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Abstract 

Cellular RNA is asymmetrically distributed in cells and the regulation of RNA localization is crucial for proper cellular functions. Ho w e v er, limited 
chemical tools are a v ailable to capture dynamic RNA localization in complex biological systems with high spatiotemporal resolution. Here, we 
de v eloped a new method for RNA proximity labeling activated by near-infrared (NIR) light, which holds the potential for deep penetration. Our 
method, termed FAP-seq, utilizes a genetically encoded fluorogen activating protein (FAP) that selectively binds to a set of substrates known 
as malachite green (MG). FAP binding restricts the rotation of MG and rapidly activates its fluorescence in a wash-free manner. By introducing 
a monoiodo modification to MG, we created a photosensitizer (MG-HI) with the highest singlet oxygen generation ability among various MG 

deriv ativ es, enabling both protein and RNA proximity labeling in liv e cells. Ne w insights are provided in the transcriptome analysis with FAP- 
seq, while a deeper understanding of the symmetry-breaking str uct ural arrangement of FAP–MG-HI was obtained through molecular dynamics 
simulations. Ov erall, our w ash-free and NIR light-inducible RNA proximity labeling method (FAP -seq) off ers a po w erful and v ersatile approach f or 
in v estigating comple x mechanisms underlying RNA-related biological processes. 
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ntroduction 

ncreasing evidence suggests that well-regulated RNA local-
zation in live cells is essential for cell survival ( 1–3 ). RNA
ocalization is a complex process that is intimately asso-
iated with various aspects of RNA’s life cycle, including
ranscription, processing, translation, degradation and post-
ranscriptional modifications, many of which rely on the inter-
ctions with other biomolecules, especially RNA-binding pro-
eins ( 4–9 ). RNA localization plays a crucial role in achieving
he biological functions of RNA. For example, architectural
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noncoding RNAs are involved in chromatin organization for
gene expression regulation, while certain messenger RNAs are
responsible for local translation in neuronal dendrites ( 10–
13 ). Dysregulation of RNA localization has been linked to a
number of diseases, including but not limited to cancers and
neurodegenerative diseases ( 14–17 ). Better profiling of RNA
localization can lead to comprehensive understanding of the
underlying disease mechanisms related to RNA. 

Only a limited number of strategies have been developed
to study RNA localization on the transcriptomic level via
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proximity labeling methods. These methods can be classified
into three categories based on how spatially restricted reac-
tive intermediates are generated: utilization of enzymes ( 18–
20 ), construction of protein–ligand systems ( 21–23 ) and de-
velopment of small functional molecules ( 24 ). Among these,
labeling methods relying on singlet oxygen ( 1 O 2 ) generated
via subcellular localized photosensitization offer precise on–
off control by light irradiation, leading to RNA and protein
labeling with high spatiotemporal resolution ( Supplementary 
Figure S1 ) ( 19 , 21 , 24–27 ). The genetically encoded photosen-
sitizer miniSOG has been applied in subcellular transcrip-
tome mapping with blue light irradiation for 15–20 min ( 19 ).
The synthetic photosensitizer dibromofluorescein (DBF) con-
jugated to HaloTag ligand (HaloDBF) is able to achieve the
transcriptome mapping via green light irradiation within 3–5
min ( 21 ,22 ). However, HaloDBF remains functionally active
after cellular uptake, making careful removal of nonspecific
HaloDBF crucial to obtain high labeling precision. Neverthe-
less, neither miniSOG nor HaloDBF can be activated with
longer wavelength irradiation, which is essential for deeper
penetration in complex biological systems ( 19 , 21 , 28 ). 

A fluorogenic near-infrared (NIR) photosensitizer is the
ideal candidate for next-generation proximity labeling meth-
ods. The fluorogen activating protein (FAP)–malachite green
(MG) system offers a potentially effective approach to con-
struct a wash-free NIR photosensitizer for proximity label-
ing with high spatiotemporal resolution ( 29–31 ). In this sys-
tem, fluorescence is only activated when FAP restricts the rota-
tion of MG derivatives through binding, and this mechanical
force-induced fluorogenic property is tolerant of slight struc-
tural modifications, such as heavy-atom substitution for con-
verting a fluorophore into a photosensitizer ( 31–33 ). How-
ever, other fluorogenic NIR fluorophores, such as silicon rho-
damine derivatives, may not exhibit such substrate tolerance,
as their fluorogenic property relies on lactone–zwitterion equi-
librium controlled by precise molecular electronic distribution
( 34 ,35 ). We recently explored the scope of halogen-substituted
MG substrates for the FAP–MG system and discovered that
the monobrominated MG exhibits better fluorescence turn-
on as well as 1 O 2 generation than the dibrominated version
upon NIR light irradiation ( 33 ). We further hypothesize that
the monoiodinated MG (MG-HI) can afford the best 1 O 2

generation yield among other MG derivatives and maintain
a decent fluorescence quantum yield, which potentially ren-
ders MG-HI an efficient no-wash NIR photosensitizer for
RNA proximity labeling, compatible with imaging-assisted
studies. 

In this study, we reported the development of FAP–MG-HI
as a novel fluorogenic NIR photosensitizer for proximity la-
beling. First, the 1 O 2 generation capacity of FAP–MG-HI with
NIR light irradiation and its RNA proximity labeling ability
were thoroughly investigated in vitro . Then, cellular imaging
studies were carried out to demonstrate the wash-free fluo-
rescence turn-on and proximity labeling ability of MG-HI in
FAP-expressed subcellular locations. Protein labeling analysis
upon cell fractionation and RNA labeling analysis via quan-
titative reverse transcription polymerase chain reaction (RT-
qPCR) further validated the accuracy of proximity labeling.
In addition, in cellulo wash-free RNA proximity labeling via
NIR light irradiation was validated and discussed at the tran-
scriptomic level, termed as FAP-seq. Lastly, molecular dynam-
ics simulations provided new insight into the structural ar-
rangement of FAP–MG-HI. 
Materials and methods 

This section describes only the materials and methods relevant 
to proximity labeling workflow, i.e. NIR light-activated prox- 
imity labeling in living cells and subsequent processing for flu- 
orescent confocal imaging, RNA dot blot, RNA library prepa- 
ration, RNA sequencing data analysis, protein in-gel fluores- 
cence and western blot. A full description of the materials and 

methods used in this study is provided in Supplementary Data .

Mammalian cell culture 

HEK293T cells and the two home-made HEK293T cells 
stably expressing FAP fusion protein in nucleus (Nucleus- 
FAP) and endoplasmic reticulum membrane (ER-FAP) were 
cultured in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 10% fetal bovine serum and 1% 

penicillin / streptomycin, and grown at 37 

◦C and 5% CO 2 .
Cells were seeded on confocal dishes for live cell imaging 
and seeded on glass coverslips that were pretreated with poly- 
d -lysine for the fixed cell imaging process. For Nucleus-FAP 

and ER-FAP cell line generation, transfection was conducted 

in HEK293T cells with jetPRIME transfection reagent (Cat.
#114-07, PolyPlus transfection) according to the manufac- 
turer’s instruction in Opti-MEM medium. The transfection 

medium was replaced with growth medium 4 h after transfec- 
tion and the puromycin (1.5–2 μg / ml) selection started 24 h 

after transfection. After 2 weeks of puromycin selection, lim- 
iting dilution was performed on the cells ( ∼0.3 cell / well in 

96-well plates) for monoclonal selection. The FAP expression 

level and localization were verified by the fluorescence im- 
ages of cells incubating with MG-HI and subcellular organelle 
trackers. 

MG deri vati ve-mediated in cellulo labeling 

Prior to the labeling process, cells were washed with Hank’s 
balanced salt solution (HBSS) to remove any residual medium.
Subsequently, cells were treated with freshly prepared MG 

probes in a DMEM solution for 20 min. The cells were rinsed 

once with HBSS and further incubated with propargylamine 
(PA) in HBSS for 3 min, followed by 660 nm light irradiation.
The cells underwent two additional washes with HBSS and 

were ready for downstream procedures, such as RNA isola- 
tion, protein extraction or slide preparation for confocal mi- 
croscopy imaging. 

Imaging of the in situ labeling 

Following the labeling process, cells adherent to coverslips 
were fixed with 4% paraformaldehyde (PFA) for 15 min, fol- 
lowed by permeabilization with 0.1% Triton X-100 in Dul- 
becco’s phosphate-buffered saline (DPBS) for another 15 min.
Subsequent rinses were performed twice with DPBS for 5 

min each on an orbital shaker. Blocking was achieved by in- 
cubating cells with a solution of bovine serum albumin (1 

mg / ml BSA, 0.45% NaCl and 0.025% NaN 3 in DPBS) for 
30 min, followed by two DPBS washes. The coverslips were 
then incubated with a copper-catalysed azide–alkyne cycload- 
dition (CuAAC) reaction solution [1 mM CuSO 4 , 4 mM tris- 
hydroxypropyltriazolylmethylamine (THPTA) ligand, 10 mM 

sodium ascorbate and 15 μM Azide-Fluor 545] for 1 h at 
37 

◦C in a dark environment. Cells were washed three times 
with DPBS containing 0.1% Triton X-100 and once more 
with DPBS alone, each time on an orbital shaker. For nuclear 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae125#supplementary-data
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taining, cells were treated with 5 μg / ml Hoechst stain in
PBS for 3 min, followed by two additional DPBS washes be-

ore being mounted for microscopy. Imaging was conducted
sing fluorescence confocal microscopy with a 63 × oil im-
ersion objective on a Leica microscope. The Hoechst stain
as visualized using a λex /λem 

of 405 / 410–490 nm, while the
zide-Fluor 545 was imaged with 552 / 557–735 nm. 

NA isolation 

ollowing the labeling process, cells were immediately lysed
or total RNA extraction using RNAiso Plus (Cat. #9109,
akara) according to the manufacturer’s protocol for adherent
ells. The resulting RNA pellet was resuspended in RNase-free
ater (NF H 2 O) and the RNA sample is suitable for long-

erm storage at −80 

◦C until further processing. Subsequently,
he RNA was treated with Turbo DNase (Cat. #2238, Thermo
isher) at 37 

◦C for 20 min with agitation at 300 rpm to re-
ove any contaminating DNA. This step was followed by a
roteinase K digestion (Cat. #25530049, Invitrogen) at 42 

◦C
or 20 min with agitation at 300 rpm, to eliminate protein
ontaminants. The RNA was purified using a Zymo-Spin col-
mn, choosing the small capacity (Cat. #1004) or large capac-
ty (Cat. #1011) option from Zymo Research, in accordance
ith the manufacturer’s guidelines. The purified RNA sample,

esuspended in NF H 2 O, was aliquoted into 1.5-ml tubes and
tored at −80 

◦C for future experiments. 

NA biotinylation through CuAAC 

o evaluate the effect of the CuAAC reaction on RNA in-
egrity, RNA samples were treated with different click chem-
stry solutions. The solution was prepared with either 0 or
.1 mM CuSO 4 , 2 mM THPTA ligand, 10 mM sodium ascor-
ate, and either 2 mM biotin-picolyl-azide or 2 mM biotin-
G3-azide, in 10 mM Tris buffer at pH 7.0. The RNA con-
entration was set at 0.2 μg / μl, and the reaction was carried
ut with agitation at 500 rpm and a temperature of 25 

◦C for
urations ranging from 10 to 25 min. After optimizing the
onditions for RNA biotinylation, the RNA was incubated in
he click solution containing 0.1 mM CuSO 4 , 2 mM THPTA
igand, 10 mM sodium ascorbate and 2 mM biotin-picolyl-
zide, in 10 mM Tris buffer at pH 7.0. This was also done at
 RNA concentration of 0.2 μg / μl, with agitation at 500 rpm,
t 25 

◦C for 10 min. Following the reaction, the RNA was puri-
ed using a Zymo-Spin column and eluted with NF H 2 O. The
NA concentration was then adjusted to ∼0.5–1 μg / μl. The

amples are suitable for long-term storage at −80 

◦C before
roceeding to the next step in the experimental workflow. 

NA dot blot analysis 

 HybondN+ membrane (Cat. #83-378, GE Healthcare,
enesee Scientific) was first soaked in a solution contain-

ng 1.5 M NaCl and 0.15 M sodium citrate for 10 min and
hen allowed to air dry. To ensure consistency, RNA sam-
les loaded to the membrane were labeled and biotinylated
n the same batch. Equal amounts of RNA samples (either
.5 or 1 μg with similar concentrations) were loaded onto
he membrane. After air drying for 5 min, the RNA was
V cross-linked to the membrane using a Stratalinker UV
ross-linker set to 2500 μJ / m 

2 . Subsequently, the membrane
as blocked in a blocking buffer [0.12 M NaCl, 0.016 M
a 2 HPO 4 , 0.008 M NaH 2 PO 4 and 0.17 M sodium dode-

yl sulfate (SDS)] for 30 min. The membrane was then in-
cubated with a streptavidin–HRP (horseradish peroxidase)
conjugate from Pierce (1:10 000 dilution, Cat. #ab7403, Ab-
cam) for 10 min in a fresh blocking buffer. The membrane
was washed twice with a diluted form of the blocking buffer
(0.1 ×), and then twice with a washing buffer (10 mM Tris
base, 10 mM NaCl, 2 mM MgCl 2 ). For detection, the mem-
brane was treated with Clarity Max Western ECL Substrate
(Cat. #1705062, Bio-Rad) and the signal was captured using
a ChemiDoc MP imaging system (Bio-Rad). To visualize the
loading control, the used membrane was stained with methy-
lene blue [0.04% (w / v) methylene blue in deionized water, 0.3
M sodium acetate] for 30 min, followed by several rinses with
deionized water. The relative intensity of the biotin signal was
quantified using the volume tool in the Bio-Rad Image Lab
Software. 

RNA enrichment 

Cells expressing Nucleus-F AP and ER-F AP in 10-cm plates
were labeled in situ with either 1.5 or 0 mM PA, in the pres-
ence of 125 nM MG-HI and 1 min of 660 nm light irradi-
ation. To minimize technical variation, RNA samples from
both Nucleus-F AP and ER-F AP cells were processed for bi-
otinylation and enrichment simultaneously. RNA was subse-
quently extracted and treated with DNase and then with pro-
teinase K. Biotinylation was carried out at 25 

◦C with agita-
tion at 500 rpm for 10 min. Dynabeads MyOne Streptavidin
C1 beads (Cat. #65001, Invitrogen) (100 μl for 50 μg bi-
otinylated RNA) were prewashed three times with 1 ml W&B
buffer (1 M NaCl, 100 mM Tris, pH 7. 5, 10 mM EDTA,
0.2% Tween 20), for 10 min per wash. The beads were then
washed twice with 1 ml of Wash A (0.1 M NaOH, 0.05 M
NaCl, 0.1% Tween 20) for 2 min each, followed by a single
2-min wash with 1 ml of Wash B (0.1 M NaCl, 0.1% Tween
20). Post-washing, the beads were resuspended in 100 μl of
2 × W&B buffer (2 M NaCl, 200 mM Tris, pH 7.5, 200 mM
EDTA, 0.4% Tween 20). For binding, the C1 beads in 100
μl of 2 × W&B buffer were combined with 100 μl of RNA
samples, to which 2 μl of RNaseOut was added. The mixture
was incubated at room temperature for 1.5 h with gentle rota-
tion. Samples were placed on a magnetic stand to separate the
beads, and the supernatant, designated as flow-through (FT),
was transferred to a new tube. The FT was then purified using
a Zymo column and set aside for dot blot analysis. The mag-
netic beads were washed three times with 1 × W&B buffer, for
10 min per wash. Beads were transferred to a new tube for the
final wash. The enriched RNA was eluted off the beads with
50 μl elution buffer (44 μl formamide, 1 μl of 500 mM EDTA,
pH 8.0, 5 μl of 50 mM d -biotin) by heating at 65 

◦C for 5 min,
and the supernatant containing the eluted RNA was collected.
A second round of elution was performed by heating the beads
with another 50 μl of elution buffer at 90 

◦C for 5 min. The
combined eluted RNA solution (100 μl total) was then mixed
with 50 μl of NF H 2 O, 300 μl of RNA binding buffer (Cat.
#1013-2, Zymo Research) and 450 μl of 100% ethanol, fol-
lowed by purification using a Zymo column. The RNA was
eluted in two portions with 8 μl of NF H 2 O each, yielding
a total of 16 μl. From this, 12 μl was set aside for library
preparation, while the remaining ( ∼2.5 μl) was diluted with
7.5 μl of NF H 2 O for further dot blot and RT-qPCR. Specif-
ically, 0.5 μl of the diluted RNA solution was utilized in dot
blot analysis as a means of quality control for the enrichment
process. 
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RT-qPCR 

The complementary DNA (cDNA) synthesis for both ‘Enrich’
RNA (post-enrichment) and ‘Input’ RNA (total biotinylated
RNA prior to enrichment) was performed using the Prime-
Script RT Reagent Kit (Cat. #RR037A, Takara). For the ‘En-
rich’ RNA, 6 μl of the eluted sample was further diluted
with 1.5 μl NF H 2 O to reach a total volume of 7.5 μl. Sim-
ilarly, 250 ng of ‘Input’ RNA was diluted to the same vol-
ume with NF H 2 O. Each RNA sample was combined with
0.5 μl of oligo(dT) primers and 0.5 μl of random 6-mer
primers. These mixtures were then heated in a thermocycler
at 65 

◦C for 5 min. Once the thermocycler is cooled to 4 

◦C,
2 μl of 5 × PrimeScript Buffer and 0.5 μl of PrimeScript RT
Enzyme Mix I were added to each sample on ice. The sam-
ples were mixed thoroughly and returned to the thermocy-
cler for cDNA synthesis, following a program of 25 

◦C for
10 min, 42 

◦C for 45 min, 85 

◦C for 5 s and a final hold at
4 

◦C. The resulting cDNA was then diluted with 20 μl of
NF H 2 O in the preparation for qPCR. For the semiquanti-
tative SYBR Green PCR, 3 μl of the diluted ‘Input’ or ‘En-
rich’ cDNA was mixed with 1 μl of a forward / reverse primer
mixture, 2.25 μl NF H 2 O and 6.25 μl of 2 × TB Green
Ex Taq (Cat. # RR420, Takara). The qPCR reactions were
carried out on a Bio-Rad CFX Duet Real-Time PCR Sys-
tem. To calculate the fold of enrichment, the following equa-
tion was used: fold enrichment = 2 

∧ [(Ct Enrich-PA 

− Ct Input-PA 

)
− (Ct Enrich+PA 

− Ct Input+PA 

)]. In this equation, Ct represents the
cycle threshold value in qPCR, while + / –PA indicate the pres-
ence or absence of PA during the RNA labeling step, respec-
tively. The RT-qPCR data were plotted with four replicates. 

FAP-seq library preparation 

Positive samples (labeled with 1.5 mM P A in F AP-seq) were
used for library preparation due to the inability to enrich
the negative controls (samples labeled without PA) to a de-
tectable level, as determined by concentration measurements
using the Qubit 4 Fluorometer (Invitrogen). Specifically, 12
μl of ‘Enrich’ RNA and 30 ng of ‘Input’ RNA were used in
the library preparation. Ribosomal RNA (rRNA) depletion,
an essential step to enhance the sequencing of non-rRNA,
was conducted using the NEBNext rRNA Depletion Kit v2
(Cat. #E7400, NEB) in conjunction with RNA Sample Pu-
rification Beads (Cat. #E7405, NEB), following the manufac-
turer’s guidelines. Subsequently, the RNA samples underwent
FAP-seq library preparation employing the NEBNext Ultra II
Directional RNA Library Prep Kit for Illumina (Cat. #E7760,
NEB). This process also involved the use of NEBNext Sample
Purification Beads (Cat. #E7767, NEB) for purification steps
and NEBNext Multiplex Oligos for Illumina (Index Primers
Set 1) (Cat. #E7335, NEB) for indexing. The manufacturer’s
protocol was closely followed except for a fragmentation time
of 9 min, and a library size selection ratio of 1.5 and 3.0, to
ensure proper library quality and size range for subsequent
high-throughput sequencing. 

FAP-seq library data analysis 

FAP-seq reads were trimmed of their adapters using cutadapt
v4.2.0 ( 36 ). Transcript abundances were then calculated us-
ing salmon v1.9.0 ( 37 ) against transcript sequences from Gen-
code v28. Transcript enrichments between samples were cal-
culated using DESeq2 ( 38 ). For comparisons between the data
from Nucleus-FAP and ER-FAP cell lines, DESeq2 was again
used with a model that contained an interaction term allow- 
ing direct comparison between the enrichments in Nucleus- 
F AP and ER-F AP cell lines. For the splicing analysis, tran- 
script abundances were calculated using salmon and a fasta 
file containing spliced and unspliced sequences for all tran- 
scripts. For every gene, unspliced / spliced ratios were then cal- 
culated by comparing the summed abundances of all unspliced 

transcript forms to the summed abundance of all spliced tran- 
script forms. 

Protein isolation and fractionation 

Cells expressing Nucleus-F AP and ER-F AP in 10-cm plates 
were labeled in situ using 250 nM MG-HI and 3 mM PA, with 

either no light exposure or a 2-min irradiation with 660 nm 

light. The cells were washed once with cold DPBS and then 

pipetted off the plates with 2 ml cold DPBS. A 250 μl aliquot 
of this cell suspension was set aside in a separate tube for total 
protein extraction, while the remaining suspension was used 

for protein fractionation. For labeling mediated by HoeDBF,
cells were incubated with 5 μM HoeDBF in HBSS for 30 min.
After rinsing once with HBBS, the cells were incubated with 

fresh medium for 20 min twice. Subsequently, the cells were 
treated with 2 mM PA and exposed to 513 nm light irradiation 

for 2 min. 
Total protein (labeled ‘Total’) was obtained by lysing cells 

in 300 μl of 1% SDS–HEPES buffer (150 mM NaCl, 50 mM 

HEPES, 2 mM MgCl 2 , 10% glycerol, pH 7.4, 1% SDS) fol- 
lowed by sonication for 1 min and 20 s (with cycles of 5 s 
on and 5 s off at 20% amplitude). The reagents used for frac- 
tionation were pre-chilled on ice, and the fractionation pro- 
cedures were carried out on ice or in a centrifuge set to 4 

◦C.
The Mem-PER Plus Membrane Protein Extraction Kit (Cat. # 

89842, Thermo) was employed for protein fractionation, fol- 
lowing the manufacturer’s instructions. For protein fraction- 
ation using the HLB buffer, the steps were executed in accor- 
dance with a previously reported protocol, with minor modi- 
fications ( 39 ). Briefly, cells were centrifuged at 300 × g for 5 

min, and the supernatant DPBS was discarded. Subsequently,
0.4 ml of HLB buffer [10 mM Tris, pH 7.5, 10 mM NaCl, 3 

mM MgCl 2 , 10% glycerol (v / v)] with 0.05% Tween 20 was 
added to resuspend the pellet. The cells were gently agitated 

to ensure a uniform suspension and incubated on ice for 10 

min with shaking. The mixture was centrifuged at 1000 × g 
for 4 min. The supernatant containing the cytosolic proteins 
(labeled ‘Cytosol’) was collected. The remaining pellet was 
then resuspended in 0.4 ml of HLB buffer supplemented with 

0.05% NP-40, pipetted until homogeneous and incubated on 

ice with shaking for 10 min. After a subsequent centrifugation 

at 1000 × g for 4 min, the supernatant (labeled ‘Wash’) was 
collected. Finally, the remaining pellet was resuspended in 0.4 

ml of 1% SDS–HEPES buffer and sonicated for 1 min and 

20 s (with cycles of 5 s on and 5 s off at 20% amplitude) to
solubilize the chromatin-bound proteins (labeled ‘Nucleus’). 

In-gel fluorescence 

Protein fractions at the same concentration were incubated in 

a click chemistry solution (0.33 mM CuSO 4 , 0.66 mM TH- 
PTA ligand, 2.5 mM sodium ascorbate and 20 μM Azide- 
Fluor 545, achieving a protein concentration of ∼0.6 μg / μl).
This mixture was agitated at 500 rpm and 37 

◦C for 1 h in 

dark. After the click chemistry reaction, the protein fractions 
were mixed with loading dye, denatured at 95 

◦C for 5 min 
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nd then rapidly cooled on ice. An equal volume ( ∼10 μl) from
ach protein fraction was loaded onto 12% SDS–PAGE (poly-
crylamide gel electrophoresis) gels. For total protein analysis,
ne piece of gel was run with a protein ladder. For analysis
f proteins after fractionation, three pieces of gels were run
oncurrently, one for in-gel fluorescence and Coomassie blue
taining without a protein ladder, and the other two for west-
rn blot analysis of subcellular localization markers, includ-
ng a protein ladder. The protein gels were run in an SDS-
ontaining buffer and the run was halted when the front-
oading dye exited the gels. The gel designated for in-gel flu-
rescence was washed with deionized water and visualized
sing the Alexa 546 channel on the imaging system. Subse-
uently, the gel was incubated with PageBlue protein staining
olution (Cat. #24620, Thermo) and imaged to capture the
oomassie staining. 

estern blot analysis 

he proteins resolved in the gel were transferred to a ni-
rocellulose membrane (Cat. #1620112, Bio-Rad) for west-
rn blot analysis using a Trans-Blot Turbo Transfer System
Bio-Rad). The membrane was blocked in the blocking buffer
0.5% (w / v) non-fat milk, 0.1% Tween 20 in PBS (PBST)]
or 0.5 h and then washed twice with PBST. The membrane
as then incubated with a primary antibody (1:1000 dilution,

abbit mAb, Cell Signaling Technology) in the blocking buffer
vernight at 4 

◦C. After washing twice with PBST, the mem-
rane was incubated with an HRP-conjugated secondary an-
ibody (1:10 000 dilution, anti-rabbit IgG) in PBST for 1 h.
fter three additional washes with PBST, the membrane was
eveloped using Clarity Max Western ECL Substrate (Cat.
1705062, Bio-Rad) and imaged on the ChemiDoc MP imag-
ng system (Bio-Rad). 

esults 

haracterization of FAP–MG-HI in vitro 

he photophysical properties of the newly synthesized MG-
I were characterized and compared to other reported MG
erivatives (Figure 1 A) ( 33 ). As shown in Figure 1 B, the free
G-HI was in a fluorescent off state because of the fast ro-

ation upon excitation. Upon binding to FAP, MG-HI exhib-
ted an absorption redshift and intense fluorescence turn-on
ue to encapsulation-induced rotation restriction ( 32 ,33 ). The
uorescence activation of MG-HI occurred within 1 min af-
er being added to a FAP solution and remained stable for 3
 (Figure 1 C). In contrast, ∼70% of the free MG-HI decayed
uring the 3-h incubation in DPBS buffer, possibly due to the
eaction between the cationic central carbon ion in MG-HI
nd the OH 

− in aqueous solution ( Supplementary Figure S2 A)
 33 ,40 ). After 24-h incubation in DPBS buffer, the decayed

G-HI showed weak fluorescence in a FAP solution, and the
uorescence was restored by adding extra fresh MG-HI, sug-
esting weak interaction between decayed MG-HI and FAP
 Supplementary Figure S2 B). The binding studies based on flu-
rescence turn-on demonstrated a tight 1:1 binding between
G-HI and FAP, with a dissociation constant ( K D 

) of 61.7
M, similar to the other halogen-modified MG derivatives
 Supplementary Figure S2 C–E and Supplementary Table S1 ).
hese combined results indicate that the strong binding be-

ween MG-HI and FAP can sufficiently protect MG-HI from
egradation, making FAP–MG-HI a promising candidate for
live cell applications. The viscosity response of MG-HI and
its interaction with BSA were also evaluated ( Supplementary 
Figure S3 ). The weak fluorescence emission of MG-HI in BSA-
containing solutions and viscous glycerol / water mixtures sug-
gests the low possibility of nonspecific labeling induced by lo-
cal subcellular environments under 660 nm NIR light expo-
sure. Similar to the other monohalogen-substituted MG-HBr,
the symmetry-breaking MG-HI also features a blueshifted
absorption wavelength as well as a fluorescence quantum
yield ( �F = 10.3%) higher than those of the dihalogen-
substituted MG derivatives, including dichloro-substituted
( �F = 7.3%), dibromo-substituted ( �F = 7.6%) and diiodo-
substituted ( �F = 8.5%) MG derivatives (Figure 1 D and E,
and Supplementary Table S1 ). 

We further assessed the complexes’ RNA proximity label-
ing capacity and mechanism in vitro . The 1 O 2 generation ca-
pability was measured and compared via the anthracene-9,10-
dipropionic acid disodium salt (ADPA) photobleaching as-
say ( 41 ). Even with a 675-nm light source whose wavelength
coverage fits the absorbance of dihalogen-substituted MG
derivatives better, FAP–MG-HI exhibited the highest ADPA
bleaching rate (Figure 2 A). FAP–MG-HI demonstrated high
fluorescence quantum yield as well as 1 O 2 generation yield,
confirming our original hypothesis that a symmetry-breaking
heavy-atom modification on MG leads to both higher 1 O 2

generation and fluorescence emission. The ADPA bleaching
studies conducted with MG derivatives in acetonitrile and
DPBS buffer showed that the free MG derivatives had negli-
gible 1 O 2 generation ability ( Supplementary Figure S4 ). Dot
blot analysis further verified the in vitro labeling efficiency
at the RNA level. Total RNA extracted from HEK293T cells
was tagged with PA in the presence of FAP–MG complexes
upon 675 nm light irradiation. The PA tagging efficiency
was assessed by biotinylation through CuAAC. Consistent
with the ADPA bleaching assay, FAP–MG-HI demonstrated
the highest biotinylation level (Figure 2 B). The RNA dot
blot analysis suggested that FAP–MG-HI afforded a much
more significant RNA labeling than the other five complexes
when RNA labeling was carried out with a light source cen-
tered at 660 nm, which is close to the maximum absorbance
of FAP–MG-HI ( Supplementary Figure S5 ). This 660 nm
NIR light irradiation also exhibits significantly deeper tis-
sue penetration than blue and green ones ( Supplementary 
Figure S6 ). The result further underscores the high effi-
ciency of the FAP–MG-HI system over blue and green light-
triggered proximity labeling tools within complex biological
systems. 

The photosensitizing pathway for proximity labeling was
examined by conducting and comparing 1 O 2 -mediated ADPA
bleaching assay and radical-mediated DHR123 fluorescence
turn-on assay ( 42–44 ). Compared to free MG-HI, FAP–MG-
HI exhibited a much stronger effect on ADPA bleaching (Fig-
ure 2 C). According to the bleaching assay, FAP alone and MG-
HI alone afforded no observable 1 O 2 generation, displaying
a similar trend as dimethyl sulfoxide control. As for radical
generation evaluated with DHR123, free MG-HI exhibited a
linear correlation of DHR123 fluorescence increase over the
course of 8 min light exposure (660 nm), while FAP–MG-
HI induced a fluorescence signal increase within the first 2
min with similar efficiency as free MG-HI and plateaued with
longer light exposure time (Figure 2 D). The comparative study
between ADPA and DHR123 suggests that FAP–MG-HI is
a type II photosensitizer that predominantly generates 1 O 2

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae125#supplementary-data
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Figure 1. Optical properties of FAP–MG. ( A ) Global str uct ure of the FAP–MG comple x es and the chemical str uct ure of MG-H 2 , MG-HBr, MG-HI, MG-Cl 2 , 
MG-Br 2 and MG-I 2 . ( B ) UV–Vis absorption and fluorescence spectra of 10 μM MG-HI and 4.2 μM FAP–MG-HI in DPBS buffer. ( C ) The fluorescence 
turn-on kinetics of 4.2 μM MG-HI in 5 μM FAP solution. Comparison of the ( D ) UV–Vis absorption and ( E ) fluorescence spectra of 4.2 μM FAP–MG 

comple x es in DPBS buffer. 

Figure 2. Photooxidation properties of FAP–MG. ( A ) ADPA bleaching assay of 5 μM FAP–MG complexes under 675 nm irradiation. The ADPA bleaching 
percentage was normalized to the result for FAP–MG-HI at 8 min. ( B ) RNA dot blot of in vitro labeled RNA with 5 μM FAP–MG comple x es under 675 nm 

irradiation. ( C ) ADPA bleaching assay of 5 μM FAP–MG-HI and MG-HI. The ADPA bleaching percentage was normalized to the result for FAP–MG-HI at 8 
min. ( D ) DHR123 turn-on assay of 5 μM FAP–MG-HI and MG-HI. The DHR123 turn-on percentage was normalized to the result for MG-HI at 8 min. ( E ) 
RNA dot blot of in vitro labeled RNA with 1 μM FAP–MG-HI, FAP, MG-HI or FAP–MG-HI containing 5 mM NaN 3 under 660 nm irradiation. ( F ) RNA dot 
blot of in vitro labeled RNA with PA, PhA, PhA containing 5 mM NaN 3 or PhA without light irradiation. The ADPA fluorescence blenching and DHR123 
fluorescence turn-on were monitored at λex /λem 

= 380 / 420 nm and λex /λem 

= 480 / 520 nm, respectively. 
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instead of radicals. Parallel to the DHR123 fluorescence turn-
on in the first 2 min, the fluorescence of MG-HI initially exhib-
ited a slight decrease and then plateaued after 2 min of light
exposure ( Supplementary Figure S7 ). The quasi-linear ADPA
bleaching over 8 min, coupled with the quickly plateaued flu-
orescence bleaching of MG-HI, suggests that FAP–MG-HI re-
mains relatively photostable throughout the light exposure 
period. 

To fully investigate the primary mechanism for RNA prox- 
imity labeling, RNA dot blot analysis was conducted. A strong 
RNA biotinylation signal was detected when FAP–MG-HI 
was employed, while neither FAP nor MG-HI produced any 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae125#supplementary-data
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etectable signals, suggesting that the trace amount of radicals
enerated by free MG-HI has little effect on the RNA labeling
ith PA. The 1 O 2 quencher NaN 3 ( 45 ) significantly inhibited
NA biotinylation, further confirming that the proximity la-
eling was mediated by 1 O 2 produced during NIR light irradi-
tion (Figure 2 E). Phenol derivatives have been widely used in
PEX-mediated labeling by forming reactive phenol radicals

 18 ,46 ). A genetically encoded photosensitizer has achieved
NA proximity labeling with phenol biotin ( 20 ,47 ). To eval-
ate the feasibility of phenol radicals on RNA proximity la-
eling mediated by FAP–MG-HI, dot blot analysis was con-
ucted with phenol alkyne (PhA) ( 46 ) in comparison to PA.
s shown in Figure 2 F, PhA-tagged RNA exhibited a much

ower signal than that of PA, and the weak labeling signal of
hA was further quenched by adding NaN 3 . The observation
s consistent with the literature report that phenol radical can
e generated by electron transfer from 

1 O 2 to phenol with rel-
tively lower kinetics than direct electron transfer via type I
hotosensitizing ( 48 ). These findings provide strong evidence
hat FAP–MG-HI mediates RNA proximity labeling through
he type II photosensitizing pathway, instead of type I ( 42 ). 

valuation of FAP–MG-HI in cellulo 

fter verifying that FAP–MG-HI is capable of inducing RNA
roximity labeling by generating 1 O 2 , we performed in cellulo
valuations in two cell lines stably expressing Nucleus-FAP
nd ER-FAP as proof-of-concept studies ( 30 ). The fast cellular
ptake and wash-free fluorescence turn-on of MG-HBr and
G-HI were validated by live cell imaging (Figure 3 A), to-

ether with MG-H 2 , which indicated that the halogen atom
odifications on MG had no observable impact on uptake
inetics ( Supplementary Figure S8 ). Confocal imaging studies
onfirmed the excellent co-localization between FAP and MG-
I fluorescence signals in live cells without washing steps, as
ell as the successful subcellular localization of FAPs to des-

gnated locations by validating with known subcellular loca-
ion markers (Figure 3 B and C, and Supplementary Figure S9 ).
n addition, the fluorescence signals of MG-HI in live cells
emained observable after the labeling process with 1 min
ight exposure ( Supplementary Figure S10 ). This stability may
nable multistep labeling and fluorescence imaging-assisted
nalysis when necessary. 

The proximity labeling was validated by in situ fluorescence
maging. After MG-HI uptake, cells were incubated with PA
or 3 min, and then exposed to 660 nm light irradiation (1
in) for proximity labeling. The in situ labeling was visualized
y clicking with Azide-Fluor 545, and the signal presented
y Azide-Fluor 545 overlapped well with mCer3, the fluores-
ent protein fused to FAP, indicating high spatial resolution
f the labeling method (Figure 3 D). Furthermore, no label-
ng signal was detected in the absence of light irradiation, PA
r MG-HI probe ( Supplementary Figure S11 ). The proximity
abeling ability of MG-HBr and MG-HI was also compared
n cellulo . Similar to the in vitro RNA experiment, MG-HI
emonstrated higher proximity labeling efficiency than MG-
Br (Figure 3 E). This diminished signal correlates with MG-
Br’s lower efficiency in generating singlet oxygen, resulting

n a lower reaction yield between biomolecules and PA and a
ubstantially weaker Azide-Fluor 545 fluorescence intensity. 

Next, we carefully evaluate the subcellular specificity of
AP–MG-HI-mediated proximity labeling in the two cell lines
t the protein level. In-gel fluorescence of proteins isolated
from the two cell lines after in situ labeling demonstrated
sharp signal differences ( 23 ,46 ). Comparing the protein la-
beling pattern between Nucleus-FAP and ER-FAP, the his-
tone proteins (marked by ***) were clearly more significantly
tagged in the Nucleus-FAP cell line (Figure 4 A). In each pos-
itive protein lane, a significant band was observed slightly
above the 50 kDa marker. The sizes of the bands (marked by
* and **) match with the exogenous proteins Nuclear -F AP
(57.0 kDa) and ER-FAP (57.3 kDa), respectively. Their strong
labeling signals fit the proximity labeling mechanism, as these
two proteins were closest to the activated MG-HI photosen-
sitizer. Besides, the band in ER-FAP featured higher label-
ing signals compared to that in Nucleus-FAP, probably due
to the higher expression level of ER-FAP protein. To further
support our protein assignment hypothesis, a chemical pho-
tosensitizer HoeDBF ( 24 ) that targets double-stranded DNA
in the chromatin region of the nucleus was used as a refer-
ence. The clear and strong protein band (marked by *) in the
MG-HI-mediated labeling was not observed in the HoeDBF-
mediated labeling in the Nucleus-FAP cell line because of the
longer distance between FAP and HoeDBF compared to that
between FAP and MG-HI, which strongly supports our hy-
pothesis ( Supplementary Figure S12 ). 

In addition, cell fractionations were conducted to further
support the spatially restricted labeling of proteins ( 39 ,49 ).
Total cellular protein (marked as ‘Total’ fraction) was isolated
with cell lysis buffer, while cells were fractionated into ‘Cy-
tosol’, ‘Membrane’ and ‘Nuclear’ fractions with a Mem-PER
Plus Membrane Protein Extraction Kit (Thermo). The protein
samples from each fraction were conjugated with Azide-Fluor
545 via CuAAC. Protein in-gel fluorescence from the ER-FAP
cell line clearly indicated that proteins in the ‘Membrane’ frac-
tion were substantially labeled, exhibiting a much more in-
tensive fluorescence signal compared to the other fractions
(Figure 4 B and Supplementary Figure S13 ). The concentrated
signal in the ‘Membrane’ fraction aligns well with the fact
that ER is a membrane-rich organelle and supports the high
spatial resolution of FAP–MG-HI-mediated protein proxim-
ity labeling. We also evaluated the cell fractionation in the
Nuclear -F AP cell line, and no such concentrated signal was
observed in the ‘Membrane’ fraction ( Supplementary Figures 
S14 and S15 ) 

We further conducted RNA dot blot analysis to confirm the
labeling at the RNA level in live cells with 1 min of 660 nm
light exposure. The concentration titration for MG-HI and
MG-HBr was performed from 125 nM to 2 mM with 20 min
incubation time before labeling. As shown in Figure 4 C and
the quantified plot in Supplementary Figure S16 , no signifi-
cant increase in the biotinylation signal was observed with in-
creasing concentration of MG probes. This signal saturation
suggests that 125 nM MG probes are sufficient to occupy the
accessible FAP binding sites in both cell lines due to their rapid
cellular uptake and efficient FAP binding, which may benefit
the application in biological systems with low expression of
FAP fusion proteins. Consistent with aforementioned in vitro
data, MG-HI afforded higher RNA labeling signals than MG-
HBr. Combining with the cytotoxicity results obtained via
MTT assay ( Supplementary Figure S17 ) ( 43 ), 125 nM MG-HI
was selected for downstream analysis. The RNA biotinylation
via CuAAC reaction and in cellulo labeling process were fur-
ther optimized in terms of PA concentration and light irradi-
ation time ( Supplementary Figures S18 –S22 ). The optimized
condition was applied in the stable cell lines to extensively

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae125#supplementary-data
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Figure 3. Fluorescence confocal imaging results of FAP–MG-HI. ( A ) Fluorescence turn-on kinetics of 500 nM MG-HBr and MG-HI in live cells expressing 
ER-FAP and Nucleus-FAP; images were captured before (0 min) and after adding MG probes with a confocal microscope ( λex /λem 

= 638 / 650–721 nm). 
( B ) The co-localization study on FAP (signal presented by its fusion fluorescence protein mCer3) with MG-HI in live Nucleus-FAP and ER-FAP cell lines 
(mCer3 channel: λex /λem 

= 405 / 450–550 nm; MG-HI channel: λex /λem 

= 638 / 650–721 nm). ( C ) The co-localization study on MG-HI with nucleus tracker 
Hoechst in live Nucleus-FAP cell line and ER tracker ER-Tracker Red in ER-FAP cell line (MG-HI channel: λex /λem 

= 638 / 650–721 nm; Hoechst channel: 
λex /λem 

= 405 / 410–490 nm; ER-Track er R ed channel: λex /λem 

= 552 / 570–631 nm). ( D ) Visualization of in situ labeling of live cells with 125 nM MG-HI in 
live cells with ( h ν+) or without ( h ν−) 660 nm light irradiation (1 min). Azide-Fluor 545 was clicked to alkyne handles of tagged PA after fixing cells with 4% 

PFA post-labeling (mCer3 channel: λex /λem 

= 405 / 450–550 nm; Azide-Fluro 545 channel: λex /λem 

= 552 / 557–735 nm). ( E ) Comparison of in situ labeling 
ability of 500 nM MG-HI and MG-HBr in live cells (Hoechst channel: λex /λem 

= 405 / 410–490 nm; Azide-Fluro 545 channel: λex /λem 

= 552 / 557–735 nm). 
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evaluate the negative controls, including eliminating light ir-
radiation, PA and MG-HI one at a time. No observable differ-
ence was captured among the three negative conditions, con-
firming the low background of the light-triggered RNA prox-
imity labeling mediated by FAP–MG-HI (Figure 4 D). 

We next validated the precision of RNA proximity label-
ing with RT-qPCR studies. Proximity labeling with and with-
out PA was utilized and further analyzed after RNA be-
ing pulled down ( Supplementary Figure S23 ). As shown in
Supplementary Figure S24 , nucleus RNAs (RN7SK, XIST and
MALAT1) and ER-associated RNAs (HSPA5, HSP90B1 and
TMX1) were preferentially enriched in the Nucleus-FAP and
ER-FAP cell lines, respectively, while cytosolic and mitochon-
dria RNAs (GAPDH, ACTB and MT-CO2) were barely en-
riched in either cell line. Plotting the relative enrichment fold
using RNAs enriched from either Nucleus-F AP or ER-F AP cell
line as a reference enabled easy identification of RNAs pre-
dominantly enriched in the other cell line (Figure 4 E). Specifi-
cally, RNAs (GAPDH, ACTB and MT-CO2) that do not lo-
calize in these two locations displayed comparable relative
fold enrichment scores by using either as a reference. How-
ever, RNA enriched in one of these two locations exhibited
distinct scores when the ratios of fold enrichment scores were

taken. 
Transcriptome-wide analysis of 
FAP–MG-HI-mediated labeling 

After confirming the RNA enrichment procedures with RT- 
qPCR studies, we further conducted FAP-seq to evaluate FAP–
MG-HI-mediated RNA proximity labeling at the transcrip- 
tomic level. RNA localization was initially quantified by com- 
paring pulldown enrichments in the Nucleus-FAP and ER-FAP 

cell lines (discussion in Supplementary Figure S25 ). To distin- 
guish between nucleus- and ER-localized RNAs, we used the 
relative enrichment of an RNA in the Nucleus-FAP cell line 
compared to its enrichment in the ER-FAP cell line as a met- 
ric, which has been adopted in the RT-qPCR data analysis. As 
shown in Figure 5 A, genes for known nuclear RNAs (RN7SK,
SCARNA10, XIST and MALAT1) were more highly enriched 

with FAP-seq in the Nucleus-FAP cell line. Conversely, genes 
for known ER-associated RNAs (RN7SL, HSPA5, HSP90B1 

and TMX1) were more highly enriched with FAP-seq in 

the ER-FAP cell line. Other control RNAs, which were ex- 
pected to be neither particularly nucleus- nor ER-enriched 

(GAPDH, ACTB and MT-CO2), showed approximately equal 
enrichments in both cell lines. To quantify subcellular RNA 

labeling more generally, we calculated relative enrichment 
fold in Nucleus-FAP to ER-FAP cell lines (Nucleus-FAP / ER- 
FAP) for all detected long noncoding RNAs (lncRNAs), small 
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Figure 4. Protein and RNA proximity labeling results. ( A ) In-gel fluorescence and the Coomassie blue staining of proteins to e v aluate the live cell protein 
labeling. Azide-Fluor 545 was clicked to alkyne handles. ( B ) In-gel fluorescence analysis of in cellulo protein labeling in the ER-FAP cell line by conjugation 
with Azide-Fluor 545 via CuAAC and the western blot of subcellular protein markers to validate the fractionation. Protein fractions were separated with 
Thermo Scientific Mem-PER Plus Membrane Protein Extraction Kit. ( C ) RNA dot blot analysis to evaluate the dosage dependence of live cell RNA 

labeling efficiency. Azide-biotin was clicked to alkyne handles after RNA extraction. ( D ) Dot blot analysis for in cellulo RNA labeling with MG-HI. ( E ) 
R elativ e enrichment of RNA in Nucleus-FAP and ER-FAP. ‘(Nucleus-FAP) / (ER-FAP)’ is the enrichment fold of RNA in Nucleus-FAP divided by the 
enrichment fold of RNA in ER-FAP in each trial and then a v eraged. ‘(ER-F AP) / (Nucleus-F AP)’ is based on the opposite division. 

Figure 5. Transcriptome analysis with FAP–MG-HI. ( A ) FAP-seq enrichments for selected RNA species known to be localized to the nucleus or ER. 
FAP-seq enrichments for ( B ) transcripts of different biotypes (lncRNA, snRNA, snoRNA and protein-coding RNA) and ( C ) ER enriched transcripts, 
transcripts e x cluding the ER enric hed and secretory transcripts. ( D ) FAP-seq enric hments for unspliced, intron-containing transcripts. ( E ) FAP-seq 
enriched GO terms derived from RNAs identified as localized to the ER in the ER-FAP cell line. ( F ) FAP-seq enriched GO terms derived from RNAs 
identified as localized to the nucleus in the Nucleus-FAP cell line. All significance tests were performed using a Wilcoxon rank-sum test: * P < 0.05, ** P 
< 0.01, *** P < 0.001 and **** P < 0.0 0 01. 
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Figure 6. The results of molecular dynamics simulations. ( A ) Representative snapshots of MG-HI bound by FAP in Cfm 1 (green) and Cfm 2 (pink). ( B ) 
T he o v erall binding position of MG-HI in FAP binding pock et, Cfm 1 (green) and Cfm 2 (pink). ( C ) R epresentativ e snapshots of MG-H 2 bound b y FAP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/52/7/e36/7614128 by guest on 21 July 2024
nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs)
and protein-coding RNAs (Figure 5 B). Compared to protein-
coding RNAs, lncRNAs, snRNAs and snoRNAs were more
highly enriched with FAP-seq in the Nucleus-FAP cell line, in
line with their known nuclear localization ( 50 ,51 ). Further-
more, we observed a more pronounced enrichment of tran-
scripts previously identified by ER ribosome profiling in the
ER-FAP cell line compared to the Nucleus-FAP cell line (Figure
5 C) ( 52 ). Conversely, we did not observe a similar preferential
enrichment for transcripts that excluded the ER-enriched and
secretory ones, as predicted by Phobius ( 53 ), SignalP 5.0 ( 54 )
and TMHMM 2.0 ( 55 ,56 ). In addition to gene types, we fur-
ther compared the splicing events between the enrichments of
the two cell lines. Consistent with the previous report ( 57 ), a
higher abundance of unspliced transcripts was enriched with
FAP-seq in the Nucleus-FAP cell line compared to the ER-FAP
cell line (Figure 5 D). We then performed gene ontology (GO)
analysis of RNAs enriched in the two cell lines. RNAs enriched
with FAP-seq in the ER-FAP cell line were associated with ER-
related GO terms like ER lumen and integral component of
organelle membrane ( 58 ,59 ), while those enriched with FAP-
seq in the Nucleus-FAP cell line were associated with nucleus-
related GO terms like nuclear speck ( 60 ) and chromosomal
region ( 61 ) (Figure 5 E and F). Overall, these results provide
a high level of confidence in the ability of FAP-seq to label
subcellular populations of RNA. 

Molecular dynamics simulations of the FAP–MG-HI 
system 

Lastly, we employed molecular dynamics simulations to fur-
ther enhance our understanding of the structural arrange-
ment of FAP–MG-HI. Throughout 200 ns of simulations,
both the protein and ligand structures were well retained
( Supplementary Table S2 and Supplementary Figure S26 A–C).
The distance between MG-HI and nearby aromatic residues of
FAP was monitored during the simulations ( Supplementary 
Figure S26 D). Clustering analysis based on the coordinates of
MG-HI revealed the presence of two distinct binding modes.
In conformation 1 (Cfm 1 , shown in green), MG-HI was ∼5
Å away from F36 on chain A, F98 on chain A and Y96 on
chain B. Conversely, in Cfm 2 , MG-HI was pulled closer to
F36 on chain A ( Supplementary Figure S26 D, pink shade).
Representative structures from each cluster are depicted in
Figure 6 A. In Cfm 1 (green), the substituted benzene ring
weakly interacted with F98 on chain A and Y96 on chain
B, while partially engaging with F36 on chain A through an
edge-to-face (T-shaped) π-interaction ( 62 ). In Cfm 2 (pink),
the substituted benzene ring was more effectively sandwiched 

between F36 and F98 on chain A, and it also exhibited par- 
tial interaction with Y96 on chain B via an edge-to-face π- 
interaction ( 63 ). As the ligand approached the deeply situ- 
ated F36, it became immersed in a hydrophobic pocket (Fig- 
ure 6 B). Moreover, the MMGBSA ( 64 ) binding energies of 
Cfm 2 ( −55.82 kcal / mol) were lower than those of Cfm 1 

( −53.03 kcal / mol). However, the complex adopted Cfm 2 for 
only 25 ns before reverting to Cfm 1 during the 200 ns sim- 
ulations. Notably, this unique conformational switch was not 
observed with MG-H 2 (Figure 6 C), as it adopts a symmet- 
ric distribution within FAP without any π/ π or π/ σ stack- 
ing interactions ( 32 ). Consequently, we speculate that MG- 
HI, being asymmetric with a large monoiodo substitution,
can accommodate a previously unexplored binding mode with 

FAP, thereby facilitating the activation of its photosensitizing 
capabilities. 

Discussion 

In this study, we have comprehensively demonstrated the high 

efficiency of FAP–MG-HI across a spectrum of scenarios,
ranging from in vitr o to in cellulo conditions, and from ex- 
perimental setups to computational simulations. Inspired by 
our previous spectroscopic findings and theoretical calcula- 
tions ( 33 ), we designed MG-HI and subjected it to extensive 
comparative analyses with MG-HBr. These analyses included 

assessments of 1 O 2 generation via ADPA assays, in vitro RNA 

dot blot assays, fluorescence confocal imaging, in cellulo RNA 

dot blot analysis and cytotoxicity evaluations using MTT as- 
says. MG-HI was chosen for downstream evaluation due to 

its higher 1 O 2 yield. Both western blot and RT-qPCR analyses 
validated the high spatial resolution of FAP–MG-HI-mediated 

proximity labeling. We further performed FAP-seq to demon- 
strate the compatibility of FAP–MG-HI with subcellular tran- 
scriptomic profiling. The high 

1 O 2 generation efficiency of 
FAP–MG-HI is crucial for achieving effective RNA proxim- 
ity labeling with FAP-seq in a narrow time frame, which we 
have successfully demonstrated with a labeling duration as 
short as 1 min. Additionally, we conducted molecular dynam- 
ics simulations to shine light on the potential distinct struc- 
tural arrangement of FAP–MG-HI, revealing previously un- 
derexplored possibilities of introducing symmetry-breaking 
MG derivatives. This symmetry-breaking concept forges new 

avenues for developing specialized FAP–MG systems with un- 
conventional functionalities that could uncover new insights 
in biological systems. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae125#supplementary-data
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Our study has significantly enriched the utility of FAP
echnology by incorporating proximity labeling capabili-
ies. The previously established FAP–MG platform focused
rimarily on fluorescence-based protein tracking ( 30 , 65 , 66 )
nd reactive oxygen species-mediated protein inactivation
 31 , 67 , 68 ). These two functions require different MG deriva-
ives and cannot be achieved simultaneously. Here, we in-
roduced an innovative dimension to FAP–MG technology:
iomolecular profiling via proximity labeling. We established
 new method, FAP-seq, which utilizes our newly developed
ymmetry-breaking FAP–MG-HI to achieve RNA proximity
abeling predominantly through the 1 O 2 pathway upon NIR
ight irradiation. In this aspect, MG-HI has demonstrated su-
erior labeling efficiency over all other MG derivatives tested.
oreover, FAP–MG-HI preserves a robust fluorescence in-

ensity, which enables a ‘one-stone-three-birds’ strategy that
oncurrently allows for protein tracking, targeted protein ab-
ation and biomolecular profiling of cellular microenviron-
ents. Using FAP-seq, we successfully profiled nuclear and ER

ranscriptomes, showcasing the potential of this methodology.
FAP-seq stands out as a versatile tool applicable in vari-

us biological systems, offering unique advantages over other
NA proximity labeling methods. By tailoring FAP expres-

ion to specific subcellular locations, we can correspondingly
chieve RNA proximity labeling across various cellular com-
artments. Our research presents a compelling proof of con-
ept using cell lines stably expressing ER-FAP and Nucleus-
AP. A distinctive feature of the FAP-seq is its capacity to gen-
rate 1 O 2 upon NIR light irradiation, which is detectable only
hen MG-HI is bound to FAP due to restricted rotation. This

haracteristic precludes the necessity for pre-labeling washes
 21 ,24 ) or post-labeling quenching steps ( 18 ), thus providing
AP-seq with high spatiotemporal resolution. Compared to
PEX-seq, FAP-seq eliminates the usage of high concentra-

ions of hydrogen peroxide and subsequent quenching steps
n live cells ( 18 ). Moreover, FAP-seq surpasses other light-
riggered proximity labeling tools by providing a unique flu-
rogenic turn-on capability, a feature not commonly found
n conventional synthetic photosensitizers ( 21 , 22 , 28 , 69 ). The
IR light activation of FAP-seq distinguishes it from flavin-
ependent genetically encoded photosensitizers ( 19 ,20 ), en-
bling deeper tissue penetration ( 28 ). 

In addition to transcriptomic profiling, we envision
idespread applications of FAP–MG-HI-mediated proximity

abeling in complex biological systems. The NIR light con-
rol of FAP–MG-HI allows for orthogonal activation in con-
unction with other proximity labeling techniques, such as
PEX ( 18 ) and miniSOG ( 19 ). This combinatorial approach
rovides exciting opportunities for integrated applications in
tudying RNA localization ( 70 ). Furthermore, the reactivity of
 O 2 with guanosine residues in RNA ( 19 ,21 ) and electron-rich
mino acids in proteins ( 25–27 ) enables simultaneous map-
ing of both RNA and protein distributions via FAP–MG-HI,
nriching our understanding of RNA and protein interplay
ithin specific cellular domains. This dual reactivity also sets

he stage for innovative cross-linking chemistries, potentially
evolutionizing the exploration of RNA–protein interactions
nd expanding the utility of FAP–MG-HI in cellular dynamics
esearch. With attributes such as fast turn-on response, NIR
ight activation, short irradiation time required, and compat-
bility with both protein and RNA proximity labeling, FAP–

G-HI holds great potential for diverse applications in com-
lex biological systems ( 71 ,72 ). 
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