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ABSTRACT: Spatiotemporally resolved dissection of subcellular proteome is crucial to our understanding of cellular functions in
health and disease. We herein report a bioorthogonal and photocatalytic decaging-enabled proximity labeling strategy (CAT-Prox)
for spatiotemporally resolved mitochondrial proteome profiling in living cells. Our systematic survey of the photocatalysts has led to
the identification of Ir(ppy)2bpy as a bioorthogonal and mitochondria-targeting catalyst that allowed photocontrolled, rapid rescue
of azidobenzyl-caged quinone methide as a highly reactive Michael acceptor for proximity-based protein labeling in mitochondria of
live cells. Upon careful validation through in vitro labeling, mitochondria-targeting specificity, in situ catalytic activity as well as
protein tagging, we applied CAT-Prox for mitochondria proteome profiling in living Hela cells as well as hard-to-transfect
macrophage RAW264.7 cells with approximately 70% mitochondria specificity observed from up to 300 proteins enriched. Finally,
CAT-Prox was further applied to the dynamic dissection of mitochondria proteome of macrophage cells upon lipopolysaccharide
stimulation. By integrating photocatalytic decaging chemistry with proximity-based protein labeling, CAT-Prox offers a general,
catalytic, and nongenetic alternative to the enzyme-based proximity labeling strategies for diverse live cell settings.

■ INTRODUCTION

The spatiotemporally organized subcellular proteome (e.g.,
protein abundance, turnover rates, interactions, post-transla-
tional modifications) is fundamental to virtually all life
processes.1,2 For example, as the powerhouse of cells, the
dynamic proteome in mitochondria plays crucial roles in
maintaining cellular processes such as energy and redox
homeostasis.3 Perturbation of mitochondrial proteome homeo-
stasis has been linked to many human diseases such as cancer,
metabolic disease, and neurodegenerative disorders.4 As a
result, dissection of the mitochondria proteome of different cell
types, especially in a spatiotemporally resolved manner, may
facilitate the mechanistic elucidation of biological processes as
well as human diseases.5 Conventional approaches require
isolation of mitochondria after cell lysis, which suffers from low
temporal resolution and possible contamination with other
subcellular compartments.6 Enzyme-mediated proximity label-
ing (e.g., APEX, TurboID) have been developed for

mitochondria proteome enrichment via in situ generated
reactive chemical species (e.g., phenol radical or biotinylating
intermediate).7,8 However, such methods are largely affected
by the property of the fusion bait protein that may have
multiple or altered subcellular locations when overexpressed
inside cells.2 Furthermore, the gene transfection procedures
rendered these methods difficult for hard-to-transfect cells
(e.g., macrophage cells), primary neuron, or tissue samples.
The recently reported chemical probe-based approaches
coupled the mitochondria-targeting group with reactive species
for mitochondria proteome profiling in primary neuron cells
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(e.g., ORMs), which had potential advantages by avoiding
genetic operations.9,10 However, the direct usage of reactive
probes might cause off-labeling given the potent reactivities
when passing through the cellular membrane and cytosolic
space. Alternative chemical approaches have also emerged
lately, including the micromapping of protein network by
photocatalytic generation of carbene species via Dexter energy
transfer.11 But the intracellular labeling of the whole proteome
is still challenging for such short-ranged carbene species.
Given the urgent query of mitochondria proteome dynamics

in diverse living settings,4 we envisioned that a general
platform that integrates the advantages of both enzymatic and
chemical approaches is highly desirable, which would ideally
fulfill: (i) in situ generation of reactive species in mitochondria
to avoid plausible off-labeling, (ii) catalytic activation of
reactive species in a similar fashion as the enzymatic
approaches, (iii) straightforward and nongenetic operations
for diverse cell types or tissue samples that is similar to the
chemical approaches, (iv) capability for noninvasive and
remote-control with high temporal resolution, and (v) modular
and programmable design with broad applicability.
We herein report a bioorthogonal photocatalytic decaging

chemistry-based spatiotemporal proteomics strategy (CAT-
Prox) in living cells. Systematic surveys of bioorthogonal
photocatalysts have enabled us to identify an iridium
photocatalyst for rapid decaging of para-azidobenzyl protec-
tion group (PAB), allowing photocontrolled in situ release of
highly reactive quinone methide intermediates for proteome
profiling. We applied this CAT-Prox strategy for the dynamic
dissection of mitochondria proteomes of cancer cells as well as
hard-to-transfect macrophage cells upon lipopolysaccharide
(LPS)-stimulated inflammation (Scheme 1).

■ RESULTS AND DISCUSSION
We started by developing the bioorthogonal decaging
chemistry12−14 with major considerations on modifiable
catalysts for spatial targeting to mitochondria, external visible
light for temporal regulation, and fast reaction kinetics for
precise temporal control. The transformation of aryl azide to
aniline was chosen as the model reaction due to its well-
documented bioorthogonality, but further development of
more suitable catalytic system is needed for expanding the

utility of this reaction in living systems.14−16 Therefore, 4-
azidobenzoic acid (1) was subjected to a collection of
photocatalysts (10 mol %), including ruthenium complexes,
organic photosensitizers, and iridium complexes, under white
LED irradiation in H2O/DMSO (1/1) with NADH as additive
(Figures 1a and S1). The reaction was monitored using HPLC
for 30 min. While low to moderate conversions were observed
with the commonly used ruthenium complexes and organic
photosensitizers, the iridium complexes showed very high
catalytic activities.17−19 In particular, full conversion was
obtained with [Ir(2′,4′-F2-5-CF3-ppy)2(bpy)]PF6 (Ir7). Next,
the catalyst analogue Ir8 with tBu substituents on the C4 of
bipyridine ligand was tested. Full conversion was observed as
well, indicating the negligible effect of alkyl group introduction,
which ensured the subsequent conjugation of targeting group
from C4 position (Figure 1a). To further improve the reaction
rate, blue LED light (λmax = 450 nm, 4 mW/cm2) was tested,
and the reaction was monitored using HPLC (Figure S2).
Consumption of 1 along with the appearance of 2 was rapidly
observed, with the conversion completed within 15 min. In
addition, it was noted that the persistence of Ir8 in the HPLC
traces indicated the sustainability of the catalyst for the
reaction, further facilitating its utility as enzyme mimic in living
systems (Figure 1b). The cytotoxicity of Ir8 was evaluated
next. Delightfully, no cytotoxicity was observed up to 2.0 μM
of Ir8 under reaction conditions (Figure 1c), whereas <0.2 μM
of the catalyst was sufficiently enough in the following
applications inside cells, which was far below the safe
concentration, guaranteeing the biocompatibility of the
decaging reaction in living cells.
With the efficient photocatalyzed bioorthogonal decaging

reaction in hand, we next aimed to design controllable reactive
probes for protein labeling. Although liberating highly reactive
intermediates by decaging chemistry is highly challenging, we
reasoned that quinone methide20−22 is a very unique species
that can be caged by masking its phenolic group until
photocatalytic decaging-triggered rescue of the highly reactive
Michael acceptor for covalent labeling with protein side-chains
(e.g., Lys, Ser, Glu, Gln, Asp, Asn, and Arg).21 To this end, we
designed and synthesized a PAB-caged quinone methide probe
(PAB-QM-Bio) tethered with a biotin handle (Figure 1d),
which could be transformed into a reactive quinone methide
intermediate in response to our photocatalytic decaging
reaction to label neighbor proteins. Thus, the labeled proteins
could be further purified based on biotin−streptavidin
enrichment. The decaging efficiency was first tested in aqueous
solution. Complete conversion of PAB-QM-Bio into 2-
hydroxybenzaldehyde species, the product of cascade hydrol-
ysis of the decaged quinone methide intermediate, was
obtained within 15 min in the presence of both Ir8 (10 mol
%) and blue LED irradiation (Figure 1e). The labeling
efficiency of the PAB-QM-Bio probe was next evaluated using
bovine serum albumin (BSA) (Figure 1f). Increased labeling
intensity was observed along with the increasing of Ir8
concentration, underlying the spatial specificity of protein
labeling from the catalyst inside cells (Figure 1g). Pulse-chase
labeling of proteins was verified by switching of photostimuli,
revealing the temporal specificity from the external light
(Figures 1h and S4). Together, a bioorthogonal photocatalytic
decaging-enabled protein labeling system has been developed
by integrating the unique advantages of photocatalytic
chemistry and the high reactivity of decaging-triggerable
quinone methide species.

Scheme 1. Schematic Illustration of the CAT-Prox Strategy
and the Workflow of Subcellular Proteomics
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We next aimed to target our photocatalyst into mitochondria
(Figure 2a). Serendipitously, we discovered that Ir8 itself was
cell-membrane permeable and can gather at specific locations
inside cells. Detailed analysis using confocal microscopy
imaging with colocalization of MitoTracker Deep Red revealed
that Ir8 was localized in the mitochondria of all the cell lines
we tested, most likely due to its positive charge and
hydrophobic property (Figures 2b and S5). The Pearson’s R
value was determined to be 0.76 and 0.83 in HeLa and
RAW264.7 cells, respectively, indicating the efficient targeting
specificity of Ir8 to mitochondria (Figure 2c). To verify the
catalytic activity of Ir8 in mitochondria, we synthesized PAB-
caged rhodamine as the fluorogenic reporter, with the
decaging-triggered conversion of PAB-rhodamine to rhod-
amine monitored by the rescued fluorescence (Figure 2d). We
incubated HeLa cells with Ir8 (200 nM) and MitoTracker

Deep Red (100 nM) in culture media for 30 min. Noteworthy,
200 nM of Ir8 was sufficient for the efficient photocatalytic
decaging in living cells, most likely due to the higher local
concentration of Ir8 by its spontaneous accumulation in
mitochondria. After washing, cells were charged with the PAB-
rhodamine probe (50 μM) and irradiated under blue LED for
15 min. By confocal microscopy, we observed significant
fluorescence of rescued rhodamine that colocalized with
MitoTracker Deep Red, indicating the maintained catalytic
activity of Ir8 in mitochondria in living cells (Figure 2e,f).
With all the essential elements of CAT-Prox ready in hand,

we next examined mitochondrial protein labeling in living cells
(Figure 2g). Live HeLa cells were subjected to the CAT-Prox
protocol, and immunofluorescence analysis was conducted
subsequently. The colocalization of biotin immunofluores-
cence with mitochondrial marker TOMM20 indicated the in

Figure 1. Development of the bioorthogonal and photocatalytic decaging-enabled proximity labeling strategy (Cat-Prox). (A) Catalyst screening
for the aryl azide reduction reaction. The reaction was carried out with 1 (0.1 mmol) and NADH (0.2 mmol) in 0.5 mL mixture of water and
DMSO (1/1) with photocatalyst (10 mol %, 0.01 mmol) at room temperature under white LED irradiation for 30 min. (B) HPLC traces of
photocatalytic reduction of 1 under blue LED at given time points. Conditions: 0.1 mmol 1, 0.2 mmol NADH, 10 mol % Ir8, in 0.5 mL water/
DMSO (1/1), irradiated by mild blue LED (4 mW/cm2). (C) Cytotoxicity evaluation of Ir8. (D) Design of quinone methide-based labeling probe
(PAB-QM-Bio) and photocatalytic decaging of PAB-QM-Bio in aqueous media. (E) HPLC traces of the photocatalytic decaging of PAB-QM-Bio
probe. Conditions: 0.1 mM PAB-QM-Bio, 0.5 mM NADH, 10 mol % Ir8, in PBS/DMSO (10/1) buffer, irradiated by blue LED (4 mW/cm2) for
15 min. (F) In vitro evaluation of CAT-Prox using BSA as model protein. (G) Photocatalyst concentration-dependent labeling of BSA. Biotinylated
BSA and total BSA were analyzed by immunoblotting and Coomassie blue staining, respectively. (H) Time-resolved BSA labeling by switching of
the photostimuli.
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situ labeling of proteins in mitochondria by CAT-Prox (Figure
2h). The protein labeling efficiency was evaluated by
immunoblotting next. The mitochondria in live cells were
charged with Ir8 (ranging from 0 to 0.2 μM), followed by
PAB-QM-Bio probe addition (100 μM) and blue LED
irradiation up to10 min. After cell lysis, the biotinylated
proteome was subjected to immunoblotting analysis which
showed sufficient protein labeling with 0.2 μM catalyst loading
and 10 min photoirradiation (Figure 2i).
By combining with the protein mass spectrometry, CAT-

Prox would offer a powerful tool for mitochondria proteome
profiling in living cells, which may facilitate the understanding
of carcinogenic mechanism in cancer cells. To verify our
method, we applied CAT-Prox to HeLa cells, and the biotin-
labeled proteins were enriched with streptavidin-coated beads
and analyzed by LC-MS/MS (Figure S6). Three independent
experiments revealed 258 proteins with 182 mitochondria
proteins identified according to MitoCarta3.0 database
(70.5%) (Figure 3a). Submitochondrial analysis of the
identified mitochondrial proteins revealed that the captured

proteome maintained the original distribution profile (Figures
3a and S7a). This observation indicated CAT-prox could
identify proteins from various subcompartmental regions of
mitochondria. Moreover, with gene ontology (Biological
Process) analysis powered by Metascape,23 we noticed that
the citric acid cycle (TCA)-related proteins were highly
enriched from HeLa cells, consistent with the increased
metabolic activities of cancer cells (Figure 3b).24

The mitochondrial proteome of immune cells can undergo
highly dynamic regulation during immunological processes,
including innate immune signaling as well as adaptive immune
activation.25 It is often challenging to dissect proteomes in
immune cells by using enzymatic methods due to the natural
defense to gene transfection of such cells.26 We were interested
in applying our CAT-Prox mitochondrial proteome profiling in
macrophage cells by using RAW264.7 cells as the model. A
total of 300 proteins were detected from three independent
CAT-Prox experiments, with 216 mitochondrial proteins
identified (72% specificity), demonstrating the high efficiency
of CAT-Prox for mitochondrial proteome profiling in macro-

Figure 2. Development and validation of CAT-Prox as a catalytic and nongenetic strategy for mitochondria proteomics. (A) Targeting of Ir8
photocatalyst into mitochondria via self-localization. (B) Confocal microscopic images of cells treated with Ir8 (1 μM, blue) and MitoTracker
Deep Red (100 nM, red). Scale bar, 5 μm. (C) Pearson’s R value for evaluation of the colocalization in living cells. (D) Evaluation of Ir8 catalytic
activity by PAB-rhodamine decaging in mitochondria in living cells. (E) Confocal microscopic images showing the fluorescence of the rescued
rhodamine 110. Scale bar, 20 μm. (F) Fluorescent quantification of the rescued rhodamine 110 in HeLa cells by flowcytometry. Data are
represented as mean ± SD (n = 3 independent samples). **p < 0.0021, unpaired two-tailed t-test. (G) Photocontrolled chemical proteomic
profiling in mitochondria. (H) Immunofluorescence analysis of the HeLa cells after CAT-Prox labeling verified the in situ protein labeling in
mitochondria. Scale bar, 5 μm. (I) Immunoblotting analysis of biotinylated proteins after CAT-Prox treatment of HeLa cells. Conditions: Ir8 (0−
200 nM), PAB-QM-biotin probe (100 μM), and blue LED irradiation (15 min) for the left gel; Ir8 (100 nM), PAB-QM-biotin probe (100 μM),
and blue LED irradiation (0−10 min) for the right gel.
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phage cells (Figures 3c and S7b). Gene ontology analysis
revealed that proteins related with mitochondrial transport
were particularly detected in RAW264.7 macrophage cells,
likely due to the rapid transportation of metabolites (e.g.,
citrate, glutamine) that are essential for immunity maintenance
(Figure 3d).25 The proteome difference between HeLa and
RAW264.7 cells reflected the correlation between mitochon-
drial proteomes and cell functions.
Since macrophage inflammatory responses play crucial roles

during processes such as bacterial infection and inflammatory
diseases,27 we hope to examine the mitochondria proteome
dynamics upon the inflammatory response of macrophages.
CAT-Prox was conducted with the LPS-stimulated RAW264.7
cells, and the enriched proteins were analyzed by quantitative
mass spectrometry based on isotopic dimethyl labeling with
normal RAW264.7 cells as a control (Figures 3e and S8).
Upregulation (e.g., IRG1, Aco2, Sod2, Acadsb, and Dld) and
downregulation (e.g., Acot13 and Acp6) of mitochondrial
proteins were detected in inflammatory responses (Figure 3f).
We chose the top three upregulated proteins (IRG1, Aco2, and
Sod2) for further immunoblotting analysis. IRG1 was found as

the most upregulated protein detected by both CAT-Prox and
immunoblotting, indicating the high fidelity of CAT-Prox-
based proteomics (Figure 3g). Noteworthy, Aco2 (aconitase
2) and IRG1 (aconitate decarboxylase 1) were responsible for
itaconate production in a tandem manner,28 agreeing with the
previous discovery of enhanced itaconate production in LPS-
stimulated macrophages.29,30 Similarly, the increase of reactive
electrophile species29,30 was likely due to the upregulation of
Acadsb.31 The upregulation of the superoxide anion radical
scavenger superoxide dismutase [Mn] (Sod2) was probably a
self-defense response to the LPS-induced oxidative stress.32

■ CONCLUSION

In summary, we have developed a photocatalytic proteome
profiling method (CAT-Prox) with facile spatiotemporal
controllability by integrating the unique advantages of
photocatalytic decaging chemistry and the protein-reactive
quinone methide species, allowing dynamic dissection of
mitochondria proteomes of hard-to-transfect cells. The
validation of CAT-Prox was shown by mitochondria proteome

Figure 3. CAT-Prox-enabled profiling of mitochondria proteome and dynamics in living cells. (A) Coupling CAT-Prox with mass spectrometry to
identify the labeled subcellular proteome of HeLa cells; 182 mitochondrial proteins were identified from 258 enriched proteins according to the
MitoCarta3.0 database (70.5% specificity). Proteins identified as mitochondrial proteins were classified into ‘matrix’, ‘mitochondrial inner
membrane (MIM)’, ‘intermembrane space (IMS)’, and ‘mithochondrial outer membrane (MOM)’. (B) Gene ontology analysis (Biological
Processes) for identified protein from HeLa cells. (C) Protein identification in RAW264.7 cells; 216 mitochondrial proteins from 300 enriched
proteins were identified (72% specificity). (D) Gene ontology analysis of the identified proteins from RAW264.7 cells. (E) Combination of CAT-
Prox with quantitative protein mass spectrometry analysis based on isotopic dimethyl labeling to dissect the mitochondria proteome dynamics
during the inflammatory process of LPS stimulated RAW264.7 cells. (F) Volcano blot showing the regulation of mitochondrial proteins in the
inflammatory process of RAW264.7 cells. (G) Immunoblotting analysis of the representative proteins identified above.
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profiling of cancer cells as well as macrophage cells.
Furthermore, by combining CAT-Prox with quantitative
mass spectrometry, we achieved dynamic mitochondrial
proteome profiling upon inflammatory stimulation on macro-
phage cells, which revealed the underlying causes for
metabolite change and self-defense during the inflammation
response. The advantages of CAT-Prox include the catalytic
and in situ generation of the reactive labeling probe, avoiding
issues from genetic operation, and mislocalization of bait
proteins, remote-controllability by light, as well as modular
design from the decaging pairs, which enabled CAT-Prox as a
general platform for dynamic subcellular proteome profiling in
living cells. Expansions of CAT-Prox are straightforward in
multiple directions, such as extending to other subcellular
organelles by targeting photocatalysts to the desired space,
imaging-guided proteomics dissection by taking advantage of
the fluorescent property of the photocatalyst, as well as
applications to diverse cell types or multicellular settings.
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