Downloaded at Beijing Peking Univ Library on June 19, 2021

Spatiotemporally resolved

Check for
updates

subcellular phosphoproteomics

Yanjun Liu®', Ruxin Zeng®'®, Ruixuan Wang?, Yicheng Weng®<®, Ruixiang Wang™*, Peng Zou ,

a,b,c,2

and Peng R. Chen

a,c,d,e,2

2Synthetic and Functional Biomolecules Center, Beijing National Laboratory for Molecular Sciences, Key Laboratory of Bioorganic Chemistry and Molecular
Engineering of Ministry of Education, College of Chemistry and Molecular Engineering, Peking University, 100871 Beijing, China; PAcademy for Advanced
Interdisciplinary Studies, Peking University, 100871 Beijing, China; “Peking-Tsinghua Center for Life Sciences, Peking University, 100871 Beijing, China;

9pKU-IDG/McGovern Institute for Brain Research, Peking University, 100871 Beijing, China; and °Chinese Institute of Brain Research, 102206 Beijing, China

Edited by Carolyn R. Bertozzi, Stanford University, Stanford, CA, and approved May 12, 2021 (received for review December 9, 2020)

Proteome-wide profiling of protein phosphorylation has been widely
used to reveal the underlying mechanism of diverse cellular signaling
events. Yet, characterizing subcellular phosphoproteome with high
spatial-temporal resolution has remained challenging. Herein, we
developed a subcellular-specific uncaging-assisted biotinylation
and mapping of phosphoproteome (SubMAPP) strategy to moni-
tor the phosphorylation dynamics of subcellular proteome in living
cells and animals. Our method capitalizes on the genetically encoded
bioorthogonal decaging strategy, which enables the rapid activation
of subcellular localized proximity labeling biotin ligase through ei-
ther light illumination or small-molecule triggers. By further adopting
an integrated orthogonal pull-down strategy with quantitative mass
spectrometry, SUbMAPP allowed for the investigation of subcellular
phosphoproteome dynamics, revealing the altered phosphorylation
patterns of endoplasmic reticulum (ER) luminal proteins under ER
stress. Finally, we further expanded the scope of the SuUbMAPP strat-
egy to primary neuron culture and living mice.

subcellular phosphoproteome | bioorthogonal decaging | proximal labeling

hosphorylation is one of the most imperative posttranslational

modifications (PTMs) that plays fundamental roles in diverse
cellular processes, ranging from signal transduction to stress re-
sponses (1-3). Over the past decades, phosphoproteomic profiling
techniques have been extensively developed to study various phys-
iological and pathological processes (4, 5). Yet, these methods
focused mainly on the whole-cell proteome rather than the dis-
tributions and dynamic changes of phosphoproteins at subcellular
level. Therefore, spatiotemporally resolved characterization of
protein phosphorylation remained highly desirable (6-9).

In recent years, several enzyme-catalyzed proximity labeling
(PL) methods have been developed [e.g., APEX/APEX?2 (10, 11),
BiolD/TurboID (12-14)] for subcellular proteomic profiling in liv-
ing cells (15, 16), providing high-quality protein inventories in
subcellular compartments that are difficult to isolate. However,
existing PL enzymes are not readily applicable for the capture of
dynamic PTM changes at subcellular level according to the fol-
lowing reasons: 1) the prerequisite of hydrogen peroxide (~1 mM)
by APEX would acutely affect the cellular metabolism and protein
PTMs, particularly on phosphorylations (17); 2) cellular expression
of TurboID would inevitably lead to pervasive biotinylation of en-
dogenous proteins, which may perturb regular cellular processes and
give rise to cytotoxicity (18-21); and 3) biotin starvation commonly
adopted in BioID/TurbolD assays to reduce background labeling
could result in substantial stress to cellular homeostasis that alters
protein PTM patterns (22). In order to address these challenges, we
envision that a PL enzyme whose catalytic activity is controlled by
bioorthogonal triggers can be utilized to minimize the interferences
on cell physiology. Coupling with diverse PTM-enrichment proto-
cols, the dynamic change of PTMs can be portrayed with subcellular
precision (23-26).

Herein, we manufactured a bioorthogonally activatable pro-
miscuous biotin ligase with rapid turn-on kinetics and excellent
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proximity labeling efficiencies in organelles including endoplasmic
reticulum (ER) and mitochondria. By adopting an integrated or-
thogonal pull-down strategy with mass spectrometry—based quan-
titative proteomics, we developed a subcellular-specific uncaging-
assisted biotinylation and mapping of phosphoproteome (Sub-
MAPP) strategy to investigate ER-specific phosphoproteome and
its dynamic changes upon ER stress (Fig. 1 A-C). SUbMAPP has
enabled the identification of 949 phosphopeptides from 500 phos-
phorylated proteins in the ER lumen of human embryonic kidney
293T (HEK293T) cells, which unveils phosphoproteins and phos-
phosites that are hardly detectable by previous methods in the ER.
Finally, we expanded the application of SubMAPP toward a
more complex living system including primary neuron culture
and living mice.

Results

Design of Bioorthogonally Activatable PL Enzymes for SubMAPP. We
chose to work on the latest-generation of biotin ligase, TurbolID,
due to its rapid and efficient proximity-dependent biotinylation
(14). Sequence alignment and structural analysis of biotin ligase
variants (e.g., BiolD/BioID2, Turbo, and BASU) revealed a key
catalytic lysine residue (e.g., BirA-K183, Turbo-K182) that is re-
quired for the adenylation of biotin with ATP to yield the reactive
intermediate, biotinyl-5'-AMP (SI Appendix, Fig. S14) (27). By
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Fig. 1. Schematic illustration of SUbMAPP. (A) Subcellular targeting of bioorthogonally activatable PL enzymes, photoTurbo and chemoTurbo variants, are
created by genetically replacing the catalytic lysine residue with photo-/chemo-caged lysine analogs. Temporal-gated PL enzyme activation and subcellular
proteomic labeling can be achieved by in situ decaging. Biotinylated proteins subsequently undergo an orthogonal pull-down pipeline to yield digested
phosphopeptides, which were subjected to quantitative MS analysis. (B) Schematic illustration of photoTurbo activation. The photo-caged lysine analog
(ONPK) can be genetically and site-specifically incorporated into Turbo in place of the conserved catalytic lysine residue (K182). Upon 365 nm photolysis,
photoTurbo is rapidly activated, thus triggering the enzymatic generation of biotin-AMP from biotin and ATP. (C) Chemical structures of photo-caged and

chemo-caged unnatural amino acids.

genetically replacing the K182 residue of Turbo with photo-caged
lysine analog N°*-[(1-(6-Nitrobenzo[d][1,3]dioxol-5yl)ethoxy)car-
bonyl]-L-lysine (ONPK) via genetic code expansion (28, 29), the
resulting Turbo-K1820ONPK (hereafter referred to as photo-
Turbo) became inactive even in the presence of 100 pM biotin
substrate in the culture medium (Fig. 1B and SI Appendix, Fig.
S1 B and C). ONPK was chosen as opposed to other photo-caged
lysine analogs (e.g., o-nitrobenzyl-oxycarbonyl-N°-L-lysine, ONBK,
SI Appendix, Fig. S1D) for its higher incorporation yield, photo-
decaging efficiency, and its more biologically inert ketone by-
product (SI Appendix, Fig. S1 D and E and Supplementary Note
S1). Upon photolysis by 365 nm light for 5 min, ONPK can liberate
the lysine side-chain and restore the enzyme activity (Fig. 1 B and C).

We created a HEK293T cell line stably expressing the pyrrolysine-
amino acyl tRNA synthetase (PyIRS) for ONPK incorporation.
Utilizing this cell line, we verified localizations and labeling speci-
ficities of photoTurbo variants with fluorescence microscopy in mi-
tochondrial matrix and ER lumen, respectively. (Fig. 2 4 and B and
SI Appendix, Fig. S2 A and B). We then compared the proximity-
dependent labeling efficiency of these targeted photoTurbo fusions
to the wild-type Turbo by Western blotting. The background
biotinylation from photoTurbo prior to light illumination was al-
most imperceptible with the negative control omitting the enzyme
and substantially lower than the sample expressing Turbo, indi-
cating successful enzyme inactivation. Following photolysis at
365 nm for 5 min, biotinylation from decaged photoTurbo reached
a similar level as that of wild-type Turbo (Fig. 2C and SI Appendix,
Fig. S2C).

We further evaluated the specificity and coverage of this photo-
activatable PL enzyme with quantitative mass spectrometry (MS)-
based subcellular proteomic profiling. HEK293T cells expressing
organelle-targeted photoTurbo were illuminated with 365 nm
light in the presence of biotin for 10 min before cell lysis, and bio-
tinylated proteins were enriched with streptavidin-coated beads
(Fig. 24 and SI Appendix, Fig. S3). Samples without UV irradiation
were set as negative controls. Following on-beads digestion,
enriched peptides were dimethyl labeled and analyzed by liquid
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chromatography-tandem mass spectrometry (LC-MS/MS). The
quantitative proteomic data were filtered with a cutoff UV/-UV
ratio >2. In the case of mitochondrial matrix-targeted photo-
Turbo, three replicated experiments covered 377 proteins with 70%
specificity, which was on par with previously published mito-
TurboID proteome (Fig. 2D and SI Appendix, Fig. S4 and Dataset
S1) (14). For ER lumen, we identified 508 secretory pathway-related
proteins (secretome proteins) with 88% specificity, including 142 ER
resident proteins (28%), 33 Golgi apparatus proteins (6.5%), 168
secreted proteins (33%), and 136 membrane-bound proteins (27%)
(Fig. 2E and SI Appendix, Fig. S5 and Dataset S2). Taken together,
the above data demonstrated that our engineered, bioorthogonally
activatable PL system exhibited both high spatial specificity and ex-
cellent coverage of subcellular proteome, while allowing precise and
on-demand temporal control of enzymatic activity.

Subcellular Phosphoproteome Profiling by SubMAPP. To portray the
dynamic PTM of subcellular proteome, we devised a SubMAPP
procedure that combined the activatable PL enzymes with phos-
phoproteomics. While protein phosphorylation frequently occurs
in the cytoplasm, several protein kinases have been recently dis-
covered to be responsible for phosphorylating proteins in the se-
cretory pathway (30-33). Although this exciting discovery suggested
that protein phosphorylation may occur within the ER lumen, we
are currently lacking an ER-specific proteomic profiling tool to
directly identify and/or verify these phosphorylation targets in living
cells. Notably, previous efforts for analyzing ER phosphopro-
teome using ultracentrifugation were plagued with poor spatial
specificity and temporal resolution (34). Alternatively, we combined
ER-specific photoTurbo labeling with TiO,-mediated phosphopro-
teome enrichment as an orthogonal pull-down strategy: biotinylated
proteins enriched from affinity purification were subjected to on-
bead digestion to release phosphopeptides, which were further
enriched by TiO,-coated beads and analyzed by LC-MS/MS
(Figs. 14 and 34). We have identified a total of 949 phospho-
peptides from 500 phosphorylated proteins across three biolog-
ical replicates in HEK293T cells (Fig. 3B and Dataset S3).
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Fig. 2. Engineering bioorthogonally activatable PL enzymes for SUbMAPP. (A) Schematic description of photoTurbo-enabled subcellular proteomics. The
light-activated photoTurbo allowed temporally gated and spatially restricted protein biotinylation that can be analyzed by MS-based quantitative proteo-
mics. (B) Fluorescence images of HEK293T cells expressing photoTurbo in the ER lumen, with proteins biotinylated by UV illumination for 5 min. CALX: ER
marker. (Scale bars: 5 pm.) Pearson’s R values are shown in the corner. (C) Western blot analysis comparing the proximity-dependent protein labeling effi-
ciency of photoTurbo with wild-type Turbo in mitochondrial matrix and endoplasmic reticulum. Cells transfected with empty vector were used as “Blank”
sample. (D) MS-based identification and quantification of mitochondrial matrix proteome labeled by photoTurbo and TurbolD, respectively. From left to
right: the first column shows the fraction of annotated mitochondrial proteins in entire human proteome; the second and third columns compare the
fractions of mitochondrial proteins in the data sets; and the fourth and fifth columns represent the fractions of mitochondrial matrix proteins in the data sets.
(E) Specificity analysis of ER lumen proteome obtained via photoTurbo, with the coverage of secretion related proteins reaching 88% (508 out of 578

proteins).

Compared with our ER proteome, the specificity of ER phos-
phoproteome was slightly reduced to 66% (330 out of 500 pro-
teins), with the nuclear phosphoproteins as the major source of
contaminants (~25%, SI Appendix, Fig. S6A4). We therefore fil-
tered our data set to contain only those peptides derived from
secretory proteins (628 peptides from 330 proteins). Amino acid
motif analysis of this curated list revealed that phosphorylation
frequently occurred at the Ser residue, followed by Thr, and to a
lesser extent Tyr. Notably, the majority of phosphosites were

A /

located within the S-P-E tripeptide motif (Fig. 3C), which coin-
cided with the substrate recognition motif of Fam20C, a recently
identified secretory pathway kinase (32). Our ER phosphoproteome
list contains several reported Fam20C substrates such as ENPL
(S306), TGO1 (S1906), and NUCBL1 (S369) (Fig. 3D and SI Ap-
pendix, Fig. S6 B and C) (35). In addition, our results have unveiled
phosphorylated proteins, such as ER-resident protein FKBP7
(S210), secreted protein GANAB (T440), plasma membrane
protein DSG2 (S551), and HLA-B (S66 and T249) (Dataset S3 and
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Fig. 3.

SubMAPP-enabled subcellular phosphoproteomics. (A) Schematic description of ER phosphoproteome profiling by SUbMAPP. (B) Venn diagram

showing the overlap of phosphorylated peptides identified from three independent orthogonal pull-down experiments in living cells. (C) Motif analysis of
secretome-related phosphopeptides. (D) MS/MS spectrum of phosphopeptide derived from NUCB1, with b- and y-ions identified by the pFind software (34).
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SI Appendix, Fig. S7), which were all phosphorylated within ER
lumen. Whether these proteins are phosphorylated by Fam20C,
VLK, or by yet-unknown secreted kinases remain to be clarified.
Taken together, SubMAPP allowed us to profile subcellular phos-
phoproteome, which revealed previously identified Fam20C sub-
strates as well as kinase substrates in ER lumen.

SubMAPP for Dynamic ER Lumen Proteome and Phosphoproteome
Profiling. We next utilized the temporal feature of SUbMAPP to
monitor the dynamic changes of ER proteome and phosphopro-
teome upon ER stress. As an inhibitor of the sarco/endoplasmic
reticulum Ca**-ATPase (SERCA), thapsigargin (Tg) could disrupt
calcium homeostasis and induce ER stress, which can activate
cellular responses such as unfolded protein response (UPR) and
ER associated protein degradation (ERAD) (36-38). HEK293T cells
expressing ER lumen-targeted photoTurbo were treated with Tg (500
nM) or DMSO for 8 h, followed by photo-activation for ER pro-
teome labeling (Fig. 44). The presence of Tg-induced ER stress was
verified by the elevated expression of Bip, a known ER stress marker
(ST Appendix, Fig. S54). Across three biological replicates with
quantitative proteomic analysis, a total of 636 proteins were identified
(Fig. 4B and Dataset S4). The characteristic, asymmetric distribution
of Stress/Blank ratios indicated a global depletion of ER luminal

proteins, with 93 proteins below the cutoff Stress/Blank ratio of
0.67 (P < 0.05), which may arise from ER stress-induced mRNA
decay (Fig. 4B and SI Appendix, Fig. S8C) (39). Notably, against
this global depletion background, 18 proteins emerged as being
up-regulated (cutoff Stress/Blank ratio > 1.5, P < 0.05). Gene
Ontology analysis of these up-regulated proteins revealed an over-
representation of the following terms: protein folding, ER unfolded
protein response, cell adhesion, and glycoprotein metabolic process
(SI Appendix, Fig. S8B). A majority of these up-regulated proteins
are calcium-binding proteins including Ca**-binding chaperones
(e.g, CALX, CALR, CLGN), protein folding enzymes (e.g.,
FKBPY, FKBP10) as well as proteins required for ER export (e.g.,
LMANT1), which may enhance the chaperone/enzyme activity and
maintain ER calcium homeostasis during Tg-induced ER stress
(SI Appendix, Fig. S8 A and B).

RT-gPCR was used to examine the transcriptional change, which
revealed a total of 18 up-regulated and 19 significantly down-
regulated proteins by a stringent cutoff (fold-change < 0.5, P < 0.05).
As expected, a positive correlation between protein abundance and
transcription level was observed for most proteins, including folding
factors, UPR-related proteins, and proteins involved in the extra-
cellular matrix organization. However, a negative correlation was
also detected for a subset of proteins. For instance, several proteins
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Fig. 4. SubMAPP for dynamic subcellular proteomics and phosphoproteomics. (A) Experimental scheme for ER-photoTurbo labeling in the presence and
absence of ER stress inducer, Tg. (B) Volcano plot showing significant change of secretory proteins in ER lumen under 500 nM Tg treatment. Calcium binding
proteins are highlighted in red. (C) The transcription and translation correlation analysis on proteins under ER stress. (D) Volcano plot showing the change of
phosphorylated peptides in ER lumen under ER stress. (E) The correction of phosphorylation level of partial phosphorylated proteins, which coincide with ER
proteome under ER stress. (F) Schematic description of the photo-controlled Turbo-enabled “pulse-chase” strategy for monitoring or identification of
ER-to-mitochondria translocated proteins. In brief, 1) ER proteins were first “pulse” labeled by photo-activation of Turbo upon ER stress, and 2) the mito-
chondria fraction was then isolated to “chase” enrich the biotinylated proteins in mitochondria. (G) Immunoprecipitation for detecting the
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mitochondrial markers.
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involved in the glycoprotein metabolism (e.g., GLU2B, SMOCI,
CSPG2, NID1) with lower transcription levels were highly enriched
in our proteomics data set. In contrast, several proteins involved in
the ERAD pathway and glycoside catabolism (e.g., CCD47,
EDEMI, SUMF2, CLCC1) had higher transcription activity but
were down-regulated at the protein level (Fig. 4C and SI Appendix,
Fig. S8 D and E). The discrepancies between mRNA levels and
protein levels might be explained by the difference in the trans-
lation efficiency and/or the subcellular targeting efficiency.

The dynamic change of ER phosphoproteome was next inves-
tigated. From three label-free quantitative proteomic experiments
(Fig. 4D and Dataset S5), we identified a total of 51 phosphosites
from 42 proteins with significant changes in response to ER stress.
Among these, 42 phosphopeptides from 34 secretion-related pro-
teins were up-regulated, while another 3 phosphopeptides from 3
proteins were down-regulated (Fig. 4D). By normalizing changes in
phosphorylation levels against changes in protein-levels, we found
that 17 out of 24 phosphorylation sites (71%) were up-regulated
under ER stress, which was likely caused by elevated kinase activity
in the ER lumen (Fig. 4E and SI Appendix, Fig. S9). Interestingly,
the two phosphosites in the human leukocyte antigen HLA-B,
Ser66 and T249, were up- and down-regulated, respectively. Both
phosphosites are located at the loop regions, which may be more
accessible to the corresponding kinase (SI Appendix, Fig. S10).
Since HLA-B has been associated with ER-stress in previous re-
ports (40), our results suggested that the different phosphorylation
on HLA-B may contribute to its role in ER stress.

Interestingly, while we found that the whole cell expression of
a major ER chaperone BiP was up-regulated upon ER stress, its
abundance remained virtually unchanged within ER lumen (S/
Appendix, Fig. S11). Previous fluorescence imaging study showed
that BiP was relocated to the mitochondria when cells were
under ER stress (41, 42). We confirmed the presence of BiP in
isolated mitochondria by Western blotting, which was insensitive
to Proteinase K treatment, indicating the localization in either
the mitochondrial matrix or the intermembrane space (Fig. 4G).

Given the high abundance of BiP in ER and its presence in
mitochondria upon ER stress, we hypothesized that BiP might
translocate from the ER lumen to the mitochondria upon Tg-
induced ER stress. We thus designed a “pulse-chase” experiment
to examine whether a direct ER-to-mitochondria translocation
might have occurred for BiP. As shown in Fig. 4F, HEK293T cells
expressing ER lumen-targeted photoTurbo were treated with
500 nM Tg for 4 h to induce ER stress, photoactivated to “pulse”
biotinylate the ER luminal proteins for 10 min, and subsequently
“chased” for 4 h. Mitochondria isolation and affinity purification
of its biotinylated proteins were conducted at the end of the “chase”
period. Indeed, BiP was only found in the ER labeled sample after Tg
treatment (Fig. 4G). Taken together, our study revealed the trans-
location of BiP from ER lumen to mitochondria under ER stress,
which further established activatable Turbo system as a spatiotem-
porally specific tool for studying subcellular proteome dynamics.

Photo/ChemoTurbo-Enabled Subcellular Proteomics on Neuron Culture
and Living Animals. We next demonstrated the compatibility of
SubMAPP in neuronal cell culture models, including the human
neuroblastoma cell line SH-SYS5Y and cultured rat primary neu-
rons, which are particularly sensitive to the dysregulation of biotin
metabolism (43, 44). In SH-SYSY cells, mitochondrial matrix/ER
lumen-targeted photoTurbo were expressed and allowed to spe-
cifically and efficiently label proximal proteins after 10 min irra-
diation (Fig. 5 4 and B and SI Appendix, Fig. S12). Furthermore,
we also evaluated the specificity and coverage of photoTurbo
through proteomic experiments in SH-SY5Y cells. A total of 343
secretory pathway related proteins were identified with specificity
up to 92% from three biological replicates (Fig.5C and Dataset
S6). In cultured rat cortical neurons, photoTurbo can be expressed
in the mitochondrial matrix and ER lumen. As expected, these
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targeted photo-Turbo variants had low biotinylation background
and negligible toxicity in the presence of biotin molecules in
neuron cells, which can be rapidly activated with high proximal
labeling efficiency (SI Appendix, Fig. S13).

Finally, to circumvent the limitation of photoTurbo in deep
tissue or intact animals, we developed chemical-activatable Turbo
(chemoTurbo) that extended the SubMAPP strategy to living mice.
Through the incorporation of chemical-caged lysine analog N-
(((E)-cyclooct-2-en-1-yl)-oxy)carbonyl-L-lysine (TCOK) (45, 46) at
the K182 site, Turbo’s enzyme activity can be temporally blocked
until being rapidly rescued by the addition of a chemical trigger,
dimethyl tetrazine (DM-Tz, Fig. 5D and SI Appendix, Fig. S14A).
Since chemoTurbo does not require UV illumination, it allows in
situ enzyme activation in tissue or live animals. To demonstrate the
efficiency of chemoTurbo in living mice, we injected HEK293T cells
harboring mitochondrial matrix/ER lumen-targeted chemoTurbo
subcutaneously into mice. Little biotinylation background was ob-
served in the absence of DM-Tz. Upon the addition of DM-Tz via
tail vein injection and the supplementation of biotin via intraperi-
toneal injection, chemoTurbo was rapidly turned on and efficiently
biotinylated proteins (Fig. 5 E and F and SI Appendix, Fig. S14B).
Interestingly, we further enriched the biotinylated proteins by
ER lumen-targeted chemoTurbo in mice, which identified 318
secretory-related proteins with 90% specificity (Fig. 5G and
Dataset S6). Taken together, these results demonstrated the ca-
pability of our SubMAPP strategy for subcellular proteome label-
ing in complex systems such as neurons and living animals.

Discussion

Dissecting the underlying mechanism of various protein-modulated
biological processes requires comprehensive analysis of PTMs with
high spatial and temporal precision (1, 2, 6). Herein, we developed
a SubMAPP strategy by engineering bioorthogonally activatable
PL enzymes for spatial-temporal resolved profiling of subcellu-
lar phosphoproteome in living cells. Based on the newly devel-
oped biotin ligase-TurbolD (14), a spatial-temporal controlled
photo/chemoTurbo was created by the genetically encoded chem-
ical decaging strategy, which avoids cytotoxicity and PTM pertur-
bations caused by biotin starvation, as well as the background
biotinylation from endogenous biotin. The excellent spatial speci-
ficity and temporal precision allowed quantitative and comparative
proteomic analysis of dynamic ER proteome under ER stress,
which also offered a “pulse-chase” strategy for monitoring inter-
organelle protein translocation (e.g., ER to mitochondria) under
living conditions.

Notably, the engineered PL enzyme could be integrated with
phosphorylation-enrichment strategy and MS-based quantitative
proteomics for dynamic profiling of phosphorylation changes in
subcellular proteome. We profiled the phosphoproteome of ER
lumen and revealed some known phosphosites of Fam20C, in-
dicating that Fam20C may directly phosphorylate a cluster of its
substrates within ER lumen (32). In addition, several phosphory-
lated proteins were identified by SubMAPP strategy. Through
coinciding the proteome and phosphoproteome of ER lumen, we
mapped the dynamic phosphorylation changes upon ER stress.
Combining this strategy with affinity purification procedures for
different PTMs (e.g., tyrosine phosphorylation, acetylation, and
lactylation, etc.) may enable the exploration of the highly dy-
namic PTM processes of subcellular organelles under various
physiological and/or pathological conditions.

Finally, we demonstrated the compatibility of photo/chemoTurbo-
enabled SUubMAPP in neuronal cell culture and living mice by
immunofluorescence and MS-based proteomics. The results sug-
gested that our strategy could be applied for spatiotemporal anal-
ysis of subcellular proteome and PTM dynamics in live neurons,
whose function relies on the continual modulation of local protein
synthesis and modifications (47). In addition, understanding the
cellular dynamic regulation within the context of an intact mammalian
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Fig. 5. Photo/chemoTurbo-enabled subcellular proteomics on neuron culture and living mice. (A) Fluorescence imaging of photoTurbo location and the
activation activity in mitochondrial matrix of SH-SY5Y. Anti-V5 (green) was used to visualize Turbo expression, purple is the biotinylation signal to verify the
labeling efficiency of photo-controlled Turbo, and red is the mitochondrial marker-TOMM20. UV, 5 min. (Scale bars: 5 pm.) Pearson’s R values of biotin and
TOMM20 are shown in the corner. (B) Photo-activation efficiency of photoTurbo for proximity-dependent labeling of proteins in mitochondrial matrix of SH-
SYS5Y. (C) MS-based identification and quantification of ER lumen proteome labeled by photoTurbo in SH-SY5Y cells. A total of 343 proteins were identified
with 92% specificity (~28% ER resident proteins, 5% Golgi apparatus proteins, 39% secreted proteins, and 19% membrane proteins). (D) Mechanism of the
DM-Tz triggered IEDDA for biorthogonal decaging. (E) Schematic illustration of chemo-controlled Turbo activation in living mice. HEK293T cells expressing
the mitochondria-Turbo-K182TCOK variant were subcutaneously injected into mice, followed by tail vein injection of DM-Tz and intraperitoneal injection of
biotin, which led to the regeneration of active Turbo for proximal labeling. Subsequently, HEK293T cells were excised and lysed before being subject to
immunoblotting analysis (F). (G) MS-based identification and quantification of ER lumen proteome labeled by chemoTurbo in mice, which identified 318
proteins (~23% ER resident proteins, 3% Golgi apparatus proteins, 40% secreted proteins, and 24% membrane proteins).

organism is attractive but challenging. Our SUbMAPP strategy may
provide a general toolkit for spatiotemporal profiling of subcellular
proteome and PTM-dynamics under in vitro and in vivo settings.

Methods

Detailed methods are available in S/ Appendix.

Data Availability. All study data are included in the article and/or supporting
information.
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