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What is mass spectrometry ?

• ions are charged molecules

• measure the m/z of ions in the gas phase

• m/z unit is the Thomson (Th)

• information about the molecular mass

• information about the structure



Types of masses

average
1156.3

monoisotopic
1155.6

www.ionsource.com



Resolving power

R=M/∆M

786 / 0.5 = 1572

786 / 0.1 = 7860



High resolving power

FTICR instrument
R > 60 000



Mass accuracy

1715.851	 SSKMPTVGTEERPPGK
1715.859	 QPAQSQNLSPLSGFSR
1715.849	 KSFSQYAHLSQHQR
1715.888	 AVEKGAVHPAMANHLR
1715.847	 EGYLEEESLKVQHR

ppm =
Mmeas − Mcalc

Mcalc

x10
6

Difference between the experimental m/z and the 
calculated value of the chemical formula.



Proteomics
a special case



Simplifying the sample

• 1D or 2D gel + RP HPLC

• 2D HPLC

• capillary electrophoresis

• cystein-based enrichment

• antibody-based enrichment

• glycocapture



1D LC vs 2D LC
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Ionization Sources



Electrospray

Kinter, M., Sherman, N.E., Protein Sequencing and identification using tandem Mass Spectrometry



Electrospray

• doubly and triply charged peptides

• high ionization efficiency

• good sensitivity

• peptides and polar compournds

• perfect march for LC 

• sensitive to salt, detergents



MALDI

α-Cyano-4-
hydroxycinnamic acid

Kinter, M., Sherman, N.E., Protein Sequencing and identification using tandem Mass Spectrometry



Offline LC-MALDI



MALDI

• solid phase samples

• tolerant to contamination

• pulsed ion source

• mostly singly charged ions

• mechanism will favor different ions than ESI



Mass Analyzers



Quadrupole



Quadrupole



Quadrupole

• simple

• stable

• great in hybrid instruments

• low resolving power (2000)

• low sensitivity

• $



Ion trap

www.matrixscience.com



Ion trap

• ms-ms capable

• low resolving power (2000)

• ETD fragmentation

• simple to use, rugged and compact

• low mass cutoff

• limited dynamic range

• space-charge effects

• $



Linear ion trap

March, R.E.,Todd, J.F.J., Quadrupole Ion Trap Mass Spectrometry



Linear ion trap

• fast scans

• storage of large number of ions

• ms-ms capable

• ETD fragmentation

• enhanced high resolution scans

• more costly that regular traps

• $$



Time-of-flight
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Re-Tof

Kinter, M., Sherman, N.E., Protein Sequencing and identification using tandem Mass Spectrometry



Time-of-flight

• good resolving power (15000)

• high mass range

• temperature-sensitive

• fast acquisition

• not a scanning analyzer

• good sensitivity

• $$



FTICR

www.ionspec.com
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ω =

zB

m

FTICR

• high resolving power (100 000)

• High mass accuracy

• ECD and IRMPD fragmentation

• high maintenance

• huge files

• charge-space effects

• $$$$



Hybrid Instruments



Tandem mass spectrometry

• mass spectrum acquisition

• precursor selection

• precursor fragmentation

• fragment analysis

• precursor analysis

• neutral loss analysis

• multiple reaction monitoring



Automatic precursor selection

MS survey scan

precursor
selection

fragment
ion spectrum



Triple-quad / Q-trap

Kinter, M., Sherman, N.E., Protein Sequencing and identification using tandem Mass Spectrometry



Types of scans
Time-of-flight (ToF ) and hy-

brid ToF instruments. In ToF
analyzers, the mass-to-charge ratio
of an analyte ion is deduced from
its flight time through a tube of
specified length that is under
vacuum. The performance of ToF
analyzers has greatly improved, in
particular in terms of resolution
and mass accuracy (6). A resolv-
ing power exceeding 12,000 has
become routine on many instru-
ments, and with a proper mass
calibration protocol, mass accura-
cies in the low–parts per million
(ppm) range are achievable. ToF
mass analyzers are the basis for
analytical platforms operated with
both ESI and MALDI. The Q-Q-
ToF instruments exhibit high res-
olution and mass accuracy in MS
and MS/MS mode. In the MS
mode, the quadrupole acts as an
ion guide to the ToF analyzer
where the mass analysis takes
place. In the MS/MS mode, the
precursor ions (typically a multi-
ply charged ion in ESI) are se-
lected in the first quadrupole and
undergo fragmentation through
collision-induced dissociation in
the second quadrupole. The pro-
duct ions are analyzed in the ToF
device. Spectra obtained in both
full-scan and MS/MS modes ex-
hibit good mass accuracy and high
resolution, yielding an increased
number of peptides detected and
allowing for the determination of
the charge state and unambiguous
assignment of the mono-isotopic signal. All
of these factors simplify the identification of
peptides via database searches by tightening
the search parameters and augmenting the con-
fidence in the results. Finally, Q-Q-ToF instru-
ments perform well for quantitative analyses
and for the identification of posttranslational
modifications.

MALDI remains a valuable alternative ioniza-
tion technique for peptides and proteins and is often
used to complement results obtained by ESI MS.
MALDI MS is very sensitive and more tolerant
than ESI to the presence of contaminants such as
salts or small amount of detergent. The MALDI
technique has primarily been used in conjunction
with ToF analyzers for molecular mass determina-
tion. It has been implemented onQ-Q-ToF or ToF-
ToF mass spectrometers to provide true MS/MS
capabilities. The resulting spectra characterized by
singly charged precursor ions and those obtained
on ToF-ToF instruments present high-energy
collision fragments (cleavages of the peptidic bonds
and side chains),which are readily interpretable (7).

Ion trap (IT )mass analyzers. In IT analyzers,
ions are trapped and can therefore be accumulated
over time in a physical device. The IT technology is
characterized by MS/MS capabilities (8) with
unmatched sensitivity and fast data acquisition.
Used in conjunction with data-dependent acquisi-
tion (9), IT technology allows high-throughput
analyses. However, IT analyzers have limited-
resolution, low–ion trapping capacity, and space-
charging effects result in mass measurements
lacking accuracy. The development of linear ion
trap (LIT) analyzers with higher ion-trapping
capacities has expanded the dynamic range and
the overall sensitivity of this technique, and LITs
have been replacing classical quadrupole trapping
devices. Typically, LIT instruments have an
optional slow scanning function to increase
resolution. They also have multiple-stage sequen-
tial MS/MS capabilities, in which fragment ions
are iteratively isolated and further fragmented, a
strategy that has proven to be very useful for the
analysis of posttranslational modifications such as
phosphorylation (10).

LIT devices have been implemented on triple
quadrupole–type instruments (i.e., the second
analyzer is substituted by a LIT) to offer a unique
set of functionalities (11). The Q-Q-LIT geom-
etry offers the scanning capabilities of a triple
quadrupole instrument, including precursor ion
and neutral loss scanning (Fig. 1, B and C), and
increased sensitivity. These instruments therefore
offer unique capabilities for the analysis of
modifications. In addition, the multiple reaction
monitoring (MRM) capability of Q-Q-LIT
instruments (Fig. 1D) allows the detection of
specific transitions between the precursor and
one fragment of a given peptide. The selectivity
resulting from two stages of analyzer combined
with the high duty cycle results in quantitative
analyses with unmatched sensitivity.

Ion cyclotron resonance and orbitrap mass
analyzers. The development and commer-
cialization of robust Fourier transform–ion cy-
clotron resonance (FT-ICR) mass spectrometers
with external ion sources (12) represented a
breakthrough in terms of resolving power and
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Fig. 1. Schematic representation of various types of tandemmass spectrometry experiments. (A) Product ion scanning
is the most common MS/MS experiment in proteomics. Its purpose is the generation of fragment ion spectra for the
identification of the amino acid sequence of specific peptides. In this experiment, the first analyzer (MS1) is set to a
value that selects one specific precursor ion at a time. The selected ion undergoes CID in the collision cell, and the
resulting fragments are analyzed by the second analyzer (MS2). This process is repeated for different precursors. (B)
Precursor ion scanning sets the second analyzer (MS2) to transmit only one specific fragment ion to the detector.
MS1 is scanned to detect all the precursor ions that generate this fragment. Typically, this method is used to detect a
subset of peptides in a sample that contain a specific functional group, for instance a phosphate ester or a
carbohydrate modification. (C) Neutral loss scanning scans both analyzers in a synchronized manner, so that the
mass difference of ions passing through MS1 and MS2 remains constant. The mass difference corresponds to a
neutral fragment that is lost from a peptide ion in the collision cell. The neutral loss scan is therefore used to detect
those peptides in a sample that contain a specific functional group. A common application of this method is the
detection of peptides phosphorylated at serine or threonine residues via a loss of phosphoric acid. (D) MRM consists
of a series of short experiments in which one precursor ion and one specific fragment characteristic for that precursor
are selected by MS1 and MS2, respectively. Typically, the instrument cycles through a series of transitions (precursor-
fragment pair) and records the signal as a function of time (chromatographic elution). MRM is used for the detection
of a specific analyte with known fragmentation properties in complex samples.

SPECIALSECTION
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Domon, B., Aebersold., R.,  Mass Spectrometry and Protein Analysis, Science 312, 2006.



Triple-quad / Q-trap

• rugged hybrid instrument

• time proven

• precursor scans

• product scans

• neutral loss / MRM

• $$$



Q-Tof

Kinter, M., Sherman, N.E., Protein Sequencing and identification using tandem Mass Spectrometry



Q-Tof

• medium resolving power (10 000)

• ESI or MALDI

• good sensitivity

• no real precursor or NL scans

• $$$



Tof-Tof

Kinter, M., Sherman, N.E., Protein Sequencing and identification using tandem Mass Spectrometry



Tof-Tof

• good resolving power

• tandem MS on a TOF

• dynamic DB searching

• MALDI ion source

• no real precursor or NL scans

• fewer MSMS identifications

• low throughput

• $$$



quad/trap FTICR
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quad/trap FTICR 

• new generation of FT

• limits space-charge effects

• better mass accuracy

• improved duty cycle

• high or low resolution MS2

• ECD and IRMPD fragmentation

• $$$$



LTQ-orbitrap

Yates, J. R.; Cociorva, D.; Liao, L.; Zabrouskov, V. Anal. Chem. 2006, 78, 493-500.



LTQ-orbitrap

• new type of mass analyzer

• related to FT

• high resolving power (60 000)

• high mass accuracy

• high ion capacity

• less expensive to operate than FT



Instrumentation summary

REVIEW

Mass Spectrometry and
Protein Analysis
Bruno Domon1 and Ruedi Aebersold1,2,3

Mass spectrometry is a central analytical technique for protein research and for the study of
biomolecules in general. Driven by the need to identify, characterize, and quantify proteins at ever
increasing sensitivity and in ever more complex samples, a wide range of new mass spectrometry–
based analytical platforms and experimental strategies have emerged. Here we review recent
advances in mass spectrometry instrumentation in the context of current and emerging research
strategies in protein science.

T
he ability to identify proteins and to de-
termine their covalent structures has been
central to the life sciences. The amino acid

sequence of proteins provides a link between
proteins and their coding genes via the genetic
code, and, in principle, a link between cell
physiology and genetics. The identification of
proteins provides a window into complex cellular
regulatory networks.

Before the genomics revolution, chemical or
enzymatic methods were used to probe the co-
valent structure of single, highly purified proteins,
and typically, the products of such reactions were
detected by ultraviolet (UV) absorbance or fluo-
rescent spectroscopy. For example, polypeptides
were sequenced by stepwise chemical degradation
from the N terminus to the C terminus (Edman
degradation), with subsequent identification of the
released amino acid derivatives byUVabsorbance
spectroscopy. Gradually over the past two dec-
ades, mass spectrometers were interfaced with a
number of protein chemistry assays to create
detectors providing superior information. With
the increased performance and versatility of the
instrumentation, new protein analytical strategies
have emerged in which mass spectrometry is the
central element. For example, by the mid-1990s, a
variety of mass spectrometry–based strategies had
essentially replaced the Edman degradation as the
mainstream method for determining the amino
acid sequences of polypeptides.

The trend toward mass spectrometry as the
technique of choice for identifying and probing
the covalent structure of proteins was accelerated
by the genome project. Genomics demonstrated
the power of high-throughput, comprehensive
analyses of biological systems. Genomics also
provides complete genomic sequences, which
are a critical resource for identifying proteins
quickly and robustly by the correlation of mass-
spectrometric measurements of peptides with se-

quence databases. The systematic analysis of all
the proteins in a tissue or cell was popularized
under the name proteomics, with mass spectrom-
etry central to most proteomic strategies.

The analysis of a full proteome presents a
formidable task and, in spite of recent technical
developments, remains to be achieved for any
species. The task is challenging because pro-
teomes have a large and unknown complexity.
What is certain is that the number of proteins in a
species_ proteome exceeds by far the number of
genes in the corresponding genome. This di-
versity arises from the fact that a particular gene
can generate multiple distinct proteins as a result
of alternative splicing of primary transcripts, the
presence of sequence polymorphisms, post-
translational modifications, and other protein-
processing mechanisms. Moreover, proteins span
a concentration range that exceeds the dynamic
range of any single analytical method or instru-
ment. For example, it has been estimated that the
concentration range of serum proteins exceeds 10
orders of magnitude (1). Although these chal-
lenges are daunting, they have stimulated
advances in technologies for the analysis of
proteins and proteomes. Here we describe a
range of mass-spectrometric techniques, discuss

their utility for protein analysis, and assess their
ability to support or interface with a range of
proteomic strategies.

MS Instruments and Their Use
Mass spectrometry was restricted for a long time
to small and thermostable compounds because of
the lack of effective techniques to softly ionize and
transfer the ionizedmolecules from the condensed
phase into the gas phase without excessive
fragmentation. The development in the late
1980s of two techniques for the routine and
general formation of molecular ions of intact
biomolecules—electrospray ionization (ESI) (2)
and matrix assisted laser desorption/ionization
(MALDI) (3)—dramatically changed this situa-
tion and made polypeptides accessible to mass-
spectrometric analysis. This catalyzed the devel-
opment of new mass analyzers and complex
multistage instruments [for instance, hybrid
quadrupole time-of-flight (Q-Q-ToF) and tandem
time-of-flight (ToF-ToF) instruments] (Table 1)
designed to tackle the challenges of protein and
proteome analysis (4, 5). Mass spectrometers are
used either to measure simply the molecular
mass of a polypeptide or to determine additional
structural features including the amino acid se-
quence or the site of attachment and type of
posttranslational modifications. In the former
case, single-stage mass spectrometers are used,
acting essentially as balances to weigh molecules.
In the latter case, after the initial mass determi-
nation, specific ions are selected and subjected to
fragmentation through collision. In such ex-
periments, referred to as tandem mass spectrom-
etry (MS/MS), detailed structural features of the
peptides can be inferred from the analysis of the
masses of the resulting fragments. The types of
mass spectrometers described below are most
commonly used to support a range of research
strategies in the protein sciences. They differ in
their physical principles, their performance
standards, their mode of operation, and their abil-
ity to support specific analytical strategies.

T O O L S F O R B I O C H E M I S T R Y

1Institute of Molecular Systems Biology, ETH Zurich, CH-
8093 Zurich, Switzerland. 2Faculty of Sciences, University
of Zurich, CH-8006 Zurich, Switzerland. 3Institute for
Molecular Systems Biology, Seattle, WA 98103, USA.

Table 1. Characteristics and performances of commonly used types of mass spectrometers. Check
marks indicate available, check marks in parentheses indicate optional. +, ++, and +++ indicate
possible or moderate, good or high, and excellent or very high, respectively. Seq., sequential.

IT-LIT Q-Q-ToF ToF-ToF FT-ICR Q-Q-Q QQ-LIT

Mass accuracy Low Good Good Excellent Medium Medium
Resolving power Low Good High Very high Low Low
Sensitivity (LOD) Good High Medium High High
Dynamic range Low Medium Medium Medium High High
ESI ( ( ( ( (
MALDI (( ) (( ) (
MS/MS capabilities ( ( ( ( ( (
Additional capabilities Seq. MS/MS Precursor, Neutral loss, MRM
Identification ++ ++ ++ +++ + +
Quantification + +++ ++ ++ +++ +++
Throughput +++ ++ +++ ++ ++ ++
Detection of modifications + + + + +++

14 APRIL 2006 VOL 312 SCIENCE www.sciencemag.org212
Domon, B., Aebersold., R.,  Mass Spectrometry and Protein Analysis, Science 312, 2006.



Quantification



ICAT

• 2 cell states

• Label with light and 
heavy reagent

• Combine and digest

Gygi, S. P., et al. (1999). "Quantitative analysis of complex protein mixtures using 
isotope-coded affinity tags." Nature biotechnology 17: 994-999.



ICAT

• Retrieve cystein-
containing peptide

• Analyze by MS

• Find pairs separated 
by 8 Da



18O labeling

• metabolic process

• 4 dalton separation

• trypsin digestion 
performed in labeled 
water
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SILAC

• Culture medium contains 
labeled amino acid

• Let the cells incorporate the 
labels

• Difficult for mammalian cells

• Multiplicity of labels

Ong, S.-E. et al., Stable Isotope Labeling by Amino Acids in Cell Culture, SILAC, as a Simple and Accurate Approach 
to Expression Proteomics, Mol. Cell. Proteomics 2002, 1.

trospray experiments (30), digests were desalted and concentrated
on a microcolumn packed into GELoader tips (31). Peptides were
eluted with 50% methanol in 5% formic acid directly into a nanospray
needle, and the eluate subjected to MS and MS/MS analysis on a
QSTAR Pulsar quadrupole time-of-flight tandem mass spectrometer
(ABI/MDS-Sciex, Toronto, Canada) and equipped with a nanoelectro-
spray ion source (Protana Engineering A/S, Odense, Denmark). Pro-
teins were identified by searching peptide sequence tags (32), derived
from fragment ion spectra of selected peptides, against the non-
redundant protein database maintained and updated regularly at the
European Bioinformatics Institute (EBI; Hinxton, United Kingdom)
using the PepSea software package (MDS Proteomics A/S, Odense,
Denmark).

For determining quantitative ratios in cases where the Leu-d0 and
Leu-d3 isotope distributions overlapped an isotopic correction factor
was applied as follows: after peptide identification, the peptide se-
quence was submitted to the web-based tool MS-Isotope, which is
part of the ProteinProspector package (prospector.ucsf.edu). The
isotope pattern of the lower mass in the isotope pair was then sub-
tracted from the full isotope pattern to obtain the correct peak heights
of the higher mass peptide.

RESULTS AND DISCUSSION

The SILAC Strategy—Mammalian cells cannot synthesize a
number of amino acids, therefore these “essential” amino
acids must be supplied in cell culture medium as free amino
acids for the medium to support cell growth. Isotopically
labeled analogs of these amino acids can be synthesized and
are available commercially. If the labeled analog of an amino
acid is supplied instead of the natural abundance amino acid,
it will be incorporated into each newly synthesized protein
chain. After a certain number of cell doublings, each instance
of this particular amino acid will have been replaced by its
isotopically labeled analog. If there is no chemical difference
between the labeled amino acid and the natural amino acid,
the cells should behave exactly like a control cell population
grown with the normal amino acid. This is illustrated in Fig. 1.
The experimental cell population can then be treated in a
specific way, such as differentiation induction or cytokine
stimulation, for example. Protein populations from both sam-
ples are then harvested, and because the label is encoded
directly into the amino acid sequence of every protein, the
extracts can be mixed directly. Purified proteins or peptides
will preserve the exact ratio of the labeled to unlabeled pro-
tein, as no more synthesis is taking place, and therefore no
scrambling can take place at the amino acid level. The pro-
teins and peptides can then be analyzed in any of the ways in
which they are analyzed in non-quantitative proteomics.
Quantitation takes place at the level of the peptide mass
spectrum or peptide fragment mass spectrum, exactly the
same as in any other stable isotope method (such as ICAT). It
is important to note that the absence of chemical steps im-
plies the same sensitivity and throughput for SILAC as for
non-quantitative methods.

Fig. 1 also contrasts SILAC with ICAT labeling, which is
perhaps the most well established and representative method
in quantitative proteomics by mass spectrometry. As can be

seen from the figure, proteins need to be reduced and alky-
lated before mixing, steps that can make it difficult to maintain
the samples in directly comparable states during multiple
fractionation steps. Furthermore, the chemical modification
and affinity purification step can be difficult to perform with
very small amounts of sample, and non-cysteine-containing
peptides are also sometimes bound to the avidin column.
Finally, in cases of extensive fractionation, a large number of
affinity purifications needs to be performed for a single
experiment.

One further difference between SILAC (using leucine) and
ICAT methods is that SILAC differentially labels more than half
of the tryptic peptides whereas ICAT only labels somewhat
more than 20%. This calculation is based on the 2 and 10%
relative abundance of cysteine and leucine, respectively, and
an average length of 14 amino acids for tryptic peptides that
can be sequenced by mass spectrometry. Conversely, ICAT
achieves some decrease in complexity of the peptide mixture
whereas SILAC does not change the peptide abundances
resulting from a digest. Because the reduction in complexity

FIG. 1. A schematic of SILAC (using leucine) and ICAT labeling
strategies. Shown are the steps involved in the two strategies. For
SILAC, the cell culture has been adapted to normal leucine or Leu-d3
media at the start of the experiment, and the isotopic state informa-
tion is already “encoded” into the amino acid sequences. Therefore,
protein populations can be mixed directly after lysis and subjected to
protein purification procedures. ICAT allows use of protein material
from non-living sources but requires chemical modification and affin-
ity steps.

SILAC as an Approach to Expression Proteomics

378 Molecular & Cellular Proteomics 1.5



iTRAQ

• Reagent attached to the N-
terminal

• All cell states have the same 
precursor masse

• Quantitation is performed in 
MS-MS

Ross, P. L et al. (2004), Multiplexed Protein Quantitation in Saccharomyces cerevisiae Using Amine-reactive Isobaric 
Tagging Reagents, Mol. Cell. Proteomics 2004, 2, 1154-1169.

then labeled with one of the four isotopically labeled tags, and
the derivatized digests combined in mixtures of varying pro-
portions. The multiplex isobaric tags produce abundant
MS/MS signature ions at m/z 114.1, 115.1, 116.1, and 117.1,
and the relative areas of these peaks correspond with the
proportions of the labeled peptides. We have found that this
mass range also has minimal contamination with background
low-mass fragments produced from CID fragmentation of

peptides using either MALDI or ESI-based tandem mass
spectrometers.

The mass shift imposed by isotopic enrichment of each
signature ion is balanced with isotopic enrichment at the
carbonyl component of the derivative, such that the total
mass of each of the four tags is identical. Thus any given
peptide labeled with each of the four tags has the same
nominal mass, an important characteristic that provides a

FIG. 1. A, diagram showing the components of the multiplexed isobaric tagging chemistry. The complete molecule consists of a reporter
group (based on N-methylpiperazine), a mass balance group (carbonyl), and a peptide-reactive group (NHS ester). The overall mass of reporter
and balance components of the molecule are kept constant using differential isotopic enrichment with 13C, 15N, and 18O atoms (B), thus
avoiding problems with chromatographic separation seen with enrichment involving deuterium substitution. The number and position of
enriched centers in the ring has no effect on chromatographic or MS behavior. The reporter group ranges in mass from m/z 114.1 to 117.1,
while the balance group ranges in mass from 28 to 31 Da, such that the combined mass remains constant (145.1 Da) for each of the four
reagents. B, when reacted with a peptide, the tag forms an amide linkage to any peptide amine (N-terminal or ! amino group of lysine). These
amide linkages fragment in a similar fashion to backbone peptide bonds when subjected to CID. Following fragmentation of the tag amide
bond, however, the balance (carbonyl) moiety is lost (neutral loss), while charge is retained by the reporter group fragment. The numbers in
parentheses indicate the number of enriched centers in each section of the molecule. C, illustration of the isotopic tagging used to arrive at
four isobaric combinations with four different reporter group masses. A mixture of four identical peptides each labeled with one member of the
multiplex set appears as a single, unresolved precursor ion in MS (identical m/z). Following CID, the four reporter group ions appear as distinct
masses (114–117 Da). All other sequence-informative fragment ions (b-, y-, etc.) remain isobaric, and their individual ion current signals (signal
intensities) are additive. This remains the case even for those tryptic peptides that are labeled at both the N terminus and lysine side chains,
and those peptides containing internal lysine residues due to incomplete cleavage with trypsin. The relative concentration of the peptides is
thus deduced from the relative intensities of the corresponding reporter ions. In contrast to ICAT and similar mass-difference labeling
strategies, quantitation is thus performed at the MS/MS stage rather than in MS.

Multiplexed Quantitation Using Isobaric Reagents

1156 Molecular & Cellular Proteomics 3.12



then labeled with one of the four isotopically labeled tags, and
the derivatized digests combined in mixtures of varying pro-
portions. The multiplex isobaric tags produce abundant
MS/MS signature ions at m/z 114.1, 115.1, 116.1, and 117.1,
and the relative areas of these peaks correspond with the
proportions of the labeled peptides. We have found that this
mass range also has minimal contamination with background
low-mass fragments produced from CID fragmentation of

peptides using either MALDI or ESI-based tandem mass
spectrometers.

The mass shift imposed by isotopic enrichment of each
signature ion is balanced with isotopic enrichment at the
carbonyl component of the derivative, such that the total
mass of each of the four tags is identical. Thus any given
peptide labeled with each of the four tags has the same
nominal mass, an important characteristic that provides a

FIG. 1. A, diagram showing the components of the multiplexed isobaric tagging chemistry. The complete molecule consists of a reporter
group (based on N-methylpiperazine), a mass balance group (carbonyl), and a peptide-reactive group (NHS ester). The overall mass of reporter
and balance components of the molecule are kept constant using differential isotopic enrichment with 13C, 15N, and 18O atoms (B), thus
avoiding problems with chromatographic separation seen with enrichment involving deuterium substitution. The number and position of
enriched centers in the ring has no effect on chromatographic or MS behavior. The reporter group ranges in mass from m/z 114.1 to 117.1,
while the balance group ranges in mass from 28 to 31 Da, such that the combined mass remains constant (145.1 Da) for each of the four
reagents. B, when reacted with a peptide, the tag forms an amide linkage to any peptide amine (N-terminal or ! amino group of lysine). These
amide linkages fragment in a similar fashion to backbone peptide bonds when subjected to CID. Following fragmentation of the tag amide
bond, however, the balance (carbonyl) moiety is lost (neutral loss), while charge is retained by the reporter group fragment. The numbers in
parentheses indicate the number of enriched centers in each section of the molecule. C, illustration of the isotopic tagging used to arrive at
four isobaric combinations with four different reporter group masses. A mixture of four identical peptides each labeled with one member of the
multiplex set appears as a single, unresolved precursor ion in MS (identical m/z). Following CID, the four reporter group ions appear as distinct
masses (114–117 Da). All other sequence-informative fragment ions (b-, y-, etc.) remain isobaric, and their individual ion current signals (signal
intensities) are additive. This remains the case even for those tryptic peptides that are labeled at both the N terminus and lysine side chains,
and those peptides containing internal lysine residues due to incomplete cleavage with trypsin. The relative concentration of the peptides is
thus deduced from the relative intensities of the corresponding reporter ions. In contrast to ICAT and similar mass-difference labeling
strategies, quantitation is thus performed at the MS/MS stage rather than in MS.
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sensitivity enhancement over mass-difference labeling. With
isobaric peptides, the MS ion current at a given peptide mass
is the sum of ion current from all samples in the mixture, so
there is no splitting of MS precursor signal and no increase in
spectral complexity by combining two or more samples (Figs.
1 and 2). The use of isobaric peptides circumvents the ambi-
guity encountered when trying to identify differentially labeled
peptide pairs (e.g. with ICAT), a task which is further compli-
cated by the fact that many such pairs will be separated in
mass by more than one labeled residue. The sensitivity en-
hancement is carried over into MS/MS spectra, because all of
the peptide backbone fragments ions are also isobaric (Fig. 2).
One potential drawback of this approach is that MS/MS spec-
tra must be acquired, which requires more analysis time than
performing result-dependent analysis only on differentially ex-

pressed peptide pairs in MS (e.g. with ICAT). We feel, how-
ever, that the ability to identify more proteins with increased
confidence and greater peptide coverage outweighs this
disadvantage.

Strategies have been described that employ isobaric pep-
tide derivatives (13). To date, reaction of these reagents with
complex peptide mixtures has not been shown. The use of a
discreet, highly abundant, low-mass MS/MS signature ion as
described in this work provides an unambiguous coding sys-
tem without introducing additional sources of complexity into
the mass spectrum. Finally, we use tags that generate abun-
dant signature ions under MS/MS conditions optimal for pep-
tide fragmentation.

The reagents described here contain N-methylpiperazine, a
moderately strong base that conveys useful properties to the

FIG. 2. Example MS/MS spectrum of peptide TPHPALTEAK from a protein digest mixture prepared by labeling four separate digests
with each of the four isobaric reagents and combining the reaction mixtures in a 1:1:1:1 ratio. Components of the spectrum illustrated
are (i) isotopic distribution of the precursor ([M!H]!, m/z 1352.84), (ii) low mass region showing the signature ions used for quantitation, (iii)
isotopic distribution of the b6 fragment, and (iv) isotopic distribution of the y7 fragment ion. The peptide is labeled by isobaric tags at both the
N terminus and C-terminal lysine side chain. The precursor ion and all the internal fragment ions (e.g. type b- and y-) therefore contain all four
members of the tag set, but remain isobaric. The example shown is the spectrum obtained from the singly charged [M!H]! peptide using a
4700 MALDI TOF-TOF analyzer, but the same holds true for any multiply charged peptide analyzed with an ESI-source mass spectrometer.
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MS1 quantitation (Label-free)

• Compare same peptide 
in different runs

• Need to align runs

• Computationally 
intensive

• Internal standards helps



Spectral counting



Spectral counting

• MSMS-based method

• Data is searched with Sequest or Mascot

• Count the number of hits per peptide

• Indirect assessment of abundance

• Robust for high abundance peptides

• Quantify the big trends in the data

• 2 orders of magnitude dynamic range

• Simple to do perform



Quantification summary

technique software + -

ICAT
ASAP ratio

Xpress
sample enrichment only cystein peptides

18O - cheap small mass difference

SILAC ASAP ratio choice in aa target need to grow cells

iTRAQ LIBRA no interference most intense peaks

Label-free Corra wide dynamic range
sensitive to exp. 

conditions

Spectral 
Counting

Sequest
Mascot

cheap, easy, works on 
legacy data

limited dynamic 
range
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