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Summary
The platelet surface is poorly characterized due to the low abundance of many membrane proteins
and the lack of specialist tools for their investigation. In this study we have identified novel human
platelet and mouse megakaryocyte membrane proteins using specialist proteomic and genomic
approaches. Three separate methods were used to enrich platelet surface proteins prior to
identification by liquid chromatography and tandem mass spectrometry: lectin affinity
chromatography; biotin/NeutrAvidin affinity chromatography; and free flow electrophoresis. Many
known, abundant platelet surface transmembrane proteins and several novel proteins were identified
using each receptor enrichment strategy. In total, two or more unique peptides were identified for
46, 68 and 22 surface membrane, intracellular membrane and membrane proteins of unknown sub-
cellular localization, respectively. The majority of these were single transmembrane proteins. To
complement the proteomic studies, we analysed the transcriptome of a highly purified preparation
of mature primary mouse megakaryocytes using serial analysis of gene expression in view of the
increasing importance of mutant mouse models in establishing protein function in platelets. This
approach identified all of the major classes of platelet transmembrane receptors, including multi-
transmembrane proteins. Strikingly, 17 of the 25 most megakaryocyte-specific genes (relative to 30
other SAGE libraries) were transmembrane proteins, illustrating the unique nature of the
megakaryocyte/platelet surface. The list of novel plasma membrane proteins identified using
proteomics includes the immunoglobulin superfamily member G6b, which undergoes extensive
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alternate splicing. Specific antibodies were used to demonstrate expression of the G6b-B isoform,
which contains an immunoreceptor tyrosine-based inhibition motif. G6b-B undergoes tyrosine
phosphorylation and association with the SH2-containing phosphatase, SHP-1, in stimulated platelets
suggesting that it may play a novel role in limiting platelet activation.

Introduction
Platelets are small anucleate cells that circulate in the blood in a quiescent state. Their primary
physiological function is to stop bleeding from sites of vascular injury by adhering to and
forming aggregates on exposed extracellular matrix proteins following blood vessel damage
(19,38). The platelet aggregate or “primary hemostatic plug” is consolidated by fibrin polymers
produced by thrombin generated on the platelet surface (46).

Platelets express a diverse repertoire of surface receptors that allow them to respond to different
stimuli and adhere to a variety of surfaces. The expression levels of platelet surface receptors
varies widely, with the most abundant being the integrin αIIbβ3, which is essential for platelet
aggregation. Quiescent human platelets express 40,000 to 80,000 copies of αIIbβ3 on their
surface, which increases by 30% to 50% upon platelet activation (45). In contrast, the ADP
receptor P2Y1 is among the least abundant, with quiescent human platelets expressing
approximately 150 copies on their surface (5).

In order to fully understand how platelets respond to vessel wall damage we require a
comprehensive knowledge of the receptors expressed on their surface. Several novel platelet
receptors have been identified in recent years, including the lectin receptor, CLEC-2 (43);
CD40L (21); Eph kinases and their counter receptors ephrins (36,37); cadherins (14); Toll
receptors-2,-4 and -9 (1,2); and the single-pass transmembrane natriuretic peptide receptor type
C (NPR-C) (40). These findings suggest that platelets may express additional receptors that
have important roles in modulating their function.

Proteomics-based approaches have been used to explore the platelet proteome in its entirety
(16,27,30), as well as sub-proteomes, including the phosphoproteome of thrombin activated
platelets (17,26,28) and the platelet releasate (9). One class of proteins conspicuously under-
represented in the early platelet proteomics studies were transmembrane proteins. This reflects
the relatively low abundance of these proteins and also technical difficulties associated with
solubilizing and resolving transmembrane proteins in some of the above techniques, most
notably two-dimensional gel electrophoresis (2-DE). More recently, the group of Sickmann
have characterised the platelet membrane proteome using a combination of density gradient
centrifugation and 1-dimensional gel electrophoresis (1-DE), and 16-benzyldimethyl-n-
hexadecylammonium chloride (BAC)/sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (31). This group reported the identification of 83 plasma
membrane proteins and 48 proteins localized to other membrane compartments.

The application of molecular techniques to analyse expressed genes in platelets is fraught with
difficulties because of the lack of a nucleus and the very low levels of mRNA that are carried
over from the megakaryocyte. Thus contamination with mRNA from other cell types is a major
issue of concern. Further, only 11% of platelet mRNA appears to be derived from genomic
DNA, with the majority being derived from mitochondrial genes, as demonstrated by serial
analysis of gene expression (SAGE) (20). These problems can be overcome to a large extent
by use of a highly purified, mature population of the platelet precursor cell, the megakaryocyte.
These cells contain very high levels of mRNA that includes transcripts for all platelet proteins,
as illustrated by Kim et al who used SAGE to analyse mRNA in megakaryocytes derived from
human cord blood CD34+ cells (24).
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In this study, we have used several membrane protein enrichment techniques, namely lectin
and biotin/NA affinity chromatography and free flow electrophoresis, in combination with
liquid chromatography and tandem mass spectrometry (LC-MS/MS) to identify novel
receptors in human platelets. We have also performed LongSAGE on a population of well
characterised, highly purified mature murine megakaryocytes (12). The 21 base pair long
LongSAGE sequence tags have the advantage over the 14 base pair tags of standard SAGE in
providing more reliable detection of greater than 99% of all expressed genes (39). Moreover,
SAGE provides a quantitative measure of mRNA expression, unlike DNA microarrays (44).
We chose to use megakaryocytes rather than platelets as the source of RNA in order to minimise
contamination from other cells and to limit the contribution of mitochondrial-derived mRNA
(see above). A major advantage of using mouse rather than human megakaryocytes is with
regard to the widespread use of mouse models for functional studies, especially as SAGE
analysis of mouse megakaryocytes has not been reported. In this study, >80% of
transmembrane proteins identified in human platelets using proteomics were also present in
the mouse megakaryocyte LongSAGE library, thereby validating this approach. In total, the
present study reports the identification of 136 transmembrane proteins in human platelets based
on the identification of two or more unique peptide hits, of which just under 100 have yet to
be studied in platelets using biochemical or functional means. Determination of the functional
roles of these proteins will enable the further understanding of platelet regulation and may
identify novel targets for development of new types of anti-platelet agents.

Experimental Procedures
Materials

N-acetyl-D-glucosamine and propidium iodide (Sigma-Aldrich Company Ltd, Gillingham,
UK). Wheat germ agglutinin (WGA) conjugated to Sepharose 4B and unconjugated Sepharose
4B beads (Amersham Biosciences UK Ltd, Little Chalfont, UK). Amicon Centriprep YM-10
and Ultrafree 0.5 centrifugal filter devices (Millipore Corp., Bedford, MA, USA). EZ-link
sulfosuccinimidyl-2-(biotinamido)ethyl-1,3-dithiopropionate (sulfo-NHS-SS-biotin) and
immobilized NA-beads were supplied with the Cell Surface Protein Biotinylation and
Purification Kit (Pierce Biotechnology, Inc, Rockford, IL). Colloidal Coomassie G-250 stain
(Geneflow, Staffordshire, UK). Rabbit anti-SHP-1 (C-19) polyclonal antibody (Santa Cruz
Biotechnology, Inc, Santa Cruz, CA). Ammonium chloride potassium buffer (BioWhittaker,
Rockland, ME). Immunomagnetic sheep anti-rat IgG beads (Dynal, Oslo, Norway). Rat-anti
mouse antibodies for immunodepletion experiments (BD Biosciences, Oxford, UK).
Recombinant murine Stem Cell Factor (SCF) (Peprotech, Rocky Hill, NJ). Human
thrombopoietin was a generous gift from Genentech (San Francisco, CA). Tris-glycine SDS-
PAGE gels (4-20%), serum free-medium, L-glutamine, penicillin/streptomycin, I-SAGE Long
Kit and SAGE2000 4.5 Analysis Software (Invitrogen Ltd, Paisley, UK). RNeasy Miniprep
Kit (Qiagen, Crawley, UK). Rabbit anti-G6b-B polyclonal antibody was generated by
Eurogentec (Seraing, Belgium) using KLH-conjugated peptides (amino acids 184-198,
VKTEPQRPVKEEEPK; and amino acids 220-235, SRPRRLSTADPADAST) from the
cytoplasmic tail of G6b-B. Plasmid pCDNA3-G6bB was a generous gift from Dr. R. D.
Campbell (MRC Rosalind Franklin Centre for Genomics Research, Cambridge, UK). All other
reagents were obtained as previously described (6,41).

Preparation of washed platelets
Washed human platelets were prepared from blood collected from healthy drug-free
volunteers, as previously described (41). Briefly, 9 volumes of blood were collected into 1
volume of 4% (w/v) sodium citrate solution. One volume of ACD solution (1.5% [w/v] citric
acid, 2.5% [w/v] sodium citrate and 1% [w/v] glucose) was added to the anti-coagulated blood
before being centrifuged at 200g for 20 min at room temperature. Platelet rich plasma (PRP)
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was collected, to which 2 nM prostacyclin was added, before being centrifuged at 1000g for
10 min. Platelets were washed in 25 mL of modified Tyrode’s-HEPES buffer pH 7.3 (134 nM
NaCl, 2.9 mM KCl, 20 mM HEPES, 12 mM NaHCO3, 1 mM MgCl2, 5 mM glucose) containing
3 mL of ACD and 1 nM prostacyclin. Platelets were centrifuged at 1000g for 10 min and
resuspended at 5 × 108/mL in modified Tyrode’s-HEPES buffer. Platelets were counted with
a Coulter Z2 Particle Count and Size Analyzer (Beckman Coulter Ltd, High Wycombe, UK).

WGA affinity chromatography
Washed platelets (10 mL at 5 × 108/mL) were lysed with an equal volume of 2 × lysis buffer
(2% NP-40, 300 mM NaCl, 20 mM Tris, 10 mM ethylenediaminetetraacetic acid pH 7.4),
containing protease inhibitors (1 mM AEBSF, 10 μg/mL leupeptin, 10 μg/mL aprotinin and 1
μg/mL pepstatin A). The platelet lysate was pre-cleared with 2 mL of Sepharose 4B beads for
30 min at 4°C and centrifuged at 10,000g for 15 min at 4°C. WGA conjugated to Sepharose
4B (2 mL) was added to the supernatant. The sample was incubated overnight at 4°C with
mixing. The WGA resin was transferred to a column and washed three times with 1 × lysis
buffer. Bound proteins were eluted from the WGA resin with 3 mL of 0.3 M N-acetyl-D-
glucosamine and concentrated to 200 μL using an Amicon Centriprep YM-10 and Ultrafree
0.5 centrifugal filter devices. A fifth of the volume of 5 × SDS-PAGE sample buffer was added
to samples and heated to 100°C for 5 min. Samples were prepared in this way in three separate
experiments.

Biotinylation of surface proteins and isolation by NeutrAvidin affinity chromatography
Platelet surface proteins were biotinylated according to the manufacturer’s instructions, with
a few minor modifications. Platelets (10 mL at 5 × 108/mL) were washed twice with 25 mL
PBS pH 7.4 containing 1 μM prostacyclin. They were then resuspended in 10 mL of 412 μM
EZ-link sulfosuccinimidyl-2-(biotinamido) ethyl-1,3-dithiopropionate (sulfo-NHS-SS-biotin)
in PBS pH 7.4 for 30 min at room temperature. Unreacted biotinylation reagent was quenched
by adding Tris pH 8.0 to a final concentration of 50 mM; platelets were pelleted at 1000g for
10 min at room temperature; washed twice in 10 mL 0.025 M Tris, 0.15 M NaCl (TBS) pH
7.4 containing 1 μM prostacyclin; and lysed in 500 μL lysis buffer (proprietary) by sonicating
on low power at 10 min intervals for 30 min on ice. Lysates were centrifuged at 10,000g for 2
min at 4°C to remove cell debris. Clarified supernatants were incubated with 250 μL
NeutraAvidin (NA)-beads for 1 hr at room temperature then centrifuged for 1 min at 1,000g.
The gel was washed 3 × 500 μL wash buffer (proprietary). Proteins were eluted in 2 × sample
buffer containing 50 mM DTT and heated to 100°C for 5 min. Samples were prepared in this
way in three separate experiments.

Preparation of platelet plasma membranes (PM) and intracellular membranes (IM) by free
flow electrophoresis

Platelet PM and IM were prepared as described in detail previously (3). Briefly, platelets were
separated from freshly obtained platelet concentrates (National Blood Service, Tooting,
London, UK) and treated with neuraminidase (type X, 0.05 U/mL) for 20 min at 37°C. After
2 washings, platelets were disrupted by sonication and the platelet homogenate layered on a
linear (1-3.5 M) sorbitol density gradient followed by centrifugation at 42,000g for 90 min, to
obtain a mixed membrane fraction (free of granular contamination). This membrane fraction
was separated into PM and IM by free-flow electrophoresis using an Octopus electrophoresis
apparatus (Dr. Weber Gmbh, Germany) running at 750 V, 100 mA. Two discrete peaks
comprising PM and IM (more electronegative) were obtained. Tops of peaks were pooled,
centrifuged (100,000g for 60 min) and resuspended in 0.4 M sorbitol, 5% glycerol and 10 mM
triethanolamine pH 7.2 and kept at −80°C until further analysis. The purity of fractions was
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checked by analyzing by SDS-PAGE and western blotting for the absence of actin in IM and
of SERCA2 Ca2+ATPase in PM fractions, as previously described (3). Samples were prepared
in this way on two separate occasions.

Protein preparation for MS/MS
Proteins were resolved on 4-20% Tris-glycine SDS-PAGE gels and stained with Colloidal
Coomassie G-250 stain. Twelve to 32 gel slices each with a width of 1-2 mm were manually
excised with a razor for subsequent in-gel trypsinization and LC-MS/MS analysis. Bands were
excised from three separate WGA affinity purification experiments; three biotin/NA affinity
purification experiments and two FFE experiments. Proteins were trypsinized within gel slices
and peptides extracted using the method described by Shevchenko (42).

LC-MS/MS and data anlysis
Tryptic peptides were analyzed by LC-MS/MS, using a ThermoFinnigan LCQ Deca XP Plus
ion-trap (Thermo Electron Corporation, Hemel Hempstead, UK) coupled to a Dionex/LC
Packings nanobore HPLC system (Dionex/LC Packings, Sunnyvale, CA, USA), configured
with a 300 μm id/1 mm C18 Pepmap pre-column (LC Packings, San Francisco, CA, USA) and
a 75 μm id/15 cm C18 PepMap analytical column (LC Packings). Tryptic peptides were eluted
into the ion-trap mass spectrometer using a 45 min 5-95% acetonitrile gradient containing 0.1%
formic acid at a flow rate of 200 nL/min. Spectra were acquired in an automatic data dependent
fashion using a full MS scan (400-2000 m/z) to determine the 5 most abundant ions which
were sequentially subjected to MS/MS analysis. Each precursor ion was analyzed twice before
it was placed on an exclusion list for 1 min. MS/MS spectra were converted into dta-format
files by Bioworks Browser (3.1) and searched against the NCBInr database (released April
2004) using the TurboSequest (3.1) search algorithm (ThermoFinnigan). Both the precursor
mass tolerance and the fragment mass tolerance were set at 1.4 Da. Two missed tryptic
cleavages and carbamidomethylation of cysteine residues as a fixed modification were allowed.
Positive peptide hits using TurboSequest had a minimum cross-correlation factor of 2.5, a
minimum delta correlation value of 0.25 and a preliminary ranking of one. The same dta-format
files generated with the LC-MS/MS ion-trap and Bioworks Browser set up were also searched
against the NCBInr database using the Mascot 1.8 search algorithm (Matrix Science, London,
UK). Mascot searches were restricted to the human taxonomy allowing carbamidomethyl
cysteine as a fixed modification and oxidized methionine as a potential variable modification.
Both precursor mass tolerance and MS/MS tolerance of 1.4 Da, allowing for up to two missed
cleavages. Positive identification was only accepted when the data satisfied the following
criteria: (i) MS/MS data were obtained for at least 80% y-ions series of a peptide comprising
at least eight amino acids and no missed tryptic cleavage sites; (ii) MS/MS data with more than
50% y-ions were obtained for two or more different peptides comprising at least eight amino
acids long and no more than two missed tryptic cleavage sites. Swiss-Prot/TrEMBL accession
numbers were obtained for all proteins identified.

MS/MS analysis of tryptic fragments was also carried out with a Q-TOF 1 mass spectrometer
(Micromass, Manchester, UK) as a means of verifying proteins identified with the ion-trap
mass spectrometer, and of improving both protein and proteome coverage by using
complementary instruments for the MS/MS analysis (13). The Q-TOF 1 mass spectrometer
was coupled to a CapLC HPLC system (Waters, Milford, MA, USA) configured with a 300
μm id/5 mm C18 pre-column (LC Packings) and a 75 μm id/25 cm C18 PepMap analytical
column (LC Packings). Tryptic peptides were eluted to the mass spectrometer using a 45 min
5-95% acetonitrile gradient containing 0.1% formic acid at a flow rate of 200 nL/min. Spectra
were acquired in an automatic data dependent fashion with a 1 sec survey scan followed by
three 1 sec MS/MS scans of the most intense ions. The selected precursor ions were excluded
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from further analysis for 2 min. MS/MS spectra were converted into pkl-format files using
Mass Lynx 3.4 and searched against the NCBInr database with the Mascot search algorithm,
as described above.

All proteins identified by both Sequest and Mascot were checked for predicted transmembrane
domains (TMDs) with TMHMM v. 2.0 (25).

Construction of decoy database and estimation of the false positive rate of protein
identification by LC-MS/MS

A randomized version of the NCBInr database used in this study was generated by a Perl
programme downloaded from Matrix Science Ltd. (London, UK), decoy.pl. This programme
was run using the random and append command line switches that appended a random set of
sequences, with the same average amino acid composition as those in the original dataset, onto
the database. The decoy.pl programme was modified to work correctly with the long header
format of the NCBInr database. Database searches with all of the dta-format files generated
by LC-MS/MS ion-trap and Sequest were searched against the decoy database using the same
search parameters described above for the original searches. The percent false positive rate of
protein identification was calculated by dividing the number of “random” proteins identified
by the sum of “random” and “real” proteins identified and multiplying by 100. The false
positive rate was calculated for random proteins identified by two or more peptide hits and for
those identified by 1 peptide hit.

Comparison of proteomics datasets
To compare which proteins were common to both our proteomic dataset reported in this study
and that of Moebius et al (31), a non-redundant set of peptide sequences were collected from
each study. A total of 295 were obtained from the Moebius study and 136 from the present
study. All sequences were subsequently BLAST searched against the Reference Sequence
Project peptides. Sixty-two proteins were found to be common to both datasets.

Megakaryocyte culture and purification
Bone marrow cells were flushed from femurs and tibias of 3 to 4 month old C57Bl6 mice, as
previously described (12). Mature erythrocytes were lysed with ammonium chloride potassium
buffer (0.15 M NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA pH 7.3). CD16/
CD32+Gr1+B220+CD11b+ cells were depleted using immunomagnetic sheep anti-rat IgG
beads and rat-anti mouse antibodies according to the manufacturer’s instructions. The cell
depleted population was then cultured in serum-free medium supplemented with 2 mM L-
glutamine, 50 U/mL penicillin, 50 μg/mL streptomycin and 20 ng/mL murine SCF at 37°C and
5% CO2 for 2 days and 5 more days under the same conditions, in addition to 200 ng/mL
recombinant human thrombopoietin. High density mature megakaryocytes were then isolated
in a 0-3% BSA gradient (4 mL 3% BSA/PBS in a 15 mL Falcon tube overlaid with 4 mL of
1.5% BSA/PBS and 4 mL of suspension cells in PBS) (11). After standing for 40 min at room
temperature, the cells remaining in the lower 2 mL were collected, washed in PBS and subjected
to another 0-3% BSA gradient to obtain a pure population. DNA content of cells was
determined by staining with 50 μg/mL propidium iodide and analyzing cells with a FACScan
analyzer and CellQuest software (Becton Dickinson), as previously described (12).

Serial analysis of gene expression
Primary mouse megakaryocyte RNA was made using the RNeasy Miniprep Kit. The
LongSAGE library was generated from 20 μg RNA using the I-SAGE Long Kit and sequenced
by Agencourt Bioscience Corporation (Beverly, MA, USA). LongSAGE sequence tags were
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identified using SAGE2000 4.5 Analysis Software with reference to the SAGEmap_tag_ug-
rel database (http://www.ncbi.nlm.nih.gov/SAGE/). To identify megakaryocyte-specific
genes, the resulting SAGE library, of 53,046 sequence tags, was compared to 30 other mouse
SAGE libraries, from T lymphocyte (14 SAGE libraries), dendritic cells (6), intra-epithelial
lymphocytes (2), embryonic stem cells (2), brain (2), B lymphocyte (1), heart (1), 3T3 fibroblast
cell line (1) and P19 embryonic carcinoma cell line (1), with a combined total of 1,031,389
tags. The data analysis was performed using custom written software (!SAGEClus) as
described in Cobbold et al. (8). Genes with predicted TMDs were identified using TMHMM
v. 2.0 (25).

Platelet activation, immunoprecipitations and western blotting
Washed platelets (8 × 108/mL) were stimulated with 10 μg/mL CRP or 5 U/mL thrombin for
90 seconds with constant mixing at 1,200 rpm and 37°C, as previously described (41). Platelets
were lysed in 2 × lysis buffer containing 5 mM sodium vanadate in addition to the protease
inhibitors described above. Proteins were immunoprecipitated from platelet lysates with 2 μg
rabbit anti-SHP-1 antibody and 10 μL rabbit anti-G6b-B serum. Ten microlitres of rabbit pre-
immune serum was used as a negative control for immunoprecipitations. Membranes were
immunoblotted with 1 μg/mL anti-phosphotyrosine antibody, 0.2 μg/mL anti-SHP-1 antibody
and 1/1000 rabbit anti-G6b-B antibody, as previously described (29,41).

Transient tranfections
Human embryonic kidney (HEK) 293T cells were transfected with 5 μg of either pCDNA3.1
plasmid or pCDNA3-G6bB plasmid by the calcium phosphate technique. Cells were lysed in
2 × lysis buffer containing protease and phosphatase inhibitors; proteins were resolved on
4-20% SDS-PAGE gels and western blotted with either 1/1000 rabbit anti-G6b-B serum or
1/1000 pre-immune serum from the same rabbit in which the anti-G6b-B antibody was raised.

Results
Enrichment of platelet PM proteins by affinity chromatography and free flow electrophoresis

Three different techniques were used to enrich platelet transmembrane proteins, namely WGA
affinity chromatography, biotin/NA affinity chromatography and FFE. Proteins were
subsequently resolved by 1-DE, stained with Colloidal Coomassie blue, and bands were
manually excised and identified by LC-MS/MS. Fragmentation spectra generated by the ion-
trap and Q-TOF mass spectrometers were searched against the NCBInr database using the
Sequest search algorithm and against the NCBInr and Swiss-Prot/TrEMBL databases using
the Mascot search algorithm. The use of two different search algorithms and databases
increased the number of identified proteins and also helped to safeguard against erroneous
identifications (13). All proteins that met the search criteria outlined in the Experimental
Procedures, which includes identification of two or more unique peptides, were investigated
for transmembrane domains using TMHMM v. 2.0 (25).

The proteins that have been identified in this study are divided into plasma membrane (PM),
intracellular membrane (IM) and proteins of unknown sub-cellular distribution, in accordance
with data from NCBI, Swiss-Prot/TrEMBL and PubMed (Table 1, and Supplementary Tables
1 and 2). The techniques and search algorithms which were used in their identification are also
shown in Table 1, and Supplementary Tables 1 and 2. Proteins that are found in PM and IMs
such as integrin αIIbβ3 are classified as PM proteins. Ten of the proteins of unknown
distribution are hypothetical proteins and have not been previously identified in any cell type.
Tryptic peptides identified by Sequest are listed in Supplementary Table 3 and those identified
only by Mascot are listed in Supplementary Table 4. Selected MS/MS spectra identified by
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Sequest and Mascot are included as Supplementary Data 1 and Supplementary Data 2,
respectively. All raw MS/MS data generated as part of this study can be accessed from the
Molecular and Cellular Proteomics website (Supplementary Data 3 and 4).

Since a large proportion of platelet surface proteins are glycosylated, we initially used the lectin
WGA to purify platelet glycoproteins followed by elution with N-acetylglucosamine (Fig.
1A), as illustrated for the platelet glycoproteins GPIbα and PECAM-1 (Fig. 1B). The distinct
staining pattern of the WGA-purified sample relative to that of the whole cell lysate confirms
that a substantial level of protein purification has been achieved, a result that is further
supported by comparing the αIIbβ3:actin ratio before and after enrichment (Fig. 1A, WCL
versus WGA lanes). In total, 21 PM proteins and 2 IM proteins were identified by two or more
peptide hits using this approach (Table 1, and Supplementary Table 1). This approach also
identified a similar number of cytosolic and granule proteins, possibly because of association
with the cytoplasmic regions of transmembrane proteins or because of their glycosylation (data
not shown).

As an alternative approach, exposed lysine residues of platelet surface proteins were labelled
with biotin prior to affinity purification with NA-beads. The membrane insoluble biotinylating
reagent sulfo-NHS-SS-biotin was used to biotinylate surface proteins and thereby limit
labelling of intracellular proteins (35). NA-beads were used rather than avidin- or streptavidin-
beads in order to facilitate removal of bound proteins through the reducing agent DTT. An
estimate of the amount of enrichment of transmembrane proteins can be obtained by comparing
the αIIbβ3:actin and GPIbβ:actin ratios before and after enrichment (Figure 1A, WCL versus
biotin/NA lanes). This approach detected a greater number of proteins than that using WGA
chromatography as shown by the increased number of bands in Figure 1A. This is most likely
due to the higher proportion of transmembrane proteins with free lysine residues compared
with those that are precipitated by the lectin. Furthermore, the high affinity of NA for biotin
enables the use of more stringent wash conditions, thereby removing a greater proportion of
cytosolic proteins which would interfere with detection of membrane proteins. Thirty-five PM,
14 IM and 5 transmembrane proteins of unknown localization were identified by two or more
peptide hits using biotin/NA (Table 1, and Supplementary Tables 1 and 2).

FFE was used to separate PM and IM proteins on the basis of a charge difference generated
by treatment of platelets with neuraminidase, which selectively removes sugar residues from
the outer, plasma membrane (3). The purity of the two FFE fractions was estimated by western
blotting for the absence of actin in IM and of SERCA2 Ca2+ATPase in PM fractions. The
presence of actin in the PM fraction is a consequence of its association with surface
glycoproteins, including the GPIb-IX-V complex. The results demonstrate a level of
contamination of less than 5% of PM in the IM fraction, which is consistent with our experience
of this technique (3). The purity of the two membrane fractions was further supported by the
distinct banding pattern of the PM and IM samples, with the banding pattern of the former
being similar to that obtained using biotin labelling, but with a greater number of bands (Fig.
1A). A total of 35 PM, 30 IM and 10 transmembrane proteins of unknown location were found
in the FFE-generated PM sample by a minimum of two peptide hits (Table 1, and
Supplementary Tables 1 and 2), compared with 31 PM, 66 IM and 20 transmembrane proteins
of unknown location in the FFE-generated IM sample (Table 1, and Supplementary Tables 1
and 2). Significantly, only two of the 44 proteins identified only in the FFE-IM fraction were
known PM proteins, further illustrating the successful separation of plasma and intracellular
membranes (Table 2). The presence of IM proteins in the PM fraction, and vice versa, is
therefore most likely due to the presence of proteins in both membrane regions, as well as a
degree of cross contamination. The majority of the IM proteins are expressed in the
endoplasmic reticulum (ER) (Supplementary Table 1).
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In total, these three approaches identified 46 PM, 68 IM and 22 transmembrane proteins of
unknown compartmentalization on the basis of identification of two or more unique peptides
by MS/MS. A summary of the number of transmembrane proteins identified by each
enrichment method and the overlap between the different enrichment methods is provided in
Tables 2A and B. Eighty-three percent of the proteins were identified by both Mascot and
Sequest search algorithms and 60% were identified by more than one enrichment method.
Strikingly, the 17 proteins identified by all of the enrichment techniques are well known platelet
surface transmembrane proteins that are present at high levels (see Table 1). Interestingly, only
a small number (17%) of the identified PM proteins had more than one predicted
transmembrane domain, including the three tetraspanin proteins, CD9, Tspan-9 and Tspan-33.
On the other hand, there are no seven transmembrane G protein-coupled receptors (GPCR) in
this list, a result which was also found by Moebius and coworkers who used a combination of
density gradient centrifugation, 1-DE, and 16-BAC/SDS-PAGE to purify platelet membranes
(31). Significantly, a greater proportion of IM (58%) and proteins of an undefined membrane
distribution (59%) are predicted to contain more than one transmembrane domain, suggesting
that the lack of identification of multi-spanning proteins in the PM fraction may be due, in part,
to their low abundance. We estimate that just under 100 of the identified proteins have not been
previously described in platelets on the basis of biochemical and functional data. Of this list,
10 are hypothetical proteins in that they have not been identified in any cell type. Together,
these results illustrate the power of using all three approaches to identify platelet membrane
proteins.

The false positive rate of protein identification was determined by re-analyzing all of the
Sequest dta-format files against a decoy database consisting of the original NCBInr database
with a randomized version of the same database appended to the end of it. Scrambled peptides
were marked “random” so that they could be easily distinguished from real proteins. The
estimated false positive identification rate was 0.025% for proteins identified by 2 or more
peptide hits, reflecting the stringent settings used in the study and thereby giving increased
confidence to the data.

As part of this study, we also identified 45 proteins on the basis of a single unique peptide
using the above techniques. These proteins are listed in Supplementary Table 5. The estimation
of the false positive rate for this group of proteins was 5% thereby demonstrating the need for
supporting biochemical or functional data to confirm their expression in platelets. Nevertheless,
it is emphasised that several of these proteins are already known to be expressed in platelets,
including the α5 integrin subunit and the C-type lectin-like receptor, CLEC-2.

Identification of G6b-B in human platelets: a novel tyrosine phosphorylated ITIM-bearing
protein

One of the novel platelet PM proteins is the immunoglobulin superfamily member G6b, which
is reported to have seven splice variants, G6b-A to G6b-G (10). Two of these splice variants,
G6b-A and G6b-B, have transmembrane domains and have been shown to be expressed on the
surface of transiently transfected cells (10). The main difference between these two splice
variants is in their cytoplasmic tails. The G6b-A isoform lacks any tyrosine residues in this
region, whereas the G6b-B isoform contains an ITIM and therefore has the potential to
selectively inhibit signalling by the platelet immunoreceptor tyrosine-based activation motif
(ITAM)-receptors, GPVI and FcγRIIA. Three unique peptides were identified for different
isoforms of G6b by MS/MS. MS/MS spectra for all three peptides are shown in Figure 2. One
of the peptides (TVLHVLGDR) could have come from any of the seven splice variants. A
second peptide (LPPQPIRPLPR) could only have come from G6b-A, whereas the third peptide
(IPGDLDQEPSLLYADLDHLALSR) could have come from either G6b-B, -C or -E.
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However, neither G6b-C nor G6b-E are predicted to contain transmembrane domains. In order
to clarify the ambiguity of the MS/MS result and determine whether G6b-B is expressed in
human platelets, we raised a rabbit polyclonal antibody to peptides found in a portion of the
cytosolic tail of G6b-B that is absent from G6b-A, and used these to confirm expression of the
ITIM-bearing isoform of G6b in platelets by western blotting (Fig. 3A). Whole cell lysate
prepared from HEK 293T cells transiently transfected with G6b-B was used as a positive
control (Fig. 3A). The specific antibody identified two bands at 32 and 38 kDa on a 4-20%
SDS-PAGE gel in platelets, which are most likely to represent differentially glycosylated
isoforms of G6b-B, as similar bands were also seen in G6b-B-transfected, but not mock-
transfected HEK 293T cells (Fig. 3A). Multiple forms of G6b-B that can be separated by SDS-
PAGE have been described in transfection studies in other cell types (10).

To investigate a possible functional role for G6b-B in platelets, the protein was
immunoprecipitated from resting and stimulated platelets and analysed for tyrosine
phosphorylation. Platelets were stimulated with the GPVI-specific peptide, CRP, and the G
protein coupled receptor agonist, thrombin. G6b-B was constitutively phosphorylated on
tyrosine residues under resting conditions and underwent a small increase in tyrosine
phosphorylation upon stimulation by both agonists (Fig. 3B). The tyrosine phosphatase SHP-1,
which is regulated by ITIM receptors, was weakly precipitated with G6b-B under basal
conditions and more strongly following stimulation by the two agonists. Importantly, G6b-B
was also precipitated by an antibody to SHP-1, with the level of G6b-B in the
immunoprecipitate increasing upon stimulation with CRP and thrombin (Fig. 3C). Taken
together, these results demonstrate that G6b-B associates with SHP-1 in resting and stimulated
platelets, consistent with the idea that the immunoglobulin superfamily protein may function
as a novel ITIM receptor in platelets.

Identification of transmembrane proteins in mouse megakaryocytes by SAGE
To complement the proteomics studies, LongSAGE was performed on a highly enriched
population of primary mouse bone marrow-derived megakaryocytes that had been allowed to
fully differentiate, as indicated by the fact that over 95% of cells had ploidy values of 64n or
128n (Fig. 4). The characteristics of this highly purified preparation have been previously
described (12). Sequencing of 53,046 SAGE tags identified 8,316 expressed genes of which
approximately 1,200 contain transmembrane domains as predicted by TMHMM v. 2.0 (25).
Strikingly, the total number of transmembrane proteins identified by SAGE was greater than
eight times that identified by proteomics on the basis of two or more unique peptides.
Importantly, however, 81% of the proteins identified in the proteomics studies in human
platelets were also identified in mouse megakaryocytes by SAGE (Table 1, and Supplementary
Tables 1 and 2), suggesting a high degree of similarity in the membrane proteomes of human
platelets and mouse megakaryocytes. Further, the high purity of the SAGE library was verified
by the absence of tags for many well-known markers of other haematopoietic lineages,
including CD3δ, CD3ε, CD3γ, CD4 and CD8α (T cells), CD19, Igα and Igβ (B cells), F4/80
(macrophages) and CD16 (macrophages, NK cells, neutrophils and myeloid precursors).

The list of membrane proteins that were identified by SAGE includes nearly all of the known
platelet surface proteins and, moreover, for the majority of these, there was a good agreement
between the number of SAGE tags and their reported levels of expression (Table 1,
Supplementary Tables 1 and 2, and data not shown). For example, the major platelet PM
protein, integrin αIIb (80,000 copies per platelet), was the most abundant PM protein identified
by SAGE (136 SAGE tags). The tetraspanin CD9 (45,000 copies; 34 tags) and the GPIb-IX-
V complex (25,000 copies; 21, 31, 11 and 9 tags for GPIbα, GPIbβ, GPIX and GPV,
respectively) were intermediate, whereas GPVI (4,000 copies; 6 tags) and P2Y1 (150 copies;
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2 tags) had relatively few tags. The near comprehensive coverage of the SAGE library is
illustrated by the identification of 20 class I G protein-coupled receptors, of which 18 have
been previously reported in platelets (Supplementary Table 6), and the presence of 15
tetraspanins, each of which was verified in mouse megakaryocytes by RT-PCR (Tomlinson
and Watson, unpublished). Moreover, the 2 novel class I G protein-coupled receptors are
orphans and so have evaded discovery through functional means. Significantly, however, a
small number of platelet proteins were not detected by SAGE, including the α2- and α5-integrin
subunits and the P2Y12 G protein-coupled ADP receptor, suggesting that the mRNA levels for
these genes are relatively low in megakaryocytes. A list of the top 50 transmembrane proteins
with the greatest number of SAGE tags is shown in Table 3.

The megakaryocyte SAGE library was compared with 30 other mouse SAGE libraries to
identify megakaryocyte-specific expressed genes (Table 4). As anticipated, this identified the
integrin αIIb subunit as the major megakaryocyte-specific gene. Strikingly, however,
seventeen of the 25 most megakaryocyte-specific expressing genes encoded transmembrane
proteins, emphasizing the unique nature of the megakaryocyte surface. This includes all of the
proteins that make up the GPIb-IX-V complex, as well as the recently identified type II C-type
lectin-like receptor CLEC-2 and the ITIM-containing protein, TREM-like transcript 1 (TLT-1)
(4,43,47).

These findings demonstrate that the mouse megakaryocyte SAGE library represents a powerful
bioinformatics source for analysis of expression of transmembrane proteins in mature murine
megakaryocytes with clear implications for their expression in platelets. The SAGE data has
been deposited in the NCBI SAGEmap database (http://www.ncbi.nlm.nih.gov/SAGE/).

Discussion
The main objective of this study was to identify novel receptors expressed on the surface of
human platelets using proteomics and to determine which of these proteins are likely to be
expressed on mouse platelets using a megakaryoctye SAGE library. The latter information is
important because the mouse is the model system of choice for functional studies of novel
platelet proteins. Megakaryocytes rather than platelets were chosen as they contain a
considerably greater level of mRNA and the application of SAGE to these cells is not hampered
by the presence of mitochondrial DNA (20).

In total, 136 transmembrane proteins were identified by proteomics on the basis of
identification of two or more unique peptides using three distinct membrane purification
procedures, compared with over 1,200 identified by SAGE. While it is likely that the relatively
large and more complex megakaryocyte expresses more transmembrane proteins than platelets,
the reason for the differences in total numbers may be largely due to a fundamental difference
between the two techniques in that genomics detects essentially all expressed genes, but
provides no information on protein expression, while proteomics detects protein expression,
but preferentially identifies the most highly expressed proteins. In addition, the application of
proteomics as used in the present study is critically-dependent on the presence of suitably
spaced trypsin-cleavage sites in order to generate peptides of the appropriate size for
identification. Such factors may explain why multi-spanning proteins, such as G protein-
coupled receptors and tetraspanins, were particularly under-represented in the proteomic study,
as was also reported by Moebius et al in their analysis of the platelet membrane proteome
(31). This is likely to reflect the low abundance of the majority of these proteins (the tetraspanin
CD9, which was detected, is a notable exception with 45,000 copies per platelet) and relatively
low number of tryptic cleavage sites, as is typical for small, multispan membrane proteins.
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There was, however, a good correlation between reported expression levels of platelet receptors
and the number of SAGE tags for a significant number of proteins. Furthermore, the degree of
overlap between the genomic and proteomic data was strong, with 81% of the transmembrane
proteins identified in human platelets using proteomics being present in the mouse
megakaryocyte SAGE library. The remaining 19% may be due to a number of factors, including
differences in the levels of expression in the two species, the absence of certain genes from the
mouse genome (e.g. FcγRIIA), differential gene expression between the two species (e.g.
human but not mouse platelets express PAR1) (23,32) or differences in expression in
megakaryocytes and platelets. We conclude that the combined use of proteomic- and genomic-
based approaches represents a powerful way of mapping the platelet membrane proteome.

Our study has also shown that the use of SAGE data alone is a good method for identifying
platelet-specific transmembrane proteins. Since SAGE is quantitative, different libraries can
be directly compared. Comparison of the megakaryocyte SAGE library to 30 other SAGE
libraries, the majority of which are haematopoietic in origin, revealed that transmembrane
proteins feature strongly in the list of the most megakaryocyte-specific proteins. Indeed, the
25 most megakaryocyte-specific genes contained 17 with predicted transmembrane domains,
including the known platelet marker integrin αIIb and all four components of the GPIb-IX-V
complex. The list also included the recently-identified platelet transmembrane proteins
CLEC-2 (43), TLT-1 (4,47) and endothelial cell-selective adhesion molecule (34), for which
functions remain to be elucidated. The results of this SAGE analysis suggest that cell specificity
is governed to a large extent by the receptors expressed on the cell surface. Similar analyses
will facilitate the identification of cell-specific transmembrane proteins in other cell types.
Moreover, given that the NCBI SAGEmap depository now contains over 300 human and 200
mouse SAGE libraries, such experiments can be done entirely in silico.

Three different membrane enrichment techniques were used in this study in combination with
LC-MS/MS analysis to identify transmembrane proteins expressed in human platelets. A total
of 46 PM, 68 IM and 22 proteins of unknown localization were identified by this approach.
Eighty-three percent of these were identified by both Mascot and Sequest search algorithms,
which correlates well with the study of Elias et al who reported a figure of >85% when
evaluating mass spectrometry platforms used in large-scale proteomics investigations (13).
Reproducibility between experiments using the same enrichment technique was high for
abundant, known platelet surface proteins (e.g. αIIb and β3 integrin subunits and all of the
subunits of the GPIb-IX-V complex) and much lower for novel platelet transmembrane proteins
(<50%). This was not surprising as low reproducibility (∼70%) between replicate data
acquisitions of the same sample has been previously reported (13). The lower reproducibility
in our study compared with the Elias study is probably largely due to inter-experimental
variation, bearing in mind that each set of samples was only analysed once per experiment, but
that either two (FFE) or three (WGA and biotin/NA) purifications were performed.

Additional, biochemical and functional studies were performed on one of the novel proteins
that was identified in this study, namely G6b, as this is alternatively spliced to seven different
isoforms, one of which contains a transmembrane domain and an ITIM, and is therefore a
potential inhibitor of platelet activation. To date, only one inhibitory ITIM-containing receptors
has been identified in platelets, PECAM-1, which selectively inhibits platelet activation by
GPVI (7,15,22). A second platelet ITIM receptor, TLT-1, has been reported to support weak
platelet activation (4,47). Biochemical evidence using a G6b-B specific polyclonal antibody
confirmed the presence of G6b-B in human platelets and demonstrated that it is constitutively
phosphorylated on tyrosine in platelets and that it undergoes a further increase in tyrosine
phosphorylation upon stimulation by the GPVI specific agonist CRP and thrombin. Further,
the non-receptor protein tyrosine phosphatase SHP-1 is constitutively associated with G6b-B
in resting platelets and undergoes an increase in association in parallel with tyrosine
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phosphorylation. Thus, G6b-B may potentially play an important role in regulating platelet
activation by the two ITAM receptors, the collagen receptor GPVI and the low affinity immune
receptor, FcγRIIA, through its association with SHP-1. Further work is necessary to determine
which other forms of G6b are expressed in platelets and their functional roles.

The initial proteomic studies in platelets used 2-DE in combination with LC-MS/MS (16,17,
26,28). These studies reported the presence of a small number of platelet membrane proteins,
most likely because many are expressed at low level and because a significant number
precipitate during isoelectric focussing. More recently, combined fractional diagonal
chromatography technology, a non-gel-based “shot-gun” approach developed by Gevaert and
coworkers, was used in combination with MS/MS to study the platelet proteome (30). Sixty-
nine platelet transmembrane proteins were identified using this approach, only 12 of which
had been previously reported in platelet proteomics studies. Further, Moebius and co-workers
used a combination of 1-DE and 16-BAC/SDS-PAGE prior to LC-MS/MS to identify 83 PM
and 48 IM proteins (31). However, these investigators report both transmembrane and
membrane-associated proteins, such as Gα13 subunit and Rap-1A, which lack transmembrane
domains. Taking this into account, the number of proteins predicted to contain transmembrane
domains identified by Moebius et al using proteomics was 124 (31), which is similar to that
of 136 identified in the present study. The slightly larger number of proteins identified in the
present study can be largely attributed to the number of identified IM proteins, which is likely
due to the fact that we used FFE to enrich the IM fraction. A direct comparison of the proteomics
dataset reported in the present study with that from the Moebius study showed that 62 proteins
were identified in both studies, approximately half of which are known platelet PM proteins.
This low level of overlap between the two studies is a reflection of the different techniques,
but may also be partially inherent to MS/MS studies as pointed out by Elias et al (13). Together,
the present study and that from the Moebius group illustrate the requirement for affinity/
membrane purification for the identification of platelet membrane proteins using proteomics.

It is beyond the scope of this study to address the question of the functional roles in platelets
of novel receptors identified in the study, but it is noteworthy that a number of the identified
proteins have either recently been shown to regulate platelet function or to have characteristics
which strongly indicate that they may regulate platelet function. Examples of the former group
include the immunoglobulin superfamily protein, CD84, which has recently been shown to
play an important role in supporting late stage events in platelet aggregation (33); the C-type
lectin receptor, CLEC-2, which has been shown to mediate platelet activation through a distinct
signalling cascade (43); and the immunoglobulin superfamily protein, G6f, which has been
shown to localize Grb2 to the membrane in GPVI-activated platelets (18).

In summary, the present study has illustrated the power of the combined use of proteomic- and
genomic-based approaches in identifying proteins in the platelet membrane. It has also
highlighted the high degree of similarity in proteins expressed on the surface of human platelets
and mouse megakaryocytes, further validating the use of the mouse model for studying the
role of platelets in thrombosis. Future studies need to focus on establishing the biological and
biochemical functions of the newly identified proteins in the physiological and pathological
regulation of platelets, in anticipation that this may lead to the identification of novel targets
for anti-thrombotic agents.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Senis et al. Page 13

Mol Cell Proteomics. Author manuscript; available in PMC 2007 May 1.

U
KPM

C
 Funders G

roup Author M
anuscript

U
KPM

C
 Funders G

roup Author M
anuscript



Acknowledgements

We would like to thank Miss Donna Holmes and Mr. Neil Shimwell from the Cancer Research-UK Institute, University
of Birmingham, for analyzing samples on the ion trap mass spectrometer; Kath Nolan from the Therapeutic
Immunology Group, Sir William Dunn School of Pathology, University of Oxford for SAGE advice; and Majd Protty
from the Centre for Cardiovascular Sciences, Institute of Biomedical Research, University of Birmingham for excellent
secretarial assistance. AG would like to thank The Oxford Glycobiology Institute Endowment for funding. This
research was supported by the BHF, Wellcome Trust and Cancer Research-UK.

Abbreviations
16-BAC, 16-benzyldimethyl-n-hexadecylammonium chloride; CRP, collagen related
peptide; 1-DE, one-dimensional electrophoresis; 2-DE, two-dimensional electrophoresis;
DTT, dithiothreitol; ER, endoplasmic reticulum; FFE, free flow electrophoresis; GPCR, G
protein-coupled receptor; HPLC, high performance liquid chromatography; IM, intracellular
membrane; ITAM, immunoreceptor tyrosine-based activation motif; ITIM, immunoreceptor
tyrosine-based inhibitory motif; LC-MS/MS, liquid chromatography-tandem mass
spectrometry; MS, mass spectrometry; NA, NeutrAvidin; PM, plasma membrane; PGI2,
prostacyclin; SAGE, serial analysis of gene expression; SCF, Stem Cell Factor; SDS-PAGE,
sodium dodecylsulfate-polyacrylamide gel electrophoresis; SHP-1, SH2 domain containing
protein-tyrosine phosphatase-1; sulfo-NHS-SS-biotin, sulfosuccinimidyl-2-(biotinamido)
ethyl-1,3-dithiopropionate; TBS, Tris-buffered saline; TMD, transmembrane domain; WGA,
wheat germ agglutinin.

References
1. Andonegui G, Kerfoot SM, McNagny K, Ebbert KV, Patel KD, Kubes P. Platelets express functional

Toll-like receptor-4. Blood 2005;106:2417–2423. [PubMed: 15961512]
2. Aslam R, Speck ER, Kim M, Crow AR, Bang KA, Nestel FP, Ni H, Lazarus AH, Freedman J, Semple

JW. Platelet toll-like receptor expression modulates lipopolysaccharide-induced thrombocytopenia
and tumor necrosis factor-{alpha} production in vivo. Blood 2005;107:637–641. [PubMed: 16179373]

3. Watson, SP.; Authi, KS. Preparation of highly purified human platelet plasma intracellular membranes
using high voltage free flow electrophoresis and methods to study Ca2+ regulation. 1st Ed.. Oxford:
Oxford University Press; 1996. p. 91.-109.

4. Barrow AD, Astoul E, Floto A, Brooke G, Relou IA, Jennings NS, Smith KG, Ouwehand W, Farndale
RW, Alexander DR, Trowsdale J. Cutting edge: TREM-like transcript-1, a platelet immunoreceptor
tyrosine-based inhibition motif encoding costimulatory immunoreceptor that enhances, rather than
inhibits, calcium signaling via SHP-2. J Immunol 2004;172:5838–5842. [PubMed: 15128762]

5. Baurand A, Raboisson P, Freund M, Leon C, Cazenave JP, Bourguignon JJ, Gachet C. Inhibition of
platelet function by administration of MRS2179, a P2Y1 receptor antagonist. Eur J Pharmacol
2001;412:213–221. [PubMed: 11166284]

6. Best D, Senis YA, Jarvis GE, Eagleton HJ, Roberts DJ, Saito T, Jung SM, Moroi M, Harrison P, Green
FR, Watson SP. GPVI levels in platelets: relationship to platelet function at high shear. Blood
2003;102:2811–2818. [PubMed: 12829582]

7. Cicmil M, Thomas JM, Leduc M, Bon C, Gibbins JM. Platelet endothelial cell adhesion molecule-1
signaling inhibits the activation of human platelets. Blood 2002;99:137–144. [PubMed: 11756163]

8. Cobbold SP, Nolan KF, Graca L, Castejon R, Le Moine A, Frewin M, Humm S, Adams E, Thompson
S, Zelenika D, Paterson A, Yates S, Fairchild PJ, Waldmann H. Regulatory T cells and dendritic cells
in transplantation tolerance: molecular markers and mechanisms. Immunol Rev 2003;196:109–124.
[PubMed: 14617201]

9. Coppinger JA, Cagney G, Toomey S, Kislinger T, Belton O, McRedmond JP, Cahill DJ, Emili A,
Fitzgerald DJ, Maguire PB. Characterization of the proteins released from activated platelets leads to
localization of novel platelet proteins in human atherosclerotic lesions. Blood 2004;103:2096–2104.
[PubMed: 14630798]

Senis et al. Page 14

Mol Cell Proteomics. Author manuscript; available in PMC 2007 May 1.

U
KPM

C
 Funders G

roup Author M
anuscript

U
KPM

C
 Funders G

roup Author M
anuscript



10. de Vet EC, Aguado B, Campbell RD. G6b, a novel immunoglobulin superfamily member encoded
in the human major histocompatibility complex, interacts with SHP-1 and SHP-2. J Biol Chem
2001;276:42070–42076. [PubMed: 11544253]

11. Drachman JG, Sabath DF, Fox NE, Kaushansky K. Thrombopoietin signal transduction in purified
murine megakaryocytes. Blood 1997;89:483–492. [PubMed: 9002950]

12. Dumon S, Heath VL, Tomlinson MG, Gottgens B, Frampton J. Differentiation of murine committed
megakaryocytic progenitors isolated by a novel strategy reveals the complexity of GATA and Ets
factor involvement in megakaryocytopoiesis and an unexpected potential role for GATA-6. Exp
Hematol 2006;34:654–663. [PubMed: 16647571]

13. Elias JE, Haas W, Faherty BK, Gygi SP. Comparative evaluation of mass spectrometry platforms
used in large-scale proteomics investigations. Nat Methods 2005;2:667–675. [PubMed: 16118637]

14. Elrod JW, Park JH, Oshima T, Sharp CD, Minagar A, Alexander JS. Expression of junctional proteins
in human platelets. Platelets 2003;14:247–251. [PubMed: 12850834]

15. Falati S, Patil S, Gross PL, Stapleton M, Merrill-Skoloff G, Barrett NE, Pixton KL, Weiler H, Cooley
B, Newman DK, Newman PJ, Furie BC, Furie B, Gibbins JM. Platelet PECAM-1 inhibits thrombus
formation in vivo. Blood. 2005

16. Garcia A, Prabhakar S, Brock CJ, Pearce AC, Dwek RA, Watson SP, Hebestreit HF, Zitzmann N.
Extensive analysis of the human platelet proteome by two-dimensional gel electrophoresis and mass
spectrometry. Proteomics 2004;4:656–668. [PubMed: 14997489]

17. Garcia A, Prabhakar S, Hughan S, Anderson TW, Brock CJ, Pearce AC, Dwek RA, Watson SP,
Hebestreit HF, Zitzmann N. Differential proteome analysis of TRAP-activated platelets: involvement
of DOK-2 and phosphorylation of RGS proteins. Blood 2004;103:2088–2095. [PubMed: 14645010]

18. Garcia A, Senis YA, Antrobus R, Hughes CE, Dwek RA, Watson SP, Zitzmann N. A global
proteomics approach identifies novel phosphorylated signaling proteins in GPVI-activated platelets:
Involvement of G6f, a novel platelet Grb2-binding membrane adapter. Proteomics 2006;6:5332–
5343. [PubMed: 16941570]

19. Gibbins JM. Platelet adhesion signalling and the regulation of thrombus formation. J Cell Sci
2004;117:3415–3425. [PubMed: 15252124]

20. Gnatenko DV, Dunn JJ, McCorkle SR, Weissmann D, Perrotta PL, Bahou WF. Transcript profiling
of human platelets using microarray and serial analysis of gene expression. Blood 2003;101:2285–
2293. [PubMed: 12433680]

21. Henn V, Slupsky JR, Grafe M, Anagnostopoulos I, Forster R, Muller-Berghaus G, Kroczek RA. CD40
ligand on activated platelets triggers an inflammatory reaction of endothelial cells. Nature
1998;391:591–594. [PubMed: 9468137]

22. Jones KL, Hughan SC, Dopheide SM, Farndale RW, Jackson SP, Jackson DE. Platelet endothelial
cell adhesion molecule-1 is a negative regulator of platelet-collagen interactions. Blood
2001;98:1456–1463. [PubMed: 11520795]

23. Kahn ML, Zheng YW, Huang W, Bigornia V, Zeng D, Moff S, Farese RV Jr. Tam C, Coughlin SR.
A dual thrombin receptor system for platelet activation. Nature 1998;394:690–694. [PubMed:
9716134]

24. Kim JA, Jung YJ, Seoh JY, Woo SY, Seo JS, Kim HL. Gene expression profile of megakaryocytes
from human cord blood CD34(+) cells ex vivo expanded by thrombopoietin. Stem Cells
2002;20:402–416. [PubMed: 12351811]

25. Krogh A, Larsson B, von Heijne G, Sonnhammer EL. Predicting transmembrane protein topology
with a hidden Markov model: application to complete genomes. J Mol Biol 2001;305:567–580.
[PubMed: 11152613]

26. Maguire PB, Wynne KJ, Harney DF, O’Donoghue NM, Stephens G, Fitzgerald DJ. Identification of
the phosphotyrosine proteome from thrombin activated platelets. Proteomics 2002;2:642–648.
[PubMed: 12112843]

27. Marcus K, Immler D, Sternberger J, Meyer HE. Identification of platelet proteins separated by two-
dimensional gel electrophoresis and analyzed by matrix assisted laser desorption/ionization-time of
flight-mass spectrometry and detection of tyrosine-phosphorylated proteins. Electrophoresis
2000;21:2622–2636. [PubMed: 10949139]

Senis et al. Page 15

Mol Cell Proteomics. Author manuscript; available in PMC 2007 May 1.

U
KPM

C
 Funders G

roup Author M
anuscript

U
KPM

C
 Funders G

roup Author M
anuscript



28. Marcus K, Moebius J, Meyer HE. Differential analysis of phosphorylated proteins in resting and
thrombin-stimulated human platelets. Anal Bioanal Chem 2003;376:973–993. [PubMed: 12904942]

29. Marshall SJ, Senis YA, Auger JM, Feil R, Hofmann F, Salmon G, Peterson JT, Burslem F, Watson
SP. GPIb-dependent platelet activation is dependent on Src kinases but not MAP kinase or cGMP-
dependent kinase. Blood 2004;103:2601–2609. [PubMed: 14684423]

30. Martens L, Van Damme P, Van Damme J, Staes A, Timmerman E, Ghesquiere B, Thomas GR,
Vandekerckhove J, Gevaert K. The human platelet proteome mapped by peptide-centric proteomics:
a functional protein profile. Proteomics 2005;5:3193–3204. [PubMed: 16038019]

31. Moebius J, Zahedi RP, Lewandrowski U, Berger C, Walter U, Sickmann A. The Human Platelet
Membrane Proteome Reveals Several New Potential Membrane Proteins. Mol Cell Proteomics
2005;4:1754–1761. [PubMed: 16081409]

32. Nakanishi-Matsui M, Zheng YW, Sulciner DJ, Weiss EJ, Ludeman MJ, Coughlin SR. PAR3 is a
cofactor for PAR4 activation by thrombin. Nature 2000;404:609–613. [PubMed: 10766244]

33. Nanda N, Andre P, Bao M, Clauser K, Deguzman F, Howie D, Conley PB, Terhorst C, Phillips DR.
Platelet aggregation induces platelet aggregate stability via SLAM family receptor signaling. Blood
2005;106:3028–3034. [PubMed: 16037392]

34. Nasdala I, Wolburg-Buchholz K., Wolburg, H. Kuhn A, Ebnet K, Brachtendorf G, Samulowitz U,
Kuster B, Engelhardt B, Vestweber D, Butz S. A transmembrane tight junction protein selectively
expressed on endothelial cells and platelets. J Biol Chem 2002;277:16294–16303. [PubMed:
11847224]

35. Peirce MJ, Wait R, Begum S, Saklatvala J, Cope AP. Expression profiling of lymphocyte plasma
membrane proteins. Mol Cell Proteomics 2004;3:56–65. [PubMed: 14573526]

36. Prevost N, Woulfe D, Tanaka T, Brass LF. Interactions between Eph kinases and ephrins provide a
mechanism to support platelet aggregation once cell-to-cell contact has occurred. Proc Natl Acad Sci
U S A 2002;99:9219–9224. [PubMed: 12084815]

37. Prevost N, Woulfe DS, Jiang H, Stalker TJ, Marchese P, Ruggeri ZM, Brass LF. Eph kinases and
ephrins support thrombus growth and stability by regulating integrin outside-in signaling in platelets.
Proc Natl Acad Sci U S A 2005;102:9820–9825. [PubMed: 15994237]

38. Ruggeri ZM. Platelets in atherothrombosis. Nat Med 2002;8:1227–1234. [PubMed: 12411949]
39. Saha S, Sparks AB, Rago C, Akmaev V, Wang CJ, Vogelstein B, Kinzler KW, Velculescu VE. Using

the transcriptome to annotate the genome. Nat Biotechnol 2002;20:508–512. [PubMed: 11981567]
40. Scotland RS, Cohen M, Foster P, Lovell M, Mathur A, Ahluwalia A, Hobbs AJ. C-type natriuretic

peptide inhibits leukocyte recruitment and platelet-leukocyte interactions via suppression of P-
selectin expression. Proc Natl Acad Sci U S A 2005;102:14452–14457. [PubMed: 16179391]

41. Senis YA, Atkinson BT, Pearce AC, Wonerow P, Auger JM, Okkenhaug K, Pearce W, Vigorito E,
Vanhaesebroeck B, Turner M, Watson SP. Role of the p110delta PI 3-kinase in integrin and ITAM
receptor signalling in platelets. Platelets 2005;16:191–202. [PubMed: 16011964]

42. Shevchenko A, Wilm M, Vorm O, Mann M. Mass spectrometric sequencing of proteins silver-stained
polyacrylamide gels. Anal Chem 1996;68:850–858. [PubMed: 8779443]

43. Suzuki-Inoue K, Fuller GL, Garcia A, Eble JA, Pohlmann S, Inoue O, Gartner TK, Hughan SC, Pearce
AC, Laing GD, Theakston RD, Schweighoffer E, Zitzmann N, Morita T, Tybulewicz VL, Ozaki Y,
Watson SP. A novel Syk-dependent mechanism of platelet activation by the C-type lectin receptor
CLEC-2. Blood. 2005

44. Velculescu VE, Zhang L, Vogelstein B, Kinzler KW. Serial analysis of gene expression. Science
1995;270:484–487. [PubMed: 7570003]

45. Wagner CL, Mascelli MA, Neblock DS, Weisman HF, Coller BS, Jordan RE. Analysis of GPIIb/IIIa
receptor number by quantification of 7E3 binding to human platelets. Blood 1996;88:907–914.
[PubMed: 8704248]

46. Walsh PN. Platelet coagulation-protein interactions. Semin Thromb Hemost 2004;30:461–471.
[PubMed: 15354267]

47. Washington AV, Schubert RL, Quigley L, Disipio T, Feltz R, Cho EH, McVicar DW. A TREM family
member, TLT-1, is found exclusively in the alpha-granules of megakaryocytes and platelets. Blood
2004;104:1042–1047. [PubMed: 15100151]

Senis et al. Page 16

Mol Cell Proteomics. Author manuscript; available in PMC 2007 May 1.

U
KPM

C
 Funders G

roup Author M
anuscript

U
KPM

C
 Funders G

roup Author M
anuscript



Fig 1.
Comparison of proteins isolated by WGA affinity chromatography, biotin/NeutrAvidin (NA)
affinity chromatography and free flow electrophoresis (FFE). A, platelet whole cell lysate
(WCL) and proteins isolated by the three enrichment techniques were resolved on 4-20% SDS-
PAGE gels and stained with Colloidal Coomassie blue. Bands corresponding to αIIb, β3, actin
and GPIbβ were identified by tandem mass spectrometry and are shown to the left of the panels.
WGA, wheat germ agglutinin affinity chromatography; biotin/NA, biotin/NeutrAvidin affinity
chromatography; FFE-PM, free flow electrophoresis-plasma membrane fraction; FFE-IM, free
flow electrophoresis-intracellular membrane fraction. Images shown are representative of three
WGA, three biotin/NA, and two FFE enrichment experiments. B, aliquots taken at various
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stages of the WGA affinity chromatography procedure, including elution by N-
acetylglucosamine (GlcNac), were western blotted for PECAM-1 and GPIbα.
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Fig 2.
MS/MS spectra of G6b peptides. Peptides corresponding to each MS/MS spectra are shown
in the top right corner of each panel, along with the G6b isoforms from which each peptide
may have been derived, the Swiss-Prot/TrEMBL accession number (in parenthesis), and the
experiment and band slice identification numbers. The start and end of each peptide are
indicated by dots. Adjacent amino acids to the peptide identified are also included (outside
dots). Selected b- and y-ions identified are indicated. (A) Peptide TVLHVLGDR is present in
all seven isoforms of G6b. (B) Pepetide LPPQPIRPLPR is only present in G6b-A. (C) Peptide
IPGDLDQEPSLLYADLDHLALSR is present in G6b-B, -C and -E.
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Fig 3.
Expression of G6b in human platelets. A, (i) whole cell lysates were prepared from human
platelets and HEK 293T cells transiently transfected with either plasmid alone (mock) or a
G6b-B expression plasmid (G6b-B) were western blotted for G6b-B using a rabbit anti-G6b-
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B polyclonal antibody raised against two peptides from the cytoplasmic tail of the protein; (ii)
as a control, the same samples western blotted in (i) were blotted with pre-immune serum from
the same rabbit in which the G6b-B anti-serum was raised. B, G6b-B undergoes an increase in
tyrosine phosphorylation in response to CRP and thrombin stimulation, and interacts with
SHP-1 in human platelets. G6b-B was immunoprecipitated (IP) from whole cell lysates
prepared from resting platelets and platelets stimulated with either 10 μg/mL CRP or 5U/mL
thrombin. Samples were western blotted for tyrosine phosphorylated proteins, then stripped
and blotted for G6b-B, followed by SHP-1. C, G6b-B is tyrosine phosphorylated in resting and
CRP and thrombin activated platelets and interacts with SHP-1. SHP-1 was
immunoprecipitated from whole cell lysates prepared from resting platelets and platelets
stimulated with either 10 μg/mL CRP or 5 U/mL thrombin. Samples were western blotted for
tyrosine phosphorylated proteins, then stripped and blotted for G6b, followed by SHP-1.
Results are representative of three experiments.
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Fig 4.
The ploidy of bone marrow-derived megakaryocytic cells was assessed by flow cytometry in
the presence of propidium iodide. Mature megakaryocytes (>64n) were used to generate the
SAGE library.
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Table 2A
Number of transmembrane proteins identified by each enrichment method. Proteins identified using each
enrichment technique were pooled from three WGA affinity chromatography experiments, three biotin/
NeturAvidin affinity chromatography experiments and two free-flow electrophoresis experiments. Samples from
each experiment were analyzed once by LC-MS/MS.

Enrichment method
Number of transmembrane proteins identified

PM proteins IM proteins Proteins of unknown
compartment

Total

biotin/NA 35 15 5 55
FFE-IM 31 65 20 116
FFE-PM 35 29 10 74
WGA 21 2 0 23

PM, plasma membrane; IM, intracellular membrane; biotin/NA, biotin/NeutrAvidin affinity chromatography; FFE-IM, free flow electrophoresis-
intracellular membrane fraction; FFE-PM, free flow electrophoresis-plasma membrane fraction; WGA, wheat germ agglutinin affinity chromatography
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Table 2B
Overlap in transmembrane proteins identified by different enrichment methods. The number of transmembrane
proteins identified by each enrichment technique individually (rows 1-4) or by multiple enrichment techniques
(rows 5-15), are shown.

Enrichment methods
Number of transmembrane proteins identified

PM proteins IM proteins Proteins of unknown
compartment

1) biotin/NA 5 0 2
2) FFE-IM 2 32 10
3) FFE-PM 2 0 0
4) WGA 1 0 0
5) biotin/NA, FFE-IM 1 6 0
6) biotin/NA, FFE-PM 5 1 0
7) biotin/NA, WGA 1 1 0
8) FFE-IM, FFE-PM 4 20 7
9) FFE-IM, WGA 1 0 0
10) FFE-PM, WGA 1 0 0
11) biotin/NA, FFE-IM, FFE-PM 6 7 3
12) biotin/NA, FFE-IM, WGA 0 0 0
13) biotin/NA, FFE-PM, WGA 0 0 0
14) FFE-IM, FFE-PM, WGA 0 1 0
15) biotin/NA, FFE-IM, FFE-PM,
WGA 17 0 0
Total 46 68 22
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Table 3
Fifty most abundant megakaryocyte transmembrane proteins. Each of the 53,046 sequence tags in the mouse
megakaryocyte LongSAGE library were identified by comparison to a reference sequence database (SAGEmap
tag ug-rel.zip) from SAGEmap at the NCBI website. Genes with predicted transmembrane domains (TMDs)
were identified using TMHMM version 2.0 (25).

NCBI accession number Gene symbol Protein name TMDs SAGE tags

NM_010575 Itga2b αIIb integrin subunit 1 136
NM_008410 Itm2b Integral membrane protein 2B 1 128
NM_029478 Tmem49 Transmembrane protein 49 6 116
NM_018882 Gpr56 G protein-coupled receptor 56 7 79
NM_007653 Cd63 CD63 4 71
NM_012032 Serinc3 Tumor differentially expressed 1 11 65
NM_001001892 H2-K1 MHC Class I 1 63
NM_175015 Atp5g3 Mitochondrial H+transporter 2 57
NM_009941 Cox4i1 Cytochrome c oxidase subunit IV 1 55
AF201457 Clec-2 C-type lectin-like receptor 2 1 51
NM_007750 Cox8a Cytochrome c oxidase VIIIa 1 47
NM_008397 Itga6 α6 integrin subunit 1 47
NM_025650 Uqcr Ubiquinol-cytochrome c reductase 1 45
NM_026432 Tmem66 Transmembrane protein 66 2 44
NM_133668 Slc25a3 Solute carrier family 25 member 3 2 43
NM_010686 Laptm5 Lysosomal-associated TM5 4 42
NM_011216 Ptpro Protein tyrosine phosphatase RO 1 41
NM_026617 Tmbim4 Transmembrane BAX inhibitor 6 41
NM_026124 1110008 F13Rik RAB5-interacting protein 3 37
NM_019699 Fads2 Fatty acid desaturase 2 1 37
NM_020258 Slc37a2 Solute carrier family 37 member 2 1 37
NM_009128 Scd2 Stearoyl-Coenzyme A desaturase 2 4 36
NM_007657 Cd9 CD9 4 34
NM_009663 Alox5ap 5-lipoxygenase-activating protein 3 33
NM_010581 Cd47 CD47 5 33
NM_053272 Dhcr24 24-dehydrocholesterol reductase 1 32
NM_015747 Slc20a1 Solute carrier family 20 member 1 8 32
NM_028608 Glipr1 GLI pathogenesis-related 1 1 31
NM_010327 Gp1bb GPIbβ 1 31
NM_016741 Scarb1 Scavenger receptor class B1 2 31
NM_025378 Ifitm3 Interferon-induced TM protein 3 2 30
NM_025509 2310008 M10Rik DC2 protein 3 29
NM_026155 Ssr3 Signal sequence receptor γ 4 29
NM_013532 Lilrb4 gp49B 1 28
NM_016906 Sec61a1 Sec61α1 subunit 10 28
NM_009775 Bzrp Peripheral benzodiazepine receptor 5 27
NM_007806 Cyba Cytochrome b-245α 3 27
NM_009768 Bsg Basigin 1 26
NM_030694 Ifitm2 Interferon-induced TM protein 2 2 25
NM_008562 Mcl1 Myeloid cell leukemia sequence 1 1 24
NM_133933 Rpn1 Ribophorin I 1 24
NM_025468 Sec11l3 Sec11-like 3 1 24
NM_010185 Fcer1g Fc receptor γ 1 23
NM_008147 Gp49a gp49A 1 22
NM_010326 Gp1ba GPIbα 1 21
NM_008640 Laptm4a Lysosomal-associated TM4A 4 21
NM_022995 Tmepai Nedd4 WW binding protein 4 1 21
NM_026820 Ifitm1 Interferon-induced TM protein 1 2 20
NM_009842 Cd151 CD151 4 19
AK035304 P2rx1 P2X1 ATP receptor 2 19
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Table 4
Twenty-five most megakaryocyte-specific genes. The megakaryocyte SAGE library, of 53,046 sequence tags,
was compared to 30 other mouse SAGE libraries, from T lymphocyte (14 SAGE libraries), dendritic cells (6),
intra-epithelial lymphocytes (2), embryonic stem cells (2), brain (2), B lymphocyte (1), heart (1), 3T3 fibroblast
cell line (1) and P19 embryonic carcinoma cell line (1), using custom written software (!SAGEClus) as described
in Cobbold et al. (8). The top 25 most megakaryocyte-specific genes, that had at least 8 megakaryocyte tags, are
listed in order of tag number. The number of non-megakaryocyte tags for each gene is not shown, but was between
0 and 5 tags per 1,031,389 total tags. Genes encoding known and predicted transmembrane proteins are shown
in bold.

NCBI accession no. Gene symbol Protein name SAGE tags

NM_010575 Itga2b αIIb integrin subunit 136
NM_011111 Serpinb2 Ser/Cys peptidase inhibitor B2 71
NM_022029 Nrgn Neurogranin 64
AF201457 Clec-2 C-type lectin-like receptor 2 51
NM_008397 Itga6 α6 integrin subunit 47
NM_010327 Gp1bb GPIbβ 31
NM_010326 Gp1ba GPIbα 21
AK035304 P2rx1 P2X1 ATP receptor 19
NM_026018 Pdzk1ip1 PDZK1-interacting protein 1 16
NM_010823 Mpl Thrombopoietin receptor 15
NM_198028 Serpinb10 Ser/Cys peptidase inhibitor B10 15
XM_110660 AI427122 Hypothetical protein LOC102502 14
NM_010484 Slc6a4 5-HT transporter 14
NM_011347 Selp P-selectin 13
NM_027763 Treml1 TLT-1 (ITIM-containing receptor) 13
BC019416 Tmem40 Transmembrane protein 40 12
NM_018762 Gp9 GPIX 11
NM_029529 Slc35d3 Fringe-like 1 10
XM_484044 BC011467 Hypothetical protein 9
NM_027102 Esam1 Endothelial adhesion molecule 9
BC003755 Eya2 Eyes absent 2 homolog (Drosophila) 9
NM_008148 Gp5 GPV 9
AK035425 Ltb4dh LeukotrieneB4 hydroxydehydrogenase 9
NM_025926 Dnajb4 DnaJ (Hsp40) homolog B4 8
NM_172708 A930013K19Rik Hypothetical protein LOC231134 8
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