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Biocompatible reactions are powerful tools to probe @ localized
protein functions in their native environment. Due to the difficulty of @ photocatalyst

penetrating the live-cell membrane and the complex intracellular @ @ |
environment, the biocompatible reactions inside live cells are labeling probe
challenging, especially at the subcellular level with spatial resolution, ~Mmammalian cells

Here we report the first biocompatible photocatalytic azide conjugation

reaction inside live cells to achieve the mitochondria-selective proteins ,-~--------------------------~ ‘
labeling. The organic dyes acridine orange, fluorescein, and rhodamine ;' _@_Ns !
123 were developed as the biocompatible photocatalysts for the proteins | Q@ Q@i |
labeling with aryl azides, which yielded benzazirines and ketenimines E
from triplet nitrenes for the protein nucleophilic residue trapping. The \ !
photocatalytic azide conjugation reaction with rhodamine 123 photocatalytic prosimity labeling
selectively labeled the mitochondrial proteins via the organic dye’s

mitochondrial localization. In response to the mitochondrial stress induced by rotenone, this photocatalytic azide-promoted labeling
method mapped the dynamic mitochondrial proteome changes with high temporal-spatial precision and identified several potential
mitochondrial stress-response proteins for the first time. The high temporal-spatial precision of this photocatalytic azide-promoted
labeling method holds excellent potential for intracellular protein network investigations.
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biomolecule studies.'”~"> Compared to the traditional photo-
chemical methods, the recently emerged photocatalytic
reactions provide additional advantages: The reactive inter-
mediates are generated in the proximity of the excited-state
photocatalysts with light dependence.'®™"? Using the antibody-

Proteins in cellular compartments undergo dynamic changes
with the environmental stimuli or pathological process. To
understand the regulated protein network, it is critical to map

the temporal changes of these subcellular proteins."” Equipped . L .
with the imaging- and mass-spectrometry-based analysis, the conjugated iridium complex as the localized photocatalyst and

. . . . . he diaziri be, the phot lyti b i i
biocompatible reactions are valuable to probe protein functions the diazirine probe, the pho ocatalytic carbene Insertion
with protein labeling reactions in their native environment.” achieved t};% cell. membrane proteins labeling under blue light
However, due to the difficulty of penetrating the live-cell irradiation.” Despite the impressive success in mapping the

. ; o rotein—protein interactions in the cell-membrane micro-
membrane and the complex intracellular environment, it is p p

. . . . . environments, this antibody conjugation strategy was not
challenging to investigate the intracellular protein network, ) . . ©
. . . . suitable for the intracellular applications as the membrane
especially at the subcellular level with spatial resolution. The

X impermeability of the iridium photocatalysts and its potential
intracellular protein networks’ elucidation has been greatly P v P 4 P

. . ) . heavy-metal cytotoxicity. ”*'
helped by the pioneer efforts in the subcellular protein labeling

o . . Compared to the transition-metal photocatalysts, organic
method development, which includes the enzymatic proximity photocatalysts derived from small-molecule organic dyes offer
labeling methods such as APEX and the chemical affinity

. . 21,22 :
labeling methods with organelle-targeting reactive probes.” "' compelling advantages (Figure 1a). Organic dyes have

However, new intracellular protein labeling methods with —
precise temporal-spatial resolution, simple experimental oper- April 20, 2021
ation and low biological disturbance are in increasingly high June 14, 2021
demands.” "'

Light provides high temporal-spatial precision while it
disturbs the biological system relatively subtly, and the
photoinducible chemical tools are valuable for cellular
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Figure 1. Photocatalytic proximity labeling with localized organic dyes and aryl azide probes inside live mammalian cells. (a) Representative transition-
metal photocatalysts based on heavy metals ruthenium and iridium and organic photocatalysts acridine orange (AO), fluorescein (Fluo), and
rhodamine 123 (Rh 123). (b) Stable aryl azide probes were activated to the reactive probes only in the proximity of the localized organic dyes for spatial

protein labeling reactions under visible light irradiation.
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Figure 2. Photocatalytic labeling of bovine serum albumin (BSA) in vitro. (a) Structures of probes 1—3. The chemical labeling groups and linkers are
shown in black, and the biotin groups for enrichment are shown in red. (b) Photocatalytic BSA labeling with biotin probes 1—3 using fluorescein
(Fluo) under the blue LED irradiation (468 nm, 5.8 mW/cm?) at 25 °C for 60 min. Control experiments with AzPh-biotin probe 1 showed the
fluorescein and the light irradiation were critical for the reaction. The biotinylated-BSA was analyzed by HRP-conjugated streptavidin (streptavidin-
HRP), and the BSA proteins were detected by Coomassie brilliant blue staining (CBB staining). BSA (2 uM in pH 7.4 PBS buffer), fluorescein (100
uM), and probes 1—3 (100 uM). (c) Photocatalytic BSA labeling with AzPh-biotin probe 1 (100 uM) by different organic dyes (100 4M) in the air
atmosphere or the nitrogen atmosphere under a Xe lamp source at 25 °C for 1 min (15 cm from Xe lamp, 19.8 mW/cm? with 500 nm band-pass filter

for lanes 1—4, 550 nm band pass filter for lanes S and 6).

historically been used for intracellular imaging and tracing due to
their biocompatibility and have demonstrated excellent native
subcellular localization.”*® However, their photocatalytic
reactivity in live cells remains elusive. As the commonly used
photocatalysts cannot activate the diazirine probes with high
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triplet energy, the new labeling probes development will
significantly enrich the photocatalytic proteins labeling
applications. Herein we report the first biocompatible photo-

catalytic azide conjugation reaction inside live cells to achieve
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the mitochondria-selective protein labeling with organic dyes
(Figure 1b).

Inspired by our recent discovery that organic dyes enabled the
photocatalytic uncaging reactions inside live cells,”” we
investigated fluorescein as the photocatalyst for the photo-
catalytic protein labeling reactions.”*™' The biotin-conjugated
aryl azide, phenol, and acetophenone probes were synthesized,
and their photolabeling reactivity was evaluated by the HRP-
conjugated streptavidin via the Western blotting analysis (Figure
2a). The AzPh-biotin probe 1 showed clear bovine serum
albumin (BSA) biotinylation in pH 7.4 PBS buffer after blue
LED irradiation (468 nm, 5.8 mW/cm?) at 25 °C (Figure 2b). In
contrast, the phenol-biotin probe 2 or the AcPh-biotin probe 3
resulted in a weak or little labeling signal. The photocatalytic
labeling of BSA by the AzPh-biotin probe 1 showed clear light
dependence. The t,, of the probe 1 conversion was around 24.8
min in the reaction conditions, and was not affected by the
addition of BSA proteins (Figure SS). The control experiments
of AzPh-biotin probe 1 indicated that the photocatalytic BSA
labeling required both fluorescein and blue LED irradiation
(Figure 2b).

Different organic dyes were next tested as potential
photocatalysts for the protein labeling. Acridine orange (AO)
and rhodamine 123 (Rh 123) effectively induced the BSA
biotinylation with AzPh-biotin probe 1 under blue LED
irradiation (Figure 2c), while no significant biotinylation was
observed with probes 2 and 3 (Figures S12 and S13). As AO and
Rh 123 absorbed both blue and green light, we also tested the
photoconversion kinetics of AzPh-biotin probe 1 under blue and
green LED irradiation and found they were similarly effective
(Figures S7 and S8). In contrast, with mitochondrial dyes
rhodamine B (Rh B) and tetramethylrhodamine ethyl ester
(TMRE), no photolabeling was observed. The fact that the
reaction performed effectively under both the air atmosphere
and the nitrogen atmosphere suggested that oxygen was not
required for the reaction. The protein labeling reactions with
AQO, Fluo, or Rh 123 could be observed within 1 min of
irradiation at their maximal absorption, suggesting the excellent
temporal resolution of this photocatalytic protein labeling
reaction (Figure 2c).32

The UV-light-induced photoaffinity labeling with aryl azides was
previously investigated extensively.”” However, the photo-
catalytic azide-promoted labeling mechanism remains unknown.
In theory, there are two plausible photocatalytic reaction
pathways to convert aryl azides: (i) The single electron transfer
pathway yields the azide anion radical, followed by the nitrogen
gas elimination to afford the aminyl radical;** or (ii) the energy
transfer pathway yields the triplet azide, followed by the nitrogen
gas elimination to afford the triplet nitrene,”> ™" which may
further convert to ketenimines by the light irradiation (Figure
3a).38’39 We first measured the redox potentials of AO, Fluo, and
Rh 123 (E, ,™¢ > —1.22 V, vs SCE, Figure S1)** and found that
they had higher reduction potentials than those of aryl azides
(Epl /zred = —1.84V, vs SCE, Figure S1). These results suggested
that the single electron transfer pathway from organic dyes to
aryl azides to yield the aminyl radical was unlikely. In addition,
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the aryl azides effectively quenched the fluorescence of AO,
Fluo, and Rh 123 in the fluorescence quenching experiments
(Figure S2), suggesting the photochemical pathways between
AOQ, Fluo, and Rh 123 with aryl azides. The conversions of aryl
azide 4 by organic dyes with different triplet energies were next
evaluated (Figure 3b and Table S1). The organic dyes (AO,
Fluo, and Rh 123) with the triplet energy greater than 1.9 eV
effectively converted 4, while the organic dyes (TMRE and Rh
B) with the triplet energy less than 1.9 eV did not convert 4.
These results indicated that the triplet energy greater than 1.9 eV
was the threshold for the efficient conversion of 4, which was
consistent with the protein labeling results (Figure 2c).*”

As the photocatalytic conversion of aryl azide § yielded
complex reaction mixtures in the absence of proteins, we
injected n-butylamine 6 to trap the potential intermediates of
azide 5.**' With >95% conversion of S, we observed the aniline
7 formation in 23% yield and butylamine-substituted azepine 8
in 61% yield, for which the structure was unambiguously
assigned by the COSY and HSQC analysis (Figure 3c; see the SI
for details). The ethanethiol 9 representing the amino acid thiol
residues was next injected to the reaction of §, and thiolether-
substituted 10 was obtained in 16% yield together with aniline 7
in 59% yield (Figure 3c). We hypothesized that the aniline 7 was
formed by the hydrogen abstraction, while thiolether-
substituted 10 and butylamine-substituted azepine 8 originated
from the benzazirine and the ketenimine intermediates,
respectively.*”** We further conducted the LC-MS/MS analysis
of the AzPh-biotin probe 1 labeled BSA proteins induced by AO.
Various nucleophilic residues including Lys, Tyr, Thr, Glu, Asp,
Ser, Cys, and His were detected, whereas the less reactive amino
acid residues such as Gln and Gly were not observed (Figures 3d
and S28; Table S3). These results were consistent with the small
molecule trapping results and together suggested the ener:
transfer pathway of aryl azides in the protein labeling reactions.””

We next explored if this photocatalytic azide-promoted labeling
reaction was compatible with the intracellular environment for
live-cell applications. Various representative cellular reductants,
reactive oxygen species, and metal ions were then added to the
photocatalytic BSA labeling conditions. As a result, the addition
of reactive oxygen species, metal ions, as well as ascorbates did
not affect the protein labeling at the concentrations above the
physiological relevance (Figures S15—S17). In contrast, cellular
reductants including thiols, L-DOPA, f-carotene, and Trolox
(water-soluble vitamin E) inhibited the labeling reactions
(Figure S17). Among those, glutathione (GSH) and N-
acetylcysteine (NAC) representing thiols showed relatively
strong inhibition, which was expected from the reactive
intermediate trapping experiments above. As GSH was
abundant in live cells, we then tested how its addition affected
the BSA labeling.***> With GSH added at the physiological
concentrations, the photocatalytic BSA labeling efficiency was
decreased but not completely inhibited (Figure S18). In
contrast, the photoconversion of 4 was not significantly affected
by the GSH additions (Table S2, Figure S6), suggesting GSH
reacted with the labeling intermediates instead of the excited
photocatalyst.** We hypothesized that the quenching of the
labeling intermediates by these natural reductants and
nucleophiles may enable the proximity labeling in the intra-
cellular environment.”**

Besides cellular reductants, oxygen may also inhibit the
intracellular photocatalytic reactions by quenching the excited-
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Figure 3. Mechanistic studies of the photocatalytic azide-promoted protein labeling reaction. (a) Plausible photocatalysis reaction pathways (single
electron transfer or energy transfer) to generate the reactive intermediates from aryl azides. (b) Conversion of 4-azidobenzoic acid 4 (R = H) (200 uM)
after visible light irradiation at 25 °C for 1 h in PBS buffer (10 mM, pH 7.4) (xenon lamp equipped with band-pass filters, 19.8 mW cm™2) by organic
dyes (50 uM) with different triplet energies. c) The formation of aniline 7, azepine 8, and thiolether-substituted aniline 10 supported the triplet nitrene,
ketenimine, and benzazirine intermediates. The solution of § (0.10 mmol), Acridine Orange (0.020 mmol) and amine or thiols (S mmol) in methanol
were under blue LED (10.4 mW/cm?) irradiation at 25 °C for 40—48 h. (d) LC-MS/MS analysis of the AzPh-biotin probe 1 labeled nucleophilic
amino acid residues on BSA protein. The identified sites are partially labeled on the crystal structure of BSA, and the whole identified sites are shown in

Figure S28.

state photocatalysts.””*> While the oxygen presence did not
significantly affect the fluorescence of Fluo and Rh 123 in the
fluorescent quenching experiments, it decreased the AO
fluorescence by quenching the excited-state AO (Figure S3).
As a result, AO demonstrated different reactivity of 4
photoconversion in the air and nitrogen atmosphere, consisting
with the fluorescent quenching data (Figure 3b). Singlet oxygen

generated in the photosensitization process was considered
highly reactive and may cause protein degradation and cell

*7%8 We also measured the quantum yields of AO,

damages.
Fluo, and Rh 123 for oxygen sensitization and found they were
not effective singlet oxygen sensitizers, suggesting their

promising biocompatibility in live cells (Figure S4).
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Figure 4. Photocatalytic labeling of the mitochondrial proteome by AzPh-biotin probe 1 in MCEF-7 cells. (a) Photocatalytic mitochondrial proteome
labeling scheme and confocal fluorescence microscopy analysis of AzPh-biotin probe 1 with Rh 123 in MCF-7 cells. The green dots represent the
organic dye Rh 123, and the red circles represent the mitochondrial proteome labeled in the proximity of Rh 123. Cells were irradiated by the green
LED with Rh 123 at 37 °C for 1 h (515 nm, 2.9 mW/cm?*). TMRE (green) stains the mitochondria, and CyS-streptavidin (red) detects the biotinylated
proteins. The merged image shows good colocalization (R = 0.87, colocalization was quantified using Pearson’s R-value calculated with Coloc 2 in
Image]). Scale bar: 20 ym. Rh 123 (20 uM), AzPh-biotin probe 1 (200 zM). (b) Proteome labeling in MCF-7 cells with AzPh-biotin probe 1 by green
LED irradiation with Rh 123 for 1 h (515 nm, 2.9 mW/cm?) or UV light irradiation for 20 min (365 nm, 11.8 mW/cm?) at 37 °C. (c) MTT cell
viability assay for the cytotoxicity of Rh 123 labeling using AzPh-biotin probe 1 under green LED irradiation at 37 °C for 1 h (515 nm, 2.9 mW/cm?).
The statistical significance of the differences between groups was evaluated with the unpaired Student’s ¢ test. A p-value of 0.05 and below was
considered significant: p < 0.01 (**), p < 0.001 (***), N.S. is not statistically significant. All p-values were calculated with control cells that treated
without light and small molecules. Error bars represent mean =+ SD (n = 3). (d) Counts of the photocatalytic labeled MCF-7 mitochondrial proteins by
the LC-MS/MS analysis with Rh 123 and the AzPh-biotin probe 1. The annotations were performed by the DAVID (167/333, 50.2%, DAVID) or by
the combined databases including DAVID, Uniprot, and MitoCarta 2.0 (201/333, 60.4%, multiple).

We next examined the photocatalytic proximity protein for 30 min, and the CyS-conjugated streptavidin detected the
labeling inside live cells by organic dyes with expected labeled biotin signal from the confocal fluorescence microscope
biocompatibility and intracellular localization (Figure 4a). AO (Figure S20). However, cell damage was also observed. We
binds cellular nucleic acids and also targets acidic organelles, further tested cell viability by performing the MTT assay and
while Rh 123 is a mitochondria-specific dye.”> The AzPh-biotin observed only 30% cell survival after the photocatalytic labeling
probe 1 and AO were then incubated with the MCF-7 breast by AO (Figure S25a). These results were inconsistent with the
cancer cells under green light irradiation (515 nm, 2.9 mW/cm?) low quantum yield for the singlet oxygen generation by AO. To
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Figure 5. Photocatalytic proteome mapping of the mitochondria for the rotenone-induced stress response. (a) HeLa cells underwent mitochondrial
stress response with the mild stress induced by the low-concentration of rotenone, while the depletion of mitochondrial mass was detected with the
severe mitochondrial toxicity induced by the high-concentration of rotenone. (b) Volcano plot of the identified proteins by the high concentration (2
uM) of rotenone treatment and the changed protein counts. A significant portion of the decreased protein measurement was observed in mitochondria
(26/31,83.9%). (c) Volcano plot of the identified proteins by the low concentration (0.02 M) of rotenone treatment and the changed protein counts.
A significant portion of the increased protein measurement was observed in mitochondria (8/13, 61.5%). The decreased protein measurement is
colored in blue, and the increased protein measurement is colored in red. FC: fold-change.

explain the difference, the quantum yield of singlet oxygen
generation by AO was also measured in acidic conditions as AO
tended to aggregate in acidic organelles (Figure $4).%% In fact,
the AO-induced singlet oxygen generation under acidic
conditions was higher than that under neutral conditions. In
addition, the strong binding between AO and cellular nucleic
acids also contributed to DNA damage induced by AO.>' From
the LC-MS/MS analysis, the photocatalytic protein labeling
with AO resulted in 453 enriched proteins and 199 proteins
which (43.9%) were nucleus proteins (Figures S30 and S31).
These results echoed the AO-induced labeling from the confocal
fluorescence microscopy analysis (Figure S20)

In contrast, Rh 123 showed mitochondria-specific proteome
labeling, and the CyS-conjugated streptavidin showed bio-
tinylation with excellent colocalization of the mitochondria dye
TMRE (Figures 4b and S22, R = 0.87, Pearson’s R-value).’” We
also performed UV-light-induced azide-promoted labeling for
20 min with a 365 nm UV lamp (11.8 mW/cm?) and observed
no significant subcellular-specific protein labeling. The photo-
catalytic protein labeling by Rh 123 also demonstrated excellent
biocompatibility with a greater than 85% cell survival rate even
after 60 min of green LED irradiation (2.9 mW/cm?*) (Figure
4c). We next analyzed the protein biotinylation by Western blot
analysis with HRP-conjugated streptavidin and confirmed Rh

1071

123 induced the proteome biotinylation (Figures $S23 and S24).
The control experiments indicated that both the organic dyes
and the light irradiation were critical for the protein labeling
reactions in live cells.

The Rh 123-induced labeling showed excellent mitochondria
specificity that 201 proteins (60.4%) out of the 333 enriched
proteins were mitochondrial proteins (Figure 4d, Table SS for
details). We further analyzed the submitochondrial specificity of
the photocatalytic labeled proteome: 40% of the identified
mitochondria proteins were the mitochondrial matrix (matrix),
and 34% of that were the inner mitochondrial membrane
(IMM) proteins (Figures S32 and S33). These results were
consistent with the positive-charged Rh 123 localized to the
negative-charged mitochondrial inner membrane at the
submitochondrial level.’” In contrast, the intermembrane
mitochondria space (IMS) proteins and the outer mitochondrial
membrane (OMM) proteins were detected at a much lower
frequency. Among the labeled mitochondria proteins, the
mitochondrial respiratory chain complexes and the mitochon-
dria protein-import machinery were all detected, which were
critical mitochondria membrane protein complexes in the matrix
and IMM (Table SS).
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Mitochondria play a vital role in maintaining the redox
homeostasis as the cellular respiration location and the energy
powerhouse for cells. Mitochondrial dysfunction is known to be
involved in many human diseases such as cancer and
neurodegenerative diseases.””>* As no genetic manipulation is
required for the photocatalytic method, only a simple step of
photocatalytic labeling is needed for the subsequent LC-MS/
MS analysis and it allows for probing of the native mitochondria
proteins. Rotenone is a widely used mitochondrial complex I
inhibitor to investigate apoptosis and neurodegenerative
diseases, which induces the decreased membrane potential
(AY,), ATP degletion, and ROS generation in mitochondria
(Figure 5a).>>~” However, its specific impacts on mitochon-
drial proteome have not been fully explored.

We then tested if the dynamic mitochondrial proteome
changes could be assessed by the photocatalytic method
combined with LC-MS/MS analysis (Tables $6—59).”°* The
volcano plots were used to visualize the increased or decreased
mitochondrial proteome measurements in response to the
rotenone treatment (Figure Sb,c). With 2 uM rotenone, 31
proteins were significantly decreased in HeLa cells, 26 of which
were mitochondrial proteins, including the mitochondrial matrix
and IMM proteins (FC < 0.5, P < 0.05, see Figure Sb and Tables
S4 and SS). Further TMRE staining of mitochondria suggested
that the high concentration of rotenone induced the loss of
mitochondrial membrane potential in cells (see Figures $26 and
S27), which was consistent with the LC-MS/MS analysis
results.>

‘With mild mitochondrial stress induced by 0.02 yM rotenone,
only one out of seven decreased proteins were mitochondrial
proteins (FC < 0.5, P < 0.0S, Figure Sc and see Table $6). In
contrast, 8 out of 13 increased proteins were mitochondrial
proteins (FC > 2, P < 0.0S, see Table S7). Among them, four
(HSPEL® BCSIL,°" MTCH2,*” and TXNRDI1®) were
reported to participate in mitochondrial functions but were
not previously linked to the rotenone-induced mitochondrial
responses. The other four mitochondrial proteins (PITRMI,
IVD, ATAD3A, CCDCS1) were not previously associated with
the mitochondrial stress responses and may be worth further
investigation (see Table S7). These results not only confirmed
that the low concentration of rotenone-induced mitochondrial
stress responses but also provided the detailed dynamic
proteome information. Together, as showcased by rotenone
here, this selective mitochondrial protein labeling method with
simple experimental operation facilitates and casts novel insights
into the mitochondrial biology study without the need of
complicated genetic manipulations.

In conclusion, we have developed the first biocompatible
photocatalytic azide conjugation reaction inside live cells for
selective mitochondrial protein labeling. Readily available
organic dyes were investigated for photochemical reactivity
and biocompatibility to enable photocatalytic azide-promoted
protein labeling for the first time. Mechanistic studies suggested
that the nucleophilic protein residue labeling was attributed to
the photocatalytic generation of triplet nitrenes for the
benzazirine and ketenimine intermediates. The mitochondria-
localized rhodamine 123 enabled the selective mitochondrial
protein labeling with submitochondrial specificity via simple

1072

experimental procedures. The dynamic changes of the native
mitochondrial proteomes upon external stimuli can be mapped
without genetic manipulation in high temporal-spatial precision.

The biocompatibility and reactivity of the photocatalytic
protein labeling reaction are the key parameters to consider for
intracellular applications. The photolabeling reactions with low
labeling efficiency may require extended light irradiation and
cause phototoxicity. To this end, increasing the irradiation
intensity may improve the photolabeling efficacy significantly.
For example, the green LED irradiation with enhanced intensity
(95 mW/cm?) led to sufficient AO-induced protein labeling in
live cells in merely 1 min with decreased cytotoxicity (Figures
S21 and S25b). Due to the intrinsic electrophilic reactivity of the
labeling intermediates from aryl azides in photocatalysis, the
nucleophilic residues in proteins were mostly detected by this
method with limited labeling resolution (Figures 3d, $28, and
$29; Table S3 and S4).64 Moreover, the diffusion distance of the
labeling intermediates remained unclear as it was affected by the
nucleophiles in different concentrations and cellular environ-
ments, which is worth further investigation.é5 We envision that
the development of new labeling probes with higher reactivity
may increase the labeled protein residue coverage and labeling
resolution. While Rh 123 was herein demonstrated to enable
photocatalytic mitochondria protein labeling, we envision that
organic dyes provide flexible chemical modification possibilities
for other subcellular applications beyond mitochondria with
their different localization properties. The photocatalytic
labeling strategy is complementary to the traditional UV-light-
induced methods for intracellular studies, given its use of visible
light and the attractive localization capacity. This photocatalytic
protein labeling method holds excellent potential for intra-
cellular protein network investigations demanding high
temporal-spatial resolution.
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