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Abstract: Much of the physiology of cells is controlled by the
spatial organization of the plasma membrane and the glyco-
sylation patterns of its components, however, studying the
distribution, size, and composition of these components
remains challenging. A bioorthogonal chemical reporter
strategy was used for the efficient and specific labeling of
membrane-associated glycoconjugates with modified mono-
saccharide precursors and organic fluorophores. Super-reso-
lution fluorescence imaging was used to visualize plasma
membrane glycans with single-molecule sensitivity. Our results
demonstrate a homogeneous distribution of N-acetylmannos-
amine (ManNAc)-, N-acetylgalactosamine (GalNAc)-, and
O-linked N-acetylglucosamine (O-GlcNAc)-modified plasma
membrane proteins in different cell lines with densities of
several million glycans on each cell surface.

The glycosylation state of proteins controls their function,
localization, and stability.[1, 2] Cell-surface glycans are involved
in many cell–cell recognition processes, as well as tumor
development, and they reflect the developmental stage and
the transformation state of a cell.[3–5] Visualization of the
glycoprotein patterns in plasma membranes with regard to
diseases could thus pave the way for the development of
refined diagnostic tools.

However, until now two obstacles have impeded the
exploitation of quantitative data concerning the architecture
of membrane-associated glycoproteins: the difficulty of
selective and efficient labeling of glycosylated membrane
proteins, and the resolution limit of optical microscopy. This is
of special importance considering the existence of confined
plasma membrane compartments, that is, nanodomains or

clusters with a supposed size of 5–300 nm that are required for
subcompartmentalization and associated functions.[6–10]

Recently, the difficulty in labeling glycans by traditional
molecular and cell biology techniques has been overcome by
the introduction of a bioorthogonal chemical reporter strat-
egy termed “click chemistry”.[11]

Herein, the tolerance of mammalian cells to small
modifications of monosaccharide precursors is exploited.
Upon cellular uptake, azido- or alkyne-modified monosac-
charides are covalently incorporated by the biosynthetic
machinery into the substrates of glycosyltransferases to create
non-native glycans. Once incorporated into components of
the cell surface, these azido- or alkyne-modified glycans can
be covalently labeled with alkyne- or azido-modified fluo-
rophores, respectively, to form triazole-linked products for
the in vitro and in vivo imaging of various glycoproteins.[12–14]

In our study, we combined click chemistry for labeling and
super-resolution fluorescence microscopy for visualization of
membrane-associated glycoproteins with subdiffraction reso-
lution. For the metabolic labeling of sialic acid containing and
mucin-type O-linked glycans, we used analogues of their
biosynthetic precursors N-acetylmannosamine (ManNAc),
and N-acetylgalactosamine (GalNAc), respectively; O-Glc-
NAc-modified plasma membrane proteins were labeled by
using a GlcNAc analogue in human osteosarcoma (U2OS)
and neuroblastoma (SK-M-NC) cell lines. For subdiffraction
resolution fluorescence imaging with single-molecule sensi-
tivity, we used direct stochastic optical reconstruction micros-
copy (dSTORM).[15–17]

Since the biosynthetic machinery tolerates the addition of
chemical reporters to the N-acyl group, we fed cells with the
peracetylated monosaccharides N-azidoacetylmannosamine
(Ac4ManNAz), N-azidoacetylgalactosamine (Ac4GalNAz),
and N-azidoacetylglucosamine (Ac4GlcNAz), which are
incorporated into cell-surface glycans upon cell permeation
and deacetylation.[12–14] Ac4ManNAz and Ac4GalNAz have
been used to visualize sialic acids and mucin-type O-linked
glycans in different cell types as well as in living mice and
zebrafish.[12–14] Ac4GlcNAz is modified by the GlcNAc salvage
pathway enzymes to give uridine diphosphate (UDP)-
GlcNAz, which is used as a substrate by the intracellular
cytosolic O-GlcNAc transferase (OGT). The resulting modi-
fication with O-GlcNAc modulates signaling and regulates
protein expression, degradation, and trafficking.[12–14] O-Glc-
NAc addition is catalyzed by a recently discovered epidermal
growth factor (EGF) domain specific O-linked GlcNAc
transferase (EOGT).

In a first set of experiments, we optimized the labeling of
neuroblastoma cells with different azidoacetyl monosacchar-
ides and alkyne-bearing Alexa Fluor 647 by applying CuI-
catalyzed azide–alkyne cycloaddition in the absence and
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presence of CuI and the CuI-stabilizing
reagent Tris(3-hydroxypropyltriazolyl-
methyl)amine (THPTA). Cells were incu-
bated with 25 mm aqueous solutions of
modified monosaccharides in their culture
medium for two days and then labeled and
fixed in 4% formaldehyde with 0.2%
glutaraldehyde at 25 8C to minimize the
lateral diffusion of membrane molecules
(Figure 1, and Figures S1,S2 in the Sup-
porting Information).[18] A fluorophore
concentration of 20 mm and an incubation
time of 5 min proved to be sufficient for
efficient labeling in the presence of CuI

and THPTA (Figure 1b). Higher fluoro-
phore concentrations do not result in
higher labeling efficiencies.

The resulting dSTORM images of
Ac4ManNAz-, Ac4GalNAz-, and
Ac4GlcNAz-derivatized plasma mem-
brane proteins demonstrate substantially
improved resolution compared to wide-
field fluorescence images and reveal the localization of single
glycans homogeneously distributed over the entire basal
plasma membrane of U2OS and SK-N-MC cells (Figure 1,
Figure 2, and Figure S3 in the Supporting Information). The
use of blocking agents (e.g., bovine serum albumin) to reduce
unspecific binding of the fluorophores to the surface was not
necessary. In control experiments, the number of non-specific
localizations was found to be less than 1% (Figure S4 in the
Supporting Information). To exclude the influence of the
addition of copper ions and THPTA on the distribution of
glycoconjugates on the basal plasma membrane, we per-
formed copper-free experiments with Alexa Fluor 647 con-
jugated to dibenzocyclooctyne (DIBO) for strain-promoted
azide–alkyne cycloaddition. Furthermore, we imaged the

apical membrane of cells by dSTORM to investigate the
influence of the proximal coverslip. The resulting dSTORM
images appear identical and display homogeneously distrib-
uted glycans in the apical plasma membrane as well (Fig-
ure S5 in the Supporting Information). To extract reliable
estimates for localization densities, 12–32 cells were imaged in
all experiments and averaged data are presented (Figure 2a).
Interestingly, we do not see any characteristic glycan nano-
domains or clusters as have been identified in recent super-
resolution imaging studies of membrane proteins.[9,10, 19–21] The
calculation of Ripley�s K-function and nearest-neighbor
distance distributions only reveals characteristic clusters on
the 25 nm length scale that originate from the repeated
localization of a single fluorophores (Figure S6 in the
Supporting Information). Ripley�s K-function might indicate
some more clustering for GalNAz and ManNAz glycoconju-
gates when compared with simulated data for complete
spatial randomness. However, no characteristic length scale
could reproducibly be identified either visually or by stat-
istical analysis (Figure S6 in the Supporting Information).

Our dSTORM images further demonstrate that the
plasma membranes of neuroblastoma and osteosarcoma
cells exhibit the highest density of labeled glycans for
GalNAz glycoconjugates, with 1500–1700 localizations per
mm2, followed by ManNAz-derived glycoconjugates, with
approximately 1100 localizations per mm2 (Figure 2a).
GlcNAz glycoconjugates show the lowest density with
a peculiar dependence on the investigated cell type (Fig-
ure 2a). For neuroblastoma cells, we find on average approx-
imately 600 localizations per mm2, whereas in osteosarcoma
cells (U2OS), the density is substantially lower (Figure 2a).
While Ac4GalNAz and Ac4ManNAz modify various glyco-
proteins and glycolipids, Ac4GlcNAz modifies the extracel-
lular epidermal growth factor (EGF)-like domain of just

Figure 1. Membrane glycans of SK-N-MC neuroblastoma cells stained
through the metabolic incorporation of azido-sugar analogues followed
by copper-catalyzed azide–alkyne cycloaddition (CuAAC). a) A standard
fluorescence image (upper left corner) and a high-resolution dSTORM
image (main image) of Ac4GalNAz-treated neuroblastoma cells stained
with alkyne-bearing Alexa Fluor 647. b) Localization densities of
Ac4GlcNAz-treated neuroblastoma cells for different alkyne–fluoro-
phore concentrations. At an alkyne–fluorophore concentration of about
20 mm, the number of localizations per unit of membrane area as
determined by dSTORM becomes saturated. Scale bar: 1 mm.

Figure 2. Super-resolution imaging and analysis of cell-surface glycoproteins. SK-N-MC neuro-
blastoma cells and U2OS cells were fed with one of the reactive azido sugars (Ac4GlcNAz,
Ac4ManNAz, or Ac4GalNAz) and then visualized and analyzed by click chemistry and
dSTORM. a) Localization density of membrane-associated glycans labeled with Alexa Fluor
647 (20 mm). Error bars represent the standard error of the mean of 12–32 imaged cells.
b–d) dSTORM images of glycoconjugates in the basal membrane of SK-N-MC neuroblastoma
cells. Enlarged images of the sections in white boxes are shown in the lower panels (e–g).
Scale bars: 1 mm (b–d) and 200 nm (e–g).
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a handful of membrane proteins,[22, 23] thus explaining the
lower localization density.

To estimate the number of localizations per fluorophore,
spots with repeated localizations of isolated fluorophore-
labeled glycans were grouped by using the tracking function
of rapidSTORM.[24, 25] To ensure that only single fluorophores
were analyzed, we decreased the fluorophore concentration
to 10 nm to give a very low labeling density (< 20 localizations
mm�2). Fluorescent spots that were switched on for longer
than 10 frames were discarded from further analysis. The
remaining spatially isolated fluorescent spots were tracked
over the whole image stack (15000 frames) within a defined
area (tracking radius) to determine the number of local-
izations per spot. In order to determine the optimal tracking
radius, we varied the tracking radius between 0 and 200 nm.
By using the mean values of the resulting distributions under
saturation conditions, we extracted 2.7� 0.4 localizations per
isolated fluorescent spot (Figure 3 a and Figure S7 in the
Supporting Information). By aligning the coordinates of the
localizations for each isolated fluorescent spot to its center of
mass, we generated a 2D histogram of all localizations, which
resembles a Gauss distribution. The standard deviation of the
Gauss function fitted to the projection in the xy plane reveals
an average localization precision of 10.7� 0.1 nm (Figure 3b).

By using the value of 2.7� 0.4 localizations per isolated
fluorescent spot, we can now estimate the density of GalNAz
and ManNAz glycans on the basal plasma membrane to be
approximately 600 mm�2 and 400 mm�2, respectively. Accord-
ingly, we estimate there to be approximately 220 mm�2 and
70 mm�2 GlcNAz glycans on the basal plasma membrane of
neuroblastoma and osteosarcoma cells, respectively. With
a basal plasma membrane area of approximately 2000 mm2,
these values correspond to around 5 � 106 fluorophore-
labeled plasma membrane glycans per neuroblastoma cell
(considering all three glycan modifications and including the
apical and basal sides of the cell). Considering other studies,
in which it has been estimated that derivatives of azidoacetyl

monosaccharides replace only 4–56% of their natural ana-
logues depending on the cell line used,[26,27] the plasma
membrane of a single cell may easily contain over 10 million
glycans.[28]

To conclude, our data demonstrate that the cell surface of
mammalian cells is homogeneously covered with several
million glycans. None of the glycoconjugates form plasma
membrane clusters or nanodomains on the length scale of ten
to several hundred nanometers. Since the spatial and tempo-
ral organization and functions of all of these mammalian
glycans is diverse, super-resolution imaging methods in
combination with click chemistry hold promise for a refined
understanding of the essential cellular functions associated
with cell-surface glycans.
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