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In brief

Here, we introduce a biocompatible,
BRET-activated proximity labeling
platform that leverages luciferase-
generated bioluminescence to drive
photocatalytic tagging without external
light, enabling high-resolution spatial
proteome mapping, selective capture of
ligand-receptor-mediated cell-cell
interfaces, and precise subcellular
transcriptome profiling in both in vitro and
in vivo settings. By uniting the
spatiotemporal control of photocatalysis
with the physiological compatibility of
luciferases, this strategy offers a versatile
toolkit for interrogating complex
biological processes with unrivaled
spatial specificity.
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THE BIGGER PICTURE A detailed mechanistic picture of proteins, RNAs, and cells hinges on accurately
mapping their spatial organization and interactions. Although photocatalytic proximity labeling (PL) offers
spatiotemporally controlled tagging of biomolecules and cells, its reliance on external light limits deep-tissue
applications in live animals. To address this, we harnessed luciferase-generated bioluminescence as an in-
ternal light source, obviating the need for external illumination.

We introduce a biocompatible, bioluminescence resonance energy transfer (BRET)-driven PL platform that
enables spatially selective tagging at both the intracellular and intercellular levels in vitro and in vivo. By
combining the high resolution of photocatalytic labeling with the physiological compatibility of luciferases,
this toolkit paves the way for deep-tissue, high-resolution spatial omics in living systems.

SUMMARY

Mapping the spatial organization of proteins and cellular interactions is crucial for understanding their bio-
logical functions. Herein, we report a biocompatible, multi-functional luminescence-activated proximity la-
beling (LAP) strategy for profiling subcellular proteomes and cell-cell interactions in live cells and animals.
Our method capitalizes on fusing the photocatalyst miniSOG to NanoLuc luciferase, whose bioluminescence
activates miniSOG via a resonance energy transfer mechanism, generating reactive oxygen species in situ to
mediate proximity labeling (PL). We demonstrated the high spatial specificity of LAP in a C57BL6/N mouse
model transplanted with MC38 cells. Our data revealed tumor microenvironment-dependent remodeling of
secretome. LAP was further applied to identify ligand-receptor-mediated cell-cell interactions both in vitro
and in vivo. We also achieved local transcriptome profiling by combining LAP with next-generation
sequencing. Overall, LAP was proved to be a versatile PL technique with strong biocompatibility for spatial
multi-omic applications.

INTRODUCTION neuron-glial interactions®) are fundamental to virtually all life pro-

cesses. Disruptions in protein localization or aberrant cellular in-
The spatial organization of the intracellular proteome’ (e.g., pro-  teractions are closely linked to an array of human diseases,
tein secretion,” assembly of membrane-less granules®) and ranging from cancer®’ to neurodegeneration.>® Therefore, a
intercellular interactions (e.g., T cell-dendritic cell interactions,” comprehensive understanding of the biological functions of
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Figure 1. Development of LAP labeling
method

(A) The structure of miniSOG-NanoLuc chimera.
(B) Schematic illustration of yeast display-directed
evolution of LAP. Mutants are expressed on the
yeast cell surface via fusion with the Aga2p pro-
tein. Following LAP labeling, cells with high levels
of biotinylation are enriched with fluorescence-
activated cell sorting (FACS).

(C and D) Flow cytometry analysis of LAP mutants
on yeast cell surface (C) and HEK293T cell surface
(D). Data are represented as mean + SD (n = 3).
(E and F) Flow cytometry analysis of LAP linker
variants on yeast cell surface (E) and HEK293T cell
surface (F). Data are represented as mean + SD
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proteins and cells necessitates detailed knowledge of their
spatial context.

To decipher spatial arrangements, various proximity labeling
(PL) methods have been developed, which typically rely on an
enzyme or photocatalyst to generate short-lived, highly reactive
intermediates that label nearby biomolecules. While widely
used, these methods still have limitations. For instance,
APEX®' labeling requires H,0,, which can be toxic to living
cells and animals."’ Biotin ligase-based methods (e.g.,
BiolD'? and TurbolD'®) offer better biocompatibility but suffer
from uncontrolled labeling due to endogenous biotin'*'® and
perform poorly on the cell surface because of their ATP depen-
dency.'® Sortase-based PL methods (e.g., LIPSTIC'"'® and
EXCELL'"'®) have significantly advanced in vivo studies of
cell-cell interactions, but they are less effective for intracellular
labeling. Recently, light-activated photocatalytic PL methods
have been developed for both spatial proteomic and cellular
interaction studies.’® While light activation provides higher
spatiotemporal resolution, the challenge of light penetration still
limits their applications in living animals. These challenges
motivated us to develop a biocompatible PL method for target-
ing both subcellular proteins and cell-cell interactions in living
animals.

We envisioned that the light-activated photocatalytic PL
methods could be expanded to address the challenge of deliv-
ering light into living animals. Given that the absorption spectrum
of MiNISOG?® (Amax = 448 nm) closely overlaps with the emission
peak of NanolLuc (~460 nm), an ATP-independent luciferase
derived from deep-sea shrimp Oplophorus gracilirostris,”’ we
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resonance energy transfer (BRET) mech-
anism.?” This would lead to the in situ
generation of reactive oxygen species
(ROS) that oxidize surrounding proteins,
thereby triggering PL.>*>7?" Although the
NanoLuc-miniSOG complex has been
used in photodynamic therapy for deep-
seated tumors, it has not been applied
for PL.?® Similarly, while BRET has been
used to activate LOV-Turbo to control TurbolD activity, BRET-
induced LOV-Turbo has not yet been employed for proteome
mapping and is inactive in the secretory compartment of
mammalian cells.'®

Here, we report the engineering of the miniSOG-NanoLuc
complex through directed evolution and its application in a
luminescence-activated PL (LAP) strategy for profiling the
intracellular proteome (LAP-MS). Spatial proteomic studies
of the endoplasmic reticulum (ER) lumen and nucleus in hu-
man embryonic kidney 293T (HEK293T) cells demonstrated
that LAP-MS can identify subcellular proteomes with high
specificity and coverage. In a C57BL6/N mouse model im-
planted with MC38 cells expressing ER lumen-localized LAP,
we confirmed the high efficiency of LAP-MS in capturing the
tumor subcellular proteome in vivo. To further demonstrate
its labeling capability on the cell surface, we developed the
LAP-CELL method for identifying ligand-receptor-mediated
cell-cell interactions both in vitro and in vivo. Finally, we
combined LAP with next-generation sequencing to achieve
local transcriptome profiling (LAP-seq). Collectively, our data
establish LAP as a versatile, biocompatible PL technique for
in vivo multi-omic studies.

10 20
Furimazine (uM)

RESULTS

Development of luminescence-activated PL method

To test the feasibility of BRET-assisted PL, we started with fusing
NanoLuc directly to the C terminus of miniSOG (Figure 1A). The
chimeric enzyme was genetically targeted to the mitochondrial
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matrix of HEK293T cells via fusion to the N-terminal localization
sequence of human COX4 (Figure S1A). We treated the cells with
10 mM propargyl amine (PA) and 25 pM furimazine for 90 min,
which yielded reliable labeling results, compared with negative
controls that lacked either the PA probe or the furimazine sub-
strate (Figure S1B). Adding flexible linkers between miniSOG
and NanolLuc significantly reduced labeling efficiency, likely
due to the increased distance between the donor and acceptor
of the BRET pair. Additionally, fusing another NanoLuc to the N
terminus of miniSOG did not further improve the labeling effi-
ciency (Figures S1A and S1B).

Encouraged by our initial success, we aimed to improve the
activity of the miniSOG-NanoLuc fusion through directed evolu-
tion. We chose yeast display as our platform since it has been
effectively used to engineer PL enzymes, including APEX2'°
and TurbolD, ' often resulting in significantly enhanced activities
(Figure 1B). In our initial rounds of selection, we ignored the
NanoLuc part and focused solely on miniSOG variants with
increased photocatalytic labeling efficiency under blue light irra-
diation (Figure 1C). To choose the starting point for directed evo-
lution, we compared the activities of miniSOG and several previ-
ously reported mutants with higher singlet oxygen ('0,) quantum
yields®®*° (e.g., SOPP, SOPP2, and SOPP3). We found that
SOPP2 exhibited the strongest labeling on the yeast surface
(Figures S2A and S2B). Consequently, we generated a random
mutagenesis library by error-prone PCR using SOPP2 as the
template.

By fusing the SOPP2 mutant library to the Aga2p protein,
we targeted the mutants to the surface of yeast cells. Upon
the addition of a biotin-conjugated alkylamine probe (Btn-
NH,)?® and irradiation with blue light at 15 mW/cm? for 5 s
or 1 min, yeast cells expressing active mutants labeled them-
selves with biotin handles. We used fluorescence-activated
cell sorting (FACS) to enrich cells with high levels of bio-
tinylation (Figure 1B). After four rounds of selection, several
mutants with enhanced labeling activities were identified by
Sanger sequencing (Figures S3A and S3B). We manually com-
bined mutations and expressed the resulting constructs in the
HEK293T nucleus. Western blot analysis following labeling
showed that the variant carrying the 134V/I155V double muta-
tions exhibited the highest activity, outperforming miniSOG,
SOPP2, and SOPP3 (Figure S3C). However, FACS analysis
on the yeast surface indicated only a slight (1.1-fold) and sta-
tistically insignificant improvement of SOPP23#V/155V gyer
SOPP2 (Figure 1C). Using the singlet oxygen sensor green
(SOSG) probe, we measured the 'O, quantum vyield of
SOPP234V/I85V a5 0.21, which is comparable to SOPP2
(0.21) but lower than SOPP3 (0.25) (Figure S3D). This suggests
that factors beyond 'O, yield contribute to the overall labeling
activity.

Next, we paired SOPP2'34V/15%V yith NanoLuc. When targeted
to the HEK293T cell surface by fusion with the membrane protein
CDA40L, the SOPP2'3*¥/*5V_NanoLuc chimera exhibited 1.3- and
1.2-fold higher activity than SOPP2-NanoLuc (p < 0.001) and
SOPP3-NanoLuc (p < 0.01), respectively, in the presence
of 20 uM furimazine (Figure 1D). To further enhance BRET
efficiency between SOPP2'34V/5%V and NanolLuc, we optimized
the linker sequence. We generated a yeast expression
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library of fusion constructs with varying linker lengths by system-
atically truncating the termini of SOPP2'3#V/5%V and NanoLuc
(Figure S4A). The library explored two fusion strategies:
(1) attaching NanoLuc to either the N or C terminus of
SOPP234V/18%V and (2) incorporating a flexible Gly-Thr (GT) linker
at the junction. Yeast cells expressing the mutant library were
incubated with 10 pM furimazine and 50 pM Btn-NH, for
45 min and subsequently selected by FACS for high biotinylation
efficiency (Figure S4B). Sequencing analysis identified the
selected mutant as NanolLuc-GT-SOPP23#V/158V' fysion with
two amino acids truncated from both the C terminus of
NanoLuc and the N terminus of SOPP23#V/1%V (Figure S4C).
This construct exhibited 1.77-fold higher labeling efficiency
than SOPP2"3*Y1®%V_NanoLuc (Figure 1E).

To further optimize the relative orientation of the BRET
pairs, we randomized the linker sequence by performing satu-
ration mutagenesis on five amino acid residues at the junction,
including: the GT linker, two residues on its N-terminal side,
and one on its C-terminal side (Figure S5A). These sites,
located in loop regions, preserved the structural integrity of
the proteins. Following a similar yeast display selection work-
flow, we identified two linker sequences, RQSAG and RETVG
(Figure S5B and S5C), with 1.10- and 1.08-fold improvement,
respectively, compared with the initial template (RIGTS)
(Figure 1E). When expressed on the HEK293T cell surface,
the mutant with the RQSAG linker showed the highest activity,
achieving 4.8-fold stronger labeling than SOPP2'34V/155V.
NanoLuc with 10 pM furimazine (Figure 1F). We designated
this optimized construct, which incorporates the RQSAG
linker, as LAP and used it for subsequent experiments. Tar-
geting key mutants to the HEK293T cytosol confirmed that
LAP performs significantly better than the initial miniSOG-
NanoLuc construct (Figure S6A).

Using AlphaFold3,®' we predicted the structure of LAP and
measured the donor-acceptor distance as 3.16 nm, which
was appropriate for the BRET process® (Figure S6B). We
then recorded the emission spectra of purified NanoLuc and
LAP proteins in the presence of furimazine. LAP’s emission
peak was red-shifted by approximately 20 nm relative to
NanoLuc (Figure S6C), with LAP peaking at 475 nm, which is
consistent with the emission profile of SOPP234V/155V
(Figure S6D). We calculated a BRET ratio of 0.357 + 0.012, con-
firming the LAP mechanism. The production of 'O, was moni-
tored using the SOSG probe. Following the addition of furima-
zine in the presence of LAP, we observed an increase in
fluorescence emission, indicating the successful generation of
10,. Interestingly, NanoLuc was also able to produce 10, inde-
pendently, albeit with a lower yield (Figure S6E). To further vali-
date the labeling mechanism, we treated HEK293T cells ex-
pressing LAP or NanoLuc localized in the ER lumen with a
3-ethynylaniline (3-EA) probe®® and 50 uM furimazine for 2 h,
followed by western blot analysis. Cells expressing LAP dis-
played significant protein labeling, in contrast to the weaker
signal from cells expressing NanoLuc alone (Figure S6F). These
results underscore the critical role of the BRET mechanism in
activating photocatalysts for PL, while the modest labeling
observed with NanoLuc alone suggests potential for further
optimization.

Chem 11, 102595, October 9, 2025 3
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Figure 2. Mapping subcellular proteome
with LAP-MS in living cells

(A) Targeting of LAP at ER lumen, nucleus, ER
membrane (ERM), and cytoplasm for subcellular
proteome labeling.

(B) Chemical structures of probes used for protein
labeling.

(C) Western blot analysis comparing protein la-
beling activity of different probes (LAP was fused
with HA tag).

(D) Confocal fluorescence images of HEK293T
cells labeled with LAP in ER lumen, nucleus, ERM,
and cytoplasm. Scale bar: 10 pm.

(E and F) Comparisons of secretory pathway
specificity (E) and nucleus specificity (F) of LAP-
MS with various proximity labeling methods.
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staining (or DAPI staining for the nucleus).
Confocal fluorescence microscopy re-
vealed good co-localization between
the biotinylation signal and organelle
markers, demonstrating the high spatial
specificity of LAP-mediated protein label-
ing (Figure 2D). Notably, the intrinsic green
fluorescence of LAP was also detectable

at the anticipated locations, although
at low intensity (Figure S7A). Western
blot analysis confirmed successful label-
ing across multiple subcellular compart-
ments, including the cytoplasm, ER
lumen, nucleus, ER membrane, and cell
membrane (Figure S7B).
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Mapping subcellular proteome with LAP-MS in cultured
cells

We aimed to achieve LAP-mediated subcellular protein labeling
in live cells. To this end, we generated HEK293T cell lines ex-
pressing LAP targeted to various subcellular compartments,
including the cytoplasm, ER lumen, ER membrane, and nucleus
(Figure 2A). In parallel, we prepared several amine probes
to evaluate labeling efficiency: 3-EA (1), PA (2), biotin-aniline
(BA, 3), biotin-phenol (BP, 4), and Btn-NH, (5) (Figure 2B).
HEK293T cells expressing ER lumen-targeted LAP were incu-
bated with each probe along with 50 uM furimazine for 2 h, fol-
lowed by protein extraction and western blot analysis. Although
PA (probe 2) yielded the highest labeling intensity, it also pro-
duced high background in the absence of furimazine. Therefore,
we selected 3-EA (probe 1) for its optimized balance between la-
beling efficiency and background (Figure 2C).

To evaluate the spatial specificity of LAP-mediated protein la-
beling, we performed immunofluorescence imaging of cell sam-
ples labeled with 3-EA. After initiating the reaction with 50 pM
furimazine for 2 h, cells were fixed and permeabilized with cold
methanol. The biotinylation signal was then detected by staining
cells with streptavidin-conjugated fluorophores, while the
localizations of LAP and organelles were visualized via antibody

4 Chem 11, 102595, October 9, 2025

We next characterized the temporal
resolution of LAP-mediated protein label-
ing. HEK293T cells expressing ER lumen-
targeted LAP were incubated with 1 mM 3-EA probe and 50 uM
furimazine for varying durations. Immunoblotting revealed that la-
beling was detectable after just 15 min, with a stronger labeling
observed after 2 h (Figure S7C). Moreover, by adding or removing
furimazine, we could effectively switch the labeling on and off,
demonstrating the temporal control of the LAP approach
(Figure S7D). Ina comparison of labeling methods, LAP-express-
ing cells treated with 1 mM 3-EA and 50 pM furimazine for 2 h ex-
hibited significantly lower BRET-mediated labeling efficiency
than cells irradiated with blue light at 15 mW/cm? for comparable
durations (Figure S7E), suggesting that bioluminescence genera-
tion and energy transfer constrain BRET activation. To assess
cytotoxicity, we performed a cell proliferation assay. After 2 h of
labeling with 1 mM 3-EA and 50 uM furimazine, LAP-expressing
cells showed only slight, statistically insignificant cytotoxic effect
(Figure ST7F).

Having fully characterized LAP-mediated protein labeling, we
applied LAP to map the local proteome using quantitative MS-
based proteomic profiling (LAP-MS). HEK293T cells expressing
LAP targeted to either the ER lumen or the nucleus-localized LAP
were labeled with 1 mM 3-EA probe and 50 pM furimazine for 2 h,
followed by cell lysis and protein extraction. The labeled proteins
were reacted with biotin-conjugated azide via a click reaction

RinID
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and captured using streptavidin-coated agarose beads. Suc-
cessful protein enrichments were confirmed by SDS-PAGE for
both the ER lumen and nucleus (Figure S7G). After liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) analysis,
we identified and quantified the ER lumen proteome in replicates
for “+/— furimazine,” revealing 261 proteins, of which 225
were secretory pathway proteins according to RinID®> work
(Figure S8A). The secretory pathway specificity of our ER lumen
dataset (86%) is comparable to photoTurbo' (88%) (Figure 2E;
Data S1), while we identified a greater number of ER resident
proteins (Figure S8B). Similarly, the nuclear proteome was iden-
tified and quantified in replicates for +/— furimazine, revealing
836 proteins, with 644 classified as nuclear proteins according
to RinID?® work (Figure S8C; Data S2). The nucleus specificity
of our dataset (77%) is comparable to PDPL?® and TurbolD,"®
although RinID?® showed higher specificity (92%) but with rela-
tively low coverage (Figure 2F). Taken together, these LC-MS/
MS data demonstrate that LAP-MS can identify subcellular pro-
teomes with high specificity and good coverage.

Mapping subcellular proteome with LAP-MS in live
animals

The success of applying LAP-MS to label subcellular proteome
in cultured cells encouraged us to extend this approach to iden-
tify subcellular proteome in living animals. We focused on the
cancer immunoediting process, which describes the dynamic
interplay between cancer cells and the immune systems during
tumor progression. To evade immune invasion, cancer cells
remodel their surface proteins and secreted proteins, prompting
us to capture and identify the tumor secretary pathway proteome
within tumor microenvironment.” MC38 is a widely used immu-
noresponsive murine colon adenocarcinoma model,**** making
it suitable for in vivo secretome studies.

To obtain tumor-bearing mice for in vivo secretome labeling, we
constructed an MC38 cell line stably expressing LAP targeted to
the ER Ilumen. Immunofluorescence imaging (Figure S9A)
confirmed the labeling specificity in the MC38 cell line labeled
with the 3-EA probe. The secretome of cultured MC38 cells was
enriched and identified using quantitative MS-based proteomic
profiling. Proteins were ranked by their +/— furimazine ratios in
each replicate, with cutoff ratios determined using receiver oper-
ating characteristic (ROC) analysis (Figure S9B). The “true-posi-
tive” and “false positive” murine secretome lists were created
based on methods from previous TurbolD'® studies, resulting in
87 annotated secretory pathway proteins and 7,296 non-secre-
tory pathway proteins. The cutoff ratios were set at 2.96, 3.10,
and 2.80, yielding 174, 181, and 214 enriched proteins for the
three +/— furimazine datasets, respectively. Venn diagram anal-
ysis revealed that 177 proteins were identified in at least 2 repli-
cates, including 158 secretory pathway proteins (89%)
(Figure S9C; Data S3). The LC-MS/MS data demonstrated the
LAP-MS method’s capability to identify subcellular proteomes in
MC38 cells, laying a solid foundation for in vivo secretome labeling
in mouse tumors.

The MC38 cells expressing ER lumen-targeted LAP were sub-
cutaneously implanted into mice to generate solid tumors. Se-
cretome labeling was initiated in situ by intratumoral injection
of the 10 mM 3-EA probe and 4 mM furimazine (Figure 3A). After
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a 2-h reaction, tumor tissues were isolated and lysed using RIPA
buffer. The labeled proteins were then reacted with biotin-conju-
gated azide via click reaction and characterized by SDS-PAGE.
Western blot analysis revealed successful in vivo protein labeling
in a furimazine-dependent manner (Figure 3B). The tumor secre-
tome was enriched and identified with quantitative MS-based
proteomic profiling. Following a similar data analysis workflow
of ROC analysis (Figure S9D), a total of 136 proteins were iden-
tified in at least 2 replicates, including 107 secretory pathway
proteins (79%) (Figure 3C; Data S4).

Comparison of secretary pathway proteins identified in
cultured cells and murine tumors revealed that the tumor-specific
dataset contained fewer ER resident proteins and a higher pro-
portion of extracellular proteins and membrane proteins. These
proteins likely contribute to tissue formation and cell-cell commu-
nications within the tumor microenvironment (Figure 3D). Taken
together, our results demonstrate the high efficiency of LAP-
MS for profiling the tumor subcellular proteome in vivo and pro-
vide new insights into secretome remodeling driven by the tumor
microenvironment.

Detecting cell-cell interactions via LAP-CELL

We expanded the application of LAP-mediated protein labeling
to map cell-cell interactions, a method we refer to as LAP-
CELL. First, two biotin-conjugated amine probes (BA and Btn-
NH.) were evaluated on HEK293T cell surfaces. FACS analysis
revealed that the BA probe exhibited stronger self-labeling activ-
ity (Figure S10A), and it was therefore selected for LAP-CELL.
Cell proliferation assay further confirmed that labeling with
100 pM BA probe and 20 pM furimazine did not induce significant
cytotoxicity (Figure S10B).

Next, we employed the CD40/CD40L interaction as a
model.** HEK293T cells were transfected separately with
CD40L-LAP (bait), CD40 (prey), or EGFP (negative control).
Cells expressing CD40L-LAP were mixed with either CD40
cells or EGFP cells, incubated with 100 pM BA probe and
20 pM furimazine substrate for 45 min, stained with streptavi-
din-conjugated fluorophore, and then analyzed by flow cytom-
etry (Figure 4A). Substantial amount of cis-labeling of CD40L-
LAP cells were observed, regardless of whether they were
mixed with CD40 cells or EGFP cells (Figure S10C). For
trans-labeling, CD40 cells showed high levels of biotin signal,
whereas EGFP cells had much lower labeling under identical
conditions (Figure 4B). These results confirmed that LAP-
CELL can label interaction-dependent cellular interactions
with high specificity.

Recently, chimeric antigen receptor T (CAR-T) therapy has
shown remarkable efficacy in treating hematologic malig-
nancies.®**® We wondered whether LAP-CELL could capture
CAR-interacting cells. Anti-CD19 CARs, which are commonly
used for treating B cell lymphomas,®” were utilized in our study.
We established a cell line stably expressing both anti-CD19 CAR
and cell membrane-localized LAP to capture CD19-positive
cells, such as Raiji cells (Figure 4C).

To assess LAP-CELL’s sensitivity in labeling CAR-interacting
cells, we mixed CD19-negative K562 cells with CD19-positive
Raji cells at different ratios (1:1, 10:1, and 100:1). The mixed cells
were then incubated with an equal number of bait cells in the
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Figure 3. Mapping ER lumen proteome with LAP-MS in living mice
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(A) Schematic illustration of in vivo mapping of ER lumen proteome in tumors with LAP-MS. The MC38 cells expressing ER lumen-targeted LAP were subcu-
taneously implanted into mice to generate solid tumors, followed by intratumoral injection of 3-EA probe and furimazine (Fz) to trigger proximity labeling.
Subsequently, tumor cells were excised and lysed before being subject to LC-MS/MS analysis.

(B) Western blot analysis of LAP-mediated ER lumen proteome labeling in murine tumor (LAP was fused with HA tag).

(C) Tumor ER lumen proteome identification with LAP-MS in 3 replicates for +/— furimazine; a total of 136 proteins were detected from three independent LAP-MS

experiments.

(D) Gene Ontology analysis of secretary pathway proteins identified in cultured cells and murine tumors.

presence of 100 pM BA probe and 20 pM furimazine for 45 min
(Figure 4C). Flow cytometry analysis revealed robust trans-bio-
tinylation on Raiji cells, with minimal background labeling on
K562 cells (Figure 4D). Notably, even when Raji cells were present
at low abundance, their labeling efficiency remained high, under-
scoring LAP-CELL’s capability to capture rare interacting cells.

To assess the in vivo compatibility of LAP-CELL for capturing
cell-cell interactions, we mixed two populations of HEK293T
cells expressing either CD40L-LAP or CD40 and intraperitoneally
injected them into mice. After 15 min, we administered 500 pL of
PBS solution containing 300 uM furimazine and 1 mM BA probe
to the mice to trigger cellular labeling for 45 min, followed by cell
isolation and flow cytometry analysis (Figure 4E). CD40L-LAP
cells were also co-cultured with EGFP-expressing cells as a
negative control. Flow cytometry showed specific trans-bio-
tinylation on CD40-positive cells, with negligible labeling back-
ground on EGFP control cells (Figure 4F). This experiment
demonstrated that LAP-CELL can capture cellular interactions
in vivo with high specificity. In summary, we have demonstrated
the capacity of LAP-CELL to detect ligand-receptor-directed
cell-cell interactions (e.g., CD40-CD40L and CD19-Anti-CD19
CAR) both in vitro and in vivo.

Transcriptomic profiling with LAP-seq in the secretory
pathway

In addition to labeling subcellular proteins, both intracellular and
on the cell surface, we further developed LAP-mediated RNA
labeling for profiling subcellular transcriptomes (LAP-seq). We
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focused on the ER membrane (ERM) location, where secretory
pathway proteins are initially synthesized,? expecting to enrich
mRNAs encoding the secretome at ERM. Unlike the ER lumen
or nucleus, the ERM is arelatively “open” space, thus represent-
ing a more rigorous test for the spatial specificity of LAP labeling
techniques.

To characterize LAP-seq’s ability to identify the ERM-prox-
imal transcriptome, we created a HEK293T cell line stably ex-
pressing LAP targeted to the ERM by fusing it to the N terminus
of the ER translocon subunit Sec61p. Immunofluorescence im-
aging confirmed the spatial specificity of LAP-mediated protein
labeling with the 3-EA probe in ERM-LAP cells (Figure 2D). For
RNA labeling, we selected the PA probe based on chromo-
phore-assisted proximity labeling and sequencing (CAP-
seq)®® protocols. ERM-LAP cells were incubated with 10 mM
PA probe and 50 uM furimazine for 15-60 min, followed by
cell lysis and RNA extraction. The labeled RNAs were then
reacted with biotin-conjugated azide via click reaction,
captured using streptavidin-coated magnetic beads, and char-
acterized with dot blot (Figure S11A) and RT-gPCR analysis
(Figure 5A). As expected, RNA recovery increased with longer
reaction times. At 30 and 60 min, RNAs from secretary pathway
genes (e.g., SSR2 and TMXT1) were enriched 47- to 112-fold,
compared with controls lacking furimazine, whereas mitochon-
drial (MTCO2, 8- to 13-fold) and cytosolic (FAU, 24- to 26-fold)
RNA markers showed only modest enrichment. Additionally,
cell proliferation assay indicated minimal cytotoxicity in ERM-
LAP cells following 60 min of labeling (Figure S11B).
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We further evaluated the spatial specificity and sensitivity of  vealed significant enrichment of the secretary pathway RNA
LAP-seq at the transcriptome level. In three independently repli- marker calnexin (CANX), while the cytosolic marker FAU
cated experiments, enriched RNAs were analyzed with next-gen-  showed no obvious enrichment (Figure S11G). Notably, this
eration sequencing. We applied DESeq2°® analysis to compare  in vivo RNA labeling capability could not be readily achieved
the transcript abundance between labeled samples and control by current RNA labeling methods (CAP-seq,?® proximity ribo-
samples that omitted the furimazine substrate (Figure 5B). By some profiling,®® and APEX-RIP*°), which are limited by re-
applying a cutoff of log, fold change (logoFC) > 1 and adjusted  quirements for blue light, biotin starvation, or H,O,, respec-
P (Pag) < 0.05, the analysis yielded a list of 839 RNAs, including  tively. Moreover, although TurbolD has broad utility in in vivo
831 mRNAs (99%), 6 pseudogenes, 1 antisense RNA, and 1long  protein labeling, it exhibits limited RNA labeling efficiency
noncoding RNA (Data S5). Notably, as a demonstration of LAP’s  (Figure S12). In summary, our results demonstrate that LAP-
high spatial specificity, 97.1% of enriched mRNAs (807 out of seq robustly identify subcellular transcriptomes with high spec-
831) encode for secretome proteins, which is expected from the ificity and coverage, thereby complementing LAP-mediated
model of localized protein translation on the ERM.?® This level of  protein labeling techniques.
specificity is comparable to CAP-seq?® (96%), proximity ribosome
profiling®® (97%), and APEX-RNA immunoprecipitation (APEX- DISCUSSION
RIP)*® (94%) (Figure 5C). Furthermore, 28%, 54%, and 98% of
the transcripts identified by ERM LAP-seq (228, 437, and 793 Recent advances in photocatalytic PL have harnessed light
out of 807, respectively) overlapped with datasets from CAP- activation to eliminate toxic reagents (e.g., H-O,) and enable
seq,”® proximity ribosome profiling,>® and APEX-RIP“C experi- precise temporal control of the reaction.’® Although these
ments, respectively (Figure 5D). Similar RNA labeling at the ERM  methods have been successfully applied to both intracel-
was also verified in a MC38 cell line (Figures S11C-S11F; Data S6).  lular®*2"*""*" and intercellular*®=° spatial omics, their in vivo

To explore the in vivo compatibility of LAP-seq, MC38 ERM-  use is limited by the poor tissue penetration of light. In this
LAP cells were subcutaneously implanted into mice to form study, we developed a LAP strategy that maps the spatial dis-
solid tumors. Labeling reaction was initiated by intratumoral tribution of proteins and cell-cell interactions in living organ-
injection of the PA probe and furimazine. After 1 h, RNA was isms. By integrating rational design with yeast display-directed
extracted from the tumors and enriched. RT-qPCR analysis re-  evolution, we optimized LAP for enhanced labeling activity. Our
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results demonstrate that LAP can identify local proteomes with
exceptional specificity and coverage across diverse cell types
and subcellular compartments. In an MC38 tumor mouse
model, LAP not only efficiently mapped the tumor subcellular
proteome in vivo, but it also accurately labeled cell-cell interac-
tions both in vitro and in living animals. Moreover, combining
LAP with next-generation sequencing enabled local transcrip-
tome profiling.

Conventional optogenetic approaches generally require
invasive light-delivery methods, such as surgically implanted
light-emitting devices, to overcome tissue penetration chal-
lenges.'®" In contrast, BRET-based optogenetic systems,
such as the LuminON technique that fuses NanoLuc with LOV2
to control gene expression in living mice,*? offer a less invasive
alternative. Instead of relying on the conformational changes
induced by BRET-activated LOV domains, as seen in LuminON
and LOV-Turbo, ' our LAP approach leverages bioluminescence
to directly activate 'O, generators (e.g., miniSOG). Although
BRET-activated ROS generation has been applied in photody-
namic therapy for deep-seated tumors,®® those methods previ-
ously required exogenous riboflavin mononucleotide as an flavin
mononucleotide (FMN) source. In our LAP system, endogenous
FMN levels are sufficient, thereby reducing off-target labeling
and cellular toxicity.

Although miniSOG was originally designed as a 'O, generator,
its 10, quantum yield was later reported to be as low as 0.03.°
Its photocatalytic efficiency could potentially be enhanced by
introducing mutations at sites near the flavin mononucleotide
chromophore.?*° Additionally, random mutagenesis of the
miniSOG backbone can help identify critical sites that are chal-
lenging to predict through rational design. In our study, fusing
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(B) Volcano plot of the ERM LAP-seq dataset.
Green, red, and black dots represent secretome
mRNAs, non-secretome mRNAs, and noncoding
RNAs, respectively. Horizontal dashed line in-
dicates paqj = 0.05. Vertical dashed line indicates
the cutoff of loga(label vs. control) = 1.

(C) Comparisons of secretary pathway specificity
of LAP-seq transcriptomic data with three other
proximity labeling methods (proximity ribosome
profiling [Ribo-seq], APEX-RIP, and CAP-seq).
(D) Venn diagram comparing the datasets of ERM
LAP-seq, Ribo-seq, APEX-RIP, and CAP-seq.

0 01 2 3 4

NanolLuc with the SOPP2"34V/1%V mtant
yielded higher activity than miniSOG
and SOPP2. Moreover, optimizing the
linker length and composition between
NanoLuc and SOPP23#V155V  through
saturation = mutagenesis  significantly
boosted labeling efficiency.

We envision that LAP-MS, LAP-seq,
and LAP-CELL techniques will have
broad applications in studying protein secretion, organ-specific
subcellular proteomes/transcriptomes, and in situ cell-cell inter-
actions (e.g., tumor-immune or neuron-glial interactions). A cur-
rent limitation of the LAP method is that its labeling efficiency is
lower than that of light-triggered reactions, potentially affecting
data reliability. Future improvements may include evolving
NanoLuc for increased brightness, optimizing its substrates for
better solubility and bioavailability, and designing more active la-
beling probes tailored to specific applications.

METHODS

Reagents
All the information about the reagents, antibodies, plasmids, and
primers used in this work can be found in Tables S1-54,
separately.

Yeast cell culture

The S. cerevisiae strain EBY100 was a kind gift from Tao Liu’s
group, Peking University. Yeast cells were transformed with
the yeast-display plasmid pCTCON2 using the Frozen E-Z Yeast
Transformation Il kit (Zymoprep) according to manufacturer pro-
tocols. Transformed cells containing the TRP1 gene were
selected on synthetic dropout without uracil and tryptophan
(SD-Ura-Trp) plates and propagated in SD-Ura-Trp medium at
30°C. The SD-Ura-Trp medium was composed of 20 g/L
glucose, 6.7 g/L yeast nitrogen base without amino acids (BD
Difco), and 1.46 g/L synthetic yeast dropout mix (Sigma-
Aldrich, Y1771) supplemented with 0.38 g/L leucine. Protein
expression was induced by inoculating saturated yeast culture
into yeast extract peptone galactose (YPG) medium (20 g/L
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galactose, 20 g/L peptone, and 10 g/L yeast extract) at a 1:50
dilution and incubating at 30°C for 20 h.

Generation of mutant libraries for yeast display

The random mutation library starting from SOPP2 was generated
by error-prone PCR. In a 100 pL reaction system, 20 ng of tem-
plate DNA (containing the SOPP2 sequence only) was amplified
for 20 cycles, with 0.4 uM forward (Err1_F) and reverse primers
(Err1_R), 0.2 mM dNTPs, 2 mM MgCl,, 2 pM 8-0x0-dGTP,
2 pM dPTP, and 0.1 U/pL Taq DNA polymerase. The PCR prod-
ucts were purified with the Zymo DNA Clean & Concentrator-5
kit. 1 pL of the first round PCR product was used as the template
and was amplified for another 20 cycles, with 0.4 uM forward
(Err2_F) and reverse primers (Err2_R) and with the 8-oxo-dGTP
and dPTP removed from the reaction system. The PCR products
were purified with the Zymo DNA Clean & Concentrator-5 kit and
amplified for another 35 cycles under regular PCR conditions for
the attachment of homologous arms. The 3™ PCR used the Pfu
DNA polymerase, 0.4 pM forward (Homo_F), and reverse primers
(Homo_R).

Before yeast electroporation, the inserts were ligated with the
BamHI-Nhel linearized pCTCON2 vector with the Lightning DNA
assembly mix (Biodragon) and transformed into the E. coli strain
DH5a for a small-scale sequencing validation. Next, 5 pg inserts
was mixed with 1 pg vectors and further purified by ethanol pre-
cipitation. The DNA pellet was re-dissolved with 10 pL double-
distilled H,O (ddH,0) and electroporated into electrocompetent
EBY100 cells (one pulse with the BioRad MicroPulser electropo-
rator in the fungi-sc2 mode, 1.5 kV initial voltage, and 5 ms time
constant). The electrocompetent yeast cells were prepared by a
typical LiAc/sorbitol protocol, in which 25 mL yeasts (ODgoo =
2.5-3.0) was incubated with 12.5 mL 100 mM LiAc and 10 mM
DTT at 30°C for 12 min, washed once with 12.5 mL 1 M ice-
cold sorbitol, and then resuspended in 250 pL 1 M ice-cold sor-
bitol. The electroporated cultures were rescued in 2 mL yeast
extract peptone dextrose (YPD) complete medium (20 g/L
glucose, 20 g/L peptone, and 10 g/L yeast extract) for 1 h at
30°C with no shaking. The rescued cell suspension was trans-
ferred to 100 mL of SD-Ura-Trp medium and grown for 24—
36 h at 30°C. 10 pL of the rescued cell suspension was diluted
100x, 1,000x, 10,000%, and 100,000x. 20 pL diluted cell sus-
pension was plated on SD-Ura-Trp plates and incubated at
30°C for 3 days. After 3 days, each colony observed in the
100x, 1,000, 10,000x, or 100,000x segments of plates will
correspond to 10%, 10°, 105, or 107 transformants in the library,
respectively.

The linker truncation library was generated by T4 ligation.
The SOPP23#V/5%V fragments and NanoLuc fragments with
truncations at the N or C terminus were prepared individually
by PCR amplification using the corresponding primers. For
each construct, a short flexible linker Gly-Thr (containing the re-
striction endonuclease Kpnl recognition site GGTACC) was
added to the junction of SOPP2**V/5%V and NanoLuc. A
BamHI recognition sequence was added to the N terminus of
the N-terminal inserts, and an Nhel recognition sequence
was added to the C terminus of the C-terminal inserts. The
linearized pCTCON2 vectors were then ligated either with the
N-terminal SOPP2'3#V/158V and C-terminal NanoLuc or with the
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N-terminal NanoLuc and C-terminal SOPP2'34V/%%V sing a T4

ligase. The ligation mix was transformed into the E. coli strain
DH5a and plated on Luria broth (LB) plates supplemented
with 70 mg/L ampicillin. After 16 h of incubation at 37°C, col-
onies were collected and lysed for plasmid extraction. 0.6 pg
plasmids expressing NanoLuc-linker library-SOPP2'34V/155V
and 0.6 pg plasmids expressing SOPP2'34V/1®5V_|inker library-
NanoLuc were concentrated by ethanol precipitation and elec-
troporated into electrocompetent EBY100 cells, following the
same protocol described above.

The linker sequence randomization library was generated by
site-saturated mutagenesis. Five amino acid residues around
the Gly-Thr junction, including two sites to its N terminus and
one site to its C terminus, were simultaneously mutated via
PCR with a forward primer containing five NNK degenerate co-
dons and a reverse primer designed to base pair with the 3’ ter-
minus of SOPP2'34V/15%V sequence. The SOPP2"34V/1®V fragment
containing five randomized sites at the 5’ terminus was ligated to
its N terminus with the NanoLuc fragment via an overlap PCR.
The PCR products were purified with the Zymo DNA Clean &
Concentrator-5 kit. 5 pg inserts was mixed with 1 pg BamHI-
Nhel linearized pCTCONZ2 vectors and further purified by ethanol
precipitation. The DNA pellet was re-dissolved dissolved in 10 pL
ddH,0 and electroporated into electrocompetent EBY100 cells,
following the same protocol described above.

Please refer to Table S4 for a list of primers used for mutant
library construction in this study.

Yeast display-based directed evolution

For each round of selection, 10-fold more yeast cells, than the
estimated library size, were used for labeling and sorting. For
the first round, library size was estimated by the transformation
efficiency of the initial ligase library. For subsequent rounds,
library size was taken to be the number of yeast cells collected
during the previous sort. Protein expression was induced by
inoculating saturated yeast culture (ODggg = 10) into the YPG
medium at a 1:50 dilution and incubating at 30°C for 20 h.
Each 1 mL of yeast cells (ODggp = 1) was pelleted at
12,000xg for 90 s and washed twice with 200 pL PBS contain-
ing 0.1% (Mm/v) bovine serum albumin (BSA). For blue-light-acti-
vated labeling, yeast cells from each 1 mL ODggg = 1 culture
were resuspended in 200 pL PBSB with 100 pM Btn-NH,.
The cell suspension was irradiated with blue LED at a power
of 15 mW/cm? for a certain time. For the directed evolution of
SOPP2!34V/185V "\we used 1-min irradiation in the 15t round selec-
tion and 5-s or 1-min irradiation for different subgroups in the
second and third round of selection. For the BRET-assisted
PL, yeast cells from each 1 mL ODggg = 1 culture were resus-
pended in 500 pL PBS with 1% (m/v) BSA, 100 uM Btn-NHo,,
and 10 pM furimazine. The increased addition of BSA in this re-
action system was intended to sufficiently quench the inter-cell
labeling. The cell suspension was incubated in dark for 1 h at
room temperature.

After the labeling reaction, yeast cells were pelleted at
12,000xg for 90 s and washed twice with 200 pL PBS contain-
ing 0.1% (m/v) BSA (PBSB). Subsequently, cells from each
1 mL ODggo = 1 culture were resuspended in 50 uL PBSB con-
taining the primary antibody (200x diluted mouse anti-FLAG
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antibody or 500x diluted mouse anti-V5 antibody) and incu-
bated at room temperature for 1 h. The cells were washed
twice with 200 pL PBSB, resuspended in 50 pL PBSB contain-
ing the secondary antibody (200x diluted goat anti-mouse-
Alexa Fluor 488 and 200x diluted streptavidin-Alexa Fluor
647) and incubated in dark at room temperature for 30 min. Af-
ter the immunostaining, yeast cells were washed twice with
200 pL PBSB and resuspended in 250 pL PBSB supplemented
with 70 mg/L ampicillin and 50 mg/L kanamycin for FACS anal-
ysis. Gates were drawn to collect yeast cells with the highest
activity/expression ratio, i.e., positive for AF488 signal and
had high AF647 signal. After sorting, yeast cells were diluted
with 2-3 mL SD-Ura-Trp medium and incubated at 37°C for
24-48 h. Part of the saturated yeast cell culture was resus-
pended in SD-Ura-Trp medium with 15% glycerol for cryopres-
ervation. The remaining cell culture was either transferred to
YPG medium to induce protein expression for the next round
of selection, or it was lysed for plasmid extraction and
sequencing.

For the directed evolution of SOPP2**V/1%8V ' mutant libraries
were sorted on a BD FACS Aria Ill cell sorter (BD Bioscience).
For the optimization of linkers, the linker truncation libraries
and sequence randomized libraries were sorted on a BD FACS
Aria SORP cell sorter (BD Bioscience). All the mutant character-
ization experiments conducted on yeast surface were analyzed
by the CytoFLEX Flow Cytometer platform (Beckman Coulter).
All data from FACS experiments were analyzed using FlowJo
software.

Flow cytometry analysis of LAP mutants on HEK293T
cell surface

For analyzing LAP mutants on HEK293T cell surface. HEK293T
cells were transfected with tdTomato-P2A-CD40L-LAP mutants.
Transfected HEK293T cells were digested with 0.05% trypsin for
1 min, collected and counted. 6 x 10° of CD40L-LAP cells were
incubated with 100 pM BA probe and 20 pM furimazine in 1 mL
DMEM medium supplemented with 10% fetal bovine serum at
37°C for 45 min; the reaction was performed in a 1.5-mL tube.
The cells were collected by centrifugation for 2 min at 700 g,
then washed 3 times with PBS. Then cells were stained with
streptavidin-Alexa Fluor 647 (1:500) at room temperature for
30 min. After washing twice, cells were analyzed by BD
LSRFortessa Cell Analyzer.

10, measurements
The SOSG probe was used for 'O, detection. To prepare a5 mM
stock solution, 100 pg SOSG powder was dissolved with 25 pL
methanol. Then the SOSG solution was diluted with PBS to a
concentration of 3 pM.

For '0, measurement of SOPP2, SOPP3, and SOPP2'34V/155V,
a PBS-based 30 pM FMN solution was prepared, and its absor-
bance at 440 nm was measured by NanoDrop 2000c (Thermo).
Protein solutions of SOPP2, SOPP3, and SOPP2'34V/155V
were diluted with PBS to the same absorbance at 440 nm with
30 pM FMN. Equal volumes of SOSG and photocatalyst solu-
tions were mixed and irradiated with blue light at 15 mW/cm?
for 0, 15, 30, 45, and 60 s. The 'O, production was analyzed
by measuring the fluorescence of SOSG oxidation products
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(Ex 504 nm, Em 535 nm). The absorbance at 440 nm was also re-
corded to analyze the photobleaching of photocatalysts.

For 'O, measurement of LAP and NanoLuc, 100 pL PBS solu-
tion containing 10 pM LAP or NanoLuc protein, 1 mM furimazine,
and 1.5 pM SOSG was incubated at 37°C for 30 min, followed by
centrifugation for 2 min at 15,000 g. The supernatant was
analyzed by measuring the fluorescence of SOSG oxidation
products (Ex 504 nm, Em 535 nm).

Cell viability assay

HEK293T cells targeting LAP to different subcellular locations
were cultured into 96-well plates. After reaching 90% conflu-
ence, cells expressing ER lumen LAP were labeled with
50 pM Fz and 1 mM 3-EA for 2 h, cells expressing CD40L-
LAP were labeled with 20 pM Fz and 100 pM BA for 45 min,
and cells expressing ERM-LAP were labeled with 50 pM Fz
and 10 mM PA for 1 h. Then the cells were washed by
100 pL PBS for two times and cultured in DMEM supplemented
with 10% fetal bovine serum and maintained at 37°C with 5%
CO, for 12 h. Cell viability was then measured by CellTiter 96
Aqueous One Solution Cell Proliferation Assay Kit (Promega,
G3580).

BRET ratio measurement using purified proteins

To record luminescence spectra of LAP and SOPP2/34V/185V,
1 uM purified proteins was mixed with 75 pM furimazine in a com-
plete DMEM without phenol red in 96-well plates with white walls
(three repeats for each protein). After 3 min of reaction, lumines-
cence spectra were recorded using a BioTek Synergy H1 Multi-
mode Reader (Agilent). The BRET ratio calculation was per-
formed as previously described.>®

Generation of cell lines stably expressing LAP fusions
HEK293T and MC38 cells were cultured in DMEM supple-
mented with 10% fetal bovine serum and maintained at
37°C with 5% CO,. To produce lentivirus, HEK293T cells
cultured in 100-mm cell culture dishes were transfected
at ~60% confluence using Lipofectamine 3000 reagent with
the gene of interest in lentiviral vector pLX304 (6 ng), together
with two packaging plasmids, dR8.91 (6 pg) and pVSV-G
(4.2 pg). 48 h after transfection, the culture medium containing
lentivirus was collected and filtered through a 0.45-pum filter.
Then the virus was concentrated using Lenti-X Concentrator
and resuspended in 2 mL of cell culture medium. 1 mL of
the concentrated virus was mixed with 1 mL of fresh cell cul-
ture medium, then added to HEK293T cells or MC38 cells at
~50% confluence cultured in 6-well plates. Next, 48 h after
lentivirus transfection, the culture medium was exchanged to
fresh complete medium. For cell selection, HEK293T cell lines
were cultured in 5 pg/mL of blasticidin-containing culture me-
dium for 7 days, and MC38 cell lines were FACS sorted.

Proteome labeling with LAP-MS in living mammalian
cells

Mammalian cell lines were cultured in 100-mm cell culture
dishes, then labeled at ~90% confluence. Cells were incu-
bated with 1 mM 3-EA and 50 pM furimazine in 10 mL
DMEM supplemented with 10% fetal bovine serum at 37°C
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for 2 h. Then, the cells were washed with cold PBS for three
times and lysed immediately with RIPA reagent containing
1 x protease inhibitor. For one 100-mm culture dish of cells,
300 pL lysis buffer was used. Then the proteins were precip-
itated using methanol/chloroform protein precipitation
method, followed by dissolving in 300 uL 0.5% SDS aqueous
solution and mixing with 150 pL click cocktail (100 pM Nz-
biotin, 667 pM CuSO,4, 1.3 mM BTTAA, and 2.5 mM sodium
ascorbate). After 1-h reaction at room temperature, the pro-
teins could be directly analyzed by western blot. Otherwise,
the proteins could also be enriched and analyzed by western
blot and LC-MS/MS.

Gel electrophoresis and western blot analysis

Protein samples were mixed with 5x protein loading buffer,
followed by boiling at 95°C for 5 min. The samples were
loaded to a 4%-20% gradient SDS-PAGE gel and analyzed
by electrophoresis. For western blot analysis, the protein gel
was transferred to a PVDF membrane under 230 mA for 1 h.
The membrane was blocked with blocking buffer (5% BSA
in TBST) at room temperature for 60 min and then incubated
with streptavidin-HRP (1:5,000 dilution) in TBST at room tem-
perature for 1 h. For anti-V5 or anti-HA western blot, the mem-
brane was incubated with mouse anti-V5/anti-HA primary
antibody (1:5,000 dilution) at room temperature for 60 min, fol-
lowed by incubating anti-mouse secondary antibody conju-
gated with HRP (1:5,000 dilution) for 1 h. Antibodies used in
this study can be found in Table S2. The membrane was
washed by TBST three times after each step of incubation.
The blots were imaged by ChemiDoc MP Imaging System
(Bio-Rad).

Fluorescence microscopy

Cells were seeded on glass coverslips in 24-well plates at a
density of ~70,000 cells per well. To improve the adherence
of cells, glass coverslips were pretreated with 20% Corning
Matrigel matrix diluted in DMEM (1:100) for 2 h at 37°C and
washed with PBS once before use. After 24 h, cells were incu-
bated with 1 mM 3-EA and 50 pM furimazine in DMEM supple-
mented with 10% fetal bovine serum at 37°C for 2 h. There-
after, cells were washed with PBS once and fixed with cold
methanol at —20°C for 10 min. Excess methanol was removed
from fixed cells through washing with PBS three times. Next,
150 pL mixture of click reaction reagents was added to each
well, containing 50 pM Nj3-PEGgz-biotin (10 mM stock in
DMSO0), 2 mM CuSQ,4, 1 mM BTTAA, and 0.5 mg/mL sodium
ascorbate and incubated at room temperature for 30 min. Af-
ter the click reaction, cells were washed with PBS three times
and then blocked with 3% BSA in PBST (PBS containing 0.1%
Tween 20) for 30 min at room temperature.

For immunostaining, cells were incubated with primary anti-
bodies (mouse anti-V5 antibody at 1:5,000 dilution, mouse
anti-HA antibody at 1:5,000 dilution, rabbit anti-Calnexin at
1:300 dilution) for 1 h at room temperature. After washing
with PBST for three times, cells were incubated with second-
ary antibodies (goat anti-mouse Alexa Fluor 488 at 1:1,000
dilution, goat anti-rabbit Alexa Fluor 568 at 1:1,000 dilution),
streptavidin-Alexa Fluor 637 (1:1,000 dilution), and DAPI
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(1:1,000 dilution) for 1 h at room temperature. After washing
with PBST for three times, immunofluorescence images
were collected with an inverted fluorescence microscope
(Nikon-TiE) equipped with a spinning disk confocal unit (Yoko-
gawa CSU-X1) and a scientific complementary metal-oxide
semiconductor camera (Hamamatsu ORCA-Flash 4.0 v.2).
The imaging equipment was controlled with a customized
software written in LabVIEW v.15.0 (National Instruments).
Antibodies used in this study can be found in Table S2.

Protein enrichment and mass spectrometry sample
preparation

For LC-MS/MS analysis, 4 mg of proteins purified after click re-
action was used for enrichment. First, 30 pL of streptavidin
agarose beads was centrifuged at 3,000xg for 2 min to remove
the supernatant, followed by washing with 1 mL PBS for 3 times.
Then the proteins dissolved in 500 pL 0.5% SDS in PBS were
incubated with the beads for 3 h at room temperature with gentle
rotation. After centrifugation, the supernatant was removed, and
the beads were washed with 1 mL 0.5% SDS in PBS with 10-min
gentle rotation, followed by washing with PBS for 6 times.

The beads were then resuspended by 500 pL 6 M urea in PBS,
followed by addition of 12.5 uL 400 mM dithiothreitol (DTT) solu-
tion. After reactions at 37°C for 1 h, 12.5 pL 800 mM iodoaceta-
mide (IAA) solution was added, followed by incubation at room
temperature for 30 min in the dark. Agarose beads were washed
four times with 1 mL 100 mM triethylammonium bicarbonate
(TEAB) buffer and resuspended in 200 pL 100 mM TEAB.
0.5 pg sequencing-grade trypsin was then added for protein
digestion by shaking at 1,200 rpm for 16 h at 37°C, and the
released peptides in supernatant were collected after centrifuga-
tion and dried.

Dimethyl labeling was taken for quantitative proteomics. Pep-
tide samples dissolved in 200 pL 100 mM TEAB were mixed with
8 pL 4% (v/v) CH,0 or 8 pL 4% (v/v) CD,0, followed by addition
of 8 pL 40 mg/mL NaBH3;CN solution. After incubation at room
temperature for 30 min, 32 puL 1% (v/v) ammonia solution was
added to samples to stop the reactions. After 5-min incubation,
16 pL formic acid was then added. The light and heavy isotopi-
cally labeled samples were mixed and then dried. Finally, the
peptide samples were fractionized by Pierce High pH Reverse
Phase Peptide Fractionation Kit for LC-MS/MS analysis.

Liquid chromatography-tandem mass spectrometry
Peptides were separated using a loading column (100 pm  x
2 cm) and a C18 separating capillary column (75 pm x 15 cm)
packed in-house with Luna 3 pm C18(2) bulk packing material
(Phenomenex, USA). The mobile phases (A: water with 0.1% for-
mic acid and B: 80% acetonitrile with 0.1% formic acid) were
driven and controlled by a Dionex Ultimate 3000 RPLC nano sys-
tem (Thermo Fisher Scientific). The LC gradient was held at 2%
for the first 8 min of the analysis, followed by an increase from
2% to 10% B from 8 to 9 min, an increase from 10% to 44% B
from 9 to 123 min, and an increase from 44% to 99% B from
123 to 128 min.

For the samples analyzed by Orbitrap Fusion LUMOS Tribrid
Mass Spectrometer, the precursors were ionized using an
EASY-Spray ionization source (Thermo Fisher Scientific) held
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at +2.0 kV, compared with ground, and the inlet capillary temper-
ature was held at 320°C. Survey scans of peptide precursors
were collected in the Orbitrap from 350 to 1,600 Th with an
AGC target of 400,000, a maximum injection time of 50 ms, RF
lens at 30%, and a resolution of 60,000 at 200 m/z. Monoisotopic
precursor selection was enabled for peptide isotopic distribu-
tions, precursors of z = 2-7 were selected for data-dependent
MS/MS scans (with a resolution of 15,000) for 3 s of cycle time,
and dynamic exclusion was set to 15 s with a +10 ppm window
set around the precursor monoisotope.

In HCD scans, an automated scan range determination was
enabled. An isolation window of 1.6 Th was used to select pre-
cursor ions with the quadrupole. Product ions were collected
in the Orbitrap with the first mass of 110 Th, an AGC target of
50,000, a maximum injection time of 30 ms, HCD collision energy
at 30%, and a resolution of 15,000.

Mass spectrometry data analysis

All raw data were processed within the MaxQuant software
package (version 1.6.1.0). Data were searched against the
Homo sapiens or Mus musculus database downloaded from
UniProt (www.uniprot.org). Half-tryptic termini and up to 1
missing trypsin cleavages were allowed. Carbamidomethyla-
tion at cysteine and isotopic modifications at lysine/N termi-
nus were set as fixed modifications. Oxidation at methionine
and acetylation of N terminus were set as variable modifica-
tions. Each of the biological replicates was analyzed sepa-
rately. Contaminants and proteins identified as reverse hits
were removed. Proteins with unique peptides < 2 or H/L ratio
“NaN” were also removed. The quantification of light/heavy
ratios was calculated with precursor mass tolerance of 20
ppm. The tolerance of the molecular weight of reporter ion
on MS/MS is 0.003 Da.

Receiver operating characteristic analysis

For ER lumen proteome identified in MC38 cells and murine tu-
mors, we performed ROC analysis to determine the cutoff ratios.
According to the true-positive list defined in TurbolD'® work that
contains 90 human ER proteins, we established a list containing
87 proteins that were included in the TurbolD list but from
mouse. The false positive list contains 7,296 proteins that are
predicted to be non-secretory by Phobius®* and also not anno-
tated with the Gene Ontology terms including the following:

GO0:0005783, GO:0005789, GO:0007029, GO:0030867,
GO0:0048237, GO:0061163, GO:0016320, GO0:0030868,
G0:0006983, GO:0000139, GO:0051645, GO:0031985,
GO0:0005796, GO:0005795, GO:0005794, GO:0007030,
GO0:0090168, GO:0005886, GO:0007009, GO:1903561,
G0:0070062, GO:0005576, GO:0031012, GO:0005615,
GO0:0005769, GO:0035646, GO:0005765, GO:0090341,
GO0:0090340, GO:0005635, GO:0007084, GO:0007077,
G0:0006998, GO:0051081, GO:0005641, GO:0031965,
GO0:0005637, GO:0071765, GO:0048471, GO:1905719,
GO0:0031982, GO:0006906, GO:0048278, GO0:0032587,
G0:0016021, GO:0005887, GO:0005768, GO:0071816,
GO0:0031526, GO:0005913, GO:0072546, GO0:1990440,
GO:0030968, GO0:1902236, GO:1990441, GO:0034976,
GO0:0005788, GO:0005790, GO0:1902237, GO:0070059,
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GO:0005786, GO:0005793, GO0:0044322, GO:0098554,
GO:0005791, GO:1902010, GO:0043001, GO:0005802,
G0:0006888, GO:0006890, GO:0005801, GO:0012510,
GO0:0006892, GO:0042147, GO:0034499, G0O:0032588,
GO:0006895, GO:0030140, GO:0051684, GO:0000042,
G0:0032580, GO:0030173, GO:0006891, GO:0030198,
G0:0031668, GO:0010715, GO:0035426, GO:1903053,
GO:1903551, GO:0005578, GO:1903055, GO:0001560,

G0:0022617, GO:0006887, GO:0012505.

Protein and RNA labeling with LAP-MS in murine tumors
To generate solid tumors, 10° of MC38 cells stably expressing
LAP in the ER lumen were subcutaneously implanted into 4- to
5-week-old C57BL/6N mice. When the tumor diameter reached
~7 mm (after 10-14 days), LAP labeling was initiated in situ by
intratumoral injection of the 150 pL PBS solution containing
10 mM 3-EA probe and 4 mM furimazine. After a 2-h reaction, tu-
mor tissues were isolated and lysed using RIPA buffer. The pro-
tein extraction, click, enrichment, western blot analysis, and
LC-MS/MS analysis are as previously described. C57BL/6N
mice were purchased from Charles River.

For in vivo RNA labeling, 10° of MC38 cells stably expressing
ERM-LAP were subcutaneously implanted into 4- to 5-week-old
C57BL/6N mice. When the tumor diameter reached ~7 mm (after
10-14 days), LAP labeling was initiated in situ by intratumoral in-
jection of the 150 pL PBS solution containing 30 mM PA probe
and 4 mM furimazine. After a 1-h reaction, tumor tissues were
isolated and lysed using TRIzol reagent.

Cell-cell interaction labeling with LAP-CELL in vitro

For labeling of CD40-CD40L-mediated cell-cell
interactions

HEK293T cells were transfected with tdTomato-P2A-CD40L-
LAP, CD40-EGFP, and EGFP plasmid, respectively. Transfected
HEK293T cells were digested with 0.05% trypsin for 1 min,
collected, and counted. 4 x 10° of CD40L-LAP cells were mixed
with 2 x 10° of CD40-EGFP cells or EGFP control cells, and then
incubated with 100 pM BA probe and 20 pM furimazine in 1 mL
DMEM supplemented with 10% fetal bovine serum at 37°C for
45 min; the reaction was performed in a 1.5-mL tube. The cells
were collected by centrifugation for 2 min at 700 g, then washed 3
times with PBS. Then, cells were stained with streptavidin-Alexa
Fluor 647 (1:500) at room temperature for 30 min. After washing
twice, cell mixtures were analyzed by BD LSRFortessa Cell
Analyzer.

For labeling of CD19 CAR-mediated cell-cell

interactions

The HEK293T cell line stably expressing anti-CD19 CAR and cell
membrane-localized LAP (IgK leader sequence-LAP-PDGFR
transmembrane domain) was constructed as bait cells. We
mixed different amounts of Raji and K562 cells: 10° of Raji cells
and 10° of K562 cells, 10 of Raji cells and 10° of K562 cells, and
5 x 10* of Raji cells and 5 x 10* of K562 cells. Calcein AM stain-
ing was used for recognition of Raji or K562 cells. The above cell
mixture was mixed with 4 x 10° of baited cells, followed by incu-
bation with 100 pM BA probe and 20 pM furimazine in 1 mL
DMEM supplemented with 10% fetal bovine serum at 37°C for
45 min, the reaction was performed in a 1.5-mL tube. The cells
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were collected by centrifugation for 2 min at 700 g, then washed
3 times with PBS. Then, cells were stained with streptavidin-
Alexa Fluor 647 (1:500) at room temperature for 30 min.
After washing twice, cell mixtures were analyzed by BD
LSRFortessa Cell Analyzer.

Cell-cell interaction labeling with LAP-CELL in living
mice

HEK293T cells were transfected with tdTomato-P2A-CD40L-
LAP, CD40-EGFP, and EGFP plasmid, respectively. Transfected
HEK293T cells were digested with 0.05% trypsin for 1 min,
collected, and counted. 4 x 10° of CD40L-LAP cells were mixed
with 2 x 10° of CD40-EGFP cells or EGFP control cells, followed
by intraperitoneal injection of them into 4- to 5-week-old C57BL/
6N mice (volume: 500 pL). After 15-min incubation, 500 pL of PBS
solution containing 300 pM furimazine and 1 mM BA probe was
administrated into mice to trigger cellular labeling for 45 min, fol-
lowed by cell isolation. The cells were collected by centrifugation
for 2 min at 700 g, then washed 3 times with PBS. Then, cells
were stained with streptavidin-Alexa Fluor 647 (1:500) at room
temperature for 30 min. After washing twice, cell mixtures were
analyzed by BD LSRFortessa Cell Analyzer. C57BL/6N mice
were purchased from Charles River.

Transcriptome labeling and enrichment with LAP-seq in
living mammalian cells
Cells stably expressing ERM-located LAP were seeded to
100-mm cell culture dishes, then labeled at ~90% confluence.
Cells were incubated with 10 mM PA and 50 pM furimazine in
DMEM supplemented with 10% fetal bovine serum at 37°C for
15-60 min. Then, the cells were washed with cold PBS thrice
and lysed immediately with TRIzol reagent. Briefly, the homoge-
nized sample was mixed and incubated with chloroform, and the
upper aqueous phase was pipetted out and subjected to RNA
precipitation by adding 100% isopropanol. The RNA pellet was
washed with 75% ethanol and dissolved in RNase-free water.
The purified RNA sample were treated with 1-2 uL DNasel at
37°C for 30 min and then incubated with click reagents consist-
ing of 0.1 mM biotin-azide, 2 mM THPTA, 0.5 mM CuSQ,, and
5 mM sodium ascorbate. After 10 min of CuAAC reaction at
room temperature, RNAs were purified with RNA Clean &
Concentrator kit and eluted with pre-warmed nuclease-free wa-
ter. 50 pg of purified RNA was utilized for affinity enrichment.
20 pL of Dynabeads MyOne streptavidin C1 were washed
three times with 200 pL B&W buffer (5 mM Tris pH 7.5, 1 M
NaCl, 0.5 mM EDTA, 0.1% (v/v) Tween-20), twice with solution
A (0.1 M NaOH, 0.05 M NaCl in nuclease-free water), once with
solution B (0.1 M NaCl in nuclease-free water), and resuspended
in 200 pL blocking buffer (1 mg/mL BSA, 1 mg/mL Yeast-tRNA in
B&W buffer) on a shaker (1,200 rpm) for 2 h at 25°C. Thereafter,
pre-blocked beads were washed three times with 200 pL B&W
buffer. Extracted RNAs (around 50 pg) were mixed with an equal
volume of 2x B&W buffer (10 mM Tris pH 7.5, 2 M NaCl, 1 mM
EDTA, 0.2% (v/v) Tween-20) before incubating with the pre-
blocked beads on a shaker (1,200 rpm) for 45 min at 25°C to
allow binding of biotinylated RNAs. The supernatant was dis-
carded, and the beads were washed three times with 200 uL
B&W buffer, twice with 200 pL Urea buffer (4 M Urea, 0.1%
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(w/v) SDS in PBS), and twice with 200 pL PBS. The beads
were finally resuspended in 50 pL Elution buffer (95% form-
amide, 10 mM EDTA, 1.5 mM D-biotin), heated at 50°C for
5 min and then at 90°C for 5 min. The supernatant containing
eluted biotinylated RNAs was transferred to a 1.5-mL Eppendorf
tube and mixed with 1 mL TRIzol reagent to extract RNA. Each
sample was added with 200 pL chloroform and mixed vigorously,
followed by centrifugation for 15 min at 4°C, 12,000 g. The
aqueous phase with dissolved RNAs was transferred to a new
tube, added with 500 pL isopropanol and 20 pg glycogen, and
then incubated at -20°C overnight to precipitate RNA. The sedi-
ment was washed with 1 mL 75% (v/v) ethanol and dissolved into
10 pL of nuclease-free water.

Dot blot analysis of enriched RNA

Equal volume of purified biotinylated RNA was loaded onto
Immobilon-Ny + membrane and crosslinked to the membrane
by an ultraviolet crosslinker. The membrane was blocked with
5% BSA in PBST (PBS containing 0.1% Tween-20) at room tem-
perature for 1 h and incubated with streptavidin-HRP in PBST at
room temperature for 1 h. The membrane was washed three
times with PBST for 10 min each time, incubated in Clarity West-
ern ECL Substrate and then imaged on a ChemiDoc imaging sys-
tem (Bio-Rad).

RT-gPCR analysis of enriched RNA

For each sample, 1 pg of input RNA and 3 pL of enriched RNA were
reverse transcribed with random primers and ProtoScript I1in 20 uL
reaction buffer, according to the manufacturer’s instructions. The
input and enriched cDNAs were aliquoted into four tubes (for four
genes) as templates for gPCR. The templates were mixed with
PowerUp SYBR Green Master Mix and primers and then quantified
by ABI StepOne Plus system. C; values were averaged from four
replicate measurements. Negative controls without furimazine
were treated in the same manner as the sample and were used
here to calculate enrichment FC: 24Ct-control-ACLIabel = \yhare
ACt - CtEnrich _ Ctlnput.

Library construction for next-generation sequencing

NEBNext Ultra Il RNA Library Prep Kit for lllumina (NEB, E7770)
was used for cDNA library construction. 100 ng input and 5 pL
enriched (label or omitting furimazine) RNAs were fragmentated
to ~300 nt in the presence of 1 pL Random primer and 4 pL First
Strand Synthesis Reaction Buffer at 94°C. Then the fragmen-
tated RNAs were mixed with 2 pL First Strand Synthesis Enzyme
Mix and 8 pL nuclease-free water for reverse transcription (25°C
for 10 min, 42°C for 25 min, and 70°C for 15 min). Then 8 puL of
Second Strand Synthesis Reaction Buffer (10x), 4 pL of Second
Strand Synthesis Enzyme Mix, and 48 pL water were added to
the first strand reaction product for second strand cDNA synthe-
sis and incubated for 1 h at 16°C. The double-stranded cDNA
was purified with 1.8x VAHTS DNA Clean Beads and eluted by
50 pL 0.1 x TE buffer. For end prep, the eluted cDNA was mixed
with 7 uL of End Prep Reaction Buffer, 3 pL Enzyme Mix and
incubated at 20°C for 30 min and at 65°C for 30 min. For adaptor
ligation, 2.5 pL diluted adaptor, 1 pL ligation Enhancer, and 30 pL
Ligation Master Mix were added to the end prepped DNA and
incubated at 20°C for 20 min. The ligated cDNA was purified
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using 0.9x VAHTS DNA Clean Beads, then amplified by PCR,
and purified again with 0.9x VAHTS DNA Clean Beads. The
input samples, label_Enrich samples, and control_Enrich sam-
ples were amplified for 11, 14, and 16 cycles, respectively. The
quality of libraries was tested using Agilent D1000 ScreenTape
System. To further refine the library size distribution, two rounds
of size selection were performed using 0.6-0.7x and 0.3x
VAHTS DNA Clean Beads, according to the manufacturer’s in-
structions. Finally, the cDNA libraries were sequenced on the II-
lumina HiSeq X Ten platform, generating 150 bp paired-end
reads.

Next-generation sequencing data analysis
Cutadapt® (v.1.18) was utilized first for adaptor sequence
removal. Then the reads were mapped by hisat2® (v.2.1.0)
against the human genome assembly GRCh38 (hg38) down-
loaded from Ensembl. Using the gene annotation (v.87) down-
loaded from Ensembl, the mapped reads were counted by
HTSeq®” (v.0.7.2) with the option “~stranded no.” Then, differen-
tial expression analysis was carried out by DESeq2°® (v.1.16.1).
HEK293T ERM dataset was defined with the cutoff of log,FC
(label vs. control) > 1 and p,q; < 0.05. True-positive human
secretary pathway mRNAs were referred to the CAP-seq
work. The MC38 ERM RNA dataset was defined as the overlap
between the enriched targets in two differential analyses by
DESeq2: post- vs. pre-enrichment of RNA labeled with ERM-
LAP, and post-enriched RNA labeled with ERM-LAP vs. RNA
from negative control omitting furimazine. The cutoffs were
set as log,FC > 0.3 and p,q; < 0.05. True-positive mouse
secretary pathway mRNAs were defined as the ensemble of
genes whose Gene Ontology cellular component (GOCC) an-
notations contain the following words that related to “secre-
tory pathway”: “endoplasmic reticulum,” “Golgi,” “plasma
membrane,” “extracellular,” “endosome,” “lysosome,” “nu-
clear envelope,” “nuclear membrane,” “perinuclear region of
cytoplasm,” and “vesicle.”
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Materials availability
All materials generated in this study are available from the lead contact without
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Data and code availability
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sequencing data generated in this study have been deposited in the National
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sion code GSE276085. All data supporting this study are available in the manu-
script and supplemental information.
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