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The cell plasma membrane provides a highly interactive platform for the information transfer between

the inside and outside of cells. The surface glycoprotein interaction network is extremely important in

many extracellular events, and aberrant protein interactions are closely correlated with various

diseases including cancer. Comprehensive analysis of cell surface protein interactions will deepen

our understanding of the collaborations among surface proteins to regulate cellular activity. In this

work, we developed a method integrating chemical crosslinking, an enzymatic reaction, and MS-

based proteomics to systematically characterize proteins interacting with surface glycoproteins, and

then constructed the surfaceome interaction network. Glycans covalently bound to proteins were

employed as “baits”, and proteins that interact with surface glycoproteins were connected using

chemical crosslinking. Glycans on surface glycoproteins were oxidized with galactose oxidase (GAO)

and sequentially surface glycoproteins together with their interactors (“prey”) were enriched through

hydrazide chemistry. In combination with quantitative proteomics, over 300 proteins interacting

with surface glycoproteins were identified. Many important domains related to extracellular events

were found on these proteins. Based on the protein–protein interaction database, we constructed

the interaction network among the identified proteins, in which the hub proteins play more

important roles in the interactome. Through analysis of crosslinked peptides, specific interactors

were identified for glycoproteins on the cell surface. The newly developed method can be

extensively applied to study glycoprotein interactions on the cell surface, including the dynamics of

the surfaceome interactions in cells with external stimuli.
Introduction

Proteins located on the plasma membrane play extremely
important roles in cells. They are responsible for many
cellular events, such as sensing extracellular signaling
molecules and regulating cell–cell adhesion.1,2 These cell
surface proteins interact with extracellular matrix,
hormones, as well as lateral and intracellular proteins,
which creates a highly interactive network.3,4 The interac-
tion network is highly dynamic for cells to adapt to the ever-
changing extracellular environment. Moreover, signal
transduction is dependent on transient protein–protein
interactions.5,6 It has been found that the cell surface is
covered by the pericellular matrix called the glycocalyx in
which glycans are attached to surface proteins and lipids.7,8

The glycocalyx participates in various biological activities
the Petit Institute for Bioengineering and
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including cell–cell recognition, communication, and cell
adhesion.2,9 The majority of cell surface proteins are glyco-
sylated, and the most common ones are protein N- and O-
glycosylation.10–14 Aberrant glycosylation can alter protein–
protein interactions, which has been correlated with disease
initiation and development.15,16 For instance, changes in the
glycosylation of CD44, a cell surface receptor involved in
cancer proliferation and migration, can signicantly affect
its binding towards the ligand of hyaluronic acid and thus
change cancer cell signaling.17,18 Therefore, studies on the
cell surface protein interaction network will advance our
understanding of the regulation of cell signaling within
specic spatial and temporal organization and promote the
discovery of essential proteins in the surface protein
network as drug targets.

Despite the importance of the cell surface protein interaction
network, systematic investigation of extracellular interactions of
surface proteins are still underrepresented.10,19 With the rapid
development of modern mass spectrometry (MS), large-scale
studies of protein interactions have become feasible. Affinity
purication-mass spectrometry (AP-MS) methods have been
extensively applied to investigate protein interactions.20,21
© 2021 The Author(s). Published by the Royal Society of Chemistry
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However, AP-MS may not be able to detect transient or weak
interactions from surface proteins because of the harsh condi-
tions including detergents and high concentration of salts
required to dissolve these membrane proteins. Recently,
enzyme-catalyzed proximity labeling methods were reported to
study membrane protein interactions, in which an enzyme was
genetically fused to the protein of interest for catalyzing the
transfer of a biotin functionality to nearby proteins.22,23

However, these methods are oen employed to tag the intra-
cellular domain of surface proteins, and thus study the inter-
actions between surface proteins and neighboring intracellular
proteins or surface proteins with intracellular domains.
Although proximity labeling methods were also developed to
detect the extracellular interaction network such as EMARS,
SPPLAT, and PUP-IT,24–26 they are normally used to construct the
interaction network of one specic surface protein.

Similarly, ligand-based receptor capture technology (LRC)
including TRICEPS and HATRIC were designed to study the
interactions between one specic extracellular ligand and its
surface receptors.27,28 Photo-crosslinking approaches were
capable of studying glycan-binding protein interactions.29,30

With this method, a photo-reactive sugar analog was used to
metabolically label glycans and study glycan–protein interac-
tions upon the UV exposure. Although the photo-reactive sugar
analog can be incorporated into different glycans on the cell
surface, this method is usually used to study the binding part-
ners of one glycoprotein. Moreover, the functional group in
sugar analogs may intervene the interactions between proteins
and glycans. Recently, a beautiful method integrating metabolic
and chemical proximity labeling was reported to study the
binding between proteins and surface sialic acids on a large
scale. A clickable probe was synthesized and attached to
modied sialic acids on the cell membrane, which functioned
as a catalyst for the formation of radicals from hydrogen
peroxide. The proteins in the sialic acid environment were
labeled through amino acid oxidation, and were categorized
into three groups including sialylated proteins, non-sialylated
proteins with transmembrane domains, and proteins that are
associated with the membrane with neither sialylated nor
transmembrane domains.31 Considering the importance and
complexity of surface glycoproteins and their interactors,
effective methods are critical to decipher the surfaceome
interaction network.

In this work, we developed a new method integrating
chemical crosslinking, an enzymatic reaction, and MS-based
proteomics to study the surfaceome interaction network. A
crosslinker was employed to capture proteins that interact with
surface glycoproteins. Then, galactose oxidase (GAO) was used
to generate a chemical handle on glycans, and the tagged
glycoproteins together with crosslinked interactors were
enriched through hydrazide chemistry. The captured proteins
were enzymatically digested and identied through quantitative
proteomics. With the identication of proteins that interact
with surface glycoproteins using MS-based proteomics, we were
able to construct the surfaceome interaction network. The
current method does not require genetic engineering or
© 2021 The Author(s). Published by the Royal Society of Chemistry
metabolic labeling, and thus it can be extensively applied to
study cell surface glycoprotein interactions.
Results and discussion
Principle of an integrative method to study the surface
glycoprotein interaction network

Although AP-MS has been widely applied to study protein–
protein interactions, it is still challenging to investigate
membrane protein interactions due to detergents and high
concentration of salts normally required to dissolve membrane
proteins, which disrupt the interactions. Chemical crosslinking
can be used to study membrane protein interactions, which
preserves transient or labile protein interactions.32,33 In order to
capture proteins that interact with surface glycoproteins, we
employed bis(sulfosuccinimidyl)suberate (BS3), a membrane
impermeable crosslinker, to covalently bind surface glycopro-
teins with their interactors (Fig. 1a). Aer chemical cross-
linking, the interaction partners can be preserved through the
covalent interactions even if proteins were denatured in
different detergent- and salt-containing buffers. Surface glyco-
proteins with their interactors can then be pulled down and
separated through enzymatic oxidation and chemical enrich-
ment. A galactose oxidase (GAO)-based method has been
demonstrated to effectively identify glycoproteins only located
on the cell surface.34 GAO can efficiently convert the hydroxyl
group at C6 of galactose (Gal)/N-acetylgalactosamine (GalNAc)
to the aldehyde group under mild conditions.35 The aldehyde
group as a chemical handle enables us to selectively enrich
surface glycoproteins and their interactors connected by the
chemical crosslinker.

Aer protein digestion, peptides were labeled with the
tandem mass tag (TMT) reagents for their quantication
(Fig. 1b). In this work, biological triplicate experiments were
performed. To eliminate the effects of non-specic binding
proteins, a control group without chemical crosslinking was
also included. Peptides from each sample were labeled with
each channel of the six-plex TMT reagents, respectively, and all
labeled peptides were then mixed before LC-MS/MS analysis.
Based on the intensity ratios of the reporter ions generated from
the TMT tags under HCD between the crosslinking and control
samples, the enriched proteins from the chemical crosslinking
samples were selectively identied. As a commonly used cell
line, MCF7 served as a model for investigating the surface
interactome by integrating chemical crosslinking andMS-based
proteomics.
Identication of proteins that interact with surface
glycoproteins

Taking advantage of the six-plex isobaric labeling reagents
that can label peptides from six samples, we performed bio-
logical triplicate experiments to identify proteins involved in
the surfaceome interaction network. The peptides labeled by
each isobaric reagent will generate a unique reporter ion in
the tandemMS for relative quantitation of peptide abundance
from each sample. An example of peptide identication and
Chem. Sci., 2021, 12, 2146–2155 | 2147
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Fig. 1 (a) Experimental procedure for investigating the cell surface glycoprotein interactions by integrating chemical crosslinking, an enzymatic
reaction, andMS-based proteomics. (b) Detailed procedure for identification and quantification of proteins interactingwith surface glycoproteins
using multiplexed MS-based proteomics.
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quantication is shown in Fig. 2a. The peptide DVLETFVK
was condently identied with an Xcorr of 3.9 and a mass
accuracy of 0.38 ppm. The intensities of the reporter ions
clearly demonstrate that the peptide was enriched in the
Fig. 2 (a) Identification and quantification of an example peptide. The
quantification. (b) Volcano plot illustrating proteins with statistically sig
samples. Significant differences are defined with the abundance change

2148 | Chem. Sci., 2021, 12, 2146–2155
chemical crosslinking sample compared with the control
group. This peptide is from CD9, which is a known surface
protein with four transmembrane domains. It was reported
that CD9 can interact with many signaling and adhesion
inset shows the TMT reporter ion intensities, which are used for the
nificant abundance differences between the crosslinking and control
>2 fold and the P value <0.05.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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surface proteins and establish a compact web over the cell
surface.36,37

To condently identify proteins that interact with surface
glycoproteins, we applied these criteria: the abundance change
of a protein between the chemical crosslinking samples and
the control ones must be at least 2-fold, and the P value
determined from a t test must be <0.05. In total, 316 proteins
meet these criteria (Fig. 2b, Table S1†). Among those, 144
proteins are annotated as both membrane and extracellular
proteins, 108 proteins are annotated as only membrane
proteins and 38 proteins are only extracellular ones according
to the GO cellular component annotation from UniProt
(Fig. 3a). Phobius and SecretomeP were used to predict the
location of the remaining 26 proteins. Six proteins contain
a transmembrane domain or a signal peptide, and six may be
non-classically secreted. The results indicate that nearly all the
identied proteins are potentially located in the extracellular
region and thus may participate in the surfaceome interaction
network. Clustering of all these proteins based on biological
process showed that proteins related to exocytosis, secretion,
membrane organization, signaling, and cell–cell communica-
tion were overrepresented (Fig. S1†). Based on molecular
function, the highly enriched categories include protein and
carbohydrate derivative binding, receptor binding, and glyco-
protein binding, which are correlated very well with the func-
tions of proteins located at the cell surface and in the
Fig. 3 (a) Classification of the identified proteins interacting with
surface glycoproteins based on cellular component. (b) Clustering of
the identified proteins based on molecular function.

© 2021 The Author(s). Published by the Royal Society of Chemistry
extracellular space (Fig. 3b). All these results demonstrate that
the current method can effectively analyze proteins that
interact with surface glycoproteins.

The proteomic workow also allowed us to site-specically
identify surface N-glycoproteins (Fig. 1a). From the control
and chemical crosslinking samples, over 600 N-glycosylation
sites were identied on 328 surface glycoproteins (Table S2†).
For all identied N-glycoproteins, over half are type I membrane
proteins (170) where their N-termini are located in the extra-
cellular space (Fig. S2a†). Only 16 proteins belong to type II
membrane proteins where the C-termini are located outside of
cells. About one third are multi-pass membrane proteins, and 5
proteins are peripheral membrane proteins. For undened
proteins (41), nearly all of them (40) contain a transmembrane
domain or a signal peptide based on the prediction by Phobius.
The N-glycosylation site localization on type I and type II
membrane proteins is illustrated in Fig. S2b.† All glycosylation
sites are found in the extracellular space, which is consistent
with the common belief that glycans on surface proteins are
located outside of cells. The results demonstrated that the GAO-
based method can specically target surface glycoproteins and
thus enable us to selectively enrich proteins that interact with
surface glycoproteins. Overall, integrating chemical cross-
linking, enzymatic oxidation, and hydrazide chemistry, the
current method can identify not only proteins interacting with
surface glycoproteins, but also surface glycoproteins
themselves.
Domain analysis for proteins interacting with surface
glycoproteins

We then performed domain analysis to investigate the func-
tions of the proteins interacting with surface glycoproteins and
their correlation with the surfaceome interaction network.
About 160 different types of protein domains were found on the
316 identied proteins (Table S3†). These domains are involved
in various functions, indicating that proteins with different
biological functions participate in the interaction network. All
the domains that were found in at least ve proteins are dis-
played in Fig. 4. For example, six identied proteins contain
concanavalin A-like lectins/glucanases domain, including
galectin-1, galectin-3, and galectin-8, which are known to bind
to the carbohydrate part of glycoproteins and glycolipids on the
cell surface.38 Galectins have been reported to form the inter-
action lattice on the plasma membrane through their binding
to carbohydrates, which connes specic surface domains to
control signaling of surface receptors including the T cell
receptor (TCR), B cell receptor (BCR), and specic cytokine
receptors.39,40 We also identied proteins with C-type lectin-like
domain including DEC-205 and tetranectin. DEC-205 is
a glycan-binding receptor located on the plasmamembrane and
can capture the glycosylated antigens in the extracellular space
to initiate endocytosis or immune response.41,42 The identica-
tion of different types of lectins indicates that the chemical
crosslinking method can keep the glycan–protein interactions.
It is well-known that global analysis of glycan-binding proteins
on the cell surface is very challenging. The current method
Chem. Sci., 2021, 12, 2146–2155 | 2149
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Fig. 4 Domain analysis for the identified proteins that interacted with surface glycoproteins. The number of proteins containing each domain is
on the left side and the total hit number of each domain is on the right. For example, 6 proteins contain immunoglobulin (Ig) domain, and in total,
these proteins have 172 Ig domains. The domains appeared in at least five proteins are shown here.
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offers a great opportunity to identify surface glycan-binding
proteins on a large scale.

Other important domains related to cell surface activities were
also found. For example, the EGF-laminin domain is mainly from
extracellular matrix proteins such as FBLN1, COMP, and LTBP1,
which can interact with surface proteins and participate in the
extracellular interaction network. EF-hand, a calcium dependent
domain, may interact with the extracellular matrix. For example,
S100A13, an EF-hand domain-containing secreted protein, has
been proved to play a key role in the interaction with FGF1 based
on the synergistic binding to Ca2+ and Cu2+, which is the initial
step in non-classical release of FGF1.43 Six annexin proteins have
been identied, which may interact with sialic acid-containing
carbohydrates on the plasma membrane with the help of
calcium.44 Previous studies have shown that NHERF1 containing
PDZ domain binds to a multitude of ligands including ion trans-
porters, tyrosine kinase receptors, and G protein-coupled receptors
(GPCRs).45 Tyrosine-protein kinase Lyn, which contains protein
kinase-like domain, is a non-receptor tyrosine-protein kinase on
the cell membrane and has shown binding capacity to receptors.
Moreover, it plays an important role in immune response.46

Among the proteins containing ARM repeat domain, CLTCL1
interacts with plasma membrane proteins and mediates the
clathrin-dependent endocytosis.47 PH domain is capable to
interact with membrane proteins to modulate protein and cell
localization.48 A previous report demonstrated that RDX with PH
domain was a cadherin-binding protein and regulated cell junc-
tions and localization.49 Eight proteins contain growth factor
receptor domain including IGFBP2 and IGFBP5, which are
involved in the growth factor receptor signaling pathway. Identi-
ed surface protein transporters with MFS general substrate
transport domain include SLC49A4, SLC16A10 and SLC16A1.
Metal cation-transporting ATPase and calcium ATPase membrane
domain is a superfamily of membrane proteins responsible for
2150 | Chem. Sci., 2021, 12, 2146–2155
transportation of lipid or cations powered by hydrolysis of aden-
osine triphosphate (ATP). HAD-like domain is the catalytic domain
of metal-cation ATPase and promotes the transportation of mole-
cules across the plasma membrane.50 Interestingly, p-loop con-
taining nucleoside triphosphate hydrolase domain was found on
46 proteins, and most of these proteins are G-proteins and small
GTPases. Many of these proteins can be attached to themembrane
through lipidation. These membrane proteins normally reside in
the cytosolic side, but may be transported to the extracellular
region through exocytosis or secretion.
Construction of the protein interactome on the cell surface

Proteins usually cooperate with each other to participate in
numerous biological processes. This can oen be achieved
through protein–protein interactions. With the development of
high-throughput methods including AP-MS, numerous protein–
protein interactions have been experimentally identied, which
helps construct protein–protein interaction network. In the
network, proteins are represented by nodes and their interac-
tions are connected by edges in a graphical view.51,52 Protein
interaction network offers a new approach to study biological
pathways, and reveals protein functions.53

The interaction network of membrane protein is of critical
importance to cells as they participate in various biological
processes including molecular transport, signal transduction,
and cell–cell communication. With the identication of
proteins that interact with surface glycoproteins in this work,
we aim to construct the surface protein interaction network
based on the existing protein–protein interaction data and gain
insights into their roles in the network. We submitted a query of
the 316 identied proteins to IntAct, a public database depos-
ited with protein–protein interactions determined from many
previous experiments, and 4347 interactions were extracted
aer the removal of non-human proteins and their
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Interaction network of the identified proteins that interacted with surface glycoproteins. All the interactions were downloaded from the
IntAct database and visualized by Cytoscape. The proteins with$20 interactions were enlarged. The proteins that overlap with those interacting
with surface glycoproteins identified in this work are shown in blue and the rest are in gray.
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corresponding interactions (Table S4†). In order to have a better
understanding of the network's functions, we analyzed the
topology of the reconstructed network using Network Analyzer
in Cytoscape (Fig. 5). The characteristic parameters of the
network included clustering coefficient (0.015), network density
(0.001), and characteristic pathway length (4.852). The results
are consistent with the power law of typical biological
networks.54,55

To visualize the interactome of the identied proteins as
a function of connectivity, we arranged the interactors into
concentric circles based on the number of interactions per protein.
Proteins with many interactions (at least 20) in the center can be
considered as the hubs in the interaction network, which play
a critical role in maintaining the stability of the biological
network.56Most of the hub proteins (61 of 63) are from the proteins
identied in this work, and these proteins have various functions
including cadherin binding, enzyme binding, and Ras GTPase
binding. Manipulation of the hub proteins in the network may
have higher possibility to disrupt the cell activity, which offers
potential ways for the discovery of drug targets.57 For example,
CD81 is one important component of tetraspanin-enriched
microdomains (TERMs) on the plasma membrane that act as
a platform for receptor clustering and signal transduction.58,59

Here, CD81 was identied as a hub protein, which suggests that
this protein may serve as a promising therapeutic target. It
participates in many important cellular processes such as
membrane organization, protein trafficking, cellular fusion, and
cell–cell interactions. Recently, a study showed that it was closely
related to cancer proliferation andmetastasis.60CD81-knocked-out
mice had reduced primary tumor growth and signicantly
decreased level of lung cancer metastasis.
Identication of crosslinked peptides to further study the
surface interactome

Identication of crosslinked peptides can provide direct
experimental evidence for the interactions between two
proteins, revealing the interaction partners of surface glyco-
proteins. Aer chemical crosslinking and on-bead digestion,
© 2021 The Author(s). Published by the Royal Society of Chemistry
crosslinked peptides were analyzed by LC-MS/MS. About 200
total crosslinked peptides were identied (Fig. S3, Table S5†)
and one example is displayed in Fig. 6a. This crosslinked
peptide was from epithelial membrane protein 2 (EMP2) and
CD166 antigen (ALCAM). Both EMP2 and ALCAM are glyco-
proteins located on the plasma membrane and are involved in
regulating cell adhesion and signal transduction. Based on the
identication of the crosslinked peptides, some conrmed
protein–protein interactions on the cell surface are shown in
Fig. 6b. For each pair of interactions, one or both proteins are
glycosylated except TTN-SLC16A7 (“–” refers to protein–protein
interaction based on the identied crosslinked peptides). For
TTN-SLC16A7, we also found that TTN interacted with ERO1A,
which is a surface glycoprotein (Fig. 6b). The results indicated
that TTN and ERO1A may form a protein complex with
SLC16A7.

The overlap between the two data sets of the proteins iden-
tied based on the crosslinked peptides and quantitative pro-
teomics are shown in Fig. 6b (colored in light green). Galectin-3
(LGALS3) participating in various interactions as a glycan-
binding protein was found to interact with ANO5 and ITPR1,
both of which are glycoproteins located on the cell surface.
RAB8A, PLG, and MYOF interacted with the surface glycopro-
teins, DSCAML1, TPCN2, and ITGB4, respectively. Interestingly,
four proteins (LFNG, CCT5, ATP8B1, and SPTBN2) were iden-
tied as the surface glycoprotein interactors above, and they
also had direct interactions (LFNG-CCT5 and ATP8B1-SPTBN2)
based on the identied crosslinked peptides. The surface
glycoproteins identied through the proteomic workow shown
in Fig. 1a were highlighted in orange (Fig. 6b). Similarly, as
described above, the interactors of identied surface glycopro-
teins, such as ITPR1 for NT5E, ATP1B2 for CD59, and PLXNC1
for LRP4, can also be pinpointed. These results proved that the
identication of crosslinked peptides can directly unravel the
interactors of glycoproteins on the cell surface.

The identied interactions were further mapped to the
known interactions extracted from IntAct (Fig. 6c). Some
proteins such as transporter SLCO1A2 and olfactory receptor
Chem. Sci., 2021, 12, 2146–2155 | 2151
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Fig. 6 (a) An example tandem MS of the crosslinked peptide, NAK-
FYPVTR(3)-EKVNDQAK(2). (b) Some protein–protein interactions
based on the identified crosslinked peptides. The proteins also found
in the data set of the surface glycoprotein interactors from quantitative
proteomics were colored in light green and proteins from the data set
of surface glycoproteins identified in this work were in orange. (c)
Protein–protein interaction network constructed from the IntAct
database. Proteins identified based on the crosslinked peptides were in
dark blue and the remaining proteins from IntAct were in light blue.
The identified interactions were colored in red and the known inter-
actions from IntAct were in gray.
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OR6Q1 have no veried interactions in IntAct, but they were
found to participate in the surface interaction network in the
current study. The network reveals that one hub protein can
interact with another hub protein based on the identied
crosslinked peptides such as PLG and TPCN2 (Fig. 6c), which
implies more underlying roles of these hub proteins. The
combination of the interaction network based on the identied
crosslinked peptides (Fig. 6c) and the network constructed from
IntAct (Fig. 5) provides more valuable information about
protein interactions on the cell surface.

Identication of crosslinked peptides is vital to understand
the surface interaction network, but large-scale analysis of
crosslinked peptides is still very challenging due to many
obstacles such as the low abundance of crosslinked peptides
and the high complexity of the fragments in tandemMS.61,62 The
identication of crosslinked peptides in the surface protein
interaction experiments is even more challenging because the
abundances of many surface proteins are normally much lower
compared to intracellular proteins, and membrane proteins are
difficult to deal with. It has also been reported that the identi-
ed crosslinked peptides are biased for highly abundant
proteins using the current proteome-wide cross-linking MS.62

With the development of tri-functional63–65 and MS-cleavable
crosslinkers66,67 for enhancing MS-based detection of cross-
linked peptides, more crosslinked peptides from the cell
surface can be identied, which will further deepen our
understanding of the surface interactome.
Conclusions

Cell receptors, transporters and adhesion molecules on the
plasma membrane interact with many surface proteins, and
these interactions modulate various cellular events including
signal transduction and cell–cell communications. Growing
evidence has indicated that proteins located on the plasma
membrane collaborate with each other by forming a micro-
domain to discriminate the real “input” and then generate the
corresponding accurate “output”. Therefore, global analysis of
the interactors of glycoproteins on the plasma membrane can
advance our understanding of surface protein functions and the
overall cell surface protein organization. In this work, inte-
grating chemical crosslinking, enzymatic oxidation, and MS-
based proteomics, we systematically investigated the surfa-
ceome interaction network. From the biological triplicate
experiments, we identied 316 proteins that interact with
surface glycoproteins. The identied proteins contain different
types of domains including concanavalin A-like lectins/
glucanases domain, C-type lectin-like domain, EGF-laminin
domain, and many of them are related to extracellular activi-
ties. The surface protein interaction network was constructed
based on the proteins identied here and the reported protein–
protein interactions. Some hub proteins with at least 20 inter-
actions were identied and they are very important for extra-
cellular activities. These hub proteins can potentially be served
as drug targets. Because the current method allows us to glob-
ally capture the cell surface protein interactions, it provides an
© 2021 The Author(s). Published by the Royal Society of Chemistry
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excellent opportunity to study the dynamics of the surface
interactome in the future.

Experimental section
Cell culture

MCF7 cells (ATCC) were cultured in Dulbecco's Modied Eagle's
Medium (DMEM) (Sigma) containing high glucose and 10% fetal
bovine serum (FBS) (Corning). The cells were grown inside
a humidied incubator with 5.0% CO2 at 37 �C until the cell con-
uency reached �90%. The cells were washed with ice-cold PBS
three times and harvested by scraping. Aer centrifugation (300g, 5
min), the cell pellets were washed twice with ice-cold PBS (pH¼ 8).

Chemical crosslinking and oxidation of surface glycoproteins

The cells were suspended in 1 mL ice-cold PBS (pH ¼ 8) con-
taining 2 mM bis(sulfosuccinimidyl)suberate (BS3, Thermo
Scientic). For the control group, every step was the same except
without the addition of the chemical crosslinking reagent, i.e.
BS3. The cells were incubated at 4 �C for 60 min through end-
over-end rotation. The reaction was quenched at 4 �C for
30 min by adding Tris to a nal concentration of 15 mM. The
cells were then washed three times with ice-cold PBS containing
15 mM Tris. Glycoproteins on the cell surface were then
oxidized with galactose oxidase (50 U mL�1, Innovative
Research) in a solution containing HRP (40 U mL�1, Sigma) and
5% FBS for 60 min at 37 �C.

Cell lysis and enrichment of glycoproteins together with their
crosslinked interactors

Aer oxidation, the cells were washed with ice-cold PBS three
times and resuspended in a buffer containing 50 mM HEPES
(pH¼ 7.4), 150mMNaCl, 25 mgmL�1 digitonin, and 1 tablet per
10 mL protease inhibitor (Roche), and incubated on ice for
10 min. The supernatant was discarded aer the solution was
centrifuged at 2000g for 10 min. The pellets were lysed in
a buffer containing 50 mM HEPES (pH ¼ 7.4), 150 mM NaCl,
0.5% SDC, 0.5% SDS, 10 units per mL benzonase, and 1 tablet
per 10 mL protease inhibitor, and incubated at 4 �C for 60 min
through end-over-end rotation. The lysates were centrifuged,
and the supernatant was collected. The tagged proteins were
enriched with hydrazide beads (Thermo Scientic) with aniline
(10 mM) as the catalyst at 4 �C for 24 h. Then the beads were
washed three times with a buffer containing 8.0 M urea, 0.4 M
ammonium carbonate (NH4HCO3), and 0.1% SDS.

Proteins on the beads were reduced with 5 mM dithiothreitol
(DTT) (37 �C, 45 min), and alkylated with 14 mM iodoacetamide
at room temperature for 25 min in the dark. Non-specic
binding proteins were removed by washing the beads 4 times
with the above buffer. The hydrazide beads were resuspended in
50 mM HEPES (pH ¼ 8.5) with 1.5 M urea, and proteins on the
beads were digested with trypsin at 37 �C overnight. The eluent
was collected. Then glycopeptides covalently bound on the
beads were eluted by incubating with the elution buffer (0.2 M
methoxylamine, 1.5 M NaCl, and 0.1 M aniline in 0.1 M sodium
acetate solution, pH ¼ 4.5). Peptides and glycopeptides were
© 2021 The Author(s). Published by the Royal Society of Chemistry
puried using tC18 Sep-Pak cartridge (Waters) and dried in
a SpeedVac system.

Peptide TMT labeling and fractionation

Peptides and glycopeptides from six samples (three crosslinked
samples and three control ones) were labeled by the six-plex
tandem mass tag (TMT) reagents (Thermo Scientic) accord-
ing to the manufacturer's protocol. The labeled peptides from
all six samples were combined, desalted using a tC18 Sep-Pak
cartridge, and further separated into 20 fractions by high pH
reversed-phase high-performance liquid chromatography
(HPLC) using a 40 min gradient of 5–55% ACN in 10 mM
ammonium acetate (pH ¼ 10). Each fraction was puried again
by the StageTip method. The labeled glycopeptides were
deglycosylated in heavy-oxygen water (H2

18O) with peptide-N-
glycosidase F (PNGase F, Sigma) for 3 h at 37 �C. The deglyco-
sylated peptides were puried and separated into three frac-
tions using the StageTip method. For the identication of
crosslinked peptides, the peptides were fractionated and each
fraction was also puried using StageTip before MS analysis.

LC-MS/MS analysis

Puried and dried peptide samples were dissolved in a loading
buffer containing 5% ACN and 4% formic acid, and 2 ml was
injected into a microcapillary column packed with C18 beads
using a WPS-3000TPLRS autosampler (UltiMate 3000). Aer
being separated by reversed-phase HPLC using an UltiMate
3000 binary pump, the peptides were detected in a hybrid dual-
cell quadrupole linear ion trap-Orbitrap mass spectrometer
(LTQ Orbitrap Elite, Thermo Fisher) using a data-dependent
Top15 method. A full MS scan (resolution: 60 000) was recor-
ded in the Orbitrap cell with the automatic gain control (AGC) of
106. The peptides were fragmented using higher-energy colli-
sion dissociation (HCD) with 40% normalized energy, and
fragments were detected in the Orbitrap cell with high resolu-
tion and high mass accuracy. Selected precursor ions were
excluded from further sequencing for 90 s. Ions with a single or
unassigned charge were not sequenced.

Database searching and data ltering

The raw les were converted to the mzXML format and searched
against the database containing sequences of all human
proteins downloaded from UniProt (Homo sapiens) with the
SEQUEST algorithm (version 28).68 The following parameters
were used during the search: 20 ppm precursor mass tolerance;
0.025 Da product ionmass tolerance; fully digested with trypsin;
up to three missed cleavages; xed modications: carbamido-
methylation of cysteine (+57.0214); TMT tag of lysine and the
peptide N-terminus (+229.1629), variable modications: oxida-
tion of methionine (+15.9949); 18O tag of Asn (N-glycosylation
site) (+2.9883, for glycopeptide identication). The target-decoy
method was used to evaluate the false discovery rates (FDRs) for
peptide and protein identications, and linear discriminant
analysis (LDA), which integrates several parameters including
XCorr, precursor mass error, and charge state, was employed to
control the accuracy of peptide identications.69,70 Peptides with
Chem. Sci., 2021, 12, 2146–2155 | 2153
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fewer than seven amino acid residues were removed. Peptide
were ltered to <1% FDR, and then proteins were further
ltered to have FDR <1%. The TMT reporter ion intensities in
the tandem mass spectra were employed to quantify the iden-
tied peptides. pLink2 was used for the crosslinked peptide
search against a database containing sequences of both surface
glycoproteins downloaded from Uniprot and proteins that were
dened as the surface glycoprotein interactors in the work.71

The settings of pLink2 included: peptide mass: 500–6000;
peptide length: 5–60; 20 ppm precursor mass tolerance; 20 ppm
product ion mass tolerance; xed modication: carbamidome-
thylation of cysteine; variable modication: oxidation of
methionine. FDR was set to <5% at the spectral level with
10 ppm MS1 lter tolerance according to the recommendation
of the developer.
Bioinformatic analysis

Protein functional annotation was performed with the Database
for Annotation, Visualization and Integrated Discovery
(DAVID).72 For the volcano plots, P-values were calculated using
Perseus, in which a one-sample t-test (S0 ¼ 0) was performed.73

Proteins were considered being enriched when the abundance
changed by >2-fold compared to the control group and the P-
value was <0.05. Protein localization was downloaded from
UniProt.74 Protein network was constructed through the IntAct
database and visualized by Cytoscape.75,76
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