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Analysis of Cell Surface Proteome Changes via
Label-free, Quantitative Mass Spectrometry*s

Ralph Schiess1§1], Lukas N. Muellertq], Alexander Schmidttq], Markus Mueller||,
Bernd Wollscheidt**tt, and Ruedi Aebersold+1§§7 1|

We present a mass spectrometry-based strategy for the
specific detection and quantification of cell surface pro-
teome changes. The method is based on the label-free
quantification of peptide patterns acquired by high mass
accuracy mass spectrometry using new software tools
and the cell surface capturing technology that selectively
enriches glycopeptides exposed to the cell exterior. The
method was applied to monitor dynamic protein changes
in the cell surface glycoproteome of Drosophila melano-
gaster cells. The results led to the construction of a cell
surface glycoprotein atlas consisting of 202 cell surface
glycoproteins of D. melanogaster Kc167 cells and indi-
cated relative quantitative changes of cell surface glyco-
proteins in four different cellular states. Furthermore we
specifically investigated cell surface proteome changes
upon prolonged insulin stimulation. The data revealed
insulin-dependent cell surface glycoprotein dynamics, in-
cluding insulin receptor internalization, and linked these
changes to intracellular signaling networks. Molecular
& Cellular Proteomics 8:624-638, 2009.

The multitude of cells and cell types that constitute multi-
cellular organisms are organized in intricate higher order
structures and organs. These cells also communicate with
each other either via direct cell-to-cell contact or over longer
distances via soluble mediators. In either form of communi-
cation the proteins at the surface of the cell, including adhe-
sion molecules, channel transporter proteins, cell surface re-
ceptors, and enzymes, are of critical importance for sensing,
inducing, and catalyzing responses to the changing environ-
ment of the cell. The ensemble of cell surface proteins, the cell
surface proteome, therefore provides a unique molecular fin-
gerprint to classify cells and cellular states. For these reasons,
there has been considerable interest in a robust, sensitive,

specific, and quantitative technology to study the cell surface
proteome.

MS is the method of choice for the identification and accu-
rate quantification of the proteins contained in complex sam-
ple mixtures (1). Recent advances in MS-based proteomics,
specifically improved instrumentation, software tools for the
analysis of proteomics data sets (2), and emerging, more
efficient data collection strategies (3), now routinely lead to
the identification of hundreds to thousands of proteins in a
single experiment. However, they still fall short of complete
proteome analysis. As an alternative to the analysis of total
cell or tissue extracts that leads to the identification and, if
suitable quantification strategies are applied (4), to the quan-
tification of a fraction of the proteins present in the sample,
analysis of specific subproteomes that are enriched for pro-
teins of particular types has been suggested (5). Implemen-
tations of this concept so far include the selective isolation
and subsequent analysis of cysteine-containing peptides
(6), phosphorylated peptides (7), N-glycosylated peptides
(8), the set of N-terminal peptides (9), and specific subcel-
lular fractions and organelles (10, 11). These enrichment
technologies have in common that a particular subset of
proteins or peptides is enriched and can be analyzed more
comprehensively so that even low abundance proteins can
potentially be detected.

Traditionally cells have often been classified by exploiting
antibodies available for a limited number of molecules termed
clusters of differentiation (CD)' (12). These antibodies also
provide a powerful tool to investigate expression changes of
CD molecules and are widely used in the fields of hematology,
immunology, and pathology for research, diagnosis, and ther-
apy. However, the generation and validation of such mono-
clonal antibodies is time-consuming, labor-intensive, and as-
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sociated with high costs. Moreover many cell types and
disease states cannot be unambiguously identified with the
currently available set of CD molecules. Thus, clinical and
basic biology research would greatly benefit from a broader
selection of such differentiation markers. In the absence of a
broader set of CD-specific reagents or a different approach to
measure cell surface proteins more comprehensively, the
characterization of this important class of proteins will remain
incomplete and biased.

In contrast to the human and murine species where at least
a subset of the cell surface proteins can be detected and
quantified using the anti-CD antibodies, these critical re-
agents are almost completely lacking for organisms such as
Drosophila melanogaster or Caenorhabditis elegans. How-
ever, extensive high quality data sets on proteomes or sub-
proteomes are particularly useful in those species because
they can be related to the readily accessible rich genomic and
genetic resources. In prior work we have extensively mapped
out the proteome and phosphoproteome of D. melanogaster
(13, 14), and efforts by others have elucidated the metabolic
protein network in the fly (15). In combination, these resources
help to position this species for integrative studies in the
emerging systems biology paradigm.

Despite the obvious interest in the cell surface proteome,
technical limitations have so far precluded its comprehensive
analysis. These include difficulties in efficiently separating
membrane-associated from other cellular proteins, their fre-
quently low abundance, and poor solubility (16). To facilitate
the deep and specific analysis of cell surface proteins we
recently developed a method for the selective identification of
cell surface glycoproteins, the cell surface capturing (CSC)
method.? CSC is based on the fact that the majority of pro-
teins on the surface of cells are glycosylated (18). It comprises
a highly selective procedure to enrich for the N-glycosylated
peptides from glycoproteins via chemical reactivity of their
carbohydrate moiety (8). By analyzing only the N-glycosites
(peptides that are N-glycosylated in the intact protein in their
deglycosylated form), the sample complexity is drastically
reduced, and a relatively large abundance range of the cell
surface proteome can be analyzed by mass spectrometry
without the need for multidimensional separation. Therefore
CSC represents a valuable tool to generate a comprehensive
cell surface map in a single LC-MS analysis.

In this study we used the CSC method to characterize the
cell surface proteome of the D. melanogaster Kc167 cell line
and, in combination with label-free quantitative MS, to deter-
mine perturbation-induced changes in the surface proteome
of the cell. Label-free quantification was achieved by compar-
ing LC-MS feature maps using the software tool SuperHirn
(19) and a new interactive software tool called JRatio with a
graphical user interface for the relative protein quantification

2B. Wollscheid, D. Bausch-Fluck, C. Henderson, R. O’Brien, R.
Schiess, R. Aebersold, and J. D. Watts, submitted manuscript.

of MS1 features detected in the different patterns. These
experiments resulted in the identification of 202 glycopro-
teins, 183 (91%) of which contained at least one transmem-
brane (TM) domain. We determined that the variation of
biological replicates was below 25%, which allowed distin-
guishing between different cellular states based on the cell
surface protein patterns consisting of N-glycosites repre-
senting more than a hundred glycoproteins. Upon perturba-
tion of specific pathways within the cell, quantitative
analysis revealed abundance changes in the surface glycop-
roteome. Furthermore we monitored the internalization of the
insulin receptor (InR) upon prolonged insulin stimulation (20)
and thereby confirmed the down-regulation of the InR from
the cell surface. Additionally we demonstrated that this
change was due to InR internalization into endosomes and
not degradation.

In conclusion, the work presented here describes a robust,
sensitive, specific, and quantitative method to profile cell
surface proteomes. Its application is well suited to monitoring
quantitative protein changes in multiple samples and thus has
the potential to facilitate initial biomarker discovery.

EXPERIMENTAL PROCEDURES

Chemicals—Porcine trypsin (modified, sequencing grade) was pur-
chased from Promega (Madison, WI). Tris(2-carboxyethyl)phosphine
(TCEP) and iodoacetamide were purchased from Fluka (Buchs, Swit-
zerland). HPLC grade water and acetonitrile were purchased from
Riedel-de Haén (Seelze, Germany). Sodium periodate was from
Pierce, biocytin hydrazide was from Biotium, UltraLink immobilized
streptavidin PLUS was from Pierce, the 15-ml Dounce Tissue Grinder
was from Wheaton, RapiGest was from Waters, PNGaseF was from
New England Biolabs, and Affi-Prep Hz hydrazide was from Bio-Rad.

Cell Culture—D. melanogaster embryonic Kc167 cells were main-
tained as described elsewhere (21). Briefly D. melanogaster Kc167
cells were maintained at 25 °C in Schneider’s D. melanogaster me-
dium (Invitrogen) supplemented with 10% heat-inactivated fetal bo-
vine serum, 100 units/ml penicillin, and 100 ng/ml streptomycin. Cells
were first seeded in flasks at 5 X 10° cells/ml in a volume of 40 ml and
were subcultured every 3rd or 4th day. Then 80 ml of Kc167 was
diluted 1:3 in an Erlenmeyer flask. Cells were harvested at Agyg
0.5-0.6.

Stimulation of Kc167 Cells— Cells were incubated in Schneider’s D.
melanogaster medium with either 1 ug/ml lipopolysaccharide (Sigma),
50 nm rapamycin (LC Laboratories), or 1 mm sodium vanadate (Sigma)
(all final concentrations) for 1 h. Persistent insulin stimulation was
achieved by first starving the cells in serum-free Schneider’s medium
overnight and then incubating the cells with 100 nm bovine insulin
(Sigma) for 2 h.

CSC—Cell surface capturing was performed as described by B.
Wollscheid et al.?2 D. melanogaster Kc167 cells were harvested by
spinning them down at 450 rcf for 5 min in a centrifuge. Then the cells
were reconstituted in labeling buffer (1X PBS, 0.1% fetal bovine
serum, pH 6.5) and oxidized with 1.25 mm sodium periodate for 15
min at room temperature. Cells were then washed twice with labeling
buffer to remove dead cells and sodium periodate. Afterward the cells
were incubated with 25 mg/ml biocytin hydrazide (Biotium) to label
the oxidized carbohydrates of the cell surface molecules with biotin.
Biotin-labeled cells were lysed in detergent-free lysis buffer (10 mm
Tris-HCI, 0.5 mm MgCl,, pH 7.5) at 4 °C for 10 min. Then the cells
were additionally homogenized with 30 strokes using a Dounce Tis-
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sue Grinder (Wheaton). Cell debris and nuclei were removed by
centrifugation at 2800 rcf for 10 min, and membranes were pelleted
from the supernatant by ultracentrifugation at 210,000 rcf for 1 h. The
membrane fraction was solubilized with 0.1% RapiGest (Waters) in
100 mm ammonium bicarbonate. After reduction of disulfide bonds
with 5 mm TCEP for 30 min at 37 °C and alkylation of cysteines with
10 mm iodoacetamide for 30 min at room temperature, the proteins
were digested with trypsin at an enzyme to protein ratio of 1:100 at
37 °C overnight. 400 wl of a 50% slurry of UltraLink immobilized
streptavidin PLUS beads in 100 mm ammonium bicarbonate was
added to the protein digest and incubated for 1 h in a head over head
shaker at room temperature. Unbound peptides and lipids were then
washed away with various buffers (5 m NaCl; 0.5% Triton in PBS, pH
8.0; and 100 mm sodium carbonate, pH 11.0) followed by the specific
release of N-glycosites by PNGaseF (New England Biolabs) in 50 mm
ammonium bicarbonate, pH 7.8, at 37 °C overnight. Released N-
glycosites were dried in a SpeedVac concentrator and resolubilized in
0.1% formic acid for mass spectrometric analysis.

Whole Membrane Glycocapturing— Glycoproteins were enriched
from cell culture using a modified version of the protocol published by
Zhang et al. (8). D. melanogaster Kc167 cells were harvested by
spinning them down at 450 rcf for 5 min in a centrifuge. The cells were
lysed in detergent-free lysis buffer (10 mm Tris-HCI, 0.5 mm MgCl,, pH
7.5) at 4 °C for 10 min. Then the cells were additionally homogenized
with 30 strokes using a Dounce Tissue Grinder (Wheaton). Cell debris
and nuclei were removed by centrifugation at 2800 rcf for 10 min, and
membranes were pelleted from the supernatant by ultracentrifugation
at 210,000 rcf for 1 h. The membrane fraction was solubilized with
0.1% RapiGest in 100 mm ammonium bicarbonate. After reduction of
disulfide bonds with 5 mm TCEP for 30 min at 37 °C and alkylation of
cysteines with 10 mm iodoacetamide for 30 min at room temperature,
the proteins were digested with trypsin at an enzyme to protein ratio
of 1:100 at 37 °C overnight. The peptides were cleaned by reversed
phase chromatography, oxidized with 20 mm sodium periodate, and
coupled to Affi-Prep Hz hydrazide support (Bio-Rad). Unbound pep-
tides and lipids were then washed away with various buffers (1.5 m
NaCl, pure methanol, 80% acetonitrile, and 50 mm ammonium bicar-
bonate) followed by the specific release of N-glycosites by PNGaseF
in 50 mm ammonium bicarbonate, pH 7.8, at 37 °C overnight. Re-
leased N-glycosites were dried in a SpeedVac concentrator and
resolubilized in 0.1% formic acid for mass spectrometric analysis.

Isotopic Labeling—Isotopic labeling was carried out as described
by Schmidt et al. (22). The membrane protein fractions were prepared
and biotin-labeled as described above and proteolyzed. The resulting
peptides were labeled with either the heavy or the light version of the
isotope-coded protein label (ICPL) reagent, respectively, and the
biotinylated glycopeptides were then specifically enriched as de-
scribed above.

Mass Spectrometry— Samples were analyzed on a hybrid linear ion
trap (LTQ)-FT mass spectrometer (Thermo Electron, San Jose, CA)
equipped with a nanoelectrospray ion source. Chromatographic sep-
aration of peptides was performed on an Agilent 1100 micro HPLC
system (Waldbronn, Germany) equipped with a 15-cm fused silica
emitter (150-um inner diameter, packed with a Magic C,5 AQ 5-pum
resin; Michrom Bioresources, Auburn, CA). Peptides were loaded on
the column from a cooled (4 °C) Agilent autosampler and separated
with a linear gradient of acetonitrile/water containing 0.1% formic
acid at a flow rate of 1.2 ul/min. A linear gradient from 2 to 28%
acetonitrile in 60 min that was optimized for the number of peptide
features detected was used. The MS instrument was operated to
maximize the quality of LC-MS feature maps as opposed to maximiz-
ing the number of identifications. Therefore, for each peptide sample
a standard data-dependent acquisition on the three most intense ions
per MS scan was performed. Three MS/MS spectra were acquired in

the linear ion trap per FT-MS scan; the latter was acquired at 100,000
full-width at half-maximum (at 350 m/z) nominal resolution, resulting
in an overall cycle time of ~1 s. Charge state screening was used,
allowing fragmentation of doubly and higher charged ions and reject-
ing ions of single and unknown charge state. A threshold of 200 ion
counts was set to trigger an MS/MS attempt.

Data Analysis—The raw data acquired by the LTQ-FT instrument
(software, Xcalibur 2.0 SR1) were converted to mzXML using ReAdW
3.5.1 (23) applying default parameters. MS/MS scans were then ex-
ported as dta files without further processing using the program
mzXML20ther (23). MS/MS spectra were searched against the Berke-
ley D. melanogaster Genome Project BDGP5.2 (20,981 entries) data-
base using SEQUEST version 27 (24). The SEQUEST database search
criteria included variable modifications of 57.02146 Da for cysteines
(for the alkylation with iodoacetamide to combine search results of
both reduced/alkylated and non-reduced/non-alkylated samples),
15.99491 Da for methionines (for oxidation), and 0.98406 Da for
potential formerly N-glycosylated asparagines (which are converted
to aspartic acid by PNGaseF release), respectively. The following
additional search constraints were applied: monoisotopic parent and
fragment masses; precursor ion mass tolerance, 0.05 Da; fragment
ion mass tolerance, 0.5 Da; at least one tryptic terminus; and one
missed cleavage. The identified peptides were processed and ana-
lyzed through the mass spectrometry Trans-Proteomic Pipeline 3.5
(TPP) (25). In the TPP, the database search results were validated
using the PeptideProphet software (26), which uses various SE-
QUEST scores (XCorr, ACn, and Sp) to calculate a probability score
for each identified peptide by linear discriminant analysis. N-Glyco-
sylation motif information and accurate mass binning were used in
PeptideProphet. The peptides were then assigned for protein identi-
fication using the ProteinProphet software (27). ProteinProphet al-
lowed filtering of large scale data sets with assessment of predictable
sensitivity and false positive identification error rates. In this study, we
used a PeptideProphet probability score =0.9 and a ProteinProphet
probability score =0.9. This resulted in an overall false positive error
rate below 1% as determined by ProteinProphet (27).

For the quantitation of the ICPL differential labeling experiment, the
XPRESS software integrated in the TPP was used (28). Protein ratios
were calculated by accurately quantifying the relative abundance of
ICPL-labeled peptides from their chromatographic co-elution profiles.
Starting with the peptide identification, XPRESS isolates d, and d,
peptide elution profiles, determines the area of each peptide peak,
and calculates the abundance ratio based on these areas.

Transmembrane Prediction—Transmembrane domain predictions
were obtained from the SOSUI Web server for classification and
secondary structure prediction of membrane proteins (29) and TM-
HMM, a hidden Markov model-based predictor for transmembrane
helices in protein sequences (30).

Label-free Quantification of Peptide and Protein Ratios — Data from
LC-MS runs were converted from raw to the mzXML data format (23)
and processed by the software tool SuperHirn (19). SuperHirn per-
forms feature detection on acquired LC-MS feature maps whereby
isotopic patterns of peptides are extracted and tracked along their
chromatographic elution profile. It centroids raw peak data and re-
duces m/z signals of an MS1 scan to the corresponding monoisotopic
masses along with the charge state (z). The integrated peak area of
the detected MS1 feature is calculated from the intensity values of the
detected monoisotopic peak areas over the chromatographic elution
period. Acquired peptide identifications in pepXML format (26) are
then mapped to the extracted MS1 features via their accurate pre-
cursor mass and retention time coordinate. MS1 features are then
mapped across the different LC-MS maps and integrated into a
general repository of aligned MS1 features, designated MasterMap.
The MasterMap represents a framework for further data analysis such
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as intensity normalization and the extraction of MS1 feature, peptide,
and protein ratios.

To increase the number of proteins identified, we used the inclu-
sion list annotation feature of SuperHirn where peptide identifica-
tions from targeted MS/MS experiments can be mapped back to
detected MS1 features (3). Thereby the MasterMap was further
updated with MS/MS information to assign MS1 features that had
not been annotated in a particular experiment with the correspond-
ing peptide sequence. The acquired peptide identifications were
mapped back to corresponding MS1 features using accurate mass,
normalized retention time (ART = 1.0 min), and the peptide charge
information (15).

The in-house developed Java software JRatio was used for the
calculation and visual assessment of peptide and protein ratios. Spe-
cifically JRatio imports aligned MS1 features from the MasterMap and
quantifies -fold changes of MS1 features across LC-MS measure-
ments. In a first step, -fold changes of aligned MS1 features were
quantified by computing ratios between sample states from the av-
erage MS1 feature intensities V,,5 from replicate measurements of
treatment group A and B, respectively (Equation 1). Accordingly
standard deviations of the computed ratios were derived as de-
scribed in Equation 2.

A— Va
RFeatureE - VB (Eq 1)
P LA AN Eq o
O'Featuregf Featureg \_/A \_/B ( q )

JRatio provides visual support for the assessment of the com-
puted results where MS1 feature ratios can be explored to verify the
extracted chromatographic elution profiles and intensity reproduc-
ibility of aligned MS1 features between replicate runs etc. Proteins
were then assembled from MS1 feature ratios characterized by a
high quality MS/MS peptide identification (PeptideProphet proba-
bility >0.9 (26)). Importantly only fully tryptic N-glycosites were
taken into account for protein quantification. Robust protein ratios
and standard deviations were derived for each protein from its
associated MS1 feature ratios (Equations 3 and 4). A normal distri-
bution was used to describe the calculated protein ratios, and
Student’s t test statistics was applied to assess the significance of
a protein -fold change. Proteins with a p value smaller than 0.1 were
considered to be significantly regulated. JRatio is freely available.
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RESULTS

The goal of this study was to test the hypothesis that
different cellular states can be distinguished by the compre-
hensive, fast, and quantitative analysis of the cell surface
proteome. We approached this by combining the selective
enrichment of cell surface glycoproteins with a label-free,
quantitative proteomics method that provides the sample
throughput required to analyze multiple samples. To test the
specificity and the sensitivity of the method, cell surface pro-

teins in D. melanogaster Kc167 cells were selectively isolated,
and a comprehensive catalogue of 202 cell surface glyco-
sylated proteins was generated. We then assessed the repro-
ducibility of the label-free quantification approach. Subse-
quently changes in the cell surface glycoproteome induced by
specific perturbations were quantitatively monitored, indicat-
ing that the cell surface glycoproteome indeed changed as a
function of the state of the cell. Finally we validated the
technique by applying it to a well studied biological system,
the regulation of InR action.

The D. melanogaster Kc167 Cell Surface Glycoproteome
Atlas—We first identified the N-glycosites from the D. mela-
nogaster Kc167 cell surface proteome to generate a refer-
ence map for further comparative analyses by label-free
quantitative MS. The N-glycosites were identified by LC-
MS/MS after their isolation via the CSC method that is
based on selective affinity labeling and solid phase captur-
ing of glycosylated cell surface peptides (Fig. 1).2 The data
were stored in a database (Kc167 glycoproteome atlas) and
are represented in an LC-MS (retention time (RT) versus m/z)
feature map (Fig. 2 and supplemental Table S1) in which the
identified N-glycosites are annotated with their amino acid
sequence.

To generate the data set we combined the results of 12
experiments (for more information see supplemental Table
S2) in which cell surface glycoproteins from D. melano-
gaster Kc167 cells were isolated and subjected to LC-MS/
MS. The fragment ion spectra acquired from a total of 90
LC-MS/MS runs were searched against the database
BDGP5.2 (for details see “Experimental Procedures”). A
total of 20,608 MS/MS spectra were assigned at a Pep-
tideProphet probability (26) threshold of =0.9 (false discov-
ery rate, 1%) to peptide sequences of which 84% (17,397)
matched to peptides containing the NX(S/T) matif, indicat-
ing the presence of a glycan at that site in the intact protein.
These results indicate the high selectivity of the method for
N-glycosites.

Overall the assigned spectra represented 1002 unique
N-glycosites (PeptideProphet probability score =0.9; false
discovery rate, 1%) matching to 202 unique glycoproteins
(supplemental Tables S3 and S4). 578 different sites of
N-glycosylation could be unambiguously assigned due to
the mass shift caused by enzymatic deamidation at the site
of glycan attachment (mass difference, 0.98604 Da). 183
(91%) of the identified cell surface glycoproteins contained
at least one TM domain as predicted by SOSUI, a classifi-
cation and secondary structure prediction algorithm for
membrane proteins (29). 126 of the 202 identified proteins
could be gene ontology (GO)-annotated using Babelomics
(31) software. 108 (86%) of the GO-annotated proteins be-
longed to the group “membrane,” seven (5%) belonged to
the group “extracellular matrix,” and only 11 (9%) were
annotated as “intracellular” (Fig. 3). Interestingly five of the
11 proteins annotated as intracellular contain at least one
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Fic. 1. Scheme of selective enrichment of cell surface glycoproteins. 7, the carbohydrate moieties of glycoproteins on the surface of
intact, living cells were oxidized with sodium periodate. The thus chemically activated glycoproteins were then coupled to a biotin-containing
linker molecule that does not damage or penetrate the cells. 2, the tagged cells were then lysed, cell debris and nuclei were removed by
centrifugation, and a fraction enriched in membrane proteins was isolated from the lysate via ultracentrifugation. 3, upon digestion of the
isolated membrane proteins, the tagged glycopeptides were affinity-purified using a streptavidin-covered solid support. 4, N-glycosites were
then enzymatically released and analyzed by an LTQ-FT mass spectrometer. The obtained spectra were searched against the database

BDGP5.2 using SEQUEST.
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Fic. 2. Cell surface LC-MS map of N-glycosites. A graphical
representation of the LC-MS (RT versus m/z) feature map is shown.
Only the identified N-glycosites are shown. Circled dots represent
N-glycosites originating from the InR. The InR has 25 potential N-gly-
cosylation sites of which 19 could be verified by the 44 N-glycosites
described here. The data represented here can be found in supple-
mental Table S1.

predicted transmembrane domain and therefore are likely to
also be constituents of the plasma membrane. Additionally
three proteins, oligosaccharyliransferase 3 (CG7748), a pro-
tein with oligosaccharyltransferase activity (CG1518), and
prolyl-4-hydroxylase-a EFB (CG31022), which are accord-
ing to their GO-annotated molecular function constituents
of the endoplasmic reticulum, were identified. The repetitive
identification of these proteins via CSC technology led us to
the conclusion that they were N-glycosylated and very likely
accessible at the plasma membrane during the short time
period of labeling. However, we cannot exclude that these

proteins as well as the ones predicted to be intracellular are
contaminants.

The proteins identified cover all major classes of cell sur-
face receptor proteins. For example, the proteins methuselah
(CG6936) and methuselah-like 3 (CG6530), members of the
class of the G-protein-coupled receptors, which are known to
be generally of low abundance (32), were found. We also
identified several enzyme-linked receptors, including the re-
ceptor tyrosine kinases InR (CG18402), Eph receptor tyrosine
kinase (CG1511), and the platelet-derived growth factor/vas-
cular endothelial growth factor receptor (CG8222) as well as
the membrane-spanning phosphotyrosine phosphatase re-
ceptors PTP69D (CG10975), PTP10D (CG1817), and PTP4E
(CG6899). Further the cytokine receptors activin receptor
(CG7904) and domeless (CG14226), the integrin adhesion
molecules (CG1560, CG1771, CG8095, and CG9623) that are
involved in cell-cell interaction, and membrane transporters
like the B subunits 1 and 2 of the sodium/potassium-trans-
porting ATPase (CG9258 and CG9261) as well as the organic
cation (CG13610) and anion transporter proteins (CG3380
and CG7571) were identified. These results demonstrate that
in terms of function and abundance a wide range of cell
surface molecules was covered implying that our approach is
limited neither to a certain subclass of cell surface proteins
nor by the dynamic range.

Reproducible, Label-free Quantification of the Kc167 Cell
Surface Glycoproteome—To assess the accuracy and repro-
ducibility of quantifying cell surface proteome changes de-
tected by the analysis of LC-MS maps of isolated N-glyco-
sites, we performed biological and technical replicates of
the Kc167 cell surface proteins. The CSC method was
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Fic. 3. Analysis of identified cell surface glycoproteins. a, GO
cellular component analysis of the identified proteins. GO annotation
for 126 proteins of the 202 glycoproteins identified was available.
86% belonged to the membrane, 5% belonged to the extracellular
matrix, and 9% belonged to the cytoplasm. b, 183 of the 202 glyco-
proteins identified contain one or more TM domains as predicted by
SOSUI (29). Furthermore 108 of the 126 GO-annotated proteins are
membrane constituents.

applied to cells from three parallel Kc167 cell cultures. Each
of the three biological isolates was analyzed in triplicate on
a high mass resolution LTQ-FT instrument. The nine LC-MS
feature maps thus generated were processed by the soft-
ware SuperHirn (19). SuperHirn identified the peptide fea-
tures in each MS1 feature map and aligned them across the
different maps to generate an intensity-normalized Master-
Map. In total, 5166 MS1 features were detected of which
1210 could be aligned over all nine LC-MS runs (Table I). To
quantify the reproducibility of the method, the coefficient of
variance (CV) of feature intensity values across all nine
aligned LC-MS patterns was computed. 76% of the quan-
tified features showed a CV equal to or below 30%, and the
average coefficient of variance of all 1210 aligned features
was 24%. For technical replicates CVs between 10 and
13% were achieved (supplemental Table S5).

Fig. 4 illustrates the reproducibility between the biological
and the technical replicates using scatter plots. Peak inten-
sities obtained from aligned MS1 features of three technical
replicates acquired from the same biological sample were
plotted against each other (Fig. 4a). The high squared Pear-

TABLE |
Alignment of MS1 features across replicate LC-MS measurements
The total of 5166 MS1 features extracted from nine LC-MS runs
originating from three biological and three technical replicates each
were aligned with SuperHirn software. The table illustrates the com-
mon MS1 features shared by different LC-MS runs.

Replicates Common MS1 features
9 1210
8 260
7 235
6 367
5 276
4 341
3 633
2 585
1 1259
Total 5166

son correlation R? (0.986-0.989) and the near straight lines
indicated the nearly optimal linear relationship between the
replicates. Similarly the mean peak intensities of MS1 fea-
tures obtained from the three biological replicates showed
very high correlation (R? = 0.925-0.962) as illustrated in Fig.
4b. Furthermore the plots also illustrate that the intensities
of the detected MS1 features span a dynamic range of more
than 3 orders of magnitude. As can be noted from the
scatter plots, the variability of signal intensities among rep-
licates increases with decreasing signal intensity.

The variation among biological experiments and their tech-
nical LC-MS replicates was further investigated by comparing
the respective peak ratios. These are expected to be 1.0
because the same amount of protein was anticipated to be
present in each sample. For each biological experiment, the
average intensity of each aligned MS1 feature was calculated
across the three technical replicates and then divided by the
average feature intensity measured over all nine consecutive
runs belonging to the three experimental replicates. Only MS1
features detected in all nine runs were considered for this
statistical analysis. More than 95% of all MS1 feature ratios
were below a 2-fold variance, and 85% of all MS1 features
varied by less than 40%. The same analysis was done for the
three technical replicates of each experiment. 90% of the
aligned MS1 features showed a ratio variation of less than
25%, which clearly demonstrates the high reproducibility of
MS1 feature intensities acquired by the LTQ-FT mass spec-
trometer and calculated by our label-free quantification
approach.

Finally the quantification error between replicated runs of
this experiment showed a variation similar to the one re-
ported by Wang et al. (33) in two duplicate LC-MS runs. In
conclusion, the combination of the method for the selective
isolation of cell surface N-glycosites with label-free quanti-
fication is feasible. We demonstrate the capacity of the
technique to highly enrich for the cell surface glycopro-
teome and to quantify peptide features over a dynamic

Molecular & Cellular Proteomics 8.4 629


http://www.mcponline.org/cgi/content/full/M800172-MCP200/DC1

Label-free Quantitative Cell Surface Proteomics

a 10° 10° 10°
R2=0.9871 R?=0.9897 R?=0.9865

108 4 108 108
(3] (3] o~
) @ o
® ® ®
L L L
2107 4 2 107 2 107
£ < <
o O 3]
(S IS (S

108 4 108 108

10° T T T 10° 10°

10° 108 107 108 10° 10° 108 107 108 10° 10° 108 107 108 10°
Tech. replicate 1 Tech. replicate 1 Tech. replicate 2
b 10° 10° 10°
R?=0.9576 R?=0.9625 R2=0.9258

108 | 108 1 108
o~ L) )
) ) )
§ f: 3
] 7 E— 7 - 7
g 10 g 10 g 10
-3 s s
i o o

108 A 106 1 108

10° " T " 10° T " T 10° " T y

10° 108 107 108 10° 10° 108 107 108 10° 10° 108 107 108 10°

Exp. replicate 1

Exp. replicate 1

Exp. replicate 2

Fic. 4. Reproducibility of label-free quantification of the Kc167 cell surface glycoproteome. A scatterplot of LC-MS features of isolated

N-glycosites using CSC and the respective squared Pearson correlation R® are shown. a, the peptide peak areas of aligned MS1 features in
the three replicate runs of the first experiment were plotted against each other. b, the mean peptide peak areas of aligned MS1 features in the

three experiments were plotted against each other. Tech., technical; Exp., experimental.

range of more than 3 orders of magnitude and for multiple
samples, thus making it possible to detect and quantify
even low abundance cell surface glycoproteins in serial
comparisons.

The Cell Surface Proteome Changes as a Function of Cel-
lular State—We hypothesize that the composition of the cell
surface proteome reflects the state of the intracellular signal-
ing systems and thus perturbations in intracellular signaling
systems can be detected by changes in the cell surface
proteome.

To test this hypothesis Kc167 cell cultures were subjected
to an array of different perturbations to induce changes in
cellular state and to monitor the resulting changes in the cell
surface glycoproteome. The cells were treated either with
lipopolysaccharide (LPS), which elicits strong activation of
c-Jun N-terminal kinase (JNK), a stress-activated protein ki-
nase downstream of mitogen-activated protein kinases
(MAPKSs) (34); rapamycin, an inhibitor of the target of rapamy-
cin (TOR), which is an important component of the insulin
signaling pathway and affects cell growth by modulating the

activity of S6K kinase (21); or vanadate, which generally in-
hibits protein phosphatases and therefore triggers a whole
cascade of stress-activated protein phosphorylation changes
(85). These three selected stimuli are known to have a strong
effect on intracellular signaling events and thus were believed
to also affect the cell surface proteome. To quantify the cell
surface abundance changes introduced by the respective
perturbations, each cell sample was subjected to N-glycosite
enrichment, the resulting samples were analyzed on an
LTQ-FT instrument, and glycoprotein abundance ratios were
calculated against the intensity values of an untreated control
cell culture. LC-MS feature maps were analyzed as described
above and combined into a MasterMap. Additionally MS/MS-
based peptide identifications of cell surface glycoproteins
from the cell surface atlas were used to annotate MS1
features not sequenced in these particular LC-MS/MS runs.
JRatio was then used to obtain protein ratios from MS1
features with available high quality peptide information
(PeptideProphet p > 0.9) (for details see “Experimental
Procedures”).
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In total, 112 N-glycosites were quantified, collectively rep-
resenting 61 different glycoproteins (supplemental Tables S6
and S7). For each stimulus about 80% of the glycoproteins
quantified showed less than 2-fold regulation. This is ex-
pected because each stimulus triggers only certain specific
signaling cascades. The proteins fascilin 1 and 2 (CG6588 and
CG3665), tetraspanin 86D (CG4591), and multiple integrins
(CG8095, CG1771, and CG1560), which are responsible for
maintaining cell structure and cell adhesion and thought to
have constant abundance levels, did not change at any of the
conditions tested. In contrast, the glycosylated cell surface
proteins guanylate cyclase (CG8742) and 26-29-kDa protein-
ase (CG8947) showed lower and higher abundance, respec-
tively, after stimulation independent of the stimulus. Other
glycoproteins exhibited specific abundance changes follow-
ing one or two particular stimuli. These include the macro-
globulin complement-related protein (CG7586) that was up-
regulated after rapamycin and vanadate treatment, a protein
with similarity to the ATP-binding cassette transporter family
(CG5789) up-regulated after vanadate treatment only, and the
Niemann-Pick Type C-1 protein (CG5722) that was down-
regulated after LPS stimulation. The abundance ratios de-
tected in these perturbation experiments along with the cor-
responding standard deviation and p value are shown in Table
Il, and changes in protein abundance are illustrated with a
heat map in Fig. 5. In summary, the results illustrate that cell
samples representing differentially perturbed states can be
distinguished by their specific cell surface proteome patterns.

Insulin-induced Internalization of InR—To test the ability of
the described method to measure the quantitative behavior of
specific cell surface proteins, we used a well studied biolog-
ical system, the regulation of the InR. Its primary function is to
maintain glucose homeostasis through signaling induced by
the interaction of the receptor with insulin. Signaling is mod-
ulated by reversible phosphorylation of cellular substrates
catalyzed in part by the InR tyrosine kinase and protein-
tyrosine phosphatases (PTPs), respectively. The InR activity is
dependent on a dynamic equilibrium between surface (active)
and internal (inactive) receptor pools (36). To measure this
redistribution in response to InR stimulation, Kc167 cells were
starved in serum-free Schneider’s medium overnight. Half of
the cells were then incubated with 100 nm bovine insulin for
2 h to simulate persistent insulin stimulation. Insulin stimula-
tion was verified by pS6K Western blotting (data not shown)
(87). In parallel, the two populations of cells were subjected to
the CSC method followed by the quantitative analysis of the
isolated N-glycosites using the LTQ-FT instrument and sub-
sequent comparative analysis of the LC-MS maps. The ex-
periment was repeated to account for biological variation
between experiments, and three technical replicates were
carried out and used to generate the respective MasterMaps.

Computation of peptide and protein ratios was carried out
as described above. The results showed an unambiguous
2-fold down-regulation (ratio, 0.41 = 0.07) of the InR

TaBLE Il
Quantitative pattern of selected glycoproteins following different perturbations
The protein ratios (perturbed/non-perturbed) and corresponding S.D. including the p values of identified and quantified glycoproteins following different perturbations are given.

It is demonstrated that each stimuli changes abundance levels of a specific subset of cell surface glycoproteins. NA, not applicable.

Rapamycin-stimulated Vanadate-stimulated

LPS-stimulated

Biological process

cell culture

Protein
ratio, S.D.

cell culture

Protein ratio,

cell culture

Protein name - -
Protein ratio,

Annotation
symbol

FlyBase ID

p value

p value

p value

S.D.
1.26 = 0.25
1.13 = 0.22
1.28 = 0.20
0.98 +0.13

S.D.
0.90 = 0.18
0.83 +0.14

adhesion

adhesion

adhesion

adhesion

adhesion

adhesion

Cel

0.52
0.44
0.95
0.84
0.86
0.27

<0.01

1.183 = 0.17
1.08 = 0.18

0.21
0.60
0.17
0.62
0.45
0.12

<0.01

0.65
0.39
0.36
0.37
0.85
NA
<0.01

Fasciclin 1

CG6588

FBgn0000634
FBgn0000635
FBgn0003328
FBgn0004456
FBgn0004657
FBgn0037848
FBgn0013974
FBgn0028967
FBgn0039207
FBgn0020240
FBgn0024320

Cel

Fasciclin 2

CG3665

Cel

1.37 = 0.23
1.50 = 0.01

1.20 = 0.24
0.82 +0.10
0.95 = 0.04

Integrin « PS3

CG8095
CG1771

Cel

Integrin a PS1
Integrin B PS

Cel

1.32 = 0.04
0.96 + 0.28
0.45 £ 0.14
2.88 + 0.42

117 = 0.32

0.84 +0.13
0.60 = 0.17

CG1560

Cel

NA
0.36 = 0.17
1.90 = 0.52
0.96 = 0.24
0.99 + 0.09
0.53 = 0.04

Tetraspanin 86D

CG4591

Metabolic process

Guanylyl cyclase at 76C
26-29-kDa proteinase

CG5789

CG8742

0.03  Metabolic process
Unknown

0.07
0.52

<0.01
0.1

2.09 + 0.46
1.35 +0.14
1.36 = 0.14
0.94 + 0.09

<0.01

CG8947

26+04
1.13 = 0.14
0.85 = 0.04

0.08
0.07
0.43

0.89

CG5789

Unknown

1.00
<0.01

Macroglobulin complement-related

Niemann-Pick Type C-1

CG7586

Multicellular organismal

4

CG5722

process
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(CG18402) that was quantified by six N-glycopeptides. In
addition, we were able to quantify an additional 100 cell
surface glycoproteins (supplemental Tables S8 and S9); this
was about half the glycoproteins described previously in the
cell surface glycoprotein atlas. We determined that the abun-
dance of fascilin 1 (CG6588), integrins (CG8095, CG1771, and

LPS Rapamycin  Vanadate

CG10221

Contactin (CG1084)

Protein tyrosine phosphatase 69D (CG10975)
plexin A (CG11081)

nicotinic acetylcholine receptor beta 21C (CG11822)
Calnexin 994 (CG11958)

cueball (CG12086)

roundabout (CG13521)

Tyrosine-protein kinase receptor torso (CG1389)
CG14225

Eph receptor tyrosine kinase (CG1511)
Integrin beta-PS (CG1560)

CG15744

CG167T1

CG17667

Integrin alpha-PS1 (CG1771)

Insulin receptor (CG18402)

CG2493

cG2791

halfway (CG3095)
prolyl-4-hydroxylase-alpha EFB (CG31022)
CG31195

Basigin (CG31605)

CEHNTH

CG31886

Equilibrative nucleoside transporter 2 (CG31911)
CG32155

CG32594

CG33087

CG33129

CG33303

unzipped (CG3533)

Fasciclin 2 (CG3665)

Tetraspanin 86D (CG4591)

CG4726

CG4829

CG5284

CG5594

CG5708

Niemann-Pick Type C-1 (CG5T22)
Tenascin major (CG5723)

CG5789

Fasciclin 1 (CGBE88)

Cad87A (CGBYTT)

Laminin B1 (CG7123)

kuzbanian (CGT147)

peste (CGT228)

Macroglobulin complement-related (CG7586)
CG7a00

Integrin alpha-PS3 (CGA09S)

PDGF- and VEGF-receptor related (CGB8222)
CGB4E6

frazzled (CGB5B1)

Cirl (CGBE33)

Guanylyl cyclase at 76C (CGBT42)
26-29kD-proteinase (CGBO4T)

nervana 1 (CGI258)

Neurotactin (CGI704)

CGoo7

CGog4T

CG9953

CG1560), and tetraspanins 86D and 3A (CG4591 and
CG10742), proteins responsible for maintaining cell structure
and cell adhesion, did not change upon insulin stimulation. In
contrast, some glycoproteins known to be involved in devel-
opmental processes like InR exhibited clear abundance
changes. As an example, the protein frazzled (CG8581) that
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TasLE Il
Quantitative pattern of selected glycoproteins following InR stimulation
Shown are the abundance ratios (insulin-stimulated/non-stimulated) including S.D. and p value of selected glycoproteins discussed here
specifically that were identified and quantified upon insulin stimulation. Glycoproteins involved in cell adhesion exhibit clearly less regulation

than ones carrying out developmental processes.

FlyBase ID Annotation Protein Protein p value Peptides Biological process
symbol name ratio quantified
FBgn0000634 CG6588 Fasciclin 1 0.87 = 0.34 0.91 7 Cell adhesion
FBgn0003328 CG8095 Integrin « PS3 1.20 = 0.58 0.38 1 Cell adhesion
FBgn0004456 CG1771 Integrin a PS1 1.03 = 0.66 0.63 1 Cell adhesion
FBgn0004657 CG1560 Integrin B PS 0.91 £ 0.37 0.83 4 Cell adhesion
FBgn0037848 CG4591 Tetraspanin 86D 0.88 £ 0.24 0.91 2 Cell adhesion
FBgn0040334 CG10742 Tetraspanin 3A 1.05 = 0.39 0.59 1 Cell adhesion
FBgn0013984 CG18402 InR 0.41 = 0.07 0.09 6 Developmental process
FBgn0033134 CG12840 Tetraspanin 42El 0.21 = 0.15 <0.01 1 Developmental process
FBgn0005631 CG13521 Roundabout 2.73 + 0.68 <0.01 1 Developmental process
FBgn0011592 CG8581 Frazzled 0.29 = 0.34 <0.01 2 Developmental process

has netrin receptor activity and thus is involved in axon guid-
ance (38) was 3-fold down-regulated after insulin stimulation,
whereas roundabout (CG13521), a membrane receptor with
positive regulation of cell-cell adhesion, was almost 3-fold
up-regulated in insulin-stimulated cells. Tetraspanin 42El
(CG12840) was 5-fold down-regulated upon insulin stimulation.
In contrast to the tetraspanins mentioned above, tetraspanin
42El is not involved in cell-cell adhesion but in developmental
processes through receptor signaling. The glycoprotein
changes mentioned here are summarized in Table lIl.

To verify the results obtained via label-free quantification for
the InR abundance changes caused by insulin treatment, we
related these data obtained on parallel samples using a dif-
ferential isotope labeling approach. Therefore we used half of
the insulin-stimulated and the control membrane fractions
from the label-free quantification experiment just described
above. Half of each fraction was isotopically labeled using
either heavy (control) or light (insulin-stimulated) ICPL (22).
N-Glycosites were specifically enriched by CSC from the
combined peptide samples as described before and analyzed
twice on the LTQ-FT instrument.

The data obtained by differential stable isotope labeling
showed that the InR was 2-fold down-regulated (ratio, 0.42 =
0.08), confirming the previous findings from the label-free ap-
proach (ratio, 0.41 = 0.07). Fig. 6 shows an MS spectrum (Fig.
6a) as well as an elution profile (Fig. 6b) of the glycopeptide
VDLEHAN*NTESPVR?® originating from the InR confirming the
2-fold difference. The peptide is representative for the other four
N-glycosites identified from the InR (supplemental Table S10).
The data indicate that the label-free quantification method
reaches accuracy similar to that achieved by stable isotope
labeling.

These data are in agreement with the model proposed for
the regulation of InR action. Under starving conditions (in the

3 Nomenclature for glycosylation sites: an N-glycosylated residue is
indicated in bold font and followed by an asterisk (N*).

absence of serum) and therefore in the absence of ligand, the
InR accumulates at the plasma membrane. Upon insulin bind-
ing, the ligand-receptor complex is sequestered from the
plasma membrane and internalized into endosomes (39). The
acidic pH of endosomes induces the dissociation of insulin
from InR. Although insulin is degraded by endosomal acidic
insulinase (40), the InR is recycled back to the cell surface.
However, under conditions of prolonged stimulation with sat-
urating levels of insulin, a subset of the InRs are transported to
the late endosome and lysosome for degradation (41).

The characteristic of the CSC method that selects for gly-
coproteins present on the cell surface at the time of labeling,
if related to a whole cell membrane analysis of N-glycosites,
should allow for the differentiation of cell surface versus in-
ternalized proteins and thus for the fraction of InR that is
active on the cell surface and the fraction that is inactivated by
internalization into endosomes. To demonstrate that the InR
is indeed internalized but not yet degraded, we performed a
whole membrane glycocapture experiment in which the
cells were lysed and their membrane fraction was prepared
by ultracentrifugation. From this sample we then specifically
enriched for glycopeptides using a modified version of the
original solid phase extraction protocol for serum glycopro-
teins (8). In contrast to the CSC method where glycopro-
teins from the cell surface are isolated, this approach en-
riches for all glycoproteins present in the membrane
fraction, i.e. also proteins present in membranes of internal
organelles. Therefore, if the InNR was only internalized into
vesicles but not degraded, then the abundance ratio of InR
measured in insulin-stimulated and non-stimulated cells
should not change.

Four biological replicates of Kc167 cells were starved in
serum-free Schneider’s medium overnight followed by insulin
stimulation with 100 nm bovine insulin for 2 h for half of the
cells. The two cell samples were then subjected to the whole
membrane glycocapture method followed by quantitative
analysis using the LTQ-FT instrument. Two technical repli-
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relative intensity

FiG. 6. Quantitation of InR using iso-
tope-coded protein labeling. a, MS
spectra obtained over the whole elution
time of VDLEHAN*NTESPVR, a formerly
glycosylated peptide originating from
the InR. The doubly charged species
shows a lower signal for the light labeled
peptide (d,; insulin-treated) than for the

d4

845.908

do

846.409
843.895

844.397

846.913

844.898 847412

b

heavy labeled peptide (d,; control).

b, relative abundance and the calculated

dyid, ratio obtained using XPRESS b
software.

m/z

Light 843.893 +2
AREA: 1.65E+05

3.77TE+04

Heavy 845.984 +2
AREA: 3.58E+05

Relative abundance

8.37E+04

Y

cates were generated for all four samples, and data analysis
was carried out as described above. The 132 N-glycosites
identified and quantified in this experiment corresponded to
78 glycoproteins (supplemental Tables S11 and S12). Two
distinct N-glycosites originating from the InR were identified

2360 2370 2380 2390 2400 2410 2420 2430 2440 2450

Retention time (scan number)
Light : Heavy 1:2.16

and quantified. The calculated abundance ratio from insulin-
stimulated versus non-stimulated cells was 0.94 + 0.24, indi-
cating that the InR was not degraded after 2 h of insulin
stimulation. Together with the quantitative data of InR ob-
tained by cell surface glycoprotein analysis we conclude that
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Fic. 7. Protein abundance changes on the cell surface versus the whole cell membrane upon insulin stimulation. Protein ratios from
insulin-treated versus non-treated cells obtained by CSC and whole membrane capturing are shown for integrin (a), InR (b), and baboon (c).
d, protein log ratios obtained from both CSC (x axis) and whole membrane capturing (y axis) are plotted. Only protein ratios obtained in both
experiments are shown. Proteins mentioned in the text are depicted as black dots. The corresponding abundance ratios of proteins quantified
by both the CSC and the whole membrane capturing method are shown in bold in supplemental Tables S8 and S11.

~50% of the total receptor was compartmentalized into
endosomes.

Fig. 7 summarizes the different protein changes after insulin
stimulation obtained by either the cell surface capturing or the
whole membrane capturing approach. The abundance ratios
of most glycoproteins observed in both analyses changed
neither on the cell surface nor in the whole cell membrane. An
example of this class is integrin 8 PS (CG1560) (Fig. 7a). There

were at least seven proteins, among them the protein frazzled
(CG8581), tetraspanin 42 El (CG12840), a membrane-span-
ning adenylate cyclase (CG32158), and a potential oligosac-
charyltransferase (CG1518), that were down-regulated on the
cell surface, whereas the whole membrane capturing revealed
no significant abundance change, thus showing the same
behavior as InR (Fig. 7b). Another interesting protein, round-
about (CG13521) (Fig. 7c), was up-regulated on the cell sur-
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face, whereas the overall membrane content of this protein
was found to be constant, indicating insulin-stimulated redis-
tribution from an internal reservoir to the cell surface. The
multipass membrane protein wntless (CG6210) that is specif-
ically required for the secretion of wingless and thus partici-
pates in multiple development events was also slightly up-
regulated on the cell surface, whereas the overall wntless
protein content in the membrane decreased. The protein half-
way (CG3095), involved in the antagonistic ecdysone signal-
ing pathway, was found to be increased almost 2-fold in the
whole cell membrane; however, the protein level of the same
protein did not change on the cell surface, indicating insulin-
stimulated synthesis and storage in the cell interior. Further
NPC1 (Niemann-Pick Type C-1) protein (CG5722), which is
involved in sterol metabolic processes, was decreased on the
cell surface (0.60 = 0.09) as well as in the whole membrane
extract (0.45 = 0.05) suggesting that the protein was de-
graded after insulin stimulation. In combination, these find-
ings, summarized in Fig. 7d, show that the combination of
CSC and whole membrane glycocapturing enables us to
study the dynamic distribution of membrane proteins after cell
perturbation. In the case of insulin stimulation we observed
multiple quantitative patterns for specific proteins that sug-
gest cell internal protein redistribution, de novo synthesis, and
degradation.

DISCUSSION

In this study we show that the highly selective CSC method
allowed for the unambiguous identification of cell surface
glycoproteins in D. melanogaster cells, including their sites of
carbohydrate linkage, at a selectivity of almost 90% at the
peptide level. Nonspecifically isolated peptides could be
readily identified due to their lack of an NX(S/T) glycosylation
motif. This led to the identification of 202 glycoproteins from
D. melanogaster Kc167 cells of which 91% had at least one
predicted transmembrane domain and 86% of the GO-anno-
tated proteins belonged to the membrane. These results are
consistent with results obtained using the same method on
mammalian cells.? Insect cells, in contrast to mammalian
cells, do not contain sialic acid, which is the outermost sugar
residue in mammalian carbohydrate structures and, due to its
cis-diols, readily accessible for hydrazide linkage via perio-
date oxidation (42). Furthermore we identified three peptides
containing the NXC motif (43), which has not been described
in insect cells to date and occurs very rarely compared with
the NX(S/T) motif in mammalian cells. The data therefore
indicate that the lack of terminal sialic acid does not limit our
glycopeptide isolation strategy, a fact that extends the CSC
method to other species lacking sialic acid.

To identify and quantify the isolated N-glycosites the sam-
ples were analyzed by ESI-MS/MS. Because one objective of
the study was the quantitative comparison of the cell surface
proteome of Kc167 cells in multiple perturbed states the
sample throughput and accuracy of the quantitative proteom-

ics method were critical issues. Although quantification by
spectral counting would be possible using the data obtained
we decided to quantify based on the precursor intensities
because it is more accurate, especially for proteins of lower
abundance with few spectral counts, and is not limited to the
quantification of the peptides identified by MS/MS. Moreover
we chose to explore label-free quantification via feature pat-
tern matching because this gave us the flexibility to compare
any pattern with any other pattern acquired in the context of
the study. This is unlike the situation in studies depending on
stable isotope labeling where the samples to be compared
have to be anticipated during the design of the study. Initially
we compared the performance of ICPLs and label-free quan-
tification whereby we evaluated the relative errors arising from
the biological (difference between different biological isolates)
and technical (difference caused by repeat analyses of iden-
tical samples) reproducibility. The data indicated that the ob-
served protein abundance changes of the two methods were
very similar and, consistent with this notion, that the major
source of variance was rooted in the biological rather than
technical reproducibility. The technical reproducibility of the
label-free method was very high at CV 10-13%, whereas the
biological reproducibility (including the whole N-glycosite iso-
lation process) was somewhat lower at CV below 25%. There-
fore, protein abundance changes of 50% and more could be
reliably assigned. These data, achieved with samples isolated
via a complex sample preparation method, are consistent with
data obtained with much simpler sample preparation proto-
cols (33), indicating that the CSC method has a level of
reproducibility that is compatible with label-free quantifica-
tion. Several aspects of the data also suggest that the method
chosen is sensitive. First, we were able to quantify a higher
number of N-glycosites and proteins than with the isotope
labeling method. This was the result of the possibility of
propagating MS1 features identified in one pattern or for that
matter represented in the cell surface atlas over all the other
patterns in the study (19). Second, we were able to identify
and quantify G-protein-coupled receptor proteins that are
known to be expressed in levels numbering in the upper
hundreds to low thousands of copies per cell (32). Third, the
method displayed a dynamic range exceeding 3 orders of
magnitude. Furthermore a higher number of peptides could
be quantified using the label-free method. At least in part this
excellent sensitivity and dynamic range could be due to re-
duced ion suppression effects that are the result of the re-
duced sample complexity.

We used the combination of label-free quantitative mass
spectrometry with CSC to test the hypothesis that the pertur-
bation of signaling systems in the cell could be detected by
quantitative changes in the cell surface proteome. Importantly
the method does not necessarily show differences in protein
abundance but rather differences in the amount of the respec-
tive glycopeptides between samples that could arise from
changes in the protein concentration or changes in glycosy-
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lation site occupancy. Perturbation of cultured D. melano-
gaster cells with different well characterized chemicals known
to change important intracellular signaling systems indeed
affected the cell surface glycoproteome in a specific manner.
With one of the perturbations, the stimulation of Kc167 cells
with insulin, we further attempted to distinguish different fates
of proteins that showed quantitative changes on the cell sur-
face. This was accomplished by comparing the quantitative
pattern of cell surface proteins via CSC following insulin stim-
ulation with the pattern of the same glycoproteins in the whole
cell membrane using N-glycosite capturing. For InR we ob-
served internalization but not significant degradation, a pat-
tern that is in agreement with the findings observed by Knut-
son et al. (17) who used a heavy isotope density shift
technique. Furthermore we observed additional cell surface
glycoproteins exhibiting behavior similar to that of InR and
proteins showing different fates. Notable is the protein round-
about, which showed a pattern opposite to InR suggesting
that it might undergo exocytosis. By combining whole cell
membrane and cell surface N-glycosite measurement we
could therefore monitor biologically relevant quantitative
changes and at least in part determine the underlying ration-
ale for different patterns such as internalization without deg-
radation, protein degradation, or intracellular redistribution.
In conclusion, we could assign a specific fingerprint indi-
cating the origin, function, and physical state of a cell using
our proteomics and informatics pipeline. Cell surface proteins
are carrying out various important functions and are therefore
important targets in many pharmacological studies. The find-
ings in this study indicate that the cell surface proteome
mirrors changes occurring within the cell. Because at least
some of the cell surface glycoproteins are also secreted,
shed, or otherwise released by the cell the systematic analysis
of this important subproteome therefore opens the possibility
of detecting molecular signatures in body fluids indicating the
state of a cell or tissue. These results presented here are
therefore of interest for the wide field of biomarker discovery
where large research efforts are currently being invested.
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