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Tracking Surface Glycans on Live Cancer Cells with Single-Molecule
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Abstract: Using a combination of metabolically labeled
glycans, a bioorthogonal copper(I)-catalyzed azide—alkyne
cycloaddition, and the controlled bleaching of fluorescent
probes conjugated to azide- or alkyne-tagged glycans, a suffi-
ciently low spatial density of dye-labeled glycans was achieved,
enabling dynamic single-molecule tracking and super-resolu-
tion imaging of N-linked sialic acids and O-linked N-acetyl
galactosamine (GalNAc) on the membrane of live cells.
Analysis of the trajectories of these dye-labeled glycans in
mammary cancer cells revealed constrained diffusion of both
N- and O-linked glycans, which was interpreted as reflecting
the mobility of the glycan rather than to be caused by transient
immobilization owing to spatial inhomogeneities on the
plasma membrane. Stochastic optical reconstruction micros-
copy (STORM) imaging revealed the structure of dynamic
membrane nanotubes.

A plethora of evidence suggests that aberrant alterations in
two major types of glycans on membrane proteins, that is, the
N-linked and O-linked glycans, are involved in many major
human diseases."? For example, increased levels of mucin
glycoproteins have been found in malignant tumors of the
breast, ovaries, and pancreas, and altered sialylation has been
associated with increased metastatic potential,’! but the link
between the altered dynamic behaviors of these cell-surface
glycoconjugates and cancer remains obscure.
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Although technical advances in glycoscience and chemis-
try have enabled the characterization of global changes in
glycosylation patterns in isolated serum glycoproteins from
human patients” and in model organisms (e.g., zebrafish
embryos),”! only the dynamic behavior of an ensemble of cell-
surface glycosylated molecules has been characterized.®”
The vast majority of studies, however, still utilize labeled
antibodies and lectins, which can alter the dynamic behavior
of the labeled molecules and thus compromise the accurate
characterization of their lateral motion.

Herein, we combine metabolic glycan labeling and a bio-
orthogonal copper(I)-catalyzed azide—alkyne cycloaddition
(CuAAC), a quintessential click reaction,®™ with super-
resolution single-molecule tracking to unravel the dynamics
of N-linked sialic acids and O-linked GalNAc on the
membrane of live cells. Using the method pioneered by
Reutter and Bertozzi,”!®'!l we hijacked glycan biosynthetic
pathways to incorporate a monosaccharide functionalized
with a bioorthogonal chemical tag (i.e., azide or alkyne) into
cell-surface glycoconjugates. As the Bertozzi copper-free
click chemistry can only be used to detect the azide-tagged
glycans,'!! we have applied the super-sensitive and biocom-
patible CuAAC that was developed by the Wu group to
introduce fluorescent probes to both the azide- and alkyne-
tagged glycans in live cells.”)

The essence of the experimental approach is to implement
total internal reflection fluorescence microscopy (TIRFM)
with short laser excitation pulses (typically 0.5 ms—200 ms)
that are synchronized with the user-defined exposure time of
the detector such that fast moving fluorophores are detected
without blurring." To assure a spatial distribution of
fluorescent molecules that is low enough to minimize overlap
of diffusing single molecules, we generally bleach the initially
high density of fluorescent probes conjugated to cell-surface
glycans. Subsequently, we are able to track single molecules
and analyze the individual trajectories. A large mobile
fraction of labeled glycans enables bleached regions to
become repopulated with fluorescent molecules, thus provid-
ing the option of implementing repeated cycles of bleaching
and tracking. Furthermore, our labeling scheme, which is
based upon the use of red cyanine dyes, has also enabled us to
implement a strategy for super-resolution imaging using
stochastic optical reconstruction microscopy (STORM),!!
which we demonstrate in live HeLa cells with numerous
“microfibrils”.

We used several measures to characterize the results of
our single-molecule tracking experiments. The basis for this
analysis is a calculation of the square displacement of each
molecule in the transverse plane during the measurement
time. We then determined the mean square displacement
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(MSD) and the cumulative distribution function (CDF). A
linear scaling of the MSD with time revealed diffusive
Brownian motion, whereas a sublinear scaling of the MSD
implied anomalous subdiffusion. Subdiffusion in biological
systems is often associated with constrained protein diffusion
in the plasma membranel*!! or transient immobilization.™!

We interpreted our observations of anomalous subdiffu-
sion of surface glycans in cancer cell lines with distinct
metastatic potentials as arising from diffusion under a confin-
ing potential (see the Supporting Information).'! This
damped Brownian motion models the linear scaling of the
MSD at short times and its ultimate saturation.'*'® The CDF,
which describes the probability of finding a molecule within
a given radius from the origin, provides additional informa-
tion to determine if the probability is governed by the
Gaussian statistics of a single population of Brownian
walkers! or if the behavior is anomalous. The unprecedented
spatial and temporal resolution of the movement of surface
glycans that we have achieved enabled the characterization of
the variation of the CDF for N-linked sialic acids and
O-linked glycans with the metastatic potential of a cell.

To label cell-surface mucin-type O-glycans and sialylated
glycans with fluorescent tags, we cultured two mouse mam-
mary carcinoma cell lines, PyMT®” and its highly metastatic
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variant Met-1,”! in medium supplemented with either
peracetylated N-azidoacetylgalactosamine, Ac,GalNAz?
(which is metabolized and installed on mucin-type O-linked
glycoproteins by the polypeptide N-acetyl-a-galactosaminyl
transferase), or peracetylated N-(4-pentynoyl) mannosamine,
Ac,ManNAI®! (Figure 1A,B). In a second step, cells were
reacted with either an alkyne or azide bearing Alexa Fluor in
the presence of the biocompatible BTTPS/Cu' catalyst,”
typically for less than three minutes, enabling the fluorescent
tagging of the membrane glycoconjugates. The labeling
specificity was verified by confocal microscopy (Supporting
Information, Figure S1). Western blots suggest that owing to
our short reaction times, the probes were predominately
installed into sialic acids of N-linked glycoproteins (Fig-
ure S2) and not into glycolipids (Figure S3).

To reduce the initially high spatial density, we introduced
a series of controlled excitation pulses (either a brief burst of
strong excitation or a series of shorter, weaker pulses) to
bleach some of the molecules (Figure S5 and S6, Movies S1
and S3).

Images of N-linked sialic acid in Met-1 and PyMT cells,
metabolically labeled with Ac,ManNAl and conjugated with
Alexa Fluor 647 azide or Alexa 488 azide, are shown in
Figure 2. The boundary of the membrane and membrane-
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Figure 1. Imaging surface glycans using metabolic labeling and detection with CuAAC-based click chemistry. A) Metabolic labeling of sialylated
glycans with Ac,ManNAl leads to the incorporation of the alkyne-bearing sialic acid (SiaNAI) into the peripheral position of both N- and
O-glycans. B) Metabolic labeling of mucin-type O-glycans with Ac,GalNAz by the GalNAc salvage pathway leads to the incorporation of the azide
tag into the core GalNAc. CuAAC is used to conjugate a probe to this position.

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2015, 54, 1765-1769


http://www.angewandte.org

Figure 2. The imaging of sialic acid in cancer cells highlights the
dynamic plasma membrane. A, B) Images of N-linked sialic acid
tagged with Alexa 647 on the surface of Met-1 cells obtained after
bleaching the initial majority of cell-surface molecules and excitation
with 2 ms (A) and 50 ms (B) pulses (scale bars: 20 pm and 10 um).
C) PyMT cell (clicked with Alexa 488 azide) presented as a maximum
projection of intensities acquired from a series of 3000 frames
obtained with a 10 ms laser pulse per frame and 20 ms intervals
between frames. D) Met-1 cell tagged with Alexa 647 acquired with

a series of 1 ms excitation pulses spaced at 2 ms intervals; two small
vesicles (red and blue) in the cell and a single molecule on the glass
(green) are visible. E) Intensities of the two vesicles in (D) as a function
of time after excitation with 1 ms pulses every 2 ms (red and blue);

a single molecule on the glass undergoes rapid photobleaching
(green). Scale bars: 20 um (C and D).

tunneling nanotubes were observed;**?% these nanotubes are
a persistent feature of metastatic cells (Movies S1-S3). The
bright border region in the maximum intensity projection of
Figure 2C (ca. 1.2 ym in width) is particularly pronounced.
Dynamic tracking of single molecules (Movies S1 and S2)
clearly indicates highly mobile glycans. By contrast, fluores-
cently labeled sialylated glycans can aggregate in endocytic
vesicles (Figure 2D), which are relatively immobile, have
a broad size distribution, and are resistant to photobleaching;
indeed, we have observed that the fluorescence in a vesicle
can increase (e.g., Figure 2E, red trace).

We tracked hundreds of diffusing single molecules for
hundreds of frames and analyzed the individual trajectories of
the cell-surface glycans. Figure 3 shows the MSD and CDF
curves obtained for sialic acid in PyMT and Met-1 cells (blue
and red, respectively) and GalNAc in these cell types (green
and orange, respectively). Glycans appear to move freely for
short time lags (Figure 3A), but the initial linear scaling
saturates as they sense constrained diffusion at longer times.
The slope of the linear portion of the MSD yields the
probability density distribution of diffusion constants for
a population of freely diffusing molecules (see Figure S7 for
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Figure 3. MSD and CDF curves for N-linked sialic acid and O-linked
GalNAc glycans. A) MSD plots for the diffusion of sialic acid in PyMT
and Met-1 cells (blue and red, respectively) and GalNAc in PyMT and
Met-1 cells (green and orange, respectively). Fits to the MSD (—)
assuming a confining harmonic potential model with the parameters
given in Table 1. B) CDF for sialic acid and GalNAc in PyMT cells (blue
and green, respectively) and in Met-1 cells (red and orange, respec-
tively); fits to CDF (——) are based upon a two-component model and
the values in Table 2.

histograms of the probability density of the MSD for freely
diffusing glycans).

We modeled the observed anomalous diffusion assuming
that molecules behave as Brownian walkers that experience
a frictional force with coefficient y and are confined by
a harmonic potential, U(r) :kT'z, with stiffness k (see the
Supporting Information).'*'® The best fits obtained using
this model are shown in Figure 3 A, and the parameters are
found in Table 1; the residual errors in these fits are shown in

Figure SO A.

Table 1: Spring constant and friction coefficients.

Tagged glycan (cell type) k[uNm™] y [Pasum]
sialic acid (PyMT) 0.017 0.004
sialic acid (Met-1) 0.018 0.007
GalNAc (PyMT) 0.07 0.009
GalNAc (Met-1) 0.05 0.01

The CDFs were poorly fit by a single exponential,
indicating that the diffusion is not governed by the motion
of a population of molecules moving with a single diffusion
coefficient (see the Supporting Information). Therefore, we
fitted the data using an alternative model that is based upon
two-component mobility with slow and fast components, o,
and a,, and diffusion constants D, and D,; a, ~ 1 corresponds
to normal diffusion with constant D, (see the Supporting
Information).">'>?) The solid lines (Figure 3B) are fits
obtained with this model; the corresponding parameters are
shown in Table 2 and the residual errors in these fits in
Figure S9B.

Table 2: Values of a and diffusion constants.

Tagged glycan (cell type) a D, [pm?s7'] D, [um?s™]
sialic acid (PyMT) 0.71 0.13 1.15
sialic acid (Met-1) 0.63 0.11 0.58
GalNAc (PyMT) 0.72 0.09 0.91
GalNAc (Met-1) 0.55 0.06 0.24
www.angewandte.org
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Aside from tracking the dynamics of single molecules, we
were also able to superpose the images of hundreds of single
molecules and obtain super-resolution images as a function of
time. Furthermore, we have used our labeling scheme, which
is based upon red cyanine dyes, to implement a strategy for
super-resolution imaging using STORM in live cells. HeLa
cells metabolically labeled with Ac,ManNAI and conjugated
with Alexa Fluor 647 azide are shown in Figure 4. A single

Figure 4. STORM imaging of sialic acid in Hela cells. Hela cells were
metabolically labeled with Ac,ManNAI and conjugated with Alexa Fluor
647 azide. A) Single STORM image (100th frame) from a sequence.

B) STORM image produced from 480 consecutive frames. The 130021
detected molecules are displayed by a Gaussian with a standard
deviation equal to the localization precision. The color bar represents
the integrated fluorescent intensity of each molecule. Scale bars:

10 pm.

image from a series of 480 images was obtained using
a sequence of 405 nm light (10 ms) followed by excitation
with 637 nm light (30 ms; Figure 4 A, see also the Supporting
Information). Figure 4B shows the corresponding STORM
image produced from 130021 detected molecules; the cent-
roid of each is displayed by a Gaussian with a standard
deviation that was determined from the localization precision.
The mean localization error is 37 nm:?¥ a larger version of
Figure 4B is provided in Figure S10. The STORM approach
enabled the controlled super-resolution imaging of mem-
brane structures and thin nanotubes in live cells.

The delineation of membrane nanotubes using either our
single-molecule tracking method (Figure2) or STORM
imaging (Figure 4) has enabled the direct visualization of
the dynamic movement of glycans on the surface of these fine
structures. This work complements prior nanotube visual-
ization strategies using direct membrane labeling with lip-
ophilic dyes and indirect measurements using labels for actin
and intracellular organelles.”**! Although lipid-containing
photoswitchable probes have enabled membrane imaging
with STORM,® and the transfer of intracellular cargo
between cells along nanotubes has been observed, our live-
cell imaging can track dynamic changes in nanotube mor-
phology and the transfer of surface glycans between cells
(Movies S1-S3). Furthermore, our dynamic tracking and live-
cell STORM imaging, as compared to fixed-cell imaging of
glycans using dSSTORM,P can be used to directly distinguish
between static clusters of glycans and mobile, diffusing
glycans. Many of the features in Figure 4B may appear

www.angewandte.org
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suggestive of static clusters, but we are able to conclude that
these represent dynamic glycans.

The application of single-molecule tracking to quantify
the movement of proteins in the plasma membrane has
revealed a rich behavior, including anomalous diffusion
owing to confinement or immobilization.!'*!*! There are two
key factors, however, that contribute to the mobility of single
fluorescent molecules on labeled glycans: the mobility of the
glycan and the mobility of the protein. Furthermore, the
movement depends upon the location of the fluorescent
molecule on the particular glycan (i.e., whether the probe is in
arigid or flexible part of the glycan) and upon how the density
of the glycoproteins on the cell surface affects the polymer
brush. Our MSD and CDF measurements provide informa-
tion that capture these complex dynamics.

The CDFs that we have measured for both sialic acid and
GalNAc (in two cell types) are poorly fit with a single
diffusion constant, which suggests that the motion is not
normal Brownian diffusion. Instead, the CDFs are best fit by
assuming a two-component mobility, which provides evidence
of anomalous diffusion. As these two-component fits
(Table 2) share a common slow diffusing component (ca.
0.1 um*s™'), but differ mainly in their fast diffusion compo-
nent, we interpret the slower component as representing the
lateral diffusion of the protein in the plasma membrane and
the fast component as representing the diffusion of the
fluorescent molecule on the glycan.

We have determined that the MSD for glycans is linear
when they are observed over short times and that it reaches
a saturation value over longer time periods. The linear portion
is suggestive of Brownian motion, and the saturation indicates
damped diffusion in a confining harmonic potential that
reflects the glycan structure. Consistent with this model, the
data indicate that the spring constant for N-linked sialic acid
is several times weaker than for GalNAc in both cell types,
suggesting that N-linked sialic acid is less constrained
(Table 1).

Furthermore, the distribution of diffusion constants
calculated from the linear, freely diffusing portion of the
MSD (Figure S7) indicates that the diffusion is skewed
towards faster values for N-linked sialic acid relative to
GalNAc in both cell types. The faster motility of sialic acid
may further reflect its position at the non-reducing terminal
position of N-linked glycans attached by galactose by a2,3- or
02,6-linkages; compared with GalNAc, which is a core
residue attached to the polypeptide backbone, sialic acid
should move more freely.

Significantly, the data suggest that N-linked sialic acid
diffuses more slowly (by a factor of two) in cells that have
a high metastatic potential as compared to cells with a low
metastatic potential, and O-linked GalNAc appears to diffuse
nearly three times more slowly in Met-1 than in PyMT. We
speculate that the observed slower diffusion of glycans on the
surface of cells with higher metastatic potentials may reflect
the increased crowding of the tethered polymers.*'¥ Cur-
rently, we are using mass spectrometry to analyze the glycan
structures from the two cell lines to determine if this is
specifically related to the size of the glycan structures or
a possible increase in overall sialylation.?**!
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We conjecture that there may be regions on some cell
surfaces, in particular in regions with pronounced galectin
binding® and near integrin adhesions, where local spatial
averages will not yield the same result as the MSD calculated
from temporal trajectories. As cell-surface glycans, which act
as sensors of the extracellular matrix, are considerably longer
than integrins, the formation of adhesions likely requires local
glycan clearance by a combination of mechanisms, involving
lateral movement, endocytosis, and shedding.F”*! We expect
such processes to have a significant impact on the movement
of glycans in the vicinity of adhesions and in particular for the
tracking of sialic acids on single proteins such as integrins,
which have been shown to undergo constrained diffusion with
diffusion constants and confinement radii that depend upon
whether the integrin is within or outside of adhesions.”*”

Our data also demonstrate that the imaging of surface
glycans in live cells can provide superb detail regarding the
morphology of the plasma membrane. One limitation of our
metabolic labeling approach coupled with bioorthogonal
chemistry, however, is that all glycans on the cell surface
containing the tagged monosaccharide building blocks are
labeled. Accordingly, glycoforms of a specific protein target
cannot be uniquely detected. To overcome this limitation, we
are currently implementing a double labeling strategy that
combines our glycan labeling techniques with recently
developed site-specific protein labeling techniques to enable
the imaging of sialylated glycans of a specific membrane
protein such that we will be able to simultaneously track the
movement of the protein in the membrane and the differ-
ential movement of the tethered glycan."”
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