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ABSTRACT: The organelle-specific pH is crucial for cell homeo-
stasis. Aberrant pH of lysosomes has been manifested in myriad (1)
diseases. To probe lysosome responses to cell stress, we herein @
report the detection of lysosomal pH changes with a dual colored
probe (CM-ROX), featuring a coumarin domain with “always-on”
blue fluorescence and a rhodamine—lactam domain activatable to
lysosomal acidity to give red fluorescence. With sensitive ratiometric
signals upon subtle pH changes, CM-ROX enables discernment of
lysosomal pH changes in cells undergoing autophagy, cell death, and

viral infection.
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CM-ROX displays pH dependent sensitive ratiometric fluorescence signals, and
enables discern of lysosomal pH changes in stressed cells.
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he organelle-specific pH, critical for cell homeostasis, is

elaborately controlled and yet succumbs to pathological
inducers. Lysosomes are the major intracellular acidic compart-
ments, and the lysosomal acidity is critical for diverse biological
events ranging from autophagy, cell death, to immunity.'
Aberrant lysosomal pH is manifested in myriad diseases. For
instance, lysosomes could be acidified in immune cell matu-
ration and inflammation, whereas chronically elevated lysosomal
pH occurs in aging and lysosomal storage diseases.” As such,
defining lysosomal pH changes mediated by pathological
inducers would be of use to decipher the roles of lysosomes in
diseases.

Ratiometric fluorescence imaging enables enhanced accuracy
by normalizing uncertainties associated with single intensity
fluorophores, e.g,, uneven probe distribution. Hence, dual emissive
nanoparticles have been widely employed for intracellular pH
imaging.” Individual lysosomes are of distinct pH and sub-
cellular locations. Apart from the liability to be distributed at
extra-lysosomal settings, e.g., cytosol, nanoprobes are individ-
ually endocytosized into discrete lysosomes, leading to staining
of a fraction of lysosomes. As such, lysosome-homing molecular
probes that are trapped in lysosomes via passive diffusion are
advantageous to study global lysosome responses in cells. Com-
plementing de novo design of single fluorophores displaying
pH dependent dual emission bands,” integration of existing
fluorophores provides an alternative approach for ratiometric
imaging of lysosomes.”
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We recently reported ratiometric imaging of mitochondrial
depolarization with triphenylphosphonium-conjugated ROX-
lactam/coumarin (RC-TPP), which accumulates in mitochon-
dria of alkaline lumen to give blue fluorescence, and relocates
into acidic lysosomes to give rhodamine fluorescence.” Herein
we report the derivatization and integration of coumarin and
rhodmaine, two classic fluorophores of exceptional photo-
physical properties, to yield a self-referenced pH sensor with
highly advantageous optical properties for imaging Iyso-
somal acidity. The chimeric probe (CM-ROX) features a
coumarin moiety displaying “always-on” blue fluorescence,
rhodamine-X-lactam moiety (ROX) of red fluorescence acti-
vatable to acidic lysosomes, and an acidotropic diethylenetri-
amine linker. CM-ROX is compatible to Green Fluorescent
Protein imaging and displays a strong ratiometric response to
subtle pH changes. These advantageous properties of CM-ROX
enable discernment of lysosomal pH changes in cells under-
going autophagy, cell death, and viral infection. Using the same
pH reporting entities as mitochondria-targeting RC-TPP,® the
capability of CM-ROX to image lysosomes over mitochondria
evidences the utility of ratiometric sensors integrated with
appropriate organelle-specific linkers to probe novel biology of
distinct organelles.
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Figure 1. pH mediated ratiometric fluorescence of CM-ROX. (A) Proton triggered isomerization of CM-ROX gives rhodmaine fluorescence.
(B) Coumarin fluorescence emission of CM-ROX (S uM) at pH 4.5-8.5 (4, = 435 nm). (C) Rhodamine fluorescence emission of CM-ROX
(5 uM) at pH 4.5—8.5 (4, = 590 nm). (D) pH titration curves of CM-ROX; fluorescence emission intensity of rhodamine (4,,, = 605 nm) and that
of coumarin (4., = 475 nm) were respectively plotted over buffer pH. (E) pH dependent ratios of rhodamine fluorescence (I4ys) to that of coumarin

fluorescence (I,55).

B EXPERIMENTAL SECTION

BFA was purchased from Selleck. Rapamycin, CCCP, TNF, and Smac
mimetic were obtained from Sigma. CM-ROX was synthesized as
reported.® All other chemicals were obtained from Alfa-Aesar.
Cell lines were obtained from American Type Culture Collection.
Lentiviral infection was used for stable expression. Recombinant
lentiviruses were packaged in 293T cells in the presence of helper
plasmids (pMDLg, pRSV-REWV, and pVSV-G). Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum, 2 mM L-glutamine, 100 IU penicillin, and 100
mg/mL streptomycin. Full-length cDNA of Lamp2 were cloned using
the method as described.” Fluorescence analysis was performed on
SpectraMax MS. Confocal microscopic imaging was performed on
Zeiss LSM 780 using A, = 405 nm and A., = 410—490 nm for
coumarin, 4, = 488 nm and /., = 490—553 nm for GFP, 1., = 565 nm
and A, = 593—73S nm for rhodamine. Signals of rhodamine and
coumarin in cells were respectively shown in red and blue, while GFP
was shown in green. Images were merged using Photoshop CS6.
Quantitative analysis was carried out on unprocessed images using
Image] software. The graph was generated by GraphPad PrismS and
origin 8.0 software.

pH Titration of CM-ROX. CM-ROX was added to Tris-HCI buffer
containing 40% MeOH (pH: 4.5, 4.75, 5.0, 5.1, 5.2, 5.3, 5.4, 5.5, 5.6,
5.7,5.8,5.9, 6.2, 6.4, 6.6,6.8,7.0,7.5, 8.0, 8.5) to a final concentration
of S uM. Fluorescence spectra were recorded using 1., = 425 nm for
CM and A, = 590 nm for ROX.

Imaging of Lysosomes with CM-ROX. Lam2-GPF" HeLa cells
were incubated in DMEM supplemented with CM-ROX (2 uM) for
30 min, further incubated in DMEM spiked with or without BFA
(40 nM) for 4 h, and then analyzed by confocal fluorescence micro-
scopy and flow cytometry. 10000 cells were gated under identical
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conditions whereby coumarin fluorescence was recorded by FL1 filter
(Aem: 430—470 nm; A, 405 nm) while that of ROX was recorded by
FL2 filter (4.,: 590—630 nm; A.: 561 nm). In parallel, HeLa, 1929,
CHO, and MCEF-7 cells were incubated in DMEM containing
CM-ROX (2 uM) before analysis by confocal fluorescence microscopy
and flow cytometry. For confocal microscopic analysis, 10 lysosomes
from 5 cells selected randomly were analyzed. The ratio of channel
1 (coumarin, 4., = 410—490 nm) to channel 2 (rhodamine, 4., =
593—735 nm) was calculated using the value of selected lysosomes
given by the ImageJ software. For average lysosomal acidity, S cells
were randomly selected where the pH of 10 lysosomes were
determined and averaged.

Detecting Changes of Lysosomal Acidity in Autophagy and
Apoptosis. For autophagy: HeLa cells were cultured in DMEM
spiked with CM-ROX (2 uM) for 30 min, further cultivated in HBSS,
HBSS containing BFA, DMEM, or DMEM spiked with CCCP
(20 uM), BFA (40 nM), or rapamycin (10 4uM) for 2 h. For apoptosis:
HeLa cells were cultured in DMEM containing CM-ROX (2 uM) for
30 min and then further cultured for 2 h in DMEM spiked with
no addition, STS (2 uM), or TNF (20 ng/mL) and Smac mimetic
(100 nM). These cells were analyzed by confocal fluorescence
microscopy and flow cytometry.

Imaging of Lysosomal pH Changes in Cells Infected by HSV-1
and VSV. HeLa cells were cultured in DMEM spiked with CM-ROX
(2 uM) for 30 min and then further incubated in DMEM containing
type I Herpes Simplex Virus-1 (10° MOI), Vesicular Stomatitis Virus
(1.5 X 10* MOI) or no addition for 0—3 h. Then cells were analyzed
by confocal microscopy.

Cytotoxicity of CM-ROX. The cytotoxicity of CM-ROX was
evaluated on HeLa cells. The cells were cultured with medium
containing CM-ROX (0, 1, 2, S, and 10 M) for 30 min and washed
with DMEM for 3 times then incubated with fresh medium for 6, 12,
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Figure 2. Dual colored lysosome imaging with CM-ROX. Lamp2-GFP* HeLa cells were stained with CM-ROX (3 yM) for 30 min and then
visualized by confocal fluorescence microscopy for colocalized fluorescence of rhodamine with GFP (A) and coumarin (B). Scans taken through the
indicated line reveal fluorescence colocalization of rhodamine with coumarin, and Lamp2-GFP. Bar, 10 um.

24, and 48 h. The cell number and cell viability were determined by
MTS assay.

Photostability of CM-ROX. HelLa cells were incubated with
CM-ROX (2 uM), Lysotracker Blue (2 M), or Lysotracker Red (2 M)
for 30 min at 37 °C under 5% CO, in DMEM supplemented with 10%
fetal bovine serum. The culturing media were removed and replaced
with fresh medium for 3 times. Then cells were scanned 10 times
with a confocal fluorescence microscope (4, = 405 nm for CM
and Lysotracker Blue, A, = 561 nm for ROX and Lysotracker Red).
The images were analyzed using Image]J software.

B RESULTS AND DISCUSSION

Rhodamine-lactams are a group of nonfluorescent rhodamine
derivatives prone to proton mediated fluorogenic opening of
intramolecular lactams, allowing “signal-on” lysosome imag-
ing.”® We recently reported optical tracking of phagocytosis
using ROX-lactam labeled bacteria.” Highly sensitive to acidic
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pH and with photophysical properties complementing Green
Fluorescent Protein (GFP) technology, ROX-lactam was hence
bridged with coumarin via diethylenetriamine linker to enable
protonation mediated lysosomal accumulation and ensuing
reporting of lysosome pH variations in stressed cells (Figure 1A).

pH Mediated Ratiometric Responses of CM-ROX. pH
titration of CM-ROX shows rhodamine fluorescence peaked at
605 nm, was negligible at pH 7.0—8.5, occurred in acidic media,
and intensified as pH decreases (pH 6.5—4.5) (Figure 1B) with
calculated pK, of 5.69 (Figure S7, Supporting Information),
which is consistent with proton mediated fluorogenic opening
of the intramolecular lactam (Figure 1A). Concomitant with
dramatically increased rhodamine signal at acidic pH, CM-ROX
displays coumarin fluorescence moderately declining as pH
decreases (Figure 1B,C). The reversed pH responses of
rhodamine over coumarin enable imaging of subtle acidification
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Figure 3. Lysosomal acidity-dependent activation of ROX-lactam. HeLa cells were cultivated in DMEM spiked with or without BFA (40 nM) for 4 h
and then stained with CM-ROX (2 M) for 30 min before confocal microscopy analysis. Bar, 10 ym.

in the range of pH 6.0—4.5 by pronounced changes in ratios of
fluorescence intensity (Figure ID,E). For instance, Iss nm/
Ligs nm interval between pH 4.5 and pH 5.5 was 70, whereas
commercial lysosensors often exhibited moderate ratio changes
(around 0.3) per pH unit (Figure 1D)."® Overlay of the optimal
sensing range of CM-ROX (pH 6.0—4.5) with lysosome acidity
window (pH 6.0—4.5) indicates the applicability of CM-ROX
to monitor lysosomal pH changes.

Lysosome-Specific Ratiometric Fluorescence of CM-
ROX. We then pulsed CM-ROX with HeLa cells expressing
Lamp2-GFP (GFP-tagged lysosome associated membrane
protein-2). Punctate rhodamine signals stringently eclipse
GFP and coumarin fluorescence inside cells (Figure 2). As
Lamp?2 is a constitutive protein marker of lysosomes, these
results clearly show that CM-ROX effectively accumulates in
lysosomes to give rhodamine signals, and demonstrate the
compatibility of CM-ROX (4,,: 605/475 nm) with GFP
(Aem: 510 nm) for three colored cell images. The demonstrated
accumulation of CM-ROX in lysosomes is ascribed to proto-
nation of the diethylenetriamine linker and protonation of
ROX-lactam moiety in acidic lysosomes (Figure 1A). To con-
firm acidity dependent probe activation in lysosomes, HeLa
cells were costained with CM-ROX and Bafilomycin Al (BFA),
which is an ATP—HI1 pump inhibitor and is able to neutralize
lysosomal pH."' Rhodamine fluorescence, present in BFA-free
control cells, vanished in BFA treated cells (Figure 3), proving
lysosomal acidity mediated activation of CM-ROX inside cells.

The cytotoxicity of CM-ROX was evaluated in HeLa cells by
MTS assay. No toxic effects were observed on cell viability after
incubation with CM-ROX at doses up to 10 uM (Supporting
Information, Figure S1), which was S-fold higher that the
concentration used in lysosomal imaging. In addition, HeLa
cells precultured with CM-ROX or commercial dyes specific
for lysosomes were respectively exposed to multiple laser
illumination, and the intracellular fluorescence intensity was
recorded over illumination times by fluorescence microscopy.
CM-ROX exhibited constant red fluorescence in lysosomes
comparable to Lysotracker Red and stable blue fluorescence
whereas the fluorescence of Lysotracker blue quickly decayed
upon laser illumination (Supporting Information, Figure S2).
The superior photostability and low cytotoxicity of CM-ROX
facilitates its applicability for long-term optical tracking of
lysosomal changes in live cells.

Imaging of Cell Line-Specific Lysosomal pH. CM-ROX
was further assessed to differentiate lysosomes of 1929, HeLa,
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Figure 4. Imaging of cell line-specific lysosomal pH with CM-ROX by
confocal fluorescence microscopy. HeLa, 1929, CHO, and MCE-7
cells were cultivated in DMEM supplemented with CM-ROX (2 uM)
for 30 min and then visualized by confocal fluorescence microscopy
(A). For each type of cells, 10 individual lysosomes of S cells were
analyzed for Iyox/Icy (B). Bar, 10 pm.

CHO, and MCEF-7 cells. Dual colored emission of CM-ROX
was clearly observed in all cell lines examined. Ratios of
fluorescence emission intensity of ROX to CM (Ixox/Icm)
was measured and used as the indicator of lysosomal pH.
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Quantitative analysis of 10 lysosomes from 5 cells showed that
lysosomes within the same cell are of distinct pH values, and
the mean lysosomal pH is cell-type dependent (Figure 4). For
instance, lysosomal pH in HeLa cells is significantly less acidic
relative to 1929, CHO, and MCF-7 cells. Moreover, the distinct
global lysosomal pH patterns revealed by flow cytometry in these
cell lines are consistent with the patterns observed by confocal
microscopic analysis (Figure S3, Supporting Information). These
results show the applicability of CM-ROX to differentiate pH of
individual lysosomes or total lysosomes in cell populations.
Imaging of Lysosomal pH Changes in Autophagy.
Autophagy is a conserved process mediating degradation of
dysfunctional cellular components in response to diverse
stress cues, such as starvation. Insufficient autophagy has
been linked to Parkinson’s disease and chronic infection.'?
Shown to discern lysosomes pH in resting cells, CM-ROX was
further evaluated to monitor lysosomal pH changes triggered
by starvation and autophagic inducers of rotenone, rapamycin,
and carbonyl cyanide m-chlorophenylhydrazone (CCCP)."
Cells cultivated in Hanks’ balanced salt solution (HBSS)
display dramatically enhanced ratios of rhodamine to coumarin,
showing lysosomal acidification upon starvation, whereas cells
treated with rotenone, rapamycin, or CCCP display attenuated
Lrox/Icy indicative of moderate elevation of lysosomal pH.
Dramatically suppressed rhodamine signals and Izox/Icm
were observed in HBSS-treated cell in the presence of BFA
(Figure S), which effectively neutralizes lysosomes, proving
starvation mediated lysosomal acidification. Previous studies

using monoemissive lysotrackers suggest lysosomal acidification
in starved cells."* Apart from lysosomal pH, intracellular fluo-
rescence could also be affected by the number of lysosomes. Over-
coming limitations of monoemissive dyes, our approach employs
pH mediated ratiometric fluorescence of CM-ROX to unambig-
uously delineate lysosomal pH changes in autophagic cells.

Discerning Lysosomal pH Changes in Apoptotic Cells.
As an important cell death modality, apoptosis occurs under
physiological conditions and is required for cell and tissue
homeostasis.'> Apoptosis could be executed in distinct cell
signaling events, including cell surface death receptor-triggered
apoptosis, e.g., tumor necrosis factor receptor, and mitochon-
dria mediated apoptosis featuring the release of cytochrome
¢ from mitochondria into cytosol.'® To discern lysosomes in
different apoptosis routes, HeLa cells stained with CM-ROX
were treated with human Tumor Necrosis Factor-a (TNF) and
Smac, which trigger apoptosis by dimerization of cell surface
TNF receptor, or treated with staurosporine (STS) to activate
mitochondria-mediated apoptosis.17 At 2 h post-stimulation,
STS-treated cells display obviously enhanced intracellular
rhodamine signals and Izox/Icy, whereas negligible alteration
was observed in cells treated with TNF (Figure 6), showing
lysosomal acidification during STS-induced apoptosis over
TNF-mediated apoptosis. These results show the capability of
CM-ROX to differentiate the interplay of lysosomes with
different cell death signaling events.

Imaging of Lysosomal pH Changes during Viral
Infection. Viruses evolve diverse mechanisms to infect host
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Figure 6. Detection of lysosomal pH alterations in distinct cell death
signaling events. HeLa cells prestained with CM-ROX (2 uM) were
cultivated for 0—6 h in DMEM containing STS, a combination of
tumor necrosis factor-a (TNF-a) and Smac, or no addition, and then
analyzed by confocal fluorescence microscopy (2 h) (A) or flow
cytometry (B). Bar, 10 ym.
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Figure 7. Imaging lysosome neutralization in cells infected by HSV or
VSV. HeLa cells prestained with CM-ROX (2 uM) were cultivated for
0-3 h in DMEM containing HSV-1, VSV, or no addition. They are
then analyzed by confocal fluorescence microscopy (A) and flow
cytometry for intracellular fluorescence ratios of rhodamine to
coumarin (B). Bar, 20 um.

cells, of which viruses internalized into intracellular acidic
compartments could escape lysosomes by acidic pH-induced
fusion of viral membrane and lysosome membrane. For
instance, Vesicular Stomatitis Virus (VSV) is an animal virus
requiring lysosomes for infection."® By contrast, Herpes
Simplex Virus (HSV), causing life-long infection in human,
could infect cells in both pH-dependent and pH-independent
routes.'” Although not required, the acidic pH of endolyso-
somes has been shown to augment infectivity of HSV in a
cell-type dependent manner.”” To examine the responses of
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lysosomes in viral infection, HeLa cells prestained with CM-ROX
were infected with VSV or HSV-1. Time course imaging shows
that intracellular rhodamine signals and Izox/Icy are markedly
decreased in HSV-1 and VSV-treated cells at 1.5-3 h post-
infection (Figure 7, and Figure S4, Supporting Information),
indicating that both viruses could effectively neutralize lysosomes
in HeLa cells. The results strongly indicate the use of CM-ROX
as a sensitive tool for real-time monitoring of dynamic lysosome
responses triggered by viral infection.

B CONCLUSIONS

Aberrant lysosomal pH has been manifested in diverse diseases.
CM-ROX, integrating acidity activatable ROX-lactam and
coumarin fluorophore, was developed for sensing of lysosomal
acidity in cell stress. CM-ROX displays ratiometric fluorescence
signals highly sensitive to pH changes and lysosome specific
accumulation in live cells, which enables tracking of lysosomal
pH changes in stressed cells undergoing autophagy, cell death,
and viral infection. Compared with monoemissive fluorophores,
CM-ROX holds widespread implications to study the roles of
dynamic lysosomes in diverse cell signaling events and disease
relevant cell stress.

B ASSOCIATED CONTENT
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Cytotoxicity and photostability of CM-ROX, flow cyto-
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