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A sugar sorting pathway directed bioorthogonal conjugation

enables continual tracking of stressed organelles

Zhongwei Xue,** Enkang Zhang,?

Abstract: Selective and continuous tracking of dynamic
organelles are crucial for modern biology. We herein reported a
ship-in-bottle strategy to tag lysosomes using strain-promoted
azide-alkyne cycloaddition to couple a pH sensor (RC) with
mannose-6-carboxylate (M6C) actively transported into
lysosomes via cell sorting. Relative to classical acidotropic
sensors prone to dissipate from lysosomes, in situ formed M6C-
RC is stably trapped in lysosomes without resort to lysosomal
acidity, exhibiting “always-on” blue fluorescence to pinpoint
lysosomes and red-to-blue fluorescence ratios indicative of
lysosomal pH. These advantages enable tracking of stressed
lysosomes and discern of lysosomal pH changes in necrosis
over apoptosis. The cell sorting-mediated bioorthogonal tagging
strategy offers a new route to track stressed organelles with
disrupted physiological organelle-probe affinity.

Fluorescence imaging aided with advancing labeling
technologies  provides unprecedented opportunities for
spatiotemporal visualization of diverse biological processes at
realms scaling from biomolecules to organelles and to whole
organisms.™ Cell fates are largely shaped by combined acti
of distinct subcellular organelles, which are often targeted
synthetic probes driven by organelle parameters su
mitochondrial potentials and lysosomal acidity.” Albei

such as loss of lysosomal acidity. Lysosomes
organelles essential to myriad cellular events inclu
cell homeostasis, and cell death.”) Abnormal
manifested in numerous pathological condition
Iysosomal pH is markedly elevated in
diseases,™ while altered lysosome positioning occurs in
metastasis.” As such, approaches capable of continual tracki
of stressed lysosomes are of use to decipher the rol
lysosomes in biology and diseases.
Herein we report a sugar
intraorganelle bioorthogonal conj
lysosomes whereby dibenzocyclooctyne
mannose-6-caboxylate ("5°°M6g) is actively

e (M6P)
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Figure 1. Schematic for lysosome imaging by a sugar sorting
pathway directed intralysosomal bioorthogonal conjugation
(SPIBC). Delivered into lysosomes by M6P sorting, "®°°M6C
reacts with “’RC via azide-alkyne cycloaddition to give M6C-RC,
which is stably trapped in lysosomes and gives pH-relevant
ratiometric fluorescence. The key shows chemical structures of
8°M6C and **RC.
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We hence prepared "®°°M6C and “*RC, which readily
combined in vitro to give M6C-RC as a mixture of two
regioisomers as evidenced by HPLC and mass spectrometry
analysis (Figure S1-S2, Supporting Information). pH titration
shows that M6C-RC and RC both display “always-on” blue
coumarin fluorescence (CM) moderately declining as pH
decreases, and acidity mediated “turn-on” rhodamine-X
fluorescence (ROX) which intensified as pH decreased (pH
6.5-4.5) (Figure 2, Figure S3, Supporting Information), owing to
proton mediated fluorogenic isomerization of rhodamine-lactam
(Figure 2A)."" " Ratiometric imaging affords enhanced accuracy
relative to single intensity fluorescence imaging.l'? The sensitive
blue-to-red fluorescence ratios of M6C-RC in pH 6.0-4.5 are

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

beneficial to monitor subtle changes of lysosomal acidity (Figure
2D).
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fluorescence. (B) CM and ROX fluorescence of M6C-RC (5
at pH 4.5-8.5 (Aex: 435 nm for CM, 590 nm for ROX). (
titration curves of M6C-RC; fluorescence emission
(Aem:605 nm) and CM (Aem:475 nm) were plotted over
dependent fluorescence ratios of ROX (lg10) to CM (l4

and punctate ROX and CM signals, which eclipsed GFP-Lamp.
in cells stained with "®°°M6C/*“RC (Figure 3A). As Lamp2-GFP

Supporting Information), valid
delivered into lysosomes o

by cells. In addition,
25C°MBC/~“RC in a
MCF-7 cells
e applicability of

variety of cell lines in
(Figure S5, Supporting In

of in situ formed M6C-RC,
with ®®°°M6C/**RC in the
a potent inhibitor of V-
lysosomes. The loss of ROX signals
1-treated cells is in line with acidity
Figure 4). By contrast, discrete CM
colocalized with GFP-Lamp2 in
cells (Figure 4, Figure pporting Information), proving
retention of M6C-RC in lysosomes is independent of lysosomal
acidity. Relative to hydrophilic “?RC, in situ generated M6C-RC
is rather hydrophilic, which could hinder diffusion across the
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lysosomal membrane and thus contribute to acidity-independent

retention of M6C-RC in lysosomes (Figure 1).
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e next prdbed the structural factors required for SPIBC. ~*RC

ne to protonation of the spirolactam to give the amide form
S3, Supporting Information), which enable acidity-
t lysosomal staining. As expected Hela cells treated
ne displayed loss of lysosome-associated
upon Baflomycin A1 treatment (Figure 4), a
characteristic of acidotropic sensors owing to
dissipation form neutralized lysosomes, highlighting the
essgntial role of "®°°M6C in SPIBC. Relative to "®°°M6C,
' C is devoid of the DBCO moiety while DBCO-conjugated
ose (°°°M) lacks the lateral carboxylate group. Baflomycin
riggered loss of *RC from lysosomes was also observed in
lls co-stained with ®™M6C or °M°°M (Figure 4), which
alidates the crucial roles of DBCO moiety and carboxylate
group of "®°°M6C in SPIBC. Likewise, cells cultivated with
PBCOMBC and azide-free RC display vanished ROX/CM
fluorescence upon Baflomycin A1-mediated lysosomal
neutralization (Figure S7, Supporting Information), validating the
dependence of the azido moiety of ~?RC for SPIBC mediated
acidity independent imaging.
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Figure 4. Acidity-independent lysosomal imaging by SPIBC. (A)
Chemical structures of *"™M6C and °®°°M as compared to
PBCOMBC. (B) Confocal microscopic images of “*RC-treated
HeLa cells that were respectively cultured with °2°°M6C,
AminopmeC, PBCOM or no addition in the presence or absence of
Baflomycin A1. Scale bar, 10 ym.

GFP-Lamp2” Hela cells were treated with chloroquine to
introduce lysosomal membrane permeabilization."? SPIBC
analysis revealed decreased colocalization of CM with GFP
(Figure S8, Supporting Information), indicative of leakage of
M6C-RC from permeabilized Iysosomes, showing that
membrane integrity is required for SPIBC-based imaging. These
results establish that the azido group of ~?RC, and M6C/DBCO
domains of "2°°M6C are prerequisites for SPIBC. SPIBC was
significantly inhibited at 4 °C relative to 37 °C (Figure
Supporting Information), supporting involvement of mem,
trafficking in transport of "®°°M6C into lysosomes by membrane
anchored MG6P receptor. In addition, we observ
dependent inhibition on SPIBC by exogenous M6P (H
Supporting Information), the natural ligand of M6P r,
competition between M6P and "®°°M6C validates |
M6P sorting in SPIBC. Given the liability of aci
leak from neutralized lysosomes, the acidity
SPIBC-based imaging offers unprecedented choices
cellular events featuring lysosomal pH elevation.

owing to loss of acidotropic dyes fro,
As such distinct approaches have been
exocytosis.'"” Shown to stain lysosomes
lysosomal acidity, SPIBC was
exocytosis. RBL-2H3 cells
stimulated with iono i
stimulating lysosom
exhibited punctate
fluorescence in the vicinity
(Figure S11, Supporting Infor
consistent with

d lysosomes

on lysosomal pH elevation
CM fluorescence show

for spatiotemporal visualization of
d lysosomal pH and positioning in

live cells.
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Deregulated cell death is a common feature of several
diseases such as cancers. Cell death occurs through a number
of distinct routes,!"® whereby lysosomes participate in distinct
cell death pathways.®> '™ Apoptosis is considered cell
autonomous and non-inflammat hereas necrosis often
leads to inflammation.”® We then ed SPIBC to image
lysosomal responses in cell death 3" (receptor-
interacting protein 3) HelLa cells treat nd human
Tumor Necrosis Factor-a
Smac/TNF/Z-VAD to trigger n
necrosis.”" Time course
forward scatter (FSC)
formation of two n
apoptosis and n
analysis and stai
S12-13, Supportin

(Figure 5a, d), owing to
by Western Blotting
ropidium iodide (Figure
ot-plots of ROX vs CM,
apoptosed cells display
r magnitudes as apoptosing
ed cells feature substantially decreased
rosing cells (Figure 5b, e). In addition,
firmed obviously declined ROX
fluorescence atios in necrosed cells relative to
necrosing cells (Figure 6). Apart from the common tendency to
loose Iyso? acidity in both cell death modalities, these

ults sho t lysosomal pH elevation is greater in necrosed
than ne¥rosing cells, but remained alike in apoptosed cells
apoptosing cells, demonstrating the utility of SPIBC to
lysosome changes in closely related cell death subtypes.
ic bioorthogonal labeling in biological systems enables
various biomolecules including glycans, nucleic

the use off sugar sorting pathway mediated intralysosomal
bioorthogonal conjugation for imaging of stressed lysosomes,
which represents a further extension of bioorthogonal chemistry
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loaded with PB°°MBC/A*RC were further cultivated with
d ™ TNF/Smac or TNF/Smac/Z-VAD before confocal microscopy
i analysis. (B) Apoptosed cells and necrosed cells were enclosed
by dotted line in the zoomed images. Apoptosing cells and
{ necrosing cells were indicated lid lines. (C) Statistical
Q i results of ROX/CM ratios were ured by confocal
7] microscopy. Error bars represent sta viation of 10
representative cells. Scale bars, 10 pm

) : In conclusion, we demons ship-in-bottle strategy to

Necrosing |= | . . .
5h | track stressed lysosomes ing pathway directed
‘ : ‘FSC bioorthogonal conjug i d into lysosomes
e through cellular undergoes strain-
ol ’ promoted azide-al h ~“RC in lysosomes. In
2l s situ formed M6C- in lysosomes without
§ : 2h, 4 resort to lysosomaNgsidi atiotemporal tracking of
g ‘ P stressed lyso i i lysosomal pH changes in
2 Red: necrosed necroptosis o ested in myriad diseases,
é ; stressed organell e often challenging to track with classical
x organelle sensors g to frequent loss of physiological
T : Apart from Vvisualizing stressed
CM fluorescence lysosomes, tentials to be adapted to other
f W necrosing cells specific organelles with the aid of cognate organelle-destined

necrosed cells

trafficking or ggrting pathways, representing a new perspective
m which tiobe organelle stress in biology and diseases.
orting Information available on experimental procedures,
al microscopy analysis of cell staining with M6C-RC,
f temperature and M6P on SPIBC, PI/Annexin-V
n blotting and cell cytotoxicity assay.
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Figure 5. Distinct lysosomal pH alteration profiles in apoftosis
and necroptosis revealed by SPIBC. RIP;" Hela cells prestained
with °®°°MBC/*“RC were cultivated with TNF/Sma
TNF/Smac/Z-VAD (B) and then monitored over ti
cytometry. Cell populations in CM vs ROX dot-plot;
gated identically as those in bivariate dot-plots of
d). Statistical results of ROX/CM ratios were
cytometry (c and f). Error bars represent standar

10000 cells.
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A sugar sorting pathway directed bioorthogonal reaction confers
acidity-independent lysosomal staining and discerns lysosomal
pH alterations in necrosis over apoptosis.
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