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Abstract: Molecular imaging of glycans has been actively
pursued in animal systems for the past decades. However,
visualization of plant glycans remains underdeveloped, despite
that glycosylation is essential for the life cycle of plants.
Metabolic glycan labeling in Arabidopsis thaliana by using N-
azidoacetylglucosamine (GIcNAz) as the chemical reporter is
reported. GIcNAz is metabolized through the salvage pathway
of N-acetylglucosamine (GlcNAc) and incorporated into N-
linked glycans, and possibly intracellular O-GIcNAc. Click-
labeling with fluorescent probes enables visualization of newly
synthesized N-linked glycans. N-glycosylation in the root tissue
was discovered to possess distinct distribution patterns in
different developmental zones, suggesting that N-glycosylation
is regulated in a developmental stage-dependent manner. This
work shows the utility of metabolic glycan labeling in
elucidating the function of N-linked glycosylation in plants.

P lants synthesize diverse glycans that are essential for their
life cycles. The cell wall, an extracellular matrix surrounding
plant cells, is mostly composed of high-molecular-weight
polysaccharides, including cellulose, hemicellulose, and
pectin."? Furthermore, glycoproteins modified with N- or/
and O-linked glycans are synthesized in plants and play
important functional roles.* Comparing to glycans in
animals, plant glycosylation has received relatively less
attention for the past several decades.!” As a result, develop-
ment of techniques for visualizing glycans has mainly focused
on animal glycosylation.” In particular, a chemical reporter
strategy based on metabolic labeling of glycans with unnatu-
ral monosaccharide analogues containing a bioorthogonal
functional group (for example, an azide or alkyne) has
emerged as a powerful method for glycan imaging and
functional studies in animal systems.'"'?! The promise of
generating renewable energy from glycan-enriched biomass
has lately sparked a growing interest in plant glycobiology."!
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The glycan labeling and imaging techniques developed in
animal systems, if can be adapted for plants, will be invaluable
for probing biosynthesis and biological function of plant
glycans.

The glycan biosynthetic pathways in plants possess many
distinct features, and a variety of unique plant glycans have
been identified.[! Therefore, evaluation of unnatural sugar
reporters in plants is critical for developing metabolic glycan
labeling methods for plants. For example, 6-alkynyl fucose
(FucAl), a fucose analogue containing an alkyne, was used to
metabolically label the fucose-containing pectin in cell walls,
and no incorporation of FucAl into fucosylated proteins was
observed.'" Distinctly, FucAl primarily labels fucosylated
proteins in mammalian cells.™® Moreover, an azido analogue
of 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo), a monosac-
charide that does not exist in animals, was recently exploited
to metabolically label pectin.'¥! Metabolic incorporation of
FucAl and azido Kdo into pectins has enabled click-labeling
and fluorescence imaging of cell walls.'*!°! However, meta-
bolic labeling of plant protein glycans has not been reported.
Herein, we report the development of a strategy for metabolic
labeling and imaging of protein N-glycans in Arabidopsis
thaliana (Figure 1).

N-linked glycosylation, the attachment of N-glycans to
asparagine residues within the N-!P-S/T (where !P is not
proline) consensus sequence of cell surface and secreted
proteins, is one of the most prominent protein posttransla-
tional modifications, which occurs in all eukaryotes.!” Plant
N-linked glycosylation has been implicated in protein quality
control, development, innate immunity, and stress
response.”> 52 With a conserved pentasaccharide core struc-
ture consisting of two N-acetylglucosamine (GIcNAc) and
three mannose residues, N-glycans are classified into three
types: high mannose, complex, and hybrid. Built on the core
structure, unique glycosidic linkages have been found in
plants, such as al,3 fucose to the asparagine-linked GIcNAc
and B1,2 xylose to mannose.”) We were interested in targeting
the core structure with N-azidoacetylglucosamine (GlcNAz)
for metabolic labeling and fluorescent imaging of Arabidopsis
N-glycans (Figure 1a).

Although metabolic incorporation of GIcNAz into cell-
surface N-glycans has been demonstrated in mammalian cells,
imaging of N-glycans is complicated by simultaneous labeling
of mucin-type O-linked glycans.”'% With a characteristic o-
linked N-acetylgalactosamine (GalNAc) attached to Ser/Thr
of cell-surface proteins, mucin-type O-glycans contain
GIcNAc on the branches. Moreover, metabolic crosstalk
between the salvage pathways of GIcNAc and GalNAc
enables interconversion between the donor sugar nucleotides,
uridine-diphosphate-GIcNAc (UDP-GIcNAc) and UDP-
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Figure 1. Metabolic labeling of Arabidopsis N-linked glycans with
Ac,GlcNAz. a) Ac,GIcNAz is fed to Arabidopsis seedlings grown in
liquid medium and incorporated into N-linked glycans through the
GlcNAc salvage pathway. The GlcNAz-incorporated seedlings are
reacted with an alkyne-containing probe via click chemistry.

b) Ac,GlcNAz (1b) diffuses through the cell wall and membrane, and
is hydrolyzed by cytosolic esterases. The resulting GIcNAz (2b) enters
the salvage pathway and is eventually converted into UDP-GlcNAz
(3b), a nucleotide sugar donor for N-linked glycosylation. In the de
novo biosynthetic pathway, GIcNAz is synthesized from fructose-6-
phosphate, and then converted into UDP-GIcNAc. GFAT, glutamine:-
fructose-6-phosphate amidotransferase; GNA, GlcN-6-phosphate ace-
tyltransferase; PAGM, phosphoacetylglucosamine mutase; GlcNAcT-
pUT, GlcNAc-T-phosphate uridylyltransferase; GNK, GlcNAc kinase.

GalNAc, as well as their azido analogues.[23] As a result, azido
or alkynl analogues of GIcNAc or GalNAc may label multiple
glycans with varied specificity. For instance, metabolic label-
ing of mammalian cells with peracetylated N-azidoacetylga-
lactosamine (Ac,GalNAz) results in azide-incorporation into
N-glycans, mucin-type O-glycans, and O-GIcNAc.”! O-
GlcNAylation, attachment of a single GIcNAc monosacchar-
ide to Ser/Thr of various intracellular proteins, occurs in
various eukaryotes.*’!

In Arabidopsis, mucin-type O-linked glycosylation does
not occur and no other GalNAc-containing glycan has been
found.”**! Notably, O-GlcNAc modification of intracellular
proteins has been identified in Arabidopsis.”***' Even if
Ac,GalNAz could be metabolically incorporated into both N-
glycans and O-GIcNAc, they would be easily distinguished by
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their distinct subcellular locations, for the purpose of click-
labeling and fluorescent imaging. In the de novo GIcNAc
biosynthetic pathway of Arabidopsis, UDP-GIcNAc is pro-
duced from fructose-6-phosphate via a series of enzymatic
steps (Figure 1b). All of the intermediates in this pathway are
phosphorylated compounds; using analogues of those com-
pounds as chemical reporters is practically cumbersome
because the negative charge hinders cellular uptake and
synthesizing phosphorylated derivatives is chemically chal-
lenging. It was not until recently that the existence of
a GIcNAc salvage pathway in plants became evident. An
lignescens (lig) mutant of Arabidopsis, which bears a mutation
in glucosamine-6-phosphate acetyltransferase (GNA), was
isolated and exhibited temperature-dependent growth defects
due to the impaired UDP-GIcNAc biosynthesis.” The
growth defects could be suppressed by adding exogenous
GIcNAc. The presence of a GlcNAc salvage pathway in
Arabidopsis was further supported by identification of
Arabidopsis GleNAc kinase (GNK), an essential enzyme for
the salvage of GlcNAc.PY Therefore, we reasoned that the
GlcNAc salvage pathway in Arabidopsis might be exploited
to convey GIcNAz into the N-linked glycans (Figure 1b).

GlcNAz was chemically synthesized and globally acety-
lated as Ac,GIcNAz to facilitate the cellular uptake.*
Arabidopsis Col-0 seedlings were incubated with 100 um
Ac,GIcNAz in liquid Murashige and Skoog (MS) mineral
medium for 48 h (Figure 1a). The GlcNAz-incorporated
seedlings were fixed with 4% paraformaldehyde, followed
by reacting with alkyne—Alexa Fluor 488 via Cu'-catalyzed
azide—alkyne cycloaddition (CuAAC, also termed click
chemistry). Fluorescence microscopy on the labeled seedlings
showed significant fluorescence in the root tissue (Fig-
ure 2a,b). In contrast, seedlings incubated with the DMSO
vehicle or seedlings that were fixed with PFA before
Ac,GlcNAz-treatment exhibited only background fluores-
cence, suggesting that GIcNAz is metabolically incorporated
into cellular glycans in the living plants. Since the alkyne-
Alexa Fluor 488 dye is membrane-impermeable, only the cell-
surface and extracellular glycans with azides might be
fluorescently labeled. Confocal fluorescence imaging
revealed that the GIcNAz-dependent fluorescence was
mainly distributed on the surfaces of root epidermal cells,
which is in agreement with the localization of the N-linked
glycoproteins  (Figure 2¢). Metabolic incorporation of
GlcNAz into N-linked glycans is dose- and time-dependent.
The discernible fluorescence labeling was achieved at
Ac,GlcNAz concentrations above 10 um (Figure 2d; Support-
ing Information, Figure S1). The GlctNAz-dependent fluores-
cence increased over time from 24 h to 72h (Figure 2e;
Supporting Information, Figure S2). Furthermore, incubation
with 200 pm Ac,GIcNAz for up to 120 h caused no significant
toxic effect on the seedling growth, as shown by the root-
length assay (Supporting Information, Figure S3).

To assay whether Ac,GIcNAz was metabolized through
the GlcNAc salvage pathway as depicted in Figure 1b, we
treated the seedlings with Ac,GIcNAz in the presence of
excess Ac,GlcNAc (Figure 3a,b). Cell-surface fluorescence
was competitively suppressed, indicating that Ac,GlcNAz is
taken up by the seedlings, hydrolyzed by intracellular
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Figure 2. Click-labeling and fluorescence imaging of Ac,GlcNAz-treated
Arabidopsis seedlings. a) Representative pictures of 4-day-old Arabidop-
sis seedlings incubated with DMSO or 100 pm Ac,GlcNAz for 48 h,
followed by fixation with 4% PFA for 30 min. The right panel shows
seedlings that were fixed by PFA before treating with 100 pm
Ac,GlcNAz for 48 h. Scale bar: 5 mm. b) Bright-field and fluorescence
images of the root tissue. The seedlings were treated as described in
(a), followed by reaction with 1 pum alkyne—Alexa Fluor 488 via CuAAC.
The images were collected with a 10x objective lens on a confocal
microscope. Scale bar: 400 um. c) Confocal fluorescence and bright-
field images of root epidermal cells in seedlings treated with
Ac,GlcNAz and click-labeled with alkyne—Alexa Fluor 488. The images
were collected with a 63 x oil-immersion objective lens on a confocal
microscope. Scale bar: 50 um. d),e) The dose- and time-dependence of
GlcNAz incorporation. Seedlings were treated with Ac,GlcNAz at
varying concentrations for 48 h (d) or with 100 pm Ac,GlcNAz for
varying durations of time (e), followed by reaction with alkyne—Alexa
Fluor 488 and confocal fluorescence imaging. The error bars represent
the S.D. from more than 60 cells. Data of those cells were collected
from six seedlings from three replicate experiments. **P <0.01 (one-
way ANOVA).

esterases, and converted into UDP-GIcNAz through the
GIcNAc salvage pathway. Moreover, we treated the seedlings
with tunicamycin, an inhibitor of N-linked glycosylation.
Significant reduction of the GlcNAz-dependent fluorescence
was observed, indicating that N-glycans were metabolically
incorporated with GIcNAz in the Ac,GIcNAz-treated seed-
lings (Figure 3 c,d). Metabolic incorporation of azides enables
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not only fluorescent imaging, but also enrichment of GIcNAz-
incorporated glycoproteins. The Ac,GIcNAz-treated seed-
lings were lysed and reacted with alkyne-biotin via CuAAC,
followed by enrichment with streptavidin beads. Western blot
analysis showed that a variety of glycoproteins were incorpo-
rated with GIctNAz and enriched through click-labeling using
the affinity tag (Figure 3e, lane 3). By performing the click
reaction in lysates, we may have labeled and enriched both N-
linked glycoproteins and O-GIcNAcylated proteins. The
enriched glycoproteins were treated on beads with PNGase
F, an N-glycan-specific endoglycosidase.”” Of note, complex
and hybrid N-glycans with a fucose al,3-linked to the
asparagine-linked GIcNAc are resistant to PNGase F cleav-
age, and therefore PNGase F treatment in Arabidopsis
releases proteins glycosylated with N-glycans containing no
fucose-modified core structure, such as high mannose type N-
glycans. Western blot analysis on the residual proteins on the
beads exhibited much less bands, which probably corre-
sponded to proteins with N-glycans containing the al,3-
linked fucose and O-GlcNAcylated proteins incorporated
with GlcNAz (Figure 3e, lane 4).

To further establish that N-linked glycosylated proteins
were metabolically labeled with GlcNAz, we subjected the
PNGase F-released proteins to gel-based proteomic identifi-
cation by tandem mass spectrometry (Supporting Informa-
tion, Table S1). A total of 102 proteins were identified, 81 of
which were previously reported N-linked glycoproteins.*3%3]
All of the identified proteins contain the consensus sequence
of N-linked glycosylation. This pilot proteomic experiment
demonstrates that GIcNAz serves as a chemical reporter for
N-glycans and may be a powerful tool for studying protein N-
linked glycosylation in Arabidopsis.

N-linked glycosylation occurs on both the cell wall-
embedded proteins and plasma membrane-bound proteins.
We sought to visualize the incorporation of GIcNAz into
these two types of glycoproteins that are distinct in location.
Pontamine Fast Scarlet 4B (S4B), a cellulose-recognizing
fluorescent dye,[SSI was used to stain the cell wall of the
seedlings treated with Ac,GlcNAz and alkyne-Alexa Fluor
488. Two-color 3D imaging showed that the GlcNAz-depen-
dent labeling not only colocalized with the S4B-stained cell
wall but also resided underneath the cell wall, which probably
corresponds to the N-glycans on the plasma membrane
(Figure 4a). Furthermore, we separated the protoplasm
from the cell wall of the labeled seedlings by inducing
plasmolysis. In this experiment, FucAl was employed as
a marker for the cell wall, since it is mainly incorporated into
pectin."l Seedlings were incubated with Ac,GIcNAz and
Ac,FucAl for 48 h, followed by sequential click-labeling of
FucAl and GIcNAz with azide-Cy5 and alkyne—Alexa Fluor
488, respectively. The labeled seedlings were then subjected
to plasmolysis in 0.8 M mannitol. GlIcNAz-dependent fluores-
cence was observed both in the cell wall and on the plasma
membrane (Figure 4b). Taken together, these data indicate
that GIcNAz can be metabolically incorporated into N-linked
glycoproteins that locate both in the cell wall and on the cell
membrane.

Since GIcNAz is metabolically incorporated, it enables
labeling and visualization of newly synthesized N-linked
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glycans during Arabidopsis development. In Ara-
wmacienaz  bidopsis roots, new cells produced by stem cells

3 undergo three distinct developmental phases

toward maturity, which defines the developmen-
tal zones of the root: division zone, elongation
zone, and differentiation zone (Figure Sa).”
Distribution of newly synthesized N-linked gly-
cans in these developmental zones was visualized
by confocal fluorescence microscopy in seedlings
treated with Ac,GlcNAz for 48h (Figure Sb).
Distinct fluorescence intensities were observed in
different developmental zones along the root

-
N

tissue. Cells in the elongation zone lose the ability

Figure 3. Metabolic fate of Ac,GIcNAz in Arabidopsis. a) Competitive suppression of
the GIcNAz incorporation. The seedlings treated with 100 um Ac,GlcNAz alone, or
together with 1 mm Ac,GlcNAc for 48 h, followed by fixation and click-labeling with
alkyne—Alexa Fluor 488. Representative fluorescence images are shown in the left
panel. Scale bar: 100 um. b) Statistical analysis of the fluorescence intensity of (a).
The error bars represent the S.D. from more than 60 cells. Data of those cells were
collected from six seedlings from three replicate experiments. **P < 0.01 (Student’s
t test). c) Inhibition of GIcNAz incorporation by the N-glycosylation inhibitor. Seed-
lings were treated with 100 um Ac,GIcNAz for 48 h in the presence of 100 ngmL™
tunicamycin. Scale bars: 100 um. d) Statistical analysis of the fluorescence intensity
of c). The error bars represent the S.D. from more than 60 cells. Data of those cells
were collected from six seedlings from three replicate experiments. **P <0.01
(Student’s ¢ test). e) Western blot analysis of the GlcNAz-labeled and enriched
glycoproteins. The Ac,GlcNAz- or DMSO-treated seedlings were lysed and reacted
with 100 pum alkyne-biotin via CuAAC, followed by enrichment with streptavidin
beads. For releasing N-linked glycans, the beads were incubated with PNGase F for
24 h. The enriched proteins were then subjected to anti-biotin immunoblot analysis.

to divide, and instead expand rapidly in volume
by increasing their length.*”! The fast cell elonga-
tion starts when cells leave the division zone and
slows down when cells enter the differentiation
zone.!! Accordingly, we observed significantly
lower intensity of GIcNAz labeling in the elonga-
tion zone, comparing to the division zone or the
differentiation zone (Figure 5b). These results
indicate that N-glycosylation may be regulated in
a developmental stage-dependent manner.

In summary, we have developed a strategy for
metabolic labeling and fluorescence imaging of
N-linked glycans in Arabidopsis using the azido-

a

AC4FUCA| AC4G|CNAZ

Figure 4. GIcNAz is incorporated into N-linked glycoproteins located
both in the cell wall and on the plasma membrane. a) Colocalization
between GIcNAz and S4B. The seedlings were treated with 100 um
Ac,GlcNAz and click-labeled with alkyne-Alexa Fluor 488, followed by
staining with 0.01% S4B for 30 min. Top panel: two-color 3D recon-
structed image of root epidermal cells. The frame size is

220 umx 220 umx 13.5 um. Bottom panel: x—z projection from the
position indicated by the red line in the top panel. Scale bar: 16 um.
b) Colocalization between GlcNAz and FucAl. Arabidopsis seedlings
were incubated with 100 um Ac,GlcNAz and 5 um Ac,FucAl for 72 h,
followed by treatment with 0.8 M mannitol for 30 min. After fixation
with PFA, the seedlings were sequentially reacted with azide-Cy5 and
alkyne—Alexa Fluor 488. Scale bars: 100 um (top panel) and 20 pm
(bottom panel).
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Differentiation Zone
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Figure 5. Distribution of newly synthesized N-glycans in the develop-
mental zones of growing roots. a) Representation of distinct devel-
opmental zones of the Arabidopsis root: division zone, elongation
zone, and differentiation zone. b) The seedlings were treated with
100 um Ac,GlcNAz for 48 h, followed by fixation and click-labeling.
Confocal fluorescence images of a longitudinal section were collected
through the root with a 63 x oil-immersion objective lens. The mosaic
was then constructed from 12 titles (each 246 umx 246 pm). Scale
bar: 100 pm.

sugar reporter, Ac,GlcNAz. Bioorthogonal conjugation of the
incorporated azides with fluorescent probes allows direct
visualization of the newly synthesized N-glycans in the root
tissue. The presence of the GIcNAc salvage pathway in
Arabidopsis is crucial to the success of metabolic labeling of
N-glycans using GlcNAz. Our results add another piece of
evidence to support the existence of GlcNAc salvage path-
way. More importantly, our strategy provides a means to
visualize the protein N-linked glycosylation in Arabidopsis
seedlings with spatial and temporal resolution.

Angew. Chem. 2016, 128, 9447 —9451
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It is likely that UDP-GIcNAZ can also be used as the sugar
donor for O-GlcNAcylation and thus results in metabolic
labeling of intracellular O-GIcNAcylated proteins. In this
work, the membrane impermeability of the fluorescent
probes was exploited to ensure specific imaging of N-linked
glycans located outside the membrane. On the other hand,
Ac,GIcNAz may potentially be exploited as a chemical
reporter for O-GIlcNAc. Although thousands of O-GlcNAc-
modified proteins have been discovered in animals, only
a handful of O-GlcNAcylated proteins have been identified in
plants.”*~? In this pursuit, it is valuable to develop methods
based on metabolic glycan labeling to profile the O-GIcNAc-
modified proteome.
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