucAz and Ac4Me8AzKdo as tw o representatives 

(Figure 3A and B). The seedlings w ere treated w ith Ac4FucAz at 

varied concentrations for 1 d, follow ed by click labeling and 

f luorescence imaging. Fluorescence signal w as observable at 

the concentration of 25 μM and saturated at 100 μM. Incubation 

time-dependent f luorescence imaging show ed that labeling w as 

distinguishable from the background starting at 6 h and 

saturated at 24 h (Figure 3A). For Ac4Me8AzKdo, the 

metabolism is slightly less eff icient and slow er, w ith the obvious  

signal at concentration of 50 μM and incubation t ime of 1 d, and 

saturated signal at the concentration of 200 μM and incubation 

time of 3 d (Figure 3B). 

Global protection of the hydroxyl groups of unnatural 

sugars w ith acetylation has been w idely used to increase the 

labeling eff iciency in mammalian cells by improving cellular  

uptake.[4] The peracetylated unnatural sugars can passively  

diffuse through the plasma membrane more eff iciently.  It  should 

be noted that the uptake of some unprotected sugars may  

involve active cellular internalization pathw ays.[50] We therefore 

evaluated w hether peracetylation can improve labeling eff iciency 

of monosaccharide analogs in Arabidopsis (Figure 3C). 

Lipophilic protection increased the labeling eff iciency of both 

8AzKdo and GalNAz. The extent of improvement is more 

signif icant for GalNAz. In particular, Ac4Me8AzKdo show ed 

minimal improvement w hen the incubation time is longer than 1 

d. It is w orth noting that a recent study show ed better labeling for 

GlcNAz than Ac4GlcNAz in Arabidopsis.[23]  
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Figure 3. Optimization of the experimental conditions f or metabolic labeling 

with unnatural sugars . A) The dose- and time-dependence of Ac4FucAz 

incorporation. Seedlings were treated with Ac4FucAz at v ary ing concentrations 

f or 24 h or with 100 μM Ac4FucAz f or v ary ing durations of  time, f ollowed by 

labeling with alky ne-Alexa Fluor 488 and conf ocal f luorescence imaging. Scale 

bar, 100 μm. B) The dose- and time-dependence of Ac4Me8AzKdo 

incorporation. Seedlings were treated with Ac4Me8AzKdo at v ary ing 

concentrations f or 48 h or with 200 μM Ac4Me8AzKdo f or v arying durations of 

time, f ollowed by  labeling with alky ne-Alexa Fluor 488 and conf ocal 

f luorescence imaging. Scale bar, 100 μm. C) The seedlings were treated with 

200 μM Ac4GalNAz, 200 μM GalNAz, DMSO or 200 μM Ac4Me8AzKdo, 200 

μM 8AzKdo, DMSO f or v ary ing durations of  time f ollowed by click-labeling with 

alky ne-Alexa Fluor 488. Scale bar, 100 μm. 

 

We used the root length assay[19-2 0, 23] to evaluate the 

biocompatibility of the az ido and alkyny l sugars that can be 

metabolized by Arabidopsis. The seedlings w ere grow n on solid 

MS media for 2 d, transferred to liquid MS media containing the 

unnatural sugars, and cultured for another 5 d, follow ed by 

measurement of the root length. Except that Ac4GalNAz show ed 

moderate inhibition on root grow th, the other f ive unnatural 

sugars did not cause signif icant toxic effect (Figure 4). 

 

 

Figure 4. Toxicity analysis of unnatural sugars and labeling reagents in 

Arabidopsis. The seedlings were allowed to grow on 0.7% solid MS f or 2 d, 

and then transf erred to liquid MS (blank), MS only containing 0.2% DMSO or 

MS containing 0.2% D MSO and one of  the f ollowing reagents: 200 μM 

Ac4GalNAz, 200 μM Ac4GlcNAz, 10 μM Ac4FucAl, 100 μM Ac4FucAz, 1 mM 

Ac4RhaAl, 200 μM Ac4Me8AzKdo, 1 mM CuSO4, 1 mM CuSO4 + 2 mM 

BTTAA, 1 mM CuSO4 + 2 mM BTTPS, 1 μM dy es, 1 μM azide-Alexa Fluor 488  

+ 1 mM CuSO4 + 1 mM ascorbic acid (CuAAC mixture). The seedlings were 

cultured f or another 5 d, f ollowed by measurement of  the root length. The error 

bars represent the S.D. f rom 20 seedlings.  

 

Optimization of the click labeling procedures  

 

MGL using azido or alkynyl sugars hinges on click chemistry. 

We therefore performed several experiments to optimize the 

click-labeling procedures for Arabidopsis labeling. For CuAAC, 

increasing the concentration of CuSO4  up to 1 mM improved the 

labeling eff iciency (Figure 5A). The Cu( I) ligands BTTAA and 

BTTPS have been show n to accelerate CuAAC in mammalian 

cells.[51] We therefore evaluated them in plant labeling and the 

results show ed that they did not improve the labeling eff iciency 

in Arabidopsis (Figure 5B and S1). This is probably because the 

negatively  charged plant cell w alls repelled the negatively  

charged ligands. 

 

 

Figure 5. Optimization of the click labeling procedures. A) Labeling eff iciency 

test under the concentration gradient of copper ion. The seedlings were 

incubated with 10 μM Ac4FucAl f or 4 h f ollowed by  click-labeled with azide-

Alexa Fluor 488 under a designated concentrations of CuSO4. Scale bar, 100 

μm. B) Labeling efficiency test under the present of BTTAA ligands. The 

seedlings were incubated with 10 μM Ac4FucAl f or 4 h f ollowed by  click-

labeled with azide-Alexa Fluor 488 under a designated concentrations of 

CuSO4 and BTTAA. Scale bar, 100 μm. C) Labeling strategy  study , the 

seedlings were incubated with DMSO or 100 μM Ac4FucAz f or 24 h. Lef t group, 

the seedlings were labeled with alky ne-Alexa Fluor 488 by using copper-

cataly zed reaction. Middle group, the seedlings were labeled with DBCO-Cy 5 

by  using copper-f ree strain- promoted reaction. Right group, the seedlings 

were f irstly  labeled with alky ne-biotin, f ollowed by  BSA-blocked then treated 

with streptav idin-AF 647. Scale bar, 100 μm. D) Metabolic labeling using 

tetrazine-containing probes v ia the inv erse electron demand Diels-Alder 

reaction. The seedlings were incubated with D MSO or 200 μM Ac4GlcNCp f or 

2 d then reacted with tetrazine-Rhodamine B. Scale bar, 100 μm. 

 

 Although most unnatural sugars caused minimal toxicity in 

Arabidopsis, copper induced signif icant inhibit ion of root grow th 

(Figure 4 and S2). We therefore evaluated the strain-promoted 

azide-alkyne cycloaddition (i.e., copper-free click chemistry) for 

Arabidopsis labeling.  In agreement w ith a recently published 

study,[23] reaction of Ac4FucAz-treated seedlings w ith aza-
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dibenzocyclooctyne (DBCO-Cy5) resulted in robust labeling; 

how ever, a higher background s ignal and more intracellular  

signal w ere observed in DBCO-Cy5-labeled samples, w hich 

might be due to non-spec if ic absorption of the lipophilic DBCO-

Cy5 (Figure 5C). We also compared a tw o-step protocol in 

CuAA C labeling. The Ac4FucAz-treated seedlings w ere f irst 

reacted w ith alkyne-biotin and then stained w ith streptavidin-

Alexa Fluor 647. This tw o-step protocol resulted in a s lightly  

improved labeling eff iciency and signal-to-noise ratio. 

 In addition, w e tested the metabolic labeling using 

Ac4GlcNCp, w hich can react w ith tetrazine-containing probes via 

the invDA reaction, another bioorthogonal reaction w ithout the 

need of copper catalyst. The Ac4GlcNCp-treated seedlings w ere 

reacted w ith tetrazine-Rhodamine B and confocal f luorescence 

microscopy show ed a moderate f luorescence signal in the root 

tissues, indicating that Ac4GlcNCp is  metabolized in Arabidopsis 

w ith a relatively low er eff iciency (Figure 5D). Ac4GlcNCyoc w as 

recently show n to result in higher f luorescence labeling, w hich 

might be ow ing to higher metabolism eff iciency or faster reaction 

kinetics for the invDA reaction.[23] 

 

 

Figure 6. Metabolic f ates of Ac4FucAz and Ac4Me8AzKdo. A) Glycan extraction analysis. The seedlings treated with 10 μM Ac4FucAl f or 4 h, 100 μM Ac4FucAz 

f or 1 d, 200 μM Ac4Me8AzKdo f or 2 d or DMSO f or 2 d were harv ested and click-labeled with the Alexa Fluor 488 dy es. Af ter washed with f resh MS medium, the 

seedlings were grinded into powder and extract with water, 70% (v ol/v ol) EtOH in water, 50% (v ol/v ol) chlorof orm in methanol, 50 mM CDTA and 8 M urea f or 24 

hours. The Alexa Fluor 488 f luorescence of supernatant f rom each extraction was measured and the ratio of probe-treated to DMSO-treated f luorescence 

intensity  was calculated and normalized. B) Colocalization of  FucAz/ 8AzKdo with FucAl. Arabidopsis seedlings were incubated with DMSO, 10 μM Ac4FucAl, 100 

μM Ac4FucAz, 200 μM Ac4Me8AzKdo f or 48 h in the single labeling groups, or incubated with 100 μM Ac4FucAz + 10 μM Ac4FucAl or 200 μM Ac4Me8AzKdo + 10 

μM Ac4FucAl f or 48 h in the double labeling groups, f ollowed by  sequentially  reacted with azide-Cy 5 and alky ne-Alexa Fluor 488. Scale bars, 100 μm (zoom out 

panel) and 10 μm (zoom in panel). 

 

Metabolic fates of Ac4FucAz and Ac4-8-AzKdoMe  

 

The metabolic fate of Ac4FucAl w as previously determined by  

detection of the presence of FucAl in extraction fractions of 

various cell w all components.[19] The FucAl w as mainly detected 

in pectin RG- I.  We performed the same assay to determine the 

metabolic fate for Ac4FucAz and Ac4Me8AzKdo (Figure 6A). The 

water and ethanol fractions mainly contained small molecules  

including the non-specif ically adsorbed dyes. The chloroform 

and methanol fraction contained lipids and some proteins. CDTA  

removed Ca2 +, so that the Ca2+-crosslinked pectin components  

containing galacturonan w ere dissolved in this fraction. As 

expected, Ac4FucAz exhibited a similar extraction pattern to that 

of Ac4FucAl, indicating that they have a similar metabolic fate. 

AzKdo w as also mainly present in the CDTA fraction, confirming 

that AzKdo w as incorporated into pectins. Since Kdo has only  

been found in pectin RG- II, it is reasonable to conclude that 

8AzKdo is specially incorporated into RG-II in Arabidopsis. 

We further performed double labeling experiments to 

confirm their metabolic fates (Figure 6B). The seedlings  w ere 

simultaneously treated w ith tw o monosacchar ides, Ac4FucAl 

together w ith Ac4FucAz or Ac4FucAl together w ith Ac4Me8AzKdo. 

After sequential click reactions w ith alkyne-Alexa Fluor 488 and 

azido-Cy5, the seedlings w ere subjected to imaging by tw o-color 

confocal f luorescence microscopy. The f luorescence signals of  

Alexa Fluor 488 and Cy5 w ere nicely colocalized, supporting 

that Ac4FucAz and Ac4Me8AzKdo mainly label cell w all pectin 

components. 
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Distribution patterns of Ac4FucNAl and Ac4Me8AzKdo in the 

developmental zones of growing roots 

 

Arabidopsis roots are divided into three developmental zones—

meristematic zone, elongation zone, and differentiation zone—

according to three distinct developmental stages that new  cells 

produced from stems  cells undergo.[ 52] We previously show ed 

that new ly synthesized N-linked glycans containing the 

metabolically incorporated GlcNAz w as distributed distinctly in 

these zones, w ith signif icantly low er f luorescence labeling in the 

elongation zone.[ 20] We therefore visualized the distribution 

patterns of the metabolically incorporated Ac4FucAl and 

Ac4Me8AzKdo in the developmental zones by confocal 

f luorescence microscopy (Figure 7 and S3). In comparison to 

Ac4GlcNAz, Ac4FucAl-treated seedlings show ed an evenly 

distributed f luorescence signal along the three developmental 

zones. Ac4Me8AzKdo-treated seedlings exhibited a s imilar  

distribution pattern to Ac4GlcNAz-treated seedlings.  In the 

elongation zone, cell division stops, w hile the cells expand  

rapidly in volume by increasing their length.[53]  At the same time, 

cell w all glycans w ere vigorously synthesized and distributed. 

Our results suggest that the synthesis of different kinds of 

glycans may be differentially regulated in distinct developmental 

stages.  Of note, w e currently cannot completely rule out the 

possibility that the cells in different developmental zones have 

varied metabolic incorporation eff iciency for unnatural sugars.

 

 

Figure 7. Distribution of  newly sy nthesized gly cans in the dev elopmental zones of  growing roots  labeled by  Ac4Me8AzKdo, Ac4FucAl or Ac4GlcNAz. The seedlings 

were treated with 10 μM Ac4FucAl, 200 μM Ac4GlcNAz, 200 μM Ac4Me8AzKdo or DMSO f or 48 h, f ollowed by click-labeling. Conf ocal f luorescence images of a 

longitudinal section were collected through the root with a 63× oil-immersion objectiv e lens. Each mosaic was then constructed f rom 12 titles (10 titles f or 

Ac4Me8AzKdo) (each 246 μm × 246 μm). Scale bar, 100 μm. 

 

Conclusion 

 In summary, w e have synthesized a collection of 19 

unnatural sugar  reporters, inc luding three new  compounds  

(Ac4Me8AzKdo, Ac4RhaAz and Ac4GlcNCp) and 14 that have 

not previously been evaluated for MGL in Arabidopsis. The 

systematic evaluation and comparison of the metabolic  

incorporation of those monosaccharide reporters into root 

glycans of Arabidopsis provides a guideline for selecting 

appropr iate unnatural sugars for probing glycosylation in plants. 

The conditions for bioorthogonal labeling have also been 

evaluated and optimized in the context of f luorescence imaging 

of Arabidopsis roots. Furthermore, our results reveal that the 

biosynthesis of glycans in roots may be developmentally  

regulated, and this regulation may be glycan type-dependent. 

Expanding MGL in Arabidopsis adds a toolkit for studying 

glycosylation in plants. 

Experimental Section 

Synthesis of the new compounds: Compounds and reagents  

used in this paper and details describing the synthes is of the 

new  compounds can be found in Supporting Information. 

 

Plant materials and growth conditions: Arabidopsis thaliana 

Col-0 seeds w ere sterilized in 75% (vol/vol) ethanol aqueous  

solution for 8 min, in pure ethanol for 2 min, and dr ied under the 

reduced pressure for 30 min at 25 °C. The sterilized seeds  w ere 

deposited on solid MS [4.4 g/L Murashige and Skoog salts  

(Caisson), 1% (w t/vol) sucrose, 0.7 % (w t/vol) agar, pH = 5.72] 

plates and incubated at 4 °C in the dark for 3 d.  The plates w ere 

then moved to a greenhouse under long-day condit ions (16 h 

light/8 h dark cycles) and incubated at 22 °C for 4 d.  

 

Metabolic labeling of seedlings with unnatural sugars and 

click reaction: The 4-d-old seedlings in the plates  w ere 

transferred to 1.8 mL liquid MS medium containing 0.2% DMSO 

for 2 d as the negative control, or 0.2% DMSO w ith unnatural 

sugars (200 μM Ac46AzGlc for 2 d, 200 μM Ac43AlGlc for 2 d, 

100 μM Ac32AzXyl for 2 d, 100 μM Ac33AzXyl for 2 d, 100 μM 

Ac34AzXyl for 2 d, 10 μM Ac4FucAl for 4 h, 100 μM Ac4FucAz for 

1 d, 1 mM Ac4RhaAl for 3 d, 1 mM Ac4RhaAz for 3 d, 200 μM 

Ac4Me8AzKdo for 2 d, 200 μM Ac3AraAz for 3 d, 200 μM 

Ac4GalNAz for 2 d, 200 μM Ac4GalNAl for 2 d, 200 μM 
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Ac4GlcNAz for 2 d, 200 μM Ac4GlcNAl for 2 d, 200 μM 

Ac36AzGlcNAc for 2 d, 200 μM Ac4GlcNCp for 2 d, 200 μM 

Ac44AzMan for 2 d, 200 μM Ac46AzMan for 2 d, 200 μM 

Ac4ManNAz for 2 d) and incubated at long day condition under  

22 °C. Before labeling reactions, the seedlings w ere w ashed 

w ith fresh liquid MS medium for three times. For copper-

catalyzed reaction, the seedlings w ere incubated w ith liquid MS 

medium containing 1 μM alkyne-Alexa Fluor 488 ( Invitrogen, Cat. 

# A10267) for azido probes or 1 μM azide-Alexa Fluor 488 

(Invitrogen, Cat. # A10266)  for alkynyl probes, 1 mM CuSO4,  

and 1 mM ascorbic  acid at 25 °C in the dark for 1 h, follow ed by 

washing w ith liquid MS medium for three t imes. For copper-free 

strain- promoted reaction, the seedlings w ere incubated w ith 

liquid MS medium containing 1 μM DBCO-Cy5 (Click Chemistry 

Tools, Cat.  # A130-5) at 25 °C in the dark for 1 h, follow ed by 

washing w ith liquid MS medium for 12 h. For tw o-steps labeling, 

the seedlings w ere incubated w ith alkyne-biotin (Clic k Chemistry 

Tools, Cat. # TA105-1000), 1 mM CuSO4 , and 1 mM ascorbic  

acid at 25 °C for 1 h, follow ed by w ashing w ith liquid MS medium 

for three times. Then the seedlings w ere blocked w ith 1% BSA  

in MS medium for 1 h follow ed by three w ashes, 5 μg/mL 

streptavidin-AF 647 (Biolegend, Cat. # 405237) in MS w as used 

as a secondary tag to incubate the seedlings for an hour  

follow ed by MS w ashing overnight. For tetrazine-containing 

probes used in inverse electron demand Diels-Alder reaction, 

the seedlings w ere incubated w ith liquid MS medium containing 

1 μM tetrazine-Rhodamine B at 25 °C in the dark for 1 h, 

follow ed by w ashing w ith liquid MS medium for three times. 

 For the labeling eff iciency test under the concentration 

gradient of copper ion, the seedlings w ere treated w ith 10 μM 

Ac4FucAl for 4 h follow ed by washing w ith liquid MS medium for 

three times. Then the seedlings w ere incubated w ith liquid MS 

medium containing 1 μM azide-Alexa Fluor 488, a designated 

concentrations CuSO4  and BTTAA, 1 mM ascorbic ac id at 25 °C 

in the dark for 1 h, follow ed by w ashing w ith liquid MS medium 

for three times. 

 For lipophilic protection study experiment, the seedlings  

were treated w ith 200 μM Ac4GalNAz, 200 μM GalNAz, DMSO 

or 200 μM Ac4Me8AzKdo, 200 μM 8AzKdo, DMSO for varying 

durations of time follow ed by clic k-labeling w ith alkyne-Alexa 

Fluor 488. 

 For the dose- and t ime-dependence exper iments for 

Ac4FucAz, the seedlings w ere treated w ith Ac4FucAz at varying 

concentrations for 24 h or w ith 100 μM Ac4FucAz for varying 

durations of time, follow ed by click-labeling w ith alkyne-Alexa 

Fluor 488. For the dose- and t ime-dependence exper iments for 

Ac4Me8AzKdo, the seedlings w ere treated w ith Ac4Me8AzKdo at 

varying concentrations for 48 h or w ith 200 μM Ac4Me8AzKdo for 

varying durations of time, follow ed by labeling w ith alkyne-Alexa 

Fluor 488. 

 For double labeling exper iments, the seedlings w ere 

incubated w ith DMSO, 10 μM Ac4FucAl, 100 μM Ac4FucAz, 200 

μM Ac4Me8AzKdo for 48 h in the single labeling groups, or  

incubated w ith 100 μM Ac4FucAz + 10 μM Ac4FucAl or 200 μM 

Ac4Me8AzKdo + 10 μM Ac4FucAl for 48 h in the double labeling 

groups, follow ed by sequentially reacted w ith azide-Cy5 (Click 

Chemistry Tools, Cat. # AZ118-25) and alkyne-Alexa Fluor 488. 

 

Fluorescence microscopy and image analysis : Confocal 

microscopy of labeled seedlings w as performed on a Leica TCS 

SP8X scanning confocal microscope equipped w ith a w hite light  

laser (WLL, w avelength range from 470 nm to 670 nm) . Alkyne-

Alexa Fluor 488 and az ide-Alexa Fluor 488 w ere excited at 488 

nm by using the WLL and collected w ith a 510–535 nm band-

pass f ilter. DBCO-Cy5, azide-Cy5, alkyne-Cy5 (Click Chemistry 

Tools, Cat. # TA116-25) and Streptavidin- A F 647 w as excited at 

632 nm and collected w ith a 660–685 nm band-pass f ilter, 

tetrazine-Rhodamine B w as excited at 540 nm and collected 

w ith a 570-590 nm band-pass f ilter. The mosaic w as then 

constructed from 12 t it les (10 t itles for Ac4Me8AzKdo) (each 246 

μm × 246 μm) . The experiments w ere repeated three times (n ≥ 

20 seedlings w ere selected) and imaged using identical 

exposure settings.  

 

Toxicity analysis of unnatural sugars and labeling reagents: 

The seedlings w ere grow n on 0.7% solid MS for 2 d, and then 

transferred to liquid MS (blank), MS containing only 0.2 % 

DMSO or MS containing 0.2% DMSO and one of the follow ing 

reagents: 200 μM Ac4GalNAz, 200 μM Ac4GlcNAz, 10 μM 

Ac4FucAl, 100 μM Ac4FucAz, 1 mM Ac4RhaAl, 200 μM 

Ac4Me8AzKdo, 1 mM CuSO4,  1 mM CuSO4 + 2 mM BTTAA, 1 

mM CuSO4  + 2 mM BTTPS, 1 μM dyes, 1 μM azide-Alexa Fluor  

488 + 1 mM CuSO4 + 1 mM ascorbic acid (CuAAC mixture). The 

seedlings w ere cultured for another  5 d, follow ed by 

measurement of the root length. The error bars represent the 

S.D. from 20 seedlings.  

 

Glycan extraction analysis: The seedlings treated w ith 10 μM 

Ac4FucAl for 4 h, 100 μM Ac4FucAz for 1 d, 200 μM 

Ac4Me8AzKdo for 2 d or DMSO for 2 d w ere harvested and 

click-labeled w ith the Alexa Fluor 488 dyes. The seedlings w ere 

washed w ith fresh MS medium then grinded into pow der in liquid 

nitrogen. The pow der from about one hundred seedlings w as 

extracted in 1.8 mL w ater under vigorous rocking for an hour in 

the dark. The mash w as centrifuged under 13000 g for 5 min 

and the supernatant w as collected for analysis. Then the residue 

was sequentially treated in the same w ay w ith 70% (vol/vol)  

EtOH tw ice for an hour and 1:1 (vol/vol) chloroform/methanol 

once for an hour. The obtained alcohol insoluble residue (AIR)  

was further extracted w ith 50 mM CDTA  (trans-1, 2-

diaminocyclohexane-N, N, N’, N’-tetraacetic acid) in 50 mM 

Hepes-NaOH buffer (pH=7.5) once for 24 hour and 8 M urea in 

50 mM Hepes-NaOH buffer (pH=7.5) once for 24 hour. The 

Alexa Fluor 488 f luorescence of supernatant from each 

extraction w as measured, and the ratio of probe-treated to 

DMSO-treated f luorescence intens ity w as calculated and 

normalized by using the w ater group. The exper iments w ere 

repeated three times. 
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