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of Chemistry Simultaneous imaging of nitric oxide (NO) and its proximal proteins should facilitate the deconvolution of
NO-protein interactions. While immunostaining is a primary assay to localize proteins in non-genetically
manipulated samples, NO imaging probes with immunostaining-compatible signals remain unexplored.
Herein, probe NOP-1 was developed with an NO-triggered proximal protein labeling capacity and
fluorogenic signals. The trick is to fuse the native chemical ligation of acyl benzotriazole with the
protein-conjugation-induced fluorogenic response of Si-rhodamine fluorophore. NOP-1 predominantly
existed in the non-fluorescent spirocyclic form. Yet, its acyl o-phenylenediamine moiety was readily
activated by NO into acyl benzotriazole to conjugate proximal proteins, providing a fluorogenic response
and translating the transient cellular NO signal into a permanent stain compatible with immunostaining.
NOP-1 was utilized to investigate NO signaling in hypoglycemia-induced neurological injury, providing
direct evidence of NO-induced apoptosis during hypoglycemia. Mechanistically, multiplex imaging

. revealed the overlap of cellular NOP-1 fluorescence with immunofluorescence for a-tubulin and NO,-
iizzgfe% ?étiear:racrz ;852 Tyr. Importantly, a-tubulin was resolved from NOP-1 labeled proteins. These results suggest that NO
played a role in hypoglycemia-induced apoptosis, at least in part, through nitrating a-tubulin. This study

DOI: 10.1039/d4sc00767k fills a crucial gap in current imaging probes, providing a valuable tool for unraveling the complexities of
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Introduction

Nitric oxide (NO) is an intriguing gaseous signaling molecule
vital for various physiological processes, such as vasodilation,
neurotransmission, and immunity."* Endogenously generated
from r-arginine by nitric oxide synthases (NOSs),>® NO exerts
chemical signaling functions by binding to soluble guanylate
cyclase (sGC) to enhance its enzymatic activity,”® or by nitro-
sylating proteins post-translationally to modulate their func-
tions.>'® Aberrant NO levels have been associated with multiple
disorders, including cardiovascular diseases, neurological
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NO signaling in biological processes.

diseases, metabolic disorders, and cancer.**” Though NO was
identified as a biological messenger almost three decades ago,*®
novel insights into its mechanisms in various pathophysiology
have been continually revealed.**?* Consequently, there
emerges an assay demand to explore its implications in diverse
biological processes. However, such an assay remains chal-
lenging due to the transient nature of NO. Currently, the assay is
generally carried out by immunostaining NOSs alongside the
proteins of interest.”~*® Direct measurement of NO alongside its
potential interacting proteins should provide more accurate
information to elucidate NO-related pathophysiology.

Given the importance of NO, there have been many activity-
based fluorescent probes reported for directly measuring
cellular NO levels.>**" These probes are generally fluorophores
derivatized with o-phenylenediamine serving to trap NO and to
quench the fluorescence through the mechanism of photo-
induced electron transfer. o-Phenylenediamine is readily
transformed into a non-quenching benzotriazole moiety after
reacting with NO, generating fluorogenic signals for detection
(Fig. 1A). While these probes have allowed for direct imaging of
NO in live cells and even live mice, they readily diffuse out of
cells and are incompatible with immunostaining which typi-
cally necessitates membrane permeability and harsh wash-out
procedures.®>* Since immunostaining is a primary assay for
identifying proteins in a spatially resolved way,**"*® it should
hold promise for studying NO-protein interactions. In this

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc00767k&domain=pdf&date_stamp=2024-04-27
http://orcid.org/0009-0001-3505-8080
http://orcid.org/0000-0001-5154-2115
https://doi.org/10.1039/d4sc00767k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00767k
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015017

Open Access Article. Published on 08 April 2024. Downloaded on 4/12/2026 11:54:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
A Previous work Applications Previous work This work
Visualizing NO with fluorogenic signals " {
NH, Live-cell imaging ) 4
NHz ﬁb I Compatible with immunostaining b ¢ ¥
= toi igate NO-protein i X <
B This work: NO-triggered protein labeling and fluorogenic imaging
Qo Doy | hnand
N 0Oy N0~y 1 M A0 A
N ; O o Mol H O o , @Po N Ol
OGI, WL >
ey ey WLy
NOP-1
C NOP-1 revealed the role of NO in hypoglycemia-induced neurological damage
NO No/ NO
no_ N0 no D ana e
p - - No; @ . NO, Fluorogenic
w0 " STy g~ @ Gy sionel
8 . NO NO NO NO
K 4
i ',} = a-tubulin
R s
4 {\\\ " '|,,__ @ = Probe NOP-1 (non-fluorescent)
Euglycemia Hypoglycemia ®- - Protein-binding fluorophore
Fig.1 Illustration of NO-triggered protein labeling for studying the mechanism of hypoglycemia-induced neurological damage. (A) Mechanism

of previous probes for imaging NO. (B) Chemical mechanism of probe NOP-1 for NO-triggered protein labeling and fluorogenic imaging. (C)
Probe NOP-1 revealed the role of NO in hypoglycemia-induced neurological damage by nitrating a.-tubulin.

context, a novel NO-sensing probe that can be activated by NO to
covalently label proximal proteins is advocated, which should
translate the transient cellular NO signal into a permanent one
compatible with immunostaining, and link cellular NO levels
with various biological processes.

The strategy of analyte-triggered protein labeling has been
proposed to interrogate  analyte-regulated signaling
pathways.*”™*° However, integrating this strategy with activity-
based sensing to provide dual-functional probes capable of
fluorogenically imaging NO and covalently labeling proteins
remains challenging, which requires a unique group that is
intrinsically inert but can be specifically activated by NO to label
proteins, and that a fluorogenic signal should be yielded
accompanying this labeling event. Herein, we reported probe
NOP-1 fulfilling these requirements. The probe was developed
by combining the native chemical ligation reaction of acyl
benzotriazole and the protein-ligation-induced fluorogenic
response of the Si-rhodamine fluorophore. It bears an acyl o-
phenylenediamine to trap NO and subsequently label proximal
proteins. The Si-rhodamine fluorophore in NOP-1 exists in the
non-fluorescent spirocyclic form in the absence of NO but
readily switches to the fluorescent zwitterionic form upon
ligating on proteins. In this way, NOP-1 can image NO with
a fluorogenic signal that is permanent and compatible with
immunostaining (Fig. 1B). NOP-1 displayed superior perfor-
mance to the classic commercial NO probe DAF-FM DA in terms
of immunostaining compatibility. Facilitated by NOP-1, we
observed an upregulation of NO in cells under hypoglycemic

© 2024 The Author(s). Published by the Royal Society of Chemistry

stress, and for the first time revealed that NO contributed to
hypoglycemia-induced neurological injury by nitrating proteins,
especially a-tubulin (Fig. 1C). These observations were realized
only with the aid of the probe NOP-1 which was entailed to
sense NO and subsequently label proteins, producing both
fluorogenic and immunostaining-compatible signals. These
results highlight the versatility of NOP-1 and promise its
potential for exploring NO-related pathophysiology in various
biological processes.

Results and discussion

Designing probes with NO-triggered protein labeling and
fluorogenic response

To realize NO-triggered protein labeling, the native chemical
ligation between acyl benzotriazoles and protein cysteines is
inspiring, which is biocompatible, fast, and efficient.** In this
regard, it is straightforward to envision that any fluorophore
could be derivatized with a carbonyl acid group and then
conjugated with o-phenylenediamine. The resulting acyl o-
phenylenediamine should then readily sense NO and be acti-
vated into acyl benzotriazole to label proximal proteins.
However, the simultaneous achieving of a desirable fluorogenic
signal is challenging. Reported probes for fluorogenically
imaging NO usually contain o-phenylenediamine as part of
their fluorophore cores (Fig. 1A). In this way, their baseline
fluorescence is effectively quenched by the mechanism of
photo-induced electron transfer. Moving o-phenylenediamine
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away from the fluorophore core should greatly compromise its
fluorescence-quenching ability, given that the efficacy of photo-
induced electron transfer is heavily distance-dependent.*” In
this context, alternative fluorescence tuning principles should
be explored to design probes achieving NO-triggered protein
labeling while preserving fluorogenic signals.

We unexpectedly observed that the derivatization of SiR-
COOH with a hydrophobic chain would shift it from the fluo-
rescent zwitterionic state to the non-fluorescent spirocyclic state
in both solids and high-polar solutions. We attributed this
phenomenon to the result of the intramolecular interaction
between the fluorophore skeleton and the hydrophobic chain.
We envisioned that binding with proteins should decrease the
negative effect of the hydrophobic chain on fluorescence
intensity, contributing to a fluorogenic response. Actually,
protein-binding induced fluorogenic response of SiR-COOH
derivatives has been reported.**** With these considerations,
this observation inspired us to the possibility of achieving
protein-labeling-induced fluorogenic response by employing
this spirocyclization-zwitterion equilibrium. To verify this
hypothesis, we synthesized three alkyl amide derivatives of SiR-
COOH (Fig. S1a and Scheme S1t). Compared to SiR-COOH
appearing as a dark blue solid, the derivatives had a greenish
color that dimmed as hydrophobicity increased. When dis-
solved in dimethyl sulfoxide (DMSO) at 5 mM, the SiR-COOH
solution was greenish, while the other solutions were almost
colorless (Fig. S1bt). This observation suggested that SiR-COOH
tended to exist in the zwitterionic form, whereas its hydro-
phobic derivatization would shift the equilibrium in favor of the
non-fluorescent spirocyclic form. To make a quantitative
comparison, the absorption and emission spectra of the
compounds were recorded at 6 pM in aqueous solutions
(Fig. S1ct). SiR-COOH exhibited an intense absorption band
with a peak at 645 nm, whereas SiR-N4C showed a 50% decrease
in absorption, and SiR-N8C and SiR-N12C were nearly non-
absorptive in this range. Similar results were observed in the
fluorescence spectra (Fig. S1dt). These results provide further
evidence that the hydrophobic derivatives of SiR-COOH tend to
exist in the non-fluorescent spirocyclic form. Interestingly, if the
colorless aqueous solution of SiR-N8C (6 uM) was added with
the surfactant sodium dodecyl sulfate (SDS) to decrease the
negative effect from the hydrophobic chains, even a trace
amount of SDS could shift the equilibrium to the zwitterionic
state, as shown by the increase of the absorption at 645 nm
which intensified in an SDS-concentration-dependent manner.
Similar results were observed for the fluorescence intensity at
672 nm (Fig. Sle-gt). This result promised that the covalent
binding of the hydrophobic derivatives of SiR-COOH to proteins
would yield fluorogenic signals.

After identifying the unique characteristic of the SiR-COOH
fluorophore switching from the spirocyclic form to the zwitter-
ionic form upon protein-binding, we then proceeded to develop
NO-imaging probes with the desirable protein-labeling ability
and fluorogenic response. This could be straightforwardly
realized by tethering o-phenylenediamine to SiR-COOH with an
acyl linker. We currently used a carbamate group to link the o-
phenylenediamine. However, an amide group may also be an

6564 | Chem. Sci, 2024, 15, 6562-6571

View Article Online

Edge Article

alternative. To tune the protein-labeling efficiency, alkyl or ether
linkers were incorporated. Finally, four candidate probes (NOP-
1 to NOP-4) were designed (Fig. 2A). These probes were facilely
synthesized by  conjugating  SiR-COOH  with  o-
phenylenediamine-attached acyl linkers (Scheme S27). Unlike
SiR-COOH, which appeared dark blue in solid form and
greenish in a DMSO solution (5 mM), all four NOPs were
greenish in solid form and colorless in DMSO solutions (5 mM),
indicating their preference for the spirocyclic form (Fig. 2B).
This was corroborated by their weak fluorescence in aqueous
solutions (Fig. 2C). However, when the probes were treated with
NO in the presence of bovine serum albumin (BSA), significant
fluorogenic responses were observed, suggesting NO-triggered
protein labeling which converted the spirocyclic fluorophore
into the zwitterionic form. Noteworthy, we confirmed that the
presence of protein was necessary for the fluorogenic response,
as NO itself couldn't lighten up the fluorescence of the probes
(Fig. 2C and D). This observation is in accord with the proposed
mechanism of protein-binding induced switching to the zwit-
terionic form of the SiR fluorophore. Furthermore, the covalent
labeling of BSA by the NOPs under the activation of NO was
verified by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and in-gel fluorescence analysis, which
showed a prominent fluorescence band corresponding to BSA
in the presence of NO donor DEA-NONOate while no fluores-
cence band was evident in the absence of NO (Fig. 2E and F).
Among the four candidates, NOP-1 exhibited the most efficient
protein labeling. Furthermore, we assessed the NO-imaging
performance of the probes in cells (Fig. 2G and H). Remark-
ably, NOP-1 demonstrated the highest proficiency in labeling,
and was therefore selected for a systematic investigation of its
NO-triggered protein labeling ability.

NO-triggered protein labeling ability of NOP-1

To verify if NO could activate the acyl o-phenylenediamine
group in NOP-1 into the readily conjugatable acyl benzotriazole,
we used liquid chromatography-mass spectrometry (LC-MS) to
monitor the reaction between NOP-1 and NO. As expected, upon
NO treatment, NOP-1 was transformed into the benzotriazole
derivative, accompanied by its further hydrolysis or its conju-
gation with methanol to the carbonate (Fig. 3A, B and S2t). To
test if the acyl benzotriazole derivative would covalently label
proteins, BSA was used as the model protein, and its molecular
weight was measured before and after the treatment of NOP-1
and NO by matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometry (Fig. 3C). It was
observed that the treatment of NOP-1 and NO shifted the mass
peak of BSA from 66.5 kDa to 67.1 kDa. This increase of ca. 0.6
kDa well agreed with the molecular weight of the protein-
conjugatable part of NOP-1, suggesting that activated NOP-1
covalently labeled BSA in a 1:1 ratio under this condition.
Then, the NO-dependent protein labeling capability of NOP-
1 was examined in detail by SDS-PAGE in combination with in-
gel fluorescence analysis. We first used BSA as the model
protein. BSA (0.5 mg mL ') was incubated with NOP-1 (1 pM)
and DEA-NONOate (0-50 uM) for 60 min. Quantification of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Probe NOPs for NO-triggered protein labeling and fluorogenic imaging. (A) Structures of NOPs. (B) Images of SiR-COOH and NOPs either
dissolved in DMSO (5 mM) or as solids. (C) Fluorescence spectra of NOPs (5 uM) in PBS before (green) and after (orange) NO treatment, or after
NO treatment in the presence of BSA (blue). NOPs (50 uM) in PBS were first incubated with solvent control, DEA-NONOate (500 pM), or
DEA-NONOate (500 uM) plus BSA (25 mg mL™) at 37 °C for 60 min, and then diluted to 5 uM to record the fluorescence spectra. (D) Normalized
fluorescent intensity of NOPs at 670 nm in (C). Intensity was normalized to the data of NOPs incubated with solvent control. Error bars represent
the standard deviation (SD) (n = 3). (E) In-gel fluorescence analysis of BSA (0.5 mg mL™?) incubated with NOPs (1 M) in the presence or absence
of DEA-NONOate (50 uM) at 37 °C for 60 min. The upper panel showed an image of the Coomassie Brilliant Blue (CBB)-stained gel while the
lower panel showed an image of the in-gel fluorescence. (F) Quantification of labeling yield of bands in (F). Signal intensity was normalized to
protein concentration as measured by CBB. Error bars represent the SD (n = 2). (G) Confocal fluorescence imaging of 293T cells stimulated by
different concentrations of DEA-NONOate and then stained with NOPs. 293T cells were pretreated with DEA-NONOate (0, 100 uM) for 30 min,
followed by incubation with NOPs (1 uM) for 20 min. IF signals of NOPs: red; Hoechst: blue. Scale bar = 50 pm. (H) Normalized red fluorescence
intensity output in (G). Data were normalized to the control group. Error bars represented SD (n = 3). **p < 0.01.
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Fig. 3 NO-triggered protein labeling of NOP-1. (A) LC-MS analysis of NOP-1 (50 pM) before and after 30 min treatment with DEA-NONOate
(500 uM) in PBS (0.25 mM, pH 7.4) containing 20% methanol. The blue star represents NOP-1, while the green diamond, yellow circle, and red
square represent the hydrolyzed product, the methyl carbonate, and the benzotriazole derivative, respectively. (B) Mass spectra of the peaks at
8.787 min and 9.362 min which were attributed to NOP-1 and the benzotriazole derivative, respectively. (C) Mass spectra of BSA treated with
NOP-1 (150 pM) alone or treated with NOP-1 (150 uM) in the presence of DEA-NONOate (600 uM) at 37 °C for 120 min. Spectra were obtained via
MALDI-TOF mass spectrometry (matrix: saturated sinapinic acid in 50% ethanol/50% MeCN/0.1% TFA). (D) In-gel fluorescence analysis of BSA
(0.5 mg mL™Y incubated with NOP-1 (1 uM) and DEA-NONOate (0-50 pM) at 37 °C for 60 min. (E) In-gel fluorescence analysis of BSA (0.5 mg
mL™Y) incubated with NOP-1 (1 uM) and DEA-NONOate (50 uM) at 37 °C for 0-120 min. (F) Quantification of labeling yields of bands in (D). Signal
intensity was normalized to protein concentration as measured by CBB and to the data point of the 2 pM DEA-NONOate group. The black dashed
line represented the fitted linear relationship between the relative labeling yield and concentration of DEA-NONOate. (G) Quantification of
labeling yield of bands in (E). Signal intensity was normalized to protein concentration as measured by CBB and to the data point of the 5 min
treatment group. The black dashed curve represented the fitted relationship between the relative labeling yield and incubation time. (H) In-gel
fluorescence analysis of BSA (0.5 mg mL™Y) incubated with NOP-1 (1 uM) and various species at 37 °C for 60 min. (I) Quantification of labeling
yield of bands in (H). Signal intensity was normalized to protein concentration as measured by CBB and to the data point of the NO group. NOP-1
demonstrated superb selectivity towards NO over other biologically relevant reactive species. The upper panels show images of the CBB-stained
gels while the lower panels show images of in-gel fluorescence scanning. Error bars represent the SD (n = 3).

fluorescence intensity of the labeled band revealed a positive
linear correlation with the NO donor concentrations (Fig. 3D
and F). This result was consistent with the NO-activated protein

labeling mechanism. Similar results were observed in the time
course of protein labeling efficacy. DEA-NONOate (50 pM) was
added to a mixture of BSA (0.5 mg mL ") and NOP-1 (1 pM), and
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aliquots were taken in a time-lapsed manner and then analyzed
(Fig. 3E and G). The fluorescence intensity of the bands grad-
ually intensified over time and reached saturation at approxi-
mately 90 min. Finally, we confirmed that NO specifically
triggered the labeling event among biologically relevant reactive
species. As shown in Fig. 3H and I, no significant fluorescently
labeled bands were observed in samples treated with species
other than NO. This result is in line with the established
selectivity of o-phenylenediamine towards NO.

In addition to BSA as a model protein, we verified that NOP-1
retained its efficacy to label proteins upon NO activation in
more complicated systems, such as in fetal bovine serum (FBS)
(Fig. S3-S57) and cell lysates (Fig. S6 and S77). Interestingly, in
the NO-triggered protein labeling experiment conducted in
HepG2 cell lysates, some bands could be visible only by in-gel
fluorescence scanning but almost invisible by Coomassie Bril-
liant Blue (CBB) staining, highlighting the sensitivity of NOP-1
imparted by its fluorescent signals (Fig. S7t). This sensitivity is
promising to facilitate the biological-process elucidation by
labeling and lightening up NO-signaling relevant proteins.

NOP-1 imaged NO in cells

To assess NOP-1's ability to image NO in cells, human embry-
onic kidney-derived 293T cells were pretreated with
DEA-NONOate of various doses for 30 min and then stained
with NOP-1 (1 uM). The cellular probe fluorescence intensity
was observed positively correlated with DEA-NONOate doses
(Fig. S87), indicating NOP-1's capability to image cellular NO.
Noteworthy, we observed an asymmetric distribution of cellular
probe fluorescence between the cytoplasm and nuclei
(Fig. S8Aft), suggesting increased sensitivity of cytoplasmic
proteins to NO signaling. Given the brain's susceptibility to
nitrative stress,’® we further evaluated the fluorogenic perfor-
mance of NOP-1 in murine hippocampal HT22 cells following
NO stimulation. Consistent with previous results in 293T cells,
we observed a NO dose-dependent increase in intracellular
probe fluorescence, accompanied by an asymmetric distribu-
tion (Fig. S91). These results collectively demonstrate the NO-
activated protein labeling and fluorogenic visualization of the
labeled proteins by NOP-1 in different cells.

NOP-1 imaging revealed the implication of NO signaling in
hypoglycemia-induced neurological damage

After confirming NOP-1's ability to image NO in cells and its
capacity for covalently labeling proteins post-NO activation, we
employed NOP-1 to investigate the pathology of hypoglycemia,
a common adverse effect of diabetes mellitus treatment asso-
ciated with an increased risk of neuropathy and cognitive
impairment.*””** Previous studies from our group have impli-
cated NO signaling in various pathological processes.*** To
explore the potential modulation of neurological damage under
hypoglycemic conditions by NO signaling, HT22 cells were
cultured in a 1 mM glucose medium for 6 h to mimic hypo-
glycemia.>* Cells were then stained either with NOP-1 or the
commercial NO probe DAF-FM DA. It was observed that either
probe consistently exhibited weak fluorescence in high-glucose-
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treated cells but strong fluorescence in low-glucose-treated cells
(Fig. S10t), suggesting hypoglycemia-induced upregulation of
NO in HT22 cells. To interrogate the effect of hypoglycemia
duration on cellular NO levels, HT22 cells were cultured in
a 1 mM glucose medium for 0, 3, 6, 9, and 12 h, followed by
staining with NOP-1 (1 puM). The cellular probe fluorescence
intensity increased within the first 6 h, peaked at the 6th hour,
and then decreased from 6 to 12 h, revealing a distinct NO
signaling pattern in response to hypoglycemia (Fig. 4A and B).
To validate this relation, HT22 cells were pretreated with 1 mM
glucose medium and then stained with DAF-FM DA (1 pM)
(Fig. 4C). Consistent with NOP-1 staining, a noticeable peak of
DAF-FM DA fluorescence intensity was observed after 6 h of
hypoglycemic treatment (Fig. 4D), further confirming the reli-
ability of NOP-1 in imaging cellular NO levels and suggesting an
association between elevated NO signaling and hypoglycemia-
induced neurological damage.

To assess the compatibility of NOP-1 fluorescence with im-
munostaining, HT22 cells without or with low-glucose
pretreatment were first stained with NOP-1, subjected to 0.5%
Triton X-100 penetration, and then subjected to immunostain-
ing with NeuN (a marker of neuron) antibody and correspond-
ing secondary antibody. After extensive washing, both the probe
fluorescence and the immunofluorescence from the antibody
were recorded under microscopy. Cells without low-glucose
pretreatment presented only NeuN immunofluorescent
signals, while cells subjected to hypoglycemia demonstrated
both NOP-1 and immunofluorescence (Fig. 4E). This suggested
that hypoglycemia-induced NO caused a permanent probe NOP-
1 stain in the cells, consistent with the NO-activated protein
labeling mechanism of the probe. In sharp contrast, when
similar procedures were used but cells were stained with DAF-
FM DA, only NeuN immunofluorescent signals were observed,
regardless of low-glucose pretreatment (Fig. 4F). This is in
accord with the immunostaining-incompatible signal of DAF-
FM DA. To further confirm the NO-activated protein covalent
labeling ability of NOP-1, HT22 cells subjected to high or low
glucose stimulation were stained either with NOP-1 or the
commercial NO probe DAF-FM DA. Cells were then lysed, and
the proteins were resolved by SDS-PAGE and observed by in-gel
fluorescence. As shown in Fig. S11,T obvious in-gel fluorescence
was observed only in the low glucose plus NOP-1 staining group;
while no significant signal was observed in the low glucose plus
DAF-FM DA staining group. Since we have confirmed the
upregulation of NO in the low glucose stimulation group, this
result further emphasizes the superiority of NOP-1 for its
protein-labeling ability and its immunostaining-compatible
signals in imaging cellular NO.

Multiplex imaging revealed the contribution of a-tubulin
nitration to hypoglycemia-induced neuronal apoptosis

After confirming NOP-1's immunostaining-compatible signals,
we employed it to investigate the mechanism of NO signaling in
hypoglycemia-induced neurological damage. It has been re-
ported that glucose deprivation leads to ATP depletion and
apoptotic pathway activation.*” This prompted us to analyze the
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Fig. 4 Dynamic visualization of NO fluctuations in HT22 cells in low-glucose conditions mimicking the hypoglycemic process. (

A) Fluorescence

images of HT22 cells stained with NOP-1 revealed the temporal changes of cellular NO levels. HT22 cells were stimulated with 1 mM glucose for
0, 3,6, 9, and 12 h, followed by incubation with NOP-1 (1 uM) for 20 min. IF signals of NOP-1: red; Hoechst: blue. Scale bar = 50 um. (B)
Quantification of the red fluorescence intensity in (A) indicating relative NO levels. (C) Fluorescence images of HT22 cells stained with DAF-FM
DA. HT22 cells were stimulated with 1 mM glucose for 0, 3, 6, 9, and 12 h, followed by incubation with DAF-FM DA (1 uM) for 20 min. IF signals of
DAF-FM DA: green; Hoechst: blue. Scale bar = 50 um. (D) Quantification of the green fluorescence intensity in (C). Error bars represent SD. *p <
0.05; **p < 0.01. (E and F) The comparison between NOP-1 and DAF-FM DA in multiplex staining in combination with immunostaining. (E) IF
signals of NOP-1: red; NeuN: green; Hoechst: blue. (F) IF signals of DAF-FM DA: green; NeuN: red; Hoechst: blue. Scale bar = 50 pm. The cell

experiments were repeated three times.

effect of NO signaling on apoptosis in HT22 cells. Cultured in
1 mM glucose for 6 h, HT22 cells exhibited a significant increase
in apoptotic cells, as revealed by the TUNEL assay,* indicating
a close association between NO signaling and hypoglycemia-
induced apoptosis (Fig. 5A and B). To confirm this relation-
ship, HT22 cells were treated with L-NMMA, a NOS inhibitor,
which effectively suppressed apoptotic cell death under low-
glucose conditions, suggesting that the upregulation of NO-
signaling in hypoglycemia contributed to neuronal apoptosis.

6568 | Chem. Sci, 2024, 15, 6562-6571

Moving forward, we explored the mechanism of NO-
mediated apoptosis through multiplex imaging. NO, known to
modify amino acids covalently, can lead to 3-nitrotyrosine (NO,-
Tyr) formation.*** Considering that NO,-Tyr-modified o-
tubulin has been linked to cellular apoptosis,**® we investi-
gated whether NO,-Tyr-modified a-tubulin is involved in
neuronal apoptosis under hypoglycemic stress. HT22 cells were
treated with low glucose and stained first with NOP-1, followed
by immunofluorescence staining with both the o-tubulin

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

Investigation into the NO-related mechanism in hypoglycemia-induced neurological injury. (A) Immunofluorescence of TUNEL revealed

neuronal apoptosis in HT22 cells. HT22 cells were treated with or without L-NMMA (100 pM) in low-glucose (1 mM) or high-glucose conditions,
and TUNEL staining was conducted. IF signals of TUNEL: green; Hoechst: blue. Scale bar = 100 um. (B) Quantification of TUNEL fluorescent
intensity in (A). *p < 0.05; **p < 0.01; ***p < 0.001. (C) Multiplex immunofluorescence revealed an increase in NO,-Tyr-modification accom-
panied by elevated NOP-1 fluorescence in HT22 cells under low-glucose treatment. HT22 cells were cultured in low-glucose (1 mM) or high-
glucose conditions for 6 h, subsequently stained with NOP-1, and then immunostaining for a-tubulin and NO,-Tyr was conducted. IF signals of
a-tubulin: green; NO,-Tyr: red; NOP-1: cyan; Hoechst: blue. Scale bar = 50 pum. (D) Ultra-high-resolution microscopic imaging and decon-
volution analysis revealed the collocation of NO,-Tyr-modification with a-tubulin. IF signals of a-tubulin: green; NO,-Tyr: red; NOP-1: cyan;
Hoechst: blue. Scale bar =10 pm. (E and F) Analysis of colocalization between a.-tubulin and NO,-Tyr under euglycemic (E) and hypoglycemic (F)
conditions. (G) Immunoprecipitation assay identified NO,-Tyr-a-tubulin in low-glucose treated HT22 cells. (H) In-gel fluorescence revealed a-
tubulin labeled by NOP-1 in immunoprecipitated proteins by NO,-Tyr antibody. IF signals of NOP-1: red. Ay = 647 nm. The cell experiments

were repeated three times except for the IP assay.

antibody and the NO,-Tyr antibody. Low-glucose treatment
significantly elevated the level of NO,-Tyr-modification in HT22
cells, accompanied by an increase in NOP-1 fluorescence
(Fig. 5C and S127 for enlarged version). Ultra-high-resolution
microscopy and deconvolution analysis of HT22 cells revealed
a good colocalization of o-tubulin and NO,-Tyr-modified
protein, along with microtubule disorganization (Fig. 5D and
S137 for enlarged version), indicating a potential link between
NO signaling and NO,-Tyr-modified a-tubulin. Conversely, in
cells from the high-glucose group, no significant co-localization
was observed (Fig. 5E and F).

Further supporting our findings, immunoprecipitation (IP)
demonstrated the pulldown of o-tubulin by the NO,-Tyr

© 2024 The Author(s). Published by the Royal Society of Chemistry

antibody from low-glucose-treated cell lysates (Fig. 5G). Addi-
tionally, SDS-PAGE analysis of the immunoprecipitated
proteins by the NO,-Tyr antibody revealed a NOP-1 labeled
fluorescent band corresponding to the molecular weight of a-
tubulin (55 kDa), suggesting the labeling of a-tubulin by NOP-1
in cells under hypoglycemia stimulation and further high-
lighting the advantage of NOP-1 in trapping protein (Fig. 5H).
This confirmed NOP-1 as a tool to bridge cellular NO levels with
NO-modified proteins, facilitating the interrogation of the
mechanism of NO signaling. In summary, our results suggest
that hypoglycemia-induced neurological damage is closely
related to NO,-Tyr-modified o-tubulin. It should be noted that
when whole-cell lysis was analyzed by SDS-PAGE for NOP-1
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signal in parallel with western blot for NO,-Tyr signal, some
bands showed much more dramatic NOP-1 labeling signals
than NO,-Tyr signals, and vice versa (Fig. S14t). Since NOP-1
labeling is the direct result of NO activation while NO,-Tyr
antibody detects proteins with nitrated tyrosine residues, we
reason that NOP-1 and NO,-Tyr antibody should complement
each other to study NO signaling with improved accuracy.

Conclusion

In conclusion, we have successfully developed the dual-
functional activity-based probe NOP-1, capable of imaging NO
in cells and covalently labeling proximal proteins. The key
innovation lies in integrating the native chemical ligation
reaction of acyl benzotriazole with the specific fluorescent
properties of Si-rhodamine fluorophores, transitioning from
a non-fluorescent spirocyclic form to a fluorescent zwitterionic
form upon binding to proteins. NOP-1 incorporates an acyl o-
phenylenediamine moiety for NO sensing, with its NO-triggered
transformation to an acyl benzotriazole moiety activating the
protein-labeling ability of the probe. This unique design
translates transient cellular NO signals into a permanent fluo-
rescent stain, compatible with immunostaining and multiplex
imaging, thereby bridging cellular NO levels with diverse bio-
logical processes. Notably, our study using NOP-1 revealed the
previously unexplored contribution of NO upregulation to
hypoglycemia-induced neurological damage. Mechanistically,
the overlap of cellular NOP-1 fluorescence with immunofluo-
rescence for a-tubulin and NO,-Tyr, coupled with the identifi-
cation of o-tubulin from NOP-1 labeled proteins, strongly
suggests that NO exerts its damaging role by nitrating a-tubulin,
ultimately leading to apoptosis. We envision NOP-1 as a versa-
tile tool with broad applications for studying NO-related path-
ophysiology across various conditions, offering valuable
insights and potential avenues for further research and thera-
peutic development.
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