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Many cellular responses are triggered by proteins, drugs or 
pathogens binding to cell-surface receptors, but it can be 
challenging to identify which receptors are bound by a given 
ligand. Here we describe TRICEPS, a chemoproteomic reagent 
with three moieties—one that binds ligands containing an 
amino group, a second that binds glycosylated receptors on 
living cells and a biotin tag for purifying the receptor peptides 
for identification by quantitative mass spectrometry. We 
validated this ligand-based, receptor-capture (LRC) technology 
using insulin, transferrin, apelin, epidermal growth factor, 
the therapeutic antibody trastuzumab and two DARPins 
targeting ErbB2. In some cases, we could also determine 
the approximate ligand-binding sites on the receptors. Using 
TRICEPS to label intact mature vaccinia viruses, we identified 
the cell surface proteins AXL, M6PR, DAG1, CSPG4 and 
CDH13 as binding factors on human cells. This technology 
enables the identification of receptors for many types of 
ligands under near-physiological conditions and without the 
need for genetic manipulations.

Identifying the receptors of key ligands can often lead to new research 
directions and provide valuable mechanistic information about signal 
transduction, drug action or off-target effects. However, the unbi-
ased and unambiguous identification of ligand-receptor interactions 
remains a daunting task despite the emergence of mass spectrometry– 
based technologies for the identification of protein-protein1,2 and 
small molecule–protein3–5 interactions in cell lysates. This is mostly 
due to the transient nature of such interactions and the problems 
inherent in the analysis of plasma membrane proteins that are often 
hydrophobic and present in relatively low abundance6,7. Furthermore, 
cell surface proteins typically need to be embedded in their natural 
environment, that is, within living cells or tissues, to exhibit their 
characteristic binding properties8,9.

We and others have previously used bifunctional reagents contain-
ing hydrazide and aminooxy active groups to label carbohydrate- 
containing proteins on the surface of live cells with biotin10,11. 

Subsequently, the purification and mass spectrometric analysis of cor-
responding peptides allows for the characterization of the cell surface 
proteome11,12. As an extension of this strategy, we hypothesized that 
specifically designed trifunctional reagents would allow the capture 
of ligand-based receptors bound to ligands on the surface of live cells 
followed by identification of the captured receptors using quantitative 
mass spectrometry. We designed and synthesized biocompatible chemo
proteomic reagents (Fig. 1a and Supplementary Note) incorporating 
three independent functionalities: an N-hydroxysuccinimide ester for 
conjugating the reagent to a ligand containing a free amino group; a 
protected hydrazine that reacts with aldehydes in carbohydrates on 
glycoprotein receptors; and a biotin group for the affinity purifica-
tion of the captured glycopeptides for mass spectrometric analysis13. 
Special emphasis was also placed on water solubility, conformational 
flexibility, spacer length and compatibility with gentle yet selective 
conditions for the ligand coupling and receptor-capture reactions. We 
call these trifunctional chemoproteomic reagents ‘TRICEPS’.

The N-hydroxysuccinimide ester on TRICEPS nonspecifically couples  
the reagent to primary amines, the α-NH2 group of the N terminus  
or the ε-NH2 group of lysine side chains, in protein or peptide lig-
ands of interest, under physiological conditions14. Typically, several  
primary amines are present in ligands. Simultaneous coupling to all 
or most available groups might interfere with subsequent receptor  
binding, whereas lower labeling ratios are expected to minimally 
impair the majority of ligands (Supplementary Fig. 1). After reac-
tion of the N-hydroxysuccinimide ester, TRICEPS retained the 
ability to efficiently capture aldehydes on the surface of living cells 
(Fig. 1b). Aldehydes are generally absent from cell surfaces but can 
be introduced into the carbohydrates of cell surface glycoproteins 
through exposure of cells to gentle oxidizing conditions with sodium- 
metaperiodate10,11,15. In contrast to other combinations of reactive 
and protecting groups, the trifluoroacetylated hydrazines used in 
TRICEPS can undergo condensation with carbohydrate-derived alde-
hydes under essentially neutral conditions without prior removal of 
the protecting group. This is one of the key features of TRICEPS as the 
trifluoroacetamide protective group prevents unwanted side reactions 
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between the nucleophilic hydrazine and electrophiles such as active 
ester groups in the reagent itself. As the condensation reaction can 
occur under neutral conditions, this eliminates the need to remove the 
protective groups under harsh conditions, which would be incompat-
ible with protein ligands maintaining their native structures.

We next established a TRICEPS-based workflow to identify 
receptors for ligands using two samples (Fig. 2). In one sample, the 
TRICEPS-labeled ligand predominantly directed the carbohydrate-
reactive element of the reagents toward ligand-specific glycoprotein 
receptors. In parallel, an equimolar amount of TRICEPS was either 
quenched with glycine or coupled to a control ligand with known 
or no binding preferences. This control allowed us to account for 
nonspecific binding based on the relative abundance of a given target 
protein on a cell line or tissue. The two TRICEPS-containing samples 
were then incubated with previously oxidized cells or tissues under 
near-physiological conditions. During this phase, transient and stable  
ligand-receptor interactions were expected to lead to increased cova
lent capture events between TRICEPS and nearby carbohydrates. 
In general, the reactivity between hydrazine and carbohydrates is 
advantageous because it targets TRICEPS away from polypeptide 
domains that are important for ligand binding. After the receptor-
capture reaction, the cells were lysed and enzymatically digested 
with trypsin, and TRICEPS-labeled peptides were isolated using 
streptavidin beads. This circumvents problems inherent in the affin-
ity purification of intact plasma membrane proteins, such as limited 
solubility and unspecific interactions through exposed hydrophobic 
domains. Captured N-glycopeptides were specifically released from 
the beads through an enzymatic cleavage with PNGase F. This endo
glycosidase cleaves between the proximal N-acetylglucosamine and 
the asparagine of the glycopeptide in the N-X-S/T glycosylation site 
motif (where N stands for asparagine, X stands for any amino acid 
except proline and S/T for serine or threonine, respectively). Besides 
releasing the glycosylated peptides, PNGase F treatment also results in 
the enzymatic deamidation of the glycosylated asparagine to aspartic 
acid. This generates a +0.984 Da mass shift at the asparagine residue  
and thus introduces the specific N[115]-X-S/T signature (where 115 
is the mass of the deamidated Asn residue) in formerly glycosylated 
cell surface peptides. This protocol leads to the generation of two 
virtually identical peptide samples that can be analyzed with a high 
mass accuracy mass spectrometer. The identified peptides were  
filtered for the presence of N[115]-X-S/T motifs, and the relative  

concentrations of cell surface glycopeptides in the ligand sample were 
compared to those in the control sample using MS1-based label-free 
quantification. Identified peptides of random cell surface proteins 
were expected to have equal concentrations in both samples, whereas 
peptides of the corresponding receptors were specifically enriched in 
the ligand sample.

In the first application of this approach, we coupled human insulin 
to TRICEPS and then added it to murine adipocytes at a concentra-
tion routinely used in cell culture applications (1.7 µM). In the parallel 
control reaction, an equimolar amount of TRICEPS was quenched 
with glycine and added to an equal number of cells. Mass spectro-
metric analysis led to the identification of 117 formerly glycosylated 
peptides with similar abundance in both samples. These were derived 
from 69 random, but highly abundant, cell surface glycoproteins and 
represented nonspecific capture events. Owing to the comparatively 
low abundance of the insulin receptor (INSR) on the target cells, INSR 
peptide signals were weak or not detectable above background in the 
control sample. In contrast, INSR peptides were highly enriched in 
the sample that had been generated with insulin providing selectiv-
ity for the capture reaction (Fig. 3a and Supplementary Table 1). 
These results show that TRICEPS-bound ligands can be used to 
guide the hydrazine reaction toward specific receptors on living cells. 
Furthermore, this experiment led to the immediate and unbiased 
detection of the interaction of human insulin with the murine INSR 
on the target cells. Notably, the INSR was identified with six unique 
enriched peptides. This added confidence to the specific receptor 
identification because every peptide provided independent enrich-
ment information owing to the peptide-level affinity purification. In 
a similar experiment using human Jurkat T lymphocytes, the enrich-
ment of the human INSR was prevented by pre-incubating cells with 
a tenfold molar excess of uncoupled insulin (Supplementary Fig. 2 
and Supplementary Table 2), again highlighting the robustness and 
specificity of the approach.

To demonstrate the versatility of the LRC technology, we used trans-
ferrin (a secreted glycoprotein) and apelin-17 (a G protein–coupled  
receptor (GPCR) binding peptide) as ligands to capture receptors on 
human U-2 OS osteosarcoma cells. This experiment simultaneously 
identified the transferrin receptor protein 1 and the apelin recep-
tor as interaction partners of the respective ligands (Fig. 3b and 
Supplementary Table 3). The identification of the transferrin recep-
tor shows that LRC technology is also compatible with glycosylated  
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ligands such as transferrin. Furthermore, this experiment demon-
strates the potential of LRC technology to identify interactions of pep-
tide ligands with GPCRs. Such interactions are particularly difficult 
to capture by other means owing to the small size of peptide ligands 
and the typically low abundance and integral membrane nature of the 
corresponding seven-transmembrane domain receptors.

Next, we explored the utility of LRC technology to identify pharma-
ceutically interesting targets of growth factors, therapeutic antibodies 
and engineered affinity binders. The first experiment was performed 
with the therapeutic antibody trastuzumab (Herceptin), which binds 
to ErbB2, and the epidermal growth factor (EGF) on U251 human 
glioblastoma cells. To allow for statistical evaluation, we performed 
these experiments in biological triplicates. This application was of 
particular interest as the two ligands are very different in nature (tras-
tuzumab is a 150-kDa glycoprotein, whereas EGF is a small 6-kDa 
protein), and they each bind to a single site on different members 
of the EGF receptor (EGFR) superfamily16,17. Using trastuzumab 
as a ligand, ErbB2 was unambiguously identified through the con-
sistent enrichment of corresponding ErbB2 glycopeptides (Fig. 3c 
and Supplementary Table 4). As another positive control, the EGF 
experiment yielded enriched glycopeptides from domain III of the 
EGFR. Because the molecular size of the EGFR by far exceeds that of 
its ligand and the enriched peptides matched only two of the more 
than ten EGFR glycosylation sites, this result also suggests that the 
approximate localization of the EGF binding site is on this particular 
domain of the receptor.

We further explored the capability of LRC technology to map bind-
ing sites in a subsequent experiment with two 18 kDa designed ankyrin 
repeat proteins (DARPins), DARPin 9.01 and DARPin H14. These 
two DARPins were selected by phage display as antibody mimetic 
proteins targeting the full-length ectodomain of the ErbB2 protein18. 
We applied LRC to BT-474 human breast cancer cells and confirmed 
binding of both DARPins to the ErbB2 protein in its native environ-
ment on living cells. Furthermore, the specific enrichment of cor-
responding glycosylation sites confirmed that DARPin 9.01 binds to 
domain I in ErbB2, whereas DARPin H14 binds to domain IV (Fig. 3d 
and Supplementary Table 5). These epitopes were independently  

determined in vitro using enzyme-linked immunosorbent assays 
(ELISA) with different recombinant extracellular domains of ErbB2 
(Supplementary Fig. 3). These results demonstrate the potential of 
the LRC technology to identify targets and binding sites at domain-
level resolution for established and prospective clinical binding pro-
teins. Small molecule–based LRC applications are also technically 
feasible through direct derivatization of ligands or the prior attach-
ment of chemical functionalities to TRICEPS. Because such strate-
gies typically lead to a uniform modification of coupled ligands at a 
particular site, ligands should be tested for functionality after deriva-
tization. In addition, the number of receptor glycosylation sites that 
can be reached on average is likely to be reduced compared to LRC 
applications with protein ligands.

In contrast to homogenous cell populations, such as immortalized 
clonal cell lines, complex primary tissues contain different cell types, 
each of which is expected to express a quantitatively and qualitatively 
different set of cell surface proteins. We thus did an LRC experiment 
with trastuzumab on primary breast cancer tissue. This tissue had 
been classified as immunohistochemically ErbB2 negative with a diag-
nostic antibody and was therefore expected to contain only low levels 
of the target protein (Supplementary Fig. 4). Nevertheless, a single 
LRC experiment unambiguously confirmed the ErbB2 protein as the 
primary target and several high- and low-affinity immunoglobulin 
Fcγ receptors as additional interaction partners of this IgG antibody in 
the tissue (Fig. 3e and Supplementary Table 6). These results under-
score the sensitivity of the approach and indicate that trastuzumab 
binds to multiple proteins on subpopulations of cells within complex 
target tissues, in contrast to the comparatively simple scenario on 
U251 cells. Thus, the LRC technology has the potential to detect mul-
tiple intended, as well as off-target, interactions of almost any specific 
binding protein on clinically relevant primary tissues inaccessible to 
genetic engineering.

This particular capability of the LRC technology also holds great 
potential for the identification of receptor panels for more complex 
ligands. As biological particles, viruses often depend on multiple 
host cell surface proteins to mediate binding and subsequent inter-
nalization19, thus representing a unique class of complex ligands. 
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As such, virus receptor identification remains a daunting task, with 
the vast majority of specific virus receptors remaining undefined. 
For instance, vaccinia virus (VACV) was used for the eradication 
of smallpox and is the most intensively studied poxvirus, yet little 
is known about the cell surface receptors used by VACV for infec-
tion. Competition assays suggest that VACV mature virions attach to 
host cells through interactions between viral proteins (A27 and D8) 
and glycosaminoglycans (heparin and chondroitin sulfates)20,21, or 
A26 and the extracellular matrix protein laminin22. For internaliza-
tion, phosphatidylserine in the viral membrane23, EGFR24, the lipid 
raft component CD98 (ref. 25) and the phosphatidylserine receptor 
AXL26 have all been implicated. However, no direct in vivo interaction 
between mature virions and these proposed binding and internaliza-
tion factors has been demonstrated. Thus, to better understand the 
complex interactions between these viruses and their host cells, we 
used LRC technology to identify the cell surface factors to which 
VACV mature virions bind.

Preliminary experiments demonstrated that only very high TRICEPS 
coupling ratios affected mature virion infectivity (Supplementary 
Fig. 5). Subsequently, LRC with intact mature virions on HeLa CCL2 
cells revealed a defined set of seven cellular VACV binding factor 

candidates: AXL, M6PR, DAG1, CSPG4, CDH13, CD109 and VASN 
(Fig. 3f and Supplementary Table 7). Identification of chondroitin sul-
fate proteoglycan 4 (CSPG4), laminin binding protein dystroglycan 1  
(DAG1) and AXL was consistent with previous independent find-
ings21,22,26. The candidate VACV receptors were then subjected to 
short interfering RNA (siRNA)-mediated silencing to determine their 
functional relevance with regard to virus infection (Supplementary 
Fig. 6 and Supplementary Table 8). Of the seven candidates tested, 
five (AXL, M6PR, DAG1, CSPG4 and CDH13) reduced VACV infec-
tion by 40–60% (Fig. 3g,h). That silencing of a single factor did not 
completely attenuate infection was not surprising. This likely reflects 
the complex nature of VACV-host cell interactions in which multiple 
virus and cellular factors each contribute to successful and potentially 
cooperative binding and infection. Collectively, these five factors are 
likely to represent the earliest set of cell surface proteins that the virus 
binds to and uses to infect a cell. Although LRC technology provided a 
unique opportunity to identify this defined set of host receptor candi-
dates, the enrichments of individual receptors were generally weaker 
than in the comparatively simple one-to-one or one-to-many types of 
interactions addressed previously. This was expected owing to the com-
paratively large size of this promiscuous ligand and the many-to-many  
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types of interactions involved between multiple viral and host fac-
tors. Nevertheless, this discovery-driven application with a complex  
ligand demonstrated the potential of LRC technology to define a set 
of receptor candidates, after which the functional relevance can be 
investigated in targeted and combinatorial follow-up experiments. In 
summary, we are confident that LRC technology can be used to map 
the mostly uncharted territory of cell surface interactions.

Methods
Methods and any associated references are available in the online 
version of the paper.

Accession code. The data associated with this manuscript may be 
downloaded from https://proteomecommons.org/ Tranche using 
the following hash:4rCLZMX5zYWApQjYpivFhKVrxCjTJji6V/ 
CCyxjZYqqs1d6AMwIAR0bq1utGVuQEoj9+B8C64rQbHBNjCHW 
hkT464A4AAAAAAAACSw = =.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Mammalian cell cultures. All cells were grown at 37 °C and 5% ambient 
CO2. Adherent U-2 OS osteosarcoma cells, U251 glioblastoma cells and 
HeLa CCL2 adenocarcinoma cells were grown to near 100% confluence 
from initial addition to 140 × 20 mm Nunclon dishes (Thermo Scientific) 
in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich) completed 
with 10% Fetal Bovine Serum (Sigma-Aldrich) and penicillin-streptomycin- 
glutamine (Invitrogen). BT-474 human breast cancer cells were grown 
accordingly in complete RPMI medium (Sigma-Aldrich). Jurkat T suspen-
sion cells were grown in 175 cm2 Nunclon flasks (Thermo Scientific) to an 
approximate concentration of 400,000 cells/ml in complete RPMI medium 
(Sigma-Aldrich). Immortalized murine pre-adipocytes were kindly provided 
by Matthias Rosenwald and Christian Wolfrum (ETH Zurich) and originally 
obtained by Johannes Klein (University of Lübeck). Murine cells were grown 
in DMEM 4.5 g/l glucose (Invitrogen) completed with 20% fetal bovine serum 
and penicillin-streptomycin-glutamine. Pre-adipocytes were differentiated 
into white adipocytes by the addition of a differentiation cocktail (115 µg/ml 
3-isobutyl-1-methylxanthine (Sigma-Aldrich), 1 µM dexamethasone (Sigma-
Aldrich), 1 µg/ml insulin (Sigma-Aldrich) in medium) on day 0, removal of 
medium and addition of new medium containing the same cocktail on day 1, 
removal of medium and addition of new medium containing insulin on day 2,  
and removal of medium and addition of standard medium on day 4. Cells 
were harvested on day 7 after they had adopted a rounded phenotype and 
accumulated lipids in the form of intracellular lipid droplets.

Flow cytometric analyses. Aldehyde capture with TRICEPS. Reagents were 
incubated with a tenfold molar excess of glycine in 25 mM HEPES pH 8.2 for 
60 min to quench the amine reactive moieties of the reagents. Jurkat T cells 
were collected and resuspended in labeling buffer (PBS, pH adjusted to 6.5 
with H3PO4) and cooled down to 4 °C for all of the following steps. Half of the 
cells were subjected to mild periodate oxidation with 1.5 mM NaIO4 (Pierce) 
for 15 min in the dark and cell pellets were washed once with labeling buffer. 
Subsequently, cells were reacted with 100 µM TRICEPS or biocytin hydrazide 
(Biotium) in labeling buffer for 60 min on a slow rotator. Cells were washed 
twice and stained with streptavidin-FITC (BD Biosciences, 554060) in FACS 
buffer (1% Fetal Bovine Serum in PBS) for 20 min. Labeled cells were washed 
once and analyzed with a FACSCalibur flow cytometer (BD Biosciences) in 
combination with Flowjo (version 8.8.4) software.

Transferrin uptake. 50 µg AlexaFluor-488 labeled transferrin (Invitrogen) was 
coupled to TRICEPS or incubated in coupling buffer (25 mM HEPES pH 8.2) 
without reagent. After coupling, the labeled protein was diluted in DMEM to a 
final concentration of 8.3 µg/ml. Confluent 12 wells of HeLa ATCC cells were 
starved in DMEM for 2 h. Transferrin was bound to cells for 30 min at 4 °C 
(750 µl/well) and cells were shifted to 37 °C for 15 min (water-bath). Cells were 
washed once with cold PBS and treated with acid washing buffer (0.1 M NaCl, 
0.1 M glycine, pH 3.0) for 2 min. Samples were detached with 0.05% trypsin, 
fixed (4% formaldehyde in PBS, 20 min) and analyzed by flow cytometry.

VACV infection. Confluent 24 wells of HeLa ATCC cells were infected with 
VACV strain Western Reserve expressing EGFP from an early viral pro-
moter (WR Early-EGFP) at different multiplicities of infection (MOI) in 
250 µl DMEM. After 30 min at 37 °C, DMEM was replaced with full medium 
(DMEM, 10% FBS, NEAA and Glutamax). Five hours after infection, cells 
were detached with 0.05% trypsin, fixed (4% formaldehyde in PBS, 20 min) 
and analyzed by flow cytometry.

LRC. 100 µg insulin (Sigma-Aldrich), 100 µg holo-transferrin (Sigma-
Aldrich), 30 µg apelin-17 (Tocris Bioscience), 50 µg EGF (Sigma-Aldrich), 
100 µg trastuzumab (Roche), 5 × 108 plaque-forming units of vaccinia virus or 
100 µg glycine (Sigma-Aldrich) were reacted with 40 µg TRICEPS in 40–100 
µl 25 mM HEPES pH 8.2 for 60 min. Typically, coupling reactions do not need 
to be optimized and we recommend using 40 µg TRICEPS per 100 µg ligand 
for all applications. Higher coupling ratios can be applied in cases where a 
limited amount of ligand is available. Hydrolyzed TRICEPS and the fraction 
of ligands that are compromised by the coupling to reagents will simply con-
tribute to the random capture of cell surface proteins, so there is no need to 

purify coupled ligands. Using intact viruses as ligands in LRC experiments, 
true receptors will be captured and enriched by TRICEPS coupled to viral 
proteins that interact with these host factors. At the same time, reagents that 
are coupled to other viral proteins may contribute to the stochastic capture of 
cell surface proteins (the majority of capture events in every LRC experiment) 
in the vicinity of actual binding events. On HeLa CCL2 cells no binding of 
insulin to the INSR was detected in preliminary LRC experiments and the pep-
tide hormone was used to quench reagents. 5 × 107 cells (murine adipocytes, 
U-2 OS, U251, BT-474, HeLa CCL2) per experiment were harvested by gentle 
scraping in PBS and cooled down to 4 °C for all of the following steps. Frozen 
ErbB2-negative breast carcinoma tissue cut into 50-µm slices was kindly pro-
vided by the tissue biobank of the Institute of Surgical Pathology, University 
Hospital Zurich (approved by the local ethics committee: StV12-2005). The 
procedure for freezing and cutting tissues has been previously described27. 
Tissue slices were processed without further dissociation to partly conserve 
the three-dimensional tissue structure during incubation with trastuzumab. 
Cells or tissue slices were resuspended in 50 ml labeling buffer (PBS pH 6.5) 
and subjected to mild periodate oxidation with 1.5 mM NaIO4 (Pierce) on a 
slow rotator in the dark for 15 min (30 min for tissue slices). Subsequently, 
cells were washed once with 50 ml labeling buffer and resuspended in 10 ml 
labeling buffer for incubation with the ligands or quenched reagents. LRC was 
carried out for 60 min (90 min for tissue slices) on a slow rotator. Cells were 
collected by centrifugation and the cell pellet was resuspended in 1 ml 50 mM 
ammonium bicarbonate (Sigma-Aldrich). Cells were lysed by indirect sonica-
tion (100% amplitude, 0.8 cycle, 2 × 30 s) in a VialTweeter (Hielscher) and the 
subsequent addition of RapiGest surfactant (Waters). Tissue slices were sub-
jected to additional sonication cycles and vigorous pipetting after the addition 
of RapiGest to completely dissociate the tissue. After centrifugation (2,500g, 
10 min), the supernatant was collected after which proteins were reduced by 
adding 5 mM TCEP (Pierce) at 20 °C for 30 min and then alkylated by adding 
10 mM iodoacetamide (Fluka) in the dark at 20 °C for 30 min. Trypsin (Sigma) 
was added to a 1:50 trypsin to protein ratio and protein digestion was car-
ried out overnight at 37 °C. After digestion, peptide mixtures were heated to  
96 °C for 10 min to inactivate proteases and undigested particles were removed 
by centrifugation (13,000g for 10 min). TRICEPS-captured cell surface glyco-
peptides were bound to streptavidin by addition of 60 µl washed Streptavidin 
Plus UltraLink Resin (Pierce) and incubated for 60 min on a slow rotator at  
4 °C. Beads were washed extensively in Mobicols (Boca Scientific) connected 
to a Vac-Man Laboratory Vacuum Manifold (Promega) with a variety of buff-
ers: 5 M NaCl, followed by 100 mM NaCl, 100 mM glycerol, 50 mM Tris, 
1% Triton X-100, followed by 100 mM NaHCO3 pH 11, followed by 50 mM 
ammonium bicarbonate. Washed beads were incubated with 300 µl 50 mM 
ammonium bicarbonate containing 1.5 µl PNGase F (New England Biolabs) in 
a head-over-head shaker overnight at 37 °C. Peptides were eluted by spinning 
of the Mobicol and subsequent addition of another 500 µl 50 mM ammonium 
bicarbonate. Combined eluates were acidified with 40 µl 10% formic acid and 
subjected to C18 purification using 3–30 µg UltraMicroSpin Columns (The 
Nest Group) according to the manufacturer’s instructions.

Liquid chromatography–tandem mass spectrometry (LC-MS/MS)  
analysis. Peptide samples were separated by reversed-phase chromatography 
on a high-performance liquid chromatography (HPLC) column (75-µm inner 
diameter, New Objective) that was packed in-house with a 10-cm stationary 
phase (Magic C18AQ, 200 Å, 3 µm, Michrom Bioresources) and connected 
to a nano-flow HPLC (nanoLC-Ultra 1D plus, Eksigent) and an autosampler 
(nanoLC AS-2, Eksigent). The HPLC was coupled to a LTQ-Orbitrap XL mass 
spectrometer (Thermo Scientific) equipped with a nanoelectrospray ion source 
(Thermo Scientific). Peptides were loaded onto the column with 95% buffer A 
(98% H2O, 2% acetonitrile, 0.1% formic acid) and eluted with 300 nl/min over 
a 40-min linear gradient from 5–35% buffer B (2% H2O, 98% acetonitrile, 0.1% 
formic acid). After the gradient, the column was washed with 95% buffer B and 
re-equilibrated with buffer A. Mass spectra were acquired in a data-dependent 
manner, with an automatic switch between MS and MS/MS scans. High- 
resolution MS scans were acquired in the Orbitrap (60,000 FWHM, target  
value 106) to monitor peptide ions in the mass range of 350–1,650 m/z, followed 
by collision-induced dissociation MS/MS scans in the ion trap (minimum 
signal threshold 150, target value 104, isolation width 2 m/z) of the five most 
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intense precursor ions. To avoid multiple scans of dominant ions, the precursor 
ion masses of scanned ions were dynamically excluded from MS/MS analysis 
for 10 s. Singly charged ions and ions with unassigned charge states were 
excluded from MS/MS fragmentation.

MS data analysis and quantification. Raw data were converted to the open 
mzXML format with ReAdW (version 4.3.1). mzXML files were searched by 
the SEQUEST search engine against UniProtKB/Swiss-Prot protein data-
bases (version 57.15 of Homo sapiens, Mus musculus and vaccinia virus strain 
Western Reserve) concatenated with the sequences of common contaminants. 
Search parameters for the peptide identification included a precursor mass 
tolerance of 0.05 Da, a minimum of one tryptic terminus and a maximum of 
two internal trypsin cleavage sites. Cysteine carbamidomethylation (+57.021 
Da) was set as a static amino acid modification and methionine oxidation 
(+15.995 Da) as well as asparagine deamidation (+0.9840 Da) were set as 
differential modifications. The PeptideProphet and ProteinProphet tools of 
the Trans-Proteomic Pipeline (TPP version 4.5) were used for the probability 
scoring of peptides and proteins, and protein identifications were filtered to 
a false-discovery rate of ≤1%. For label-free quantification of the identified 
peptides, Thermo. RAW files were imported into the Progenesis LC-MS soft-
ware (Nonlinear Dynamics) to detect and extract ion signals corresponding to 
peptide features. Peptide features matched to ion signals were filtered for the 
presence of the N[115]-X-S/T motif (wherein N[115] stands for a deamidated 
asparagine residue, X stands for any amino acid except proline and S/T for 
serine or threonine, respectively). This filtering step assured that only formerly 
N-glycosylated cell surface peptides and proteins that had been specifically 
captured and purified were considered for the quantitative sample comparison 
(typically 40–70% of the identified proteins). Peptide ion signals with high fold 
changes between samples were manually inspected to assure correct feature 
picking and extraction. The different enrichment factors obtained for potential 
receptor peptides can typically be explained by differences in the efficiency of 
the LRC reaction; for example, due to the spatial arrangement of the captured 
carbohydrates in relation to the ligand binding site. Furthermore, the virtual 
absence of some receptor peptide signals in the control sample can make ratios 
susceptible to the response of individual peptides in the mass spectrometer and 
background integration in the quantification process. Peptide signal intensities 
were exported on the feature level for the statistical analysis.

Statistical analysis. As described above, the output of a LRC experiment is a 
list of quantified spectral features. For the statistical analysis, the intensities 
for peptide features with multiple charge states and differential modifications 
were summed up and constant normalization was performed on the log- 
transformed intensities across samples. To make protein-level conclusions 
based on those measurements, a previously described fixed effects Analysis of 
Variance (ANOVA) model28 was applied using the publicly available R-based 
software MSStats (http://www.stat.purdue.edu/~ovitek/Software.html) accord-
ing to instructions in the package documentation. This model views individual 
features as replicate measurements of a protein’s abundance and explicitly 
accounts for this redundancy, which increases the sensitivity and specificity of 
testing. Thus, it was used to test each protein for differential abundance in all 
pairwise comparisons of ligand and control samples and to report the P-values 
of the tests. Subsequently, P-values were adjusted for multiple comparisons 
using the approach by Benjamini and Hochberg to control the experiment-
wide false-discovery rate at a desired level.

ErbB2-binding DARPin selection and ELISA. Selection of ErbB2-binding  
DARPins has been described previously18. In brief, Signal Recognition Particle 
Phage Display was used to select DARPins recognizing the complete ecto-
domain (domains I-IV) of ErbB2. To determine the binding specificity at 
the domain level in ELISAs, recombinant ErbB2-ectodomains carrying an 
N-terminal melittin signal sequence (MKFLVNVALVFMVVYISYIYA) and 
an N-terminal His6 tag were expressed in Spodoptera frugiperda (Sf9) cells 
using baculoviral vectors. Sf9 cells were grown to a density of 4 × 106 cells/mL 

and co-infected with the respective virus at a MOI of 1. 72 h post-infection, 
cells were harvested by centrifugation (30 min, 5,000g, 4 °C) and the cleared 
medium was subjected to immobilized metal ion affinity chromatography 
(IMAC) purification with Ni-NTA Superflow (Qiagen) purification resin. The 
purified ErbB2 domains (200 nM, 100 µl/well) in PBS were immobilized on 
MaxiSorp plates (Thermo Scientific) by overnight incubation at 4 °C. For 
ELISAs, wells were blocked with 300 µl of PBSTB (PBS, 0.1% Tween-20, 0.2% 
BSA) for 1 h at room temperature. 50 nM of purified DARPins were incubated 
with the target domains for 1 h at room temperature followed by three washing 
steps with 300 µl of PBSTB. For detection of bound DARPins, an anti RGS-His 
IgG1 mouse antibody (Qiagen) was added (1:5,000 in PBSTB, 1 h at room temp
erature), which recognizes the N-terminal MRGS-His6 tag of the DARPins, 
and wells were washed as described above. After incubation with a secondary 
anti-mouse-IgG antibody alkaline phosphatase conjugate (Sigma-Aldrich) 
(1:10,000 in PBSTB, 1 h at room temperature), pNPP substrate (Fluka) was 
added to measure alkaline phosphatase activity.

siRNA knockdown and infection assays. HeLa cells were reverse-transfected 
with pooled Qiagen siRNAs (3 siRNAs/gene, Supplementary Table 8) at a final 
concentration of 20 nM in 96-well flat-bottom microscopy plates (Greiner 
Bio-One). siRNAs in ddH2O were mixed with Lipofectamine RNAiMax 
(Invitrogen) in DMEM to a final volume of 30 µl according to the manufac-
turer’s instructions (0.1 µl RNAiMax/well). 1,800 cells were seeded onto the 
Lipofectamine mixture and transfected for 72 h. Transfected cells were infected 
with VACV Western Reserve Early-EGFP with a target infection index of ~20% 
to allow for a dynamic measurement of possible enhancing and inhibiting 
effects on infection. Virus was bound to cells at 37 °C in 50 µl DMEM for  
30 min, inoculum was replaced with full medium and cells were infected for 
an additional 6 h. Samples were fixed (4% formaldehyde, 20 min) and per-
meabilized (0.5% Triton X-100), and nuclei were stained with Hoechst 33258 
(Molecular Probes). EGFP was stained with rabbit antiserum and an Alexa-
Fluor-488 goat anti-rabbit secondary antibody (Invitrogen) to increase the signal 
of inherently weak early viral gene expression levels. Primary antibody staining 
was done in permeabilization buffer, secondary staining in PBS. Automated 
image acquisition (16 images/well) was done with a 10× objective using an 
ImageXpress Micro high content screening system (Molecular Devices). Cell 
numbers and raw infection indices for each well were determined using a 
MATLAB-based infection-scoring program (InfectionCounter V, Thomas 
Heger, ETH Zurich). Infection rates were calculated relative to the control 
wells transfected with AllStars Negative (All*Neg) Control siRNAs (Qiagen). 
An internal checkerboard assay was performed for each plate to normalize for 
the negative correlation between cell number and infection index. Increasing 
cell numbers (500–1,800 cells, 18 data points/plate) were transfected (All*Neg) 
and infected as described. The correlation between the number of nuclei and 
infection index was determined using logarithmic regression (% infection =  
a*ln(nuclei)+b). Relative infection rates of target siRNAs were calculated in 
relation to the negative control at the corresponding nuclei number. For the 
verification of siRNA-mediated protein depletion, HeLa ATCC cells were 
transfected with 20 nM nontargeting All*Neg siRNAs or pooled siRNAs  
targeting receptor candidate proteins for 72 h. Cells were detached (500 µM 
EDTA in PBS), lysed in RIPA buffer (50 mM Tris pH7.4, 150 mM NaCl, 0.5% 
Na-deoxycholate, 1.0% Triton X-100) and protein levels were analyzed by 
western blot using primary AXL (Cell Signaling, 4566), CDH13 (R&D Systems, 
AF3264), M6PR (Novus Biologicals, NB100-93413) and α-tubulin (Sigma, 
T9026) antibodies. To monitor CD109 cell surface expression, detached cells 
were stained with a PE-coupled CD109 antibody (BD Biosciences, 556040) 
for 30 min, washed with PBS and analyzed by flow cytometry.

27.	Steu, S. et al. A procedure for tissue freezing and processing applicable to both 
intra-operative frozen section diagnosis and tissue banking in surgical pathology. 
Virchows Arch. 452, 305–312 (2008).

28.	Clough, T. et al. Protein quantification in label-free LC-MS experiments. J. Proteome 
Res. 8, 5275–5284 (2009).
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