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a b s t r a c t

The identification of serum biomarkers for the diagnosis of inflammatory bowel diseases able to reduce
the need for invasive tests represents a major goal in their therapy and follow-up. We report here a
methodological approach for the evaluation of specific changes in the serum peptides abundance in
healthy (H) and Crohn’s disease (CD) subjects, based on a label-free LC ESI/Q-TOF differential mass
spectrometry (MS) approach combined with targeted MS/MS analysis. The low molecular weight serum
proteins were separated by RP nano-LC ESI/Q-TOF MS and the resulting datasets were aligned with msIn-
spect software. The differently abundant peptides, evaluated using Proteios Software Environment, were
abel-free liquid chromatography–mass
pectrometry
rotein profling
roteomics

identified by MS/MS analysis and database search. The identification of clusters of peptides resulting from
proteins (such as fibrinogen-�) commonly involved in physiological processes lead to the evaluation of a
possible role in CD of specific serum exoproteases. An assay based on synthetic peptides spiked into H, CD
and ulcerative colitis (UC) serum samples as substrate, followed by MALDI MS and chemometric analysis
of the metabolite patterns has been developed achieving a 100% discrimination between CD, UC and H
subjects. The results are promising for the application of this approach as a simple tool for diagnostic

very
aims and biomarker disco

. Introduction

The discovery of new diagnostic serum protein biomarkers
equires powerful analytical tools able to identify, quantify and
ccurately evaluate their disease-related profile variations. Several
omparative proteomics approaches based on the combination of
ifferent mass spectrometry (MS) techniques and the use of stable

sotopes or mass tag peptides labeling have been developed. Among
hem, the most useful techniques are iTRAQ (Isobaric tags for rela-
ive and absolute quantitative), ICAT (Isotope coded affinity tags),
nd SILAC (Stable isotope labeling with amino acids in cell culture)
1]. These techniques allow an accurate relative quantification of
roteins in several pooled samples simultaneously in a single run

y using a different isobaric or isotopic tag for each sample. Due
o the high cost of isotopic labeling reagents quantification meth-
ds based on a label-free strategy have been proposed as promising
lternatives when large number of samples need to be analyzed [2],

Abbreviations: CD, Crohn’s disease; H, healthy; UC, ulcerative colitis; IBD, inflam-
atory bowel disease; LMW, low molecular weight.
∗ Corresponding author. Tel.: +39 051 343398; fax: +39 051 343398.

E-mail address: aldo.roda@unibo.it (A. Roda).
URL: http://www.anchem.unibo.it (A. Roda).

570-0232/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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such as in clinical proteomics [3]. The label-free methods present
many advantages when compared with the isotope-based ones.
They are less expensive and require less steps during sample prepa-
ration. Furthermore they do not present any limit to the number of
samples to be compared, do not increase the complexity of mass
spectra and have a larger quantification dynamic range [2].

In our laboratory the main focus is on the discovery of new
protein biomarkers for Crohn’s and ulcerative colitis diseases, col-
lectively termed inflammatory bowel diseases (IBDs) [4,5], which
are chronic pathologies characterized by acute and remission
phases. IBDs present non-specific symptoms and require endo-
scopic, histological or radiographic tests for a reliable diagnosis.

The recently proposed clinical serum antibodies-based tests do
not present an adequate clinical sensitivity and specificity [6,7] and
new serum biomarkers are highly requested in order to achieve an
early diagnosis of IBDs and for drugs discovery and efficacy screen-
ing.

Despite the huge potential of MS-based proteomics for the iden-
tification of new protein biomarkers and the clinical importance

of the low molecular weight (LMW) proteome for the diagnosis
of diseases [8,9], only few papers have been so far published on
proteomics and serum biomarker discovery in IBDs using mass
spectrometry approaches. Meuwis et al. using SELDI-TOF MS com-
bined with a multiple decision tree approach were able to identify

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:aldo.roda@unibo.it
dx.doi.org/10.1016/j.jchromb.2009.08.003
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nd purify serum biomarkers for IBDs with a relevant diagnostic
alue ((i.e.: platelet aggregation factor 4 (PF4), myeloid related pro-
ein 8 (MRP8), fibrinogen-� (FIBA) and Haptoglobin a2 (Hpa2)) [10].
n another paper our group used a serum protein profiling method
ased on selective solid-phase bulk extraction combined with
ALDI-TOF MS and statistical chemometric analysis approaches

or IBD classification and prediction [4]. A 96% correct prediction
bility was achieved and the number of proteins involved in IBDs
as reduced to 20, but with this MALDI approach, even if assisted

y a group separation on different SPE principles, these proteins
annot be identified. Both studies allowed to obtain a greater clin-
cal sensitivity and specificity (ability of a test to correctly identify
isease and health, respectively) when compared with the use
f conventional antibody based tests. These fingerprint statistical
lassification methodologies have been useful as a first approach
ble to minimize the number of serum proteins that might be
nvolved in IBDs, but for diagnostic purposes their identification
s necessary.

We report here the development of a label-free nano-
iquid chromatography electrospray ionization/Quadrupole-Time-
f-Flight (LC ESI/QTOF) differential mass spectrometry approach
ombined with targeted MS/MS analysis for the identification of the
MW serum proteins most affected in Crohn’s disease as potential
ew candidates serum biomarkers.

Serum samples from healthy subjects (H) and Crohn’s disease
atients (CD) were analyzed and only the LMW proteins were stud-

ed as candidate biomarkers for CD. Serum is a complex matrix
ontaining thousands of proteins in a wide range of concentrations,
ut the presence of few high abundant proteins such as albumin or

gG highly interfere during separation techniques with the sepa-
ation of LMW and low abundant proteins which are supposed to
e rich in diagnosis information. Immunoaffinity chromatography
olumns can be used for their depletion [11,12], but due to their
igh cost associated with problems of specificity [13,14] and with
he potential loss of proteins [15] a more reproducible and cheaper

ethod which can be clinically applied should be used. In this work
he LMW proteins were enriched by ultrafiltration using molecular
lter devices with a 10 kDa cut-off.

The LMW protein mixtures were analyzed without performing
ny enzymatic digestion. Proteins and peptides were separated by
everse phase (RP) nano-LC ESI/QTOF MS analysis with accurate
lignment of the chromatographic runs using the software msIn-
pect [16].

The relative quantification and the evaluation of the differently
xpressed peptides and proteins in the pooled samples will be
chieved using the tryptic digest peptides of Alcohol dehydroge-
ase as internal standards for the alignment of the LC–MS analysis
nd for the normalization of the acquired data. The open-source
roteios Software Environment (ProSE) [17] was used for the statis-
ical analysis while for the identification of the peptides RP nano-LC
SI/QTOF MS/MS analysis and database search were performed.

The identification of clusters of peptides which are thought to
e generated by serum exoproteases (enzymes responsible for the
leavage of biologically active peptides) lead to the evaluation of
heir possible specific role in CD. To evaluate the activity and the
pecificity of these exoproteases a method for the analysis of the
egradation products of synthetic peptides spiked into H, CD and
lcerative colitis (UC) serum samples, based on matrix assisted

aser/desorption ionization (MALDI) MS followed by chemometric
tatistical analysis of the small peptides obtained after the enzy-
atic cleavage has been developed.

The involvement of specific enzymes in IBDs was already

escribed in a previous paper where procoagulant peptides (fib-
inopeptide A) and a resolution of experimental colitis correlated
ith dipeptidyl peptidase inhibition have been reported in mice

18].
B 877 (2009) 3127–3136

Since recently serum platelet-derived microparticles (PDMPs)
have been involved in IBDs and their serum levels were correlated
with disease activities and sP-selectin levels [19] we speculated
that platelet-derived MPs may also contain those enzymes. The
study of the subproteome of the MP in inflammatory bowel diseases
represents an open unexplored field and introduce the concept of
functional proteomic in IBD where enzyme could be up or down
regulated.

2. Experimental

2.1. Materials and reagents

All the analytical grade reagents, the alcohol deydrogenase tryp-
tic digest, the Lowry protein assay kits and the solvents were
purchased from Sigma–Aldrich (St. Louis, MO, USA).

2.2. Subjects studied

A total of 63 subjects, including 48 healthy donors volunteers
(H; 22 M and 26 F) and 15 Crohn’s disease patients (CD; 9 M and 6
F), were admitted to this study. All the subjects were ranging in age
from 20 to 65 years. The diagnosis of the CD was achieved evalu-
ating clinical symptoms, clinical chemistry data and conventional
endoscopical procedures and only patients with active disease
(Crohn’s Disease Activity Index (CDAI) > 150 [20]) were included.
The CD patients were not subjected to anticoagulant therapies.

Blood samples were provided by the Gastroenterology Unit
at S.Orsola University Hospital of Bologna (Italy) after obtaining
informed consent from the patient. From each subject 5 mL of blood
sample were collected in the presence of serum beads clot activa-
tor, allowed to clot for 30 min at room temperature and centrifuged
at 4000 rpm for 10 min [21,22]. The obtained serum samples were
distributed into aliquots and stored frozen in plastic vials at −80 ◦C
until use. Six pools of serum samples from healthy subjects (250 �L
from 8 different serum samples each) and five pools of serum sam-
ples from Crohn’s disease patients in the active phase of the disease
(250 �L from 3 different serum sample each) were created and
aliquoted. Haemolysis was not observed in the samples.

A table containing the demographic of the patients and the com-
position of the pools is available in the supplementary material.

2.3. Low molecular weight serum proteins enrichment

Protein quantification of each pooled serum sample was per-
formed in triplicate by Lowry protein assay using bovine serum
albumin (BSA) as a standard according to the manufacturers’
instructions (Sigma–Aldrich).

For each sample 25 mg of proteins amount was diluted to 2 mL
of 25 mM NH4HCO3 pH 8.2 containing 10% (v/v) acetonitrile (ACN)
and incubated at room temperature for 30 min to disrupt the
protein–protein interactions [23,24]. Ten picomoles of a tryptic
digest of alcohol deydrogenase (ADH) was added as internal stan-
dard.

Each diluted serum sample was transferred to a Centricon cen-
trifugal filters with a 10 kDa molecular weight cut-off (MWCO)
(Millipore Corporation, Bedford, MA, USA) to deplete the high
molecular weight proteins [25]. The samples were centrifuged at
3000 × g until 90% of the diluted serum had passed through the
membrane. At the end of the process approximately 1400 �L of

LMW protein enriched serum samples were collected and dis-
tributed into aliquots. Two hundreds microliters of the pooled
serum collected filtrates were lyophilized to dryness and resus-
pended in 30 �L of deionized H2O containing 0.1% formic acid (FA)
for the following LC–MS analysis.
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To evaluate the reproducibility of the MWCO ultrafiltration
wo hundreds microliters of a solution containing five standards
roteins (alcohol dehydrogenase 1 (P00330; 36.8 kDa; 50 ng/�L);
emoglobin subunit beta (P68871; 16 kDa; 25 ng/�L); bovin serum
lbumin (P02769; 66 kDa; 75 ng/�L); alpha-S1-casein (P02662;
4.5 kDa; 50 ng/�L); myoglobin (P68082; 17 kDa; 100 ng/�L)) have
een ultrafiltrated as described above and the filtrate has been sub-

ected to over-night digestion with trypsin (protein:trypsin ratio
0:1 (w/w)). For the evaluation of the recovery of the peptides
fter the ultrafiltration process the five standard proteins have
een previously digested with trypsin and afterwards ultrafiltrated
nd analyzed by LC–MS/MS. The LC–MS analysis of both the ultra-
ltrated and not-ultrafiltrated peptide mixture was performed in
uplicate for the quantification of the recovery.

To evaluate the reproducibility of LMW enrichment process in
eal serum protein samples the same experiment has been per-
ormed four times on serum aliquots of an H subject and of a
D patient and the resulting peptides/proteins were analyzed by
C–MS.

.4. Liquid chromatography and mass spectrometry

LC–MS analysis was performed on a CapLC (Waters, Manchester,
K) with flow splitting from 5 �L/min to 250 nL/min, connected
ith a nano electrospray interface to a QTOF Ultima (Waters) using
assLynx v4.0 software as operating software. An Atlantis dC18
anoEase column (150 mm × 0.075 mm, 3 �m) (Waters) with a
18 Intersil precolumn (0.3 mm × 5 mm, 3 �m particle size) (LC-
ackings, Skandinaviska Genetec AB) was used.

The mobile phase had a constant concentration of 0.1% formic
cid, with an acetonitrile gradient (after a 10 min desalting step)
rom 5 to 60% over 125 min, followed by 10 min column cleaning
t 80% acetonitrile, and 15 min equilibration. Two blank injections
ith a 60 min gradient plus column washing were run between

amples to minimize sample carry over, and every five samples
quality control analysis (500 fmol of yeast enolase tryptic digest)
as performed with a 45 min gradient to evaluate the experimental

ariation. For quantitative experiments, the QTOF was set to scan
n profile mode m/z 400–1800 with 1.9 s per scan and 0.1 s of scan
elay.

All the samples were analyzed in triplicate, each with a 3 �l
njection. For targeted MS/MS, 6 �l sample was injected, the same
C gradient was run and the survey scan used 1 s scan time and a
eak limit of 20 count to switch to MS/MS mode. For inclusion lists
he time tolerance was set to 180 s.

.5. MS data analysis and generation of a targeted MS/MS
eptide mass list

The whole process of MS data analysis, include list genera-
ion and feature peptides generation has been already described
lsewhere by our research group [5]. Briefly, the LC–MS raw
ata files were converted to mzXML using massWolf (version 1.4,
ttp://sashimi.sourceforge.net) and the peptide feature finding was
erformed using msInspect version 1.01 [16]. The resulting fea-
ure lists were aligned using msInspect (setting a mass window of
.2 m/z and a time window of 75 scans) and the detailed results
les were used for further processing. For the alignments of LMW
erum protein analysis the triplicates of each pool of serum sample
rom healthy subjects were analyzed with the triplicates of each
ool of serum sample from Crohn’s disease patients. The normal-
zation was performed using the msInspect algorithm during the
lignment step.

The aligned peak lists were analyzed using newly developed
lug-ins for the ProSE 2.1 platform [17]. First the MsInspect Details
nalyser (version 0.91) plug-in was used to find features which
877 (2009) 3127–3136 3129

were significantly upregulated in the CD samples and to automat-
ically produce include lists for MS/MS identification. For a feature
to be identified as significantly upregulated it had to be present in
at least two sample replicates and have a p-value of less than 0.05
in a homoscedastic Student’s t-test. For the t-test the total inten-
sities, which represent the integrated peak volumes, were used.
For features where peaks could not be found in the healthy control
samples, a value of 50 ion counts was used, which was an estimate
for the detection level in the present setup. Features which were
upregulated at least 1.5 times in the CD sample compared to the
healthy control and with a significant p-value were sorted accord-
ing to intensity and put into include lists with a maximum of 300
peaks per include list. The retention time of the last acquired sample
was used in the include list.

2.6. Feature peptide identification

To generate peak lists for peptide identification, ProteinLynx
Global Server 2.2 (Waters) was used. The xml format peak lists
were converted to mzData using ProSE. Mascot version 2.1.02
(www.matrixscience.com) was used for peptide identification.

The Sprot human database, version 53.1 was used, 191 913
sequences in total. The search settings were 0.1 Da precursor and
fragment tolerances, no fixed modification carbamidomethylation
of cysteine and none enzyme. The search results were exported
as XML and matched with MS features using a ProSE plug-in,
with a retention time tolerance of 100 s and a mass tolerance of
0.12 Da.

Protein were considered correctly identified when at least two
different peptides (with significant individual score, i.e., p < 0.05)
were present.

2.7. Protein ratio calculation

To calculate the mean and standard deviations for protein
fold-changes, all individual peptide peak intensities of identified
proteins were considered. First the standard deviation of mean
was calculated for the intensities of each peptide group. The
fold-change and fold-change variance was then calculated for each
individual peptide. To calculate the whole protein fold-change and
variance, peptides with small variances in fold-change were used.
The calculations are included in the supplemental data tables.

2.8. Exoprotease activity assay

The exoprotease activity assay was performed on 20 �L aliquots
from 3 CD, 3 UC and 3 H individual serum samples. These sam-
ples were not included in the set of pool samples used for the
hypothesis-generating experiments.

For the confirmation of the results by other method, two
synthetic peptides were used as substrate for the exoprotease
activity, both of them purchased from Bachem Distribution Ser-
vice GmbH (Weil am Rhein, Germany): Fibrinopeptide A without
the N-terminal Ala (FPA(-A)) and Complement 3f (C3f). FPA(-A)
was chosen because of the fast degradation time of normal FPA
[26,27]. FPA(-A) solution was prepared in water at a concentration
of 20 pmol/�L, while C3f solution at a concentration of 8 pmol/�L
in water.

The whole protocol is adapted from the sequence-specific
exopeptidase activity test developed by the group of Villanueva
[27]. Briefly, three series of aliquots of 20 �L of serum from 3 CD,

3 UC and 3 H individual serum samples were thawed on ice. One
series was spiked with 18 �L (144 pmol in total) of C3f, one series
with 18 �L (360 pmol in total) of FPA(-A) and one with 18 �L of
H2O (to evaluate the exoprotease activity on the endogenous pep-
tides). After an optimization phase the incubation times were fixed

http://sashimi.sourceforge.net/
http://www.matrixscience.com/
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Fig. 1. Example of LC ESI/QTOF MS analysis of a serum protein sample. (a) BPI visualization of a chromatogram and (b) msInspect bi-dimensional data visualization. The spot
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imension is the ion intensity. In the zoom box an example of extracted features (p

o 0 min (t0) for C3f, FPA(-A) and H2O, to 1 h for C3f and H2O, and to
h for FPA(-A) and H2O. Two microliters of [Glu]-Fibrinopeptide B

GFP, Sigma) at a concentration of 100 pmol/�L in water was used as
nternal standard for the normalization of the results. GFP is always
piked at the end of the incubation time in order to avoid its degra-
ation. Immediately at the end of the incubation time the peptides
re extracted using a standard C18 solid-phase bulk extraction (Sil-
ca C18/Corasil, Bondapak® 37–50 �m) and eluted with 6 �L of 50%
CN/0.1% TFA. For each sample 1 �L has been loaded on a MALDI-

arget plate, mixed with 1 �L of �-cyano-4-hydroxycinnamic acid
ACCA) matrix solution (10 mg/mL, 50% ACN/0.1% TFA, Sigma) and
nalyzed by matrix-assisted laser desorption/ionization time-of-
ight (MALDI-TOF) using an Applied Biosystems Voyager-DE PRO
ass spectrometer equipped with a 337-nm nitrogen laser. Analy-

is were performed in reflector positive-ion mode, using delayed
xtraction. The acceleration voltage was 20 kV, guide wire was
.002 of the accelerating voltage, grid voltage was 75%, and the
elay time was 100 ns. For each spectrum, collected manually in
he m/z range 500–2500, five hundreds laser shots delivered in
ve sets of 100 shots were averaged. External mass calibration
as performed using the calibration mixture 1 of the Sequazyme
eptide mass standard kit (Applied Biosystems, Darmstadt, Ger-
any), containing des-Arg1-Bradikynin (1 pmol/�L), Angiotensin
(1.3 pmol/�L), Glu1-Fibrinopeptide B (1.3 pmol/�L) and Neu-

otensin (50 fmol/�L).
On the acquired spectra the ratio of the intensities of all the

eaks derived from the degradation of C3f and FPA(-A) and of the
ntensities of internal standard GFP were calculated, and the nor-

alized intensities of the degradation products of the endogenous

3f and FPA(-A) at the same incubation time were subtracted. The
btained data matrices were used for clustering analysis using the
hemometrical software package V-PARVUS [28]. For clustering
nalysis the Euclidean distance was used, computing the similarity
n the basis of the closest object (single linkage).
is shown.

3. Results and discussion

3.1. Serum samples

In the CD serum proteomics approach the variations of the
abundance of the LMW proteins and their potential use as new
biomarkers were investigated. The study was limited to LMW
proteins since they might contain the highest potential diagnosis
ability [8,9].

According to already published studies that describe the influ-
ence of clotting time, blood collection tubes and therapy of the
patients on the peptides composition of serum, an optimized stan-
dard protocol has been developed to control the production of
degradation peptides due to ex vivo enzymatic activity on serum
proteins [21,22]. The blood samples were allowed to clot for 30 min,
since the use of longer clotting times lead to consistent changes
in the LMW composition and to the decrease of peptides such as
fibrinopeptide A. Afterwards the serum samples were centrifuged,
aliquoted and stored at −80 ◦C in order to avoid any enzymatic
activity without the need of proteases inhibitors.

3.2. Preanalytical step

The preanalytical step has been simplified to prevent loss of
peptides and proteins and the serum samples are just slightly dena-
tured using 10% acetonitrile and ultrafiltrated using a 10 kDa cut-off
molecular filter device.

The reproducibility of the LMW protein enrichment process has
been evaluated with three set of experiments. In the first experi-

ment (n = 5) the ability of the MWCO to enrich only the proteins
with MW lower than 10 kDa was evaluated performing the ultra-
filtration on a standard solution containing five standards proteins
with MW higher than the molecular filter cut-off. The filtrate has
been subjected to tryptic digestion and analyzed by LC–MS/MS and
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o proteins were identified. In the second experiment (n = 5) the
ecovery of the peptides after the ultrafiltration process was evalu-
ted performing the tryptic digestion of the five standard proteins
ollowed by ultrafiltration and LC–MS/MS analysis. The identifica-
ion of the proteins was always achieved with a total of 38 identified
eptides (30 of them evaluated in all the analysis) (data shown

n the supplementary material). The LC–MS analysis of both the
ltrafiltered and not-ultrafiltered peptide mixture and the com-
arison of the intensities of 10 peptides peaks allowed to estimate
n average 90.3 ± 5.2% recovery.

In the last series of experiments the reproducibility of the LMW
nrichment process has been evaluated using real serum protein
amples. The LMW protein enrichment step has been performed
our times with an identical aliquot of healthy subject serum sam-
le and four times with an identical aliquot of CD patient serum
ample, and the obtained peptide/protein mixtures were analyzed
y LC–MS. The general profiles were comparable (supplementary
aterial, figure S-1).

.3. LC–ESI-mass spectrometry

In shotgun proteomics studies, where the final purpose is the
dentification of a high number of proteins, a multidimensional
hromatography approach combined with data dependent MS/MS
nalysis is commonly used. Otherwise during tandem MS analysis
ot all the eluting peptides can be fragmented and a loss of informa-
ion can occur. In this work the aim was the identification of only the
eptides/proteins whose abundance change in CD and H samples
nd for this reason a monodimensional chromatography approach
ombined with MS analysis has been developed, thus reducing the
ime of analysis and allowing to perform the differential statistical
nalysis on all the eluting peptides (and not only on the fragmented
nes).

Peptide/protein samples were analyzed in triplicate by label-
ree nano-LC–MS. The selected instrumental conditions were
ptimized to achieve a reasonable LMW protein separation com-
ined with an optimal electrospray performance operating in
ositive mode. A typical chromatogram is reported in Fig. 1a.

Due to the length of the LC analysis (165 min) and to the flow that
s passively split in the CapLC (from 5 �L/min to 250 nL/min) little
ariations in the retention time among the LC runs can be observed
less than 1%). The small non-linear variations in the retention time
ave been evaluated adding 10 pmol of tryptic digest of Alcohol
ehydrogenase (ADH) as internal standard to each pooled serum
ample. For all the peaks on all the LC–MS analysis the alignment
as performed using a quite wide retention time windows (75

cans), with an associated m/z window of only 0.1 Da. ADH has been
sed also to evaluate LC–MS variability and the reproducibility of
he peak intensities among the different LC–MS runs. The coeffi-
ient of variation (CV) of the intensities of eight replicates peaks of
DH has been calculated and CV values ranging from 17% to 24%
ave been obtained (data reported in Table 1).

These data are relative to a standard mixture of tryptic peptides
characterized by a quite specific polarity and charge) spiked into
erum sample, and for this reason are not representative of the
hole serum proteome. However since the only role of ADH was to
onitor the retention time and intensity shifts during the multiple

uns and it was not used for any calculation of fold-change varia-
ions, its potential different polarity and charge was not considered
s relevant. For this reason these results can be used for a general
stimation of the reproducibility of the LMW enrichment step in a

omplex protein samples such as serum.

The LC–MS experimental data were imported into the open-
ource software msInspect and the bi-dimensional maps of the
C–MS runs were created for each sample (an example is shown
n Fig. 1b). A specific algorithm for feature finding was used to fil- Ta
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Table 2
Proteins identified in CD and H samples by LC–MS/MS analysis and Mascot database search (“−” and “+” correspond respectively to lower and higher ion intensities of the
derivative peptides observed in CD samples during ESI-QTOF MS analysis).

Protein name Entry name Mr (Da) No of AA Derivative peptides ion intensities in CD Fold-change

Complement C3 C3 187148 1663 + 2.3
Fibrinogen alpha chain FIBA 94973 866 + 3.0
Fibrinopeptide A FPA 1537 16 + 2.7
Complement C3f fragment C3f 2021 17 + 2.5
Complement C4-A C4-A 192771 1744 + 1.7
Apolipoprotein E APO E 36154 317 − 2.5
Apolipoprotein A-IV APOA4 45399 396 − 1.9
Alpha-2-HS-glycoprotein (Fetuin A) FETUA 39325 367 − 1.7

Fig. 2. Intensities of the differently expressed peptides in serum samples from healthy subjects and Crohn’s disease patients. The monoisotopic masses of the peptides are
reported.
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Table 3
Serum peptides patterns in Crohn’s disease patients and healthy subjects, compared to serum peptides signature for breast, prostate and bladder cancer evaluated
in another research work by Villanueva et al. [26] The peptides are monoisotopic. Coloured box corresponds to peptide presence, “+” to overexpression, “−” to lower
expression, “=” and “/” respectively to equally and randomly observed.
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Fig. 3. MALDI-TOF MS spectra of serum samples spiked with Glu-fibrinopeptide
B (GFP) as internal standard and with Fibrinopeptide A(-A) acquired at different
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er the protein/peptides signals according to the criteria described
n the Experimental section, obtaining a distribution of pep-
ides ranging from 398.2 (m/z 399.2, 1+) to 10672.2 (m/z 1779.7,
+) Da.

The differently expressed LMW proteins in CD and H serum sam-
les (at least 1.5-fold-change) were evaluated by statistical analysis
sing ProSE. Two alignment were performed for every set of data
o be compared: one to the last acquired H subjects sample and one
o the last acquired CD sample. This allowed to create for each cat-
gory an include list containing the overexpressed peptides (266
eptides for H and 271 peptides for CD), reducing the problem
f retention time shift due to the lag of time between MS and
S/MS analysis (data reported in the supplementary Tables 3 and

).
The use of targeted MS/MS analysis instead of data dependent

S/MS analysis confers the advantage of performing the fragmen-
ation of only the peptides that are differently expressed avoiding
o fragment the peptides not relevant for the clinical issue.

.4. Serum proteomics

The nano-LC–MS/MS analysis of the proteins/peptides evalu-
ted as differently expressed followed by database search allowed
he identification of many peptides. Most of them resulted from few
roteins commonly involved in the inflammatory and the coag-
lation processes while few of them were not associated to any
rotein. Table 2 lists the identified proteins and the fold-change
ariations in the ion intensities of the derivative peptides observed
uring ESI-QTOF MS analysis. Since the use of targeted MS/MS anal-
sis of only differently expressed peptides lead to a small number
f identified peptides the confidence in protein identification was
valuated using the Mascot p-value (supplementary material, Table
) instead of the target-decoy database searching, which could be

ess accurate.
In Fig. 2 the variations of the intensities of every single pep-

ide in H and CD serum samples is shown (data reported in
he supplementary Table 5). For each protein most of the single
eptides ratios were very similar, thus confirming the biological
eaning of the results. The divergent relative abundance ratios of

ew peptides used for the identification of proteins (i.e. peptide
EGGGV from FIBA, having fold-change variation 7.7 instead of the
verage FIBA fold-change of 2.7) can be explained by the presence of
eptides shared among multiple protein isoforms having different
bundance [5,29] or by the presence of post-translational modifi-
ation of the protein with a different concentration of the modified
eptide.

Several studies have been already published describing the
mportance of the inflammation, fibrinolysis and coagulation
etwork in the pathogenesis of IBDs; activation of coagulation path-
ays in IBDs is well described but it is unclear if it represents a

onsequence or a cause of the disease [30].
Among the identified proteins fibrinopeptide A (FPA), a pep-

ide released from fibrinogen during clotting of the blood, has been
valuated as the peptide whose concentration mostly increase in
D. This data is in agreement with the already available data on
MW biomarkers [10] but it is poor specific. In CD serum sam-
les an increased concentration of peptides from complement 3
rotein (C3), that plays a central role in the activation of the
omplement system, and of its fragment C3f have been found
oo The identification in CD of an higher amount of peptides
rom apolipoprotein A-IV is in agreement with recent studies that

howed how apolipoprotein A-IV inhibits experimental colitis in
ivo [31] and can be considered as an independent predictor of
isease activity in patients with IBD [32].

Peptides from apolipoprotein E have been identified as less
bundant in CD, confirming the role of the protein as “inflamma-
incubation times (t0 and 1, 3, 5 h). It is possible to observe the decrease in the FPA(-
A) intensity (*) compared to GFP (◦) and an increase in some degradation products
(*).

tory imbalance” between pro- and anti-inflammatory mediators
[33].

Despite the differential LC–MS analysis has been performed only
on the LMW proteome enriched during the preanalytical step all
the identified proteins have a MW much higher than 10 kDa (the
MWCO applied to the serum). This might be explained by the activ-
ity of serum protease which acts on these proteins and produces
their degradation peptides.
Furthermore these differently expressed peptides falls into tight
clusters that are thought to be generated by exopeptidase activities
and seem to allow the discrimination between CD patients and H
subjects (Table 2).
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.5. Exoprotease activity

Recently Villanueva et al. demonstrated that some biomarkers
re not directly expressed by the diseased tissues, but are ex vivo
roducts from exoprotease activity acting on proteins involved in
he process of coagulation and of activation of the complement cas-
ade [26,27]. In his works he focused on different types of cancers
breast, bladder and prostate) because they involve the transfor-

ation of altered cells types that produce specific proteins. Since
he same theory can be applied to every type of disease it has been
upposed that specific serum exoproteases may be involved in CD
nd that the obtained peptide signatures may be potentially used
s biomarkers.

Most of the identified peptides are the same found in both this
nd Villanueva work (Table 3 lists and compares these clusters of
eptides). The overlapping among peptides involved in different
iseases underlines the importance of the abundance of the pro-
eins in the sample as substrate for protease activity. Indeed the
oncentration of these peptides is not a measure of the concen-
ration of the parent proteins, since high abundance proteins such
s fibrinogen-�, complement 3 and apolipoproteins are only the
arget of the exoproteases and are not themselves really overex-
ressed.

To confirm the results with an alternative method and to eval-
ate the specificity of the peptide clusters for CD an exoprotease
ctivity assay (adapted from the sequence-specific exopeptidase
ctivity test (SSEAT)) [27] has been performed on individual serum
amples from subjects not included in the set used for the gen-
ration of the hypothesis and from patients affected by ulcerative
olitis.

Briefly, two randomly selected standards of cluster precursor
eptide (FPA(-A) and C3f) were added individually in the same
mount into each CD, UC and H serum sample. After a short incuba-
ion the peptides were extracted, the MALDI-TOF MS analysis was
erformed and the degradation product signatures acquired. Fig. 3
hows the MALDI-TOF MS spectra acquired for FPA(-A) at different
ncubation time. Because of the semi-quantitative nature of MALDI-
OF MS due to the crystallization and ionization processes (matrix
pplication, laser intensity. . .), the reproducibility of the method
as been evaluated. The serum sample of an H subject was used

or inter- (n = 5) and intra-day (n = 5) reproducibility studies and
or the intensities of all the peptides in the spectra a medium CV

f 17% ranging from 0.4 to 30.4% was achieved. The reproducibility
f the whole exoprotease activity test (spike of the peptides, C18
olid-phase extraction, and MALDI MS analysis) has been evaluated
oo, obtaining a medium CV value of 23.1%.

ig. 4. Dendrogram obtained after cluster analysis of the normalized intensities
f the degradation products of FPA(-A) and C3f at 5 h and 1 h of incubation respec-
ively, spiked in 9 individual serum samples (3 from healthy subjects, 3 from Crohn’s
isease patients and 3 from ulcerative colitis patients).
877 (2009) 3127–3136 3135

For each sample the degradation peptides intensities of both
FPA(-A) and C3f cluster precursors were normalized to the
internal standard GFP intensity and the contribute of the degra-
dation peptides from the endogenous precursors were subtracted
(supplementary material, Table 6). Multivariate clustering analysis
was performed on these peptide fingerprints allowing to achieve
a 100% discrimination among the three categories of subjects. By
using in combination the two cluster precursor peptides it was
possible in particular to create a fingerprint of peptides able to dis-
criminate the CD patients from the UC patients and the H subjects
(which can be grouped in the same cluster), thus demonstrating the
specificity of this activity. In Fig. 4 the dendrogram obtained after
cluster analysis of these few samples is shown.

4. Conclusions

The developed label-free nano-LC ESI-QTOF MS comparative
analysis approach combined with the LMW serum proteins enrich-
ment step proved to be useful for the identification of the LMW
serum proteins whose abundance changes of at least 1.5-fold in
healthy subjects and Crohn’s disease patients and for the discrimi-
nation among H subjects and CD patients serum samples.

This reproducible analytical method allowed to identify clus-
ters of peptides that are thought to be generated by unidentified
exoproteases acting on proteins involved in the coagulation and
complement activation pathways, thus leading to the evaluation
of a possible specific role of serum exoprotease in CD. Particularly
interesting was the discovery of a cluster of eight peptides from fib-
rinopeptide A (FPA) and three from complement 3f (C3f), all of them
more abundant in CD patients. Their ability to specifically discrim-
inate the CD patients from H subjects and patients affected from
other inflammatory diseases (such as UC) was confirmed devel-
oping a simple approach based on the use of synthetic peptides
spiked as surrogate substrates into H, UC and CD serum sam-
ples combined with direct MALDI-TOF MS analysis of the obtained
degradation products. The multivariate cluster analysis applied on
the acquired metabolites fingerprints allowed a 100% discrimina-
tion among the three categories of samples and a clear distinction
among CD patients and H and UC subjects.

Further studies need to be performed using this screening and
diagnostic serum assay on a larger cohort of serum samples from H
subjects and patients affected by CD and other inflammatory dis-
eases to confirm the specificity of these clusters. In order to develop
a serum diagnostic assay able to reduce or delete the need of inva-
sive procedures for the diagnosis of Crohn’s disease a comparison
of the results achievable by this test and by the already available
serum antibody tests will be performed too.

Since the expression levels and activity of such postulated exo-
proteases seem to be related with the inflammatory level their
identification and the evaluation of their biological role have to be
performed. We expect to find exoprotease activity mostly inside
the microparticles derived from platelet activation (PDMPs). An
appropriate preanalytical step will be necessary to perform this
subproteomics approach in which these microparticles will be sep-
arated with non invasive methods allowing to keep unaltered their
structure and the enzymatic activity within them.
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