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Abstract. Over the last 20 years, mass spectrometry-
based proteomics has become an indispensable tool in the
cellular and molecular life sciences. This has been en-
abled by the ‘soft ionisation’ techniques of electrospray
and matrix-assisted laser desorption-ionisation, which 
allow the gentle ionisation and vaporisation of large, ther-
mally labile biomolecules. Innovative instrumentation
designs and biochemical strategies have brought success
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in the large-scale identification and quantification of pro-
teins, as well as the characterisation of their complexes
and post-translational modifications. This review de-
scribes the instrumentation used for proteomics research.
It presents an overview of the current applications of
mass spectrometry-based proteomics to the cellular and
molecular life sciences, and discusses challenges that ex-
ist for research in the future.
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Introduction

The genomic sequencing of numerous organisms has
transformed biological and medical research, provid-
ing the foundation for the large-scale interpretation of
gene and cellular function. The term proteome was
coined in 1994 to describe the set of proteins encoded 
by the genome [1]. Proteomics, the study of the pro-
teome, has come to encompass the identification, char-
acterisation and quantification of the complete set of
proteins expressed by the entire genome in the lifetime
of a given cell, tissue or organism, including isoforms,
polymorphisms and modifications, protein-protein inter-
actions and the structural description of proteins and
their complexes. Most biological functions are carried
out by proteins, and to understand how cells work, one
must study the proteins present, what they do and 
how they interact with one another. If the genome repre-
sents the words in a dictionary, then the proteome pro-
vides the definitions, with the interactions of the proteins
with each other and the other molecules in their environ-

ment providing the grammar to form meaningful lan-
guage.
Although genomics provided the ‘blueprint’ for the po-
tential gene products that are the focus of proteomic
studies, the challenges of proteomics are larger and far
more complex than the huge but basically straightfor-
ward task of mapping the genome. In contrast to the sta-
tic nature of the genome, which is essentially identical in
every cell of an organism, the proteome is dynamic, con-
stantly changing and responding to internal and external
stimuli. Whereas DNA sequencing has the enabling
technologies of the polymerase chain reaction and auto-
mated sequencing, proteomics must cope with problems
of limited and variable sample material, a protein abun-
dance dynamic range of more than 106-fold, post-trans-
lational modifications and a plethora of perturbations
due to development, environment, drugs and disease [2].
The total number of human genes is not known, but has
been estimated at around 25,000 [3]; this number of
genes could give rise to over two million protein compo-
nents [4].
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The sheer scale and complexity of proteomics research
makes it very much a technology-driven enterprise, and
one that is rapidly evolving with the invention and devel-
opment of methods and techniques. A recent Nature
overview [2] cites five ‘central pillars’ of proteomics re-
search as being mass spectrometry-based proteomics, ar-
ray-based proteomics (for example the yeast two-hybrid
system), structural proteomics (encompassing the use of
X-ray crystallography, nuclear magnetic resonance spec-
troscopy, electron microscopy and electron tomography),
clinical proteomics (i.e. disease states and drug discov-
ery) and proteome informatics. Yet proteomics is difficult
to section into different areas: the boundaries between the
subjects are blurred, and much proteomics research in-
volves the combination of technologies from several dif-
ferent fields.

Mass spectrometry-based proteomics

Mass spectrometry (MS) is a technique whose begin-
nings date back to the studies performed by J. J. Thomson
[5] and his student F. W. Aston [6] in the early days of the
last century. MS measures, with extremely high sensitiv-
ity, the mass to charge ratios (m/z) of gas-phase ions. In
the last 20 years, MS has played an increasingly signifi-
cant role in the biological sciences, and today is the most
sensitive method for the structural characterisation of
biomolecules [7]. The successes of MS in biology are
largely due to the introduction of the ‘soft ionisation’
techniques of electrospray (ES) [8–11] and matrix-as-
sisted laser desorption ionisation (MALDI) [12, 13],
which allow the transfer of large, polar, thermally labile
biomolecules into the gaseous phase for mass analysis,
without prior derivatisation. These achievements were
recognised by the awarding of the 2002 Nobel prize in
chemistry to John Fenn and Koichi Tanaka [14] for their
pioneering work on ES and MALDI.
At the same time as ES and MALDI were becoming com-
monplace in biological MS, the concept of proteomics
was emerging. The origins of what has come to be called
proteomics date back to the invention of two-dimensional
gels 30 years ago, which provided the first practical
method for displaying thousands of proteins on a single
gel [15, 16]. Biological MS allowed the large-scale iden-
tification of those proteins, and has now developed to

such an extent as to supersede the two-dimensional gels
that originally gave proteomics its impetus.

Instrumentation

MS measures the m/z ratios of gaseous ions. Every mass
spectrometer now consists of: an ion source, to produce
ions from the sample; one or more mass analysers, to sep-
arate the ions according to their m/z ratios; a detector, to
register the number of ions emerging from the last
analyser; and a computer, to process the data, to produce
the mass spectrum in a suitable form and to control the in-
strument through feedback. Each mass spectrometer also
has an inlet device to introduce the analyte into the ion
source, for example a liquid chromatograph or a direct in-
sertion probe (fig. 1).

Ion sources
To analyse a sample by MS, it must first be vaporised and
ionised. The two ionisation techniques most commonly
used for the mass spectrometric analysis of proteins and
peptides are ES and MALDI. ES produces gaseous ions
from solution phase samples, and can therefore be easily
coupled to liquid-based separation technologies such as
liquid chromatography (LC) and capillary electrophore-
sis. MALDI ionises samples out of a dry, crystalline ma-
trix, and is generally used to analyse simple peptide mix-
tures, whilst integrated ES-LC-MS systems are favoured
for the analysis of more complex samples.

The electrospray process
The generation of macroions by ES was first demon-
strated by Dole et al. in 1968 [17], but it was Fenn’s group
at Yale University that first coupled ES with MS [8, 9].
The ES process (fig. 2) transfers ions in solution into
gaseous ions at atmospheric pressure, which are sampled
into the vacuum system of the mass spectrometer through
a series of sampling apertures separating successive vac-
uum stages. 
The mechanisms involved in the production of isolated
gaseous ions by ES are not fully understood [18]. The
sample solution flows at low flow rates (nl min–1 to ml
min–1) through a capillary tube to which a high voltage
(1–6 kV) is applied. The solution flowing through the

Figure 1. Basic diagram for a mass spectrometer.
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capillary experiences an electric field set up between the
capillary and a counter electrode and, assuming a positive
potential is applied to the capillary, positive ions in solu-
tion will accumulate at the surface of the tip, which be-
comes drawn out, assuming a conical shape known as a
‘Taylor cone’ (fig. 3). As the liquid is forced to hold more
electric charge, the cone is drawn out into a filament that,
when the surface tension is exceeded by the applied 
electrostatic force, produces positively charged droplets
(< 10 mm in diameter) via a ‘budding’ process. Figure 3

shows a photograph of the spray produced. The droplets
fly towards the counter electrode (or collector), which is
opposite in charge to their own. As they fly towards 
the electrode they pass through either a heated capillary
(180–270∞C) or a curtain of heated nitrogen to allow sol-
vent to evaporate. The electrical charge density at the sur-
face of the droplets increases as the droplet size de-
creases. The droplet deforms into a tear shape and, at the
point where the electrostatic repulsion is greater than the
surface tension (known as the ‘Rayleigh limit’), it blows
apart, emitting smaller particles (fig. 4). Depending on
the initial size of the droplet, the particles leaving can ei-
ther be smaller droplets that repeat the process, or dis-
crete solvated surface ions. At atmospheric pressure, col-
lisions with the surrounding gases quickly desolvate the
solvent-clustered ion, resulting in a quasi-molecular (or
multi-charged) ion [19].

Figure 2. Schematic diagram of an ES interface and the ES process.

Figure 3. The ES process, viewed through a high-powered micro-
scope. As the liquid begins to exit the needle it charges up and as-
sumes a conical shape, known as the Taylor cone. At the tip of the
cone, the liquid is drawn to a filament, which then becomes unsta-
ble, breaking up into a mist of charged droplets. Since the droplets
are charged they repel each other strongly and fly apart, covering 
a wide surface area. Taken from http://www.newobjective.com/
electrospray/.

Figure 4. Drawing of a decomposing droplet in an ES source [23].
The critical point at which the surface tension of the droplet is over-
come by the electrostatic repulsion of the surface charges is known
as the Rayleigh stability limit: q = charge; e0 = permittivity of the
environment; g = surface tension and D = diameter of a supposed
spherical droplet.
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An alternative mechanism for gas phase ion production
has been proposed in which ion emission is envisaged to
occur from small, highly charged droplets, with the driv-
ing force for ion formation being the repulsion between
the ion and the other charges on the droplet [20, 21]. The
relative importance of the two proposed mechanisms re-
mains the subject of ongoing research and debate [22].
Significantly, the ES process occurs at relatively low tem-
peratures (room temperature, or just above), and so large,
thermally labile, polar molecules can be ionised without
decomposition. Ionised molecules of the form [M + H]+

or [M + nH]n+ (or [M – H]–/[M – nH]n–) are generally pro-
duced. The prerequisite for gaseous ion production with
ES is that the analyte can be ionised in solution. If several
ionisable sites are present, multiply charged ions will be
produced; for example, denatured proteins typically carry
one charge per 1000 Da [23]. By observing such multiply
charged species, the effective mass range of the spec-
trometer can be extended to hundreds of thousands of dal-
tons.

Matrix-assisted laser desorption ionisation
The MALDI technique was introduced in 1988 when
Karas and Hillenkamp described the analysis of proteins
with molecular masses exceeding 10 kDa [12, 13].
MALDI sublimates and ionises the analyte out of a dry,
crystalline matrix using laser pulses.
The sample to be analysed is co-crystallised with a large
excess of a matrix material that will strongly absorb the
light from a laser. The laser is typically a nitrogen laser at
337 nm. Irradiation of the matrix causes rapid heating
and localised sublimation of the matrix crystals. Since the
matrix is in large excess and contains a chromophore for

the laser light it will absorb essentially all of the laser ra-
diation. As the matrix expands into the gas phase it takes
with it intact analyte molecules; little internal energy is
transferred to the analyte molecules, allowing ionisation
without fragmentation. Ionisation can occur at any time
during this process, but the exact origin of ions produced
by the MALDI process is still not fully understood. The
most widely accepted mechanism involves gas phase 
proton transfer in the expanding matrix plume with 
photoionised matrix molecules [23]. This is illustrated in
figure 5.
The MALDI process is independent of the absorption prop-
erties and size of the compound to be analysed and there-
fore allows the desorption and ionisation of analytes with
very high molecular masses (greater than 100,000 Da).

Mass analysers
To a large extent, the information obtained from a pro-
teomics experiment is determined by the operating con-
ditions and performance specifications of the mass
analyser. The mass analyser is the means by which the
ions are separated and detected; key instrumental para-
meters for assessing performance and utility include
mass resolution, mass accuracy, mass range, sensitivity
and capability for tandem MS (MS/MS or MSn where n =
2, 3, 4, …; this is the generation of fragment ion spectra
from selected precursor ions). There are four basic types
of mass analyser currently in use for proteomics research:
the ion trap, time-of-flight (TOF), quadrupole and
Fourier transform (FT) ion cyclotron resonance (ICR)
analysers. They are diverse in terms of design and perfor-
mance, and can either be used as stand-alone analysers or,

Figure 5. The MALDI process. Adapted from de Hoffmann and Stroobant [23].
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in some cases, put together in tandem to take advantage
of their different strengths.

Quadrupoles
Quadrupole mass analysers consist of four precisely par-
allel rods equally spaced around a central axis. Opposing
sets of rods have both a dc (direct current) and an ac (al-
ternating current) or rf (radio frequency) voltage compo-
nent, one set positive and the other set negative. Ions are
introduced in a continuous beam along the central axis
between the poles (fig. 6), and are filtered on the basis of
their m/z ratios in the following manner: ions that pass
between the two positive rods that are above a critical m/z
ratio are transmitted through the centre of the quadru-
pole. This forms a high-pass mass filter. Ions that pass
between the two rods with a negative potential that are
below a critical m/z ratio are transmitted through the cen-
tre of the quadrupole; this forms a low pass mass filter.
Combining both sets of rods into a quadrupole arrange-
ment overlaps the two mass filter regions, creating a
‘band pass’ area of mutual stability (fig. 7) and allowing
ions of a certain m/z ratio to pass through. Ions with m/z
ratios outside this area of mutual stability cannot pass
through and run into the rods. The m/z ratio of the ions
that are allowed to pass through the quadrupole is pro-
portional to the voltage applied to the rods; the higher the
voltage, the higher the m/z value that is allowed to pass.
By altering the relative contributions of the dc and rf
components, the width of the band pass area, and there-
fore the resolution, can be adjusted (wider band pass =
wider peak = lower resolution; narrower band pass =
narrower peak = higher resolution). Scanning a quadru-
pole mass analyser involves ramping the amplitude of
the dc and rf voltages at a constant ratio, thus changing
the position of the band pass region and allowing differ-
ent masses to be transmitted.
For MS/MS analysis, three quadrupoles can be config-
ured together (to form a ‘triplequad’). The first and third
quadrupoles are used for scanning, whilst the middle
quadrupole is used as a collision cell. Ions in the second

quadrupole are fragmented by collision-activated dissoci-
ation (CAD): low-energy collisions with a background
gas such as nitrogen.

Ion traps
Ion traps work by first trapping the ions and then detect-
ing them based on their m/z ratios. Conceptually, an ion
trap can be imagined as a quadrupole bent around on it-
self to form a closed loop. The inner rod is reduced to a
point at the centre of the trap; the outer rod is a circular
ring electrode, and the top and bottom rods become two
end cap electrodes (fig. 8). Hence the ion trap is also re-
ferred to as the ‘quadrupole ion trap’. Ions are held inside
the trap and subjected to oscillating electric fields gener-
ated by an rf voltage applied to the ring electrode only.
Unlike quadrupoles, there is no dc component to the volt-
age, and the end caps are held near ground potential. For
mass analysis, ions are guided up to the trap and a portion
of the ions is sampled into the trap. Ions of all m/z values
enter the trap at the same time. Once inside the trap, the
ions are confined by the rf field and take on an oscillat-
ing frequency that is related to their m/z value (fig. 9). As
the ions repel each other in the trap their trajectories ex-
pand as a function of time. To avoid ion losses from this
expansion, helium gas is present inside the trap as a
‘buffer’ gas, to remove excess energy from the ions by
collision; the helium ‘dampens’ the ions into the centre of
the ring electrode.
To scan the mass range, the rf voltage (i.e. amplitude) on
the ring electrode is ramped. At the same time, a small rf
voltage is applied to the end caps. As the amplitude on the
ring electrode increases, the frequencies of the ion oscil-
lations also increase. When the resonant frequency of an
ion reaches the end cap frequency, the ion will become
excited into an oscillating motion that is so large that it
becomes destabilised and is ejected from the trap along
the axis of the end caps. Since the oscillating frequencies
of the ions are a function of their mass, ions of different
m/z values will exit the ion trap at different voltages and,
therefore, times.

Figure 6. Schematic diagram of a quadrupole mass analyser, showing the direction of ion travel and the equations for the potentials ap-
plied to the rods. V(t) = voltage at time t; Vdc = direct potential; Vrf coswt = radio frequency component. Adapted from Willoughby et al.
[19].
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MSn can be carried out in ion traps. Ions are selected for
MS/MS analysis by using an rf voltage applied to the end
caps to selectively eject all ions in the trap except for a
chosen precursor ion. A resonating frequency that corre-
sponds to the resonant frequency of the isolated ion is
then applied to the end caps at an amplitude of a few per-
cent of that required to eject the ion. The precursor ion
starts to oscillate and collide with the helium buffer gas,
which eventually induces fragmentation of the precursor
ion (CAD). The fragment ions have different resonating
frequencies from the parent ion and therefore are damp-
ened into the centre of the trap by the helium gas. After a
period of time, the rf voltage on the ring electrode is
ramped, causing ejection of the ions in the manner de-

scribed above. For MSn analysis, this cycle is repeated to
allow sequential stabilisation and subsequent fragmenta-
tion of successive product ions.
Ion traps are robust, sensitive and relatively inexpensive,
and so are widely used for proteomics research. A disad-
vantage of the ion trap is its relatively low mass accuracy,
due partly to the limited number of ions that can be accu-
mulated in its centre before space-charging distorts their
distribution, and therefore the accuracy of the measure-
ment. Recently, the ‘linear’ ion trap has been developed
[24], which stores the ions in a cylindrical volume that 
is considerably larger than that of traditional ion traps, 
allowing increased sensitivity, resolution and mass accu-
racy.

Figure 7. Mass filter created by a quadrupole mass analyser. (a) Negative rods create a low pass mass filter (left); positive rods create a
high-pass mass filter (right). (b) Combining negative and positive sets of rods into a quadrupole arrangement overlaps the two mass filter
regions, creating an area of mutual stability which allows ions of a certain m/z to pass. Adapted from Willoughby et al. [19].

Figure 8. Schematic diagram of an ion trap mass analyser. Adapted
from Willoughby et al. [19].

Figure 9. Oscillating figure of eight-shaped trajectory adopted by
ions in an ion trap.
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Time of flight
Analysis by TOF is based on the following principles: an
accelerating potential (V) will give an ion of charge z an
energy of zV, which can be equated to the kinetic energy
of the ion:

mv2

zV = 7
2

where m = mass, v = velocity

If all ions are accelerated with the same potential, ions of
different mass with the same charge must be travelling at
different velocities. But velocity (v) = distance (d)/time
(t), and therefore the equation can be rewritten:

m 2Vt 2

4 = 7
z d 2

and ions with different mass will take different amounts
of time to travel the same distance.
Mass-to-charge ratios are determined by measuring the
time that ions take to move through a field-free region be-
tween the source and the detector. Mass resolution is af-
fected by slight variations in flight time, and factors that
create a distribution in flight times among ions with the
same m/z ratio will result in poor mass resolution. Two
techniques are used to compensate for temporal (time of
ion formation), spatial (location of ion formation) and ki-
netic (energy of ion formation) distribution. By introduc-
ing a time delay between ion formation and extraction of
ions from the source, wide spatial and temporal distribu-
tions can be avoided. This is known as ‘delayed extrac-
tion’. Ions are first allowed to expand into a field-free re-
gion in the source, then after a certain delay (nanoseconds
to microseconds), a voltage pulse is applied to extract the
ions outside the source. The second technique is the use
of ion mirrors, or reflectrons, which compensate for vari-
ations in energy distribution. The reflectron creates a re-
tarding field that deflects the ions, sending them back
through the flight tube. The more energetic the ion, the
deeper it penetrates the retarding field of the reflectron

before being reflected. Thus a more energetic ion will
travel a longer flight path and arrive at the detector at the
same time as less energetic ions of the same mass. A
schematic diagram of a reflectron TOF analyser is shown
in figure 10.
MS/MS can be achieved with reflectron TOF analysers by
the observation of post-source decay (PSD) fragments;
however, this approach is protracted and arduous.
MS/MS with TOF analysis is most commonly practiced
by placing a collision cell between two TOF analysers, or
by configuring a TOF analyser as the second stage in hy-
brid instruments (see below).

Fourier transform MS
A Fourier transform mass spectrometer (FTMS), also
known as an ion-cyclotron resonance mass spectrometer
(ICR-MS), is a type of ion trap consisting of a cubic cell
inside a strong magnetic field. The cell has three sets of
plates: trapping, transmitter and receiver (fig. 11). For
mass analysis, a continuous beam of ions is formed out-
side the cell and guided up to the trap, and a portion of the
beam is pulsed into the cell. Inside the cell the ions are
constrained by the strong magnetic field so that they
move in cyclotron motion (circular orbit, see fig. 11) in a
plane perpendicular to the magnetic field; they are also
constrained by electric potentials applied to the trapping
plates, which are also perpendicular to the magnetic field
(fig. 11). Cyclotron motion is periodic and characterised
by its cyclotron frequency, the frequency with which an
ion repeats its orbit. The cyclotron frequency, fc, is deter-
mined by the strength of the magnetic field (B), the
charge on the ion (z) and the mass of the ion (m):

zB
fc = 8

2pm

Thus for a constant magnetic field, the m/z ratio of an ion
is determined by measuring its cyclotron frequency. The
radius of the cyclotron orbit depends on the kinetic en-
ergy of the ion and, since the cyclotron frequency is con-
stant for an ion of given m/z, scales directly with the ve-

Figure 10. Basic components of a reflectron TOF analyser.
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locity of the ion, or with the square root of the kinetic en-
ergy. When an ion is first trapped, the radius of its cy-
clotron orbit is usually small compared with the dimen-
sions of the cell. To detect the ions, rf electric potentials
are applied to the transmitter plates. An ion whose cy-
clotron frequency is in resonance with the frequency of
the applied rf field will absorb energy and, as it does so,
the radius of its cyclotron orbit will increase. As the ex-
cited ions pass the receiver plates, the frequency of their
passage is detected as an induced current called the ‘im-
age’current. To accomplish the simultaneous detection of
ions with many different m/z ratios, many frequencies are
applied during the excitation event, most commonly by
using a rapid-frequency sweep in a short (1 ms) time pe-
riod [25]. The image current that results is a composition
of the frequencies and amplitudes of ions of many differ-
ent m/z values. The signal is converted to a mass spectrum
by applying an FT (fig. 12). Once the ions have been de-
tected, an rf ‘quench’ pulse is applied to eject the ions be-
fore the next lot of ions are introduced into the cell.
FTMS is unlike any other form of mass analyser because
ion detection is non-destructive; signal-to-noise can be

improved by averaging many cycles before transforming
and storing the data.
MS/MS analysis with FTMS is similar to that in the ion
trap: ions are first isolated by ejecting all other ions in the
cell using resonance excitation, then a pulse of gas is in-
troduced into the cell and a small voltage is applied to the
transmitter plates. By varying the amplitude of the res-
onating frequency, the precursor ion starts to oscillate and
collide with the background gas, inducing dissociation
and production of fragment ions. After a period of time,
the ions are excited into higher cyclotron orbits and de-
tected.
FTMS provides high sensitivity, mass accuracy, resolu-
tion and dynamic range, but instruments are expensive
and their operation complex; to date, these two factors
have limited their routine use in proteomics research, de-
spite their substantial potential [26].

Coupling ion sources to mass analysers
MALDI is traditionally coupled to TOF analysers, which
measure the mass of intact peptides, whilst ES is mostly
coupled to ion traps and triple quadrupoles, which allow
the generation of fragment ion spectra from selected pre-
cursor ions. In the last few years, MALDI ion sources
have been coupled to quadrupole ion trap mass spec-
trometers [27], TOF-TOF analysers [28], in which two
TOF sections are separated by a collision cell, and
quadrupole-TOF (QTOF) analysers [29], in which a col-
lision cell is placed between a quadrupole mass filter and
a TOF analyser. These instruments have good sensitivity,
resolution and mass accuracy, and allow the fragmenta-
tion of MALDI-generated precursor ions. In addition, the
QTOF can be used interchangeably with an ES ion
source.
Although ion trap, TOF and hybrid TOF instruments are
currently the most widely used for proteomics research,
FTMS and linear ion traps are likely to become wide-
spread in the future.

Figure 11. Schematic diagram of FTMS analyser. Ions are injected
into the trap along the same plane as the magnetic field, B, and
trapped by a voltage applied to the trapping plates. The ions move
in cyclotron motion in the plane perpendicular to the plane of the
magnetic field. Adapted from Willoughby et al. [19].

Figure 12. Time and mass domain for FTMS. Signal intensity as a function of time is transformed, through an FT, into signal intensity as
a function of frequency, and hence to m/z.
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Peptide fragmentation theory

Protein identification and peptide sequencing by MS/MS
necessitates knowledge of how peptides fragment in the
gas phase. The transfer of ions into the gas phase by ES is
not a highly energetic process. The desolvation process
effectively cools the ions, and therefore gaseous ions en-
tering into the mass spectrometer for analysis have low
internal energy [22]. The energy required for the ions to
undergo dissociation is introduced by collisional activa-
tion. Peptide ion fragmentation is promoted by a ‘mobile’
proton, i.e. the fragmentation of most protonated peptides
requires the involvement of a proton at the cleavage site
[30]. The relative populations of the different protonated
forms of a particular peptide depend on the internal en-
ergy content of the peptide and the gas phase basicities of
the potential sites of protonation. The addition of energy
via collisional activation alters the initial population of
protonated forms (i.e. ‘mobilises’ the proton) and in-
creases the population of protonated forms with energies
higher than that of the most stable structure; for these ex-
cited molecules, the proton is located at various backbone
heteroatoms. Protonation at backbone sites initiates
cleavage of the backbone to produce b- and/or y-type
fragments (fig. 13). 
For singly protonated peptides containing a strongly ba-
sic amino acid, the energy required to relocate the proton
to a position on the backbone and hence induce dissoci-
ation is considerably higher than for peptides containing
no basic amino acids. Dissociation energy requirements
are greatest for arginine-containing peptides and de-
crease in the order Arg-containing > Lys-containing >
non-basic, i.e. in order of decreasing gas phase basicity
[31]. In doubly charged tryptic peptides, the initial sites
of protonation are generally the basic side chain of the C-
terminal residue and the primary amine group at the N
terminus [22] (fig. 13). The energy barrier to transfer of
the N-terminus proton to the peptide backbone and be-
tween different sites on the peptide backbone is low so
that various different fragmentation pathways are pro-
moted, resulting in MS/MS spectra with several different
b and y ions. Tang and Boyd [32] observed that frag-
mentations of tryptic peptide [M + H]2+ ions resulted in
product ion spectra in which the y ions appeared at ap-
preciably higher relative abundance than their b ion
counterparts. This was explained by the higher stability
of the y ions due to the sequestering of the proton on the
basic side chain of the C-terminal residue, whereas the b
ions have no strongly favoured site of charge, so are
likely to undergo further intramolecular proton re-
arrangement and fragmentation. In addition, if high
enough collisional activation is achieved, b ions can un-
dergo further dissociation to form a ions, with concur-
rent loss of carbon monoxide (fig. 14).

Figure 13. Fragmentation of a doubly charged tryptic peptide to
produce b and y ions. Relocation of the N-terminus proton to pro-
mote charge-directed cleavage via CAD may occur to either N or O
backbone atoms [30].

Figure 14. Dissociation of b ions to produce a ions and carbon
monoxide.
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Residue-specific cleavages
The presence of certain amino acid residues in a peptide
will result in the selective cleavage of the peptide at those
sites. Enhanced cleavage is observed N-terminal to pro-
line residues because, as a tertiary amine, the backbone N
atom of proline is more basic than the other backbone N
atoms and the mobile proton is therefore more likely to
reside at this position [33–35]. Conversely, fragmentation
C-terminal to proline is rare because of steric hindrance
[36] (fig. 15).
For peptides containing arginine and aspartic and/or glu-
tamic acid, enhanced cleavage occurs C-terminal to the
acid residue if the number of added protons is equal to or
less than the number of arginines present [30]. In these
cases, the arginine(s) tightly binds the proton(s) allowing
the acidic hydrogen of the acid side chain to initiate cleav-
age (fig. 16).
Where the number of added protons exceeds the num-
ber of arginines present, enhanced cleavage at acidic

residues is not observed. For peptides containing lysine
rather than arginine and aspartic acid and/or glutamic
acid there is no enhancement of cleavage at acidic
residues [30].
In contrast to the results for acidic residues, where selec-
tive cleavage occurs if there is no added proton available
to catalyse fragmentation, enhanced cleavage occurs 
C-terminal to histidine when an added proton is present
on the histidine side chain [30]. All singly protonated
peptide ions containing both histidine and arginine frag-
ment non-selectively, yet doubly protonated peptide ions
with arginine and histidine, or singly protonated pepti-
des containing histidine but not arginine, show selec-
tive cleavage. This is explained mechanistically in 
figure 17.
Depending on the identity of the amino acid residue C-
terminal to histidine (R2, fig. 17), proton transfer may 
occur from the histidine ring to the C terminal-leaving
fragment.

Figure 15. Cleavage C-terminal to proline residues is rare due to
steric hindrance.

Figure 16. Selective cleavage occurs at positions C-terminal to
acidic residues when the number of added protons (n) is equal to or
less than the number of arginines present.

Figure 17. Enhanced cleavage is observed C-terminal to histidine
when an added proton is present on the histidine side chain [30].
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Protein identification

There are two main routes by which proteins are identi-
fied using MS. The classic proteomics approach involves
the separation of the proteins in a mixture by two dimen-
sional gel electrophoresis (2DE), followed by in-gel tryp-
tic digestion and peptide mass fingerprinting (PMF) by
MALDI-TOF MS. In this approach, proteins are identi-
fied by matching the list of observed peptide masses with
a calculated list of all the expected peptide masses for
each entry in a protein database. Observed 2DE-sepa-
rated protein spots can be quantified by staining intensity.
However, there are many problems with 2DE. It has only
a very limited dynamic range: only the most abundant
proteins are observed [37], and several classes of proteins
are known to be excluded or under-represented in 2DE
patterns; these include very acidic or basic proteins, very
large or small proteins and membrane proteins [38]. Im-
provements in 2DE technology such as sample prefrac-
tionation [39, 40], large-format, higher resolving gels
[41], narrow pH-range gels [40] and more sensitive stain-
ing methods [42, 43] have alleviated, but not eliminated
these limitations.
PMF requires relatively pure samples, since mixtures of
proteins will create mixtures of PMFs, making protein
identification difficult [44]. MALDI-MS/MS (see above)
should facilitate the use of MALDI for the analysis of
more complex samples, thus uncoupling MALDI-MS
from 2DE. However, some prior separation of the sample
will still be necessary; if LC is used, the effluent from the
chromatographic run must be deposited on a sample plate
and mixed with MALDI matrix. Several systems have
been designed to facilitate this [45–48], but only now is
automation of the process being implemented [26].
The second major approach to identifying proteins and
peptides by MS is the use of LC-ES-MS/MS. This
method is at the centre of MS-based proteomics today; 
a generic LC-ES-MS/MS approach is illustrated in fig-
ure 18. 
One dimension of peptide chromatography does not pro-
vide sufficient peak capacity to separate peptides gener-
ated from complex protein mixtures; to address this, var-
ious different combinations of protein and peptide sepa-
ration schemes have been explored involving two- or
three-dimensional chromatography and/or one-dimen-
sional gel electrophoresis (1DE). A popular method is the
‘multi-dimensional protein identification technology’, or
MudPIT approach [49, 50], which makes use of the or-
thogonal separation methods of strong cation exchange
(SCX) followed by reverse-phase (RP) chromatography
to separate peptides generated from proteolytic digestion
of entire protein mixtures. The number of proteins identi-
fied using the MudPIT approach can far exceed the num-
ber identified using 2DE experiments, for example 1484
unique proteins were identified from 5540 unique pep-

tides from a total cell lysate of Saccharomyces cerevisiae,
compared with around 300 proteins identified after 2DE
experiments using similar samples [50]. 
A major stumbling block in the use of LC-ES-MS/MS to
identify peptides from biological matrices is that of in-
formatics: the amount of data generated by the method is
huge, and its analysis can be extremely daunting. This is
discussed in more detail below.

LC-ES-MS/MS and the bioinformatics bottleneck

Protein identifications from peptide MS/MS spectra are
less ambiguous than those from PMF because the peak
pattern in the MS/MS spectrum provides information ad-
ditional to the measured mass of the peptide. However,
the amount of data generated is huge: many thousands of
peptide CAD spectra can be acquired during an LC-ES-
MS/MS run. To identify these peptides, spectra are
scanned against protein sequence databases using a
search algorithm. Several algorithms have been devel-
oped for this purpose [51]. The most commonly used al-
gorithms are Sequest [52], Mascot [53] and MS-Tag [44,
54]. Sequest adopts a cross-correlation approach, in
which peptide amino acid sequences from a protein data-
base are used to construct theoretical mass spectra, and
the degree of overlap, or cross-correlation, between the
theoretical and experimental mass spectra determines the
best match. The Mascot method employs probability-
based matching: the MS/MS fragment masses calculated
from peptide sequences in the database are compared
with the experimentally observed peaks, and a score is
calculated that reflects the statistical significance of the
match between the experimental and theoretical spectra.
The MS-Tag approach involves extracting a short, unam-
biguous section of the amino acid sequence of the peptide
from the experimental data, which is used along with 
the measured mass of the peptide to determine the protein
of origin. For all of these approaches, identified peptides
are compiled into a protein ‘hit-list’. Currently available
de novo sequencing algorithms are computationally in-
tensive and require high-quality data [51]. Therefore, 
for high-throughput proteomics studies, protein identi-
fications are restricted to those proteins whose sequen-
ces appear in the searched database; many post-trans-
lationally modified or mutated proteins will be over-
looked.
The algorithms used for searching MS/MS data are not
infallible, and the main challenge in the interpretation of
database search results is how to distinguish false-posi-
tive identifications. If the best matches in all database
searches were assumed to correspond to the correct pep-
tides, then a large proportion of these assigned peptides
would be wrong [55]. This situation can arise for several
reasons: the scoring schemes used in current database
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Figure 18. A generic MS-based proteomics experiment, consisting of six stages. Proteins for analysis are first isolated from cell lysate or
tissues by fractionation methods, often including a final step of SDS-PAGE. Proteins are then enzymatically digested and separated using
one or more stages of LC. The LC eluate is directed into an ES source, and the peptides are analysed first by full-scan MS and then by
MS/MS. Peptide MS/MS spectra are searched against a protein database using a search algorithm which assigns peptide identifications
based on match criteria.
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search tools are based on a simplified representation of
the peptide ion fragmentation process [36, 56]; the charge
states of the peptides selected for fragmentation are not
always known; many MS/MS spectra are of poor quality
or are mixtures of the fragmentations of more than one
peptide; high-quality MS/MS spectra will be incorrectly
assigned if their true corresponding peptides are not in
the database. Manual verification of peptide assignments
is time consuming and is not feasible for the analysis of
data sets that may contain tens of thousands of spectra.
The number of incorrect peptide identifications can be
reduced by additional processing of the data before
searching, by, for example, removal of low-quality spec-
tra, clustering of redundant spectra and application of
charge state determination algorithms [57–62]. Addition-
ally, the introduction of more advanced scoring systems
that include additional knowledge of how peptides frag-
ment [36, 56, 63] should generate further improvements.
To attempt to separate correct from incorrect peptide as-
signments, filtering criteria, based on database search
scores and other available data, can be applied. However,
different researchers often use their own preferred filter-
ing criteria, making it difficult to compare results be-
tween (or even within) research groups. Software tools
such as DTASelect [64], INTERACT [65] and CHOM-
PER [66], compatible with Sequest and Mascot, are avail-
able to facilitate the filtering of data. Yet the rates of false
identifications resulting from the use of these filters are
rarely estimated [51]. Consequently, the question of what
constitutes protein identification in an LC-MS/MS ex-
periment is difficult to answer.
To allow the comparison of proteomic data between
groups, peptide assignments should be validated using
statistical programs developed to be compatible with ex-
isting database search tools [51]. The development and
application of robust, transparent tools for the statistical
analysis of proteomic data is essential. Several computa-
tional methods have recently become available [67–72].
Only when these programs have become standardised and
widely used can one of the long-term aims of proteomics
begin to be realised: the creation of centralised, public
databases of peptide and protein identifications with
repositories for storing MS data. The combined results
from many different research groups could then be
merged and applied to the whole genome, validating ex-
pressed genes at the protein level, and enabling the eluci-
dation of patterns of protein expression that would be
missed in individual experiments.

Protein quantification

In a recent article in Nature [26], Aebersold and Mann ar-
gue that for the documentation of the expression of pro-
teins as a function of cell or tissue state to be meaningful,

the data must be at least semi-quantitative: a list of the
proteins detected in the different states is inadequate. 
In both MALDI- and ES-MS, the relationship between
the concentration of an analyte in a sample and its mea-
sured signal intensity is dependent on multiple factors
that are difficult to control and are, in fact, not completely
understood [26]. Consequently, in the absence of internal
standards, mass spectrometers are inherently poor quan-
titative devices. Quantitation in MS-based proteomics is
most commonly achieved by using stable isotope dilu-
tion. This makes use of the fact that two analytes differ-
ing only in stable isotope composition will be chemically
almost identical, eluting at very similar retention times,
yet can be differentiated in a mass spectrometer due to
their mass difference. The ratio of the ion currents for the
analyte pair will be equal to the abundance ratio for the
two analytes. Therefore, relative abundances of proteins
in different cell or tissue states can be calculated, and ab-
solute abundances can be measured with the use of iso-
topically labelled standards. The three main ways of
introducing stable isotopes to proteins are via chemical
reactions, by metabolic labelling using heavy isotope-la-
belled salts or amino acids, and via enzymatic incorpora-
tion of 18O from H2

18O during proteolysis.
The most widely used chemical labelling method is the
isotope-coded affinity tag (ICAT) approach [73]. The
ICAT reagent contains a biotin affinity tag, a linker that
can incorporate stable isotopes and a thiol-specific reac-
tive group. The reagent exists in heavy and light forms.
Proteins from two different cell states are harvested, de-
natured, reduced and labelled at cysteine residues using
the light or heavy ICAT reagents. The samples are then
combined and digested with trypsin. The ICAT-labelled
peptides are isolated using the biotin affinity tag by affin-
ity chromatography and analysed by LC-ES-MS/MS. The
ratio of the ion intensities for ICAT-labelled pairs of pep-
tides allows the calculation of the relative abundance of
the parent protein in the two cell states, whilst MS/MS
confirms the sequence of the peptide and identifies the
protein. The ICAT strategy is shown in figure 19. How-
ever, the original ICAT reagents were relatively large, and
the presence of their fragments in the MS/MS patterns of
peptides was found to complicate the analysis. To address
this, a cleavable ICAT reagent was introduced [74], which
contains an acid-cleavable linker that allows the removal
of the affinity tag before MS analysis of the peptides. In
addition, 2H-labelling was replaced by 13C-labelling, to
eliminate chromatographic displacement effects. The dis-
advantage of the ICAT approach is that it is limited to the
analysis of cysteine-containing proteins; however, this
feature can be utilised to simplify complex mixtures of
proteins.
One of the features of the chemical-tagging approach is
that isotope-tagging reactions can be chosen to direct the
isotopes and attached affinity tags to specific functional
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Figure 19. The ICAT strategy for quantifying differential protein expression. Adapted from Gygi et al. [38]. (a) Structure of the original
ICAT reagent. (b) Schematic of the ICAT strategy.
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groups or protein classes, allowing selective isolation and
analysis of the tagged peptides. Tagging reactions that are
specific for sulphydryl groups [73, 75], amino groups
[76], the active sites of serine [77] and cysteine hydroxy-
lases [78], phosphate ester groups [79, 80] and N-linked
carbohydrates [81] have been described.
Metabolic isotope labelling was, until recently, limited to
the study of single-celled organisms or cells grown in cul-
ture. The ‘stable isotope labelling with amino acids in cell
culture’, or SILAC, approach [82] involves growing
mammalian cell lines in medium lacking a standard es-
sential amino acid but supplemented with an isotopically
labelled form of that amino acid, for example lysine
deuterated at its side chain methylenes. Potentially, all
peptides can be labelled [82]. In other studies [83–86],
cells were grown in medium enriched with stable isotopes
such as 15N. Krijgsveld et al. [87] have taken this ap-
proach one step further by metabolically labelling the ne-
matode Caenorhabditis elegans and the common fruit fly
Drosophilia melanogaster by feeding them on 15N-la-
belled Escherichia coli and yeast, respectively. After two
generations, 15N incorporation was 98% for the nemo-
todes and 94–95% for the fruit flies.
When samples are of human origin, labbelling proteins
metabolically is not practical. Enzyme catalysed incorpo-
ration of 18O from H2

18O during proteolysis [88–91] re-
sults in each peptide generated being labelled at its car-
boxy terminal. Analysis is therefore not limited to spe-
cific functional groups or protein classes, in contrast to
chemical-tagging approaches. The mass difference gener-
ated by 18O incorporation is 4 Da, which can make quan-
titation difficult because isotope patterns for analyte pairs
are likely to overlap. However, this methodology has been
successfully applied to complex biological samples [91].
A simple approach for absolute quantitation has recently
been described by Gerber et al. [92]. This involves the use
of synthetic peptides, specific to the protein of interest,
with incorporated stable isotopes. Samples are separated
by 1DE and the bands of interest subjected to in-gel tryp-
tic digestion in the presence of known amounts of the la-
belled peptide(s). Absolute quantitation is then achieved
using LC-MS/MS analysis. There is also the potential for
whole proteins to be expressed using only 15N- or 13C-
containing amino acids; these proteins could be intro-
duced to samples prior to SDS-PAGE separation, thereby
eliminating any differences between sample and standard
due to incomplete trypsinisation.
Stable-isotope dilution methods in combination with LC-
ES-MS/MS are increasingly being used to detect changes
in protein profiles, for example between diseased and
normal tissue states, and to infer biological function from
the observed patterns.

Protein interactions

The majority of proteins exert their function via protein-
protein interactions. To determine the binding partners of
a protein by MS, the protein itself can be used as an affin-
ity reagent. There are three crucial components to these
MS-based protein interaction experiments: bait presenta-
tion, affinity purification of the complex and analysis of
the bound proteins [26]. If antibodies to the protein of in-
terest are available, these can be used to specifically iso-
late the protein with its bound partners. Alternatively, the
protein of interest can be ‘tagged’ with a sequence recog-
nised by an antibody specific for the tag. The tagged pro-
tein can be expressed in stable cell lines and allowed to
bind to any other proteins with which it interacts. The
protein and its binding partners can be separated from the
mixture using the antibody, with subsequent denaturing
of the entire complex for analysis by MS. The tandem
affinity purification (TAP) approach [93, 94] combines
the use of two different tags on the same protein, sepa-
rated by an enzyme-cleavable linker sequence. Proteins
are tagged with a calmodulin-binding peptide linked to a
tobacco etch virus (TEV) protease site linked to a protein
A domain (fig. 20). The protein A domain binds tightly to
a solid support modified with immunoglobulins. After
washing, treatment with TEV protease allows the elution
of the bound material, which is then incubated with
calmodulin beads in the presence of calcium. This second
affinity step allows the removal of any remaining conta-
minants as well as the TEV protease. The bound material
is released with ethylene glycol-bis(2-aminoethylether)-
N,N,N¢,N¢-tetraacetic acid (EGTA). The use of TAP tags
reduces background noise considerably compared with
tags supporting single-step purification, but may result in
the loss of some of the weaker and more transient binding
partners in the second affinity step [26].
Introducing a tagged protein into a cell system can cause
problems because tagged protein expression levels are
usually different from the expression levels of the un-
tagged endogenous counterparts: artefacts can arise due
to non-physiological levels of the tagged protein [26].
Also, many protein-protein interactions are transient, of
low affinity and dependent on a specific cellular environ-
ment, therefore MS-based experiments of the type de-
scribed above will only detect a subset of the interactions
that actually occur. This is illustrated by a comparison of
the results obtained in two different studies [95]. Gavin et
al. [96] introduced 1739 TAP-tagged genes into the yeast
genome; 232 stable complexes were isolated and the pro-
teins identified by MALDI PMF after 1DE separation. In
a similar study, Ho et al. [97] expressed Flag epitope-
tagged proteins; single-step immunopurification was
used to isolate the complexes, followed by LC-MS/MS
for identification of proteins separated by 1DE. Both
studies reported a large number of interacting proteins,
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but, interestingly, for the group of bait proteins that was
common to both studies, surprisingly little overlap of data
was observed, either between the two MS studies or be-
tween these and previous yeast two-hybrid studies [95].
Both MS studies reported results consistent with existing
literature for known protein complexes. These results
point towards the potentially huge scale of the ‘interac-

tome’, and indicate that it is largely under-sampled in cur-
rent studies.
In the future, stable-isotope methods are likely to revolu-
tionise the study of protein-protein interactions. Stable-
isotope ratios can be used to distinguish between the pro-
tein composition of two or more complexes, and between
true complex components and non-specifically associ-

Figure 20. The TAP approach to the detection of protein interactions. Adapted from Puig et al. [94]. (a) Schematic representation of the
TAP tag. (b) Overview of the TAP purification strategy. 
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ated proteins [98, 99]. This ability to distinguish complex
components from a background of non-specific binding
will allow for fewer purification steps and less washing,
thereby increasing the chances of detecting weak and
transient interactions.
MS-based proteomics has also been used to study large
protein complexes such as the yeast and human spliceo-
somes [100, 101], the yeast nuclear pore complex [102]
and the human nucleolus [103].

Protein modifications

Post-translational modifications (PTMs) are chemical
processing events that alter the properties of a protein af-
ter its translation, either by proteolytic cleavage or by ad-
dition of a modifying group to one or more amino acids.
PTMs include phosphorylation, glycosylation, acetyla-
tion, methylation, sulphation, disulphide bond formation,
deamidation and ubiquitination [104]. Most eukaryotic
proteins are post-translationally modified, and many of
these PTMs are regulatory and reversible, most notably
protein phosphorylation, which is a dynamic process with
complex kinetics involving several amino acids in a sin-
gle protein, and which controls biological function
through many different mechanisms [26].
The application of MS to the identification of PTMs
ranges from the study of single, purified proteins through
the search for one type of modification on all the proteins
in a sample to scanning for all modifications on a pro-
teome-wide scale. The complexities involved in identify-
ing all the modifications even on a single protein mean
that proteome-wide scanning is, at present, not compre-
hensive; nevertheless, large amounts of biologically use-
ful information can be generated. To determine the sites
of modification, maximum protein sequence coverage is
desirable; for this purpose, peptide mass mapping using
two or more different enzymes can be employed, for ex-
ample trypsin, Asp-N and Glu-C. Protein modifications
are then identified from the measured masses and frag-
mentation spectra using manual or computer-assisted in-
terpretation [26]. However, the introduction of a number
of possible modifications into computer search programs
such as Sequest and Mascot can result in a ‘combinator-
ial explosion’ due to the need to consider all possible
modifications for all peptides in the database [104]. To
avoid this, the experiment can be divided into a two-stage
process whereby a set of proteins is first identified on the
basis of non-modified peptides, then only these proteins
are searched for modifications; using this approach Mac-
Coss et al. [105] identified 73 sites of modification on 11
different crystalline proteins from human lens tissue.
Also available is SALSA (Scoring ALgorithm for Spec-
tral Analysis) [106], which can be applied to MS/MS
spectra that remain unassigned after initial database

searching. SALSA enables the identification of modified
peptides based on correspondence between theoretical
and actual MS/MS ion series for peptide sequences, re-
gardless of their absolute positions on the m/z axis.
Other approaches that attempt to address the low-stoi-
chiometry and high-complexity problems associated with
the analysis of PTMs, and protein phosphorylation in par-
ticular, involve the selective enrichment of modified pro-
teins. These techniques are generally based on some form
of affinity selection that is specific for the modification
of interest, and that is used for the purification of modi-
fied proteins. Pandey and colleagues [107–109] immuno-
precipitated tyrosine-phosphorylated proteins using anti-
bodies specific for phosphotyrosine. Affinity purification
has been combined with chemical modification: for ex-
ample, Oda et al. [80] replaced phosphate moieties with
affinity tags; Zhou et al. [79] used a sequence of chemi-
cal reactions to isolate phosphopeptides, and Goshe et al.
[110, 111] employed a phosphoprotein isotope-coded
affinity tag. Probably the most extensive characterisation
of the phosphoproteome was achieved by Ficarro et al.
[112], who esterified peptide mixtures to nullify nega-
tively charged carboxyl groups, then captured the phos-
phopeptides by immobilised metal-affinity chromatogra-
phy; more than 1000 phosphopeptides were detected
from analysis of a whole-cell lysate from S. cerevisiae,
and a total of 216 peptide sequences defining 383 sites of
phosphorylation were determined. Peng et al. [113] used
affinity purification to isolate the ubiquitinated proteins
from yeast cells expressing 6xHis-tagged ubiquitin; 1075
proteins were identified, including 110 precise ubiquiti-
nation sites in 72 ubiquitin-protein conjugates. Two pa-
pers that identify N-glycosylated proteins have recently
been published by Zhang et al. [81] and Kaji et al. [114];
both describe methods to immobilise the carbohydrate
chain-containing proteins, then, after tryptic digestion,
release the N-glycosylated peptides from their carbohy-
drate chains (using peptide-N-glycosidase F) for analysis.
Developing MS technologies are expected to substan-
tially accelerate the analysis of PTMs. FTMS instruments
can be coupled with electron capture dissociation (ECD),
which has been shown to have profound potential for the
characterisation of PTMs [115]. ECD occurs after re-
combination of multiply protonated protein or peptide
molecules with thermal electrons. After electron capture,
the resultant [M + nH](n–1)+∑ ion dissociates via energetic
H∑ transfer to the backbone carbonyl to form c (-CHR-
C(OH)=NH) and z∑ (∑CHR¢-) ions [116, 117]. Labile
PTMs, which are easily lost under CAD conditions, re-
main intact during the ECD process, allowing the posi-
tions of modifications to be easily established; this is at-
tributed to the high rate of bond cleavage and moderate
amount of excess energy during ECD compared with the
vibrational excitation involved in CAD [115]. FTMS and
ECD have also been used for ‘top-down’ protein se-
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quencing, in which the intact protein ion is fragmented
inside the mass spectrometer, theoretically allowing the
mapping of all PTMs [118, 119].

Future challenges and expectations

‘The specific objective of proteomics is to concurrently
identify, quantify and analyse a large number of proteins
in a functional context’ [26]. The global focus of analyses
on a proteome-wide scale threatens to result in informa-
tion overload, and throws up many challenges in terms of
data collection, analysis and interpretation, visualisation,
storage and data publication and sharing.
Proteomic studies generate huge amounts of data: in a
typical LC-MS/MS experiment over 1000 CAD spectra
of varying degrees of quality are generated in an hour.
However, even if each one of these spectra led to the suc-
cessful identification of a peptide, a very long time would
be required to analyse complete proteomes. High-
throughput collection of consistently high-quality data
remains a challenge, and ‘national proteome centres’
have been suggested [120], to ensure availability of ex-
pertise and equipment.
The analysis and interpretation of the massive volumes of
proteomic data are a major bottleneck in proteomics to-
day. Expert manual analysis of data is incompatible with
the thousands of spectra produced in a proteomics exper-
iment; in addition, inconsistency exists between individ-
uals. Therefore, the development of robust, transparent
tools for the statistical analysis of proteomic data is cru-
cial. Only when these tools have become standardised
and widely accepted will the comparison of complemen-
tary proteomic data sets generated in different laborato-
ries be possible. Such comparisons will also depend on
well-organised and accessible systems for data storage,
communication and visualisation; the development of
these tools for proteomics is still in its infancy [26].
The current system for publication of scientific work
does not lend itself well to the reporting of large data sets
generated by proteomic experiments. Data tables are fre-
quently published as supplementary to the main paper,
and validation and discussion limited to only a few con-
clusions drawn from the data. To make the publication of
proteomics data more useful, new ways must be devised
to review and validate large data sets and to make their
content electronically searchable. Preliminary develop-
ments by a few publishers and journals are described by
Mann [121]; however, this problem remains essentially
unsolved.
The sheer scale of proteomics research necessitates a
community effort. Public access to online raw data would
facilitate research in all areas, and enable those re-
searchers with no access to MS data to lend their exper-
tise to the development of more advanced computational

methods and software tools. In a recent Nature commen-
tary [122], Aebersold proposes a community-wide strat-
egy involving the synthesis of one unique, heavy, stable
isotope-tagged peptide marker for each protein, protein
isoform or specifically modified form of a protein, which
could then be used as a definitive marker for that protein.
These markers would be added in precise amounts to
samples where the proteins of interest had been labelled
with natural-isotopic tags, and used for protein quantita-
tion. This would drastically reduce the number of pep-
tides that need to be analysed, and would trivialise the
data analysis itself since de novo identification would no
longer be necessary. The method could be easily stan-
dardised between laboratories, and the absolute quantita-
tion would make different data sets easily comparable.
Any subset of proteins could be interrogated, and, provid-
ing an appropriate reference peptide could be synthe-
sised, any protein isoform, polymorphism or modified
form could be analysed. Finally, once the initial cost of
synthesising the reference peptides had been met, the
method would be relatively cheap since only tiny amounts
of the peptide standards would be needed for each assay.
MS-based proteomics is, however, still an emerging tech-
nology where radical change is possible, and for this rea-
son the call for the standardisation of research approaches
may be premature. Current instrumentation is far from
optimal, partly because in the rapid explosion of pro-
teomics research, manufacturers have not had the time to
fully develop instruments perfectly customised for pro-
tein analysis. Mass spectrometers are still far from the
physical limit of the few ions needed to register a peak, so
a massive increase in performance can be expected in the
next few years. There are several nascent techniques with
the potential to revolutionise current MS-based pro-
teomic practices. One of these, the analysis of intact pro-
teins, has already been discussed. The emergence of
whole-protein proteomics is being enabled by the devel-
opment of mass spectrometers with large mass ranges,
extremely high mass accuracy and resolution, and ionisa-
tion/fragmentation techniques compatible with large pro-
teins; this has the potential to provide insights into modi-
fications that are difficult to characterise by peptide
analysis [26]. Another concept is the use of peptide ‘ac-
curate mass and time’ (AMT) tags for high-throughput
proteome characterisation [123–126]. This strategy in-
volves the use of high mass accuracy and resolution
FTMS to validate peptide AMT tags from ‘potential mass
tags’ identified from global enzymatic digestion of a spe-
cific organism, tissue or cell type using conventional
MS/MS techniques. Once the peptides have been vali-
dated they can be identified in subsequent experiments by
simply correlating the accurate mass and the retention
time with the database of previously determined AMT
tags, thus obviating the need to perform MS/MS analy-
ses. The advantage of using this method over MS/MS-
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based techniques is the large number of protein identifi-
cations that can be obtained in a single LC run: the num-
ber of peptide identifications from an LC-MS/MS run is
restricted because of the time needed to fragment the pep-
tides individually. A third pioneering technique is that of
imaging MS in which thin tissue sections are mounted
onto a target plate, spotted with matrix and then analysed
by MALDI [127]. From the intensity of a given m/z value,
a density map or image is constructed; in this way, pro-
files of the proteins contained in the section can be ob-
tained. The technique has already been applied to the as-
sessment of protein patterns in several diseased tissues
including human gliomas and non-small-cell lung cancer
[128].

Outlook

MS is at the core of proteomics today. Its extensive range
of existing applications encompasses the identification,
characterisation and quantification of proteins, their in-
teractions and modifications. Yet we are only at the tip of
the iceberg: MS-based proteomics is still very much a
nascent technology, where radical change is possible. Ad-
vances in instrumentation, experimental design and data
handling will ensure that MS continues to play a pivotal
role in life sciences research in the future.
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