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Abstract
Due to their easy accessibility, proteins outside of the plasma membrane represent an ideal but
untapped resource for potential drug targets or disease biomarkers. They constitute the major
biochemical class of current therapeutic targets and clinical biomarkers. Recent advances in
proteomic technologies have fueled interest in analysis of extracellular proteins such as membrane
proteins, cell surface proteins, and secreted proteins. However, unlike the gene expression
analyses from a variety of tissues and cells using genomic technologies, quantitative proteomic
analysis of proteins from various biological sources is challenging due to the high complexity of
different proteomes, and the lack of robust and consistent methods for analyses of different tissue
sources, especially for specific enrichment of extracellular proteins. Since most extracellular
proteins are modified by oligosaccharides, the population of glycoproteins therefore represents the
majority of extracellular proteomes. Here, we quantitatively analyzed glycoproteins and
determined the expression patterns of extracellular proteins from 12 mouse tissues using solid-
phase extraction of N-linked glycopeptides and liquid chromatography tandem mass spectrometry.
We identified peptides enclosing 1231 possible N-linked glycosites from 826 unique proteins. We
further determined the expression pattern of formerly N-linked glycopeptides and identified
extracellular glycoproteins specifically expressed in each tissue. Furthermore, the tissue
specificities of the overexpressed glycoproteins in a mouse skin tumor model were determined by
comparing to the quantitative protein expression from the different tissues. These skin tumor-
specific extracellular proteins might serve as potential candidates for cell surface drug targets or
disease-specific protein markers.
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INTRODUCTION
Extracellular proteins, such as those associated with the cell membrane, on extracellular cell
surface, or secreted to the extracellular environment or body fluids, have important
biological functions. These proteins include receptors, growth factors, and regulators for cell
communication, channels and transporters for chemicals and solutes, integrins, collagens,
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and other structural proteins for regulating cell shape, adhesion, and migration. Most
importantly, extracellular proteins are easily accessible as potential drug targets for
treatments and as surrogate markers for disease detection 1. This explains why extracellular
proteins constitute the major biochemical class of therapeutic targets 2 and clinical
biomarkers 3. So far, most tumor markers approved by the US Food and Drug
Administration (FDA) for clinical usages are extracellular proteins 3. The detection of
extracellular proteins in cancer patients, such as HER2 in breast cancer, is also used to select
patients for treatment using Herceptin 4.

Extracellular proteins with restricted tissue expression are ideal candidates for new drug
targets or protein markers for specific diseases. To reduce the risk of side effects, the drug
targets are preferably distributed in few tissue types. Based on information from the
Therapeutic Target Database, 53% of the successful drug targets are distributed in no more
than two tissues 2,5. In addition, extracellular proteins specific to diseased tissue in body
fluids such as prostate specific antigen (PSA) are much more likely to serve as disease
specific biomarkers. Therefore, the quantitative analysis of the tissue specificity of
extracellular proteins will be particularly useful for the identification of candidate proteins
for new drug targets or biomarkers 6–8.

Several proteomic approaches using tandem mass spectrometry have made it possible for
quantitative proteomic analyses of certain subclasses of extracellular proteins. These include
an improved method to analyze membrane proteins 9–14 and secreted proteins 15, 16.
However, due to the complex cellular structures of different tissues, methods for isolating
extracellular proteins are often applied to in vitro cultured cells or specific tissue type. These
methods have not been able to be applied to the analysis of extracellular proteome of
different tissue types for discovery of tissue-specific new drug targets or biomarkers, which
requires at least the following properties. First, the method should be uniformly applicable to
multiple tissue or cell types. Second, the isolation method should have enough throughputs
and reproducibility in order to generate proteomic patterns rapidly and reproducibly. Third,
the method should target the extracellular proteome. Fourth, the method should generate
distinct and simplified signatures to allow the identification and resolution of different
signatures in a limited separation space.

Extracellular proteins are frequently modified by oligosaccharides compared to intracellular
proteins 17. An analytic method based on preferential isolation of glycoproteins would
greatly enrich extracellular proteins. We have developed, optimized, and automated a
method for solid-phase extraction of N-linked glycopeptides (SPEG) from glycoproteins
using hydrazide chemistry and tandem mass spectrometry 18–21. In SPEG, glycoproteins
from different sources of biological samples are first solubilized by proteolytic digestion.
The glycopeptides are then oxidized and specifically immobilized to a hydrazide solid
support. After washing away non-immobilized peptides that are not glycosylated, the
formerly N-linked glycosylated peptides are then released from the solid support using
glycosidase (PNGase F). The isolated peptides are identified and quantified using liquid
chromatography-tandem mass spectrometry (LC-MS/MS). Therefore, in a single analysis,
the method identifies glycosylated proteins, the site of glycosylation (glycosite) 7, and the
relative quantity of the identified formerly N-linked glycopeptides. There are several
advantages for extracellular proteome analysis using this method compared to the traditional
method. First, there are 1–2 N-linked glycosites for each glycoprotein. The analysis of the
reduced number of peptides from each protein translates into favorable limits of detection
and accurate quantification of extracellular proteins 22. Second, because peptides generated
by this method are specific to peptide sequences containing N-linked glycosites from
extracellular glycoproteins, which represent only 3% of the total tryptic peptides from
proteins in the entire database, high throughput mass spectrometry-based methods could be
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used for the specific and sensitive identification and quantification of these peptides in
different tissues 22, thus dramatically reducing the challenge of identifying proteins from
global proteomic profiles of different tissues. Third, this approach targets proteins with post-
translational modifications by glycosylation instead of total protein, it is selective to the
mature proteins in their extracellular location 17. In addition, changes in the extent of
glycosylation of extracellular proteins shown to correlate with cancer and other disease
states can also be captured by this approach 23.

In this manuscript, we describe the quantitative proteomic analysis of the extracellular
glycoproteins and determine their tissue specificity from 12 mouse tissues using
glycopeptide isolation, liquid chromatography mass spectrometry (LC-MS), and automated
tandem mass spectrometry (MS/MS). We further determine the skin tumor associated
proteins with limited tissue expression among the 12 tissues. These tissue-specific
extracellular glycoproteins may be useful for the development of potential new drug targets
and protein markers for disease detection.

METHODS
Materials

Hydrazide resin (Bio-Rad, Hercules, CA), Sodium periodate (Bio-Rad, Hercules, CA), Tris
(2-carboxyethyl) phosphine (TCEP) (Pierce, Rockford IL), PNGase F (New England
Biolabs, Ipswich, MA), Sequencing grade trypsin (Promega, Madison, WI), C18 columns
(Waters, Sep-Pak Vac), CHCA (Agilent, Palo Alto, CA), MALDI 4700 mass calibration
standards (Applied Biosystems, Foster City, CA), and other chemicals were purchased from
Sigma-Aldrich.

Mouse tissue
Two male and two female adult wildtype NIH01a mice were euthanized by CO2
asphyxiation according to IACUC standard protocol. Tissue samples from 12 different
organs were extracted and flash frozen in liquid nitrogen. The 12 tissues included: heart,
liver, spleen, stomach, brain, mammary gland, prostate, epidermis, intestine, kidney, ovary
and testis.

Solubilization of solid tissues and extraction of peptides
Frozen tissues (20 mg each) were sliced into 1~3mm3 thick and incubated in 100μl of 5mM
phosphate buffer and vortexed for 2–3 min. 100μl of trifluoroethanol (TFE) was added to
each sample and samples were sonicated for 5 min in an ice-water bath. Samples were then
incubated at 60°C for 2 hours followed by sonication for 2 min. Proteins were reduced by
5mM tributylphosphine (TBP) with 30 min incubation at 60°C. Iodoacetamide (10mM) was
applied to the mixture and incubated in the dark at room temperature for another 30 min.
The samples were diluted 5-fold with 50mM NH4HCO3 (pH 7.8) to reduce the TFE
concentration to 10% prior to the addition of Trypsin at a ratio of 1:50 (w/w, enzyme:
protein). Samples were digested at 37°C overnight with gentle shaking. The precipitate was
discarded by centrifugation. Silver staining was used to test the effect of tryptic digestion
and 2mg of total tryptic peptides from each sample were used for N-linked glycopeptide
capture in the following steps.

Capture of formerly N-linked glycopeptides from tissue
Formerly N-glycopeptides were isolated from the total tryptic peptides using SPEG 19. The
enriched formerly N-linked glycopeptides were concentrated by C18 columns, dried down,
and resuspended in 40μl 0.4% acetic acid.
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Mass spectrometry analysis
The peptides were identified and quantified by MS/MS analysis using an LTQ ion trap mass
spectrometer (Thermo Fisher, San Jose, CA) and LC-MS analysis using an ESI-QTOF mass
spectrometer (Waters, Beverly, MA). In both systems, 3μl isolated peptides were injected
into a peptide cartridge packed with C18 resin, and then passed through a 10 cm × 75 μm
i.d. microcapillary HPLC (μLC) column packed with C18 resin. The effluent from the μLC
column entered an electrospray ionization source in which peptides were ionized and passed
directly into the respective mass spectrometer. The HPLC mobile phase A and B were 0.1%
formic acid (FA) in HPLC grade water and 0.1% formic acid (FA), 5% isopropanol in
HPLC grade acetonitrile, respectively. A linear gradient of mobile phase B from 5%–32%
over 100 min at flow rate of ~300 nL/min was applied. During LC-MS, data was acquired
with a profile mode in the mass range scan between m/z, 400 and 2000 with 3.0 sec scan
duration and 0.1 sec interscan. The MS/MS was also turned on to collect MS/MS spectra
using data dependent mode. Each sample was analyzed three times to increase the accuracy
of quantification.

Data analyses
Quantitative analysis using SpecArray: A suite of software tools were developed to
analyze LC-MS data generated by ESI-QTOF analysis of formerly N-linked glycopeptides
from each tissue sample 24. The software tools used LC-MS data and sequentially performed
the following tasks to determine peptides that were of different abundance in different
tissues, respectively: 1) Peptide peak picking: a list of peptide peaks was generated from
each LC-MS run; 2) Peptide alignment: Peptides detected in individual LC-MS patterns
were aligned based on peptide mass and retention time. 3) Peptide Array: For each peptide
peak, an abundance ratio of matched peptides in different samples was determined for each
peptide peak using the same method as described in the ASAPRatio software tool developed
for LC-ESI-MS/MS data 25.

Peptide identifications: MS/MS spectra were searched with SEQUEST 26 against a mouse
protein database (ipi.MOUSE.v3.13.fasta). The peptide mass tolerance is 2.0 Da for QTOF
and 3.0 Da for LTQ. Other parameters of database searching are modified as following:
oxidized methionines (add 16 Da to methionine), a PNGase F-catalyzed conversion of Asn
to Asp and cysteine modification (add 57 Da to cysteine). The output files were evaluated by
INTERACT and Peptide Prophet 27, 28. The criterion of Peptide Prophet analysis is a
probability score ≥ 0.8 (with error rate of 0.0252) so that low probability peptide
identifications were filtered out. For each identified peptide, peptide sequence, protein name,
precursor m/z value, peptide mass, charge state, retention time where the MS/MS was
acquired, and probability of the peptide identification were recorded and outputted using
INTERACT 27.

Mapping the identified peptides to their peaks: Information from the identified peptides
in MS/MS spectra was used to map the identified peptides to their corresponding MS peaks
of precursor ions in aligned peak array as described previsouly 29. Briefly, the identified
peptides from MS/MS spectra were mapped to the MS peaks detected in the same sample in
the aligned peptide array using peptide charge state, m/z value of precursor ion, and elution
time. The allowable differences for peptide match for charge state, m/z, and retention time
were 0, 200 ppm, and 5 minutes, respectively.

Subcellular location of identified proteins
Signal peptides were predicted using SignalP 2.0 30. Transmembrane (TM) regions were
predicted using the TMHMM (version 2.0) program 31, which predicts protein topology and
the number of TM helices. Information from SignalP and TMHMM were combined to
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separate proteins into the following categories: i) cell surface - proteins that contained
predicted non-cleavable signal peptides and no predicted transmembrane segments; ii)
secreted - proteins that contained predicted cleavable signal peptides and no predicted
transmembrane segments; iii) transmembrane - proteins that contained predicted
transmembrane segments and extracellular loops and intracellular loops; and iv)
intracellular - proteins that contained neither predicted signal peptides nor predicted
transmembrane regions. All protein sequences were taken from the IPI mouse protein
database (version 3.13).

Tissue-specific extracellular proteins
The percentage of signal intensity from each tissue to sum of total signal for all the tissues
from peak intensity, number of spectral count, or Affymetrix signal was calculated and used
to determine tissue-specific expression. Two criteria were set to select tissue-specific
extracellular proteins: (1) the glycosite was only identified in one tissue; (2) the peak
intensity from the specific tissue represented over 80% of total peak intensity of the peptide
peak from all tissues. The transcriptional expression of the same gene was also explored
using Gene atlas 32.

RESULTS
Procedure of quantitative analysis of extracellular proteome

The objective of this study is to apply the glycoproteomic approach to profile extracellular
glycoproteins from different tissues and identify tissue-specific expression of extracellular
proteins. This requires that the extraction of proteins/peptides can be uniformly applied to
different tissues/organs. We started with solubilizing tissues using a combination of
homogenization and protease digestion to cleave all proteins to peptides. The formerly N-
linked glycopeptides were then captured using SPEG from the total pool of peptides to
enrich extracellular glycoproteins.

The procedure is schematically illustrated in Figure 1 and consists of three steps. 1)
Glycoproteins were isolated and identified from 12 normal mouse tissues including heart,
liver, spleen, stomach, brain, mammary gland, prostate, epidermis, intestine, kidney, ovary
and testis; 2) The N-linked glycoproteome of 12 normal tissues were generated using
quantitative proteomics, and tissue specific proteins were identified; 3) The skin tumor
specific glycoproteins were analyzed and compared to the glycoproteome of different
normal mouse tissues to determine skin tumor specific proteins 33.

Isolation of formerly N-linked glycopeptides for specific analysis of extracellular
glycoproteins

From 12 normal mouse tissues, a total of 10337 identifications were observed using the MS/
MS spectra, database search, and the minimum Peptide Prophet probability of 0.8 (with
error rate of 0.0252), and 96% of identifications (9927) contained consensus N-linked
glycosylation motif (N-X-S/T, X is any amino acid except proline) 34. This indicated that the
majority of identified peptides were formerly N-linked glycosylated and the procedure was
specific to peptides with N-linked glycosites. Therefore, we limited our subsequent analysis
solely to the identified peptide sequences that contained at least one such N-linked
glycosylation motif in order to simplify and to further reduce false positive rates. We were
able to identify peptides enclosing a total of 1231 possible N-linked glycosites, which came
from 826 unique glycoproteins.

The initial idea of specifically targeting glycoproteins for analysis of extracellular proteins
was based on the fact that the vast majority of extracellular proteins are modified by
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oligosaccharides. To test whether we were indeed sampling the expected extracellular
proteome in our analyses, we applied the informatics approach for the prediction of sub-
cellular localization for the glycoproteins identified, classifying them into four general
classes 31, 35: 1) cell surface proteins, 2) secreted proteins, 3) transmembrane proteins, and
4) intracellular proteins. We would expect glycoproteins to fall into one of the first three of
these classes. The cellular distribution of peptides identified is presented in Figure 2. About
88% of possible N-linked glycosites (1087 out of a total of 1231) identified from this study
were predicted as extracellular proteins (containing either transmembrane segments or signal
peptides or both). In contrast, applying the same informatics methodology to all 50651
entries in the mouse protein sequence database (IPI version 3.13) showed that approximately
only one third of all the proteins in database are extracellular proteins. These observations
confirmed our initial premise that the targeted isolation and identification of N-linked
glycoproteins significantly enriched for the desired classes, i.e., proteins that likely represent
good candidates for both markers of disease and therapeutic targets.

Quantitative analysis of glycoproteins from different tissues using spectral count
We then determined whether we could detect quantitative differences in the profiles of the
glycoproteins from different tissues. In the above studies, proteins were identified by LC-
MS/MS by ESI-LTQ and ESI-QTOF three times each. We used the number of redundant
MS/MS spectra (spectral count) of the same peptide in the data set as a crude estimate of the
corresponding protein abundance 36. As expected, we observed a wide range of
identification frequencies assigned to a specific N-linked glycosite in each tissue type
(spectral count from 1 to 319, Supplementary Table 1 online). Formerly N-linked
glycopeptides from highly abundant glycoproteins were most often detected in multiple
tissue types, suggesting they were housekeeping genes or plasma proteins present in all
tissues due to blood circulation. For example, three glycosites were identified from serine
protease inhibitor A3K by 610 total MS/MS spectra from all 12 tissues. In contrast to the
broad distribution of plasma proteins, the formerly N-linked glycopeptides identified from
proteins with a specific function for certain tissue types have limited expression. For
example, glycosites, ILQYQPIN#STHELGPLVDLK and LSPYVN#YSFR, were from
Splice Isoform 6 of the neuronal cell adhesion molecule and identified by 7 spectra only
from brain. This protein is involved in cell adhesion and may play a role in the molecular
assembly of the nodes of Ranvier. We then determined the glycoproteins that were uniquely
identified in a specific tissue. As shown in supplementary table 1, about 50% of the total
identified glycoproteins were only identified from one tissue type. These results indicate that
extracellular proteins represent a rich source of tissue-specific proteins and this
glycoproteomic approach allows the analysis of expression patterns of extracellular proteins
using the robust and universal methodology that could be applied to the analysis of
extracellular proteome from different biological sources.

Quantitative analysis of glycoproteins from different tissues using LC-MS
To verify the quantitative results from spectral count, we further determined the relative
abundance of formerly N-linked glycopeptides from different mouse tissues using their LC-
MS peak intensities of precursor ions. For quantitative study using LC-MS features, peptides
need to be separated with a highly reproducible HPLC system and analyzed by the mass
spectrometry instrument with high mass accuracy. Peptides analyzed with ESI-QTOF were
used to generate LC-MS patterns. To increase the quantification accuracy, Peptides from
each tissue were analyzed three times. Figure 3 displays the peptide patterns with three runs
of analyses for each tissue using the Pep3D software tool 37. The data showed that the
patterns generated from repeated analyses of the same tissue were highly consistent.
However, the peptides from different tissues had distinct LC-MS patterns (Figure 3). To
quantify the LC-MS patterns, SpecArray was used to detect peaks, to measure peak
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intensity, and to align corresponding peptide peaks among multiple patterns 24. To increase
the quantification confidence, only peptide peaks that appeared at all three repeated analyses
within each tissue type were selected. Using this approach, we were able to detect and align
2864 peptide peaks among the 12 tissues for quantitative expression patterns of formerly N-
linked glycopeptides. We further mapped each MS peak to their corresponding peptide
sequence identified from MS/MS spectrum with the same retention time as the MS peak
from the same LC-MS and MS/MS analysis. Four hundred and twenty-five MS peaks can be
mapped to their corresponding identified sequences and quantified (Supplementary Table 2).

From these data, we calculated the average intensity and standard deviation for each
formerly glycosylated peptide from three repeated analyses (Supplementary Table 2). The
mean and median CVs observed in the three repeat LC-MS analyses of the identified peaks
were 15.3% and 9.4%, respectively. We next calculated the correlation of different analyses
within the three repeated LC-MS analyses. The average correlation of repeated LC-MS
analyses within a tissue was 0.9040 with the standard deviation of 0.0573, while the average
correlation of peptide intensities from different tissues was 0.3408 with standard deviation
of 0.1782.

From the peptide3D, CVs, and correlation studies, the following were apparent. First, the
multiple LC-MS analyses of the peptides from the individual mouse tissue were
reproducible and quantitative. Second, due to the reduced complexity by glycopeptide
capture, peptide peaks were well resolved. Third, the peptide patterns from different tissues
were distinct. Collectively, these results suggest that LC-MS analyses of formerly N-linked
glycosylated peptides isolated from different tissues are reproducible and the patterns of
these peptides can be compared to determine the relative abundance of the peptides.

Extracellular glycoproteins with restricted tissue expression
From our MS/MS analysis, we identified a list of glycoproteins whose expression was
dominant in a specific tissue using spectral count by LTQ and verified some of the tissue-
specific proteins using precursor peak intensity of LC-MS by QTOF (Supplementary Table
3 online). We determined tissue-specific extracellular proteins in all 12 tissues and found
that brain and spleen have the most tissue-specific extracellular glycoproteins, which is
consistent with their specialized function. To determine whether similar tissue-specific
expression could also be detected in mRNA levels, the Affymetrix data from the mouse gene
atlas 32, 38 were examined. For the proteins for which the mRNA data was available, we
could conclude that most tissue-specific proteins also had tissue-specific transcription.
However, differences in the distribution of mRNA abundance were much less marked in the
Affymetrix data compared to the protein expression data, and a number of proteins
displayed different tissue expression patterns at the protein level different from their mRNA
level. Furthermore, a number of tissue-specific extracellular proteins, for which the mRNA
levels were not available, were also identified from this study (Table 1, and Supplementary
Table 3 online).

Skin tumor specific extracellular proteins
From our previous study, 111 proteins were identified with overexpression in skin malignant
carcinoma and benign papillomas compared to normal skin tissue 33. Since the proteins with
restricted tissue expression are ideal candidates for new drug targets or protein markers for
disease detection, we further determined which of the skin tumor overexpressed proteins has
tissue-specific expression. By comparing the protein expression pattern from different
mouse tissues from this study, 9 skin tumor overexpressed proteins were found expressed in
only one normal tissue (Table 2), including extracellular matrix protein 1, lymphocyte
antigen 6 complex locus G6C protein, legumain, granulin, myeloperoxidase, etc.
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Topology of membrane proteins
In this study, we have identified 1231 possible N-linked glycosites from mouse. Since the N-
glycosylation occurs on the extracellular domain of the protein, these N-linked glycosites
provide experimentally determined evidence for membrane topology of the identified
proteins and can be used for drug design. For example, potassium-transporting ATPase β
subunit was one of the membrane proteins identified in this study. It is predicted as a single-
pass type II membrane protein (http://au.expasy.org/uniprot/P50992). Residues 1-36 were
predicted to be cytoplasmic, 37–57 were predicted as transmembrane segment, and residues
58–294 were predicted as extracellular. There are 7 potential N-linked glycosites located in
the C-terminus of this protein (Figure 4, N highlighted with red). However, none of them
has been proven experimentally. In this study, 5 out of 7 potential N-linked glycosites were
identified specifically in stomach (Figure 4, N underlined). Quantification of these five
glycosites using peak intensities by LC-MS analysis was consistent with specific expression
in stomach (Table 1 and Supplementary Table 3 online). This is also consistent with the
mRNA expression data 32, 38. The 5 identified N-linked glycosites at the C-terminal tail of
potassium-transporting ATPase β subunit confirmed the orientation of the transmembrane
proteins and the extracellular location of the C-terminal tail.

DISCUSSION
This paper describes the first quantitative glycoproteomic study to generate tissue-specific
profiles of the extracellular glycoproteins from multiple tissues. Genomic approaches for
large-scale gene expression analysis using microarrays 32, 38 or other transcriptome analysis
methods such as massively parallel signature sequencing 39 have been used to determine
gene expression profiles in different tissues. These analyses identified a number of tissue-
specific genes, of which less than 20% encoded extracellular proteins. To enrich for genes
encoding membrane proteins, the membrane-associated polyribosomal RNA from cell lines
was purified and subtracted with RNA extracted from other tissues. 49% of the genes
identified using this method encoded membrane or secreted proteins 40. However, due to
post-transcriptional regulation, such as translational control, protein modification,
subcellular location, and protein stability, protein levels cannot be captured from the
genomic data. Determination of candidate proteins expressed on the extracellular surface in
a tissue-specific fashion still relies on experimental studies of proteins.

Quantitative proteomic technologies using tandem mass spectrometry have made rapid
progress in the analysis of soluble proteins in recent years, but the comprehensive proteomic
analysis of extracellular proteins have lagged behind due to technical challenges 41–44.
Previous studies to improve the method have mostly focused on strategies to analyze
membrane proteins 45. Analysis of membrane proteins using traditional two-dimensional gel
electrophoresis has faced the difficulty of insolubility of the membrane proteins in the non-
detergent isoelectric focusing buffer. Recent efforts have turned to gel-free methods using
tandem mass spectrometry and stable isotope labeling 13. In these approaches, membrane
proteins were first isolated from cells or tissues using differential centrifugation and
subjected to different strategies to solubilize membrane proteins using either organic acid
and cyanogen bromide 9, detergents 10, organic solvents 11, 12, high pH and proteinase K 13,
and chloroform extraction 14. For analyzing secreted proteins, such efforts were only
reported in studies of the secretome in in vitro cultured cells 15, 16. Although these methods
have proved to increase the effectiveness of membrane protein identification, they have not
been applied to profiles of extracellular protein expression patterns in multiple cell types and
tissues. First, previous methods have reported that at least half of proteins in the analyzed
sample were identified as intracellular proteins due to their association with plasma
membrane or membrane proteins. Second, the previous studies often use multiple
dimensional chromatographic separations and isotopic labeling, thus restricting them to pair
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wise comparisons to limited sample size. As a result, proteomic studies have not been able
to profile multiple tissues to generate expression patterns of extracellular proteins.

In this study, we applied a quantitative glycoproteomic method for high-content analysis of
extracellular proteomes from different mouse tissues and identified tissue-specificity of skin
tumor associated proteins. This analysis was based on the selective isolation of glycosylated
peptides, which is the common feature of extracellular proteins, and subsequent
identification and quantification of the complex peptides by LC-MS and MS/MS. However,
neither this nor any other method is currently capable of analyzing all extracellular proteins.
Extracellular proteins without any N-linked glycosylation site representing ~28% of total
extracellular proteins will not be identified by this method. This limitation may be overcome
by the analysis of O-linked glycoproteins or other methods that targets the extracellular
proteins. By selectively isolating this subset of peptides, the procedure achieved a significant
reduction in analytic complexity. We showed that this method was reproducible, achieved
increased analytical depth and higher throughput. Furthermore, we demonstrated that, this
method could be used to analyze extracellular protein patterns from multiple mouse tissues
and identify specific tissue enriched extracellular proteins. For the limited sample source,
this study only included 12 mouse organs; however, the platform is now in place, in which
additional tissues can be included, such as human tissues in different pathological states. In
addition, the data set for tissue-expression profiles of mouse extracellular proteins is useful
to determine the tissue-enriched expression of human homologues of these proteins. The
expression of tissue-enriched extracellular proteins identified in our study is suitable to
normal organs, which may tend to change when cancer or disease occurs.

The possible 1231 N-glycosites reported here were identified using SPEG based on chemical
immobilization of glycopeptides to solid support and specific releasing formerly N-linked
glycosylated peptides using Peptide: N-Glycosidase F18, 19. The released formerly N-linked
glycopeptides were analyzed by tandem mass spectrometry and the identified peptides were
filtered with Peptide Prophet probability of 0.8 with the false discovery rate of 0.0252.
Using this strategy, 96% of peptide identifications contained the consensus N-linked
glycosylation motif. The result was consistent with previous reports that over 90% of
identified peptides contained consensus N-linked glycosylation motif 18, 20, 22, 33, 46, 47.
This is significant enrichment of formerly N-linked glycosylated peptides comparing to the
calculated 7.0% peptides containing N-linked glycosylation motif in the database 46. This
indicates that the formerly N-linked glycosylated peptides were specifically enriched and
identified, not a coincidence of the falsely identified peptides containing a consensus N-
linked glycosylation motif.

Using MS/MS spectra count, not all proteins from each tissue were identified due to the
random sampling of peptide precursor ions during the analytical process 22. Therefore, the
differences between peptide/protein identifications by MS/MS analyses among different
tissue samples might be caused by the fact that only a fraction of the total peptides was
identified by MS/MS analyses in the data dependant mode of operation. To increase the
coverage of the N-linked glycoproteome and reduce the random sampling of MS/MS
spectra, we analyzed the formerly N-linked glycopeptides from each tissue sample three
times by LTQ and three times by QTOF. A number of proteins identified are drug targets
currently in clinical use or are under research development as targets for new drugs 5. For
example, toll-like receptor 9 (TLR9) has been known to participate in the innate immune
response to microbial agents. However, TLR 9 also responds to autoantigens from dead cells
and leads to systemic autoimmune diseases such as systemic lupus erythematosus (SLE).
Inhibitors of TLR9, such as chloroquine and related compounds, have been used to treat
autoimmune diseases, and a new drug targeting TLR is a subject of intense development 48.
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Protein topology is a description, listing transmembrane segments, and their orientation
relative to the membrane 49. Determining the topology is necessary for development of
small molecule drugs or antibodies to bind their targets at specific location. Membrane
protein topology is generally predicted using topology-prediction algorithms 50. However,
the accuracy of the best current topology prediction method is in the range of 55–60% when
the entire proteome is analyzed 50. Experimental topology information can be used with
prediction methods to increase the prediction accuracy and the current experimental
approaches to characterize transmembrane protein topologies include X-ray crystallography,
NMR, gene fusion technique, substituted cysteine accessibility method, N-linked
glycosylation experiment and other biochemical methods 51. Since the initial steps of N-
glycosylation occur on the luminal side of the endoplasmic reticulum, we can expect that
only extracytoplasmic portions of membrane proteins can be glycosylated 52 and
glycosylation sites can be used to predict the topology of transmembrane proteins. However,
only 172 experimentally confirmed human N-linked glycosylation sites 53 were reported
prior to the recent glycoproteomic studies on the identification of formerly N-linked
glycopeptides in complex biological samples 18, 53. Identification of N-linked glycosylation
sites can significantly improve the precision of predicted membrane protein topology. In this
study, 1231 possible N-linked glycosites have been identified and many of these sites have
not been reported previously. This study identified the largest number of experiential
identified N-linked glycosites from mouse comparing to several recent glycoproteomic
studies reported by Ghesquiere et al. (identified 127 possible N-linked glycosites) 54,
Bernhard et al. (104 possible N-linked glycosites) 55, Tian et al. (463 possible N-linked
glycosites) 33, Tian et al. (285 possible N-linked glycosites) 47, and Gundry et al. (235
possible N-linked glycosites) 56. These N-linked glycosites can be used as experimentally
determined evidence for membrane topology of the identified proteins and may be useful for
drug design. These data are valuable for determining the accuracy of current topology-
prediction methods and further development of improved algorithms.

In summary, this method affords one of the most comprehensive routine and high
throughput analyses of the extracellular proteome. We therefore believe that it will find
broad application in discovery of new drug targets or protein markers for human diseases.
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Figure 1.
Diagram of work flow for determination of tissue-specificity of extracellular glycoproteins
from normal mouse tissues and skin tumor mouse model.
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Figure 2.
Distribution of cellular locations for proteins identified from different tissues.
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Figure 3.
LC-MS patterns of formerly N-linked glycopeptides from different tissues. Peptide3D
display of peptides detected by LC-MS is shown by analyzing formerly N-linked
glycopeptides with three reproducible analyses of the same sample. The detected peptides
are indicated as black spots with respected retention time (in minute, X-axis), m/z (in Da, Y-
axis), and intensity (darkness of the spots). The peptides from triplicate LC-MS analyses of
the same sample are shown for peptides isolated from different tissues (labeled with tissue
names).
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Figure 4.
Sequence, topology, and N-linked glycosites of potassium-transporting ATPase β subunit
(ATP4B, 294 residues). ATB4B was predicted as type II membrane protein with residues
1-36 located intracellular (highlighted in yellow), residue 38-57 as transmembrane segment
(highlighted with red), and residue 58-294 located extracellular (highlighted with blue).
Seven potential N-linked glycosites were predicted in C-terminal region (the Asparagine
residues (N) for the N-linked glycosites are highlighted with red. Five of the seven predicted
N-linked glycosites were identified in this study (underlined). These experimental evidences
also prove the membrane topology with C-terminal tail located in extracellular surface.
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Table 1

Proteins expressed dominantly in one specific tissue.

IPI Protein Name Organ

IPI00114279 Excitatory amino acid transporter 1 Brian

IPI00118385 Glutamate [NMDA] receptor subunit zeta 1 Brian

IPI00321348 Immunoglobulin superfamily, member 8 Brian

IPI00120564 Neuronal cell adhesion molecule Brain

IPI00453537 10 days neonate cortex cDNA, RIKEN library, clone:A830029E02 product: weakly similar to
BK134P22.1

Brain

IPI00122971 N-CAM 180 of Neural cell adhesion molecule 1, 180 kDa isoform Brain

IPI00123704 Sodium/potassium-transporting ATPase beta-2 chain Brain

IPI00125154 DSD-1-proteoglycan Brain

IPI00221456 Adult male testis cDNA, synaptic vesicle glycoprotein 2 b Brain

IPI00471176 Hepatocyte cell adHesion molecule Brain

IPI00465769 Solute carrier family 12 member 5 Brain

IPI00420554 Contactin-associated protein-like 2 Brain

IPI00120751 Adult male brain UNDEFINED_CELL_LINE cDNA, Proton myo-inositol transporter homolog Brain

IPI00131641 LOC237403 protein Brain

IPI00329927 Neurofascin Brain

IPI00338983 Contactin-associated protein 1 Brain

IPI00454159 Splice Isoform 1 of Chondroitin sulfate proteoglycan 5 Brain

IPI00130389 Visual cortex cDNA, RIKEN library, clone:K530020M04 product:dipeptidylpeptidase 6, full insert
sequence

Brain

IPI00131062 Sodium channel beta-1 subunit precursor Brain

IPI00114063 Niemann-Pick C1-like protein 1 Intestine

IPI00120907 Oligopeptide transporter, small intestine isoform Intestine

IPI00153202 Angiotensin-converting enzyme 2 Intestine

IPI00268184 Adult male colon cDNA, RIKEN full-length enriched library, membrane-bound aminopeptidase P Intestine

IPI00480532 NOD-derived CD11c +ve dendritic cells cDNA, hypothetical protein Intestine

IPI00458077 4 days neonate male adipose cDNA, N-acylsphingosine amidohydrolase 2 Intestine

IPI00120907 Oligopeptide transporter, small intestine isoform Intestine

IPI00341098 Calcium activated chloride channel Intestine

IPI00378366 N-acetylated-alpha-linked acidic dipeptidase-like protein Intestine

IPI00111366 Tumor necrosis factor receptor superfamily member 13C Spleen

IPI00113350 Cannabinoid receptor 2 Spleen

IPI00117413 Splice Isoform 1 of B-cell receptor CD22 Spleen

IPI00114274 Semaphorin-4D Spleen

IPI00118413 Thrombospondin 1 Spleen

IPI00124640 Osteoclast-like cell cDNA, granulin Spleen

IPI00221418 NOD-derived CD11c +ve dendritic cells cDNA, hypothetical Phospholipase D/Transphosphatidylase Spleen

IPI00318993 L-selectin Spleen
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IPI Protein Name Organ

IPI00469280 Bone marrow macrophage cDNA, solute carrier family 30 Spleen

IPI00314355 B-cell differentiation antigen CD72 Spleen

IPI00311808 Transmembrane glycoprotein NMB Spleen

IPI00121909 Class II histocompatibility antigen, M beta 1 chain Spleen

IPI00230509 Splice Isoform 2 of Sialoadhesin Spleen

IPI00113480 Myeloperoxidase Spleen

IPI00221911 Leukocyte surface antigen CD53 Spleen

IPI00343568 CD180 antigen Spleen

IPI00406609 Receptor-type tyrosine-protein phosphatase eta Spleen

IPI00318748 Toll-like receptor 9 Spleen

IPI00265854 Complement receptor type 2 precursor Spleen

IPI00114361 Beta-microseminoprotein Prostate

IPI00229083 Adult male urinary bladder cDNA, hypothetical Kazal-type serine protease inhibitor domain containing
protein

Prostate

IPI00230295 Putative polypeptide N-acetylgalactosaminyltransferase-like protein 4 Prostate

IPI00408931 Carcinoembryonic antigen-related cell adhesion molecule 10 Prostate

IPI00471102 Adult male tongue cDNA, hypothetical protein Prostate

IPI00133448 Seminal vesicle antigen Prostate

IPI00308892 Adult male urinary bladder cDNA, weakly similar to LYSOZYME C, TYPE M Prostate

IPI00396796 Beta-defensin 50 Prostate

IPI00115482 Sodium/bile acid cotransporter Liver

IPI00129677 Asialoglycoprotein receptor major subunit Liver

IPI00226346 Similar to Rattus norvegicus putative integral membrane transport protein Liver

IPI00355483 SLC10A5 Liver

IPI00118037 Adult male testis cDNA, similar to PUTATIVE METALLOPEPTIDASE Testis

IPI00120160 Zona pellucida sperm-binding protein 3 receptor Testis

IPI00125705 Testis-specific protein TES101RP Testis

IPI00331487 Dickkopf-like protein 1 Testis

IPI00120900 Oviduct-specific glycoprotein Ovary

IPI00123758 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 Ovary

IPI00128154 Cathepsin L Ovary

IPI00121337 Renal sodium-dependent phosphate transport protein 2 Kidney

IPI00122522 Gamma-glutamyltranspeptidase 1 Kidney

IPI00227906 Splice Isoform 4 of Ssodium- and chloride-dependent transporter XTRP2 Kidney

IPI00349520 PREDICTED: similar to low density lipoprotein receptor-related protein 2 Kidney

IPI00124006 EP1 Stomach

IPI00124269 Potassium-transporting ATPase beta chain Stomach

IPI00553773 Secreted gel-forming mucin Stomach

IPI00330068 MUC6 Stomach

IPI00130342 Lymphocyte antigen 6 complex locus G6C protein Epidermis
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IPI Protein Name Organ

IPI00116056 Sodium-dependent noradrenaline transporter Epidermis

IPI00263726 Solute carrier family 2 (facilitated glucoSe tranSporter), member 4 Heart

IPI00469542 Histidine-rich calcium-binding protein Heart

IPI00123746 Cadherin-13 Heart

IPI00461384 15 days embryo head cDNA, MYELOBLAST KIAA0230 homolog Mammary Gland
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Table 2

Skin tumor specific extracellular proteins

IPI Protein Name Location Other Tissue

IPI00122272 Extracellular matrix protein 1 Secreted epidermis

IPI00130342 Lymphocyte antigen 6 complex locus G6C protein Secreted epidermis

IPI00130627 Legumain Secreted kidney

IPI00308971 Cation-independent mannose-6- phosphate receptor Transmembrane ovary

IPI00127447 Lysosome membrane protein II Transmembrane spleen

IPI00320605 Integrin beta-2 Transmembrane spleen

IPI00124640 Granulin Secreted spleen

IPI00110810 Prostate stem cell antigen Secreted stomach

IPI00113480 Myeloperoxidase Secreted spleen
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