
Introduction

Mass spectrometry (MS) has been used for the
analysis of proteins and peptides since 1989, when two
new “soft” techniques for gas phase ionization of large,
polar, and highly charged molecules were introduced
[1, 2]. In one of these, electrospray ionization (ESI),
ions are formed from a liquid solution at atmospheric
pressure, while in the second, matrix assisted laser
desorption ionization (MALDI), a laser pulse induces
the sample to sublimate out of a dry crystalline matrix.
The devices that bring the analytes into gas phase and
ionize them are known as “sources”.

There are four basic types of mass analyzers used
for protein studies: the ion trap (IT), time of flight
(TOF), quadrupole (Q), and Fourier transform ion
cyclotron (FT-ICR) devices. These are very different in
design and performance, each with its own strengths
and weaknesses. Two analysers can be placed in
tandem to perform two-stage mass spectrometry
(tandem MS, commonly referred to as MS/MS). In
MS/MS, with diverse mechanisms in different mass
spectrometers, peptide ions are isolated and
fragmented and the mass-to-charge ratio of the
fragments is measured. The most common tandem
mass analyzers, able to perform peptide fragmentation,
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Summary. - Mass spectrometry is a powerful tool for the structural characterization of proteins. The
development of a large number of analytical strategies based on different mass spectrometric techniques
has established mass spectrometry as an indispensable technology to interpret the information encoded in
the genome. This manuscript intends to provide a rapid view of principles and instrumentation in mass
spectrometry-based proteomics, together with a description of the basic features and limits of the analysis
of post translational modifications by mass spectrometry. The application of one of the available mass
spectrometry technologies for protein identification to a multi-protein complex isolated in a specific
functional context is reported. The identification of a phosphorylation site on a single, purified protein is
also illustrated as an example.
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Riassunto (Uso della spettrometria di massa per l’identificazione di proteine e lo studio di modificazioni
post-traduzionali). - La spettrometria di massa è un potente mezzo per la caratterizzazione strutturale di
proteine. Lo sviluppo di un elevato numero di strategie analitiche, basate sull’impiego di differenti tecniche
spettrometriche, ha reso la spettrometria di massa una tecnologia indispensabile per l’interpretazione delle
informazioni codificate nel genoma. Questo manoscritto vuole fornire una rapida visione di insieme dei
principi e delle strumentazioni utilizzate per l’analisi proteomica, oltre ad una descrizione dei fondamenti e
dei limiti dell’analisi delle modifiche post-traduzionali mediante spettrometria di massa. È inoltre riportato un
esempio di applicazione di una delle tecnologie di spettrometria di massa per la identificazione di proteine ad
un complesso multiproteico isolato in uno specifico contesto funzionale. L’identificatione di un sito di
fosforilazione su una proteina purificata è stato inoltre illustrato come esempio.
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are quadrupole ion trap (IT), triple quadrupole (QqQ),
quadrupole-TOF (Q-TOF) and TOF-TOF. The
performance of different tandem mass spectrometers
varies in terms of mass accuracy, mass resolution,
robustness, and ease of operation.

Different analyzers can be coupled with various
sources, so that the number of possible instrumental
configurations is large. In particular, two different
mass spectrometer configurations were used to
produce most of the proteomic data published thus far:
ion traps coupled to ESI sources (ESI-IT) and TOFs
coupled to MALDI sources (MALDI-TOF).

ESI-IT instruments are very robust, comparatively
inexpensive, and easy to operate, although their
accuracy is relatively low. A recent development of the
ion trap analyser is the “linear” or “two-dimensional”
ion trap that overcomes the accuracy limit of traditional
ion traps (three-dimensional trap), achieving also an
increase in sensitivity and resolution [3, 4].

MALDI-TOF instruments have the advantages of
greater sensitivity and higher resolution power,
although they cannot produce sequence information.
More recent instruments have a MALDI source
coupled to Q-TOF [5] or TOF-TOF [6] analyzers and
are therefore able to perform peptide sequencing
taking advantage of the sensitivity of MALDI sources.

Instrument configurations including linear ion trap
and FT-ICR mass spectrometers are likely to become
widespread in proteomics laboratories in the very near
future.

Protein identification by mass spectrometry

MS experiments for protein identification are
mainly based on peptide analysis. Mass spectrometry
can measure the mass of intact proteins, but the
sensitivity of the mass spectrometer for proteins is
much lower than for peptides; moreover, the mass of
whole proteins cannot be measured accurately enough
for identification purposes; finally, proteins are
difficult to handle and most solubilizing conditions are
not compatible with MS. 

Nevertheless, some sequence information is
required for protein identification in most cases. MS is
much more suitable to obtain sequence information
from peptides (up to 20 amino acids) than intact
proteins. Partial sequence information can be obtained
from intact proteins with very sophisticated
instruments, such as FT-ICR mass spectrometers,
through a recent approach called “top-down” [7-10].

In the first step of a typical proteomic experiment,
the proteins of interest are purified from cells or tissues
using different methods, such as physical and/or
biochemical fractionation, the latter essentially based
on chromatographic techniques, including affinity

purification. This is actually the most critical and
challenging stage, because of the importance of
working with a biologically significant subset of
proteins and the difficulty of obtaining it. 

The partially purified protein sample is generally
further fractionated through mono-dimensional gel
electrophoresis (1D-gel). These strategies concern
above all functional proteomic studies. 

Whole cell and tissue proteins can also be directly
separated by bi-dimensional polyacrylamide gel elec-
trophoresis (2D-PAGE), a powerful method based on
orthogonal separation of proteins by isoelectric point
and molecular weight [11, 12]. 2D-PAGE is still one of
the most used technologies for comprehensive
proteomic studies.

The gel band (1D gel) or spot (2D gel) is excised
and the proteins are in gel-digested using different
proteases and/or chemicals. Trypsin is a very stable
and efficient protease that specifically cleaves at the C-
terminal side of lysine and arginine residues. Peptides
generated by trypsin cleavage have a basic residue at
the carboxy-terminus and, on average, the right size to
be usefully detected and sequenced in a mass
spectrometer. Therefore, trypsin is most commonly
used in identification studies. 

In addition to the above mentioned strategies, in
which protein mixtures are first separated on 1D or 2D
gel electrophoresis and then further processed for MS
analysis, many other methods have been reported.
Widely used “gel-free” methods mainly rely on the
bidimensional fractionation of peptide mixtures. The
protein sample (an unfractionated cellular lysate or a
partially purified protein mixture) is reduced,
alkylated, and digested in solution, then the resulting
peptide mixture is fractionated through a strong
cationic exchange column (SCX), which separates
peptides on the base of their charge, and the derived
fractions are further separated on a reverse phase (RP)
column. This “multidimentional chromatography” step
is used to fractionate highly complex protein mixtures
in the technique known as “multidimensional protein
identification technology” (MudPIT) [13]. Currently,
this approach appears to be the best choice to analyze
samples that cannot be efficiently resolved on gels
owing to their physico-chemical properties. 

In most cases, the peptide mixtures generated by
digesting multiple protein mixtures are not introduced
directly into the mass spectrometer but are first
separated by high pressure liquid chromatography
(HPLC). Peptides are eluted from RP columns using
increasing concentrations of organic solvents, which
allow the separation of peptides on the basis of their
different hydrophobicity. The chromatographic column
is coupled on-line with a mass spectrometer equipped
with an ESI source that ionizes samples from liquid
phase, in the so-called LC-ESI-MS techniques.
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In LC-ESI-MS, signal intensity is directly
proportional to analyte concentration, so peptides should
be eluted in as small a volume as possible. This can be
achieved by reducing the internal diameters of chroma-
tographic columns, as much as compatible with their
remaining clog-free and capable of being efficiently
packaged; the most useful capillary columns have 50-
150 µm inner diameters and can work at flow rates as low
as 100 nl/min. Such low flows can produce a stable spray
in specially designed electrospray sources, called
nanospray sources. Instruments so devised are known as
nano-LC-MS systems.

Once the peptide mixture has been analyzed by MS,
proteins are identified by matching a list of experimental
peptide masses, measured with high accuracy, with the
theoretically calculated peptide masses obtained from
an in silico digestion of all proteins present in a given
database, considering the specificity of the protease
employed. This approach is called “peptide mass
fingerprinting” (PMF). For PMF analysis several search
algorithms are currently available. PMF has largely been
used for identification of protein spots purified from 2D
gel and analysed by MALDI-TOF.

However, protein identification is more efficiently
attained by using sequence information, derived from
collision induced fragmentation ion spectra (CID
spectra), obtained with instruments able to perform
MS/MS analyses. In MS/MS experiments, a specific
peptide ion is isolated and its fragmentation is induced by
collision with an inert gas. Fragmentation “rules” for
peptides exist [14] that help in the interpretation of
tandem mass spectra; a common nomenclature of
sequence ions in MS/MS spectra has been proposed [15].

Fragmentation spectra cannot be used to derive a
full peptide sequence, i.e. the sequence of a peptide
cannot be determined de novo in a MS experiment, but
they are matched to comprehensive protein databases,
by using different algorithms such as Peptide Sequence
Tags [16], Sequest [17], or Mascot [18]. The output of
such comparisons is the identity of peptides that
subsequently are used to compile a protein hit list.
Usually a protein can be confidently identified by two
or three peptides. If only a single peptide identifies a
protein, further confirmation is needed. For example, a
peptide with the same sequence can be synthesised and
its chromatographic properties and fragmentation
spectrum can be compared with the peptide found in
the identification experiment.

Global proteomic analysis of a DNA-replication
complex from Hela cells 

A protein identification study has been carried out in
our laboratory in order to characterize the protein
composition of a DNA-replication complex from

eukaryotic cells. Many of the constituents of the DNA
replication apparatus, in fact, associate with other
cellular factors as components of multiprotein
complexes, which act cooperatively in networks to
regulate cell cycle progression and checkpoint control.
Nuclear extracts obtained from Hela cell have been
progressively fractionated through gel filtration and
anionic exchange (Mono S) columns while monitoring
the replication complex with a specific DNA-
polymerase assay [19]. Finally, the fractions
demonstrating DNA polymerase activity have been
further purified by affinity chromatography on a heparin
column. The resulting protein sample has been analyzed
by mono-dimensional gel electrophoresis and stained to
visualize proteins. As expected, the purified material
was still very complex. Thus, the entire gel lane
containing the replication complex has been subdivided
into 20 slices, each of which has been subjected to
reduction, alkylation, and in gel trypsinization as
described above. Peptide mixtures were analyzed by
LC-ESI-MS/MS, using a micro-HPLC coupled to an ion
trap mass spectrometer equipped with a microspray
source. Chromatographic and MS conditions have been
specifically set up to take into account sample
complexity. The acquisition method for LC-ESI-
MS/MS experiment has been set to perform MS/MS
data-dependent scanning of the three most abundant
ions, enabling the dynamic exclusion function in order
to acquire as many fragmentation spectra as possible.

MS/MS spectra were used to search human entries
from both the NCBI database and the UniProt
Knowledgebase database (UniProtKB). UniProtKB is
the central access point for extensive curated protein
information available at http://www.expasy.uniprot.org/.
Both the Sequest and the Mascot algorithms were used
for protein identification. Results from different
searches were manually inspected, filtered according
to matching scores, and finally compared in order to
derive a unique list of identified proteins.

The experiment was repeated, starting from an
independently purified protein complex, to evaluate the
biological variability of the samples. Altogether, 232
proteins were identified. In order to group the identified
proteins in subsets sharing common functional or
biological characteristics, the UniProt database was
queried. Functional annotations were integrated with
other annotations covering different biological aspects.
A schematic representation is shown in Fig. 1.

To attain an in-depth biological analysis of the
identified protein set and eventually detect relevant
subsets, a program named Pandora (Protein Annotation
Diagram Oriented Analysis), available at http://www.
pandora.cs.huji.ac.il/, was employed [20]. 

Inspection of the protein list revealed, together with
the presence of proteins involved in DNA replication,
also proteins known to act in DNA repair. Intriguingly,
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all six minichromosome maintenance (MCM) proteins
were also identified. However, such a large
identification study requires that the participation of
each candidate protein to DNA replication complexes
be confirmed by independent means. Indeed, it is
noteworthy that not only proteins known to effect or
plausibly involved in DNA replication were found. In
fact, a significant contamination from proteins
participating in RNA splicing/maturation was evident.
This is not surprising because of the difficulty of
obtaining a homogeneous protein complex only
through chromatographic purification. Data obtained
from this proteomic study will be used as a starting
point to investigate the intricacies of the DNA
replication machinery using other biochemical
approaches.

Post translational modifications analysis

Post translational modifications (PTMs) are
covalent modifications that regulate protein functions,
determining their activity state, cellular location and
dynamic interactions with other proteins. More than
300 different types of PTMs are known, and new ones
are regularly discovered. Despite the importance of
PTMs to understand a great deal of cellular processes,
their comprehensive analysis has encountered some
biological and analytical limitations. PTMs are often
transient and occur in vivo only in a small fraction of
proteins (less than 1%), principally because they are

present in substoichiometric amounts on protein
molecules. Therefore, the isolation of a sufficiently
large amount of modified proteins for biochemical
studies is not easily attained and, almost invariably, the
sample consists of a heterogeneous mixture of
modified and unmodified proteins. 

The most important and best studied PTMs include
reversible phosphorylation, occurring at threonine,
serine and tyrosine residues, and glycosylation,
consisting of the covalent attachment of olygosaccari-
des to asparagine (so called N-linked) or
serine/threonine (O-linked) residues. Other common
modifications are acetylation, methylation, lipid
attachment, sulfation of tyrosine, ubiquitination and
disulphide bond formation. 

MS is a general method for modification analysis,
because PTMs lead to a mass increase or decrease with
respect to the molecular weight expected on the basis
of protein sequence. Nowadays, MS is widely used to
determine the type and the site of modifications on
single, purified proteins. Once a protein has been
isolated, a variety of techniques can be used to identify
the modification and identify the modified residues.
PTMs studies on intact proteins are very rare. In very
few cases the molecular weight of the intact protein
can be established by MS, for example, if the protein is
sufficiently homogeneous and its molecular weight is
less than 100 kDa. Moreover, this kind of investigation
can be afforded only with sophisticated instruments,
such as FT-ICR mass spectrometers, because of their
exceptional sensitivity, mass resolution and mass
accuracy. 

Detailed characterization of modifications is
obtained, almost invariably, subjecting the protein to
enzymatic or chemical degradation. PTM analysis
requires the coverage of as much of the protein
sequence as possible; for this purpose, multiple
enzymes with different cleavage specificities must be
employed. Proteolytic mixtures are then analysed by
MS, primarily to determine molecular masses. The
experimentally determined peptide masses are
matched to the list of expected masses, as computed
from the protein sequence. Once all possible non-
specific cleavages or contaminants have been taken
into account, unmatched signals are inspected for mass
differences corresponding to known modifications. A
comprehensive list of mass differences corresponding
to PTMs (∆mass values) can be found at
http://abrf.org/index.cfm/dm.home.

Some computer programs can be helpful in
interpreting PMF experiments aimed at PTM
identification; among them, GPMAW, a proprietary
software, is one of the most powerful tools available
today. 

In most cases peptide mass measurements are not
sufficient to determine the nature of the modification
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Fig. 1. - Graphic representation of the identified
proteins, grouped on the basis of their functional role
and the processes they are involved in. Annotations for
each protein were obtained from the UniProt database.
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and, for this reason, peptides are fragmented by
tandem MS. In mass spectrometers used for proteomic
studies, fragmentation occurs principally at peptide
bonds, while modified aminoacids remain intact so that
the fragmentation pattern is similar to the unmodified
peptide, and the differences derive from the presence
of a residue carrying a mass increment. 

The identification of modification sites can be
obtained through manual inspection of fragmentation
spectra of modified peptides, if the identity and
sequence of the protein are already known. When the
modification is labile it could be lost during or even
before fragmentation. The loss of the modifying group
is diagnostic of the presence of the modification on the
intact peptide. Several MS-based analytical strategies
taking advantage of this phenomenon have been
improved in the last few years. In particular, the
“neutral loss” [21, 22] and “precursor ion scanning”
[23, 24] techniques allow highly specific and sensitive
detection of modified peptides. However, the analysis
of the modification state of a purified protein remains
a challenging analytical endeavour.

The amount of purified protein needed for PTM
analysis is much higher than that required for protein
identification, because of the need to cover almost the
entire sequence. A useful recommendation to
biologists who intend to take on a PTM study is to
purify at least 1 µg of protein. Nevertheless, the
development of new technologies is rapidly
accelerating the laborious task of PTM analysis. In
particular, encouraging results have been obtained
since the introduction of a new generation of FT-ICR-
MS instruments, in part owing to their ability to be
coupled with electron capture dissociation (ECD), a
relatively new technology for peptide and protein
fragmentation with great potential for PTM
identification [25].

Recently, attempts have been made to define
modifications on a proteome-wide scale. Given the
difficulties of identifying all modifications even on a
single protein, it is clear that, at present, scanning for
proteome-wide modifications can not be
comprehensive. However, a large amount of
biologically useful information can be generated by
this approach. Programs such as Sequest and Mascot
have recently been improved to extend searching
capabilities to modified peptides. One or more
modifications can be included in the search, although
this carries the cost of a vast increase in search space
and a corresponding decrease in the confidence of
identification. For this reason, one of the strategies
used is an extension of the approach employed for the
analysis of complex protein mixtures: the experiment
is usually divided into identification of a set of proteins
from non-modified peptides, followed by searching
only those proteins for modified peptides [26].

A more functionally oriented approach focuses on
the search for one type of modification on all proteins
present in a sample. This strategy requires an affinity-
based enrichment of post translationally modified
proteins and peptides to increase the relative
abundance of a selected class of modified
polypeptides. Anti-phosphotyrosine and anti-
phosphoserine/phosphothreonine antibodies have been
usefully employed to selectively precipitate
phosphorylated proteins to study cell signalling [27,
28].

Immobilized metal affinity chromatography
(IMAC) has been widely used for purification of
phosphorylated peptides from relatively simple
mixtures before MS analysis. It exploits the affinity of
Fe(III) and Ga(III) ions toward phosphate groups. In
global phosphoproteomic experiments, the IMAC
method has been refined introducing, before affinity
purification, O-methylesterification of carboxylic
groups to reduce non specific binding [29], or a strong
anion exchange chromatography step to reduce sample
complexity [30]. Several chemical approaches for
introducing affinity tags to selectively purify modified
peptides seem very promising. One of the tags most
often used for these purposes is biotin. Enrichment of
phosphopeptides and phosphoproteins has been
obtained through β-elimination of phosphoric acid
from phosphoserines and phosphothreonines and
subsequent Michael-addition reaction to attach the
affinity tag [31, 32].

Affinity tagging has been successfully adopted to
purify nitrotyrosine-containing proteins: the
nitrogroup has been reduced to nitrosotyrosine and
then this group has been biotinylated for affinity
enrichment [33].

PTM analysis is important for the understanding of
all physiological processes, especially of eukaryotic
organisms. The presence of a given PTM cannot be
predicted, with a high degree of confidence, by
computational sequence analysis and therefore for
their determination experimental proteomic techniques
have to be developed. Today, a large number of
proteomics and mass spectrometry laboratories are
involved in research projects focused on the characte-
rization of PTMs characterizing a specific protein in a
particular physiological and/or pathological state. Very
often during routine investigations, a clear indication
of the presence of a PTM on a given protein comes,
sometimes unexpectedly, from 2D-PAGE analysis. 2D-
PAGE is, in fact, a high resolution technique, able to
separate different modified forms of the same protein
into different spots on a gel [34]. Different forms of
phosphorylated proteins can be visualized on a 2D-
PAGE gel through phosphorimaging of proteins
radiolabeled with 32P [35] or staining with a specific
dye such as PRO Q diamond [36].
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Analysis of phosphorylation 
of an affinity-purified protein

An interesting example of PTM analysis by MS,
carried out in our laboratory, was the characterization
of PTMs on a protein, purified from an ancient
eukaryotic organism, that was suspected to be
modified because of its abnormal migration in 2D-
PAGE. The protein was affinity purified and loaded
onto a monodimensional, 4-12%-polyacrylamide, SDS
gel, and stained with Comassie. The protein’s
migration properties were compared with those of the
recombinant protein expressed in bacteria, hence
presumably not modified. The native protein migrated
more slowly than its recombinant counterpart and,
moreover, produced a broader band. Excised gel bands
were reduced and alkylated essentially as described
[37] and digested with trypsin. MALDI-TOF spectra
of the native protein tryptic digest were inspected in a
search for post translational modifications, by directly
comparing them with MALDI-TOF spectra of the
recombinant sample. This comparison unveiled the
presence in the native sample (Fig. 2, panel B) of a
signal shifted up by 80 Da compared to that found in
the recombinant protein spectrum (Fig. 2, panel A).
Such shift could originate from the phosphorylation of
the peptide corresponding to the mass measured in the
recombinant protein spectrum. In order to confirm this
hypothesis, the peptide mixtures were analysed by
MALDI-TOF-MS in both linear and reflectron modes.
MALDI-TOF-MS analysis of phosphopeptides is a key
step for their recognition. In MALDI-TOF mass
spectrometers, loss of HPO3 and/or H3PO4 occurs post
source as a result of metastable decomposition (post
source decay, PSD), giving rise to fragments having
the same velocity as their parent ions but with reduced
energy. Fragment ions cannot be distinguished from
their parents if the spectra are collected in linear mode,
but are detected at lower apparent masses in reflectron
mode [38]. In our case, a signal shifted down by 98 Da,
corresponding to the loss of H3PO4 from the putative
phosphopeptide, became visible in reflectron mode
(Fig. 2, panel B). This fragmentation is common for
serine- and threonine-phosphorylated peptides, while it
is not favoured in the case of phosphotyrosine.

In addition, we acquired MALDI-TOF spectra in
reflectron mode using a specific matrix preparation,
2,5-dihydroxybenzoic acid (DHB) in 1% ortho-
phosphoric acid, which has recently been reported to
enhance phosphopetide detection [39]. The metastable
decomposition product of our phosphopeptide was no
longer detectable in the spectrum obtained with this
matrix (Fig. 2, panel C).

Further characterization of the phosphopeptide was
obtained by LC-ESI-MS/MS analysis of tryptic digests

of the native protein using a microcapillary HPLC
system and an ion trap mass spectrometer equipped
with an ESI source. Collision induced dissociation
(CID) of phosphopeptides performed with IT
instruments gives rise in the majority of cases to trace
fragments that can be easily detected [40]. MS/MS
spectra obtained by LC-ESI-IT-MS/MS analysis were
inspected for the loss of 98, 49, 32 m/z units from
parent ions, corresponding to the loss of one phosphate
group for singly, doubly and triply charged parent ions.
Fragmentation of the species at m/z 1054.6,
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Fig. 2. - Phosphopeptide identification by MALDI-TOF
mapping. Panel A shows the MALDI-TOF reflectron
spectrum of the tryptic digest of the recombinant
protein. The unphosphorylated peptide signal is at m/z
2030.02. The peptide indicated with · is not related to
this phosphorylation analysis and is only present in the
recombinant sample. Panel B shows the MALDI-TOF
reflectron spectrum of the native protein acquired using
alpha cyano-4-hydroxycinnamic acid as matrix. The
peak at m/z 2110.02, indicated with “P” corresponds to
the phosphorylated peptide; the peak indicated with *
corresponds to the metastable ion derived from the loss
of phosphoric acid. Panel C shows the MALDI-TOF
reflectron spectrum of the native protein acquired using
DHB in 1% ortho-phosphoric acid in which the
metastable peak is no longer evident.
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corresponding to the doubly charged ion of the
putative phosphorylated peptide, gave a strong signal
at m/z 1006.4, with a neutral loss of 49 Da. The
identification of the phosphorylation site was then
obtained through an LC-MS3 analysis in which the ion
at m/z 1006.4 was isolated and further fragmented.
Interpretation of the MS3 spectrum lead to the
identification of the formerly phosphorylated residue,
recognized by the presence of a dehydrobutyric acid in
place of a threonine residue, as previously reported for
peptides undergoing loss of H3PO4 [41]. 

The analytical strategy adopted in this study is of
general applicability for identifying phosphorylation
sites with MALDI-TOF and ESI-IT instruments. 
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