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n driven proximity labeling
strategy enables profiling of mitochondrial
proteome dynamics in living cells†

He Wang, ab Zhiting Wang,ab Hang Gao,ab Jianhui Liu,a Zichun Qiao,ab

Baofeng Zhao, a Zhen Liang,a Bo Jiang, *a Lihua Zhang*a and Yukui Zhanga

Mapping the proteomic landscape of mitochondria with spatiotemporal precision plays a pivotal role in

elucidating the delicate biological functions and complex relationship with other organelles in a variety

of dynamic physiological processes which necessitates efficient and controllable chemical tools. We

herein report a photo-oxidation driven proximity labeling strategy to profile the mitochondrial proteome

by light dependence in living cells with high spatiotemporal resolution. Taking advantage of organelle-

localizable organic photoactivated probes generating reactive species and nucleophilic substrates for

proximal protein oxidation and trapping, mitochondrial proteins were selectively labeled by spatially

limited reactions in their native environment. Integration of photo-oxidation driven proximity labeling

and quantitative proteomics facilitated the plotting of the mitochondrial proteome in which up to 310

mitochondrial proteins were identified with a specificity of 64% in HeLa cells. Furthermore, mitochondrial

proteome dynamics was deciphered in drug resistant Huh7 and LPS stimulated HMC3 cells which were

hard-to-transfect. A number of differential proteins were quantified which were intimately linked to

critical processes and provided insights into the related molecular mechanisms of drug resistance and

neuroinflammation in the perspective of mitochondria. The photo-oxidation driven proximity labeling

strategy offers solid technical support to a highly precise proteomic platform in time and finer space for

more knowledge of subcellular biology.
Introduction

Eukaryotic cells are composed of diverse subcellular structures
including organelles, vesicles and large protein assemblies,
which perform their specic biological functions, relying on
different protein compositions.1 Expounding spatiotemporal
dynamic properties of the subcellular proteome is essential for
a better understanding of various biological processes as
protein localizations and expression levels change with the
environment and their functions vary accordingly in physio-
logical and pathological states.1,2 In addition, the precise regu-
lation of the cell signaling network depends on protein
alteration in dened space and time, such as assembly and
degradation of protein complexes, translocation of transcrip-
tion factors in the cytoplasm and nucleus and redistribution of
proteins in response to cellular stress.3–5 Therefore, the
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delineation of subcellular proteome dynamics of organelles and
other structures is indispensable for more knowledge of vital
events in cells.

Mitochondria, as the powerhouse of cells, were studied most
in the proteome for their vital roles in many crucial processes,
which impinged on health and disease, such as Ca2+ homeo-
stasis, inammation and cellular stress responses.6,7 The
traditional strategy for mitochondrial proteome research was
acquiring mitochondria by density gradient centrifugation,1,8

which showed the disadvantages of time-consumption, low
purity and low coverage.9 Recently, the emergence of in situ
protein chemical labeling technology provided a powerful tool
for the realization of mitochondrial proteomics analysis with
high specicity and high spatiotemporal resolution. Proximity
labeling based on engineered enzymes (e.g., APEX and TurboID)
to generate reactive intermediates for protein labeling parsed
mitochondrial and even submitochondrial proteome,10–14 which
was of great signicance for discovering new components of
mitochondria and determining subcellular localization of
unknown proteins. Unfortunately, this required genetic
manipulation to construct engineered enzymes and was not
suitable for sensitive and complex tissue or cell samples that
were difficult to transfect, including primary neurons, embry-
onic stem cells and macrophage cells.15 Chemical proteomics
Chem. Sci., 2022, 13, 11943–11950 | 11943
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technology based on organelle-localizable reactive molecule
(ORM) labeled proteins in specic subcellular compartments
without gene transfection was developed for proteomic studies
of various organelles such as nuclear, endoplasmic reticulum
and mitochondria.16–18 However, the long reaction time and
reaction species that are always “on” led to low spatiotemporal
resolution and extra false positive labeling when passing by
other subcellular structures. Accordingly, there was still an
urgent demand to develop new chemical proteomic strategies
for studying the mitochondrial proteome.

For high specicity and resolution, intelligently responsive
chemical reactive species were applied to label proteins or other
biomacromolecules in subcellular compartments.19–22 Controllable
activation of reactive groups to form high reactive intermediates
which generally were free radicals, excited singlet state species or
highly electrophilic species reduced false positives and improved
temporal resolution to a large extent via the short diffusion radius
and fast reaction kinetics.23 A couple of photo-responsive (e.g.,
photoactivation24,25 and photocatalytic decaging26,27) and microen-
vironment responsive (e.g., localized metal ions,28,29 H2O2 (ref. 30
and 31) and protein aggregations32) probes were successively
developed for subcellular proteome proling. The recently re-
ported strategy called bioorthogonal and photocatalytic decaging-
enabled proximity labeling (CAT-Prox)26 was applied to the plot-
ting of themitochondrial proteome with improved spatiotemporal
precision via an iridium catalyst allowing photocontrol, which
showed the potential advantages of photo-responsive probes in the
proteomic study of subcellular structures. Notably visible light
photocatalysts to generate reactive species for proximal protein
trapping, including photosensitive protein miniSOG,33 transition-
metal iridium or ruthenium photocatalysts26,34 and organic pho-
tocatalysts,35–37 are burgeoning and promising due to their low
biological disturbance and high spatiotemporal delity enabling
the dynamic delineation of proteins in their native environment.
Therefore, the photocatalytic strategy was expected to explore
spatiotemporal dynamics in the mitochondrial proteome.

Herein we presented a photo-oxidation driven proximity
labeling strategy for dissection of mitochondrial proteomics
with high spatiotemporal resolution in a non-perturbed state
exploiting a mitochondria-targeted probe with light depen-
dence (Scheme 1). The photo-controllable probe could sponta-
neously accumulate inmitochondria of living cells and generate
singlet oxygen locally under the irradiation of visible light.
Spatially restricted reactions between propargylamine (nucleo-
phile) and amino acid residues oxidized by abundant singlet
oxygen (electrophilic active intermediates) allowed for protein
tagging covalently in situ by an alkynyl handle, which enabled
downstream modication by a biotin conjugate containing
a cleavable linker (azo) for the enrichment and identication of
mitochondrial proteins via copper(I)-catalyzed azide–alkyne
cycloaddition (CuAAC). Furthermore, by integrating a light
controllable labeling probe and quantitative proteomics based
on pseudo-isobaric dimethyl labeling,38 the mitochondrial
proteome could be deciphered readily for a better under-
standing of mitochondrial function and its role in diverse
physiological processes to elucidate molecular mechanisms of
diseases. This strategy was capable of labeling and identifying
11944 | Chem. Sci., 2022, 13, 11943–11950
mitochondrial proteins in different cells and proling mito-
chondrial proteome dynamics in the process of drug resistance
and neuroinammation induced by lipopolysaccharide.

Results and discussion

For the mitochondria-targeted photoactivatable probe, dibro-
mouorescein (DBF), the eosin derivative with an appropriate
1O2 quantum yield (FD ¼ 0.42) and hydrophobicity,39 was
chosen as the photosensitive moiety to generate singlet oxygen
via Dexter energy transfer under irradiation of green light and
for indicating probe localization by uorescence. With the tri-
phenylphosphonium cation as the localizable moiety,40,41 we
designed and synthesized mitochondria-targeted photo-
activatable probe TPP-AcDBF (Scheme 1). In our experiment,
DBF was acetylated to improve the ability of cell permeability
and TPP-DBF was the active form in living cells which emerged
via hydrolysis by intracellular esterase. TPP-DBF was charac-
terized by measuring its spectral properties and the maximum
absorption wavelength was 513 nm (Fig. S1A and B†). Singlet
oxygen (1O2) was the prerequisite for mitochondrial protein
activation and subsequent labeling. The quantication of 1O2

produced by TPP-DBF was evaluated with Si-DMA, a mitochon-
dria localizable uorescence probe for singlet oxygen detection
that has drastically increased uorescence intensity at 660 nm
in the oxidation state42 (Fig. S1C†). As expected, the uorescence
intensity of Si-DMA increased along with time illuminated by
a homemade green light irradiation device (Fig. 1A) whose
wavelength peak was around 510 nm in the presence of TPP-
DBF. Furthermore, we found a similar phenomenon in living
HeLa cells where the uorescence intensity of Si-DMA was
much stronger aer irradiation of green light for 10 min
(Fig. 1B), indicating that the production of 1O2 was not per-
turbed by the complex intracellular matrix. Taken together, the
efficient capability of singlet oxygen generation by TPP-DBF
under vitro and physiological conditions was demonstrated.

Aer the proteins were activated, the next step was to label the
highly reactive proteins. To trap oxidized amino acid residues, a set
of labeling reagents with a high nucleophilic reactive moiety
(amine) and different enrichment moieties (alkynyl, biotin and
ferrocene) (Fig. S2A†) for protein tagging and capture were tested
by modications of peptides containing potential active amino
acid residues (HMWY)36,43 with DBF generating 1O2 under irradi-
ation of green light. An optimized labeling reagent was considered
as one of the key factors to improve the labeling efficiency of
mitochondrial proteins. As judged by MALDI-TOF/TOF-MS
(Fig. S2C†), 1 (propargylamine, PA) showed the highest efficiency
for peptidesmodiedwith histidine residues as themost prevalent
modication site while peptides containing other amino acid
residues (MWY) barely showed modication peaks. At the protein
level, we examined the labeling ability of reagents 1-4 for BSA by
LC-MS/MS under photooxidative conditions (Fig. S3A†). Except for
oxidation modication, a relatively large number of PA modica-
tions in histidine residues were mainly observed with a proportion
of 10.4%, much more than those of other labeling regents
(Fig. S3B†). The higher nucleophilicity of the aliphatic amine and
better spatial accessibility of alkynyl enabled PA to label oxidative
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of a photo-oxidation driven proximity labeling strategy and workflow for mitochondrial proteome profiling.

Fig. 1 Characterization and evaluation of the photoactivatable probe
and labeling reagent PA. (A) Quantification of singlet oxygen produc-
tion of TPP-DBF by Si-DMA in PBS/MeOH (1 : 1) at 660 nm. (B)
Confocal microscopy images of HeLa cells incubated with TPP-AcDBF
and Si-DMAwith or without irradiation of green light. Scale bar: 10 mm.
(C) Labeled amino acid residues on BSA by TPP-DBF and PA. (D)
Immunoblotting analysis of photo-oxidation driven labeled BSA by
TPP-DBF and PA under different conditions.
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histidine residues efficiently. From a detailed analysis of labeling
sites, it was found that 13 of all 17 histidine residues and 1 of all 5
methionine residues in BSA were labeled (Fig. 1C). The majority of
histidine residues were modied by PA and the labeled residues
were widely distributed on the surface of BSA (Fig. S4†) which
further conrmed the high reactivity of PA. Aer the labeled
proteins underwent a click reaction with azide-biotin, immuno-
blotting analysis was conducted to explore the labeling mecha-
nism and efficiency. As shown in Fig. 1D, we found that BSA was
labeled with a prerequisite that photoactivatable probe TPP-DBF,
PA and irradiation all existed and the labeling intensity
enhanced along with irradiation time and the concentration of
TPP-DBF (Fig. S5A and B†), suggesting the feasibility of mito-
chondrial protein labeling. In addition, it was noted that BSA could
be labeled with direct 1O2 in the absence of TPP-DBF and green
© 2022 The Author(s). Published by the Royal Society of Chemistry
light (Fig. S5C†) which indicated that the labeling reaction pro-
ceeded via 1O2, enabling spatiotemporal control of protein
labeling. Subsequently, the selectivity of the labeling reaction was
determined by subcellular distribution of photoactivatable probe
TPP-AcDBF and PA-modication.

The cell permeability and subcellular localization of photo-
activatable probe TPP-AcDBF were evaluated by uorescence co-
localization analysis with confocal laser scanning microscopy
(CLSM). The uorescence of TPP-AcDBF merged well with Mito
Tracker Deep Red and Pearson’s correlation coefficient was up
to 0.88 (Fig. 2A), indicating its favorable specicity to target
mitochondria spontaneously. Given that TPP-AcDBF is selec-
tively localized in mitochondria, we next veried that PA addi-
tion to proteins occurred in mitochondria as well in
a photoactivatable fashion with rhodamine-azide to visualize PA
labeling. As a result, the cells showed strong green uorescence
in mitochondria in the presence of green light while there was
negligible uorescence of rhodamine without irradiation
(Fig. 2B). As expected, this PA addition reaction was light
dependent and had efficient mitochondrial specicity. Aer the
click reaction with conjugated biotin, labeled proteins were
quantied relatively by immunoblotting analysis, which showed
that the intensity of labeled proteins increased compared with
that of the control group (without green light) and drastically
enhanced aer enrichment in the case of illuminating by green
light (Fig. S6†). It further demonstrated that mitochondrial
protein specic labeling and capture in living cells was very
feasible.

We next determined the nal concentration of TPP-AcDBF
inside cells aer lysis and found that it was increasing along
with incubation time and the initial concentration. The intra-
cellular concentration in HeLa was 177 mM when incubated
with 10 mM TPP-AcDBF for 10 min (Fig. 2C), which was the
optimal incubation condition considering the nal concentra-
tion and mitochondrial specicity. It was 18-fold higher than
the initial concentration of TPP-AcDBF and would be much
higher in mitochondria as the spontaneous aggregation of
Chem. Sci., 2022, 13, 11943–11950 | 11945
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Fig. 2 Mitochondria-targeting and protein labeling in vivo. (A)
Confocal microscopy images of HeLa cells incubated with TPP-AcDBF
(10 mM) and Mito Tracker Deep Red (100 nM). Scale bar: 10 mm. (B)
Confocal microscopy images of fixed HeLa cells visualized by clicking
with Azide-fluor 488 (10 mM) after incubating with TPP-AcDBF (10 mM)
and PA (5 mM) in the presence or absence of green light. Scale bar: 10
mm. (C) Intracellular concentration of TPP-DBF in HeLa cells under
various conditions, cells incubated with 5 or 10 mM TPP-AcDBF for
different times ranging from 10 min to 1 h. (D) Ratio of mitochondrial
proteins among all proteins identified by label-freeMS quantification in
photo-oxidation driven labeled HeLa cells under various incubation
conditions.
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lipophilic cations is driven by the mitochondrial membrane
potential. Additionally, the ratio of mitochondria-localizing
proteins in all identied proteins was 78% (Fig. 2D) which
was the highest evaluated by label-free MS quantitative analysis
aer the click reaction with the biotin-azide conjugate and
enrichment with streptavidin agarose beads under this incu-
bation condition. This strongly indicated the promising
potential of the photo-oxidation driven proximity labeling
strategy for subcellular protein proling.

To evaluate the disturbance of photo-oxidation driven
labeling on living cells, whole proteome analysis was performed
under optimized conditions by label-free quantitation. The
Pearson’s correlation coefficients between groups with or
without probes and light were more than 0.98 (Fig. S7A†), which
demonstrated that there was a subtle difference with the pres-
ence of labeling regents and green light. Proteins with a 2-fold
(1.5-fold) difference in the experimental group against the blank
group only accounted for a proportion of 0.56% (3.08%) of all
quantied proteins (Fig. S7B and C†), indicating that the
labeling strategy could hardly cause disturbance to the cell
proteome and the biocompatibility was excellent.

Encouraged by successful attempts at protein labeling in vitro
and in vivo, we capitalized on the photo-oxidation driven proximity
labeling strategy to plot the mitochondrial proteome in HeLa cells
with high-resolution MS. The PA-labeled proteins were bio-
tinylated via a click reaction, enriched with streptavidin agarose
11946 | Chem. Sci., 2022, 13, 11943–11950
beads and analyzed by LC-MS/MS. Reduction elution facilitated
MS identication by removing biotin from proteins to reduce
interference. As a result, we identied 488 labeled proteins and 310
proteins were localized to mitochondria explicitly with 1 location-
unassigned protein, achieving a fairly good specicity of 64% for
mitochondria (Fig. 3A and Data S1†). The MS data showed high
reproducibility as well (Fig. S8 and Table S1†). Submitochondrial
distribution illustrated that a large majority of identied mito-
chondrial proteins were localized in the matrix and inner
membrane (Fig. 3B) in line with the matrix-targeting preference of
lipophilic cations44 which might provide some insights into the
submitochondrial location-unknown proteins. In the subsequent
gene ontology (GO) enrichment analysis for identied proteins, it
was found that these proteins were highly involved in many
biological processes closely related to mitochondria such as
translation and energymetabolism (Fig. 3C), indicating the delity
of identication. Furthermore, we identied a number of protein
subunits of ribosomes, respiratory chain complexes and inner
membrane import complexes in the labeled proteome that exerted
vital effects in mitochondrial biology (Fig. 3D). However, there
were still 30–40% non-mitochondrial proteins in the labeled
mitochondrial proteome, which might be the consequence of the
random diffusion of the photoactivatable probe, the relatively low
reaction efficiency of protein labeling by biotin, and the interfer-
ence from endogenously biotinylated proteins within samples.45

Further efforts would be required to improve the specicity of
subcellular proteome proling.

Compared with APEX10 or TurboID,13 our strategy performed
a little worse in coverage and specicity for mitochondrial
proteins (Table S2†), which might be caused by the lower
reaction kinetics of the abiotic catalytic process than engi-
neered enzymes in reactive species generation. On the other
hand, in contrast to MRMs17 and CAT-Prox,26 the two repre-
sentative chemical proteomic methods for mitochondria
without genetic operation, this strategy plotted the most
comprehensive mitochondrial proteome with comparable
specicity (Table S2†). Due to the complex cellular environ-
ment, diverse targeting molecules would aggregate into
different micro-regions within the mitochondria, thus resulting
in various types of protein labeling. Accordingly, there was
a substantial portion of distinct mitochondrial proteins iden-
tied solely by the photo-oxidation driven proximity labeling
strategy and this was complementary with different methods to
a certain extent (Fig. 3E). In addition, the mitochondrial
proteins identied by our method had lower abundance
generally46 (Fig. 3F) owing to the efficient 1O2 production of TPP-
AcDBF and the high reactivity and excellent spatial accessibility
caused by the small size of PA, which emphasized the special
superiority of this strategy.

To further conrm the feasibility of quantitative analysis of
this method, we determined the mitochondrial quantitative
landscape of sorafenib-resistant hepatocellular carcinoma by
labeling proteins in sorafenib-resistant and sensitive Huh7 cells
(Huh7-R and Huh7 cells) (Fig. S9A†). A variety of mechanisms
are responsible for sorafenib-resistance, including dysregula-
tion of apoptosis/cell cycle, epithelial–mesenchymal transition
and hypoxic environment, strongly linked with mitochondrial
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04087e


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 6
:1

1:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
function.47,48 As conducted above, 89 mitochondria-localizable
proteins were quantied among 141 identied proteins in
sorafenib-resistant Huh7 cells (Data S1†), suggesting the
excellent reproducibility and selectivity of photo-oxidation
driven proximity labeling. GO enrichment analysis of identi-
ed proteins indicated that synthesis and degradation of bio-
macromolecules, mitochondrial RNA regulation and mito-
chondrial biogenesis might have potential implications for
sorafenib-resistance (Fig. S9B†). Of note, there were a number
of differential proteins in quantied proteins compared with
those in sensitive Huh7 cells (Fig. S9C†), among which some
proteins were of substantial signicance, such as GSTK1, CPS1,
MGST3 and HK2. These are strongly linked to cell metabo-
lism,49,50 regulation of drug resistance, protection against
oxidative stress51,52 and the HIF-1 signaling pathway related to
formation of a hypoxia microenvironment,53 that eventually
resulted in sorafenib-resistance in hepatocellular carcinoma.

The identication results of HeLa and drug-resistant Huh7
cells veried the generality and reliability of our strategy, and we
speculate that it may have a unique advantage in genetically
difficult-to-transfect cell lines. As resident macrophages in the
central nervous system (CNS), microglia exert a critical effect on
innate immune responses for neuroprotection along with
monitoring the microenvironment and maintaining homeo-
stasis of the CNS.54 It is generally acknowledged that the
progression of almost all neurological disorders is implicated in
neuroinammation caused by persistent activation of micro-
glia55–57 in which mitochondria play an active role.58 To
Fig. 3 Identification of the mitochondrial proteome in living HeLa cells
photo-oxidation driven proximity labeling strategy and quantitativemass s
(B) Submitochondrial localization of identifiedmitochondrial proteins in H
terms. (C) Biological processes in GO enrichment analysis for identified
chondrial proteome and protein–protein interactions (gray lines) whic
mitochondrial proteins from HeLa cells by our method, ORMs (organe
photocatalytic decaging-enabled proximity labeling strategy). (F) Abundan
methods. The abundance data were referenced to a previous dataset.46

© 2022 The Author(s). Published by the Royal Society of Chemistry
comprehend neuroinammation from the perspective of
mitochondria, we utilized human microglia cell line HMC3
which is hard for genetic operation to implement the photo-
oxidation driven proximity labeling strategy in different stages
of lipopolysaccharide (LPS) stimulation with normal HMC3
cells as the control group (Fig. 4A).

As deduced from cytotoxicity tests, there was a negligible
inuence on cell viability when HMC3 cells were incubated with
1mg mL−1 LPS for 24 h and 48 h (Fig. S10A†). The increased
expression of NOD-like receptor thermal protein domain asso-
ciated protein 3 (NLRP3) in HMC3 under LPS stimulation
enabled the neuroinammation context to be more reliable
(Fig. 4B). With quantitative mass spectrometry analysis, 744
proteins were identied and quantied with 383 mitochondrial
proteins annotated (Data S1†). These proteins were highly
enriched in biological processes related to cellular metabolism
andmaterial transport (Fig. S10B†) for high energy andmaterial
demands in the development of inammation.59 It was noted
that the most identied mitochondrial proteins were down-
regulated aer stimulation with LPS while there was
a recovery when stimulating for a longer time (Fig. 4C). We
reasoned that it might be due to the decrease in oxidative
phosphorylation and the marked increase in glycolysis in the
preliminary pro-inammatory stage.60,61 And there was possibly
a transformation of proinammatory microglia cells into anti-
inammatory phenotype62,63 with prolongation of stimulation
time enabling cellular metabolic reprograming, which was
indicated by immunoblotting analysis as well that the
. (A) Mitochondrial specificity of proteome profiling by integrating the
pectrometry in HeLa cells with three independent biological replicates.
eLa cells based on the MitoCarta 3.0 database and GO cell component
proteins in HeLa cells. (D) Protein complexes enriched in the mito-

h were annotated by the STRING database. (E) Overlap of identified
lle-localizable reactive molecules) and CAT-Prox (bioorthogonal and
ce of mitochondrial proteins identified by our method or the other two

Chem. Sci., 2022, 13, 11943–11950 | 11947
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Fig. 4 Revealing mitochondrial proteome dynamics in LPS-stimulated microglia cells. (A) Workflow of dynamic mitochondrial proteome
profiling in HMC3 cells stimulated by LPS. (B) Immunoblotting analysis of NLRP3 in HMC3 cells under stimulation of LPS (1 mg mL−1). (C) Ratio
distribution of identified proteins by comparing stimulation groups (stimulated by LPS for 24 h and 48 h) with the control group (stimulated by LPS
for 0 h). (D) Heat map of identifiedmitochondrial proteins expressed using converse trends in the first and next 24 h. (E) Volcano plot of quantified
proteins in the group stimulated for 48 h compared with those in the group stimulated for 24 h.
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expression level of NLRP3 increased at rst while decreased in
the next stimulation stage. Focusing on the mitochondrial
proteins expressed using converse trends along with stimula-
tion time (Fig. 4D), they were intimately correlated with events
related to energy metabolism and stress responses facilitating
the emergence of transformation. Noteworthily, some differ-
ential proteins such as SNAP29, MTOR and LONP1 (Fig. 4E and
Table S3†) participated in autophagy/mitophagy64–67 which were
closely involved in the regulation of neuroinammation. PCK2,
CHCHD2 (renamed MNRR1) and GPT2 were up-regulated in
long time stimulation which impacted energy metabolic shi,
activation of macrophages68,69 and tricarboxylic acid cycle70

through glutamine metabolism thus affecting the formation of
an inammatory microenvironment. PON2, a lactonase dis-
playing anti-inammatory actions71,72 was down-regulated,
which suggested the decline of oxidative stress in microglia
cells aer a long time of stimulation which further supported
the anti-inammatory transformation. These results were sup-
ported by research ndings that autophagy and abnormalities
in energy metabolism and material equilibrium of mitochon-
dria correlated greatly with neuroinammation and contributed
to the development and progression of neurodegenerative
disease.73–76 Besides, expressions of several proteins (FPGS,
ACSF2, ACOT9, PRORP, LRPPRC, andMTHFD2) associated with
folate and one-carbon metabolism and transcription were
signicantly changed but research about their functions in
inammation and immune response was still patchy. Focusing
on these representative proteins and the unclear roles they play
in neuroinammation is advantageous for the mechanism
research of neurodegenerative diseases and may give us some
interesting information that we ignored before. Together, the
11948 | Chem. Sci., 2022, 13, 11943–11950
delineation of mitochondrial proteome dynamics in the context
of neuroinammation provides somemeaningful views into the
link between the immune response mediated by mitochondria
and neurological disorders.

Conclusions

In conclusion, we developed a photo-oxidation driven proximity
labeling strategy to prole mitochondrial proteome dynamics in
living cells with the compelling advantages of high spatiotem-
poral precision, avoidance of genetic operation and low false
positives because of visible light-dependence. The photo-
activated probe displayed excellent mitochondrial specicity
and ability of generating singlet oxygen in situ allowing the
oxidative residues that were conned to mitochondria to be
covalently tagged by the nucleophilic substrate. This MS-based
strategy was successfully applied to reveal mitochondrial pro-
teome dynamics in different cells, including microglia cells
which were hard for transfection, and provided some molecular
insights into the biological processes with regard to drug
resistance and neuroinammation. Additionally, the modular
structure of the mitochondria-targeting photoactivated probe
allows alteration of localizable and reactive moieties to realize
more efficient subcellular proteomic mapping of other organ-
elles and even ner sub-organelle or microregions with special
physicochemical properties in cells or tissues. This strategy also
promises to facilitate the plotting of the protein interactome
and low-abundance post-translational modications at the
subcellular level by integrating with upstream crosslink or
downstream enrichment approaches. Although the modica-
tion sites of proteins in living cell environments demanded
© 2022 The Author(s). Published by the Royal Society of Chemistry
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further investigation, more information about structural
features of labeled proteins can be expected by developing
probes that have higher reaction efficiency as well as more
specic and stable labeling products. Furthermore, higher
subcellular specicity is achievable with efforts in developing
more efficient labeling reagents for one-step reactions and
improved enrichment systems (e.g., host–guest binding pair45).
Given the mounting concern about cellular processes for
medical research, the strategy has great application potential in
elucidating the vital functions of subcellular structures and
their spatiotemporal interactions in a healthy or disease state.

Data availability

The proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE partner repository with
the dataset identier PXD036630.

Author contributions

Bo Jiang, Lihua Zhang and Yukui Zhang conceived and
designed the project. He Wang synthesized the probe, carried
out all the characterization studies and proteomic experiments
and wrote themanuscript. Hang Gao, ZhitingWang, Jianhui Liu
and Zichun Qiao got involved in the quantitative proteomics. All
authors participated in data analysis, discussion of results and
manuscript revision.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by the National Natural Science
Foundation (21725506, 32088101, and 22074140), National Key
R&D Program of China (2020YFE0202200) and Talent innova-
tion support program of Dalian (2019CT07).

Notes and references

1 E. Lundberg and G. H. H. Borner, Nat. Rev. Mol. Cell Biol.,
2019, 20, 285–302.

2 J. A. Christopher, C. Stadler, C. E. Martin, M. Morgenstern,
Y. Pan, C. N. Betsinger, D. G. Rattray, D. Mahdessian,
A.-C. Gingras, B. Warscheid, J. Lehtiö, I. M. Cristea,
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