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ABSTRACT: Cell surface is the primary site for sensing extracellular
stimuli. The knowledge of the transient changes on the surfaceome
upon a perturbation is very important as the initial changed proteins
could be driving molecules for some phenotype. In this study, we
report a fast cell surface labeling strategy based on peroxidase-
mediated oxidative tyrosine coupling strategy, enabling efficient and
selective cell surface labeling within seconds. With a labeling time of 1
min, 2684 proteins, including 1370 (51%) cell surface-annotated
proteins (cell surface/plasma membrane/extracellular), 732 trans-
membrane proteins, and 81 cluster of differentiation antigens, were
identified from HeLa cells. By comparison with the negative control
experiment using quantitative proteomics, 500 (68%) out of the 731
significantly enriched proteins (p-value < 0.05, ≥2-fold) in positive
experimental samples were cell surface-annotated proteins. Finally,
this technology was applied to track the dynamic changes of the surfaceome upon insulin stimulation at two time points (5 min and
2 h) in HepG2 cells. Thirty-two proteins, including INSR, CTNNB1, TFRC, IGF2R, and SORT1, were found to be significantly
regulated (p-value < 0.01, ≥1.5-fold) after insulin exposure by different mechanisms. We envision that this technique could be a
powerful tool to analyze the transient changes of the surfaceome with a good time resolution and to delineate the temporal and
spatial regulation of cellular signaling.

■ INTRODUCTION

A cell communicates with its environment extensively through
the proteins exposed on the cell surface, termed as the cell
surface proteome or surfaceome. Over the past 40 years, with
the development of mass spectrometry (MS), many chemical
labeling-based methods have been developed for the profiling
of cell surface proteins on a proteome-wide scale.1

Biotinylation of cell surface proteins on living cells by primary
amine-reactive reagents, for example, sulfo-NHS-SS-biotin, is a
popular method for the analysis of the surfaceome.2,3 Another
popular method is pioneered by Wollscheid et al., termed as
cell surface capturing (CSC) technology. In the experiment,
the glycans exposed on living cells are oxidized and
biotinylated with biocytin hydrazide, which results in the
identification of cell surface glycoproteins with very high
specificity (∼90%).4,5 The above methods have been
successfully applied to investigate the dynamic changes of
the surfaceome during cellular differentiation6,7/disease
development8 or in response to a stimulus.9−11 However,
one- or multistep long-time handling procedures (over 10
min)2,4,12−14 are required for efficient labeling by these
chemical-labeling strategies partly due to their slow labeling
kinetics. The above studies mainly addressed the dynamic

changes of the surfaceome for a long period of time, typically
for hours or even days. It can be imagined that early transient
changes in the cell surface proteomes could be very important.
For instance, the initial proteins that appeared on the tumor
cell surface immediately upon drug treatment are more likely
to drive the cell to acquire drug resistance. Unfortunately,
efficient labeling methods enabling the capturing of the
“snapshot” of the transient changes of surfaceome have not
been reported in mammalian cells yet.6−11,15,16

In the past decade, enzyme-mediated tagging of proteins has
been increasingly employed as a powerful tool for proteomic
analysis. Among them, horseradish peroxidase (HRP)-medi-
ated labeling is of particularly interest because of its rapid
labeling kinetics. Generally, HRP-linked antibodies17−20 or
expression of HRP fusion proteins21,22 are utilized to convert
aryl azide-biotin reagents or phenol-biotin reagents to active
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radical species for rapidly labeling neighboring proteins.
Inspired by this, exogenous HRP and a membrane-imperme-
able probe are utilized in this study for the global profiling of
the cell surface proteome, termed as peroxidase-mediated cell
surface labeling (PECSL) strategy (Figure 1A). This novel cell
surface labeling strategy enables efficient and selective cell
surface labeling within seconds. One thousand three hundred
and seventy cell surface-annotated proteins were identified by
PECSL technology with a labeling time of 1 min in HeLa cells.
By integrating with the label-free quantification (LFQ)
method, we applied this fast cell surface labeling strategy to
monitor dynamic changes of the surfaceome upon insulin
exposure at two time points (5 min and 2 h) in HepG2 cells.
Many insulin-regulated proteins were revealed, giving insight
into the delineation of temporal and spatial regulation of
insulin signaling.

■ REAGENTS AND MATERIALS

The details are listed in the Supporting Information.

■ METHODS

Cell Culture. Cells were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum, 1% penicillin, and
streptomycin in a humidified atmosphere of 5% CO2 in air at
37 °C. For each experiment, a 10 cm dish of adherent cells (∼4
× 106 cells) were used.

Insulin Treatment. HepG2 cells at about 70% confluency
were first incubated in serum free-media at 37 °C and 5% CO2
overnight (16−24 h). Next, the serum-starved cells were
further treated with 37 °C prewarmed media containing 200
nM insulin for 5 min or 2 h at 37 °C. In the meantime, cell
samples treated with the same volume of 37 °C prewarmed
insulin-free media were also prepared as controls to assess the
changes in biotinylated proteins upon insulin exposure.
Immediately, the media was removed, followed by two washes
with room-temperature phosphate-buffered saline (PBS) and
PECSL labeling for 1 min at room temperature or two washes
with ice-cold PBS and amine-reactive labeling for 30 min at 4
°C.

PECSL Labeling and Cell Lysis. Cells at about 80%
confluency were subjected to medium removal and two washes

Figure 1. PECSL labeling enables the efficient and selective cell surface protein labeling within seconds. (A) Design of PECSL technology for
surfaceome profiling. Living HeLa cells were biotinylated by 1 min-PECSL labeling and analyzed by (B) streptavidin-blot and (C)
immunofluorescence assay. The time for efficient biotin labeling at room temperature was carefully evaluated for PECSL technology and amine-
reactive cell surface biotinylation method using (D) streptavidin-blot and (E) single-run LC−MS/MS measurement in HeLa cells.

Analytical Chemistry pubs.acs.org/ac Article

https://dx.doi.org/10.1021/acs.analchem.0c04970
Anal. Chem. 2021, 93, 4542−4551

4543

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c04970/suppl_file/ac0c04970_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04970?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04970?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04970?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04970?fig=fig1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c04970?ref=pdf


with room-temperature PBS (0.01 M phosphate, 0.15 M
sodium chloride, pH 7.4), followed by the addition of room-
temperature PBS containing 0.5 mg/mL HRP (0.25 mg/mL
HRP final) and 200 μM BxxP (biotin-C6-C6-tyramine, biotin-
xx-phenol probe).21 Immediately, an equal volume of room-
temperature PBS containing 2 mM H2O2 (1 mM H2O2 final)
and 200 μM BxxP was added to start labeling. The labeling
reaction was gently agitated on an orbital shaker for 1 min at
room temperature and then quenched using ice-cold
quenching buffer (PBS, 10 mM sodium azide, 10 mM sodium
ascorbate, and 5 mM Trolox). To evaluate the labeling time,
PECSL labeling was performed for predetermined time points
(10 s, 30 s, 1 min, 2 min, 5 min, and 10 min) at room
temperature in HeLa cells. In the meantime, PBS and labeling
buffers were room-temperature prewarmed.
Finally, the labeled cells were lysed with strong RIPA lysis

buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.2%
sodium dodecyl sulfate, 0.5% sodium deoxycholate, 1% Triton
X-100) containing 0.2% (v/v) protease inhibitor cocktail, 10
mM sodium azide, 10 mM sodium ascorbate, and 5 mM
Trolox. The labeled cells were harvested by scraping on ice and
lysed by sonication with 10 × 30 s pulse (high, Bioruptor plus
sonication device) and centrifuged at 16,000g for 15 min at 4
°C. The protein concentration of the clarified supernatant was
determined by the Pierce 660 nm protein assay.
Affinity Purification and Digestion On-Bead. Briefly,

neutravidin agarose was washed three times with PBS by
centrifugation at 500g for 1 min and then incubated with the
cell lysate at room temperature for 1−3 h with end-over-end
mixing. After centrifugation, the flow-through was discarded,
and the beads were carefully washed three times with strong
RIPA lysis buffer and additional three times with PBS. The
above beads were transferred to a new tube, followed by
incubation with PBS containing 6 M urea and 10 mM
dithiothreitol at 65 °C for 15 min. Iodoacetamide (IAA) was
added to a final concentration of 20 mM and incubated for 40
min at room temperature in the dark. The beads were then
washed twice with 0.02 M ammonium bicarbonate (ABC) and
then resuspended in 0.02 M ABC, followed by the addition of
trypsin at an enzyme-to-protein ratio of 1:25 (w/w). Cell
surface fraction was digested on-bead at 37 °C overnight with
gentle shaking. The digest was collected, followed by one wash
with 3% formic acid (FA). Finally, the combined digest was
acidified to 3% FA, lyophilized, and stored at −80 °C for
subsequent reversed-phase liquid chromatography (RPLC)−
MS/MS analysis.
Amine-Reactive Cell Surface Biotinylation Method

for Surfaceome Enrichment. The HeLa surfaceome
samples by amine-reactive cell surface biotinylation method
was prepared as described with some modifications.23 A brief
description can be seen in the Supporting Information.
Western Blotting and Immunofluorescence Assay.

The details can be seen in the Supporting Information.
Nano-RPLC−Electrospray Ionization-MS/MS Analysis.

After protein digestion, the lyophilized peptides were
resuspended in 0.1% FA/H2O solution and analyzed using a
Dionex UltiMate 3000 RSLCnano system with a Q-Exactive
mass spectrometer, controlled by Xcalibur software v 2.1.0
(Thermo Fisher Scientific, Waltham, MA, USA). The details
can be seen in the Supporting Information.
Data Searching. For protein identification, MS raw data

files were analyzed using Proteome Discoverer (Thermo
Scientific, v. 2.1.1.21) incorporated with mascot 2.5 (Matrix

Science Inc.) search engine. For the LFQ analysis, the raw data
files were analyzed using the software MaxQuant v. 1.5.2.8 and
then processed using Perseus software. The details can be seen
in the Supporting Information.

Bioinformatic Analysis. Protein cellular localization and
statistical enrichment test were analyzed by PANTHER
software (http://pantherdb.org/).24 Proteins, which were
unable to be mapped by PANTHER software, were then
analyzed by UniProt database (http://www.uniprot.org) for
the analysis of protein cellular localization. The software of
TMHMM v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/
) and Phobius (http://phobius.sbc.su.se/) were used to
predict proteins with the transmembrane domains. Bioinfor-
matics analysis was performed with Cytoscape, Perseus, and
Microsoft Excel.

■ RESULTS AND DISCUSSION
Design of PECSL Technology for Surfaceome Profil-

ing. To label cell surface proteins, the labeling must be specific
for the surface-exposed residues. For this purpose, biotin-xx-
phenol probe (BxxP), which has a long and polar polyamide
linker and was shown to be membrane-impermeable,21 was
chosen as the labeling probe in the PECSL strategy; HRP,
which has four structurally essential disulfide bonds and is only
active in the secretary pathway and extracellular environment,
was chosen as the enzyme to catalyze the biotinylation of cell
surface proteins in this work. Experimentally, living cells are
first incubated with exogenous HRP and BxxP, followed by the
addition of H2O2 to start biotin labeling. In the presence of
H2O2, peroxidase catalyzes the phenol residues on BxxP to
undergo one-electron oxidation reaction and forms highly
reactive and short-lived phenoxyl radicals, which could rapidly
and covalently react with neighboring electron-rich amino
acids, mostly Tyr, exposed on surface proteins.21 The labeling
reaction is allowed to continue for a short time and then
quenched using ice-cold quenching buffer, which is a mixture
of peroxidase inhibitors and a competitive substrate. In this
way, only the proteins exposed on the living cell surface will be
biotinylated. Afterward, the labeled cells are lysed and purified
with avidin beads. The beads with the captured proteins are
then resuspended in the chaotropic environment of 6 M urea
for reduction and alkylation.25 The utilization of a high
concentration of chaotropic buffer could help the unfolding of
hydrophobic cell surface proteins to facilitate efficient
reduction and alkylation. Next, the beads are resuspended in
ABC buffer for trypsin digestion on-bead.26,27 The utilization
of volatile buffer here allows the omit of the desalting step,
which reduces sample loss and improves reproducibility.
Finally, the cell surface protein digest is analyzed by LC−
MS/MS (Figure 1A).

PECSL Strategy Enables Efficient and Selective Cell
Surface Protein Labeling within Seconds. We first set out
to test the efficiency and selectivity of the designed labeling
strategy. PECSL labeling was performed for 1 min in living
HeLa cells. For comparison, a negative control experiment, in
which H2O2 was omitted, was also performed to assess the
endogenous biotinylation level. To investigate the efficiency of
this labeling scheme, the above treated cells were lysed and
analyzed by streptavidin-blot. As seen in Figure 1B, the
proteins in the experimental sample were efficiently biotiny-
lated by the biotin-phenol reagent, and the biotinylation
occurred in a H2O2-dependent manner. To investigate the
selectivity of this labeling scheme, the above treated cells were
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fixed and analyzed using confocal imaging of Alexa Fluor 568-
labeled streptavidin. As seen in Figure 1C, the homogenous
fluorescent labeling in the experimental group was only
observed on the cell surface and extracellular space. Mean-
while, there were few intracellular dots with a slight
fluorescence intensity from endogenous biotinylation in the
negative group, which was consistent with our following MS
proteomic results. These results demonstrated that the
peroxidase-mediated labeling strategy could efficiently and
selectively tag the cell surface proteins of living cells.
The designed HRP-mediated oxidative tyrosine coupling

strategy is expected to have fast labeling kinetics for several
reasons: (1) HRP is reported to have high catalytic activity28

and phenoxyl radicals are highly reactive;29 (2) without
conjugation (like EMARS19) or gene fusion with target
proteins (like APEX30), exogenous HRP has high activity;
(3) in comparison with EMARS,19 exogenous HRP allows to
be worked at a higher concentration. For labeling kinetics
assessment, we then evaluated the performance of PECSL
technology for different labeling times by comparing with the
conventional amine-reactive biotinylation method using
streptavidin-blot and single-run LC−MS/MS measurement.
The enzymatic biotin labeling (∼200 μM BxxP) and
conventional amine-reactive cell surface labeling (∼411 μM
sulfo-NHS-SS-biotin)23,31,32 were performed for predeter-
mined time points at room temperature in HeLa cells. As
seen in Figures 1D,E, S1, S2 and Table S1, almost all samples
by PECSL technology demonstrated significant biotinylation
and consistent number of cell surface protein identification,
except for a slight decrease of biotinylation for 10 s-PECSL-
labeled sample, whereas the samples by amine-reactive labeling
strategy demonstrated that the biotinylation was highly
dependent on the labeling time, even when a higher
concentration (∼1.65 mM) of sulfo-NHS-SS-biotin was
utilized (Figure S1C−F). An average of 922 cell surface-
annotated proteins were identified by 10 s-PECSL labeling,
whereas only 454 cell surface-annotated proteins were
identified by 10 s amine-reactive surface labeling. In addition,
we found that distinct labeling patterns of streptavidin-blot
were demonstrated for the two biotin labeling strategies
(Figures 1D, S1C), which could be attributed to mainly the
distinct sample loading buffers (with/without reducing
reagents) and partly the different targeting residues. When a
nonreducing sample loading buffer was employed for both
strategies, similar labeling patterns were displayed in Figure
S1D. In the meantime, given the above streptavidin-blot
results, we also found that sulfo-NHS-SS-biotin labeling
resulted in higher labeling efficiency than PECSL labeling
with a prolonged labeling time, which could be attributed to
the larger frequency of lysine than tyrosine in proteins (5.84 vs
2.92).33,34 Overall, the above comparison demonstrated that
the PECSL strategy has fast labeling kinetics and could be a
powerful tool for the profiling of transient changes of the
surfaceome with a high time resolution.
PECSL Technology Allows Comprehensive Analysis

of the HeLa Cell Surfaceome. We further optimized the
workflow for surfaceome profiling using western blotting and
single-run LC−MS/MS measurement in HeLa cells (Figure S3
and Tables S2 and S3). The optimized workflow of PECSL
technology was performed in HeLa cells with a labeling time of
1 min for four biological replicates. For recovery assessment,
enriched peptides of each sample were resuspended in 100 μL
of 0.1% FA and analyzed by a NanoDrop 2000 spectropho-

tometer three times (Table S4). It was determined that 7.9 ±
0.17 μg (n = 4) peptides were enriched by PECSL technology
from ∼1 mg labeled HeLa cell samples. Next, each sample was
analyzed by LC−MS/MS with one technical run. In total, 2684
proteins (“PECSL data”) were identified from the four
biological replicates, of which, 1370 (51%) proteins were
classified as the cell surface/plasma membrane/extracellular
proteins (cell surface-annotated proteins) and 862 (32%)
proteins were classified as plasma membrane proteins (cell
surface/plasma membrane) by gene ontology (GO) annota-
tion23,35 (Table S5).
Theoretically, given the result of immunofluorescence

analysis (Figure 1C), proteins exposed on the cell surface
could be biotinylated, highly enriched on avidin beads,
digested on-bead, and identified by LC−MS/MS. In the
meantime, noncell surface proteins could be reduced or
completely removed. To evaluate the surfaceome enrichment
efficiency, we first comprehensively compared the PECSL data
with the global proteomic data, where total HeLa cell lysates
from four biological replicates were analyzed (Table S5). As
seen in Figure 2A and Table S5, sequence coverage and
peptide spectrum match (PSM), which could reflect the
protein abundance, for many high-confidence cell surface
proteins have been greatly improved in the PECSL data. For
example, the number of spectra count for EGFR, an important
receptor protein on the cell surface, increased by about 18-
folds (375 vs 21), and its sequence coverage also increased by
about 4.4-folds (57 vs 13). Out of the 156 high-abundance
proteins (PSMs ≥ 100) in the PECSL data, 132 (84.6%) were
annotated as cell surface proteins, and additional 6 (3.8%)
were biotin metabolic process-relative proteins by GO
annotation. Furthermore, 15 out of the remaining 18 noncell
surface proteins were annotated as “membrane” by Uni-
ProtKB/Swiss-Prot. The above results indicated that high-
abundance proteins (e.g., high numbers of PSMs) are more
likely to be bona fide cell surface proteins. To further confirm
the specificity of this method, the GO enrichment analysis was
then conducted by using the global proteomic data as the
reference list. As seen in Figure 2B and Table S6, cell surface-
related GO terms, including “cell surface,” “plasma mem-
brane,” “receptor complex,” and “integral component of
membrane” were significantly enriched in the PECSL data,
demonstrating the effectiveness of PECSL technology for
surfaceome enrichment. The number of transmembrane
proteins (TMPs) and cluster of differentiation (CD) antigens
were also analyzed. Seven hundred and thirty two out of 2684
(27.3%) in the PECSL data and 549 out of 3510 (15.6%) in
the global proteomic data were predicted to be TMPs (Figure
S4, Table S5). Highly hydrophobic TMPs with >5 trans-
membrane domains (TMDs) were much more enriched in the
PECSL data compared with the global proteomic data (126 vs
70). The number of CD antigens in the PECSL data (81 CD
antigens, corresponding to 84 cell surface proteins) increased
by about 2-folds compared with that in the global proteomic
data (41 CD antigens, corresponding to 43 cell surface
proteins). The above results further confirmed that the
surfaceome was highly enriched by this new labeling strategy.
To further confirm the performance of PECSL technology,

GenieScore,36 where four previous bioinformatics-based
constructions of the human cell surface proteome of 5407
proteins were compiled for a consensus-based prediction of
cell surface localization, was utilized to analyze the PECSL data
and multiple surfaceome data generated by using different
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enrichment strategies. As seen in Table S7, in terms of the
number of identified likely cell surface proteins, which have a
surface prediction consensus (SPC) score larger than 0),
PECSL technology (713), lysine-targeting methods (202−
734), and sucrose density gradient centrifugation method
(816−1631) outperform the glycan chain method (180−436)
and carboxyl group method (208). As for the highly likely cell
surface proteins (SPC score 3, 4), PECSL technology (11.3%)
has a similar specificity compared with lysine-targeting
methods (10.1−26.7%) and sucrose density gradient cen-
trifugation method (7.8−13.1%)13,23,37,38 and a lower specific-
ity than glycan chain-targeting methods (14.2−69.3%) and
carboxyl group-targeting method (49.5%),13,37,39,40 but a much
higher specificity than the whole cell lysate data (3.4%) with
SurfaceGenie. It reminded us that as previous studies
reported,38,41−43 many noncell surface proteins were also
copurified through strong interactions with highly hydrophobic
cell surface proteins or avidin-affinity material. To determine
which proteins are truly present on the cell surface, an LFQ
proteomics experiment was employed to compare the enriched
proteins between the control and experimental cell samples.
Negative control cell samples, in which H2O2 was removed
from the PECSL labeling buffer, were prepared along with the
experimental groups during all experimental procedures. As
seen in Figure 2C and Table S8, after data filtering, a total of
1757 proteins, including 979 cell surface-annotated proteins,
were quantified and 731 proteins were significantly enriched
(p-value < 0.05, ≥2-fold) in the H2O2-treated experimental
groups. Out of the 731 proteins, 500 (68%) were classified as
cell surface proteins by GO annotation and 202 (27.6%)
proteins were highly likely cell surface proteins (SPC score 3,
4) with SurfaceGenie. In addition, the more stringent the filter
criteria were set, higher specificity of PECSL technology was
observed. For example, out of 321 significantly enriched
proteins (p-value < 0.05, ≥8-fold), 270 (84%) were classified
as cell surface proteins by GO annotation and 145 (45.2%)
were highly likely cell surface proteins with SurfaceGenie. In
this case, the proteins quantified with a larger fold change are
more likely to be bona fide cell surface proteins. Nevertheless,
for a specific protein, further validation experiment is required.
Finally, LFQ values for each technical run were plotted against
each other replicate using Perseus software for reproducibility
assessment (Figure 2D). Consistent with western blotting
analysis (Figure S5), the four biological replicates resulted in a
high Pearson correlation coefficient (average R2 = 0.99),
demonstrating high reproducibility of the workflow of the
PECSL technology.

Figure 2. PECSL technology allows comprehensive analysis of the
HeLa cell surfaceome. Four biological replicates were performed for
PECSL technology and global proteomic approach in HeLa cells, and
each replicate was analyzed with one technical run. (A) Sequence
coverage and spectra count of multiple high-confidence cell surface
proteins were analyzed for the PECSL data and global proteomic data.
The details can be seen in Table S5. (B) GO enrichment analysis
according to cellular component was performed for the PECSL data,

Figure 2. continued

and the global proteomic data was set as the reference gene list. Gray
bars illustrate the significance threshold, and the top 10 protein
groups are displayed. The details also can be seen in Table S6. (C)
Comparison of the pulldown proteins between the control (without
H2O2 treatment) and experimental (H2O2 treatment for 1 min) cell
samples by the LFQ method. Fold change (x-axis) is shown as log2;
p-value, which was calculated using the software of Perseus, is shown
as −log10. Red dots localize to cell surface/plasma membrane/
extracellular by GO annotation. Details can be seen in Table S7. (D)
LFQ value for each biological replicate was plotted against each other
replicate for reproducibility assessment. (E) Comparison of the
PECSL data with multiple previous HeLa surfaceome data generated
by using different enrichment strategies (left,39,44 middle,23 right13).
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In the recent decade, chemical labeling-based methods have
been powerful tools for surfaceome profiling.1 To date, most
chemical-labeling probes selectively target surface-exposed Lys,
Asp, Glu, Cys, or glycosylated side chains. Here, PECSL
technology mainly targets the surface-exposed tyrosine
residues. To evaluate the surfaceome mapping capacity, we
then compared our PECSL data with multiple HeLa
surfaceome data generated by using different enrichment
strategies. Taking advantage of the fact that nearly all cell
surface proteins (∼90%) are glycosylated in vertebrates,5

several cell surface glycoprotein enrichment strategies have
been established and applied to profile the HeLa surfaceome.1

We first compared the PECSL data with two published HeLa
surface glycoproteomic data. As seen in Figure 2E (left), our
PECSL data could cover about 65% (244/377) of cell surface
proteins identified by CSC technology44 and about 72% (589/
815) of total cell surface proteins identified by both lectin-
affinity purification and glycocapture approaches.39 It should
be noted that our PECSL data (1370) allowed the
identification of about 3.6- and 1.7-fold more cell surface-

Figure 3. Temporal surfaceome profiling after insulin exposure for 5 min and 2 h in HepG2 cells. Three biological replicates of each time point
were performed, and three LC−MS/MS runs were performed for each sample. (A) CV values for each time-point sample were analyzed on the
protein level. (B) Venn diagram for the quantified proteins in the two time-point experiment. (C) Venn diagram for the insulin-regulated proteins
after insulin treatment for 5 min or 2 h by PECSL technology and amine-reactive cell surface biotinylation. (D−F) Volcano plots show the
surfaceome quantification results comparing insulin treatment for 5 min (“early”) or 2 h (“late”) and media control groups (FDR < 0.01). Fold
change (x-axis) is shown as log2; p-value, which was calculated using the software of Perseus, is shown as −log10. Red dots are cell surface/plasma
membrane/extracellular by GO annotation. (G) GO enrichment analysis according to the biological process was performed for the “early” (5 min)
and “late” (2 h) insulin-regulated proteins, and the top 10 protein groups are displayed. The details can be seen in Table S10. (H) Verification of
the dynamic abundance changes of the two insulin-regulated proteins, TFRC and LRP, after insulin exposure using the immunofluorescence assay.
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annotated proteins. We recently profiled the HeLa surfaceome
by an optimized amine-reactive cell surface biotinylation
method,23 and the identification result was then compared
with the PECSL data. We found that about 72% (2102/2932)
of the amine-reactive cell surface biotinylation data were also
covered by the PECSL data (Figure 2E, middle). Very recently,
Özlü et al. performed both carboxyl-reactive and amine-
reactive cell surface biotinylation methods to profile the HeLa
surfaceome,13 and our PECSL data could cover about 82%
(504/614) of their total identifications (Figure 2E, right). The
above results confirmed the good coverage in the surfaceome
by the PECSL technology.
In summary, with a labeling time of 1 min, 2684 proteins,

including 1370 (51%) cell surface-annotated proteins, 732
TMPs, and 81 CD antigens, were identified from 4 × 106 HeLa
cells by the PECSL technology. By comparison with the
negative control experiment using quantitative proteomics,
higher specificity was achieved and 500 (68%) out of the 731
significantly enriched proteins (p-value < 0.05, ≥2-fold) in
positive experimental samples were cell surface-annotated
proteins. By comparison with the global proteomic data and
multiple HeLa surfaceome data, we found that the PECSL data
allows selective HeLa cell surfaceome profiling with good
reproducibility and coverage.
Temporal Profiling of the Surfaceome after Insulin

Exposure for 5 min and 2 h in HepG2 Cells. We then
asked if the PECSL technology could give a specific “snapshot”
of the temporal dynamic changes of the surfaceome by tracking
of insulin action on the plasma membrane in a human liver
cancer cell line, HepG2 cells. The mechanism of insulin action
is a central theme in biology, and a better understanding of
insulin signaling could help the discovery of new disease
treatment modalities, such as type 2 diabetes, obesity, insulin
resistance, hypertension, Alzheimer disease, and cancer.45 As a
general rule, upon insulin binding, insulin receptor tyrosine
kinases undergo auto-phosphorylation, followed by triggering
downstream signaling events. The transmission of the insulin
receptor signal to its various mediators occurs over varying
lengths of time, resulting in temporal dynamics of diverse
biological processes, including growth, differentiation, mobility,
and glucose homeostasis.46

A two time-point experiment was performed to explore the
temporal dynamic changes of the surfaceome after insulin
exposure for 5 min and 2 h. In the experiment, serum-starved
HepG2 cells were treated with 37 °C prewarmed media
containing 200 nM insulin at 37 °C for 5 min or 2 h, and
meanwhile, cell samples treated with the same volume of 37 °C
prewarmed insulin-free media were also prepared as controls to
assess the abundance changes of biotinylated proteins upon
insulin treatment. After PBS washing, PECSL labeling was
performed for 1 min at room temperature. In comparison,
amine-reactive cell surface biotinylation method was also
performed to monitor the surfaceome changes after insulin
treatment for 5 min. Three biological replicates for each time
point were performed, and three LC−MS/MS runs were
performed for each sample. LFQ method was employed to
quantify the relative abundance changes of biotinylated
proteins following insulin exposure. For reproducibility
assessment, coefficient of variation (CV) values of each time-
point sample were analyzed on protein level. As seen in Figure
3A, with a slightly smaller CV value (median 0.176 vs 0.218),
PECSL technology demonstrated better reproducibility than
the amine-reactive cell surface biotinylation method.

Finally, after data filtering (details can be seen in the
Supporting Information), totally, 1664 and 1819 proteins were
quantified with 882 cell surface-annotated proteins (red dots)
from the two time points by PECSL technology (Figure 3B,
Table S9), out of which, 16 and 22 proteins (totally 32) were
found to be significantly regulated after insulin exposure for 5
min and 2 h, respectively (Figure 3C−E, p-value < 0.01, ≥1.5-
fold). In comparison, 1933 proteins were quantified with 965
cell surface-annotated proteins (red dots) by the amine-
reactive cell surface biotinylation method (Figure 3B, Table
S9), out of which, 7 proteins (Figure 3C,F, p-value < 0.01,
≥1.5-fold) were found to be significantly regulated after insulin
exposure for 5 min. Majority (>70%) of the quantified proteins
by both the methods were overlapped (Figure 3B). In addition,
14 out of the 16 “early” insulin-regulated proteins quantified by
PECSL technology were also identified by the amine-reactive
cell surface biotinylation method but demonstrated no
significant (p-value < 0.01) abundance changes (Table S9).
Immediately after insulin stimulation, the abundances of
several proteins were found to have a quick increase (5 min)
on the cell surface and then decreased with prolonged insulin
treatment (2 h) (Figure S6). TFRC, IGF2R,47 LNPEP,48

SORT1,49 and LRP150 are associated with the trafficking of
glucose transporter 4 (GLUT4) storage vesicles. Upon insulin
binding to its surface receptors, it immediately undergoes
receptor-mediated endocytosis; in seconds, the downstream of
AKT is activated for the quick translocation of GLUT4 vesicles
onto cell surface for growing,51,52 which could explain acute
dynamic abundance changes on the plasma membrane of
GLUT4-associated proteins upon insulin exposure in the LFQ
data by PECSL technology and amine-reactive cell surface
biotinylation method. In addition, the LFQ data by PECSL
technology additionally detected a quick abundance increase
on the plasma membrane of several insulin-regulated proteins
after insulin exposure for 5 min, such as LDLR, ECE1, APP,
CPD, LRP8, and MRC2 (Figure S6). LDLR has been reported
to be associated with rapid endocytosis of extracellular
macromolecules and have a rapid abundance increase on the
cell surface with LRP1 upon insulin binding;50,53 ECE1 has
been reported to be involved in the hydrolysis of peptide
hormones, including insulin and Aβ;54−56 CPD has been
reported to function as a receptor to be recycled from the cell
surface to the trans-Golgi network, and its homologue silver
has been reported to regulate memory formation via the insulin
pathway in Drosophila.57−59 These proteins probably also
involve in the trafficking of GLUT4 storage vesicles. To further
confirm the hypothesis, string analysis was then performed to
illustrate known and predicted functional interactions within
“early” and “late” insulin-regulated proteins by the software
Cytoscape (Figure S7), and a closer interaction network was
observed for the “early” insulin-regulated proteins of ADCY9,
APP, LRP8, ECE1, LRP1, SORT1, LNPEP, LDLR, IGF2R,
TFRC, CPD, and HFE. Besides, abundances of several
proteins were found to have a decrease on the plasma
membrane of HepG2 cells upon insulin exposure, including
INSR, PODXL2, ADCY9, MICA, CNNM3, GOLIM4, GLG1,
PCNT and so forth (Figure S6). Upon insulin binding, the
ligand-mediated receptor undergoes endocytosis, and insulin
receptor proteins of INSR and IGF1R are internalized into
endocytic vesicles, sorted into early endosomes, and either
targeted in the lysosomes for degradation or recycled to the
plasma membrane,60−62 which could explain the sustained
abundance decrease of INSR and IGF1R on the cell surface
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after insulin treatment. A rapid and substantial decrease was
observed for the cell surface-annotated proteins PODXL2 and
ADCY9, whereas the abundance of GOLIM4, CNNM3, and
GLG1 was observed to be significantly decreased only with
prolonged insulin treatment (2 h). These observations suggest
that our methodology has sufficient temporal resolution to
detect transient changes of the surfaceome. We then
conducted biological process classification for the “early” (5
min) and “late” (2 h) insulin-regulated proteins. Not
surprisingly, the biological processes of “endocytosis,”
“vesicle-mediated transport,” and “developmental process”
were significantly enriched (p-value < 0.0001) in the transient
insulin-regulated proteins, whereas “positive regulation of
protein phosphorylation,” “regulation of cGMP-mediated
signaling,” and “cellular response to growth factor stimulus”
were significantly enriched (p-value < 0.001) in the long-term
insulin-regulated proteins (Figure 3G, Table S10). Upon
insulin exposure, cell surface proteins undergo changing
interaction networks and dynamic translation because of
extensive trafficking between the plasma membrane and the
endomembrane compartment via exocytosis, endocytosis, and
recycling processes.51 With prolonged insulin exposure, diverse
intercellular signaling was then selectively activated by the
regulation (mostly phosphorylation) of downstream molecules.
We finally verified the dynamic abundance changes of LRP1
and TFRC after insulin treatment for 5 min and 2 h using the
immunofluorescence assay (Figure 3H), which was consistent
with our LFQ data. The above results indicated that many cell
surface proteins are indeed highly dynamic in response to
insulin stimulation, and PECSL technology coupled with the
LFQ method has sufficient resolution to detect transient
changes of the surfaceome.

■ CONCLUSIONS
It is well known that proteins on the cell surface change rapidly
to adapt to the environment. To get a better understanding of
cellular physiology and decipher the complex cellular
processes, global profiling of the dynamic changes of the
surfaceome with a high time resolution is necessary but
remains challenging. In this work, we reported a fast cell
surface labelling strategy, termed as PECSL, to efficiently label
cell surface proteins within seconds. By combining with affinity
purification, on-bead digestion, and LC−MS/MS measure-
ment, PECSL technology demonstrated efficient and selective
surfaceome profiling with high reproducibility. This technology
coupled with the LFQ method was applied to profile dynamic
changes of the surfaceome after insulin treatment at two time
points, 5 min and 2 h. In comparison with the conventional
amine-reactive cell surface biotinylation method, more insulin-
regulated proteins were revealed after insulin treatment for 5
min by PECSL technology (16 vs 7), demonstrating that our
methodology has sufficient temporal resolution to detect
transient changes of the surfaceome.
It should be noted that there are some limitations for the

current PECSL technology. On the one hand, cell surface
proteins may not be detected by PECSL technology due to
lack of available reactive moieties, mainly tyrosine residues,
exposed on the protein extracellular sequence. On the other
hand, as mentioned above, many noncell surface proteins were
still identified in our PECSL data, which could be derived from
the labeling step and sample preparation steps. For higher
specificity, except for comparing with parallel negative control
groups (Figure 2C), keeping the living cells in good condition,

boiling the cell lysates for a short while before affinity
purification, washing with harsh buffers during affinity
purification, lysing with hypotonic buffer for prior enrichment
by ultracentrifugation method, and/or washing the cell debris
with alkaline carbonate buffer could help reduce the
cytoplasmic contaminations. In addition, the introduction of
a cleavable residue in the linker of the labeling reagent could
not only help the elution of cell surface proteins and the
identification of labeled peptides but also help reduce the
contaminations from affinity materials.
With the continuing improvements of PECSL technology,

we believe it could serve as a powerful tool to track the
transient changes of the surfaceome with a good time
resolution and help delineate the function and regulatory
mechanisms of the highly dynamical cellular signaling involving
cell surface proteins.
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