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H2O2-free proximity proteomics for 
exploring dynamic protein complexes in 
living systems
 

Mi Ke    1,7, Fuchao Liang1,7, Guangqin Wang2,7, An He1,7, Baixu Ma1, Zheyi Liu3, 
Jie Wang    1, Yan Xu4, Yanli Li4, Zhe Dong    1, Zhihua Zhong1, Zhiyao Tang1, 
Pengyu Sun5,6, Kangmin He    5,6, Fangjun Wang    3, Zhiyong Liu    2  , 
Xueming Yang1, Lizhi Tao    1   & Ruijun Tian    1 

Dynamic protein complex assembly is critical for regulating various 
biological processes. Proximity labeling (PL), best represented by the 
ascorbate peroxidase APEX2, allows these molecular events to be captured 
in living cells in a spatiotemporal manner. However, the hydrogen peroxide 
(H2O2) dependence of APEX2 has hindered its application in sensitive 
living systems. Here we introduce ROProx, a radical- and oxygen-driven 
photoreactive PL technology that leverages the chemically evolved 
biotin-naphthylamine probe BN2, which has strong binding affinity for 
APEX2, and the unexpected tyrosyl radicals in APEX2. ROProx labels dynamic 
cytosolic protein complexes in living cells within seconds, with a range of 
10 nm, and is precisely controlled by mild blue light irradiation without H2O2. 
Additionally, we apply ROProx to explore the phosphotyrosine-dependent 
GRB2 interactome in living mice by simply injecting BN2 for 5 minutes. 
ROProx should, therefore, open broad opportunities for PL chemical 
evolution and applications in other living systems.

Proteins are fundamental building blocks of life, as cellular processes 
are largely governed by well-organized protein assemblies1. These 
protein machineries range from static to dynamically assembled 
protein complexes, which are often modulated by posttranslational 
modifications2. The best example of such complexes are those medi-
ated by phosphotyrosine (pTyr), which are spatiotemporally regu-
lated within minutes or even seconds and sophisticatedly organized 
by scaffolding proteins carrying pTyr-binding domains3,4. Dynamic 
changes in pTyr protein complexes in response to different stimuli, 
such as secreted ligands and cell‒cell interactions, have been integrated 

into various signaling networks, especially in the immunological 
microenvironment3,5. More importantly, the continuously increasing 
number of FDA-approved kinase inhibitors6 and immune checkpoint 
therapies7 underscores the importance of pTyr-mediated signal trans-
duction in targeted therapies. However, efficiently capturing these 
dynamic signaling events in their native biological system remains a 
major technical challenge.

PL combined with mass spectrometry (MS)-based proteomics 
enables the precise capture and identification of proteins that are 
closely associated with a target protein in living cells. Among these 
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capable of labeling dynamic protein complexes in an APEX2-dependent 
and dual-modal manner. BN2 represents a major advancement in PL 
methodology in two key aspects. In the first mode, it enables highly 
selective photoreactive labeling of protein complexes within a con-
fined 10-nm radius in living cells within seconds, driven by its high 
binding affinity for APEX2 and the tyrosyl radicals of APEX2. Notably, 
the labeling reaction preferentially targets histidine residues rather 
than tyrosine and is precisely regulated by atmospheric O2 and mild 
blue light irradiation. Furthermore, this BN2–APEX2-dependent PL 
approach operates entirely without H2O2, making it particularly suit-
able for use in H2O2-sensitive biological systems. Crucially, high labe-
ling selectivity is achieved through a unique dual-brake mechanism, 
involving site-specific labeling of BN2 to the His42 residue of APEX2 and 
self-quenching via BN2 polymerization. In the second mode, ROProx is 
responsive to extremely low levels of H2O2 and favors to label tyrosine 
residues21, which is well suitable for in vivo applications, as we dem-
onstrated for dynamic interactome profiling in live animal models. 
Collectively, the finely tuned labeling performance offered by ROProx 
holds broad potential for applications across diverse living cells and 
in vivo systems.

Results
Development of an H2O2-free ROProx system that is 
photoreactive
To identify PL chemical probes that use APEX2 but independent of 
H2O2, we designed and synthesized 16 chemical probes that fall into 
three structurally diverse categories (Fig. 1a and Extended Data Fig. 1a): 
(1) six biotin-phenol (BP) derivatives, which are commonly used in 
peroxidase-based PL applications21,24; (2) six catechol-based (BC) probes; 

methods, BioID8 has been widely used for studying subcellular pro-
teomes9 and stable protein complexes10 in living cells. However, the 
BioID requirement of extended labeling duration limits its utility for 
analyzing dynamic protein assemblies8,11. Although the TurboID vari-
ant of BioID has shown improved labeling efficiency and a reduced 
labeling duration of 10 minutes, it is still not suitable for studying 
rapid protein dynamics12,13. Recent advances in photoreactive enzyme 
(PRE)-mediated labeling technologies, including SOPP3−APEX2  
(ref. 14), miniSOG15, LOV-Turbo16 and LITag17, use visible light activation 
to control the PL processes on the order of seconds. However, these 
methods still face limitations, such as the limited penetration of light 
into living animals17. APEX2, which evolved from the pea ascorbate 
peroxidase APX18, is a popular PL enzyme suitable for spatiotemporal 
protein complex profiling, such as for GPCR-associated complexes, 
which dynamically assemble within seconds19,20. To improve the labe-
ling selectivity of APEX2, we identified the substrate probes BP5 and 
BN2, which have self-quenching properties via polymerization and 
outperform biotin-phenol for labeling dynamic protein complexes, 
especially those without a defined cellular localization21. However, the 
reliance of APEX2 on H2O2 limits its application for studying dynamic 
processes in living systems22 and H2O2-sensitive signaling pathways23. 
These challenges underscore the need for new PL technologies with 
improved kinetics, selectivity and biocompatibility to advance the 
study of dynamic protein assemblies in vivo.

To address these challenges, we developed the ROProx system, 
which integrates exogenous H2O2-free and photoreactive labeling 
while retaining the rapid kinetics of APEX2-mediated PL. We identi-
fied BN2 from the chemical evolution of 16 rationally designed and 
synthesized candidate probes as a highly efficient and selective probe 
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Fig. 1 | Development of the H2O2-free photoreactive PL technology ROProx. 
a, Left, chemical evolution explored BN2 with high affinity to APEX2 and 
BN2-based H2O2-free PL. Crystal structure and EPR analysis revealed stable 
tyrosine-phenoxyl radical-based photoreactive PL. Right, ROProx achieved 
second-scale PL in living cells in the presence of 410-nm mild blue light.  
b, Quantification of the labeling activity of the 16 BP analogs. Streptavidin 

pulldown of ILK was quantified and normalized to input ILK. BP1 with 500 µM H2O2 
was used as a positive control to calculate labeling efficiency (biological replicates 
n = 3); data are presented as mean values ± s.e.m. c, Photoreactivity test of the 
five probes that show H2O2-independent labeling capability (biological replicates 
n = 3). d, BN2 labeling of purified APEX2 in vitro induced by second-scale 
resolution of blue light exposure (biological replicates n = 3). Strep., streptavidin.
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and (3) four aniline-functionalized or naphthalene-functionalized (BN) 
compounds. Among them, seven of these chemical probes were newly 
designed and synthesized (Supplementary Figs. 1–9). This collection 
served as the foundation for the development of chemical PL probes 
for exogenous H2O2-free PL. To evaluate H2O2-independent PL, we incu-
bated each chemical probe for 10 minutes with a cell line expressing 
ILK fused to APEX2−Flag at its N terminus. The labeling performance 
of the bait protein ILK was then assessed via pulldown assays followed 
by western blotting. Labeling intensities were quantified based on the 
amount of ILK recovered from streptavidin pulldown, normalized to a 
positive control using the well-established BP1 probe in combination 
with H2O2 (Fig. 1b). Among the tested probes, BN2, BC1, BC3, BC4 and 
BC5 exhibited robust labeling activity in the absence of exogenous H2O2. 
Notably, all five probes share catechol-derived or naphthalene-derived 
structural features, suggesting a distinct mode of chemical reactivity 
compared to traditional BP-based probes. Further experiments involv-
ing H2O2 treatment and extended incubation (up to 60 minutes) con-
firmed that the labeling performance of these five probes was largely 
independent of exogenous H2O2 (Extended Data Fig. 1b,c). Among 
them, BN2 demonstrated the highest labeling efficiency, which was 
unexpected because we previously discovered that BN2 is a highly selec-
tive APEX2-dependent PL chemical probe in the presence of 500 µM 
H2O2 for 1 minute21.

To investigate the underlying mechanism of BN2-mediated, 
H2O2-free labeling and inspired by recent advances in visible 
light-activated chemical and enzymatic PL systems17,25,26, we hypoth-
esized that the labeling process might be triggered either by endog-
enous H2O2 within living cells or by visible light emitted from room 
light. Considering that APEX2 exhibits a Soret maximum at 410 nm 
from the high-spin ferric heme (Extended Data Fig. 1d)27, we sought 
to distinguish between these two potential effectors. We conducted 
experiments using a cell line expressing growth factor receptor-bound 
protein 2 (GRB2) tagged with APEX2−Flag, incubated with BN2 either 
in complete darkness or under brief exposure to 410-nm blue light 
for 2 minutes (Extended Data Fig. 1e). Notably, a marked increase in 
labeling intensity was observed upon light exposure compared to 
the group incubated with BN2 in the dark, indicating that blue light 
primarily drives the labeling reaction, whereas endogenous H2O2 
contributes only a minimal baseline activity. Additionally, BC1, BC3, 
BC4 and BC5 were also tested for their photoreactivity under 410-nm 
blue light for 2 minutes; however, none of the four probes exhibited 
any photoreactivity (Fig. 1c). To assess wavelength dependence, we 
exposed the BN2−APEX2 system to various wavelengths, including 
ultraviolet, blue, green and red light. Among these, the highest labe-
ling efficiency was observed under 410-nm irradiation at an intensity 
of 34 mW cm−2 (Extended Data Fig. 1f). Notably, BN2 combined with 
purified APEX2 enabled robust protein labeling after just 3 seconds of 
light exposure (Fig. 1d), a result that was also observed in living cells 
(Extended Data Fig. 1g). These findings indicate that BN2 and blue light 
not only enable a robust labeling efficiency without H2O2 but also mark-
edly accelerate the reaction kinetics to the timescale of seconds. Thus, 
through chemical screening, we identified BN2 as a synergistic probe 
for APEX2 and developed an H2O2-free, photoreactive PL technology, 
which we termed ROProx.

Unique molecular mechanisms advance the photoreactive PL
To understand the mechanism of the ROProx system from a molecular 
perspective, we determined the first X-ray crystal structure of APEX2 
(Protein Data Bank (PDB): 9KOE; Supplementary Table 1). Notably, we 
found that the photoreactivity of ROProx was strictly dependent on 
the simultaneous presence of BN2, APEX2 and blue light, underscor-
ing its unique, highly specific activation mechanism (Fig. 2a). The data 
above also suggest a unique interaction between BN2 and APEX2 that 
advances photoreactivity. To further investigate this interaction, we 
performed biolayer interferometry (BLI), which revealed high-affinity 

binding between BN2 and purified APEX2 with Kd ≈ 4.95 nM. This 
binding was markedly stronger than other combinations, such as 
BP1–APEX2 (Kd ≈ 528 nM) and BN2–HRP (Kd ≈ 6220 nM) (Fig. 2b and 
Supplementary Table 1). Notably, too, neither the BP1–APEX2 nor the 
BN2–HRP combinations exhibited in vitro photoreactivity like the 
BN2–APEX2 combination (Fig. 2c). Furthermore, ultraviolet photo-
dissociation (UVPD, 193 nm) native top-down MS was employed to 
confirm the BN2–APEX2 interaction. The MS1 spectra revealed mul-
tiple charge states (9+, 10+ and 11+) of the APEX2 (apo)−heme–BN2 
ternary complex (Extended Data Fig. 2a, left). UVPD tandem MS anal-
ysis of the 10+ charge state identified distinct ions, including BN2−
heme and APEX2 fragments (Extended Data Fig. 2a, right). Fragment 
mapping revealed three regions in APEX2 strongly affected by BN2 
binding (Extended Data Fig. 2b and Supplementary Table 2), among 
which residues 69–78, located near the heme cofactor, were particu-
larly notable. Notably, too, no structural obstruction was observed 
between this region and the heme, underscoring its accessibility for 
BN2 binding. These findings collectively advance our understanding 
of the structural determinants underlying the role of BN2 in ROProx 
technology. Further structural analysis highlighted that the H169 resi-
due in APEX2 regulated the access or binding of BN2 to APEX2 through 
the exposed heme edge (Extended Data Fig. 2c)28. This conclusion was 
supported by experiments on the H169A mutant, which showed a nota-
bly reduced affinity for BN2 compared to wild-type APEX2 (Fig. 2b). 
Additionally, the complete loss of photoreactivity in the H169A mutant 
(Fig. 2d) further reinforces this finding. Therefore, we conclude that 
the strong binding affinity between BN2 and APEX2 is essential for the 
photoreactive labeling.

As both APEX2 and HRP enzymes are heme-cofactor-containing 
metallo-peroxidases, we employed electron paramagnetic resonance 
(EPR) spectroscopy to characterize any paramagnetic species involved 
in the ROProx process. Both the as-purified APEX2 and HRP exhibit 
high-spin ferric heme species (S = 5/2) with characteristic g-values 
around 6.0, as observed from the EPR spectra at 10 K (Fig. 2e, left, and 
Supplementary Table 3)29. Additionally, APEX2 harbors a distinct radi-
cal signal with g-value ≈ 2.0, which can be clearly observed at 50 K due 
to its slower relaxation property compared to high-spin ferric heme 
(Fig. 2e, right). Although a similar radical was also shown in the original 
APX, no radical signal was detected in HRP. Further experiments incu-
bating APEX2 with BN2 revealed that exposure to blue light (410 nm) 
notably increased the formation of radical species under aerobic condi-
tions (Fig. 2f and Extended Data Fig. 2d). By contrast, the BP1 probe did 
not show any enhancement of radical signals under the same conditions 
(Fig. 2g and Extended Data Fig. 2e). In addition, EPR experiments using 
H169A incubated with BN2 showed no radical signal enhancement when 
exposed to blue light either (Extended Data Fig. 2f). This suggests that 
the binding of BN2 to the enzyme is crucial. Interestingly, BN2 bound 
APX with affinity similar to APEX2 (Fig. 2b) but exhibited much weaker 
photoreactive labeling activity (Extended Data Fig. 2g). In addition, 
no increase in tyrosyl radical signals was detected when APX−BN2 was 
exposed to blue light (Extended Data Fig. 2h).

We continued to analyze the EPR signal (Fig. 2h, black trace), which 
shows that the radical signal in APEX2 consists of two species. One 
species that is retained after the addition of BN2 (Fig. 2h, blue trace) 
shows the g-values of [2.0060, 2.0040, 2.0030] with giso = 2.0043, 
typical for a tyrosyl radical (Supplementary Table 2), although the g 
anisotropy is slightly small. Q-band pulse 1H electron nuclear double 
resonance (ENDOR) spectra show the typical 1H hyperfine coupling 
as assigned to 1H7a, 1H5 and 1H3, supporting the tyrosyl radical assign-
ment (Extended Data Fig. 2i). The other species is more isotropic with 
g-value of 2.003, which is likely a non-oxygen-based radical30. It can 
be quenched by BN2, and the quenched radical may be related to the 
oxidation of BN2. Although the latter radical is also observed in other 
heme-cofactor-containing metallo-enzymes30, the presence of the 
tyrosyl radical in the as-purified enzyme is notable, as no H2O2 was 
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introduced. Next, we performed mutagenesis on each of APEX2’s seven 
tyrosine residues (Extended Data Fig. 2j) to identify the location of the 
tyrosyl radical. EPR analysis of these mutants showed that the tyrosyl 
radial is hopped or transferred between Y190 and Y224 (Fig. 2i and 

Extended Data Fig. 2l,n). The tyrosyl radical signal was absent only 
when both of these two residues were mutated, which led to a com-
plete loss of photoreactivity (Fig. 2j and Extended Data Fig. 2k,m). 
These results establish that the tyrosyl radical within APEX2, along 
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continuous-wave; B0, magnetic field; mT, millitesla; dχ”/dB, the derivative of the 
absorption signal with respect to the external static magnetic field in arbitrary 
units; Strep., streptavidin; WT, wild-type.
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with the high-affinity probe BN2, is the key for photoreactivity, and O2 
is necessary (Fig. 2k) for the radical enhancement and photoreactiv-
ity (Fig. 2l). This synergistic mechanism enables efficient, H2O2-free, 
light-responsive labeling, advancing the application of the ROProx 
technology for dynamic protein complex profiling.

The H2O2-free photoreactive ROProx system achieves 10-nm 
spatial resolution
To test the performance of ROProx in labeling protein complex, we 
adopted the IPP−RSU1 system, a structurally well-resolved protein com-
plex comprising ILK, PINCH, the parvins (PARVA and PARVB) and RSU1 
(refs. 31,32). The structure of each protein component was integrated 
to precisely calculate its distance from the bait protein ILK. By generat-
ing a cell line that stably expresses ILK with APEX2−Flag fused to its N 
terminus, we established a measurable reference framework to evaluate 
the labeling selectivity of the chemical PL probe at an approximately 
10-nm scale (Fig. 3a). Next, we conducted affinity purification–mass 
spectrometry (AP−MS) analysis to evaluate the labeling efficiency of 
BN2 and its selectivity for the IPP−RSU1 complex at the proteome level. 
As expected, treating cells with 500 µM BN2 and 500 µM H2O2 led to the 
selective labeling and identification of the IPP−RSU1 complex compo-
nents (Extended Data Fig. 3a). Notably, we achieved similar results in 
the absence of exogenous H2O2 (Fig. 3b), whereas the probes BC1 and 
BC4 did not label all the components (Extended Data Fig. 3b,c). These 
results demonstrate the successful development of an H2O2-free but 
BN2-dependent and APEX2-dependent PL methodology.

We next investigated the potential of applying ROProx in the AP−
MS system. Cells incubated with 500 µM BN2 and exposed to blue 
light for just 2 minutes unexpectedly led to the selective labeling of 
the IPP−RSU1 complex (Extended Data Fig. 3d). Notably, reducing 
the BN2 concentration to 50 µM while maintaining 2 minutes of blue 
light exposure (Fig. 3c and Supplementary Table 4) produced a cleaner 
background with minimal non-specific labeling compared to treatment 
with 500 µM BN2. MS quantification of the IPP−RSU1 complex proteins 
labeled under these conditions revealed a strong correlation with their 
spatial proximity to ILK (Fig. 3a). Notably, the distances between these 
proteins and ILK were less than 10 nm, underscoring the precise and 
controllable labeling radius enabled by visible light-activated BN2 
and APEX2.

We further investigated the mechanism that controls the labeling 
radius of the ROProx system and contributes to its high specificity. MS 
analysis of biotinylated peptides from the cells and in vitro experiments 
demonstrated that BN2 preferentially modified histidine (H) residues 
(Fig. 3d), with H42 on APEX2 identified as the primary labeling site 
(Fig. 3e, Extended Data Fig. 3e,f and Supplementary Table 5). Notably, 
mutation of H42 abolished the photoreactive labeling, establishing H42 
as a critical regulatory element—or ‘brake’—that defines APEX2 activity 
and the labeling radius (Fig. 3f and Extended Data Fig. 3g). Interestingly, 
among all residues, only H42 of APEX2 was found to be modified by 
BN2, forming a conjugate with the histidine residue via its amino group 
(Supplementary Figs. 10 and 11)33. In addition, BN2 employs a second 
‘brake’ upon polymerization, effectively quenching the excess active 
BN2 and preventing an extended labeling radius21. Together, these 
dual ‘brakes’—H42 self-labeling and BN2 self-quenching—constrain the 
labeling radius to approximately 10 nm, enabling precise and selective 
profiling of protein complexes in living systems.

We then compared the performance of this method to those of 
other H2O2-free or photoreactive PL methods, including TurboID, 
miniSOG and LOV-Turbo. Although applying TurboID effectively led to 
all five components of the IPP−RSU1 complex being labeled, substan-
tial non-specific labeling was also observed (Extended Data Fig. 3h,i). 
Compared to LOV-Turbo and miniSOG, BN2 together with APEX2 dem-
onstrated superior photoreactive protein complex labeling (Fig. 3g). 
Notably, this BN2-dependent and APEX2-dependent PL technique 
requires only very mild blue light irradiation (34 mW cm−2), which is 

much less than the light intensity required for LOV-Turbo and miniSOG. 
Notably, such complete labeling process with mild and short light 
exposure had subtle effects on cell viability and mitochondrial mor-
phology to cells (Extended Data Fig. 4a–d). Finally, we compared the 
PL reaction in the nucleus, mitochondria and endoplasmic reticulum, 
which have different levels of endogenous H2O2 (ref. 34), and found that 
this blue light-dependent PL method has a notable advantage and can 
compensate for the differences in PL caused by the different levels of 
endogenous H2O2 (Extended Data Fig. 4e).

ROProx-based dynamic protein complex profiling on a 
timescale of seconds
We further evaluated the ability of ROProx to profile dynamic pro-
tein complexes down on a timescale of seconds by stably expressing 
APEX2−Flag-tagged GRB2 in HeLa cells (Fig. 4a). GRB2 is a key adap-
tor protein that is recruited into endothelial growth factor receptor 
(EGFR)-mediated signaling complexes seconds to minutes after EGF 
stimulation3,35. Activation of this signaling pathway is critical for many 
biological processes and tends to be modulated by H2O2 because H2O2 
functions as a secondary messenger and selectively oxidizes cysteine 
residues in protein phosphatases and kinases23. In this context, the exog-
enous H2O2-free and blue light-dependent PL technology ROProx offers 
a unique solution. As expected, standard 500 μM H2O2-dependent 
PL effectively captured known EGF stimulation-dependent 
GRB2-interacting proteins (Extended Data Fig. 5a). However, PL in 
the absence of H2O2 did not capture any of the proteins in the GRB2 
interactome (Extended Data Fig. 5b). Notably, as little as 25 μM 
H2O2 was sufficient to label most of the EGF stimulation-dependent 
GRB2-interacting proteins (Fig. 4b), which is a 20-fold decrease in H2O2 
concentration compared to standard H2O2-dependent PL reactions. 
Further increasing the H2O2 concentration to 100 μM did not result 
in improved labeling efficiency (Extended Data Fig. 5c). Accordingly, 
we systematically validated the sufficient PL of interacting proteins 
EGFR, CBL, SHC1 and STS1 under 25 µM H2O2 by affinity purification 
and western blotting (Extended Data Fig. 5d). Although the exact 
concentration of H2O2 in living cells is unknown, 25 μM is extremely 
low and should generally address the artificial signaling activation 
caused by excess H2O2.

Next, we tested the performance of ROProx under mild blue light 
illumination to identify weak and transient protein interactions that 
occur during signal transduction. Two minutes of blue light irradiation 
demonstrated remarkable selectivity for capturing GRB2 interactome 
(Extended Data Fig. 5e). Notably, 30 seconds of light exposure pro-
vided superior profiling of transiently interacting proteins (Fig. 4c and 
Supplementary Table 6). A comparison of the proteins identified upon 
25 μM H2O2 treatment with 30 seconds of blue light exposure revealed 
that both conditions led to the consistent labeling of well-characterized 
GRB2-interacting proteins, such as SHC1, PIK3R2, GAB1 and UBASH3B. 
However, distinct differences were observed with other well-known 
GRB2-interacting proteins, including CBL, CBLB, PIK3C2B and PTPN11 
(Fig. 4d). Interestingly, 30 seconds of blue light irradiation also labeled 
several additional proteins that were not captured with 25 μM H2O2 
treatment. These results highlight the robustness of ROProx for 
dynamic protein complex profiling and emphasize the need for precise 
control over labeling conditions in physiologically relevant studies. It 
should be noted that a recent study revealed protein damage caused 
by minute-scale blue light exposure, which further demonstrates the 
advantage of ROProx for photoreactive PL36.

Because LITag17 and SOPP3−APEX2 (ref. 14) also demonstrated 
second-scale labeling capability with distinct mechanisms, we com-
pared them with ROProx for dynamic protein complex profiling. LITag 
relies on the LOV* domain, which absorbs light and generates singlet 
oxygen to oxidize nearby protein residues. SOPP3−APEX2 integrates 
SOPP3, which produces singlet oxygen that is converted by superox-
ide dismutases (SODs) into H2O2 and subsequently activates APEX2 
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for PL. Distinctively, ROProx depends on the BN2 probe binding to 
APEX2 and engages APEX2’s intrinsic tyrosyl radical to trigger photo-
reactive PL. To meet the SOPP3−APEX2’s experimental condition and 
further challenge the ROProx for PL with only 10 seconds of blue light 
exposure, we compared the PL performance of the three approaches 

for profiling EGF stimulation-dependent GRB2 interactome (Fig. 4e). 
Further affinity purification and western blotting validation of CBL 
and SHC1 interaction both demonstrated that ROProx markedly out-
performed LITag and SOPP3−APEX2 under 10-second light exposure 
(Fig. 4f and Supplementary Table 7).
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modification on APEX2. Peptide-level analysis of BN2-modified APEX2 reveals 

site-specific preferences (biological replicates n = 2). Bar graphs summarize 
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Dynamic GRB2 interactome mapping in living mice using 
ROProx
The limited penetration depth of light presents a considerable chal-
lenge for photoreactive PL in vivo. However, the low H2O2 dependency 
of ROProx technology mitigates this limitation by operating effectively 
at endogenous H2O2 level. To evaluate the in vivo PL performance of 
ROProx, we generated transgenic mice expressing APEX2−Flag-tagged 
Grb2, with successful integration confirmed by genotyping polymer-
ase chain reaction (PCR) using tail-tip genomic DNA (Fig. 5a,b). We 
first measured endogenous H2O2 levels using the HKPerox-2 probe37, 

revealing dynamic H2O2 distribution across different organs (Fig. 5c). 
Subsequently, the BN2 probe was administered via intravenous injec-
tion, and, after a 5-minute circulation period, efficient labeling of Grb2 
was observed in multiple major organs (Fig. 5d). The labeling intensity 
varied among tissues and correlated well with the endogenous H2O2 
levels. Notably, the spleen exhibited the lowest labeling efficiency, 
consistent with its low endogenous H2O2 level. Although light-inducible 
PL is not optimal for in vivo application due to limited light penetration, 
we tested its feasibility for PL in spleen as a complementary approach 
where endogenous H2O2 is too low. Notably, a 5-minute exposure to blue 
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light assisted by surgical exposure significantly enhanced labeling in 
the spleen (Fig. 5e), which is approximately 2 mm thick, corresponding 
to the penetration depth of blue light, demonstrating the capacity of 
ROProx to boost PL efficiency in vivo.

To further evaluate its in vivo PL performance by taking advantage 
of its second-mode PL, which is sensitive to extremely low H2O2, we 
applied ROProx to explore pTyr-mediated dynamic interactome of 
Grb2 in liver upon 2 minutes of EGF stimulation or upon liver partial 
hepatectomy (2/3 PHx) by hepatic portal vein injection of BN2 for 
5 minutes (Fig. 6a). Global pTyr site profiling was also performed to 
systematically recapitulate the in vivo pTyr machinery. To balance 
the physiological state of the living mice and efficient labeling, a 
timecourse experiment was performed, and it was determined that 
optimal labeling occurred 5 minutes after BN2 injection (Fig. 6b). This 
approach enabled the identification of Grb2 and its well-characterized 
dynamic interactome, including Egfr and Shc1 (Extended Data Fig. 6a 
and Supplementary Table 8). Approximately 400 phosphorylation sites 
in each sample were identified and demonstrated strong consistency 
across replicates (Extended Data Fig. 6b–d). Two-dimensional analy-
sis of the Grb2 interactome and the identified pTyr sites revealed the 
critical roles of Egfr, Shc1 and other signaling proteins in mediating 
pTyr-dependent signal transduction during EGF stimulation in vivo 
(Fig. 6c,d). Among them, Slc25a4 was identified as a new interacting pro-
tein of Grb2, with pTyr occurring at Y195 (Fig. 6e). Slc25a4 is an ADP/ATP 
transporter and plays a pivotal role in energy homeostasis by facilitat-
ing nucleotide exchange across the inner mitochondrial membrane38. 
This novel discovery, validated through co-immunoprecipitation 
experiments in HEK293T cells (Fig. 6f), reveals the previously unknown 

roles of Grb2 in mitochondrial dynamics, expanding our understand-
ing of its functional repertoire in cellular signaling and metabolism.

The liver is one of the very few organs in mammals capable of 
regeneration after removal or injury. Many studies have reported 
that liver regeneration involves the activation of pTyr machinery39. To 
uncover these signaling events that occur during liver regeneration, 
we performed ROProx-based Grb2 interactome, global pTyr site and 
total proteome profiling 2 days after 70% PHx in mice (Fig. 6a and 
Extended Data Fig. 6e,g). The evident cell proliferation observed via 
Ki67 staining confirmed ongoing liver regeneration in these mice 
(Fig. 6g). As expected, ROProx-based protein complex profiling 
revealed increased association of proteins such as Pcna40 and Mcm6 
(ref. 41), which are known to upregulate during liver cell prolifera-
tion (Fig. 6h and Extended Data Fig. 6e). Interestingly, we discovered 
that the change of Cdk1 within the protein complex was far greater 
than that in the total proteome (Extended Data Fig. 6g). Moreover, 
global pTyr profiling revealed that Cdk1 Y15 phosphorylation and 
EGFR signaling components were significantly upregulated upon 
PHx (Fig. 6h and Extended Data Fig. 6f). The association of Cdk1 with 
Grb2 was further validated by streptavidin pulldown−western blotting 
and Flag immunoprecipitation−western blotting in tissue lysates and 
by immunoprecipitation−western blotting in cell lysates (Fig. 6i and 
Extended Data Fig. 6h). In addition, phosphorylation of CDK1 at its 
Y15 site after 2/3 PHx was also confirmed (Fig. 6i). These findings sug-
gest the signaling role of Cdk1 and Grb2 during liver regeneration and 
demonstrate the high efficiency, selectivity and biocompatibility of 
ROProx for labeling dynamic protein complexes in living animals on 
the timescale of minutes.
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Discussion
PL together with MS-based proteomics has become increasingly 
popular for exploring functional proteome with spatial proximity 
in living systems. As compared with subproteome and stable protein 
complex profiling, dynamic protein complex profiling, especially 

at a timescale of minutes to seconds, has been the most challenging 
perspective. Although ascorbate peroxidase APEX2 is well suitable for 
this application, benefiting with its fast and robust kinetics, its H2O2 
reliance is the well-recognized limitation for dynamic protein com-
plex profiling in living and H2O2-sensitive systems. Many pioneer PL 
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Fig. 6 | Dynamic Grb2 interactome mapping in living mice by ROProx.  
a, Schematic representation of BN2-mediated PL in mapping the pTyr sites 
and dynamic Grb2 interactome in vivo upon EGF stimulation or in the 2/3 
PHx liver regeneration model. The total proteome was also analyzed in the 
liver regeneration system to account for expression changes over the 2-day 
progression. BN2 and/or EGF was injected into liver through the hepatic 
portal vein when the mouse was anesthetized. b, Investigation of the optimal 
injection time for BN2, as assessed by streptavidin pulldown−western blotting 
GRB2-associated proteins EGFR and SHC1 (biological replicates n = 3).  
c, Two-dimensional quantitative analysis of Grb2-interacting proteins by 
synergistic comparison of the fold changes of both proteins and associated  
pTyr sites (n = 5 mice for EGF + BN2 and BN2 groups, respectively).  
d, Identified key functional proteins and their associated pTyr sites in the 
EGFR signaling pathway. e, LFQ intensities of Slc25a4 and intensities of its 
pY195 identified in the in vivo ROProx labeling (n = 5 mice for EGF + BN2 and 

BN2 groups, respectively). Regarding the pTyr sites data, duplicate samples 
were collected from each mouse, providing 10 data points in each group. Data 
are presented as mean values ± s.e.m. f, Validation of Slc25a4 interaction with 
Grb2 in an EGF stimulation-dependent manner in HEK293T cells using HA tag 
immunoprecipitation−western blotting (biological replicates n = 3). g, Ki67 
staining to assess liver regeneration in mice after the removal of two-thirds  
of the liver after 2 days (n = 3 mice for 2/3 PHx and sham groups, respectively).  
h, Quantitative analysis of Grb2-interacting proteins by integrating fold change 
comparisons of protein levels and associated pTyr site modifications (n = 7 
mice for PHx and sham groups, respectively). The proteins and pTyr sites with 
significant change are labeled. i, Validation of the interaction between Grb2 and 
Cdk1 using streptavidin pulldown and Flag immunoprecipitation in liver tissue 
lysates followed by western blotting analysis (biological replicates n = 3).  
IP, immunoprecipitation; Strep., streptavidin.
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technology developments have been achieved recently for reducing 
the labeling radius and labeling time and controlling the labeling reac-
tion by photoreactivity. These efforts largely fall into two categories: 
first, introduction of new PL enzymes, best represented by peroxidase, 
biotin ligase families, singlet oxygen generation families (SOPP3, 
miniSOG, LOV and LITag) or direct evolution of these PL enzymes; 
second, development of small molecular photoreactive catalysts, best 
represented by μ-Map and MultiMap. However, H2O2-free proximity 
proteomic profiling of dynamic protein complexes at second-scale 
time resolution and less than 10-nm labeling radius scale in living 
systems is still challenging.

In the present study, we adopted a different strategy for chemically 
evolving substrate probes of APEX2 that have no reliance on exogenous 
H2O2 and are photoreactive. We developed the ROProx system based on 
BN2 probe and APEX2, which well meet these two criteria. The tyrosyl 
radical, as well as the high binding affinity of BN2 to APEX2, can be 
activated by blue light, enabling the precise and efficient profiling of 
dynamic protein complexes in living cells. Additionally, the unique 
dual ‘brake’ mechanism precisely controls labeling radius of 10 nm in 
living systems while achieving resolution on a timescale of minutes 
to seconds. It is worth noting that prolonged minute-scale blue light 
exposure in living cells can induce protein damage and attenuate 
phosphorylation-dependent signaling, as systematically demonstrated 
by Toh et al.36. Accordantly, second-scale labeling by ROProx largely 
avoids this commonly encountered issue. In addition, BN2 has two 
additional characteristics: (1) its high susceptibility to oxidation and 
(2) its capacity for self-polymerization. These properties collectively 
enable its optimal performance in peroxidase-mediated PL. Alterna-
tively, BN2 is also sensitive to extremely low levels of H2O2 and even 
endogenous H2O2 for robustly capturing dynamic protein complexes 
in living cells and living mice. Mechanistically, the two modes operate 
in a complementary manner: light-responsive ROProx preferentially 
labels histidine residues (Fig. 3e), whereas H2O2-mediated labeling 
favors tyrosine residues21. Collectively, the chemical evolution of classic 
H2O2-dependent ascorbate peroxidase revealed unexpected molecular 
mechanisms and dual-modal PL, which open new avenues for explor-
ing novel PL functionality toward challenging but critical application 
in dynamic protein machinery studies.

Online content
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maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
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Methods
LED-based blue light exposure
For ROProx, blue light was provided by an LED lamp with a wavelength 
of 410 nm, positioned 9 cm above the cells or tubes, delivering an 
intensity of 34 mW cm−2. The light exposure duration was limited to 
a maximum of 10 minutes to ensure that the temperature remained 
below 37 °C. For LOV-Turbo, the light wavelength was 465–470 nm with 
an intensity of 52 mW cm−2, and, for miniSOG, the light wavelength was 
460–465 nm with an intensity of 58 mW cm−2.

For SOPP3−APEX2 and LITag in profiling the EGF-stimulated 
dynamic interactome of GRB2, GRB2 was N-terminally fused with 
Flag−APEX2−SOPP3 or Flag−LOV* and stably expressed in HeLa cells via 
lentivirus transduction. SOPP3−APEX and LITag labeling were carried 
out using BP1 (500 µM) and BN1 (250 µM), respectively. Probes were 
incubated with cells in the dark for 60 minutes (BP1) or 30 minutes 
(BN1); EGF was added at the final 2 minutes, and blue light was applied 
for the last 10 seconds. Light intensities are 50 mW cm−2 for SOPP3−
APEX2 and 450 mW cm−2 for LITag.

Cell culture and PL in living cells
Cell lines were established as previously described21. The HEK293T 
and HeLa cell lines used in this study were sourced from the National 
Collection of Authenticated Cell Cultures (NCACC) (HEK293T: CSTR 
19375.09.3101HUMGNHu44; HeLa: CSTR 19375.09.3101HUMTCHu187). 
From these, we generated stable cell lines expressing specific tagged 
proteins. All the cell lines from NCACC were authenticated by the 
NCACC. Additionally, the HEK293T APEX2−OMM cell line was a gift 
from P. Zou’s laboratory (Peking University), and the HT1080 cell line 
was kindly provided by C. Wu’s laboratory (Southern University of Sci-
ence and Technology (SUSTech)). HT1080, HeLa and HEK293T stable 
cell lines were cultured in MEM (HT1080) or DMEM (HeLa, HEK293T) 
supplemented with 10% FBS (v/v), 1% penicillin−streptomycin (v/v) 
and puromycin at concentrations of 1 μg ml−1 (HT1080) or 0.6 μg ml−1 
(HeLa). For APEX2−Flag expression, doxycycline (0.8 μg ml−1) was added 
to the medium for approximately 20 hours unless specified otherwise.

For screening probes that can label protein complexes without 
external H2O2, prewarmed probes (at 500 μM) were incubated with 
APEX2−Flag-expressing HT1080 cells at 37 °C for 10 minutes. After 
washing six times with DPBS, cells were lysed in RIPA buffer contain-
ing 50 mM Tris (pH 8.0), 150 mM NaCl, 0.1% SDS (w/v), 0.5% sodium 
deoxycholate (w/v), 1% Triton X-100 (v/v) and 1 mM EDTA. For positive 
controls, BP1-treated cells were supplemented with 500 μM H2O2. 
To evaluate ROProx performance in labeling the IPP–RSU1 protein 
complex, doxycycline was added or omitted to induce or suppress 
APEX2/Turbo expression, thereby generating APEX2+Turbo+ and 
APEX2−Turbo− groups.

In experiments assessing dynamic interactions, HeLa cells express-
ing APEX2−Flag−GRB2 were treated with EGF (100 ng ml−1) for 2 min-
utes before the end of BN2 incubation. H2O2 was added at the indicated 
concentrations 60 seconds before the experiment’s conclusion. Blue 
LED light was turned on 2 minutes, 30 seconds or 10 seconds before 
the end of the experiment. During processing, the blue light triggered 
labeling; the room light was off or on as specifically annotated. Strepta-
vidin pulldown was performed as previously described21. In brief, after 
completion of the labeling procedure and cell lysis, samples were soni-
cated and centrifuged at 17,000g and 4 °C for 10 minutes to clarify the 
lysates. For pulldown experiments, the clarified lysates were incubated 
with 60 µl of streptavidin Sepharose beads (GE Healthcare, 17-5113-01) 
overnight at 4 °C. After pulldown, the beads were washed sequentially 
with strong RIPA buffer (twice), 2 M urea in 10 mM Tris (pH 8.0; twice), 
1 M KCl in 10 mM Tris (pH 8.0; twice) and, finally, 50 mM ammonium 
bicarbonate (ABC) (three times). After washing, the beads were either 
resuspended in 1× protein loading buffer for subsequent western blot-
ting analysis or subjected to on-bead trypsin digestion, as described 
in the Supplementary Methods.

Animal welfare and ethics
C57BL/6J mice (6–8 weeks old, approximately 18 g) were used for ani-
mal experiments. Mice were housed in specific pathogen-free animal 
rooms (2–6 mice per cage) with 12-hour light/dark cycles and access to 
food and water. All animal procedures were approved and conducted 
in accordance with the guidelines of the Laboratory Animal Center 
(approval no. SUSTech-JY202201025-202402A1) at SUSTech.

PHx
Six-to-eight-week-old male APEX2−Flag−Grb2 mice were subjected 
to 70% PHx. In brief, the mice were anesthetized with isoflurane, and 
a vertical incision was made just below the sternum to adequately 
expose the liver. The left lateral lobe and the median lobe of the liver 
were carefully ligated and removed with 4−0 silk suture while the gall 
bladder was left intact. For the sham-operated controls, the mice were 
also anesthetized, and the abdominal cavity was entered via incision 
but without tying off or removing any liver lobes. Once the surgery 
was done, the abdominal muscles were meticulously stitched up with 
6−0 silk thread, and the skin was closed with wound clips. Two days 
after surgery, all mice were anesthetized, and then BN2 labeling was 
performed. Subsequently, the mice were euthanized, and the liver 
tissues were collected and divided into two parts; one part was flash 
frozen in liquid nitrogen for later proteomic experiments, and the other 
part was fixed in 4% paraformaldehyde (w/v) for histological analysis.

PL in vivo
To perform PL in living mice across multiple organs, anesthetized mice 
were injected with BN2 (32 mg kg−1) via the caudal vein. Five minutes 
after BN2 administration, the mice were euthanized, and the liver, 
heart, spleen, lung and kidney were harvested and stored in liquid nitro-
gen. For enhanced labeling efficiency in the spleen, blue light exposure 
was applied. Anesthetized mice underwent a small skin incision to 
expose the spleen. BN2 (32 mg kg−1) was administered via the caudal 
vein, and a blue light source was positioned 9 cm above the exposed 
spleen, delivering an intensity of 34 mW cm−2. Blue light was applied 
for a total of 5 minutes, with 2.5 minutes of exposure on each side of 
the spleen to ensure adequate light penetration. In the control group, 
anesthetized mice received BN2 injections but were kept in darkness 
for 5 minutes before tissue harvesting.

For PL in the liver, transgenic mice (approximately 18 g) were 
anesthetized with 2.5% avertin (12 µl g−1, v/v) via intraperitoneal injec-
tion. Once fully anesthetized, the mice were positioned supine on 
an operating table with their limbs secured. Using surgical scissors 
and forceps, an incision was made in the lower abdomen to expose 
the liver and hepatic portal vein. A 24-gauge retention needle with 
a heparin cap was inserted into the hepatic portal vein, and BN2 
(32 mg kg−1, 5 minutes) or EGF (100 µg kg−1, 2 minutes) was injected 
in a saline solution. BN2 was injected first, followed by an EGF + BN2 
mixture 2 minutes before the end of labeling. Afterwards, the mice 
were euthanized, and the organs were collected and immediately 
frozen in liquid nitrogen.

Animal sample processing and streptavidin pulldown 
methodology
After performing in vivo PL and harvesting the organs, the liver was 
ground into a fine powder using a mortar with liquid nitrogen, replen-
ished frequently. The powdered liver was transferred to a tube and 
stored in liquid nitrogen until streptavidin pulldown. For the heart, 
spleen, lung and kidney, tissues were homogenized directly. Each 
tissue was placed in a 2-ml grinding tube containing 8–10 ceramic 
particles (Φ 2–3 mm), followed by the addition of 1 ml of ice-cold 
RIPA buffer supplemented with 1 mM phenylmethylsulfonyl fluoride 
(PMSF). The tubes were then processed using a tissue homogenizer 
(MO BIO, PowerLyzer). The homogenizer was set to a vibration speed 
of 2,500 r.p.m., with each cycle lasting 3 minutes and a 5-second pause 
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after every 10 seconds of vibration. Four cycles were performed to 
ensure thorough homogenization.

After homogenization, the lysates were transferred to 2-ml tubes, 
and an additional 1 ml of ice-cold RIPA buffer was added. The samples 
were then sonicated for three rounds, each lasting 5 seconds per round. 
After sonication, the samples were centrifuged at 16,612g at 4 °C for 
20 minutes, and the supernatants were harvested. Protein concentra-
tion was measured using the Pierce 660-nm protein assay (Thermo 
Fisher Scientific, 22660), and 6 mg of protein was used for streptavi-
din pulldown. To eliminate excess BN2 probe, the proteins were first 
purified using a PD-10 desalting column (GE Healthcare, 17085101) 
according to the manufacturer’s protocol. Next, 60 µl of streptavidin 
Sepharose beads (GE Healthcare, 17-5113-01) was added to the protein 
solution and incubated overnight at 4 °C on a rotator set to 25 r.p.m.

For pTyr peptide enrichment, 3 mg of liver lysates was used. The 
protocol for pTyr peptide enrichment was the same as that described 
in our previous work21. In brief, EGF-responsive pTyr signaling was 
sequentially enriched by the engineered ‘superbinder’ domain and 
Ti4+-IMAC microbeads.

Crystallization and structure determination
Crystallization was conducted using vapor diffusion at 16 °C with a 
reservoir containing 21% PEG 2000 (w/v) MME, 0.1 M Tris-HCl (pH 8.5) 
and 10 mM NiCl2. Diffraction-quality crystals were cryoprotected in 
25% glycerol (v/v) and flash cooled in liquid nitrogen. X-ray diffraction 
data were collected at the 19U1 beamline at the Shanghai Synchrotron 
Radiation Facility, processed using HKL2000 and solved via molecular 
replacement with Phenix, using APX2 (PDB: 5L86) as the search model. 
Final structure refinement was performed in Phenix with model build-
ing in Coot; the detailed statistics are shown in Supplementary Table 1. 
Details have been deposited in the PDB with ID 9KOE.

BLI for binding affinity
BN2 or BP1 (1 µM) was first stabilized on eight super-sensitive avidin 
sensors (Sartorius, 18-0011) according to the manufacturer’s instruc-
tions. HRP, APEX2, APEX2’s H169A mutant or APX was diluted to vari-
ous concentrations (in μM): 0, 0.46, 37 and 111. A 300-µl aliquot of 
each dilution was placed in one column (eight wells) of a 96-well black 
plate. The dilution buffer consisted of 50 mM Tris (pH 7.4) and 150 mM 
NaCl, and the solution was filtered through 0.22-µm filters before use. 
The dilution buffer was used before and after probe stabilization and 
protein association. The association of proteins to the stabilized BN2 
or BP1 was monitored by the Octet Red 96 system at SUSTech. The Kd 
values between the proteins and probes were calculated using Octet 
BLI analysis software.

EPR spectroscopy
The EPR samples of APEX2/APX and the mutants were prepared at 
a concentration of 20 µg µl−1, equivalent to approximately 714 µM. 
HRP was purchased from Sigma-Aldrich (P6782) and was prepared at a 
concentration of 714 µM for EPR analysis. The protein samples (200 µl) 
were transferred into X-band EPR tubes (O.D. 4 mm and I.D. 3 mm), flash 
frozen and stored in liquid nitrogen for EPR analysis. For the sample 
of APEX2/APX + BN2, APEX2/APX was mixed with 1 equivalent of BN2 
and allowed to react for 5−10 seconds before freezing. For the sample 
of APEX2/APX + BN2 + hv, the APEX2/APX + BN2 mixture was thawed 
at room temperature, exposed to 410-nm blue light for 5 minutes and 
then refrozen in liquid nitrogen. Anaerobic samples were performed 
in a N2 gas-filled glovebox. PBS was stored in the glovebox for at least 
2 days before use. At least three rounds of buffer exchange were per-
formed for APEX2 protein by using a 10-kDa (Millipore) ultrafiltration 
tube before making the EPR samples.

X-band (9.35 GHz) continuous-wave EPR spectra were recorded 
on a Bruker EleXsys E500 spectrometer equipped with a super-high Q 
resonator (ER4122SHQE) in the Department of Chemistry at SUSTech. 

Cryogenic temperatures were obtained and controlled by using an 
ESR900 liquid helium cryostat in conjunction with a temperature 
controller (Oxford Instruments, MercuryiTC) and a gas flow control-
ler. For high-spin ferric heme, spectra were recorded at 10 K using the 
following parameters: 0.1 mW microwave power (no saturation), 100 
kHz modulation frequency and 5 G modulation amplitude. For the 
radical signal, spectra were recorded at 50 K due to its slower relaxa-
tion property compared to ferric heme using the following parameters 
of 0.1 mW microwave power (no saturation), 100-kHz modulation 
frequency and 5 G modulation amplitude. Q-band (approximately 
34.0 GHz) 1H Davies ENDOR experiments were performed on a Bruker 
Biospin EleXsys 580 spectrometer equipped with a 10 W amplifier 
and an R.A. Isaacson cylindrical TE011 resonator in an Oxford CF935 
cryostat at the University of California, Davis. ENDOR measurements 
of the radical signal were carried out at 50 K by employing Davies pulse 
sequence (π−RF−π/2−τ−π−τ−echo) for large hyperfine couplings44. 
ENDOR spectrum was collected stochastically by randomly hopping 
the radiofrequency excitation frequency45. Pulse sequences were pro-
grammed with the PulseSPEL programmer via the Xepr interface. Simu-
lations of the continuous-wave spectra and the following pulse EPR 
spectra were performed using the EasySpin 5.2.35 toolbox46,47 within 
the MATLAB 2014a software suite (MathWorks). The simulation uses 
the [gx, gy, gz] = [2.0060, 2.0040, 2.0030] and three 1H hyperfine ten-
sors: A(1H7a) = [18, 22, 23] MHz, A(1H5) = [14, 17, 17] MHz and A(1H3) = [14, 
17, 17] MHz. The hyperfine coupling for 1H7b, 1H2 and 1H6 are in the  
range of <10 MHz.

Assessment of APEX2’s photoreactivity in an anaerobic 
glovebox
DPBS and BN2 were transferred into the anaerobic N2 gas-filled glove-
box for more than 24 hours to ensure complete removal of dissolved O2. 
Purified APEX2 (36 µM in DPBS) was then introduced into the anaerobic 
box, and its buffer was exchanged with anaerobic DPBS using 10-kDa 
molecular weight cutoff (MWCO) ultrafiltration tubes. The buffer 
exchange was performed three times by centrifugation at 12,000 r.p.m. 
for 5 minutes each, with room lights turned off throughout the pro-
cess. BN2 (500 µM) and APEX2 were mixed in the glovebox. To assess 
the effect of blue light exposure on the BN2–APEX2 mixture, an LED 
lamp (410 nm, 34 mW cm−2) was placed inside the glovebox and used 
to illuminate the mixture for 5 minutes. After the reaction, 5× protein 
loading buffer was added to quench the reaction. Samples were then 
analyzed by western blotting to evaluate BN2 labeling of APEX2 under 
either anaerobic or aerobic conditions.

In vitro activity test of APEX2 and its mutants
APEX2 or its mutants (1 µg µl−1) were mixed with BN2 (500 µM), and 
the reaction was initiated by adding blue light at the specified inten-
sity, duration and concentration. After the reaction, protein loading 
buffer was immediately added to stop the reaction, and the samples 
were stored for subsequent western blotting analysis without being 
boiled (avoid heat-induced labeling). The PVDF membrane with the 
blotted samples was probed for labeling signals using a streptavidin−
HRP antibody. Equal loading of samples was confirmed by Coomassie 
blue staining.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data are available in the main text or the supplementary materials. 
All the raw MS data have been deposited in the ProteomeXchange with 
identifier PXD064195. The X-ray crystallography data of APEX2 have 
been uploaded to the PDB with visiting accession ID 9KOE. Source data 
are provided with this paper.

http://www.nature.com/naturechemicalbiology
https://doi.org/10.2210/pdb5L86/pdb
https://doi.org/10.2210/pdb9KOE/pdb
http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD064195
http://www.rcsb.org/structure/9KOE


Nature Chemical Biology

Article https://doi.org/10.1038/s41589-026-02230-0

References
44.	 Davies, E. R. A new pulse endor technique. Phys. Lett. 47,  

1–2 (1974).
45.	 Bruggemann, W. & Niklas, J. R. Stochastic ENDOR. J. Magn. Reson. 

108, 25–29 (1994).
46.	 Stoll, S. & Schweiger, A. EasySpin, a comprehensive software 

package for spectral simulation and analysis in EPR. J. Magn. 
Reson. 178, 42–55 (2006).

47.	 Stoll, S. & Britt, R. D. General and efficient simulation of pulse EPR 
spectra. Phys. Chem. Chem. Phys. 11, 6614–6625 (2009).

Acknowledgements
We appreciate the support of the Tsinghua University Technology 
Center for the X-ray crystallography facility. We thank R. D. Britt 
for his support with the access of the Q-band pulse 1H ENDOR EPR 
instrument (University of California, Davis) and experiments. We thank 
the staff members of the Biological Mass Spectrometry System at  
the Dalian Coherent Light Source for providing technical support  
and assistance in data collection and analysis. The authors thank  
P. Zou (Peking University) and S. GongJin for their kind assistance with 
APEX2−OMM labeling and imaging. The authors also thank J. Zheng, 
W. Gao, Y. Mao, T. Yan, K. Zhang and Y. Liang for their valuable advice 
and experimental assistance. The authors acknowledge funding 
from the National Natural Science Foundation of China (22125403, 
R.T.; 92253304, R.T.; 92353301, X.Y.; 91953118, R.T.; 92359302, 
R.T.; 8234100284, R.T.; 2201218, R.T.); the China State Key Basic 
Research Program (2024YFA1307200, R.T.; 2021YFA1301601, R.T.; 
2022YFC3401100, Z.D.; 2021YFA1301602, R.T.; SQ2024AAA030643, 
R.T.; 2023ZD0509501, L.T.; 2021YFA1302603, R.T.); the China 
Postdoctoral Science Foundation (2024M761287, M.K.); and the 
Shenzhen Innovation of Science and Technology Commission 
(ZDSYS20230626090803004, R.T.; KJZD20230923114220041,  
R.T., 20231120094247002, L.T.).

Author contributions
R.T. conceived the project, with the collaboration of L.T. for 
mechanistic study and Z.L. for generating the mouse model. R.T., 
L.T. and M.K. managed and designed the experiments. M.K. and F.L. 
performed most of the experiments. A.H. designed and synthesized 
the probes. G.W. constructed and raised the mice. M.K. and A.H. 
analyzed the data. L.T., B.M., Z.T. and A.H. performed the EPR 
experiments and analysis as well as the nuclear magnetic resonance 
analysis of the BN2−histidine conjugation. Z.L., F.W. and X.Y. performed 
UVPD−MS analysis. Y.X. and Y.L. supported the PHx surgery. J.W. and 
Z.D. supported the mechanism study. Z.Z. helped with the tissue 
slice experiments. P.S. and K.H. assisted with confocal imaging of 
mitochondrial morphology. R.T., L.T. and M.K. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41589-026-02230-0.

Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s41589-026-02230-0.

Correspondence and requests for materials should be addressed to 
Zhiyong Liu, Lizhi Tao or Ruijun Tian.

Peer review information Nature Chemical Biology thanks the 
anonymous reviewers for their contribution to the peer review  
of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

http://www.nature.com/naturechemicalbiology
https://doi.org/10.1038/s41589-026-02230-0
https://doi.org/10.1038/s41589-026-02230-0
https://doi.org/10.1038/s41589-026-02230-0
http://www.nature.com/reprints


Nature Chemical Biology

Article https://doi.org/10.1038/s41589-026-02230-0

Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Related to Fig. 1. a, Analysis of structures and activities of 
6 Biotin-Phenol analogs, 6 Biotin-Catechol analogs, and 4 Biotin-Naphthylamine 
analogs. The probes highlighted in blue are introduced in this work, while the 
others are derived from our previous study. Each probe was incubated with 
cells stably expressing ILK fused with N-terminal APEX2-FLAG for 10 minutes 
(biological replicates n = 3). The room light was on during the experiments.  
b, Activity analysis of the five probes that show reactivity in the H2O2-free 
screening, with 500 µM H2O2 as the positive control. c, Western blot analysis of 
the labeling performance of BC1, BC3, BC4, and BC5 on the IPP-RSU1 protein 

complex, with probe incubation times of 30 or 60 minutes (biological replicates 
n = 3). d, UV-Visible absorbance of APEX2 and hemin. e, BN2–APEX2 was tested 
about its photoreactivity in living cells. BN2 was incubated with living cells at 
50 µM for 2 minutes with/without blue light exposure (biological replicates 
n = 3). f, Photoreactivity of APEX2 and BN2 under LED light irradiation at different 
wavelengths. Samples were exposed to light for 2 minutes (biological replicates 
n = 3). g, BN2 labeling of APEX2-FLAG tagged GRB2 in living cells, triggered by 
indicated seconds resolution of blue light exposure (biological replicates n = 3).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Related to Fig. 2. a, Native MS spectrum of APEX2 in the 
presence of BN2, accompanied by 193 nm UVPD-tandem MS fragmentation.  
b, Delta fragmentation efficiency analysis of APEX2 with or without BN2. See the 
full data in Supplementary Table 2. Regions with consecutive 5 positions showing 
Δ fragmentation efficiency < − 0.3 (ignore the 0 value) are shadowed and labeled 
in the APEX2 structure. c, The naphthylamine group of BN2 was modeled into 
this electron density, resulting in the presented model. d, X-band CW EPR spectra 
(at 10 K) of APEX2 upon addition of BN2 or excitation at 410 nm under aerobic 
condition. e, X-band CW EPR spectra of APEX2 upon addition of BP1 or excitation 
at 410 nm under aerobic condition at 10 K. f, X-band CW EPR spectra reveal 
radical signatures of the H169A mutant following BN2 and blue light treatment.  
g, Photo-reactivity of APX/ APEX/ APEX2 combined with BN2 (biological 
replicates n = 3) in HeLa cells. Labeling was performed using 50 µM BN2 under 

blue light illumination for 2 minutes. h, X-band CW EPR spectra of APX upon 
addition of BN2 or excitation at 410 nm under aerobic condition at 10 K and 50 K. 
i, Q-band (34.1255 GHz) 1H ENDOR EPR spectrum of APEX2 recorded at 1215.9 mT 
with g = 2.0052. j, X-band CW EPR spectra show radical signals in the seven  
single tyrosyl mutants at 10 K (left) and 50 K (right). k, Assessment of 
photoreactivity by exposing the tyrosine mutants with BN2 to blue light for 
5 minutes (biological replicates n = 3). l, X-band CW EPR spectra of APEX2 and 
the double tyrosine mutants at 10 K (left) and 50 K (right). m, Photoreactivity 
analysis of the double tyrosine mutants (biological replicates n = 3). n, X-band CW 
EPR spectra of APEX2 and the indicated single or double tyrosine mutants at 10 K. 
o, X-band CW EPR spectra of APEX2 upon addition of BN2 or excitation at 410 nm 
under anaerobic condition.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Related to Fig. 3. a, Volcano plots depicting the AP-MS 
results for the IPP-RSU1 complex labeled with 500 µM BN2 and 500 µM H2O2 
for 1 minutes (Biological replicates n = 3, Log2FC > 1.8, p-value < 0.05, two-sided 
student’s test, no adjustments). b-c, Volcano plot showing BC1-mediated PL 
of the IPP-RSU1 complex, with 500 µM BC1 incubated with cell for 30 minutes 
(b), and with 500 µM BC4 incubated with cell for 60 minutes (c) (biological 
replicates n = 3 for the APEX2− group and n = 4 for the APEX2+ group, Log2FC > 1.8, 
p-value < 0.05, two-sided student’s test, no adjustments). d, Volcano plot 
depicting the AP-MS results for the IPP-RSU1 complex labeled with 500 µM 
BN2 and exposed to 410 nm light for 2 minutes (biological replicates n = 3, 
Log2FC > 1.8, p-value < 0.05, two-sided student’s test, no adjustments).  
Both APEX2+ and APEX2− groups were treated with the indicated probe 
concentrations and exposed to light for the specified durations. e, Analysis 

of BN2’s preferred labeling sites through examining BN2-labeled protein 
digests in living cells (biological replicates n = 2). f, MS2 spectrum showing BN2 
modification on the H42 residue in APEX2. g, Labeling effects were examined 
for H42 mutants in which histidine was substituted with valine (V) (biological 
replicates n = 3). h, Western blot analysis of TurboID-based PL of the IPP-RSU1 
complex. HT1080 cells stably transfected with doxycycline-inducible TurboID-
V5-tagged ILK were incubated with 50 µM biotin for 10 minutes or left untreated 
(biological replicates n = 3). i, Proteomic analysis of TurboID-mediated PL of the 
IPP-RSU1 complex, showing the detection and quantification of the IPP-RSU1 
components. Turbo+ and Turbo− groups were both treated with 50 µM biotin  
for 10 minutes. (biological replicates n = 3 for the Turbo− group and n = 4 for  
the Turbo+ group, Log2FC > 1.8, p-value < 0.05, two-sided student’s test,  
no adjustments).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Related to Fig. 3. a, CellTiter96 assay measuring viability 
of HeLa and HT1080 cells after 410 nm light exposure for 30 seconds or 2 minutes 
(biological replicates n = 6), data are presented as mean values +/− SEM.  
b, CCK-8 assay assessing cell viability of HeLa and HT1080 cells under the same 
light exposure conditions (biological replicates n = 6), data are presented as 
mean values +/− SEM. c, Confocal microscopy images showing mitochondrial 
morphology following light exposure. Mitochondria of HeLa cell were stained 
with MitoTracker Green and imaged live using a spinning-disk confocal 
microscope (biological replicates n = 3). The scale bar is 10 μm. d, Confocal 

microscopy images showing mitochondrial morphology following complete 
ROProx labeling in HEK293T cells expressing APEX2-OMM. Cells were treated 
with 50 µM BN2 for 5 minutes and subjected to 410 nm light (34 mW/cm2) for the 
final 10 seconds or 30 seconds, as indicated (biological replicates n = 3).  
e, Comparison of light-dependent labeling at different subcellular spaces 
without external H2O2. Cells expressing APEX2-FLAG-tagged subcellular signal 
peptides were treated with 50 µM BN2 for 5 minutes or along with blue light 
exposure for 5 minutes (biological replicates n = 3).
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Extended Data Fig. 5 | Related to Fig. 4. a, Proteomic analysis of BN2’s 
performance in labeling the EGF-stimulated GRB2 interactome with 500 µM 
H2O2 treatment for 1 minute. BN2 (500 µM) was applied for 10 minutes, with 
EGF added 2 minutes before cell harvest and H2O2 added at the last minute. 
b, Proteomic analysis of BN2’s performance in labeling the EGF-stimulated 
GRB2 interactome without H2O2 treatment. BN2 (500 µM) was applied for 
10 minutes, with EGF added 2 minutes before cell harvest. c, Proteomic analysis 
of BN2’s performance in labeling the EGF-stimulated GRB2 interactome with 
100 µM H2O2 treatment. BN2 (500 µM) was applied for 10 minutes. For a, b, and 

c, biological replicates n = 3 for EGF- and EGF+ group respectively, Log2FC > 1 
and p-value < 0.05, two-sided student’s test, no adjustments. d, Western blot 
to explore the potentiality of BN2 in labeling dynamic protein complex under 
varying concentrations of H2O2 (biological replicates n = 3). The concentration 
of BN2 was 50 µM, and the incubation time was 10 minutes. EGFR, CBL, SHC, and 
STS1 are known interacting proteins of GRB2 upon EGF stimulation. e, Volcano 
plot of AP-MS results for IPP-RSU1 complex labeled with 50 µM BN2 plus blue 
light exposure for 2 min (biological replicates n = 4, Log2FC > 1 and p-value < 0.05, 
two-sided student’s test, no adjustments).
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Extended Data Fig. 6 | Related to Fig. 6. a, Volcano plot of the EGF-stimulated 
Grb2 interactome. Proteins with Log2FC > 1 and p-value < 0.05 are marked in  
blue, with known interacting proteins annotated (two-sided student’s test,  
no adjustments). The samples are the same as in the pTyr proteome analysis  
(EGF-, n = 5; EGF + , n = 5). b, Volcano plot of the stimulated pTyr proteome 
in mouse liver following EGF stimulation (EGF-, n = 5; EGF + , n = 5). Sites with 
Log2FC > 1 and p-value < 0.05 are marked in blue, with selected sites annotated 
(two-sided student’s test, no adjustments). Duplicate samples were collected 
from each mouse, providing ten data points for each group. c, Number of pTyr 
sites identified in the EGF stimulated liver tissue, data are presented as mean 
values +/− SEM. d, CV distribution of identified pTyr peptide intensities in 

samples before and after EGF stimulation. For the box plots, the central line 
indicates the median, the box bounds represent the 25th to 75th percentiles, 
and the whiskers extend to the minimum and maximum values. e-g, ROProx 
identified Grb2 interactome (e), volcano plot of the BN2-mediated PL of pTyr 
sites (f), and total proteome (g) of liver identified in the PHx group vs. Sham 
group (PHx n = 7, Sham n = 7). Sites or proteins with Log2FC > 1 and p-value < 0.05 
are marked with blue dots, with some specific proteins marked with names 
(two-sided student’s test, no adjustments). h, Validation of the interaction 
between Grb2 and Cdk1 using IP-WB of CDK1 in cell line (biological replicates 
n = 4). Doxycycline was added to induce FLAG-tagged Grb2 expression.
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