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

F luorescence imaging aided by advancing labeling technol-
ogies provides unprecedented opportunities for spatiotempo-
ral visualization of diverse biological processes in realms
ranging from biomolecules to organelles and to whole
organisms.! Cell fate is largely shaped by the combined
activity of distinct subcellular organelles, which are often
targeted with synthetic probes driven by organelle parame-
ters, such as mitochondrial potential and lysosomal acidity.”!
Although widely used, these probes are prone to dissipate
upon organelle stress, such as loss of lysosomal acidity.
Lysosomes are acidic organelles essential to myriad cellular
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events, including immunity, cell homeostasis, and cell death.F!
Abnormal lysosomes are manifested in numerous patholog-
ical conditions.! For example, the lysosomal pH value is
markedly elevated in lysosomal storage diseases,”’ whereas
altered lysosome positioning occurs in cancer metastasis.!
Therefore, approaches capable of continual tracking of
stressed lysosomes would be useful to decipher the roles of
lysosomes in biology and diseases.

Herein we report sugar-sorting-pathway-directed intra-
organelle bioorthogonal conjugation (SPIBC) to tag lyso-
somes, whereby dibenzocyclooctyne (DBCO)-appended
mannose-6-caboxylate (PP“°M6C) is actively transported
into lysosomes through an endogenous mannose-6-phosphate
(M6P) sorting pathway, and then undergoes strain-promoted
azide—alkyne cycloaddition with a diffusible azide-bearing
rhodamine-lactam/coumarin dyad (“*RC) to give M6C-RC in
lysosomes (Figure 1). After its formation in situ, M6C-RC is
maintained in lysosomes independent of lysosomal acidity
and exhibits pH-relevant ratiometric fluorescence, which
enables tracking of lysosome alterations in exocytosis and
cell-death signaling events.

Lysosomes are routinely imaged with sensors that accu-
mulate in lysosomes as driven by protonation.”! However,
these acidotropic sensors are prone to dissipate from lyso-
somes upon pH elevation. For example, a rhodamine-lactam-
based pH sensor suffers from significant signal loss from
stressed lysosomes in apoptosis.”! In view of this limitation,
we sought to trap diffusible optical sensors through bio-
orthogonal conjugation with an entity that could be main-
tained in lysosomes independent of lysosomal acidity. Ubig-
uitous in mammalian cells, M6P receptors mainly address
newly biosynthesized hydrolases with M6P-terminating gly-
cans to lysosomes.”] M6P is degradable by phosphatases. As
the structural analogue of M6P, M6C possesses a lateral
carboxylate group bridged by a methylene linker and is
immune to phosphatase hydrolysis.”] To hijack the M6P
sorting pathway, M6C was used as the lysosome-localizing
entity to conjugate pH-reporting #RC in lysosomes
(Figure 1).10

We hence prepared PP°“°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 (see Figures S1 and S2 in the Supporting Informa-
tion). pH titration showed that M6C-RC and RC both
displayed “always-on” blue coumarin fluorescence (CM),
which moderately declined as the pH value decreased, and
acidity-mediated  “turn-on” rhodamine-X fluorescence
(ROX), which intensified as the pH value decreased
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Figure 1. Lysosome imaging by sugar-sorting-pathway-directed intralysosomal bioorthogonal conjugation
(SPIBC). Delivered into lysosomes by M6P sorting, "®°M6C reacts with “*RC through azide-alkyne cyclo-
addition to give M6C-RC, which is stably trapped in lysosomes and shows pH-relevant ratiometric

fluorescence. The key shows the chemical structures of ®®°M6C and *RC.
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Figure 2. pH-mediated ratiometric fluorescence of M6C-RC. A) Proton-triggered
isomerization of M6C-RC gives “turn-on” ROX fluorescence. B) CM and ROX
fluorescence of M6C-RC (5 um) at pH 4.5-8.5 (A.,: 435 nm for CM, 590 nm for

ROX).

C) pH titration curves of M6C-RC; fluorescence emission of ROX (A,

605 nm) and CM (A,: 475 nm) plotted against the pH value. D) pH-dependent
fluorescence ratios of ROX (lg;0) to CM (l475).
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somes, Hel.a cells express-
ing GFP-Lamp2 (green-flu-
orescent-protein-fused
lysosome-associated mem-
brane protein 2) were culti-
vated with PP°M6C/*“RC.
Confocal microscopy anal-
ysis revealed bright and
punctate ROX and CM signals, which eclipsed
GFP-Lamp?2 in cells stained with PP°“°M6C/*“RC
(Figure 3 A). As GFP-Lamp?2 is a protein marker
specific for lysosomes, colocalization of CM/ROX
signals with GFP-Lamp2 proves stringent selec-
tivity of SPIBC for lysosome imaging. Relative to
M6C-RC synthesized in vitro, staining with
PBCOMC/A“RC exhibited much brighter lysoso-
mal fluorescence and was kinetically favored (see
Figure S4), thus verifying that ®®*“°M6C is pref-
erentially delivered into lysosomes over M6C-RC
by cells. Furthermore, lysosomes were effectively
illuminated with PP“°M6C/*“RC in a variety of
cell lines, including A549, 1929, and MCF-7 cells
(see Figure S5), thus proving the applicability of
SPIBC for effective lysosome imaging in diverse
cell lines.

To assess lysosomal retention of M6C-RC
formed in situ, we treated GFP-Lamp2" HeLa
cells with PPC°M6C/*“RC in the presence of
baflomycin A1, which is a potent inhibitor of V-
ATPase and neutralizes lysosomes. The observed
loss of ROX signals in cells treated with baflo-
mycin Al is in line with acidity-mediated ROX
fluorescence (Figure 4). By contrast, discrete CM
signals remained intense and colocalized with
GFP-Lamp2 in cells (Figure 4; see also Fig-
ure S6), thus proving that the retention of M6C-
RC in lysosomes is independent of lysosomal
acidity. Relative to hydrophilic *“RC, M6C-RC
generated in situ is rather hydrophilic, which
could hinder diffusion across the lysosomal mem-
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M6C-RC in lysosomes (Figure 1).
We next probed the structural factors required for SPIBC.
ARC is prone to protonation of the spirolactam to give the
amide form (see Figure S3), which enables acidity-dependent
lysosomal staining. As expected, Hela cells treated with
A’RC alone displayed loss of lysosome-associated fluores-
—a cence upon treatment with baflomycin A1l (Figure 4), a phe-
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were measured a|0jg the line shown in the zoomed image and tion mediated by baflomycin A1 (see Figure S7), thus verify-
revealed the colocalization of CM/ROX signals with Lamp2-GFP. Scale
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Figure 4. Acidity-independent lysosomal imaging by SPIBC. A) Chemical structures of *™"°M6C and ®®“°M as compared to ®®“°®M6C. B) Confocal
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GFP-Lamp2* HeLa cells were treated with chloroquine
to induce lysosomal membrane permeabilization.”! SPIBC
analysis revealed decreased colocalization of CM with GFP
(see Figure S8), indicative of leakage of M6C-RC from
permeabilized lysosomes, thus showing that membrane integ-
rity is required for SPIBC-based imaging. These results
establish that the azido group of ““RC, and M6C/DBCO
domains of PEM6C, are prerequisites for SPIBC. SPIBC
was significantly inhibited at 4°C relative to 37°C (see
Figure S9), thus supporting the involvement of membrane
trafficking in the transport of "P““M6C into lysosomes by
membrane-anchored M6P receptor. Furthermore, we
observed dose-dependent inhibition of SPIBC by exogenous
MG6P (see Figure S10), the natural ligand of M6P receptor.
The competition between M6P and PP“°M6C validates the
involvement of M6P sorting in SPIBC. Given the liability of
acidotropic dyes to leak from neutralized lysosomes, acidity-
independent SPIBC-based imaging offers unprecedented
opportunities to track cellular events featuring lysosomal
pH elevation.

Lysosomal exocytosis underlies a number of critical
cellular functions, such as plasma membrane repair, trans-
mitter release, and immune degranulation.™¥ Exocytosis is
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elusive to imaging owing to the loss of acidotropic dyes from
exocytosing lysosomes. Therefore, distinct approaches have
been developed to image exocytosis.'") Shown to stain
lysosomes without resort to lysosomal acidity, SPIBC was
evaluated for its efficacy in imaging exocytosis. RBL-2H3
cells loaded with PBCOM6C/A*RC were stimulated with
ionomycin, a calcium ionophore capable of stimulating
lysosome exocytosis.'!! We observed that lysosomes exhibited
punctate CM signals and diminished ROX fluorescence in the
vicinity of the cell surface in ionomycin® cells (see Fig-
ure S11). The loss of ROX signals is consistent with the
previous observation of lysosomal pH elevation upon exocy-
tosis,['” and the bright CM fluorescence showed retention of
in situ conjugated M6C-RC in lysosomes during exocytosis.
The capability of SPIBC to track exocytosing lysosomes
proves its utility for the spatiotemporal visualization of
dynamic lysosomes with an altered lysosomal pH value and
positioning in live cells.

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-auton-
omous and non-inflammatory, whereas necrosis often leads to
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Figure 5. Distinct lysosomal pH-alteration profiles in apoptosis and necroptosis as revealed by SPIBC. RIP;* Hela cells prestained with ®“°M6C/
A2RC were cultivated with A) TNF/Smac or B) TNF/Smac/Z-VAD and then monitored over time by flow cytometry. Cell populations in CM versus
ROX dot plots (b, e) were gated identically to those in bivariate dot plots of FSC versus SSC (a, d). Statistical results of ROX/CM ratios were
measured by flow cytometry (c and f). Error bars represent the standard deviation of 10000 cells.
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inflammation.”” We then applied SPIBC to image lysosomal
responses in cell death using RIP3" (receptor-interacting
protein 3) HeLa cells treated with Smac and human tumor
necrosis factor-a (TNF) to trigger apoptosis, or with Smac/
TNF/Z-VAD to trigger necroptosis, a programmed form of
necrosis.?!! Time—course analysis by bivariate dot plots of
forward scatter (FSC) versus side scatter (SSC) clearly
revealed the formation of two new cell populations (Fig-
ure 5a,d) owing to apoptosis and necrosis, as confirmed by
western blotting analysis and staining with annexin V/propi-
dium iodide (see Figures S12 and S13). The dot plots of ROX
versus CM, indicative of the lysosomal pH value, show that
apoptosed cells displayed attenuated ROX/CM ratios of
similar magnitudes to those of apoptosing cells, whereas
necrosed cells featured substantially decreased ROX/CM
ratios relative to necrosing cells (Figure 5b,e). Furthermore,
confocal microscopy confirmed clearly declined ROX fluo-
rescence and ROX/CM ratios in necrosed cells relative to
necrosing cells (Figure 6). Apart from the common tendency
to lose lysosomal acidity in both cell-death modalities, these
results show that lysosomal pH elevation is greater in
necrosed cells than necrosing cells, but remained alike in
apoptosed cells and apoptosing cells, thus demonstrating the
utility of SPIBC to discern lysosome changes in closely
related cell-death subtypes.
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Figure 6. Discerning lysosomal pH changes in apoptosis versus nec-
roptosis with SPIBC. A) RIP;*/Lamp2-GFP* Hela cells loaded with
PECOMBC/*RC were further cultivated with TNF/Smac or TNF/Smac/
Z-VAD before confocal microscopy analysis. B) Apoptosed cells and
necrosed cells are circled with a dotted line in the zoomed images.
Apoptosing cells and necrosing cells are indicated by solid lines.

C) Statistical results of ROX/CM ratios were measured by confocal
microscopy. Error bars represent the standard deviation of 10 repre-
sentative cells. Scale bars, 10 um.
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Metabolic bioorthogonal labeling in biological systems
enables visualization of various biomolecules, including
glycans, nucleic acids, and lipids.”” In the context of these
advances, we have shown the use of sugar-sorting-pathway-
mediated intralysosomal bioorthogonal conjugation for imag-
ing of stressed lysosomes, which represents a further exten-
sion of bioorthogonal chemistry in bioimaging.

In conclusion, we have demonstrated a ship-in-a-bottle
strategy to track stressed lysosomes using sugar-sorting-
pathway-directed bioorthogonal conjugation. Actively trans-
ported into lysosomes through cellular M6P sorting, "®*“°M6C
undergoes strain-promoted azide—alkyne cycloaddition with
ARC in lysosomes. In situ formed M6C-RC, stably main-
tained in lysosomes without resort to lysosomal acidity,
enables spatiotemporal tracking of stressed lysosomes, and
necroptosis to be discerned from apoptosis on the basis of
lysosomal pH changes. Manifested in myriad diseases,
stressed organelles are often challenging to track with
classical organelle sensors owing to frequent loss of physio-
logical organelle-probe affinity. Apart from visualizing
stressed lysosomes, SPIBC holds potential to be adapted to
other specific organelles with the aid of cognate organelle-
destined trafficking or sorting pathways, thus representing
a new perspective from which to probe organelle stress in
biology and diseases.
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