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Unique assembly of carbonylpyridinium and
chromene reveals mitochondrial thiol starvation
under ferroptosis and novel ferroptosis inducery
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To reveal the delicate function of mitochondria, spatiotemporally precise detection tools remain highly
desirable. However, current probes with positively charged warheads for targeting mitochondria diffuse
out of the mitochondria as the potential of the mitochondrial membrane changes, which directly
influences the accuracy of the detection. Herein, we assembled carbonylpyridinium and chromene to
afford the probe CM-Mit. Following the ultrafast response to thiol
carbonylpyridinium, the formation of o-quinone methide from CM-Mit was proposed to label proteins,
thus avoiding diffusion out of the mitochondria. Therefore, the accurate spatiotemporal detection of
thiol in mitochondria was realized. With this excellent probe, ferroptosis inducers were proved to

and the dissociation of

stimulate thiol starvation in mitochondria for the first time in cancer cells. Moreover, CM-Mit was used to
screen a compound library developed in-house and the stemona alkaloid analog SA-11 was shown to

rsc.li/chemical-science

Introduction

Mitochondrial thiol systems are central to protecting mito-
chondria against oxidative damage and are assumed to be the
key means through which potential redox signals are trans-
mitted, modulated and sensed."* Activity-based sensing probes
have been considered as desirable and indispensable tools for
studying dynamic processes in the organelle.® Thus, various
mitochondrial-targeted fluorescent probes have been developed
to understand the roles and functions of the analytes in mito-
chondria.* Due to strong negative membrane potential, cations
with strong lipophilicity tend to penetrate the membrane and
accumulate inside the mitochondrial matrix.> However, current
positively charged warheads for targeting mitochondria, such as
TPP (triphenylphosphine) and alkylpyridinium cations, can
affect the membrane potential, triggering membrane rupture
and disturbance of the microenvironment.® Moreover, the
probes with positive charge for targeting mitochondria can
diffuse out of mitochondrial as the mitochondrial membrane
potential changes, which could influence the accuracy of the
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induce ferroptosis in various cancer cell lines, including a drug-resistant one.

detection. Notably, Zhang and co-workers reported their elegant
mitochondria-targetable probe for accurate detection of Cys
without interference from other sites.” However, the fluores-
cence was re-distributed in the cell with the extension of the
incubation time following the response to the analytes. Despite
the solid-state organic fluorophores (SSOFs) being successfully
constructed to avoid the diffusion out of mitochondria,® the
aqueous dispersibility and low biocompatibility of the SSOFs
are currently unsatisfactory.’

We recently took note of the thiol-chromene “click” nucle-
ophilic reaction and developed a sensing probe for thiol with
prominent selectivity, which enables us to monitor thiol fluc-
tuations in various physiological and pathological processes
(Fig. 1a and b)''*. Ferroptosis is a unique type of non-
apoptotic-regulated cell death culminating in overwhelming
lipid peroxidation downstream of metabolic dysfunctions'>*®
and holds promise as a novel therapeutic approach.'”'®* Recent
research indicated that cysteine deprivation could induce the
ferroptosis of pancreatic ductal adenocarcinoma. However, the
mitochondrial membrane potential (MMP) fluctuates in fer-
roptosis, which influences the accuracy of current
mitochondrial-targeting probes.' Therefore, this novel strategy
for accurate visualization of thiol-mediated oxidative stress in
mitochondria remains highly desirable but challenging. More-
over, the developed sensing probe could be further used for
rapid screening of  efficient ferroptosis-inducing
compounds.*®* It is noteworthy that an acrylate-based fluo-
rescent probe was developed for monitoring intracellular
cysteine in ferroptosis.”> However, the relatively low reaction

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Previous work: (a) thiol-mediated nucleophilic attack on
unsaturated «,B-ketone and (b) self-immolation to release the fluo-
rophore. (c) Design strategy of this work.

rate and no organelle-targeting ability limited its use for further
research on the role of thiol in ferroptosis.

With these considerations in mind, we envisioned the
possibility of utilizing the thiol-chromene “click” nucleophilic
reaction to provide the probe with a high signal to background
ratio (Fig. 1c). Besides, the formation of o-quinone methide
after recognizing the analytes could label the proteins in the
mitochondria, which may lead to mitochondrial targeting with
high accuracy.?® Although alkylpyridinium ions has extensively
been employed for mitochondrial targeting,®**** there have
been no reports concerning carbonylpyridinium as a mito-
chondrial-targeting group in the probe. Carbonylpyridinium
cation is also assumed to accelerate the recognition reaction
due to its excellent leaving ability.*®

In this work, a novel fluorophore was constructed based on
the chromene skeleton, which was integrated with the carbon-
ylpyridinium ions to afford the ultrafast selective probe CM-Mit
for accurate detection of thiol in mitochondria. The formation
of the o-quinone methide enables it to label the proteins in the
mitochondria, thus avoiding diffusion out of the mitochondria.
With the probe CM-Mit, the ferroptosis inducer erastin and
RSL3 were demonstrated for the first time to trigger thiol star-
vation in mitochondria. The screening approach was developed
for discovering the potential thiol starvation modulator in
mitochondria as a ferroptosis inducer. Notably, a stemona
alkaloid analog (SA-11) with an a-methylene-y-lactone moiety
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was first proved to induce thiol starvation and ferroptosis in
various cancer cells, including drug-resistant ones. Overall, this
work provides a robust and reliable tool for ferroptosis research.

Results and discussion
Probe design and synthesis

In our previous study, the chromene structure (8) was synthe-
sized from (2-hydroxy-5-methyl-1,3-phenylene)dimethanol in
two steps.'® To realize the condensation of compounds 8 and 9,
mild conditions need to be identified. When catalytic amounts
of acetic acid and piperidine were added with toluene as the
solvent, the reaction was quite messy, with only a small amount
of product 10 obtained (Scheme S17). Using just piperidine as
the catalyst with molecular sieves and ethanol as the solvent
gave a better result. The crude product of the Knoevenagel
condensation was submitted for the subsequent esterification
and compound 11 was obtained with 32% yield for two steps,
followed by reacting with DMAP to afford the probe CM-Mit
with moderate yield.

Spectral properties

The capability of CM-Mit to detect thiols was evaluated using
UV-vis absorption and fluorescence spectra (Fig. 2a and b). The
selectivity of CM-Mit for thiols was investigated in DMSO/PBS (5
uM, pH 7.4, v/v, 1:9). The probe responded to various other
amino acids, such as Ala, Arg, Asn, Asp, Cys, Gln, Glu, Gly, His,
Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Tyr, Val, Cys, and Hcy, and
GSH was measured. Upon the addition of these analytes, only
thiols caused significant changes in fluorescence emission at
578 nm with excitation at 475 nm. However, no obvious changes
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Fig.2 (a) Absorption changes of CM-Mit (5 uM, DMSO : PBS, 1: 9, v/v)
after adding 200 uM Cys, Hcy, or GSH. (b) Fluorescence intensity
changes of probe CM-Mit (5 uM, DMSO : PBS, 1:9, v/v) with the
addition of 200 uM of various amino acid after 5 min; (e, = 475 nm,
slit: 5 nm/5 nm). (c) Fluorescence spectral changes of CM-Mit (5 uM,
DMSO : PBS, 1:9, v/v) as the concentration of Cys (0-200 pM)
increases. (d) The kinetic curve of CM-Mit (5 uM) in the mixed solvent
of DMSO and PBS (1 : 9, v/v) without or with 200 uM Cys, 20 pM Hcy,
and 1 mM GSH at 578 nm (Aex = 475 nm, slit: 5 nm/5 nm).
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Fig.3 The working curve of CM-Mit (5 uM) in the presence of different
concentrations of Cys. Each point represents the average and standard
deviation of three independent repeated experiments.

were observed for other amino acids (0.2 mM), anions and
cations (Fig. S1t). Those results displayed that probe CM-Mit
could detect thiols specifically. The addition of Cys at different
PH values was also tested (Fig. S2). The results indicated that
probe CM-Mit showed almost no fluorescence emission in
acidic and alkaline solutions.

Based on the above result, we selected pH 7.4 as the
measurement system in our following experiments in terms of
the body pH value. The fluorescence spectrum of CM-Mit was
monitored in the presence of CM-Mit (5 uM, DMSO/PBS, 1 : 1, v/
v) with increasing concentration of Cys (1-40 uM) (Fig. 2c). The
kinetic study showed that the reaction was completed within
10 s when Cys (200 uM) was added, while the reactions for GSH
(1 mM) and Hcy (20 uM) were completed in 200 and 30 s (Fig. 2d
and S31). As we expected, the introduction of the carbon-
ylpyridinium ion significantly improved the reaction rate
compared with the probe (Cys: 7 min, Hey: 3 min, GSH: 7 min)
in our previous work' (Table S21).

A significant increase in the fluorescence emission intensity
at 575 nm was measured in DMSO/PBS (v/v, 1 : 9, pH 7.4) after
the addition of Cys (0-3.6 equiv.) into the mixture. Meanwhile,
a linear relation was observed between the fluorescence inten-
sity and the concentration of Cys (Fig. 3). Furthermore, the
detection limit of CM-Mit for Cys based on the IUPAC definition
(CDL = 3Sb/m) is 0.49 uM, which is comparable to that for NIR-
HMPC reported by our group.*® The above results demonstrated
that CM-Mit is an ultrafast fluorescent probe for thiol detection
with excellent selectivity and sensitivity.

Proposed mechanism

Originally, a photoinduced electron transfer (PET) mechanism
was assumed to be responsible for the fluorescence quenching
of CM-Mit, due to the existence of the carbonylpyridinium
moiety. The S1 photoexcitation of CM-Mit mainly involves the
transition from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO). Between
these two orbitals, no other molecular orbitals from a quencher
are available. HOMO—1 and LUMO+1 are 0.971 eV and 0.878 eV
away from the HOMO and LUMO, respectively. These energy
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Fig. 4 (a) Calculated UV-vis absorption spectra of CM-Mit and the
product after the reaction of CM-Mit and thiol. (b) The simplified
structure of CM-Mit (S-CM-Mit). (c) S-CM-Mit and the product after
the response in the ground state (the Franck—Condon state) and the
ICT state. The insets show the dihedral angles (« and @) along with
bond 3.

levels do not meet the requirement of PET* (Fig. S51). Further
computational analysis showed that two factors contribute to
the low quantum yield of the CM-Mit and subsequent fluores-
cence turn-on after recognizing the analytes (Fig. 3). A hyp-
sochromic shift in the UV-vis absorption spectrum occurred
upon the reaction of CM-Mit with biological thiols and the
distinct difference in the absorbance could effectively
contribute to the fluorescence intensification of the product.”®
The second factor for modulating the fluorescence intensity is
related to intramolecular rotations upon photoexcitation in
probe CM-Mit. To reduce the computational load, we analyzed
the intramolecular rotations in a simplified CM-Mit structure
(S-CM-Mit) (Fig. 4b). In the most stable structure of S-CM-Mit,
the dihedral angle along bond 3 is 17.8° in the ground state (the
Franck-Condon state) but reduced to 5.8° in the ICT state in
water, which could activate low-frequency vibrations and reduce
the fluorescence intensity of S-CM-Mit, while the most stable
molecular structure after S-CM-Mit recognizing thiol is planar
in both the ground state and the ICT state (Fig. 4c).?* Our
viscosity-dependence study supports the intramolecular rota-
tions of CM-Mit (Fig. S6T). As the volume ratio of glycerol
increased, the emission intensity of CM-Mit was enhanced by
four times.

The thiol-chromene “click” nucleophilic mechanism was
proposed via the "H NMR titration experiment (Fig. S4t). The
signal of the original proton (H-3) at 5.32 ppm shifted low-field
to 6.85. Meanwhile, the signal of the proton (H-4) on the double
bond shifted from 7.25 to 5.53 ppm. These NMR data delivered
direct proof for the thiol-chromene-based ring-opening reac-
tion and the formation of quinone methide as the intermediate.

Imaging in cells and tumors

Since probe CM-Mit showed an increased fluorescence emis-
sion response to thiol in vitro and the detection limits of probe
CM-Mit for thiol was micromolar, bioimaging detection of thiol-
containing species in vivo may become possible. Before

© 2022 The Author(s). Published by the Royal Society of Chemistry
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bioimaging assays, MTT assays were performed to check the
cytotoxicity of CM-Mit against HeLa cells. As shown in Fig. S7,f
the HeLa cells treated with various concentrations of CM-Mit
(1-50 uM) for 5 and 10 h showed high cell viability, indicating
that the agent had fairly low toxicity to living cells. Then, the
ability of probe CM-Mit to detect thiol in living cells was eval-
uated (Fig. S8f). The results indicated that probe CM-Mit
penetrated the cell membrane well and selectively monitored
the level of thiols in the living cells. The feasibility for real-time
visualization of endogenous thiols in HeLa tumor-bearing mice
was also investigated. As shown in Fig. S9 and S10,T intratumor
injection with CM-Mit resulted in a significant fluorescence
signal in the tumor only 2 min after injection, which indicated
that CM-Mit could be activated rapidly by endogenous thiol in
the tumor.

Subsequently, the colocalization experiment was conducted
and the results showed that probe CM-Mit selectively localized
in mitochondria (Fig. 5) and the Pearson's coefficient is around
0.98. This result indicated that probe CM-Mit could selectively
detect thiols in mitochondria without interference from the
cytoplasmic thiols. Moreover, the fluorescence reached a high
level after incubation with the probe for only 2 min (Fig. S117).
Previous research into accurate detection of thiols in mito-
chondria indicated that the product of the probe and the ana-
lytes may escape from mitochondria with extended incubation
time.” To test whether the probe could accurately monitor the
thiol level in mitochondria over a longer time, the Pearson's
coefficient was utilized to evaluate. In the colocalization exper-
iment, it is interesting to find that the Pearson's coefficient is
around 0.97 even with another 25 min incubation time, which
was probably due to the formation of the o-quinone methide
after response to the thiol, followed by labeling the protein in
the mitochondria.*® To examine this hypothesis, the cells were
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Fig. 5 Confocal fluorescence images of Hela cells co-stained with
CM-Mit and a tracker. (a—c) Cells pretreated with CM-Mit (10 pM) for
20 min and subsequently Mito-Tracker Green (1 uM) at 37 °C for
20 min. (a and d) Images from CM-Mit, Ao, = 475 nm and ¢ = 563-
593 nm. (b) Fluorescence images from Mito-Tracker Green, Aoy =
488 nm and A¢m = 500-540 nm. (d) Overlay of the orange and green
channels. (e) Line profile: intensity profile of the white line in image
overlap. Scale bars: 5 um.
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25 min
Fig. 6 Fluorescence images of CM-Mit responding to thiols in living
Hela cells along with reaction time by confocal fluorescence imaging.
(a) Images of Mito-Tracker Green; (b) images of CM-Mit. (c) Merged
images of (a) and (b). (d) Time-dependent Pearson's coefficient. The
Hela cells were first incubated with CM-Mit for 20 min, followed by
incubation with Mito-Tracker Green for 20 min. Fluorescence images
were captured from the green channel of 500-540 nm with excitation

at 488 nm (first row) and orange channel of 563-593 nm (second row)
with excitation at 475 nm.
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incubated with CM-Mit, followed by analyzing the lysate by SDS-
PAGE. The result indicated that certain proteins were indeed
stained compared to the lysate with no probe (Fig. S12et).
Moreover, the fluorescence improved significantly when the
cells were treated with Cys and CM-Mit (Fig. S12f}), which was
probably due to the formation of o-quinone methide promoted
by the thiol. Overall, the above data confirmed that probe CM-
Mit could firmly monitor the mitochondrial thiols (Fig. 6).

CM-Mit-based fluorescence assays for discovery of potential
ferroptosis inducers

We further attempted to assess the potential use of probe CM-
Mit to visualize the thiol profile of ferroptosis. We applied two
ferroptosis inducers, including erastin and RSL3, which are
respectively selective inhibitors of system X, and glutathione
peroxidase 4 (GPX4). Cells incubated with probe CM-Mit dis-
played bright fluorescence in the orange channel, whereas pre-
treatment with erastin and RSL3 significantly decreased the
fluorescence intensity (Fig. 7), indicating that probe CM-Mit
could specifically monitor mitochondrial thiols of ferroptosis
and the ferroptosis inducer could trigger thiol starvation in
mitochondria.

Stemona alkaloids possess diverse structures and interesting
biological activities.**** In our previous work,**** we synthe-
sized several stemona alkaloids and their derivatives. To iden-
tify stemona alkaloids that induce ferroptosis, we performed
CM-Mit-based fluorescence assays to detect the effects of these
stemona alkaloids on mitochondrial thiol levels. The live HeLa
cells were pretreated with 15 uM of different compounds as well
as the positive control erastin, followed by imaging and analysis
of the endogenous thiol levels in mitochondria with the probe
CM-Mit. The structure of the stemona alkaloids and their
derivatives is shown in Table S1.} The results indicated that SA-
11 induced a significant decrease in the fluorescence signal,
which suggested that SA-11 significantly reduced the mito-
chondrial thiol level (Fig. 8). Previously, SA-11 was proved to
overcome the resistance to 5-fluorouracil in colorectal cancer
cells.*®* However, the exact underlying mechanism is still

Chem. Sci., 2022,13, 3706-3712 | 3709
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Fig. 7 Imaging of endogenous thiols in live Hela cells treated with
ferroptosis inducer. (Above) Cells were pretreated without other
reagents. (Middle and below) Cells were pretreated with ferroptosis
inducer, erastin (15 pM) and RSL3 (0.2 uM). All of the above were
cultured at 37 °C for 24 h, followed by exchange into PBS (pH = 7.4)
with 10 uM CM-Mit and incubation for another 15 min at 37 °C. Data
are represented as mean + SD (n = 3).
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Fig. 8 Screening of stemona alkaloids and their derivatives for
controlling the thiol level. (a) Hela cells were pretreated with ferrop-
tosis inducer erastin (5 uM), SA-11 and its analogs (15 pM) in a 5%
carbon dioxide incubator at 37 °C for 24 h, and the cells were incu-
bated with 10 uM CM-Mit for 15 min. The mean intensity from Fig. S9,1
where the control group is defined as 1.0. Data are represented as
mean £ SD (n = 3); (b) the structure of SA-11.

unknown. Given that SA-11 triggered thiol starvation in mito-
chondria, we propose that SA-11 could induce ferroptosis of
cancer cells to overcome drug resistance.

To examine this hypothesis, ES-2 cells were first treated with
SA-11 (30 pmol) and the apoptosis inhibitor z-VAD or the nec-
roptosis inhibitor necrostatin-1 (Nec-1) (Fig. 9a). The cytotox-
icity of SA-11 was not abrogated by z-VAD and Nec-1, indicating
that SA-11 had no effect on apoptosis and necroptosis. When
ES-2 cells were treated with various concentrations of SA-11, the
ES-2 cells were inhibited in a dose-dependent manner (Fig. 9b).
In contrast, when ES-2 cells were incubated with SA-11 and the
ferroptosis inhibitor ferrostatin-1 (fer-1), the cell death was
significantly rescued. When ES-2 cells were treated with SA-11
combined with erastin, the cell viability was further reduced
compared to the effect of erastin alone, which suggested that
SA-11 and erastin could collaboratively induce cell death.
Meanwhile, the lethality induced by SA-11 was also suppressed
by N-acetyl cysteine (NAC), which also served as an antioxidant
(Fig. 9¢c). A further experiment was conducted to monitor the
effect of SA-11 in HCT-116 and the drug-resistant HCT-116p53
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Fig. 9 SA-11 induces cancer cell death through ferroptosis. (a) Ability
of apoptosis inhibitor z-VAD or necroptosis inhibitor Nec-1 to protect
cells against SA-11 (30 pmol) treatment after 24 hours in ES-2 cells. For
(b) and (c) effect of ferroptosis Fer-1 (2 pumol) and NAC (1 mmol) on the
viability of ES-2 cells after treated with SA-11 (20 uM, 25 uM, 30 puM),
erastin (10 uM) and erastin (10 uM) combined with SA-11 (20 umol) for
24 hours. Data are represented as mean + SD (n = 3).
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Fig. 10 Effect of NAC on viability of (a) HCT-116 and (b) HCT116P53~
~ after incubation with different concentration of SA-11. Data are
represented as mean + SD (n = 3).

~. The results indicated that both cell lines treated with
different concentrations of NAC could be rescued from the
death induced by SA-11 (Fig. 10). These results clearly indicate
that SA-11 triggers ferroptotic cell death in cancer cells.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

In this work, the novel probe CM-Mit was constructed for
accurate detection of thiol in mitochondria based on the
chromene skeleton and carbonylpyridinium structure. Exten-
sive computational studies indicated that the hypsochromic
shift after the response to analytes and the intramolecular
rotations between the ground state and the ICT state
contribute to the fluorescence turn-on. CM-Mit displays
excellent mitochondrial-targeting ability and could accurately
detect the thiols in mitochondria without interference from
other sites. Moreover, the formation of the o-quinone methide
after the response to thiols could label the proteins, which
enables it to localize in mitochondria with the extension of
incubation time. With the probe CM-Mit, the ferroptosis
inducers erastin and RSL3 were demonstrated for the first time
to trigger thiol starvation in mitochondria. Additionally, the
screening approach was successfully developed for discovering
potential thiol-level modulators as ferroptosis inducers. The
stemona alkaloid derivative SA-11 with an a-methylene-y-
lactone moiety was found to trigger thiol starvation in mito-
chondria and demonstrated to induce the ferroptosis of cancer
cells, including drug-resistant ones. This work not only
provides carbonylpyridinium as a robust mitochondrial-
targeting group for mitochondrial function research but also
illustrates a versatile strategy for the discovery of small mole-
cules as ferroptosis inducers.
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