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ABSTRACT: Circulating microparticles (MPs) are produced as part of normal
physiology. Their numbers, origin, and composition change in pathology. Despite
this, the normal MP proteome has not yet been characterized with standardized
high-resolution methods. We here quantitatively profile the normal MP proteome
using nano-LC−MS/MS on an LTQ-Orbitrap with optimized sample collection,
preparation, and analysis of 12 different normal samples. Analytical and procedural
variation were estimated in triply processed samples analyzed in triplicate from two
different donors. Label-free quantitation was validated by the correlation of
cytoskeletal protein intensities with MP numbers obtained by flow cytometry.
Finally, the validity of using pooled samples was evaluated using overlap protein
identification numbers and multivariate data analysis. Using conservative
parameters, 536 different unique proteins were quantitated. Of these, 334
(63%) were present in all samples and represent an MP core proteome. Technical
triplicates showed <10% variation in intensity within a dynamic range of almost 5 decades. Differences due to variable MP
numbers and losses during preparative steps could be normalized using cytoskeletal MP protein intensities. Our results establish a
reproducible LC−MS/MS procedure, provide a simple and robust MP preparation method, and yield a baseline MP proteome
for future studies of MPs in health and disease.
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■ INTRODUCTION
Circulating membrane vesicles or particles are released to blood
from cells and tissues both constitutively and as a consequence
of pathological processes.1 They are heterogeneous in terms of
size, origin, cargo, and stability and may be defined as all
membrane-enclosed bodies smaller than 1 μm in diameter
found in the blood. Collectively, membrane particles contribute
with about 2 μg of protein/mL of plasma.2 While we here
collectively use the word microparticle (MP), this term is often
used more narrowly to classify the subfraction of membrane
vesicles that is derived from plasma membranes, of which MPs
released from activated cells may be called ectosomes.3,4

Another important type of membrane vesicles are exosomes,
small vesicles that originate from intraluminal vesicles in
intracellular multivesicular bodies (MVBs) and are subse-
quently released by exocytosis after fusion of MVBs with the
plasma membrane.5−7 Additionally, the circulating membrane
vesicle fraction contains other membrane-enclosed species, e.g.,
organellar remnants of demised cells, apoptotic body debris,
nanoparticles, and other membranous particles.3,8−10 Mem-
brane vesicles or MPs have been shown to be important
harbingers of disease processes, especially in the vascular
system, e.g., in coagulopathies,11,12 thromboembolism in
malignancies,13 heart disease,14 inflammation,15 and preeclamp-

sia,16 but also in various cancers.17,18 Further, exosomes have
functions in intercellular signaling and carry genetic material
including micro-RNA into the circulation in a protected
form.7,19−21

The composition of the circulating membrane vesicle
population reflects cellular growth, activation, apoptosis, and
necrosis and is therefore likely to provide new diagnostic,
prognostic, and predictive tools in a multitude of diseases. To
exploit this information, however, a thorough characterization
of the circulating membrane vesicle fraction of normal healthy
controls is needed. Such characterization will provide a baseline
for studies of alterations in physiology and disease and also for
optimizing methods for MP isolation. Such methods are not
standardized, and even minor variations significantly affect
results.22,23 Light scattering-based flow cytometry has been
criticized9,13,24,25 as insufficient for the characterization of
circulating vesicles because of inadequate small size resolution
limits. Also, fluorescence-based flow cytometry is dependent on
immunological reagents that only allow for a limited set of
specific markers to be assessed at a time. While a few recent
studies address the plasma MP proteome in samples from
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diseased patients2,26 a flow-cytometry-independent protein
profiling of the circulating subcellularly sized membrane
compartment, i.e., the MPs, in normal controls has received
less attention and has been based on less than 5 individual
samples or pooled samples.27−29 Here, we use high sensitivity
label-free LC−MS/MS to comprehensively profile MP
preparations from normal controls in individual samples and
in sample pools. The aim is to create a database containing
semiquantitative distribution profiles of MP proteins. We
optimize MP preparation from platelet-poor plasma and
identify a total of 536 different proteins, of which a subset of
334 (63%) are detected in all individual samples (n = 12), i.e.,
representing an MP core proteome. Also, we illustrate the
reproducibility and technical variation of the method. On the
basis of correlations between flow-cytometrically determined
particle numbers and protein quantities, we finally propose a set
of proteins that may be used to normalize data when comparing
MP proteomes from different conditions (e.g., diseased and
controls) in future studies.

■ EXPERIMENTAL PROCEDURES
Biological Materials and Chemicals

The study was approved by the local ethics committee
(approval number H-B-2007-130) and carried out according
to the principles of the Declaration of Helsinki. Platelet-poor
plasma (PPP) was obtained from 12 different healthy donors
(10 female) using a standardized protocol.30 Venous blood was
drawn into citrate tubes (Vacuette sodium citrate 3.8%, Greiner
Bio-One, Kremsmünster, Austria). Immediately after collection,
blood cells were removed by centrifugation (1800g, 10 min, 21
°C) followed by a second centrifugation step (3000g, 10 min,
21 °C) to remove platelets. The resulting platelet-poor plasma
(PPP) was divided into 250 and 1000 μL aliquots, snap-frozen
in liquid nitrogen, and stored at −80 °C until analysis.
Sequencing-grade modified trypsin was from Promega
(Madison, WI), and lysyl endopeptidase (endo Lys-C) was
from Waco Pure Chemical Industries Ltd. (Osaka, Japan). Anti-
integrin alpha-2b (ITGA2b) antibody was from Sigma-Aldrich
(St. Louis, MO), antiactin IgM antibody (CP01) was from
Calbiochem (Darmstadt, Germany), and anti-HSA and
antitransthyretin antibodies were from DAKO A/S (Copenha-
gen, Denmark). All other chemicals were from Sigma-Aldrich
(St. Louis, MO).

Flow Cytometric Enumeration of Annexin V Binding MPs

Flow cytometry was performed directly on platelet-poor
plasma. MPs were labeled with annexin V (AnxV), a probe
that binds to phosphatidylserine-exposing MPs, i.e., the
majority of circulating MPs enclosed by cell surface
membranes.22 MPs were incubated with allophycocyanin
(APC)-labeled Annexin V-PC (13 ng/mL final concentration,
Becton-Dickinson) in the presence of approximately 1 mM
Ca2+. To reduce background noise, all buffers were filtered
through 0.1 μm pore size filters (MiniSart HF, Sartorius Stedim
Biotech S.A., Aubagne, France). PPP aliquots (250 μL) were
thawed on melting ice for 1 h. Then, labeling was carried out by
adding 5 μL of prediluted AnxV-APC and 5 μL of heparin−
sodium salt 10% w/v (Sigma-Aldrich 194 USP/mg dry basis) to
5 μL of PPP. Then, the suspension was diluted to 955 μL in
low phosphate buffered saline with calcium (PBS-Ca; 154 mM
NaCl, 1.4 mM phosphate, 2.5 mM CaCl2, pH 7.4) and left to
incubate for 1 h in the dark. A PBS-citrate buffer (PBS-Ci; 154
mM NaCl, 1.4 mM phosphate, 10.5 mM trisodium citrate, pH

7.4) was used instead of PBS-Ca for the AnxV control
experiments. The samples were analyzed using a FACSCalibur
flow cytometer (Becton-Dickinson) controlled by CellQuest
software version 5.1.1 in the “high” flow rate mode. Flow rate
was measured before each experiment. Both forward scatter
(FSC) and side scatter (SSC) were recorded with logarithmic
gain. Acquisition time was 60 s. MP gating was accomplished
using 1 μm beads (Flow Cytometry Size Calibration Kit,
Molecular Probes, Inc., Eugene, OR) for setting upper limits in
both FSC and SSC signals, and a lower limit was placed to
exclude buffer noise as previously described.30 MPs gated in
this way were further analyzed in an SSC/FL-4 (AnxV-APC)
plot to discriminate labeled from unlabeled particles using a
fluorescence threshold determined by the AnxV negative
controls. Data analysis was performed using FlowJo software
version 7.6.1 (Tree Star, Inc., Ashland, OR). Plasma
concentrations (MPs/mL) were calculated on the basis of
MP count per unit time, flow rate of the flow cytometer, and
net dilution during sample preparation of the analyzed sample.

Evaluation of Vesicle Washing Procedure

PPP (1 mL) from a normal control in each of 5 tubes was
centrifuged at 18890g at room temperature for 30 min, and 950
μL of supernatant was discarded. The remaining material was
resuspended in 950 μL of PBS-citrate, pH 7.4, and centrifuged
as before. The supernatant from this and the subsequent similar
washes were saved. The number of washes (centrifugations)
was 2, 4, 6, 8, and 10. Each aliquot of washed material and each
aliquot of washes (both 50 μL) were incubated with 120 μL of
sample buffer (0.5 M Tris-HCl pH 6.8, 10% v/v glycerol, 2%
SDS, 100 mM dithiothreitol and 0.062% w/v Pyronin G) for 3
min at 90 °C, and 20 μL of the mixture was analyzed on
NuPAGE Bis-Tris SDS-PAGE 4−12% gels (Invitrogen). After
separation, one gel was silver stained while the other gels were
blotted onto nitrocellulose using an iBlot apparatus (Invi-
trogen) according to the instructions of the manufacturer. The
blots were blocked overnight in 0.05 M Tris, 0.3 M NaCl, and
1% Tween 20, pH 7.5, and then incubated with primary
antibodies at 1:250 (anti-ITGA2B), 1:2000 (antitransthyretin),
or 1:5000 (antiactin and anti-HSA) dilutions in PBS for one
hour at room temperature. After 3 × 5 min washes in the
blocking buffer, the blots were incubated with 1:2000 dilutions
of secondary antibodies (HRP-conjugated antirabbit IgG or, in
the case of the antiactin primary antibody, HRP-conjugated
antimouse IgM). After washing as before, the blots were
developed with chemiluminescence reagents (Luminata Clas-
sico, Millipore) and scanned in a Kodak scanner (Image station
2000R).

Transmission Electron Microscopy

Sections of purified Epon-embedded microparticle preparations
were examined by transmission electron microscopy (TEM) in
a Morgagni 248D electron microscope after glutaraldehyde/
paraformaldehyde fixation and osmium tetroxide/uranyl acetate
staining as previously described.30,31

Microparticle Analysis Reproducibility Experiment

Frozen platelet-poor plasma aliquots (1 mL) from two different
donors were thawed and processed for LC−MS/MS
independently over three consecutive days. Each of the
resulting 6 digests were analyzed by nano-LC−MS/MS as
described below in triplicate yielding a total of 18 proteome
data sets for evaluation of intra-assay (triplicate LC−MS/MS
analyses of same material) and interassay (the whole sample
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preparation process and analysis performed independently on
different days) variability.
Sample Preparation for LC−MS/MS

Microparticles were isolated and purified from 1 mL of PPP
according to the above protocol using four washing steps (5
times centrifugation). Both individual samples and pools, each
of three different individual samples (cf. Table 1) were used.

The purified microparticle preparations (50 μL) were
precipitated by trichloroacetic acid/acetone by applying the
first steps from a 2-D cleanup-kit (Bio-Rad). After precipitation,
the proteins were resolubilized in 25 μL of 8 M urea, 50 mM
NH4HCO3 and digested for 3 h using endo-Lys C (0.5 μg/50
μL) before dilution of the samples to 2 M urea in 50 mM
NH4HCO3 and continued digestion overnight at room
temperature in the presence of 1 μg/50 μL of sequencing-
grade modified trypsin. Samples were then frozen until analysis
by LC−MS/MS.

Nano-LC−MS/MS Analysis

After thawing followed by whirlimixing, the digested samples
were centrifuged to remove any insoluble material, and four
pools were now made from the three samples from each group
by mixing 15 μL aliquots of the relevant digests followed by a 2-
fold dilution in solvent A (2% v/v acetonitrile, 0.1% v/v formic
acid) to a total protein concentration of approximately 200 ng/
μL. In order to compare the obtained peptide intensities with
the plasma MP concentrations measured with flow cytometry,
samples were loaded on the basis of the number of MPs present
in the original plasma sample volume and not on the protein
concentration of the sample. For analysis, 5 μL of single and
pooled diluted samples were loaded on an Acclaim PepMap
C18 precolumn (300 μm id, 5 mm long, 5 μm particles, Dionex
Corporation) desalted in-line and separated on an Acclaim
PepMap100 C18 analytical column (75 μm id, 150 mm long, 3
μm particles, Dionex Corporation) by a 70 min gradient
controlled by a Dionex Ultimate 3000 system connected to an
LTQ Orbitrap XL mass spectrometer (Thermo Scientific)
equipped with a nanoelectrospray source (Proxeon, Odense,
Denmark). The flow rate was 200 nL/min; the mobile phases
consisted of (A) 2% v/v acetonitrile, 0.1% v/v formic acid and
(B) 95% v/v acetonitrile, 0.1% v/v formic acid. The gradient
went from 0 to 35% B in 60 min, followed by 10 min with
100% B; then, data acquisition was stopped, and the column
was re-equilibrated with solvent A. MS data were acquired
recording full scan spectra (300−1800 m/z) in the Orbitrap

with 60 000 resolution at 400 m/z. MS/MS data were recorded
in parallel in a data-dependent mode fragmenting the five most
abundant ions (charge state +2 or higher) by collision-induced
dissociation in the LTQ ion trap at 35% collision energy. MS/
MS spectra were recorded using dynamic exclusion (40 s) to
minimize repeated fragmentation of the same peptides.

Protein Identification and Relative Quantitation

Recorded raw-files were analyzed using the MaxQuant software
(ver 1.1.1.25)32 for peptide quantitation by intensity and for
protein identification using the Andromeda search engine33

with the following settings. Variable modifications: Oxidation
(M), Deamidation (N), Acetyl (Protein N-terminal); Fixed
modifications: None; Database IPI.HUMAN.v3.68.fasta; False
discovery rate based on a reverse database: 0.01; Match
between runs, time window [min]: 2 min; Keep low scoring
version of identified peptides: on; all other settings as the
default settings in MaxQuant. The Match-between-runs option
allows the recognition of otherwise missed peptides on the
basis of their retention time and mass in other LC−MS/MS
runs. This is likely to increase the number of identified peptides
in each sample, especially when samples are heterogeneous.
Venn diagrams were constructed using the VENNY program
(Oliveros, J.C. (2007) VENNY, an interactive tool for
comparing lists with Venn diagrams; available at http://
bioinfogp.cnb.csic.es/tools/venny/index.html). Assignment of
proteins as cellular or secreted and corresponding subgroups
was done manually on the basis of protein name in the protein
identity lists.

Statistical Analysis

Comparison of protein intensities and rank consensus in repeat
analyses was performed using Pearson correlation in OriginPro
v. 7.5. Prior to principal component analysis, the intensities
calculated by MaxQuant for each identified protein in the
samples listed in Table 1 were normalized by the intensity of
myosin-9 in the same samples. Then, the normalized intensites
were log2 transformed, and missing values were imputed by
replacement by normal distribution. The resulting datamatrix
was then subjected to principal component analysis using
XLSTAT 2011.

■ RESULTS AND DISCUSSION

Optimized Membrane Vesicle Preparation for Specific
Proteome Analysis

No entirely satisfactory method for isolating MPs from blood
exists. Issues include inadvertent MP losses during isolation
procedures, size overlap between small platelets and large MPs,
and production of MPs from activated platelets during MP
isolation. It is therefore important to work with sample
collection and processing procedures that are strictly controlled
and reproducible.30 Most studies use centrifugation methods
that operationally define the pelleted fraction obtained from
PPP after centrifugation as membrane vesicles (Biro ́ et al. in ref
34). This material will contain platelet fragments in addition to
a plethora of vesicles of different origin, and at the smaller size
range possibly also lipoproteins and protein complexes, e.g.,
immune complexes9 in addition to plasma proteins. Alternative
methods for MP isolation include size-exclusion chroma-
tography followed by ultracentrifugation28 but are more
cumbersome and difficult to use in larger sample sets. Here,
we use centrifugation of PPP to obtain MPs for mass
spectrometry analysis and for comparison with the analysis

Table 1. Demographics of the Healthy Individuals and Their
Representation in the Pools

single sample nr. pool nr. female (f)/male (m) age (years)

1 A f 24
2 f 34
3 f 50
4 B m 33
5 m 28
6 m 55
7 C f 27
8 f 59
9 f 36
10 D f 62
11 m 54
12 f 31
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directly on unfractionated PPP by flow cytometry. The mass
spectrometry analysis required removal of as much as possible
of the highly concentrated plasma proteins. We therefore first
optimized the purification procedure to reduce the presence of
plasma proteins while still preserving an acceptable yield of
MPs.
SDS-PAGE and immunoblotting were used to monitor the

fractions obtained by repeated 18890g washing of MPs in PPP
(each time replacing 95% of the supernatant). The results show
the concomitant removal of soluble proteins and enrichment of
MP-associated proteins (Figure 1). For the most abundant
plasma protein, albumin (HSA), we found that even though its
signal decreased, HSA was still detected in the supernatant of
the 10th centrifugation. At the same time, HSA was persistently
present at approximately the same amount in the washed MP
fractions (pellet (P) fractions in Figure 1B) from wash 6 to 10.
This indicates that some HSA is associated with MPs, possibly
in an MP subfraction. It is well-known from analysis of several

types of intracellular granules, e.g., secretory vesicles of
neutrophils,35 that subcellular vesicles may contain albumin,
and albumin was also consistently found in plasma MPs in
other reports.28,29 In contrast, the soluble plasma protein
transthyretin (TTR) was undetectable by immunoblotting in
any fraction after four washing cycles. The cytoskeletal actin
band slightly decreased in intensity in the MP fraction after six
washes, indicating loss of MPs, and this was also clearly
indicated by the decrease of total intensity in the MS analyses
accompanying increased washing steps (Supporting Informa-
tion, Figure S1). On the basis of these results, it was decided to
use five centrifugations for MP preparations in the remainder of
the study. The use of five washing steps with replacement of
95% of the volume of the solution dilutes soluble species by a
factor of 1.6 × 105.
To examine for enrichment of MP-associated proteins by the

washing procedure, the proteomes of the differently washed
MP preparations were characterized by nano-LC−MS/MS

Figure 1. Optimization of microparticle preparation from platelet-poor plasma (PPP). The microparticle fraction was pelleted by centrifugation, and
aliquots were washed in PBS-citrate by repeated centrifugation (2, 4, 6, 8, or 10 times). Fractions representing pelleted material (microparticles) (P)
and wash supernatant (W) were analyzed by (A) SDS-PAGE visualized by silver-staining and (B) immunoblots for specific proteins, i.e., integrin-α2b
(ITGA2B), human serum albumin (HSA), actin, and transthyretin (TTR), as indicated. (C) The distribution of protein identities in samples washed
differently as indicated. (D) The assignment of identities to different protein groups to ascertain the enrichment of MP proteins in more extensively
washed preparations. In the graph, the protein distribution is shown for protein IDs found in all samples (blue), IDs found in all samples washed ≥4
times (yellow), and for proteins only detected in samples washed 4 times or more (red bars). (E) Examples of sections of Epon-embedded MP
preparations after 4 washes, visualized by transmission electron microscopy (bars = 1 μm).
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(Figure 1C,D). Supporting Information Table S1 lists the
proteins identified by the LC−MS/MS procedure in differently
washed MP preparations. The distribution of protein categories
is illustrated in Figure 1D. The figure shows that while 63% of
all the proteins identified by LC−MS/MS in the twice washed
MP-preparation were secreted or plasma proteins, their
contribution decreased to 42% in more well-washed (4, 6, or
8 wash cycles) preparations, which furthermore yield 109 new
protein identities (Figure 1C), undetectable in twice washed
preparations, of which the vast majority (more than 94%) are
different types of cellular proteins. Only 6% of the common
new protein identities in well-washed MP preparations are
secreted proteins, and the total number of different proteins
identified is increased by more than 55% (from 193 to 302) by
washing ≥4 times (Figure 1C,D).

Transmission Electron Microscopy of Microparticles

As is apparent from Figure 1E, the MP preparations obtained in
our procedure, as expected, were quite heterogeneous when
examined by transmission electron microscopy. Membranous
elements, including double-membrane vesicles, of different sizes
and densities are observed. Frequently, elements resembling
small platelets or platelet fragments measuring 1 μm and above
were also observed (Figure 1E, right panel).

Microparticle Proteome Profiling

Individual MP preparations isolated by the optimized
centrifugation method using five washing cycles were obtained
from PPP from 12 normal controls. These MP preparations,
including four pools of each of three samples (cf. Table 1),
were analyzed in triplicate by LC−MS/MS. Data were
interpreted using the Andromeda search engine for protein id
and MaxQuant for quantitation. A total of 536 unique proteins
(Figure 2 and Supporting Information Table S2) were
identified, and of these, a protein list (a core proteome36) of
abundant (Figure 2B) proteins detected in all 12 individual
samples was determined. The MP core proteome amounts to
334 proteins, i.e., 63% of the total number of proteins identified
in this sample set (Figure 2A). In future studies where disease-
related MPs are compared with normal MPs, the number of
identified proteins in normal MPs are expected to increase
because of the match-between-runs option of the MaxQuant
program. This feature will look for peptide masses and
retention times in a sample based on identifications in other
LC−MS/MS runs.
In Figure 2C, the number of protein identifications in each

sample is shown. The data illustrate the high reproducibility in
terms of numbers and overlaps of protein identifications in
individual MP preparations. A gene ontology analysis37 of the
MP proteome showed a substantial overrepresentation of

Figure 2. Summary of the MP proteome data set. (A) Overview of the number of observations for each identified unique protein in 12 individual
MP samples. The core proteome, i.e., the proteins found in all 12 samples, amounts to 334 unique protein identities (dotted red line). (B) The
intensity range of identified proteins (core proteome (blue) compared with the total proteome (red)). (C) The number of proteins identified in
each individual sample, where letters without numbers represent pooled samples (see Table 1).
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Figure 3. Reproducibility experiment. Samples from two different control donors (#93 and #95) were processed independently three times through
the whole procedure from frozen PPP to preparation of MPs and digestion and analysis in triplicate by nano-LC−MS/MS. (A) Total intensity of
data. Labeling is d1, d2, and d3 for days 1−3, respectively, and the last figure indicates the replicate number. (B) Correlation of the measured protein
intensities at the different preparations of sample 93 (day 2 vs day 1, day 3 vs day 1, day 3 vs day 2). (C) Venn diagram of protein identifications in
the three independently processed aliquots of sample 93. (D) The coefficient of variation of the intensity data for the triplicate runs as a function of
mean total intensities for each protein.
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extracellular proteins in addition to the expected over-
representation of cytoskeletal, cytoplasmic, and organellar
proteins (Supporting Information, Figure S2). Also, a
substantial overrepresentation of the diverse group of lip-
oprotein particles and protein−lipid complexes was noteworthy
and indicative of the heterogeneous nature of the MP
population.

Method Reproducibility and Technical Variability

In an independent experiment, every sample was analyzed in
triplicate to give an estimate of an intra-assay variability of
protein identification, and each sample was also processed,
starting with a fresh aliquot of frozen PPP, independently three
times over three consecutive days. This data set, obtained with
material from two different normal controls, allowed us to
assess the reproducibility of protein identification of the whole
procedure in addition to the analytical variation (Figure 3). The
total intensity data shows excellent intraday variability (10% or
less). This level of variability will, in most instances, be low
enough to allow for reliable data from single injection analyses
and thus make larger studies more feasible. In contrast, it is
clear that different preparations of the same sample give quite
variable yields, i.e., total intensities that vary up to 2 times or
more (e.g., day 1 data (93-d1 and 95-d1) vs the two other
days). The total intensity in a sample reflects 4−5 decades
(Figure 2B) of individual peptide intensities where low
intensity signals display much more variation than high
intensity species (cf. below, Figure 3D).
Even if total intensities in interday comparisons vary, the

number of proteins identified, their overlap, and the ranking of
individual intensities of the approximately 300 most abundant
proteins is very well preserved as shown in Figure 3B,C. These

plots show intensity correlation data for one of the samples
processed on three different days and also show the protein
identity overlap from the three independent sample processing
and analysis data sets (Figure 3C, additional data in Supporting
Information Figure S3) where more than 90% (300 of 331) of
proteins were common for all three analyses. Figure 3D
illustrates the variation of the intensities in the triplicate analysis
as a function of protein abundance (mean total intensity). As
expected, the relative variability is most pronounced for less
abundant proteins. For the core proteome that spans a dynamic
range of about 3.5 decades (Figure 2B), the coefficient of
variation of each protein total intensity is below 10% in more
than 90% of the cases.
We conclude that the entire procedural (interday) variability

is not caused by analytical variability (cf. the small intra-assay
variability) and does not impair protein identification and
ranking of abundance. Since the samples are loaded on the basis
of equal volumes (and not by equal total protein concen-
tration), the variability must be due to different loss and/or
dilution of MP material during the washing process. Thus,
normalization of the total intensity data by cytoskeletal protein
intensities, e.g., myosin-9 intensity (compare Figure 4A,B),
clearly identifies outlier samples, e.g., those contaminated with
plasma protein. The use of myosin-9 for normalization is also
useful for the assignment of proteins to the MP fraction
because bona fide MP proteins correlate significantly with
myosin-9 in linear plots, while no such correlation is found with
proteins not known to be associated with MPs such as TTR
(Figure 4C,D).

Figure 4. Normalization with cytoskeletal protein intensity is useful for MP-associated proteins. Graphs show protein intensities of β-actin before
(A) and after (B) normalization with myosin-9 intensities, as well as the linear (r2 = 0.99) correlation between β-actin and myosin-9 intensities (C)
and the lack of correlation between the plasma protein transthyretin (TTR) and myosin-9 intensities (D).
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Figure 5. Correlation of MP numbers and quantitation of various proteins by MaxQuant. Associations between intensities of myosin-9, integrin
alpha-IIb, and plasma proteins in LC−MS/MS and independent flow cytometric determined plasma concentrations of the number of annexin V-
binding microparticles in the same samples. Highly significant associations (r2 ≥ 0.85) were found both between cytoskeletal proteins such as (A)
myosin-9 and (B) integrin alpha-IIb, an integral membrane protein from platelet-derived MPs, and plasma concentrations of annexin V-binding
microparticles. No significant assocations were found between (C) human serum albumin and (D) transthyretin and annexin V-binding
microparticles. Associations were determined with linear regression analysis. AnxV+ MPs = annexin V-binding microparticles.

Figure 6. Pooled samples are representative of individual samples. (A) Venn diagrams of two of the pools (cf. Table 1) to illustrate the high degree
of consistency (overlap) of protein identifications and the comprehensive coverage of identities by the pooled samples. (B) Principal component
analysis illustrating the inability of multivariate data analysis to differentiate four pooled samples (square symbols) from the three individual samples
(circles) that they each are prepared from.
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Quantitative Validation

If the sample preparation steps do not lead to great variations in
the degree of sample loss, the above procedure for data analysis
and normalization may be validated by correlating the quantity
of MP-associated proteins with the number of input MPs
determined by independent flow cytometric analysis of the
crude PPP samples. To address this notion, specific protein
intensities derived from the proteome analysis and their
correlation with the concentrations of AnxV-binding MPs of
the same sample were examined (Figure 5). As shown by the
plots, integrin alpha-2B (ITG2B) and myosin-9 correlate
statistically significantly (r2 ≥ 0.85) with input MP numbers,
while the plasma proteins serum albumin and transthyretin
show no such correlation. ITG2B is an integral membrane
protein part of the abundant platelet glycoprotein complex IIb/
IIIa on the surface of platelets and platelet-derived MPs.34

Platelet-derived MPs constitute the majority of AnxV-binding
MPs in PPP from healthy controls.38 On the basis of these
results, we propose that both integrin alpha-2B and myosin-9
can serve as quantitative measures of MP numbers in the
samples as well as normalizers for valid comparison of the MP
protein composition when comparing samples from different
groups, e.g., of patients and controls.

Pooled Samples vs Individual Samples

An often used strategy in clinical proteomics is to evaluate data
from pooled samples because of the inherent low-throughput
nature of LC−MS/MS and because this obviously reduces
technical variance. Overall, the advantage of pooling depends
on the biological variation in the studied groups of samples.39

In addition to requiring clinically extremely well-defined
samples, this approach also necessitates a credible reproduction
of the sum of protein intensities of the individual samples, but
this has rarely been shown. We therefore examined a set of 12
individual MP preparations and four different, random pools
(A, B, C, and D) of these samples (Table 1). Using protein
identifications as a measure, it was clear that sample pools and
the individual samples included in the pools gave results that
were characterized by a high degree of overlap (Figure 6A).
Thus, more than 90% of all the proteins indentified in the
individual samples were also found in the pooled samples
(91.7% for the A pool and 92.5% for the B pool). This means
that in exploratory studies where very homogeneous sample
populations (e.g., based on clinical and/or demographic
parameters) are available and where similar changes in protein
expression patterns are expected in the groups, it can be
acceptable to pool samples to reduce the number of analytical
operations, which typically is the bottleneck in proteome
studies. In our sample set, the myosin-9 normalized quantitative
data included in a principal component analysis indirectly also
support the notion that pools are representative of the
individual samples since this multivariate data analysis taking
into account all protein intensities in the data set did not allow
the pools to be distinguished from the individual samples
making up the pools (Figure 6B).

■ CONCLUSIONS
Despite a pronounced interest in characterizing MP structure−
function relationships in, e.g., autoimmune, cardiovascular, and
malignant conditions and the benefits of mass spectrometry-
based proteome studies as an unbiased means of comprehen-
sive MP characterization, there are to our knowledge only
published a few and limited studies addressing MP proteome

profiling and method optimization. In an interesting study
based on samples from three controls, Smalley et al. used LC−
MS/MS with both unlabeled and labeled peptides to enumerate
and characterize MPs from platelets and from platelet-free
plasma.28 In this study, a total of 203 unique proteins were
assigned to plasma MPs, while 229 were assigned to platelet
MPs. Of these proteins, 10 had a statistically significant over-
representation in plasma MPs. In an earlier study, the same
group identified a total of 578 proteins from MPs isolated from
activated platelets using SDS-PAGE LC−MS/MS27 Another
study29 used a plasma pool from 16 healthy controls and
compared 2D-gel analyses of isolated MPs with whole plasma
and platelets from another donor. The study confirmed distinct
protein profiles of the MP fraction and provided identification
of 83 unique proteins that were more abundant in MP
preparations.
The present study uses high-resolution label-free quantitative

tandem mass spectrometry to monitor method optimization
and variability of a procedure for preparing circulating MPs
from normal individuals. We identify and characterize a
common set of more than 330 proteins that was found in all
MP preparations from 12 different normal controls. We also
show the use of cytoskeletal protein intensities as a means of
normalizing sample data for comparing different samples and
the validity of using pooled samples in chosen cases. Our main
conclusions are that the intra-assay variation for most
applications is low enough to justify not running repeat
samples and that the sample preparation is a main contributor
to variation and makes it necessary at least to perform analyses
in purification-batch operations. The label-free approach
presented here is a robust and well-documented quantitative
method for MP proteome studies and provides the foundation
for more extensive studies of MP protein alterations in health
and disease.

■ ASSOCIATED CONTENT

*S Supporting Information

Lists of all proteins and peptides in the total data set and in the
common data set (core proteome) for individual samples.
Protein lists for the washing experiments. Intensity data from
reproducibility experiments. Gene ontology analysis. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author

*Tel.: +45 32683378. E-mail: nhe@ssi.dk.

Author Contributions
§These authors contributed equally.

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This study has received support from Lundbeckfonden,
Gigtforeningen, Bangs Fond, and Fonden til Lægevidenskabens
Fremme. Dr. Christina K. Johnsen is thanked for performing
the EM analyses.

Journal of Proteome Research Article

dx.doi.org/10.1021/pr200901p | J. Proteome Res. 2012, 11, 2154−21632162

http://pubs.acs.org
http://pubs.acs.org
mailto:nhe@ssi.dk


■ REFERENCES
(1) Piccin, A.; Murphy, W. G.; Smith, O. P. Circulating micro-
particles: Pathophysiology and clinical implications. Blood Rev. 2007,
21 (3), 157−171.
(2) Little, K. M.; Smalley, D. M.; Harthun, N. L.; Ley, K. The plasma
microparticle proteome. Semin. Thromb. Hemostasis 2010, 36 (8),
845−856.
(3) Thery, C.; Ostrowski, M.; Segura, E. Membrane vesicles as
conveyors of immune responses. Nat. Rev. Immunol. 2009, 9 (8), 581−
593.
(4) Eken, C.; Martin, P. J.; Sadallah, S.; Treves, S.; Schaller, M.;
Schifferli, J. A. Ectosomes released by polymorphonuclear neutrophils
induce a MerTK-dependent anti-inflammatory pathway in macro-
phages. J. Biol. Chem. 2010, 285 (51), 39914−39921.
(5) Nieuwland, R.; Sturk, A. Why do cells release vesicles? Thromb.
Res. 2010, 125 (Suppl 1), S49−S51.
(6) Trajkovic, K.; Hsu, C.; Chiantia, S.; Rajendran, L.; Wenzel, D.;
Wieland, F.; Schwille, P.; Brugger, B.; Simons, M. Ceramide triggers
budding of exosome vesicles into multivesicular endosomes. Science
2008, 319 (5867), 1244−1247.
(7) Thery, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition,
biogenesis and function. Nat. Rev. Immunol. 2002, 2 (8), 569−579.
(8) Cocucci, E.; Racchetti, G.; Meldolesi, J. Shedding microvesicles:
Artefacts no more. Trends Cell Biol. 2009, 19 (2), 43−51.
(9) Gyorgy, B.; Modos, K.; Pallinger, E.; Paloczi, K.; Pasztoi, M.;
Misjak, P.; Deli, M. A.; Sipos, A.; Szalai, A.; Voszka, I.; Polgar, A.;
Toth, K.; Csete, M.; Nagy, G.; Gay, S.; Falus, A.; Kittel, A.; Buzas, E. I.
Detection and isolation of cell-derived microparticles are compromised
by protein complexes resulting from shared biophysical parameters.
Blood 2011, 117 (4), e39−e48.
(10) Ristorcelli, E.; Beraud, E.; Verrando, P.; Villard, C.; Lafitte, D.;
Sbarra, V.; Lombardo, D.; Verine, A. Human tumor nanoparticles
induce apoptosis of pancreatic cancer cells. FASEB J. 2008, 22 (9),
3358−3369.
(11) Dignat-George, F.; Boulanger, C. M. The many faces of
endothelial microparticles. Arterioscler., Thromb., Vasc. Biol. 2011, 31
(1), 27−33.
(12) Owens, A. P. III; Mackman, N. Microparticles in hemostasis
and thrombosis. Circ. Res. 2011, 108 (10), 1284−1297.
(13) Zwicker, J. I.; Liebman, H. A.; Neuberg, D.; Lacroix, R.; Bauer,
K. A.; Furie, B. C.; Furie, B. Tumor-derived tissue factor-bearing
microparticles are associated with venous thromboembolic events in
malignancy. Clin. Cancer Res. 2009, 15 (22), 6830−6840.
(14) Nozaki, T.; Sugiyama, S.; Sugamura, K.; Ohba, K.; Matsuzawa,
Y.; Konishi, M.; Matsubara, J.; Akiyama, E.; Sumida, H.; Matsui, K.;
Jinnouchi, H.; Ogawa, H. Prognostic value of endothelial micro-
particles in patients with heart failure. Eur. J. Heart Failure 2010, 12
(11), 1223−1228.
(15) Vasina, E.; Heemskerk, J. W.; Weber, C.; Koenen, R. R. Platelets
and platelet-derived microparticles in vascular inflammatory disease.
Inflammation Allergy: Drug Targets 2010, 9 (5), 346−354.
(16) van der Post, J. A.; Lok, C. A.; Boer, K.; Sturk, A.; Sargent, I. L.;
Nieuwland, R. The functions of microparticles in pre-eclampsia. Semin.
Thromb. Hemostasis 2011, 37 (2), 146−152.
(17) Nieuwland, R.; van der Post, J. A.; Lok, C. A.; Kenter, G.; Sturk,
A. Microparticles and exosomes in gynecologic neoplasias. Semin.
Thromb. Hemostasis 2010, 36 (8), 925−929.
(18) Rak, J. Microparticles in cancer. Semin. Thromb. Hemostasis
2010, 36 (8), 888−906.
(19) Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, J. J.;
Lotvall, J. O. Exosome-mediated transfer of mRNAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat. Cell Biol.
2007, 9 (6), 654−659.
(20) Raposo, G.; Nijman, H. W.; Stoorvogel, W.; Liejendekker, R.;
Harding, C. V.; Melief, C. J.; Geuze, H. J. B lymphocytes secrete
antigen-presenting vesicles. J. Exp. Med. 1996, 183 (3), 1161−1172.
(21) Stoorvogel, W.; Kleijmeer, M. J.; Geuze, H. J.; Raposo, G. The
biogenesis and functions of exosomes. Traffic 2002, 3 (5), 321−330.

(22) Hind, E.; Heugh, S.; Ansa-Addo, E. A.; Antwi-Baffour, S.; Lange,
S.; Inal, J. Red cell PMVs, plasma membrane-derived vesicles calling
out for standards. Biochem. Biophys. Res. Commun. 2010, 399 (4), 465−
469.
(23) Ayers, L.; Kohler, M.; Harrison, P.; Sargent, I.; Dragovic, R.;
Schaap, M.; Nieuwland, R.; Brooks, S. A.; Ferry, B. Measurement of
circulating cell-derived microparticles by flow cytometry: Sources of
variability within the assay. Thromb. Res. 2011, 127 (4), 370−377.
(24) Yuana, Y.; Bertina, R. M.; Osanto, S. Pre-analytical and analytical
issues in the analysis of blood microparticles. Thromb. Haemostasis
2011, 105 (3), 396−408.
(25) Yuana, Y.; Oosterkamp, T. H.; Bahatyrova, S.; Ashcroft, B.;
Garcia, R. P.; Bertina, R. M.; Osanto, S. Atomic force microscopy: A
novel approach to the detection of nanosized blood microparticles. J.
Thromb. Haemostasis 2010, 8 (2), 315−323.
(26) Ramacciotti, E.; Hawley, A. E.; Wrobleski, S. K.; Myers, D. D.
Jr.; Strahler, J. R.; Andrews, P. C.; Guire, K. E.; Henke, P. K.;
Wakefield, T. W. Proteomics of microparticles after deep venous
thrombosis. Thromb. Res. 2010, 125 (6), e269−e274.
(27) Garcia, B. A.; Smalley, D. M.; Cho, H.; Shabanowitz, J.; Ley, K.;
Hunt, D. F. The platelet microparticle proteome. J. Proteome. Res.
2005, 4 (5), 1516−1521.
(28) Smalley, D. M.; Root, K. E.; Cho, H.; Ross, M. M.; Ley, K.
Proteomic discovery of 21 proteins expressed in human plasma-
derived but not platelet-derived microparticles. Thromb. Haemostasis
2007, 97 (1), 67−80.
(29) Jin, M.; Drwal, G.; Bourgeois, T.; Saltz, J.; Wu, H. M. Distinct
proteome features of plasma microparticles. Proteomics. 2005, 5 (7),
1940−1952.
(30) Nielsen, C. T.; Ostergaard, O.; Johnsen, C.; Jacobsen, S.;
Heegaard, N. H. Distinct features of circulating microparticles and
their relationship to clinical manifestations in systemic lupus
erythematosus. Arthritis Rheum. 2011, 63 (10), 3067−3077.
(31) Hirsch, J. G.; Fedorko, M. E. Ultrastructure of human leukocytes
after simultaneous fixation with glutaraldehyde and osmium tetroxide
and “postfixation” in uranyl acetate. J. Cell Biol. 1968, 38 (3), 615−
627.
(32) Cox, J.; Mann, M. MaxQuant enables high peptide identification
rates, individualized p.p.b.-range mass accuracies and proteome-wide
protein quantification. Nat. Biotechnol. 2008, 26 (12), 1367−1372.
(33) Cox, J.; Neuhauser, N.; Michalski, A.; Scheltema, R. A.; Olsen, J.
V.; Mann, M. Andromeda: A peptide search engine integrated into the
MaxQuant environment. J. Proteome. Res. 2011, 10 (4), 1794−1805.
(34) Jy, W.; Horstman, L. L.; Jimenez, J. J.; Ahn, Y. S.; Biro, E.;
Nieuwland, R.; Sturk, A.; Dignat-George, F.; Sabatier, F.; Camoin-Jau,
L.; Sampol, J.; Hugel, B.; Zobairi, F.; Freyssinet, J. M.; Nomura, S.;
Shet, A. S.; Key, N. S.; Hebbel, R. P. Measuring circulating cell-derived
microparticles. J. Thromb. Haemostasis 2004, 2 (10), 1842−1851.
(35) Clemmensen, S. N.; Jacobsen, L. C.; Rorvig, S.; Askaa, B.;
Christenson, K.; Iversen, M.; Jorgensen, M. H.; Larsen, M. T.; van, D.
B.; Ostergaard, O.; Heegaard, N. H.; Cowland, J. B.; Borregaard, N.
Alpha-1-antitrypsin is produced by human neutrophil granulocytes and
their precursors and liberated during granule exocytosis. Eur. J.
Haematol. 2011, 86 (6), 517−530.
(36) Nagaraj, N.; Mann, M. Quantitative analysis of the intra- and
inter-individual variability of the normal urinary proteome. J. Proteome.
Res. 2011, 10 (2), 637−645.
(37) Ashburner, M.; Ball, C. A.; Blake, J. A.; Botstein, D.; Butler, H.;
Cherry, J. M.; Davis, A. P.; Dolinski, K.; Dwight, S. S.; Eppig, J. T.;
Harris, M. A.; Hill, D. P.; Issel-Tarver, L.; Kasarskis, A.; Lewis, S.;
Matese, J. C.; Richardson, J. E.; Ringwald, M.; Rubin, G. M.; Sherlock,
G. Gene ontology: Tool for the unification of biology. The Gene
Ontology Consortium. Nat. Genet. 2000, 25 (1), 25−29.
(38) Horstman, L. L.; Ahn, Y. S. Platelet microparticles: A wide-angle
perspective. Crit. Rev. Oncol. Hematol. 1999, 30 (2), 111−142.
(39) Karp, N. A.; Lilley, K. S. Investigating sample pooling strategies
for DIGE experiments to address biological variability. Proteomics
2009, 9 (2), 388−397.

Journal of Proteome Research Article

dx.doi.org/10.1021/pr200901p | J. Proteome Res. 2012, 11, 2154−21632163


