Anal Bioanal Chem (2011) 401:657—666
DOI 10.1007/s00216-011-5104-2

ORIGINAL PAPER

Absolute protein quantification by LC-ICP-MS

using MeCAT peptide labeling

Diego Esteban-Fernandez - Christian Scheler -
Michael W. Linscheid

Received: 4 March 2011 /Revised: 6 May 2011 / Accepted: 12 May 2011 /Published online: 29 May 2011

© Springer-Verlag 2011

Abstract Nowadays, the most common strategies used in
quantitative proteomics are based on isotope-coded labeling
followed by specific molecule mass spectrometry. The
implementation of inductively coupled plasma mass spec-
trometry (ICP-MS) for quantitative purposes can solve
important drawbacks such as lack of sensitivity, structure-
dependent responses, or difficulties in absolute quantifica-
tion. Recently, lanthanide-containing labels as metal-coded
affinity tag (MeCAT) reagents have been introduced, increas-
ing the interest and scope of elemental mass spectrometry
techniques for quantitative proteomics. In this work one
of the first methodologies for absolute quantification of
peptides and proteins using MeCAT labeling is pre-
sented. Liquid chromatography (LC) interfaced to ICP-
MS has been used to separate and quantify labeled
peptides while LC coupled to electrospray ionization
mass spectrometry served for identification tasks.
Synthetic-labeled peptides were used as standards to
calibrate the response of the detector with compounds as
close as possible to the target species. External calibra-
tion was employed as a quantification technique. The
first step to apply this approach was MeCAT-Eu labeling
and quantification by isotope dilution ICP-MS of the
selected peptides. The standards were mixed in different
concentrations and subjected to reverse-phase chroma-
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tography before ICP-MS detection to consider the
column effect over the peptides. Thus, the prepared
multi-peptide mix allowed a calibration curve to be
obtained in a single chromatographic run, correcting
possible non-quantitative elutions of the peptides from
the column. The quantification strategy was successfully
applied to other labeled peptides and to standard proteins
such as digested lysozyme and bovine serum albumin.
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Introduction

After the great progress achieved in qualitative proteomics, the
quantitative dimension emerges as the new challenge. The
measure of the protein quantity or the change in this quantity
can provide important information related to the status or the
changes in a biological system. The quantification of the
proteome can reveal alterations on the normal biological state
or even point out biological markers in important diseases.
Though matrix-assisted laser desorption/ionization—time of
flight mass spectrometry (MALDI-TOF) or electrospray
ionization—mass spectrometry (ESI-MS) techniques are crucial
in the identification of peptides and proteins, their application to
quantitative analysis present some important drawbacks such as
the differential response of proteins and peptides depending on
size, hydrophobicity, matrix, or solvents. Stable isotope-coded
labeling strategies [1] have been used to overcome these
disadvantages and nowadays methodologies based on molec-
ular mass spectrometry techniques are widely used for
quantitative proteomics. Nevertheless, absolute quantification
or sensitive detection of low-abundance proteins together with
high abundant ones are still unfinished business.
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In the last years, the outlook about protein quantification
has changed noticeably with the incorporation of elemental
mass spectrometry techniques to this field [2]. Screening of
multiple heteroatoms naturally present or introduced as
labels in biological samples as well as absolute quantifica-
tions are potential applications of ICP-MS in proteomic
analysis [3]. Therefore, heteroatoms such as S [4], P [5, 6],
Se [7], T [8], As [9], Pt [10], or lanthanides [11] among
others, have been analyzed in proteomic studies and almost
any biomolecule is ICP-detectable, either by nature or via
labeling [12]. Also, interesting applications derived from the
precise isotope abundance measurements have been devel-
oped [13, 14]. For both quantification and bio-speciation
studies the separate determination of the species is para-
mount. Hence, separation techniques as HPLC or CE are
frequently hyphenated with ICP-MS. The lack of structural
information offered by ICP-MS cannot be compensated
using chromatographic standards, with the additional use of
molecular mass spectrometry techniques being mandatory. In
fact, studies have been published taking advantage of the
powerful analytical tool consisting in the combined use of
mass spectrometry techniques with such different and
complementary ionization sources [15, 16].

Stable isotopes covalently bound or incorporated in vivo
have been widely used for quantification employing specific
molecule mass spectrometry. The typical strategy consists of
labeling two portions of the sample with heavy and light
isotopes and measuring the mix by mass spectrometry after
separation by reverse-phase liquid chromatography. Both
labeled samples usually coelute due to its similar chemical
properties only showing a mass shift related to the number of
heavy isotopes in the label. Relative quantification can be
carried out measuring the intensity ratio between heavy and
light peaks of each peptide. The labeling can take place after
or before an enzymatic digestion, the latter being better for
post-translational modifications or protein isoforms studies.
Stable isotope labeling by amino acids in cell culture (SILAC)
[17] or the introduction of '*0 using H,'®0 in the enzymatic
digestion [18], are examples of metabolic and enzymatic
labeling, respectively. However, the chemical labeling is the
most extended strategy and methodologies as ICAT (isotope-
coded affinity tag) [19], ICPL (isotope-coded protein label)
[20], iTRAQ (isobaric tag for relative and absolute quanti-
fication) [21] or PROTEIN-AQUA (protein absolute quan-
tification) [22] are capable to quantify in relative and even in
absolute mode. Trying to obtain a bigger mass shift some
other lanthanide-containing complexes which also increase
the multiplex capacity have been introduced [23].

Recently, a new chemical label called metal-coded affinity
tag (MeCAT) has been developed in our group for quantifica-
tion purposes [24]. MeCAT analytical robustness and suitabil-
ity for biological applications have been demonstrated, [25]
and its fragmentation behavior has been described [26]. This
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lanthanide-containing reagent consist of the chelating agent
1,4,7,10-tetraazacyclododecane-N,N',N",N"-tetraacetic acid
(DOTA) including a cysteine reactive maleimide group.
DOTA’s capacity to harbor one lanthanide atom allows
employing ICP-MS for the detection of MeCAT-labeled
peptides and proteins, taking advantage of the excellent
detection limits of this detector. Although the structural
independent response of ICP-MS does not provide much
information, it is the ideal signal for quantitative determina-
tions. Thus, the same concentration of different proteins
labeled with the same number of MeCAT tags should present
identical responses. Therefore, the quantitative determinations
become easier since the same calibration curve for all the
species labeled with the same reagent can be employed.
Furthermore, determination in very different concentration
ranges and quantification by isotope dilution analysis (IDA) is
possible due to the wide dynamic linear range and the
multielemental capacity of ICP-MS, respectively.

Quantifications at the protein [27] and peptide [11] level
have been performed using lanthanide-containing labels.
Although work with intact labeled proteins is extremely
interesting, manipulation of labeled peptide is much more
straightforward and versatile. Liquid chromatography and
molecule-specific mass spectrometry techniques are easily
applicable to the separation and detection of peptides while
intact proteins usually require separation by gel electropho-
resis and final proteolytic digestion for mass spectrometry
identification. In both cases, a complete labeling as well as
a precise knowledge of the biomolecule/label stoichiometry
is required to obtained reliable quantitative data.

Quantification of MeCAT-labeled peptides or proteins by
direct infusion or by FIA (flow injection analysis) ICP-MS can
be tackled using external calibration with elemental standards.
However, usually, a separation technique such as reverse-phase
LC must be applied prior to detection by ICP-MS. The
unavoidable losses of biomolecules in the LC column cannot
be determined with elemental standards since do not interact to
the same extend with the stationary phase than large
biomolecules. Also, employing species-unspecific IDA, the
losses on the chromatographic column should be considered to
obtain accurate and precise determinations. Another important
problem arising from the need to build a calibration curve
applying chromatography is the time consuming measurement
of each calibration point in individual runs.

This work proposes a novel quantification strategy based
on MeCAT-labeled standard peptides. For this purpose,
known synthetic peptides were labeled and purified from
the excess of MeCAT reagent. The subsequent quantifica-
tion of the pure labeled peptides was performed by direct
infusion ICP-MS using IDA. The characterized labeled
standards were used to construct a calibration curve for the
metal loaded in the MeCAT reagent using RP (reverse
phase) chromatography. The expected losses of the standard
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labeled peptides and sample labeled peptides are very
similar. Furthermore, the different retention times of the
employed standard peptides enabled the measurement of
several peptides with different concentrations obtaining the
calibration curve in only one chromatographic run [28].

Experimental section
Protein digestion and labeling

Standard lysozyme from hen egg white (Fluka, Germany) and
bovine serum albumin (BSA; Sigma Aldrich, Germany) were
prepared in 50 mM ammonium bicarbonate (Carl Roth,
Karlsruhe, Germany) at 2.5 mg/mL. Trypsin (sequencing
grade, Promega, Germany) was added in the ratio 1:100
trypsin/protein, and incubated for 4 h at 37 °C. A second
aliquot of trypsin was added and the solution was incubated
overnight at 37 °C. All the containing peptides and proteins
solutions were prepared in Protein Lobind tubes (Eppendorf
AG, Germany).

The resulting peptides were reduced before labeling with
threefold excess of tris(2-carboxyethyl)phosphine (TCEP,
Sigma Aldrich, Germany) per disulfide bridge for 30 min at
50 °C. The labeling was carried out in 100 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, Acros Organ-
ics, Geel, Belgium) at pH 7, 6 M urea (Riedel-de Haén,
Seelze, Germany) and tenfold excess per cysteine of MeCAT-
Eu (Proteome Factory AG, Berlin, Germany) for 2 h at 37 °C.

Six different synthetic standard peptides (Table 1,
Schafer-N, Copenhagen, Denmark) also were labeled
following the same protocol and using MeCAT-Eu. These
cysteinyl-standard peptides are present in BSA, transferrine
or lysozyme sequences and were selected because they
have different retentions in reverse-phase chromatography
and were successfully identified by ESI-MS.

In both samples, final labeled peptide concentrations
around 20 uM were obtained.

Purification and quantification of the standard peptides

Labeled peptides were used as calibration standards to
determine the concentration of labeled peptides in different

Table 1 Synthetic standard

peptides Name Amino acid sequence
p2 QNCDQFEK
p3 WWCNDGR
p4 DDPHACYSTVFDK
pS SHCIAEVEK
p6 SCHTGLGR
p7 QEPERNECFLSHK

samples. For this purpose, the excess of MeCAT-Eu reagent
was separated from the labeled peptides followed by ICP-MS
quantification. An HPLC system (Agilent 1200 series,
Germany) with a RP-C18 column (Zorbax SB-C18, 12.5x
2.1 mm, 5 um, Agilent), see Table 2, was used for the
purification. The collected fractions were dried in a Speed
Vacuum device and reconstituted in 50 pL 5% ACN
(acetonitrile), 0.1% FA (formic acid). The purity of the
obtained solution was checked by LC-ICP-MS (Element XR,
Thermo Fisher Scientific, Bremen, Germany) configured with
a desolvating membrane nebulizer MCN-6000 (CETAC,
USA), working in low-resolution mode. The identity of the
labeled peptides was confirmed by electrospray ionization ion
trap Fourier transform ion cyclotron resonance (ESI-IT-
FTICR, Thermo Fisher Scientific, Bremen, Germany).

IDA was employed as quantification technique to deter-
mine the concentration of each labeled peptide after purifica-
tion by direct infusion ICP-MS. The Eu quantification allows
calculating the concentration of the peptide once the stoichi-
ometry is known. Eu,O5 enriched in the isotope 151 (Euriso-
top, Saint-Aubin Cedex, France) was used to prepare an
isotopically enriched solution of about 10 mg L™ which was
validated in our laboratory (**'Eu 97.55%, '*Eu 2.45%).
The preparation and validation procedure consisted of
solubilization of the Eu,O; in HNO; 5%, filtration through
25 um nylon filters and quantification of the resulting solution
at least five times over 1 month. Isotope abundance was also
determined and compared with the supplier’s report.

Quantification by external calibration

The elution gradient to resolve the standard labeled peptides
was optimized for the RP-C18 column (Polaris 3 C,g-Ether,
150x1 mm, 5 wm, Varian). The chromatographic system
was coupled to an ICP-MS equipped with a MCN-6000
nebulizer (CETAC, USA) to remove organic solvents from
the eluent. With the elution conditions given in Table 3,
peptides p2, p3, p4, and p6 could be resolved.

Thus, a mix of these four peptides in different concen-
trations was used to obtain an external calibration in a single
chromatographic run. Calibration curves from 2 to 30 pg L™

Table 2 Standard labeled peptides purification

Mobile phase A:
Mobile phase B:

1% ACN. 0.1% FA
90% ACN. 0.1% FA

Flow: 100 puL/min

Injection volume: 200 puL

Time (min) % B Operation

90 5 Cleaning

30 50 Fraction collection
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Table 3 Experimental conditions for reverse-phase LC separation of
labeled peptides

1% ACN. 0.1% FA

90% ACN. 0.1% FA

40 puL/min

2-5 uL

5 ug L' Pr at 3-5 pL/min

Mobile phase A:

Mobile phase B:

Flow:

Injection volume:

Post-column addition:

Elution program 1

Time (min) % B
0 5

2 5

3 15

5 20
40 23
43 50
Elution program 2

Time (min) % B
0 15
10 18
70 25
72 40

were tried successfully. Moreover, Pr was added post-column
with a syringe pump as internal standard (Table 3, elution
program 1). All the Eu chromatographic peaks were referred
to the intensity of Pr to produce the calibration curve.

Post-column recovery determination

The recoveries of the standard labeled peptides from the Polaris
3 RP-C18 column were determined by species-unspecific
isotope dilution analysis. The post-column addition of
5 ug L' elemental enriched Eu (‘*'Eu 97.55%, '>°Fu
2.45%) at 3 uL min ' was carried out using a syringe pump.
Mass bias and mass flow were calculated before every sample
to ensure the accuracy and precision of the determinations.
Mass bias factor was estimated using the exponential model
while mass flow was calculated injecting 200 uL of 1 pg L™
natural Eu with an external loop after the chromatographic
column.

Results and discussion

Quantification of the purified standard labeled peptides
by direct infusion IDA

The quantification of the purified labeled standard peptides
was carried out by IDA. The spike/sample concentration ratio

@ Springer

was around 1:1. The main problem found in the measurement
of these labeled peptides was related to the introduction of the
sample into the ICP-MS. The high hydrophobicity of
some of the selected peptides led to strong interactions
with tubes and glass components of the ICP-MS
introduction system. Only using small amounts of
organic solvents as ACN in the preparation of the diluted
samples the peptides could be swept away properly.
Thus, bad reproducibility was obtained for samples
diluted with H,O, 0.1% FA, with the addition of at least
5% ACN being necessary to ensure the correct measure of
the labeled peptides. In the specific case of peptide p6, the
low retention time in the C18 column (Fig. 1) indicates its
low hydrophobicity and explains the good results obtained
not only diluting the peptide in 5% ACN, 0.1% FA but
also using aqueous solutions without organic solvents.

Considering the important effect of the solvent compo-
sition in the data reproducibility of the diluted samples
measured by direct infusion ICP-MS, the solvent in which
the purified peptides were reconstituted previously to the
final dilution was also studied. The reconstitution of the
dried labeled peptides after the purification step in pure
H,O or in different amounts of ACN did not affect the
results in terms of precision and accuracy as long as the
final dilution contains at least 5% ACN (data not shown).
This behavior demonstrates that the homogeneity of the
initial peptide solutions was not affected by the solvent
composition, with the proper rinse of the sampling tubes
being the main cause of the observed instability.

The peptides were determined three times over 3 weeks
and each sample was prepared in triplicate. Desolvating
membrane MCN-6000 and Meinhard-type nebulizers were
compared resulting in similar quantitative results. Both
were compatible with samples prepared in 5% ACN. In
Table 4, the quantitative determinations of the labeled
standard peptides using the MCN-6000 nebulizer are
shown.

250000 4
200000
150000 -

100000 -

83Ey intensity (cps)

50000 -

Retention time (min)

Fig. 1 LC(RP)-ICP-MS chromatogram of the calibration mix consist
of the standard labeled peptides p2, p3, p4, and p6. Experimental
conditions detailed in Table 3 (elution program 1)
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Table 4 Quantification results .

by isotope dilution ICP-MS of Labeled Peptide

the purified solutions containing

standard labeled peptides p2 p3 p4 p5 po p7
Batch 1 (n=3) 53.28 65.10 81.75 151.82 54.85 130.4
Batch 2 (n=3) 52.75 68.14 81.72 150.42 54.52 124.39
Batch 3 (n=3) 54.76 68.04 83.24 152.04 54.79 125.16
Average (ug L") 53.60 67.09 82.24 151.43 54.72 126.65
Std. dev. (ug L") 1.04 1.73 0.87 0.88 0.18 3.27
RSD (%) 1.94 2.57 1.06 0.58 0.32 2.58

External calibration curve for chromatographic applications

The quantification of peptides eluted from a chromato-
graphic column entails the determination of the material
loss inside the column. This can be achieved using specific
internal standards of known concentration which allow the
calculation of losses of each species. However, the
preparation of individual internal standards is not feasible
for complex samples containing a large number of peptides.

The second option is an external calibration of the whole
procedure. Though in most cases the use of elemental
standards is suitable, peptide quantification needs standards
that interact similarly with the stationary phase, with standard
labeled peptides being well suited for this task. Thus, the
calibrated signal takes into account possible losses in the LC
column, while the change in the instrumental response due to
changing experimental conditions such as solvent composi-
tion is corrected by post-column addition of an elemental
internal standard (Pr).

The consecutive injection of all concentrations used to
build the calibration curve means spending a lot of time
only in the calibration process. The challenge of building
the calibration curve in a single chromatographic run has
been tackled by taking advantage of the different
retention times of the standard labeled peptides. For this
purpose, a calibration mix consisting of standard labeled
peptides in different concentrations has been prepared.
The complete chromatographic resolution of the peptides
contained in the calibration mix was the first requirement
to achieve this goal.

Usually, all the MeCAT-labeled peptides elute from a RP
column before 30% ACN is reached in the mobile phase.
This chromatographic behavior explains the shallow gra-
dients employed to resolve the standard labeled peptides.
Furthermore, they allow working with small amounts of
organic solvent maintaining almost constant the high
sensitivity of the ICP-MS during the whole analysis. The
experimental conditions employed to resolve peptides po,
p2, p4, and p3 by reverse-phase LC are detailed in Table 3
(Elution program 1). Double peaks were detected for some
labeled peptides (Fig. 1), due to the resolution of the

diastereomers from the MeCAT labeling reaction where the
bond between maleimide and cysteinyl thiol creates a new
chiral center. This explanation can be applied to peptide p4
in accordance with the LC-ESI-IT-FTICR data. In the case
of p2, the first peak corresponds to the expected labeled
peptide, while the second one to its pyroglutamyl form.
Finally, the minor first peak of the peptide p3 was identified
as a group of labeled impurities of the synthetic product,
while the correct p3 sequence was found in the big peak at
higher retention time. This diastereomeric separation has
been previously observed for MeCAT-labeled peptides
separated with RP chromatography [26]. However, the
separation of isomeric MeCAT-labeled proteins never has
been achieved in preceding works using 1D and 2D-SDS-
PAGE techniques [24]. Alternatively, the formation of
diastereomers can be avoided using a new MeCAT
derivative that it is being developed currently in our group,
which consist of the same complex with an iodoacetamide
reactive group instead of the maleimide moiety. Although
this new promising reagent yields no isomers in the
cysteine labeling, it is necessary check its stability,
robustness, and labeling efficiency before its application
in quantification tasks.

The final post-column recoveries of the standard labeled
peptides were determined by species-unspecific IDA [29]. This
quantification technique does not consider the losses of the
sample inside the column and for this reason it is suitable for
the quantification of the variations in the expected concentra-
tion due to these column effects. Using the experimental
settings described in the experimental section, recoveries
between 90.9% and 96.9% were achieved measuring peptide
mix of about 10 p1g L™" just after its preparation (Fig. 2). As in
the case of total content determinations by direct infusion, 5%
ACN was added to every sample injected in the LC.
However, after 2 h, the same solutions presented very
different recovery values, indicating instability over time of
the standard peptide samples. This behavior was confirmed
several times with different preparations of the same peptide
mixture noticing an important decrease of the recovery over
time. On the other hand, this effect was not observed in the
quantification of the purified standard peptides by direct
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Standard Peptide

Fig. 2 Standard labeled peptide recoveries from a reverse-phase
column

infusion ICP-MS, with the only difference being the use of
low-binding material. Therefore, the problem seems to be
related with the material of the vials used in the auto-sampler
of the LC system which are not made of low-binding material.
Therefore, losses of the peptides in the vials could be
significant, working in the low microgram per liter concen-
tration range. Although the problem was overcome measuring
the calibration mix and the samples just after the preparation,
new vials are being tested to avoid this problem. As can be
seen in Fig. 2, the more hydrophobic peptides are more
affected reaching recoveries as low as 26.2% for peptide p4.

The calibration curves were build injecting a mix of
peptides p6, p2, p4, and p3 containing 30, 15, 8, and 2 pg
L~! respectively (Fig. 1). Trying to cope with the recovery
problems described previously, the standard solutions were
measured just after its preparation. The resulting calibration
curves presented R-square values ranging from 0.993 to
0.999 and standard deviations lower than 0.06 ug L' were
calculated for all the calibration points. The best observed
limits of detection were around 1.6 fmol. The use of
contaminated LC systems due to the previous use of
ammonia buffers can increase the Eu background and
adversely affect the limits of detection. The successful
development of this calibration curve points to similar
losses in the column for the four peptides although have
very different hydrophobicities. Furthermore, it is a proof of
the structural independency of the ICP-MS signal.

Quantification of labeled peptides
Two labeled standard peptides, p5 and p7, were selected as

first samples to perform a quantification based on the multi-
peptide external calibration. The mentioned standard labeled
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peptides were subjected to a reverse-phase separation using
the same elution gradient employed to build the calibration
curve (Table 3 elution program 1). The separated peptides are
shown in Fig. 3a and b. The two peaks observed in the p5
chromatogram (Fig. 3a) correspond to the mentioned
diastereomers generated in the MeCAT labeling. In the case
of p7, up to four peaks can be observed due to the expected
isomers and the partially conversion of the N-terminal
glutamine residue to the pyroglutamic acid. Using RP-ESI-
IT-FTICR (data not shown), the two first peaks were
identified as the diastereomeric forms of the original labeled
peptide while the second pair of peaks match with the
expected masses for the pyroglutamylated labeled peptide.
The quantification results for both standard labeled
peptides are presented in Table 5. Good values in terms of
accuracy and precision were obtained for both samples
confirming the applicability of the developed multi-peptide
external calibration to the quantification of peptides.

Quantification of peptides from tryptic digestions

Finally, the applicability of the developed quantification
methodology has been tested with samples of higher

a
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201

[

T 154

=]

]

8 101
5-4/___—JL
0- T T T T 1

0 5 10 15 20 25
Retention time (min)
18 -
16 +
14 1

. 124

o

z 101

S

m 87

(32

e g
4 -

2- /)
0 "=

0 5 10 15 20 25
Retention time (min)

Fig. 3 LC(RP)-ICP-MS chromatogram of the labeled standard
peptides a p5 and b p7
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Table 5 Quantification results of standard labeled peptides, lysozyme and BSA by LC(RP)-ICP-MS using multi-peptide external calibration

Sample Labeled Peptide Theoretical concentration Measured concentration Standard Deviation Recovery (%)
(ngL™ (ngL™h (ngL™h
Standard peptides pS (n=3) 16.30 17.34 0.28 106.37+1.61
Standard peptides p7 (n=3) 16.15 16.98 0.10 105.09+0,60
Lysozyme A (n=3) 14.49 14.02 0.32 96.74+2.28
BSA B (n=3) 17.36 16.67 0.46 95.99+2.62
BSA C (n=3) 17.36 16.86 0.45 97.13+2.58
BSA D (n=3) 17.36 16.42 0.39 94.56+2.27

complexity as lysozyme and bovine serum albumin,
containing 8 and 35 cysteine residues, respectively. Though
in most cases higher resolution in the separation is
necessary, one-dimensional liquid chromatography can be
enough to tackle the separation of the tryptic digested of
single proteins playing with the elution parameters. Espe-
cially in the case of BSA, the high number of labeled
peptides forces to extend the elution gradient to achieve
enough chromatographic resolution. Thus, some labeled

Fig. 4 a LC(RP)-ICP-MS chro-
matogram of a lysozyme tryptic 124

peptides were resolved and used for the determination of
the protein concentration.

First, the feasibility of the multi-peptide external
calibration was tested for digested lysozyme. This protein
contains eight cysteines and more complex chromatograms
than in the case of single-labeled peptides are expected.
Reverse-phase ICP-MS chromatogram of lysozyme-labeled
peptides is presented in Fig. 4a. From all the detected
labeled peptides, only those completely resolved can be

digest labeled with MeCAT-Eu.
b Experimental and theoretical 10
LC(RP)-IT-FTICR spectra of
peptide A
8
a
L e
]
I
3
e 4
A
2
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— 1T T 1 T T T T T T T 1T T 1T T T
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used for quantification in LC-ICP-MS. The peptide
WWCNDGR (labeled as A in Fig. 4a) satisfies this
requirement and matches with the peptide p3 employed in
the calibration mix. In this case, no impurities were
detected as in the case of the synthetic standard peptide.
In addition, complete labeling of the studied protein was
achieved using tenfold excess of the label multiplied by the
number of cysteines, as R. Ahrends et al. [24] demonstrated
in previous works. LC(RP)-ESI-IT-FTICR analysis allowed
to check the correct digestion and labeling of the sample.
The two steps used in the digestion procedure helped to
achieve a complete digestion and no miss cleavages of the
target peptide A were found. On the other hand, MeCAT/
peptide stoichiometry also was confirmed by molecule-
specific mass spectrometry (Fig. 4b). This parameter is
essential for the subsequent calculation of peptide concen-
tration in the sample. The exact masses detected with high-
resolution MS confirm the ratio 1:1 peptide/MeCAT-Eu and
showed the expected isotope pattern resulting from the
interaction of the peptide A and both Eu isotopes. Table 5
shows the quantification results of the peptide A. Consid-
ering the observed 1:1 stoichiometry and the complete

digestion of the studied peptide, the concentration measured
for the peptide A match up with the concentration of the
whole protein. Again, good accuracy and precision were
obtained demonstrating that not only standard labeled
peptides but also digested proteins can be quantified
applying the new developed methodology based on
MeCAT-labeled multi-peptide standards.

The developed quantification methodology was also
applied for the quantification of BSA. The number of
cysteines in the BSA is more than four times higher than in
lysozyme, with a longer gradient to resolve the labeled
peptides (Table 3, elution program 2) being necessary. As
in the case of lysozyme parallel LC-ICP-MS and LC(RP)-
ESI-IT-FTICR analysis were performed. No unlabeled BSA
peptides were identified and no miss cleavages were found in
80% of the identified labeled peptides. These results confirm
the suitability of the digestion and labeling procedures for
different proteins and match with previous results [24]. Three
labeled peptides without miss cleavages were resolved in the
LC-ICP-MS chromatogram (peptides B, C, and D in Fig. 5).
Peptides C and D present a slight resolution of their
diastereomers while peptide B appears as a single Gaussian

Peptide B Peptide C Peptide D
[RPC*FSALTPDETYVPK-MeCAT_15'Eu]+ [SLHTLFGDELC*K-MeCAT_'5'Eu]*3 [LFTFHADIC*TLPDTEK-MeCAT_'5'Eu]+?
m/z: 878.03 m/z: 724.29 m/z: 887.03
[RPC*FSALTPDETYVPK-MeCAT_133Eu]+ [SLHTLFGDELC*K-MeCAT_'53Eu]*3 [LFTFHADIC*TLPDTEK-MeCAT_'33Eu]+?
m/z: 878.70 m/z: 724.95 m/z: 887.69
160000 - 724.96
] 879.03 50000 - 40000 1 887.70 888.03
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Fig. 5 LC(RP)-ICP-MS chromatogram of a BSA tryptic digest labeled with MeCAT-Eu. Experimental LC(RP)-IT-FTICR spectra of peptides B,

C,and D
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peak. At the beginning of the chromatogram, a huge peak
corresponding to the required excess of MeCAT reagent,
which is much higher than in the case of lysozyme due to the
number of cysteines, can be observed. Combining the ICP-
MS and the molecular mass spectrometry information, other
incompletely resolved labeled peptides can be located.
Peptides B, C, and D consist of one cysteine and the
expected 1:1 stoichiometry was confirmed by ESI-MS
(Fig. 5). Therefore, the concentration of each peptide should
match up with the concentration of the intact protein. In
Table 5 is presented the quantification results for BSA. For
all the quantified peptides, recoveries higher than 94% and
relative standard deviations lower than 3% were measured.
Similar values were calculated for lysozyme (peptide A),
with the precision obtained in the calculations for the
standard labeled peptides p5 and p7 being higher.

In this work, samples of low and moderate complexity
have been quantified using one liquid chromatography
dimension. Unfortunately, samples of higher complexity
may require additional separation steps and/or purification
procedures to simplify the sample. The proposed multi-
peptide calibration methodology has been successfully
applied to relative complex samples as digested BSA and
can be suitable for more complicated procedures involving
several chromatographic separations. For this reason, new
projects focused on the application of the multi-peptide
methodology to bi-dimensional procedures are being
developed. Although in the present work not very important
sample losses were found, multidimensional separations
increase noticeably the sample manipulation as well as
losses. Thus, standard labeled peptides can be an interesting
tool not only for the signal calibration but also for the
evaluation of the sample losses. In addition, the inclusion of
the mentioned new generation of MeCAT reagents can
reduce the complexity of the chromatograms and improve
the separations avoiding the diastereomeric double peaks.

Conclusions

Absolute quantification of peptides and proteins has been
conducted using MeCAT labeling and LC-ICP-MS. Although
MeCAT label has been studied extensively and its robustness
and suitability for cysteine labeling was shown in previous
works, the results presented now can be considered the first
direct application of MeCAT to protein quantification.
Moreover, it shows the potential of artificial elemental tags
to perform absolute quantification based on ICP-MS.

The successful application of the presented strategy was
possible due to the structure-independent response of the
ICP-MS. The approach is designed to allow absolute
quantification of species without the need of specific
internal standards and can be applied to all the labeled

peptides present in the sample. Furthermore, multiplex
determinations of peptides and proteins can be tackled
using the developed methodology since MeCAT reagents
can be loaded with different lanthanides.

The quantification strategy proposed in this work corrects
unknown losses of the labeled peptides on the column by
subjecting the standards also to the chromatographic separa-
tion. The external calibration curve was obtained in one
chromatographic run using a mix consisting of four standard
labeled peptides in different concentrations.

The complementary use of ESI-MS techniques was
paramount for the identification of the labeled peptides and
proteins. Once again, the combined information obtained
from ICP-MS and molecular mass spectrometry techniques is
presented as a useful tool for proteomics studies.
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