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The reductionist view of ‘one target-one drug’ has fueled the
development of therapeutic agents to treat human disease.
However, many compounds that have efficacy in vitro are
inactive in complex in vivo systems. It has become clear that a
molecular understanding of signaling networks is needed to
address disease phenotypes in the human body. Protein
signaling networks function at the molecular level through
information transfer via protein-protein interactions. Cell
surface exposed proteins, termed the surfaceome, are the
gatekeepers between the intra- and extracellular signaling
networks, translating extracellular cues into intracellular
responses and vice versa. As 66% of drugs in the DrugBank
target the surfaceome, these proteins are a key source for
potential diagnostic and therapeutic agents. In this review
article, we will discuss current knowledge about the spatial
organization and molecular interactions of the surfaceome and
provide a perspective on the technologies available for
studying the extracellular surfaceome interaction network.
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The extracellular surfaceome signaling
interaction network

The surfaceome represents a signaling gateway for the
cell that enables, but also limits, cellular communication
to guide cellular behavior. Identity, quantity, and the
spatiotemporal nanoscale organization of the surfaceome
members determine cellular identity and the capacity of
individual cells to communicate with the outside micro-
environment. Although the amino acid sequence of sur-
faceome-residing proteins determines primary structure,
the signaling function capacity is embedded in the
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dynamic interactions of surfaceome proteoforms with
intracellular, lateral, and extracellular ligands. The eluci-
dation of context-dependent signaling and dynamic
molecular interactions of and within the surfaceome
would provide the basis for targeted pharmacological
interventions. In this review, we will focus on the extra-
cellular signaling interaction network encompassing cis
(or lateral) and trans (or extracellular) interactions. We
acknowledge that this review paritally neglects the vast
knowledge accumulated in the community about intra-
cellular interactions of the surfaceome.

The human surfaceome encompasses all plasma mem-
brane proteins with at least an extracellularly exposed
amino acid. These extracellular residues decorated with
a few or many post-translational modifications, have the
general capacity to interact with proteins or other ligands
from other cells (in trans), with the extracellular matrix
(ECM), drugs, hormones and chemical messengers, as well
as with lateral interaction partners (in cis) on the same cell
(Figure 1). This cell-specific extracellular signaling inter-
action network regulates spatiotemporal signaling capacity
and is influenced by the local microenvironment, including
the lipid composition of the membrane, which enhances or
limits fluidity [1,2], by the intracellular cytoskeleton, which
restricts the localization of surfaceome proteins to confined
spaces [3], and the ECM, which bridges surfaceome pro-
teins [4°], as discussed below.

To define the protein members of the human surfa-
ceome and thus the framework for protein-protein sur-
faceome interactions, we recently applied a machine-
learning strategy and predicted that about 2900 proteins
of a total of approximately 20,000 UniProt annotated
protein entries belong to the surfaceome across all cell
types and developmental stages (Bausch-Fluck e a/.,
The in silico Human Surfaceome, under revision; wlab.
ethz.ch/surfaceome). Of these, 1500 were experimen-
tally confirmed in a cell type-specific screen, in which
individual cell types expressed between 500 and
1700 cell surface proteins [5]. The signaling interaction
networks of individual receptors, such as the T cell
receptor (T'CR) as a prime example, have been studied
extensively. Studies have revealed a remarkable com-
plexity in terms of surfaceome interactions (involving at
least 10 different surfaceome members in the case of
'TCR) that control signal initiation and regulation [6,7].
G protein-coupled receptors (GPCRs) engage in diverse
surfaceome interactions with receptor activity-modifying
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Surfaceome signaling interaction network. The surfaceome signaling network involves interactions of surfaceome proteins with the ECM, small
molecules, ligands, cell surface proteins from other cells (trans interactions), and cell surface proteins from the same cell (cis interactions).
Interaction sites are highlighted with red circles. Cell surface proteins are shown in dark blue, a-helical transmembrane domains are depicted by

cylinders, B-barrel transmembrane domains by lines.

proteins (RAMPs), which guide localization of GPCRs
and modulate signaling [8°]. Tetraspanins, cell surface
proteins with four transmembrane domains, have the
ability to interact with each other and with many signal-
ing and adhesion surfaceome proteins, essentially spin-
ning a web over the cell surface [9,10]. Hepatitis C virus
(HCV) and human immunodeficiency virus (HIV)
engage several cell surface proteins (CD81, SR-B1,
CLDN1, Occludin and EGFR in the case of HCV
[11] and CD4, CCRS5, and CXCR4 in the case of
HIV-1 [12,13]) to infect cells. Based on these examples,
it appears likely that also less intensively-studied recep-
tors engage in a multitude of lateral surfaceome inter-
actions, which, however, are largely unknown. Single
receptors can provide signaling activity, but nanoclusters
ensure specificity of signaling [14°°] by distinguishing
background noise from real input signals and by inte-
grating multiple cues from the extracellular or from the
intracellular space of the cells. In addition, the surfa-
ceome is highly dynamic, as observed during the TCR
activation process. T'CR activation is dependent on
clustering of several molecules and the first phosphor-
ylation events are detected just 5s after stimulation, and
co-activation and re-organization of TCR signaling pro-
teins is observed after 30s [15]. Thus, surfaceome inter-
actions are highly dynamic and enable fine-tuning of
cellular signaling through organizational changes. It is
essential to elucidate the nanoscale organization of the
surfaceome signaling interaction network to understand
how cells regulate signaling within specific spatial con-
texts; however, the efforts to obtain a systematic view of
the surfacecome signaling interaction network and its
spatiotemporal dynamics are still in their infancy.

Technologies for the interrogation of the
surfaceome interaction network

"The direct functional consequences of dynamic protein—
protein interactions sustains interest in the field of inter-
actomics, and a plethora of technologies for the detection
of direct and proximal interactions have been recently
developed. Particularly, advancements in mass spectrom-
etry (MS) based interactomics technologies have paved
the way for large-scale interaction network studies [16—
18]. Methods to study protein-protein interactions can be
divided into hypothesis-driven technologies, in which
interacting proteins (usually two) are engineered to
enable detection, and discovery-driven technologies, in
which one protein is engineered or endogenously
targeted and a multitude of interactors are identified
(Figure 2). Box 1 provides a general overview of technol-
ogies used to identify protein-protein interactions, and a
list is provided in Table S1 in supplementary material. A
more comprehensive review can be found in Eyckerman
et al. [19]. Most current approaches were designed to
elucidate the intracellular interaction network. Technol-
ogies specially designed to probe the extracellular ligand
space in a discovery-driven manner are AVEXIS and the
ligand-receptor capture (LLRC) technologies [20-22].
Affinity-purification coupled to mass spectrometry (AP-
MS) methods, usually employed in the context of intra-
cellular interactions, can in principle be also applied to
cell surface proteins, by affinity tagging the cytoplasmic
domains [23,24,25,26°]. However, AP-MS methods
typically utilize detergents for disrupting the membrane
and isolating surfaceome complexes, a step that may
disrupt transient or lipid-mediated interactions of surfa-
ceome complexes.
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Technologies for the identification and validation of protein-protein interactions. lllustration summarizing different concepts of binary and multiple
methods. For each conceptual approach some representative methods are listed. The complete list can be found in Table S1 in supplementary
material. Methods suitable for surfaceome signaling interaction network interrogation are highlighted in purple.

Proximity-based tagging technologies, which can be used
to tag proximal proteins, for example through biotinyla-
tion, in their natural environment, are advantageous for
the elucidation of the surfaceome signaling interaction
network, since these technologies do not require the
protein complex to remain intact for subsequent analysis.
Proximity-based strategies such as BirA ligase-based and
APEX/APEX2 technologies are currently being used
mainly for the tagging of intracellular domains of cell
surface proteins and thus would be only able to biotiny-
late intracellular proteins and neighboring cell surface
proteins that have proximal cytoplasmic domains [27,28].
EMARS [29], split HRP [30], SPPLAT [31], and BAR
[32] strategies have been applied for the tagging of
extracellular domains and discovery of lateral surfaceome
interactions. These proximity-tagging technologies in

combination with an MS read-out strategy can provide
a basic blueprint of the surfaceome interaction network.
Proposed interactions could be further validated by
hypothesis-driven methods such as a fluorescent read-
out strategy like the proximity ligation assay (PLA) [33],
split eGFP [34], BiFC [35], or FRET [36]. In summary, a
number of technologies hold the promise for elucidating
and validating the surfaceome signaling interaction net-
work; however, specific challenges remain, as discussed in
the next section.

Modulators of the surfaceome signaling
interaction network

The surfaceome protein abundance

The first step in the definition of the surfaceome signaling
interaction network is typically the identification of
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Box 1 Overview of technologies for identification of surfaceome
networks.

In most hypothesis-driven methods the bait and the prey are both
genetically engineered to be complementary parts of a functional
unit. Upon interaction of bait and prey, the two tagged parts may
unite to produce a fluorescent signal (i.e. split GFP [34], FRET [36],
BiFC [35], and BRET [37]) or to activate directly or indirectly the
transcription of a reporter gene (i.e. MaMTH [38], split RNA poly-
merase [39], and split TEV [40]). The reporter gene can ensure
survival or can produce a fluorescent, luminescent (split luciferase)
[41], or colorimetric (split lactamase) [42] signal. Details about opto-
genetic methods can be found in the recently published reviews by
Wiens and Campbell [43] and Snider et al. [44] (Figure 2, Table S1 in
supplementary material). The proximity ligation assay (PLA) [33]
relies on antibodies that recognize two proteins that may interact.
The antibodies are tagged with short single-stranded DNA oligonu-
cleotides, which are ligated and serve as a template for PCR
amplification. The template is detected with fluorescent PLA probes
when gathered in proximity. Inherent to all hypothesis-driven tech-
nologies is that there is a distance constraint within which interac-
tions can be identified. For most of these technologies, a direct
interaction of bait and prey protein is necessary. For PLA, the dis-
tance must be closer than 40nm. In FRET, the donor and acceptor
have even to be closer than 10 nm and must face each other in the
right conformation in order for resonance energy transfer to occur
(Table S1 in supplementary material).

With the rise of mass spectrometry-based proteomics, affinity-based
methods have gained considerable momentum [45]. Typically, the
bait protein is engineered with a (multifunctional) affinity tag (i.e. c-
myc, FLAG, HA, strep-tag) that allows purification under mild lysis
conditions preserving the interaction with prey proteins [45]. Purified
prey proteins are digested into peptides, and identified by mass
spectrometry. Variants of this approach include use of the combi-
nation of several affinity tags for tandem purification (TAP) or the
purification of endogenous proteins with respective antibodies
coupled to a solid support (QUICK, colP) [46]. AP-MS has been
proven to be extremely powerful in identifying protein networks
based on stable interactions [16-18].

Recently, proximity-tagging approaches have become popular as
these methods can detect transient protein-protein interactions.
Proximity-based methods either rely on a promiscuous biotin ligase,
which is genetically fused with a target protein (i.e. BiolD [27],
TurbolD [47], split BiolD [48], PUP-IT), or engage a peroxidase, which
metabolizes a biotinylated substrate for radical-based biotinylation of
proximal proteins (APEX2 [28], EMARS [29], SPPLAT [31], BAR [32]).
Biotinylation by either approach allows for streptavidin-based protein
purification, digestion, and subsequent identification by mass
spectrometry. Biotinylation of proteins is achieved within a radius of
approximately 40 nm of the bait, and, therefore, the detected inter-
actions are not necessarily direct.

A last category contains methods specifically designed to identify
extracellular interactions. In AVEXIS, the extracellular domains of cell
surface proteins are engineered in two flavors, bait and prey, in order
to probe all protein domains against each other [20]. Ligand-receptor
capture methods such as TRICEPS-LRC and HATRIC-LRC employ a
trifunctional linker enabling attachment of a ligand, covalent binding
to the receptor, and solid-phase enrichment [21,22].

All described technologies and their characteristics are listed in
Table S1 in supplementary material.

surfacecome members and thus possible network partici-
pants. The Cell Surface Protein Atlas (CSPA, htep://wlab.
ethz.ch/cspa/) [5] encompass the experimentally vali-
dated surfaceome. A comparative analysis of the cellular

surfaceomes contained in the CSPA revealed firstly that
surfaccomes of evaluated cell types are qualitatively
highly similar and secondly that differences between cell
types are mainly found in quantities of surfaceome pro-
teins [5]. This suggests that the same proteins within the
surfaceomes of different cells experience different pro-
tein neighborhoods. In other words, because of quantita-
tive differences, the number of possible functional surfa-
ceome interactions will vary from cell type to cell type,
ultimately leading to different signaling thresholds and
functional signaling capacities. Examples supporting this
hypothesis include interactions of the ERBB2 (also
known as HER2) receptor with the ERBB3 (also known
as HER3) receptor [26°] and with integrin beta 1 [49°°] in
an abundance-dependent fashion. Modulation of abun-
dances of cell surface proteins likely regulates complex
formation and signaling capacities. Surfaceome nanoclus-
ters might be composed of stable core interactors and
dynamic interactors that change depending on cell iden-
tity [50°]. Therefore, surfaceome signaling interaction
networks, receptor nanoclusters, and receptor activation
mechanisms should be regarded as cell-type specific,
which complicates the quest to elucidate the spatiotem-
poral surfaceome signaling interaction network.

The surfaceome structure

Superfast single-particle tracking (SPT) has revealed
cytoskeleton-mediated compartmentalization of the
plasma membrane [51°]. The so-called fences and pickets
model proposes that a mesh controlled by actin creates
microdomains of 30-200nm between which proteins
move via hop diffusion [51°]. Recently, CD44 was iden-
tified as a picket protein [4°]. A different, but not contra-
dictory, model proposes that compartmentalization is
mediated by lipid-sequestered 10 nm—200 nm sized nano-
domains. These lipid rafts are enriched in cholesterol and
sphingolipids and harbor receptors at higher density than
non-lipid-sequestered regions and facilitate oligomeriza-
tion and thus activation of signal transduction [52].

The organization of the plasma membrane creates differ-
ent microenvironments that directly influence the activa-
tion and the signaling of receptor tyrosine kinases as
reviewed by Casaletto and McClatchey [53°]. Simulta-
neous single-molecule tracking of G-protein-coupled
receptors and G-proteins has revealed firstly that transient
interactions occur in various confined spaces in the
plasma membrane, secondly that agonists increase the
association rate, and thirdly that signaling is only initiated
in hot spots [54°°]. The possibility that interactions with
various membrane components regulate receptor activa-
tion imposes another level of complexity on control of
receptor activation [55]. Interactions might not only
change with cell identity, but receptors, and specifically
receptor proteoforms, may also display spatial selectivity
on the surface of the same cell constrained by different
membrane compartments. Thus, available evidence
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suggests that receptor proteoforms reside in spatially
restricted surfaceome areas that contain, depending on
the cell type, varying quantities of interaction partners;
this compartmentalization ultimately leads to function-
ally different signaling outcomes in spatially separated
nanoscale regions (Figure 3).

A consequence of such a scenario is that experimental
strategies need to be devised and technologies developed
that have the capacity to target selected, functionally
relevant proteoforms of a receptor, rather than its total
pool. Such data would enable the design of pharmacolog-
ical interventions targeting specific perturbed signaling
functions of a receptor and not the potentially positive
signaling functions in non-perturbed nanoscale regions of
the same cell.

Post-translational modifications of surfaceome
proteoforms

To introduce a further level of complexity to the picture,
single genes do not encode single protein forms. The
term proteoform was coined to describe the related pro-
tein molecules arising from a single gene: The protein
products from a single gene differ due to genetic varia-
tion, alternative processing of pre-mRNA, and post-

translational modifications (P’TMs) [56]. The main PTMs
found on surfaceome-residing proteoforms are glycosyla-
tion (N-glycosylations, O-glycosylations, and C-glycosy-
lations), disulfide bonds, lipidation, and phosphorylation
with enrichment factors over intracellular proteins of 7.5,
6, 3, and 0.71, respectively (Bausch-Fluck e 4/., unpub-
lished, calculated based on average frequency within
100 amino acids). Glycans are involved in fundamental
functions of the surfaceome such as cell signaling and
communication, cell-matrix interactions, and immune
modulation [57]. Alterations in glycosylation regulate
the development and progression of cancer, and thera-
peutics have been developed that target the glycosylation
pathway, gangliosides, or proteoglycans [58]. As examples
of the importance of PTMs, EGFR glycosylation influ-
ences the conformation of the extracellular domain [59°]
and ligand binding [60], and the conformation and thus
the stability of interactions of integrins is influenced by
N-glycosylation [61]. Since the majority of surfaceome
proteoforms are glycosylated (90%), it is assumed that
glycosylation has a substantial impact on the surfaceome
signaling interaction network. For instance, glycan-bind-
ing galectins are capable of forming lattices over the cell
surface [62] and have been proposed to scaffold cell
surface domains to modulate signaling of the TCR,

Figure 3
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Adaptation to different functional roles dependent on microenvironments and PTMs. The same protein (here symbolizes as the person John) can
appear in different confined areas, where it possibly interacts with the available proteins (football players, family, business partners) within the
same nanospace (space 1, space 2, space 3). Interactions with different proteins might be enabled by varying PTMs (whistle, bottle, documents).
The changing interaction partners lead to modulated signals (signal 1, signal 2, signal 3). This figure summarizes how the structure of the
surfaceome and PTMs in nanoscale regions influence the signaling capacity of individual proteoforms. The influence of the abundance of a protein
on its interaction partners is not visualized. Image courtesy by Tobias Fluck Graphic & Motion Design.
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among other pathways [63]. In order to deduce a complete
surfaceome signaling interaction network and to under-
stand its function, the proteoforms involved and their
influence on signaling need to be integrated into the
model.

The surfaceome signaling interaction network: what’s
next?

Large-scale interaction studies revealed on average 8-10
interaction partners per protein [16-18]. Except for some
extensively studied receptors like EGFR, which engages
in direct interactions with at least seven other surfaceome
members [64°], the nanoscale organization and interac-
tion partners of surfaceome proteoforms are largely
unknown. As discussed, the surfaceome signaling inter-
action network is likely cell type, protein abundance,
microenvironment, and proteoform-specific. In discov-
ery-driven technologies and experimental design the
obtained data are typically averaged across all the recep-
tors, regardless of the microenvironment or the actual
proteoform of the specific receptor. Technologies that
allow targeting of proteoform-specific interaction pairs do
not allow for the discovery of additional interaction part-
ners. However, the influence of PTMs and the promis-
cuity of surfaceome proteins must be considered in order
to deduce functionally relevant surfaceome interaction
networks. Therefore, novel, advanced approaches are
needed in the field. Along with new technologies, appro-
priate model systems need to be developed as well. For
practical reasons, most of today’s interaction studies are
carried out in 2D cultures of cancer cell lines, which fall
short in mimicking the natural microenvironment. How-
ever, it seems obvious that the surfaceome nanoscale
organisation is adapted to interact with the surrounding
microenvironment.

A recent single-molecule technique to probe protein-
protein interactions appears to be promising [65]. Bioti-
nylated antibodies against endogenously expressed pro-
teins are used to immobilize complexes associated with
the target proteins on a neutravidin-coated coverslip.
Interacting proteins are detected by additional antibodies
and total internal reflection fluorescence (‘TIRF) on each
single spot. In addition, fluorescently labeled preys can be
added to the array if no antibodies are available. The
achieved single-spot resolution is able to dissect the
different complexes involving a receptor of interest.
However, only stable and anticipated interactions are
able to be captured. Ideally, proximity technologies that
are applicable in the extracellular space should be tailored
to specific heterodimers or protein complexes, for exam-
ple with engineered multispecific antibodies [66]. Anti-
body-based anti-cancer therapies are suffering from low
perfusion rates of tumors, which results in low effective-
ness in solid tumors, in high interstitial fluid pressure, and
in the rapid development of drug resistance. A profound
understanding of the spatiotemporal regulation of the

surfaceome signaling interaction network and the syner-
gistic and antagonistic effects of lateral surfaceome inter-
actions would allow for the development of advanced
drugs [66]. Multitargeted drugs should be less likely to
induce resistance and should be more effective than drugs
that target only a single proteoform. Multispecific anti-
bodies can additionally be coupled with cancer cell-spe-
cific drugs for effective tumor clearance [67,68,69°].

Conclusions

The surfaceome signaling interaction network is tightly
regulated, highly interactive, and immensely complex. As
stated by de la Serna ¢ /. [70]: ‘A dynamic and complex
plasma membrane is the environment where all mole-
cules play in concert to achieve the optimal physiological
output.” In order to understand and dissect this concert
into its individual orchestral parts and to identify those
parts that can be targeted to interfere with disease pro-
gression, advanced technologies are required that take
into account the various particularities of the surfaceome.
A better understanding of the surfaceome signaling inter-
action network will allow for the development of drugs
that target functionally relevant surfacecome complexes.
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