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We report the first account of metabolically labelling N-acetylglucosamine, in conjunction with either N-acetylgalactosamine or N-
acetylmannosamine using a combination of isonitrile- and azide-based chemistries. With the appropriately labelled fluorescent probe
molecules, that react with either the azido or isonitrile groups, the method enabled co-visualisation of cancer cell glycoproteins.

with strained cyclooctynes.® Cyclopropenes and alkenes, on the
Introduction so other hand, can react with tetrazines.®® We recently reported the
incorporation of primary isonitrile sugars into cell surface
glycoproteins and the subsequent detection of the latter by
tetrazines, via[4+1] cycloaddition.?*?®
Recently it has been shown that the cyclopropene-tetrazine and
ss dkene-tetrazine reactions are bioorthogona to the widely used
azide-akyne click chemistry. This enabled simultaneous
visualisation of two metabolically labelled sugars on cell
surfaces.®? In these two accounts of dual sugar labelling N-
acetyl mannosamine was the monosaccharide bearing the
cyclopropene’® or akene® tag. As with per-acetylated N-
azidoacetyl mannosamine (Ac;ManNAZz),® these non-natural
mannosamine derivatives are incorporated into cell surface
glycoproteins as modified termina siadic acids. The modified
siaic acids were then detected using a fluorescent tetrazine. Dual
es sugar metabolic labelling was achieved by using these
mannosamine derivatives in conjunction with per-acetylated N-
azidoacetyl galactosamine (Ac,GalNAz) 3192
We wanted to explore whether we could use our newly
developed isonitrile-tetrazine metabolic labelling chemistry to
70 perform  dua-glycan labelling on cancer cells. We have
demonstrated that primary isonitrile derivatives of both
mannosamine (Ac;ManN-n-1so) and glucosamine (Ac,GIcN-n-
Is0) are incorporated into cell surface glycoproteins, making them
valuable tools for dual metabolic labelling studies. Importantly,
the isonitrile derivative of glucosamine that we have recently
introduced is the first example of a glucosamine analogue that
shows good metabolic incorporation into cell surface
glycoproteins.?® It has been reported that per-acetylated N-
azidoacetylglucosamine (Ac,GIcNAZz) shows poor metabolic
g0 labelling, which was thought to be due to low tolerance of
glycosyltransferases for GIcNAz in the N-acetyl glucosamine
salvage pathway.?” Labelling cell-surface N-acetyl glucosamine
residues in the core of O-linked and N-linked glycans in parallel
to sidic acid or galactosamine (via the azido-alkyne biorthogonal
ss chemistry) could give new insights into the dynamics of cell
surface glycosylation. Unlike N-linked glycosylation where
proteomic and enrichment methods have been available, O-linked
glycosylation remains challenging to study.?®?°

Glycans are complex biological macromolecules that decorate
the cell surface in the form of glycoproteins or glycolipids. They
play key roles in cell adhesion, proliferation and intracellular
signaling. It has long been known that glycans aso influence
tumour progression, invasion and metastasis.® In this context,
changes in cell surface glycosylation influence the way cancer
cells interact with the extracellular matrix, neighbouring cells and
the epithelium of the target organ, during metastatic invasion.™
One of the key players in cancer progression is thought to be the
monosaccharide sidic acid, which caps the end of O- and N-
linked  glycoproteins®  Certain  siayltransferases  are
overexpressed in colorectal and breast cancers, increasing the
total content of sialic acid on the cell surface.* High levels of
siaic acid have been correlated with metastatic disease and poor
prognosis.>® Imaging glycosylation may therefore be of clinical
value in this context. We have recently shown the use of small
molecular probes for imaging glycosylation in vivo, with contrast
achieved in tumours and other highly glycosylated tissues.”

Studying glycosylation remains challenging due to the
complexity of the glycome.? Metabolic glycan labelling has been
a powerful tool for labelling cell surface glycans in vitro and in
vivo.” In this method, cells are fed with a non-natural
monosaccharide carrying a small, inert chemical reporter group.
This monosaccharide is then internalised by the cells and
accepted by the biosynthetic machinery of glycoprotein synthesis
in the Golgi and Endoplasmic Reticulum (ER). These modified
glycoproteins are then presented on the cell surface. The azide
group has been the most widely used reporter group due to its
chemical stability, small size and bioorthogonal reactivity with
akynes and Staudinger phosphines.’>'* Other chemical reporters
used for metabolic labelling include: akynes,®* ketones
thiols® cyclopropenes’®® and alkenes® We have recently
shown that the isonitrile group can also be used as a novel
chemical reporter group for glycan metabolic labelling.?

Azides incorporated in cell surface glycoproteins can be
detected using either the Staudinger ligation,® the copper
catalysed [3+2] cycloaddition with akynes (with biologicaly
compatible catalysts)®* or the copper-free [3+2] cycloaddition
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Fig. 1. Dual-sugar metabolic labelling with Ac,GlcN-n-Iso and Ac,GalN-Az on LL2 cancer célls.

Results and Discussion

We investigated various isonitrile and azido sugar
s combinations for metabolic glycan labelling of Lewis Lung
Carcinoma (LL2) cells. Detection of isonitrile-modified surface
glycans was achieved using a two-step approach, whereby a
biotinylated tetrazine (Tz-biotin, see ESI") was reacted with
tumour cells, followed by detection with a green fluorescent
w neutravidin (NA488).% This two-step approach enabled higher
signal-to-background ratios (SBRs). The azido sugar, on the other
hand, was detected using a far-red fluorescently-labelled strained
cyclooctyne, tetramethoxydibenzocyclooctyne (TM DIBO-647).%
Our previous work showed the bioorthogona nature of the
s isonitrile group as wel as the orthogondity of the
isonitrile/tetrazine reaction to the commonly used alkyne-azide
chemistry under physiological conditions.?? Fig.1 illustrates the
dual-sugar labelling strategy for Ac,GalN-Az and Ac,GlcN-n-1so
(the same strategy was used for the other sugar combinations).
Various monosaccharide combinations were tested and
labelling was assessed by flow cytometry. LL2 cells were seeded
a 2 x 10* cells cm? and incubated for 24 hours prior to sugar
addition. Cells were then treated with either solvent vehicle
(DM SO, <0.25% v/v in buffer) or an isonitrile sugar (200 uM) in
25 combination with an azido sugar (50 uM). Single sugar controls
were also used to compare dua sugar labelling SBRs with single
sugar labelling. Cells were then incubated for a further 24 hours.
Upon harvesting, cells were treated with Tz-biotin (200 uM) and
TMDIBO-647 (10 uM) for 30 mins at 37 °C followed by washes
2 (3x) with cold FACS buffer (see ESI" for details). The cells were
then incubated with NA488 for 15 mins, and washed again (2x).
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Fig. 2. Flow cytometry results for various isonitrile and azido sugars combinations.
SBRs: Signal-to-Background ratios (vs. control: cells treated with DMSO vehicle,

35 <0.25% v/v). White bars = red channel (azide); grey bars = green channel
(isonitrile). Error bars represent standard deviation of three repeats, 20 000 events
per repeat. A) Ac,GalN-Az and Ac,GlcN-n-1so single-sugar controls and combined.
B) AcsGalN-Az and AcsManN-n-Iso single sugar controls and combined. C)
AcsManN-n-1so and AcsManN-Az (both 200 puM): single sugar controls and

40 combined. D) Red and green channel scatter plot comparing controls and dually
labelled cells for Ac,GalN-Az and AcsManN-n-1so. *P<0.05, differences between
SBRs were significant, two-tailed t-test.
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A cell-death marker (DAPI) was added to the fina cell
suspension (3.60 pM), prior to flow cytometry. Median
45 fluorescent intensities (MFIs) were recorded for both the far-red
and blue channels. Signal-to-background ratios (SBRs) were
calculated from the ratios of the MFls for single sugar and double
sugar treated cells to the MFIs of cells treated with solvent
vehicle aone (Fig. 2A,B). The SBR values show efficient dual
so sugar labelling for the Ac,GalN-Az / Ac,GIcN-n-1so (Fig. 2A)
and Ac,GaN-Az / Ac;ManN-n-Iso (Fig. 2B,D) combinations.
Ac,GlcN-n-1so generated lower cell labelling than Ac,ManN-
n-1so (SBRs for single-sugar controls 6.7 + 0.5 and 10.5 + 0.2
respectively), in accordance with our previous results.?? In the
s5 case of dual labelling, there was a clear decrease in SBR values
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for the azido sugar Ac,GalN-Az compared to the single sugar
control (149 + 1.3 vs. 204 + 1.8, P = 0.0002, 2-tailed t-test).
Furthermore, the isonitrile labelling ratios decreased dightly in
the presence of N-azidoacetylgadactosamine (Fig. 2A,B),
potentially due to the growth inhibiting properties of isonitrile
sugars® and/or possible competition between the sugars.

To investigate whether ManN-n-1so competes with ManN-Az
in the sidic acid biosynthetic pathway, LL2 cells were treated
with the same concentration of both sugars (200 uM) prior to
10 labelling and flow cytometry analysis, Fig.2C. In the dua sugar

labelling scenario, the azido sialic acid labelling did not change

whereas the isonitrile sialic acid labelling decreased. ManN-Az
seemed to be dlightly favoured over ManN-n-Iso as a substrate
for glycan synthesis. It was aso observed that the azido sidic
15 acid labelling was not affected by the presence of Ac,GIcN-n-Iso
(see Fig S2"). This observation suggests that decreases observed
in dual-sugar SBRs are not solely due to cell growth inhibition by
isonitriles. However the high concentration of Ac;,ManNAz used
in Fig. 2C (200 puM instead of the 50 pM used in the other
0 experiments) had little effect on the extent of ManN-n-lso
labelling, so it seems there is not much direct competition
between the precursors.
In order to visualise cell labelling and to investigate the
influence of the probes on MFI vaues, quantitative
25 epifluorescence microscopy was carried out with the Ac,GalN-

Az / AcsManN-n-1so combination as these two sugars showed the

highest labelling of LL2 cells. The nuclear stain DAPI was used

to distinguish individual cells. A lower concentration of

TMDIBO-647 probe (5 uM) was used so that SBRs for both
30 sugars would be in the same range, facilitating comparison of

fluorescence intensities. Green and far-red fluorescence were

visualised on cell membranes of cells incubated with both sugars.

The labelling of both sugars seemed to colocalize, as can be seen

on the overlay of both colour channels (see Fig.3A). In addition,
35 cells incubated with both sugars were labelled with various probe

combinations to investigate whether the presence of both the
tetrazine and the strained cyclooctyne during the 30 min
incubation affected the extent of labelling. Individual green and
red MFI values per cell are dightly higher for controls with single
40 probes in comparison to cells treated with both Tz-biotin and
TMDIBO-647, but were within the standard errors (see Fig. S5').

Finally, confocal microscopy was used to visualise dua
labelled LL2 cells with Ac,GIcN-n-1so as the isonitrile sugar.
There has been no previous account of visualising metabolically
incorporated N-acetylglucosamine in conjunction with N-acetyl
galactosamine or N-acetyl mannosamine. Cells were first
incubated with Ac,GIcN-n-1so and Ac,;ManN-Az for 24 hours,
prior to labelling and fixing for microscopic visualisation. In the
case of Ac,GlIcN-n-1so and Ac;ManN-Az (Fig. 3B), Ac,GIcN-n-
s Iso showed homogeneous labelling of the cell surface whereas

Ac,;ManN-Az, which is presented as azido-sialic acid on the cell
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Fig. 1. Epifluorescence (A) and confocal microscopy (B-C) of dually labelled LL2

cells. A) Epifluorescence microscopy of AcsManN-n-1so/Ac,GalN-Az treated cells.

55 B) Confocal microscopy of AcsGlcN-n-1so/AcsManN-Az treated cells. C) Confocal

microscopy of Ac,sGlcN-n-1so and Ac,GalN-Az treated cells. Far-red channel= azido

sugars. Green channel= isonitrile sugars. Scale bars: 30 pm (A) and 10 pm (B-C).
See Fig.S67 for control cells treated with DMSO vehicle,<0.25% v/v).

surface, appeared to show maximal labelling at the cell-cell
eo junctions. The Ac,GlcN-n-Iso and Ac,GalN-Az combination
(Fig. 3C) showed similar distribution of both labelled sugars.

Conclusions

In conclusion, we have demonstrated that our recently devel oped
isonitrile labelled sugars can be used in conjunction with

s conventional azido sugars for dual metabolic labelling of cancer
cells. For the first time, cell surface azido galactosamine and
azido sidic acid could be visudised in parale to isonitrile-
labelled glucosamine. We propose this simultaneous two-colour
cell-labelling platform as a valuable tool for dynamic live-cell

70 glycan imaging applications and for cell surface glycomics and
analytical studies.
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