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Supplementary Table 1 | Mass table for the preparation of antibody-photocatalyst-conjugates. Ir-complex-modified antibodies were generated through a three-step workflow and characterized at each stage by intact mass spectrometry. Average masses are reported in the table.

	Species
	Calculated Mass (Da)
	Observed Mass (Da)
	Mass Error (ppm)

	mAb (G0F/G0F)
	147281.3
	147282.1
	5.4

	mAb (G0F/G1F)
	147443.5
	147444.7
	8.1

	mAb (G1F/G1F)
	147605.6
	147609.6
	27.1

	mAb (G1F/G2F)
	147767.8
	147775.5
	52.1

	mAb (G2F/G2F)
	147929.9
	147939.2
	62.9

	mAb degly by EndoS2
	145089.1
	145090.0
	6.2

	Degly mAb + 2GalNAz
	145577.3
	145579.5
	15.1

	APC DAR2
	148311.9
	148311.5
	-2.7

	APC DAR1
	146944.6
	146948.0
	23.1
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Supplementary Table 2 | Semi-quantification of labeling efficiency based on peak intensity of the detectable APC species using diazirine–biotin and aryl–azide–biotin probes. Labeling efficiency was calculated as the sum of peak intensities weighted by the corresponding DAR value, divided by the total peak intensity of all major species. The mass of oxidized APC was assigned based on the most prominent peak in the deconvoluted spectrum. Delta mass denotes the mass increment between an observed peak and its nearest lower-mass adjacent peak.

	Species
	Observed Mass (Da)
	Delta Mass (Da)
	Peak Intensity

	Diazirine-biotin probe (+616 Da / label): labeling efficiency = 215%

	Oxidized APC*
	148493.6
	-
	1.38e4

	APC + 1 label
	149049.7
	556.1
	8.06e4

	APC + 2 labels
	149668.5
	618.8
	7.51e4

	APC + 3 labels
	150312.0
	643.5
	4.69e4

	APC + 4 labels
	150961.8
	649.8
	2.63e4

	APC + 5 labels
	151585.6
	623.8
	1.56e4

	Aryl-azide-biotin probe (+563 Da / label): labeling efficiency = 132%

	Oxidized APC*
	148493.6
	-
	8.28e4

	APC + 1 label
	149070.7
	577.1
	9.52e4

	APC + 2 labels
	149665.1
	594.4
	6.06e4

	APC + 3 labels
	150261.7
	596.6
	3.41e4

	APC + 4 labels
	150875.8
	614.1
	1.57e4


*Mass is referred to and determined by DMSO control sample



Supplementary Table 3 | Semi-quantification of labeling efficiency based on peak intensity of the detectable subunit species of APC with diazirine–biotin and aryl–azide–biotin probes. Labeling efficiency was calculated as the sum of peak intensities weighted by the corresponding DAR value, divided by the total peak intensity of all major species. The mass of oxidized subunit was assigned based on the most prominent peak in the deconvoluted spectrum. Delta mass denotes the mass increment between an observed peak and its nearest lower-mass adjacent peak. Major species observed on Fab and Fc in Fig. 3b, c for both probes were summarized and labeling efficiency were calculated, respectively.

	Species
	Observed Mass (Da)
	Delta Mass (Da)
	Peak Intensity

	Diazirine-biotin probe: Fab labeling efficiency = 3.35%; Fc labeling efficiency = 160%

	Oxidized Fab
	96899.7
	-
	1.58e6

	Fab + 1 label
	97515.0
	615.3
	5.47e4

	Oxidized Fc
	51528.5
	-
	1.00e4

	Fc + 1 label
	52164.5
	635.9
	1.99e4

	Fc + 2 labels
	52767.0
	602.5
	1.35e4

	Fc + 3 labels
	53417.5
	650.5
	9.79e3

	Fc + 4 labels
	54086.7
	669.2
	3.75e3

	Aryl-azide-biotin probe: Fab labeling efficiency = 116%; Fc labeling efficiency = 23.1%

	Oxidized Fab
	96901.5
	-
	1.14e5

	Fab + 1 label
	97493.2
	591.6
	7.86e4

	Fab + 2 labels
	98089.6
	596.4
	2.20e4

	Fab + 3 labels
	98695.5
	605.9
	6.13e3

	Oxidized Fc
	51534.3
	-
	9.84e3

	Fc + 1 label
	52153.5
	619.2
	2.96e3



Supplementary Table 4 | Semi-quantification of labeling efficiency based on peak intensity of Protein A (ProA) or antigen (Ag) from binary protein complexes with diazirine–biotin and aryl–azide–biotin probes. Labeling efficiency was calculated as the sum of peak intensities weighted by the corresponding DAR value, divided by the total peak intensity of all major species. The mass of oxidized species was assigned based on the most prominent peak in the deconvoluted spectrum. Delta mass denotes the mass increment between an observed peak and its nearest lower-mass adjacent peak. Major species observed on ProA and Ag in Fig. 3e, f for both probes were summarized and labeling efficiency were calculated, respectively.

	Species
	Observed Mass (Da)
	Delta Mass (Da)
	Peak Intensity

	Diazirine-biotin probe: label on Ag not detected; ProA labeling efficiency = 14.1%

	Oxidized ProA
	26747.5
	-
	1.38e5

	ProA + 1 label
	27363.0
	615.5
	2.25e4

	Aryl-azide-biotin probe: Ag labeling efficiency = 22.2%; ProA labeling efficiency = 10.8%

	Oxidized Ag
	18830.5/18922.5
	-
	1.52e5/1.40e5

	Ag + 1 label
	19410.5/19471.0
	580.0/564.4
	3.22e4/5.10e4

	Oxidized ProA
	26778.4
	-
	1.03e5

	ProA + 1 label
	27328.5
	580.5
	1.24e4









Supplementary Table 5 | Mass calculations for the preparation of antibody-photocatalyst-conjugates. The same antibodies employed in Ir-complex conjugation were used to generate APC through a three-step workflow and characterized at each stage by intact mass analysis. Average masses are reported in the table.

	[bookmark: OLE_LINK2]Species
	Calculated Mass (Da)
	Observed Mass (Da)
	Mass Error (ppm)

	DBCO-AMCA
	147053.9
	147060.1
	-42.2

	DBCO-BP Fluor 405
	147120.1
	147128.8
	54.4

	DBCO-Fluorescein
	147401.9
	147404.3
	16.3

	DBCO-TAMRA
	147438.1
	147432.9
	35.3

	DBCO-BODIPY-FL
	147172.1
	147174.3
	14.9

	DBCO-Cyanine 5
	147460.1
	147467.4
	49.5













Supplementary Table 6 | Semi-quantification of labeling efficiency based on intact and subunit mass of APC using BODIPY-FL as a photocatalyst with aryl-azide-biotin probe. Labeling efficiency was calculated as the sum of peak intensities weighted by the corresponding DAR value, divided by the total peak intensity of all major species. The mass of oxidized species was assigned based on the most prominent peak in the deconvoluted spectrum. Delta mass denotes the mass increment between an observed peak and its nearest lower-mass adjacent peak. Major species observed on intact and subunits in Fig. 4c, d were summarized and labeling efficiency were calculated, respectively.

	Species
	Observed Mass (Da)
	Delta Mass (Da)
	Peak Intensity

	Intact APC labeling efficiency = 121%

	Oxidized APC
	147218.9
	-
	8.09e4

	APC+ 1 label
	147758.0
	539.1
	2.71e5

	APC+ 2 labels
	148346.3
	588.3
	1.11e5

	APC+ 3 labels
	148937.4
	591.2
	3.84e4

	Fab labeling efficiency = 7.7%; Fc/2 labeling efficiency = 9.2%

	Oxidized Fab
	96889.7
	-
	5.31e5

	Fab + 1 label
	97479.0
	589.3
	3.81e4

	Oxidized Fc/2
	25161.0
	-
	1.85e5

	Fc/2 + 1 label
	25744.5
	583.5
	1.87e4








Supplementary Figures: 
[image: ]
Supplementary Fig. S1 | Native SEC-MS analysis of BSA with in-solution photocatalytic reactions. BSA was used as a model protein to assess PPL with photocatalysts (Ir complex or Eosin Y) and the diazirine–biotin probes under 10 min of 450 nm blue-light irradiation. a, Schematic of the reaction setup and experimental design. b, Total ion chromatograms (TICs) of native SEC-MS. Compromised BSA monomer chromatographic peak shapes were observed in samples containing photocatalysts upon blue-light exposure, irrespective of the presence of the diazirine–biotin probes. c, Deconvoluted intact mass spectra of BSA monomer peak. Pronounced mass increase and peak heterogeneity was observed in samples containing photocatalysts subjected to blue-light irradiation.
[image: ]Supplementary Fig. 2 | Intact mass analysis of antibody–photocatalyst conjugates generated by NHS ester-based conjugation method. NHS esters react with primary amines in proteins, including lysine side chains and proyein N-terminus. As a model system, a monoclonal antibody (mAb) was reacted with NHS-PEG4-azide, introducing a mass increase of +273 Da per modification. To reduce spectral complexity, the mAb was first deglycosylated using PNGase F and subsequently reacted with NHS-PEG4-azide at different molar ratios. At a mAb/NHS-PEG4-azide ratio of 1:50, the reaction produced heterogeneous population of peaks with DAR ranging from 2 to 9, whereas a ratio of 1:100 yielded species with DAR ranging from 24 to 33. These distributions were observed prior to photocatalyst conjugation, which have already increased the size of mAb noticeably based on size-exclusion chromatography. The results highlight the intrinsic heterogeneity of NHS-based conjugation chemistry, which presents significant challenges for characterization by intact mass spectrometry.













[image: ]Supplementary Fig. 3 | Scheme of strain-promoted azide–alkyne cycloaddition (SPAAC) click chemistry reaction. Photocatalysts functionalized with dibenzocyclooctyne (DBCO) react with azide groups on monosaccharides to form stable 1,2,3-triazole linkages without the need for a copper catalyst, generating homogenous APC selectively.
























[image: ]Supplementary Fig. 4 | Detection of photo-induced singlet oxygen by chemical trapping and tandem mass spectrometry. a, Schematic of singlet oxygen–mediated oxidation of histidine followed by reaction with the trapping reagent MAUra, forming a stable adduct with a +205 Da mass increase. b, Representative tandem mass spectra of a tryptic peptide containing an oxidized histidine residue identified by MS/MS; the peptide sequence is masked due to proprietary considerations.












Supplementary Fig. 5 | Chemical structures of diazirine–biotin and aryl–azide–biotin probes and their photoactivated intermediates. Upon irradiation, diazirine and aryl azide [image: ]groups lose one molecule of N2 and generate reactive carbene or nitrene species, introducing mass increases of +616 Da (carbene) and +563 Da (nitrene) per labeling event.













[bookmark: OLE_LINK6][image: ]Supplementary Fig. 6 | Structural model of site-specifically modified antibodies and estimation of distances between the photocatalyst-conjugate site and interacting protein regions. The three-dimensional structures of the antibody and binary protein complexes were generated by AlphaFold web server. Distance estimations were performed between the glycosylation site and representative proximal or distal regions of the antibody or interacting proteins. The photocatalyst is estimated to be at ~1 nm scale and is not depicted in the structural model. Distances represent direct point-to-point measurements and do not account for steric hindrance or surface accessibility. a, Estimated distances from the photocatalytic center to the Fab region (~4-10 nm) and to the distal edge of Fc region (<6 nm). b, Estimated distances from the photocatalytic center to a Fab-bound antigen (Ag) (~8-12 nm) and to a Fc-bound Protein A (ProA) (~4-6 nm).



[bookmark: OLE_LINK9]Supplementary Fig. 7 | Optimization of antibody–protein ratios to generate homogeneous binary protein complexes. Noncovalent assembly of antibody (Ab) with antigen (Ag) or Protein A (ProA) yields multiple stoichiometric species (e.g., Ab, Ab+1Ag, Ab+2Ag). Homogeneous [image: ]binary complexes were obtained by optimizing the Ab:Ag or Ab:ProA ratios. a–c, Total ion chromatograms (TICs) of Ab–Ag mixtures at Ab:Ag weight ratios ranging from 24:1 to 3:1 (molar ratio from 3:1 to 1:3). d, TIC of free Ag. e–h, Corresponding deconvoluted mass spectra of Ab, Ab+1Ag, Ab+2Ag, and free Ag. i, j, TIC of the Ab–ProA mixture at an Ab:ProA weight ratio of 5:1 (molar ratio 1:1) and free ProA. k, l, Deconvoluted mass spectra of the Ab+ProA complex and free ProA.





[image: ]
Supplementary Fig. 8 | Reactivity of carbene and nitrene intermediates toward singlet oxygen. The reactivity of carbene and nitrene intermediates with singlet oxygen was investigated using a well-defined inorganic singlet oxygen–generating reaction in which hydrogen peroxide reacts with sodium hypochlorite to produce singlet oxygen, with water and sodium chloride as the only byproducts. Carbene and nitrene intermediates were generated in vitro by UV (365 nm) irradiation of diazirine–biotin and aryl–azide–biotin probes, respectively. Reaction products were analyzed by direct-infusion mass spectrometry. Because singlet oxygen, carbene, and nitrene species are all short-lived, rigorous controls were included to exclude contributions from precursor reagents or byproducts. a, f, 500 µM of diazirine–biotin (a) or aryl–azide–biotin (f) exposed to 365 nm irradiation in water, yielding water-quenched carbene or nitrene products, confirming efficient intermediate generation under UV light. b, g, 500 µM of diazirine–biotin (b) or aryl–azide–biotin (g) exposed to 450 nm irradiation in water. Both probes remained intact under this condition. c, h, 500 µM of diazirine–biotin (c) or aryl–azide–biotin (h) incubated with 100 μM hydrogen peroxide and 100 μM sodium hypochlorite in the absence of light. Both probes remained largely intact, with only minor oxidation observed for diazirine–biotin, indicating minimal direct reactivity towards the oxidants or in vitro generated singlet oxygen. d, i, 500 µM of diazirine–biotin (d) or aryl–azide–biotin (i) exposed to 365 nm irradiation in the presence of the singlet oxygen–generating reaction. For diazirine–biotin, only water-quenched carbene products were observed, similar to the UV irradiation condition alone. In contrast, aryl–azide–biotin produced a series of oxidized species with characteristic +16 Da mass increments. e, j, 500 µM of diazirine–biotin (e) or aryl–azide–biotin (j) exposed to 365 nm irradiation prior to incubation with the singlet oxygen–generating reaction. Only water-quenched carbene or nitrene products were detected, indicating that the quenched products are stable toward hydrogen peroxide, sodium hypochlorite, and in vitro generated singlet oxygen. Together, these results demonstrate that carbene intermediates are largely inert to singlet oxygen, whereas nitrene intermediates are highly susceptible to oxidative quenching.


[image: ]Supplementary Fig. 9 | Chemical structures of fluorescent dyes screened as photocatalysts for proximity labeling. a, Core scaffolds of six fluorescent dyes screened in this study, spanning diverse chemical structures and absorption/emission wavelengths. b, Chemical structures of the corresponding conjugation-ready probes, in which each scaffold is functionalized with a DBCO group for SPAAC in homogenous APC preparation.


[image: ]Supplementary Fig. 10 | Intact mass characterization of antibody–photocatalyst conjugates bearing fluorescent probes. a, Deconvoluted intact mass spectra of six APCs, confirming homogeneous preparation of each conjugate. b, Deconvoluted intact mass spectra of APCs bearing AMCA, BP Fluor 405, or Cyanine following blue-light irradiation in the presence or absence of probes, showing no detectable photo-induced oxidation or proximity labeling activity.











[image: ]Supplementary Fig. 11 | Synthesis and characterization of the aryl–azide fluorescent probe. The aryl–azide–TAMRA probe was synthesized in a single step, purified by flash chromatography, and characterized by high-resolution mass spectrometry (HRMS).











[image: ]Supplementary Fig. 12 | Confocal imaging control for light-dependent photocatalytic proximity labeling enabled by BODIPY-FL in HCC1954 cells. Confocal images of HCC1954 cells treated with trastuzumab–BDP conjugates and the aryl–azide fluorescent probe under dark conditions. Cells were washed extensively by PBS buffer before imaging. No colocalization of the antibody–photocatalyst-conjugates and aryl–azide fluorescent probe was observed in the absence of light exposure.
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Supplementary Fig. 13 | Quantitative and bioinformatic analysis of HER2 interactome profiling by Traz-Ir and Traz-BDP. a, Volcano plot showing enrichment of HER2-proximal proteins identified by trastuzumab–Ir/diazirine–azide–biotin proximity labeling. b, Venn diagram showing the overlap of significantly enriched proteins (fold change >1.5, p-value<0.01) in HCC1954 cells between µMap and BDP/aryl-azide method. c, Gene Ontology (GO) analysis of cellular component in the significantly enriched proteins by Traz-BDP. 
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Supplementary Fig. 14 | Confocal imaging for the control of ligand-directed photocatalyst localization in intracellular target protein PPL in HEK293 cells. Confocal imaging of KATP-overexpressing HEK293 cells treated with free BODIPY-FL (not LumiTracker ER Green) and the aryl–azide fluorescent probe with blue light irradiation. Cells were washed extensively by PBS buffer before imaging.









[image: ]Supplementary Fig. 15 | Identification of the exact labeling site using a diazirine–bromide probe. a, Chemical structure of the diazirine–bromide probe, which introduces a +235 Da mass increment at the modification site upon photoactivation and labeling. b, Representative tandem mass spectrum of a peptide containing a modified Glu residue (E335). Site localization was confirmed by the characteristic isotopic signature of bromine-containing fragment ions. c, Structural mapping of E335 within the antibody, showing its proximity to the Fc glycosylation site within 4 nm. Other nearby solvent-exposed residues were not confidently identified as labeled.
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