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Abstract: Quantification is a major task in proteomics. Among the different analytical strategies to enable peptide 
and protein quantification, tagging with isotopic labels has emerged as a practical, versatile, and efficient alterna-
tive. In particular, isobaric labels, such as TMT or iTRAQ, are now widely employed to make relative comparison 
of the protein amounts in separate biological samples with tandem mass spectrometry (MS/MS). We used herein 
a shotgun proteomic approach based on labelling with tandem mass tags (TMTs) for the relative quantification 
of proteins, and the absolute quantification of their tryptic peptides in human cerebrospinal fluid (CSF). First, the 
comparison of ante- and post-mortem CSF samples was carried out for the discovery of protein marker candi-
dates of brain-damage disorders. Second, tryptic peptides representative of these candidates were measured 
in CSF using reporter-ion calibration curves. These works highlighted the advantages and limitations of such 
strategies for quantification purposes in proteomics.
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1. Introduction

In proteomics, the discovery of potential 
protein biomarkers of diseases is mainly 
carried out by comparison of samples from 
patients exhibiting the pathology under 
study with those from control individu-
als. Two-dimensional gel electrophoresis 
is a possible method to compare several 
protein samples, either through parallel 
or concomitant analyses after differential 
fluorescent labelling of each sample (i.e. 
fluorescence difference gel electropho-
resis (DIGE)[1]). Because of the central 
role of mass spectrometry (MS) for the 
identification of proteins, the use of mass 
labels (also called mass tags) has rapidly 
emerged as a rational alternative while 

supporting the dissemination of gel-free 
proteomic methods. In this field, technolo-
gies like the isotope-coded affinity tagged 
(ICAT),[2] and more recently tandem mass 
tags (TMTs),[3] have opened the way to the 
quantitative comparison of human samples 
with shotgun proteomic methods. The use 
of ‘light’ and ‘heavy’ isotopes is the com-
mon denominator of these mass tagging 

techniques, as it allows the easy differ-
entiation of the tagged protein or peptide 
samples with MS or tandem MS (MS/MS). 
In particular, the TMT approach relies on 
the design of isobaric labels, which release 
a characteristic mass signature when frag-
mented by collision-induced dissociation 
(CID), well-known as reporter-ion (Fig. 1). 
Basically, TMT[4] or isobaric tags for rela-

Fig. 1. Schematic representation of quantification with isobaric tandem mass tags (TMTs).
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tive and absolute quantification (iTRAQ)[5] 
enable relative quantification of protein 
samples by comparison of reporter-ion 
abundances obtained after CID of the la-
belled tryptic peptides.

We applied such an approach to iden-
tify potential protein markers related to 
brain-damage disorders. Post-mortem 
cerebrospinal fluid (CSF) was taken as a 
model of massive brain injury based on 
the assumption that the mechanisms that 
follow death might share some similari-
ties with those related to brain disorders.[6] 
Using the TMT technology and MS/MS, 
comparison of post- and ante-mortem 
CSF provided several relevant proteins 
with increased levels in the CSF of de-
ceased patients. Some of these concen-
tration differences were validated with 
enzyme-linked immunosorbent assays 
(ELISAs).

To provide reliable markers, the dis-
covery phase is followed by verification 
and validation phases in increasingly 
large cohorts of patients. In this context, 
absolute quantification of the biomarker 
candidates is required to assess their 
diagnosis and prognosis performances. 
Several studies using antibody-based as-
says have been carried out in our group 
to stage Human African trypanosomiasis 
patients,[7] predict outcome following 
aneurismal subarachnoid hemorrhage,[8] 
and manage stroke[9] with proteins found 
initially in post-mortem CSF.[4,6,10] Be-
cause the costly and time-consuming 
immunoassay development excludes 
systematic verification of all marker 
candidates found in the CSF discovery 
phase, TMT-based assays for the abso-
lute quantification of CSF tryptic pep-
tides with MS/MS were developed, and 
evaluated to help the early assessment of 
these markers.

2. Results and Discussion

2.1 Relative Quantification of CSF 
Proteins

TMTs comprise a set of structurally 
identical tags, which label peptides on 
free amino-terminus and epsilon-amino 
functions of lysine residues. Their chem-
ical structure enables the incorporation 
of ‘heavy’ isotopes (13C or 15N) in the 
reporter group, and/or ‘heavy’ isotopes 
(13C or 15N) in the balancer group to pro-
vide tags with the same total mass. After 
activation with CID and subsequent MS/
MS, the tags give reporter-ions at differ-
ent masses depending on the number of 
‘heavy’ isotopes in the reporter group. 
The so-called sixplex TMTs[4] allow the 
comparison of up to six different extracts 
while the duplex TMTs[11] are suited for 
two samples.

The general analytical strategy is de-
picted in Fig. 1. Basically, different pro-
tein extracts are digested with trypsin, and 
the resulting peptides are differentially 
labelled with different isobaric versions 
of the TMTs (Fig. 1a). Samples are then 
pooled. Labelled peptides originating 
from both extracts present the same physi-
cochemical properties such as isoelectric 
point (pI), hydrophobicity, and mass. They 
can nevertheless be distinguished under 
CID (Fig. 1b). Their fragmentation pat-
tern is identical, and allows their sequence 
identification through matching with the-
oretical tandem mass spectra computed 
from protein databases. But, the release of 
the reporter-ions from the TMTs varies for 
peptides coming from the different extracts 
with mass differences due to the ‘heavy’ 
isotopes. By comparing the abundances of 
the reporter-ions, it is possible to relatively 
quantify the identified peptides, and by 
extension their parent proteins in the com-
pared extracts.

A shotgun proteomic workflow was 
developed for the analysis of the pooled 
TMT-labelled peptides from CSF with 
strong cation-exchange (SCX) liquid chro-
matography (LC) or isoelectric focussing 
(IEF) off-gel electrophoresis (OGE) as 
first dimension separation before reversed-
phase (RP) MS/MS. Ante- and post-mor-
tem CSF samples were compared using 
such approaches with sixplex TMTs,[4] and 
duplex TMTs (unpublished work). Gluta-
thione S-transferase P (GSTP1), protein 
DJ-1 (PARK7), and glial fibrillary acidic 
protein (GFAP) are a few examples of pro-
teins which were found to be increased in 
the CSF of deceased patients with off-line 
RP-LC matrix-assisted laser desorption 
ionization (MALDI) tandem time-of-flight 
(TOF/TOF) MS. Fig. 2 provides an exam-
ple of tandem mass spectrum zoomed on 
the sixplex TMT reporter-ion region that 
clearly evidenced a tryptic peptide with in-
creased concentration in post-mortem CSF 
with respect to ante-mortem CSF.

The relative protein concentration dif-
ferences found in CSF with TMTs were 

checked with ELISA in a few cases.[4] 
For instance, PARK7 was found with 
post-mortem CSF/ante-mortem CSF ra-
tios of 55 and 58 respectively with TMTs 
and ELISA. As well, GFAP ratios were 8 
and 10 with both techniques. First, these 
results validated the isobaric tagging ap-
proach with TMT for relative quantifica-
tion of proteins. Second, they supported 
the protein list found in these studies. 
Several of these proteins were previ-
ously described to be related to brain dis- 
orders.[4]

2.2 Absolute Quantification of CSF 
Tryptic Peptides

Isobaric TMTs were evaluated for the 
absolute concentration measurements of 
tryptic peptides of CSF. These develop-
ments aimed at providing a tool to se-
lect which proteins might be worth be-
ing validated by preliminary multiplexed 
verification with MS/MS of their tryptic 
peptides in a small number of patients.

Sixplex TMT reagents were used to 
label CSF, and four identical mixtures of 
synthetic proteotypic peptides (represen-
tative of a panel of protein marker candi-
dates), which were prepared at four known 
concentrations. Labelled samples were 
mixed, and the pooled peptide sample was 
subjected to OGE (Fig. 3). Efficient frac-
tionation of the peptides helped to iden-
tify lower abundance proteins, and reduce 
accidental CID events for both consistent 
identification and accurate quantifica-
tion. The analyses of two identical CSF 
samples, separated into 24 off-gel frac-
tions, and analyzed with RP-LC MALDI 
TOF/TOF MS (Fig. 3), demonstrated high 
resolution of the IEF separation. MALDI 
MS/MS showed 79% of the peptides in a 
unique fraction, and 43% in the same off-
gel fraction between both samples. When 
considering the 24 fractions together, 54% 
of the peptides were commonly identified 
in sample 1 and sample 2. This result was 
very close to the percentage obtained for 
individual fractions, supporting the re-
producibility of the IEF. The fraction pH 

Fig. 2. Example of tandem mass spectrum (zoomed on the reporter-ion region).
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new tool for the multiplexed early evalu-
ation of peptide markers in complex pro-
tein samples.

3. Conclusions

Isobaric tagging with TMT was dem-
onstrated to be a very useful technique 
for the differential quantitative analysis 
of peptides, and proteins in complex bio-
logical samples, and in particular CSF. In 
a model of massive brain injury, increased 
protein levels in post-mortem CSF with 
respect to ante-mortem CSF were found. 
These increases were confirmed with 
transversal methods. Proof-of-principle 
experiments for the absolute quantification 
of tryptic peptides with TMT reporter-ion 
calibration curves were shown using MS/
MS platforms usually employed for bio-
marker discovery.

4. Experimental

4.1 Materials
β-Lactoglobulin (LACB) from bo-

vine milk (~90%), iodoacetamide (IAA, 
≥99%), tris(2-carboxyethyl) phosphine 
hydrochloride (TCEP) 0.5 M, potas-
sium phosphate monobasic (99%), and 
α-cyano-4-hydroxycinnamic acid were 
purchased from Sigma. Triethylammo-
nium hydrogen carbonate buffer (TEAB) 
1 M pH = 8.5, sodium dodecyl sulphate 
(SDS, ≥98%), ortho-phosphoric acid 
(85%), and trifluoroacetic acid (TFA, 
≥99.5%) were from Fluka. Formic ac-
id (FA, 99%) was from Biosolve. Hy-
droxylamine solution 50 wt.% in H

2
O 

(99.999%) was from Aldrich. Hydro-
chloric acid (25%), potassium chloride 
(> 99.5%), and ammonium dihydrogen 
phosphate were from Merck. Water for 
chromatography LiChrosolv®, and aceto-
nitrile Chromasolv® for HPLC (≥99.9%) 
were respectively from Merck and Sigma-
Aldrich. The Tandem Mass Tags® (TMT®) 
were provided by Proteome Sciences. 
Sequencing grade modified trypsin was 
from Promega. Synthetic peptides were 
prepared by Proteome Sciences, and re-
ceived as lyophilized powder.

4.2 CSF Samples
Post-mortem CSF samples were col-

lected by ventricular puncture at autopsy. 
Control ante-mortem CSF samples were 
collected by routine diagnostic lumbar 
puncture from living healthy patients. 
Clinical data of deceased and living pa-
tients have been previously reported.[6] 
Each patient or patient’s relatives gave 
informed consent prior to enrolment. 
The local institutional ethical committee 
board approved the clinical protocol.

Fig. 3. Number of 
peptides and proteins 
identified in each 
OGE fraction for two 
identical CSF samples. 
Measured pH in each 
fraction.

Fig. 4. Zoomed tandem mass 
spectrum of the reporter-ion region for 
ALPGQLKPFETLLSQNQGGK peptide 
(a). Determination of the concentration of 
ALPGQLKPFETLLSQNQGGK peptide (square) 
in CSF according to the synthetic standard 
analogues (diamonds) (b). Standard addition 
experiments for ALPGQLKPFETLLSQNQGGK 
peptide (c).

after IEF increased linearly from 4.0 to 
9.4 with mean relative standard deviation 
(RSD) of 0.4%.

MS/MS was used to identify the pep-
tides, and also obtained quantitative data. 
The spiking of the synthetic proteotypic 
peptides at four known concentrations 
(Fig. 4a) allowed four-point calibra-
tion curves to be established (Fig. 4b) 
to retrieve the concentrations (C) of the 
targeted peptides in CSF. For instance, 
ALPGQLKPFETLLSQNQGGK pep-
tide of GSTP1, labelled with TMT with 
reporter-ion at m/z = 126.1 in CSF, could 
be quantified with respect to the report-
er-ions at m/z = 128.1, 129.1, 130.1, and 
131.1 released from the spiked standard 
synthetic peptides. The results of Fig. 4 
were obtained with on-line RP-LC elec-
trospray ionization (ESI) hybrid linear ion 
trap-orbitrap (LTQ-OT) MS. The quanti-
tative values were noticed to occasionally 
vary from one peptide to another, even 
though belonging to the same protein. 
Quantitative differences and high RSDs 
might have resulted from different factors 
such as post-translational modifications, 
co-fragmentation of several peptides, 
tryptic digestion artefacts, peptide recov-
ery, and stability.

To further characterize the quantifi-
cation method, standard addition experi-
ments were performed with incremental 
spiking of standard synthetic peptides 
in CSF to induce known concentration 
increases (ΔC). The results obtained 
for ALPGQLKPFETLLSQNQGGK of 
GSTP1 are displayed in Fig. 4c. They 
evidenced linear response, and accurate 
quantification. Absolute quantification 
using reporter-ion calibration curves can 
be thus achieved, and might be used as a 
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4.3 Sample Preparation
The CSF samples were dried, and then 

dissolved in TEAB 100 mM (adjusted to 
pH = 8 with diluted HCl) with SDS 0.01%, 
and 1 mM TCEP. The reduction was car-
ried out at 60 °C for 1 h. Alkylation was 
performed with IAA 4 mM in the dark dur-
ing 30 min. Trypsin was added (enzyme-
to-protein ratio of 1:50 to 1:20), and the 
digestion was proceeded overnight at 37 
°C. TMT labelling was achieved for 1 h, 
after addition of TMT reagent in CH

3
CN. 

Hydroxylamine was added for 15 min re-
action. The differentially TMT-labelled 
samples were pooled in a new tube, and 
dried. The pooled sample was desalted 
with Oasis® HLB 1 cc (30 mg) extraction 
cartridges from Waters.

4.4 Fractionation and Separation
The pooled TMT-labelled CSF sample 

was fractionated with SCX-LC or OGE. 
For SCX-LC, a 30 min gradient at 200 
mL·min–1 was used with a 2.1 × 100 mm, 
(5 mm, 200 Å) Polysulfoethyl A column 
(PolyLC), and an Alliance system (Wa-
ters). The gradient was run as already de-
scribed.[4] Fractions were collected every 
minute. The OGE separation was carried 
out overnight with the 3100 OFFGEL 
Fractionator (Agilent Technologies) using 
the 24 well format. ImmobilineTM Dry Stryp 
pH 3-10, 24 cm, and IPG buffer pH 3-10 
(GE Healthcare) were used. The fractions 
were collected, and their pH was measured 
(744 pH Meter, and Biotrode (Metrohm)). 
All fractions were dried, cleaned with C18 
ultramicrospin column (Harvard Appara-
tus), and dried again.

RP-LC was performed using an Alli-
ance system equipped with a flow split-
ter before MALDI MS or a NanoAcquity 
system (Waters) before ESI MS. In the 
off-line MALDI set-up, the fractions were 
separated with a home-packed 5 mm 200 Å 
Magic C18 AQ (Michrom) 0.1 × 100 mm 
column. The separation was run at 400 
nL·min−1 as already described.[4] One min-
ute fractions were deposited onto MALDI 
plates using a home-made LC-robot. In the 
on-line ESI set-up, peptides were trapped 
on a home-made 5 mm 200 Å Magic C18 
AQ (Michrom) 0.1 × 20 mm pre-column, 
and separated on a home-made 5 mm 100 
Å Magic C18 AQ (Michrom) 0.75 × 150 
mm column comprising a gravity-pulled 
emitter. The analytical separation was run 
at a flow rate of 220 nL·min−1 as already 
described.[12]

4.5 Mass Spectrometry
MALDI TOF/TOF MS was performed 

with a 4800 Proteomics Analyzer (Ap-
plied Biosystems). The matrix (α-cyano-
4-hydroxycinnamic acid in H

2
O/CH

3
CN/

TFA 50%/50%/0.1% with 10 mM  
NH

4
H

2
PO

4
) was added onto the plates. 

All mass spectra were acquired in positive 
ionization mode with an m/z scan range of 
800–4000. After selection of 20 precur-
sors at the maximum, MS/MS experiments 
were done from the less to the most intense 
precursors with medium collision energy. 
ESI LTQ-OT MS was performed with a 
LTQ Orbitrap XL (Thermo Electron). For 
MS survey scans, the OT resolution was 
set to 60000, and the ion population was 
5 × 105 with an m/z window from 400 to 
2000. Maximum of three precursors were 
selected for both CID in the LTQ and 
high-energy C-trap dissociation (HCD) 
with analysis in the OT.[12] The normalized 
collision energies were 35% for CID, and 
50% for HCD. For MS/MS in the LTQ, the 
ion population was 1 × 104 (isolation width 
of 2 m/z), while for MS/MS detection in 
the OT, it was 2 × 105 (isolation width of 
4 m/z), with resolution of 7500, first mass 
at m/z = 100, and maximum injection time 
of 750 ms. 

4.6 Identification and Quantification
Peak lists were generated from TOF/

TOF and LTQ-OT raw data using respec-
tively the 4000 Series Explorer software 
(Applied Biosystems), and an in-house 
written Perl script. CID and HCD data ob-
tained with LTQ-OT were merged using a 
custom-made program.[12] The mgf files 
were searched against UniProt-Swiss-
Prot database using Phenyx (GeneBio). 
Homo sapiens taxonomy was specified 
for database search. Variable amino acid 
modifications were oxidized methionine. 
TMT-labelled peptide amino terminus, 
TMT-labelled lysine, and carbamido-
methylation of cysteines were set as fixed 
modifications. Trypsin was selected as the 
enzyme with one potential missed cleav-
age. The peptide p value was 1 E-6 for 
searching TOF/TOF data and 1 E-3 for 
LTQ-OT data with respective parent ion 
tolerance of 1.1 Da, and 5 ppm. Protein 
and peptide scores were set to maintain 
the false positive discovery rate below 
1%. 

For quantification, the reporter-ion ar-
eas or intensities were corrected according 
to the isotopic purities of the reporter-ions. 
Because of the equal spiking of LACB in-
side the CSF samples, a normalization of 
the data could be achieved to reduce the 
manipulation bias. A normalization of the 
reporter intensities by the sum of all or a 
part of the reporter intensities was made in 
order to determine the relative abundance 
of each reporter.[4,13]
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