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The cell surface membrane proteome is a class of proteins encoded by ~25% of all protein-coding genes
in living organisms and plays a key role in mediating communication between the cells and their sur-
rounding environment. However, most cell surface membrane proteins (CSMPs) are naturally expressed
at very low levels compared with intracellular proteins. The difficulties in their purification with high
specificity further hinder the understanding of their structure and function. In this study, we developed
a new photolabeling probe to achieve efficient tagging and facile enrichment of the CSMPs. The probe is
composed of a lipid tail for cell surface localization, a polyethylene glycol (PEG) spacer for increased wa-
ter solubility, two 4-(N-maleimido)benzophenone (MBP) groups for UV-active tagging of the CSMPs, and
a biotin tag for subsequent isolation. Application of this photolabeling probe resulted in the successful
enrichment and identification of 3098 annotated CSMPs in HT22 cells with close to 70% selectivity. The
proposed photolabeling probe and enrichment strategy were demonstrated to be a powerful method for

Derivatization

deep cell surface proteome profiling, representing one of the largest groups of current drug targets.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The plasma membrane at the cell surface is covered with pro-
teins that play key roles in many cellular functions and activi-
ties, such as cell-cell interactions, pathogen recognition, ion trans-
port and signal transduction [1-5]. It is estimated that approx-
imately 25% of protein-coding genes in the human genome are
integral membrane proteins [6]. These proteins include many cell
surface receptors, ion channels, and transporter proteins, constitut-
ing approximately 70% of all Food and Drug Administration (FDA)-
approved drug targets, and reflecting the pharmacological rele-
vance of cell surface membrane proteins (CSMPs) [7,8]. Therefore,
comprehensive analysis of CSMPs may facilitate a better under-
standing of their functions in various cellular activities and disease
development to aid in the discovery of new biomarkers and drug
targets [9].

Great efforts have been made in the fields of localization, iden-
tification, and quantification of CSMPs in recent years. For example,
aptamers have been employed to obtain novel tumor markers/drug
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targets from CSMPs for therapeutic purposes [10-12]. Real-time
imaging methods using nanotechnology to investigate CSMPs have
also been reported for disease diagnosis and therapeutic discovery
[13-16]. Compared with the above targeted strategies that study
one protein at a time, the throughput of proteomic analysis con-
ducted by liquid chromatography-mass spectrometry (LC-MS) is
obviously advantageous. Thousands of proteins can now be identi-
fied in a single LC-MS run on a routine-basis. However, CSMPs are
commonly underrepresented in most large-scale proteomic stud-
ies, due to their relatively low abundance [17]. An essential step in
cell surface proteome identification is the isolation and purification
of CSMPs, which is complicated by their inherent hydrophobicity
and heterogeneity. To achieve the efficient isolation of CSMPs, var-
ious approaches have been reported, which can be subcategorized
into two major types. One type relies on the physiochemical char-
acteristics of CSMPs, and the other depends on the chemical la-
beling of CSMPs. Compared with physiochemical isolation using
high-speed centrifugation [18] and assisted dissolution by deter-
gents [19-22], which are more suitable for the extraction of all
membrane proteins including proteins from the plasma, nucleus
and mitochondrial membrane, labeling methods using hydrazide
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Scheme 1. C;s-MBP-biotin probe-based photoactive labeling strategy for CSMP en-
richment and large-scale identification by MS.

chemistry, “click chemistry” and enzymatic tagging on cell surface
glycans/proteins are more specifically targeted at plasma mem-
brane/cell surface proteins [23-26]. Although hundreds of CSMPs
have been successfully identified, the proteome coverage and se-
lectivity are still unsatisfactory, presumably due to the limited cell
surface targeting ability of the reported methods.

Inspired by the lipophilic and hydrophobic properties of
palmitic acid and its capability for membrane insertion [27,28],
we developed a novel palmitic acid-based photoactive probe,
C16-C(MBP)RRRRC(MBP)K-PEGg-biotin (C;5-MBP-biotin, where C is
a cysteine and R is an arginine) for CSMP labeling in this work.
This probe is composed of Cig for cell surface membrane inser-
tion, a short peptide for improving membrane targeting, two 4-(N-
maleimido)benzophenone (MBP) groups for photoactive-based pro-
tein labeling, PEGg to enhance the water solubility of the probe
and biotin for specific enrichment.

As shown in Scheme 1, the C;s—-MBP-biotin probe inserts into
the negatively charged lipid bilayer of the cell membrane due
to the lipid affinity of C;s and the electrostatic interaction of
the positively charged peptide sequence (CRRRRCK). After irradi-
ation with 365 nm UV, benzophenone, which is part of the lipid
bilayer-inserted C;g-MBP-biotin probe, is activated to form an ex-
tremely reactive triplet biradical, and then abstracts the surround-
ing molecular hydrogen atom to transform it into a free radical
[29]. Next, the radicals on the carbon atoms form covalent link-
ages with the adjacent amino acid residues and specifically label
cell surface membrane proteins (CSMPs) via a C, H-insertion cross-
linking [30-34]. Finally, the probe-tagged CSMPs can be specifically
enriched via the strong binding between biotin and streptavidin
beads after lysing the cells. After enriching the tagged proteins via
the biotin handle, LC-MS analysis is carried out for CSMP identifi-
cation. It is worth noting that the photoactive labeling step can be
well controlled by turning on or off the UV light source to avoid
false-positive tagging of the intracellular proteins during sample
processing. Therefore, the proteins on the cell surface can be pho-
tochemically labeled and enriched in a controlled and highly spe-
cific manner. The C;5-MBP-biotin probe was successfully applied
in the large-scale enrichment of CSMPs from HT22 cells. A total
of 3486 + 120 proteins were enriched and identified from four
replicate tests with good quantification reproducibility (Pearson co-
efficients all above 0.9), indicating the high enrichment efficiency
and reproducibility of this method. In total, 3098 identified pro-
teins were annotated as CSMPs by comparison with the PANTHER
classification system (http://pantherdb.org/) [35] and the UniProt
database (http://www.uniprot.org). After evaluation of the identifi-
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cation results of C;s—-MBP-biotin by quantitative proteomic com-
parison with the nonmembrane targeting control probe without
Ci6 (C(MBP)RRRRC(MBP)-PEGg-biotin, referred to as MBP-biotin),
we obtained 3883 identified proteins that passed stringent filtering
(fold change > 4, P < 0.01), indicating the high enrichment selec-
tivity of this method. Furthermore, 1275 proteins were predicted to
have transmembrane domains according to TMHMM-2.0 [36] and
Phobius [37].

The key synthesis process of the C;g-MBP-biotin probe is
summarized in Scheme S1 in Supporting information and is de-
scribed in detail in the Methods section. Briefly, C;5-PEP-biotin
(C16—CRRRRCK-PEGg-biotin) was provided by Synpeptide Co., Ltd.
(Shanghai, China) via the standard solid-phase peptide synthesis
method. Subsequently, the sulfhydryl group of cystine in the CR-
RRRCK sequence was coupled with maleimide to enable easy intro-
duction of the MBP group to the C;5-PEP-biotin probe via a simple
and efficient Michael reaction. The masses of the C;-MBP-biotin
probe (Fig. S1 in Supporting information) and the control probe
(MBP-biotin) (Fig. S2 in Supporting information) were measured
by matrix-assisted laser desorption ionization time of flight mass
spectrometry (MALDI-TOF-MS) or electrospray ionization (ESI) to
demonstrate the successful synthesis of the two probes. Purities
of over 90% were obtained for the two probes by liquid chro-
matography separation (Figs. S3 and S4 in Supporting information).
The synthesis of C;—~MBP-biotin and MBP-biotin was confirmed by
TH NMR and 3C NMR (Figs. S5-S8 in Supporting information).

The feasibility of the C;5-MBP-biotin probe for cell surface tar-
geting was demonstrated using fluorescence imaging. We used
Hoechst for nuclear labeling (blue) and Alexa Fluor 568-labeled
streptavidin (red) to bind with the biotin of the C;5-MBP-biotin
probe to obtain the subcellular localization of the probe. The probe
treated cells were thoroughly washed to ensure removal of the ex-
cess probes that were not bound on the cell surface. As shown in
Fig. 1a, a strong red fluorescent signal of Alexa Fluor 568-labeled
streptavidin was discovered for the cells treated with the C;g—-MBP-
biotin probe. Red fluorescence was only observed on the surface of
the cell with almost no internalization into the cytoplasmic region
after 20 min of incubation, indicating successful cell surface inser-
tion of the probe. In contrast, the control probe (MBP-biotin) could
not be located at the cell surface and could be easily removed by
repeated washing to avoid false-positive labeling (Fig. 1b).

The selectivity of C;s—-MBP-biotin probe-based CSMP labeling
and enrichment was evaluated using HT22 cells and SDS-PAGE.
In the experimental group shown in Fig. 2a, the C;s—-MBP-biotin
probe, UV irradiation and streptavidin-bead enrichment were used
to locate the probe on the cell surface, tag it with proteins and ex-
tract the proteins, respectively. The enriched proteins were eluted
for SDS-PAGE analysis, and clear gel bands were observed. How-
ever, no gel bands could be found in the control groups (pull
down) without either the C;g-MBP-biotin probe or UV irradiation,
indicating that these are two key factors for achieving successful
protein tagging and enrichment. The effects of the C;5-MBP-biotin
probe and UV irradiation on the stability of proteins were also
investigated by applying the corresponding conditions to the cell
lysates and no protein degradation was observed (control, cell ly-
sis, 1% v/v loading). To further evaluate the key function of Cyg in
protein enrichment, the MBP-biotin control probe without C;g was
used, as shown in Fig. 2b. Omitting Cig leads to complete abol-
ishment of the gel bands, demonstrating that without C;g inser-
tion into the lipid bilayer, the probes could be completely removed
from the cell by repeated washing and would not interfere with
the subsequent protein enrichment process. After demonstrating
the feasibility of C;g—MBP-biotin-based protein labeling and en-
richment, the labeling conditions were optimized by varying the
amount of the C;s—-MBP-biotin probe used and the UV irradia-
tion time. As revealed in Fig S9a (Supporting information), HT22
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Fig. 1. Fluorescent confocal microscopy images of the cells treated with C;—~MBP-biotin (a) and MBP-biotin control probes (b). The cells were co-stained with Hoechst 33342
(1 pg/mL, blue) and Alexa Fluor 568-labeled streptavidin (5 pg/mL, red) as nucleus and biotin markers, respectively.
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Fig. 2. (a) SDS-PAGE characterization of C;s—MBP-biotin probe-treated HT22 cells under different conditions; (b) SDS-PAGE characterization of the key role of Cys in protein

enrichment.

cells were tagged with the Cig-MBP-biotin probe by UV irradia-
tion for different times, and cell lysates were collected for SDS-
PAGE. No obvious protein degradation was observed for UV irradi-
ation from 0.5 min to 10 min. Further characterization of the Cg-
MBP-biotin probe-tagged proteins by western blotting using strep-
tavidin staining showed that optimal tagging was achieved at a
2 min irradiation time (Fig. S9b in Supporting information). Almost
no streptavidin staining was found in the control groups without
the Ci-MBP-biotin probe and 365 nm UV, indicating the high la-
beling specificity of this method. Preincubation of the Ci5-MBP-
biotin probe with HT22 cells is critical for efficient protein labeling.
Therefore, we evaluated the time and amount of C;g—-MBP-biotin
probe used for incubation with HT22 cells by characterizing the
totally tagged protein quantity enriched by the streptavidin beads.
Ci6—MBP-biotin (15 pmol/L) and a 20 min incubation time were
used in the following experiments (Figs. S10a and b in Supporting
information).

After establishing the optimized workflow of the C;5-MBP-
biotin probe for CSMP tagging and enrichment, we applied it in the
large-scale cell surface proteome profiling of HT22 cells for further
evaluation. We obtained 3486 + 120 proteins in four biological
replicates, among which 2393 4 62 (3098 in total) were annotated
as CSMPs (Fig. 3a and Table S1 in Supporting information). Close
to 70% of the identified proteins by C;g-MBP-biotin probe enrich-
ment were annotated as CSMPs. Furthermore, 75.4% of all the an-
notated CSMPs (2560) were identified in at least two tests, and
the Pearson coefficient for each two tests was above 0.9, indicat-
ing good identification and quantification reproducibility (Figs. 3b
and c). For the identified proteins, TMHMM-2.0 and Phobius were
employed to predict whether they have transmembrane domains

(TMDs). As a result, 1275 proteins in our results were predicted
to have one to multiple TMDs. The distribution of the number of
TMDs is displayed in Fig S11 (Supporting information).

Gene ontology (GO) annotation analysis of the C;5-MBP-biotin
probe-enriched proteins was performed using the proteomic pro-
filing data of the total cell lysates without enrichment as the ref-
erence. As shown in Fig. 4a, “Integral component of plasma mem-
brane”, “Intrinsic component of plasma membrane”, “Integral com-
ponent of membrane”, “Intrinsic component of membrane” and
“Cell surface” were significantly enriched in the GO terms of cel-
lular component. For biological process, GO terms such as “Regu-
lation of membrane lipid distribution”, “Potassium ion transmem-
brane transport”, “Lipid translocation”, and “Phospholipid translo-
cation” were significantly enriched (Fig. 4b). Similarly, cell surface-
related GO terms such as “Transmembrane signaling receptor
activity”, “Secondary active transmembrane transporter activity”,
“G protein-coupled receptor activity”, “Antiporter activity”, and
“Ligand-gated cation channel activity” were enriched in the molec-
ular function category. The above results further demonstrated the
high cell surface selectivity of our C;—~MBP-biotin probe (Fig. 4c).

Considering that nonspecific adsorption is inevitable in enrich-
ment experiments, quantitative comparative proteomic analysis of
the MBP-biotin control probe was conducted to further evaluate
the enrichment efficiency and remove the nonspecifically adsorbed
non-CSMPs. Without cell surface targeting by Cqg, the MBP-biotin
control probe could be easily removed by repeated washing, re-
sulting in significantly reduced protein binding on the strepta-
vidin beads and decreased protein identification. Only a very lim-
ited number of nonspecifically adsorbed proteins were found in
the control samples. Volcano plots and differential protein screen-
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Fig. 3. (a) Number of (cell surface membrane) proteins identified by C;¢-MBP-biotin probe enrichment in the four biological replicates. (b, c) Identification and quantification

reproducibility of the annotated CSMPs.
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Fig. 4. GO enrichment analysis ((a) cellular component, (b) biological process and (c) molecular function) of the C;s—~MBP-biotin probe-enriched proteins.

ing were conducted using Perseus [38]. By stringent filtering (fold
change > 4, P < 0.01), 3883 differential proteins were obtained,
as shown in the volcano plot in Fig S12a (Supporting information),
resulting in an improved percentage of the annotated CSMPs af-
ter using the PANTHER tool and the UniPort database. Only 27%
of the differential proteins were left without information to sup-
port their localization on the cell surface. The detailed information
is provided in Table S2 (Supporting information). Consistently, GO
analysis of the 3883 differential proteins revealed highly enriched
GO terms that were almost all related to cell surface proteins (Fig.
S12b in Supporting information).

We also compared our method with two previously used strate-
gies for membrane protein extraction, the centrifugation method
and the membrane protein extraction kit to further demonstrate
the novelty and significance of our method. The centrifugation
method for CSMPs isolation was performed according to the re-
ported protocol [39]. The membrane protein extraction kit was
used following the manufacturer’s instructions. 3098, 2128 and
2331 CSMPs were enriched and identified by our method, the cen-
trifugation method and the extraction kit. Our method exhibited
45.6% and 32.9% enhancement in the identification scale of CSMPs
compared with the two existing methods. Further comparison re-
vealed that the CSMPs enriched by our method efficiently covered
those obtained by the two existing methods (~80%) (Fig. S13 in
Supporting information). We attributed the increased CSMPs en-
richment by our method to the novel design of the C;5-MBP-
biotin probes. (1) Due to its lipophilic and hydrophobic proper-
ties, palmitic acid can insert the C;s-MBP-biotin probe into the
phospho-lipid bilayers of the cell membrane, leading to a close
proximity between the probe and the target CSMPs to facilitate
direct and specific interaction between them. (2) The two highly
reactive benzophenone groups in the C;—~MBP-biotin probe pro-
vide facile and sensitive photoactive-based protein labeling, which
is crucial for capturing the low abundant CSMPs. Furthermore, the
enrichment reaction can be easily initiated and stopped by sim-
ply “on/off” the UV irradiation. (3) The covalent linkages formed
between the C;g-MBP-biotin probes and the target CSMPs support
a stringent cleaning process using harsh wash conditions to facil-

itate removal of non-CSMPs and preserve the CSMPs. As a result,
improved CSMPs enrichment identification can be achieved.

In summary, we reported a photoactive labeling probe, Cig—
MBP-biotin, that covalently tags CSMPs for large-scale enrichment
and identification of the cell surface proteome by LC-MS. The
palmitic acid C;5 and MBP groups of the probe lead to successful
insertion of the probe on the cell surface and efficient UV light-
induced protein tagging. More than 3000 known CSMPs with ap-
proximately 70% enrichment selectivity were achieved. We expect
that further application of the C;g-MBP-biotin probe may lead to
deeper cell surface proteome coverage and facilitate basic mecha-
nistic studies of cell membrane proteins and drug target screening.
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