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Abstract. Mass spectrometry has become an important
analytical tool in biological and biochemical research. Its
speed, accuracy and sensitivity are unmatched by con-
ventional analytical techniques. Identification of proteins
and characterisation of their primary structure is a rapidly
growing field in the post-genomic era, where matrix-as-
sisted laser desorption/ionisation time-of-flight peptide
mass fingerprinting combined with electrospray tandem

mass spectrometry can efficiently solve many questions.
Many recently determined genomic sequences have not
been characterised at the protein level. Analysis of the
amino acid sequence and characterisation of post-transla-
tional modifications are therefore important steps towards
correlation of protein structure with function. This review
concerns methods, instrumentation and applications of
mass spectrometry in protein and peptide analysis.
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A general overview of mass spectrometry

During the last decade, mass spectrometry has emerged
as a major analytical technique in molecular-level biolo-
gical research. There has been an explosion in instrumen-
tation and applications to large biomolecules, particularly
in the field of protein and peptide analysis [1].

Mass spectrometry has certainly added a new dimension
to the accuracy in determining protein molecular weights.
Improvements of many orders of magnitude can be made
using mass spectrometry rather than techniques such as
gel filtration and sedimentation analysis [2]. The intro-
duction of sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) [3] allowed protein mole-
cular weights to be determined with a mass accuracy of
approximately 5—10%. This can be compared to the
parts per million (ppm) and parts per billion (ppb) accu-
racies that are obtained with modern mass spectrometers
[4-6].

The principle of mass spectrometry is measurement of
the mass-to-charge ratio (m/z) of gas-phase ions. Mass

spectrometry is almost always a destructive analytical
method, meaning that the sample is consumed. Sir J.J.
Thomson developed the technique in the early 1900s
when he obtained mass spectra of small gaseous ions [7].
His work has recently been reviewed by I. W. Griffiths
[8]. Thomson’s work was further developed by F. W.
Aston who measured the masses of more than one hund-
red stable isotopes using similar techniques [9—11].
Mass spectrometry is now a widespread technique with
key functions in a number of fields, including biochem-
istry [12], biotechnology [13], pharmacology [14],
microbiology [15] and the proteomics/functional geno-
mics field [16, 17]. This development is a direct conse-
quence of the introduction of the soft ionisation methods
of electrospray ionisation [18—20] and matrix-assisted
laser desorption/ionisation (MALDI) [21]. These ionisa-
tion methods have made it possible to ionise large ther-
mally labile biomolecules and transfer them to the gas
phase without dissociation. Non-covalent complexes of
biomolecules can nowadays be analysed in the mega-
dalton (MDa) range [22].
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When the ionised molecules have been transferred to the
gas phase, a number of mass analysers can be employed
to determine their mass-to-charge ratio, such as quadru-
pole mass filters [23], double-focusing magnetic and
electric sectors [24, 25], time-of-flight (TOF) [26, 27],
quadrupole ion traps [28, 29] and Fourier-transform ion
cyclotron resonance (FTICR) [30] mass analysers. The
choice of mass analyser will reflect the needs of the spe-
cific application, and will probably take mass accuracy,
resolution, sensitivity and cost into account. Two or more
analysers can be combined to form a tandem mass spec-
trometer, such as a triple quadrupole [31] or a hybrid in-
strument (consisting of two different analysers), e. g. qua-
drupole-TOF (Q-TOF) [32] or magnetic sector-TOF [33].
A common feature of these tandem mass spectrometers is
a collision cell located between the two analyser regions.
This cell contains gas into which a precursor ion (e.g. a
protonated peptide), which has been selected by the first
mass analyser, collides and fragments in a process called
collision-induced dissociation (CID) or collisionally ac-
tivated decomposition [34]. The fragments produced by
the tandem mass spectrometry (MS/MS) process are cal-
led product ions and they are mass-measured in the sec-
ond analyser region. The nature of the product ions can
subsequently be used to determine the primary structure
of the peptide, i.e. the amino acid sequence [35]. This
MS/MS method is widely used today in modern bio-
chemistry, where unknown proteins can be identified by
determination of a sequence tag from a proteolytic pep-
tide of the protein [36, 37]. Determination of protein
primary structure by mass spectrometry is now conside-
red a routine technique [38, 39] and much interest is cur-
rently directed towards identification of post-translatio-
nal modifications [40, 41].

Peptide mass fingerprinting (PMF) [42, 43] is another
protein identification strategy in the post-genomic era
[44]. This method is based on proteolytic digestion of the
protein with a site-specific enzyme, e.g. trypsin, and
simple mass measurement of the created peptides, often
carried out on a MALDI TOF instrument. The peptide
mass fingerprint is searched against databases in which
the protein sequences have been theoretically digested
with the same enzyme. This method is highly compatible
with automation and is perhaps the best choice for high-
throughput identification of large sample sets.

Ionisation techniques

Mass spectrometry measures the mass-to-charge ratio of
ionised molecules in the gas phase. Hence, the analytes
need to be ionised and transferred to the gas phase prior
to analysis. Earlier techniques such as electron impact
(EI) [24] and chemical ionisation (CI) [45] were efficient
in ionising small volatile thermally stable molecules.
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Fast-atom bombardment (FAB) was introduced in the
early 1980s by Barber and co-workers [46] and was the
first ionisation technique that could be used for routine
analysis of biomolecules of mass up to a few thousand
daltons [47]. The soft ionisation techniques, MALDI and
electrospray, discussed in the Introduction and described
below, are the revolutionising methods that have made
mass spectrometry one of the most important tools to
analyse large biomolecules.

Electrospray ionisation

Electrospray is an atmospheric-pressure ionisation me-
thod that produces small charged droplets from a liquid
medium under the influence of an electric field. The pro-
cess itself originates from the beginning of the last cent-
ury but it was Dole and co-workers [48] who first trans-
ferred large molecules to the gas phase in the late 1960s.
In 1984, electrospray was used for the first time to create
gas phase ions to be analysed by a mass spectrometer. The
group of J. B. Fenn reported the use of electrospray mass
spectrometry [18, 19] at approximately the same time as
Alexandrov and co-workers [20] but it was still a few
more years before the first electrospray mass spectra of
large molecules were published, again from the group of
Fenn [49, 50].

As Alexandrov et al. [20] reported 1984, electrospray is a
very suitable method for combining chromatographic
methods with mass spectrometry. This is because the
electrospray process transfers ions from the solution
phase to the gas phase at atmospheric pressure. In con-
ventional electrospray, a flow of liquid, from a chromato-
graphic system or a syringe pump, is passed through a
thin conducting needle at high voltage (3—4 kV). The po-
tential difference is applied between the needle and the
counter electrode (the inlet of the mass spectrometer).
The analytes will to some extent, depending on the pH of
the solvent, exist in an ionised form in the liquid and the
applied potential will create an accumulation of like char-
ges at the tip of the needle. Positive or negative ions will
migrate to the end of the capillary depending on the po-
larity of the applied field. Figure 1 illustrates the electro-
spray process in the positive-ion mode, where positively
charged ions accumulate at the liquid surface (meniscus).
Ions of opposite polarity (negatively charged ions) will
migrate towards the positive capillary wall. The high den-
sity of positive charges at the tip leads to the formation of
a Taylor cone [51] due to the repulsive coulombic forces
between the positive ions. Under a high electric field, the
repulsive forces become stronger than the surface tension
at the tip of the cone, and a liquid mist is ejected. The mist
breaks up in small highly charged droplets when moving
towards the counter electrode (fig. 1). Both a potential
and a pressure gradient will direct the droplets towards
the inlet of the mass spectrometer and a counter-current
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Figure 1. Schematic representation of the electrospray process. A positive potential is applied to the capillary (anode), causing positive
ions in solution to drift towards the meniscus. The meniscus destabilises, leading to the formation of a Taylor cone emitting droplets with
excess positive charge. Gas phase ions are formed from charged droplets in a series of solvent evaporation cycles as they are accelerated
towards the entrance of the mass spectrometer (cathode). [Modified with permission from ref. 56.]

flow of gas facilitates solvent vaporisation and prevents
ion cluster formation. As the solvent evaporates, the
charge remains constant in the droplets and at a certain
point, the surface coulombic forces exceed the surface
tension forces, the Rayleigh limit [52], and the droplets
break up into smaller droplets [53]. This process con-
tinues until droplets with diameters in the nanometer
range are generated.

The formation of gas phase ions from the small charged
droplets is not yet fully understood. Two mechanisms
have been proposed. The original idea was that the solv-
ent evaporates and droplets break up until those with only
a single analyte ion are created [48]. The evaporation
continues until a gas phase ion is formed. This is usually
referred to as the charged-residue model. Iribarne and
Thomson [54] suggested an alternative mechanism in
1976 (the ion evaporation model), in which they propos-
ed that droplets with a radius less than 10 nm can allow
field desorption, i.e. direct emission of a gaseous ion.
The charge state of the ion will depend on the number of
charges that are transferred from the droplet surface to
the ion during desorption. The gas phase ion formation
processes are still under debate, and while the ion evapo-
ration theory might be the most accepted, a mechanism
related to the charged-residue process may account for
the formation of gaseous protonated macromolecules
[55]. A number of useful papers and volumes have been
published in which detailed descriptions of the electro-
spray process are discussed [56—59].

The electrospray ion source has gone through major
developments since its introduction. Conventional elec-
trospray instruments operate best at a flow rate of
3—10 pl/min, but the coupling of liquid chromatography
(LC) to mass spectrometry has sometimes demanded

flow rates of up to 1 ml/min. The electrospray evapora-
tion is then facilitated by a coaxial gas flow (a nebulising
gas) [60]. This type of source is generally called pneu-
matically assisted electrospray. On the other hand, the
coupling of capillary electrophoresis (CE) to mass
spectrometry gives very low flow rates and a sheath flow
of organic solvent might be needed. However, this pro-
cess dilutes the sample solution and sheathless inter-
faces have been developed [61]. Like all other analytical
techniques, miniaturisation has been one of the key
steps in the development of electrospray ionisation. The
first report on low-flow-rate electrospray ionisation came
in 1993 [62]. The following year, Emmett and Caprioli
[63] followed up with a continuous infusion source
operating at a flow rate of approximately 300—800
nl/min, resulting in a major sensitivity increase. This
source is called the microelectrospray source and neuro-
peptides have been analysed down to the zeptomole
(1072 mole) level [64]. The first electrospray source with-
out continuous infusion was developed by Wilm and
Mann [65, 66], and called nanospray. The sample is
sprayed from a metal-coated capillary (needle) with an
opening of 1—10 pm. This results in a flow rate of 20—50
nl/min and, hence, small sample volumes are consumed.
Less than 0.5 pl can be loaded into the needle and used
for more than 15 min in favourable situations. This time
frame is usually enough for several MS/MS experiments.
The flow rate will depend on the orifice diameter of the
needle, the applied voltage (usually <1 kV) as well as the
viscosity and volatility of the solvent. The nanospray
source has higher ionisation efficiency than a conventio-
nal electrospray source due to the production of smaller
droplets, and it is also reportedly less sensitive to salts
than conventional electrospray. Another modification that
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has made electrospray sources overall more tolerant to
inorganic salts is the Z-spray configuration [67]. In this
set-up, the spraying device is mounted at a right angle to
the inlet/cone of the mass spectrometer. The idea is that
the major part of the inorganic salts will not be desorbed
from the droplets and will hence travel in a straight path
and not be analysed, while the organic ions will be more
easily transferred to the gas phase and transported into
the mass spectrometer down the pressure and potential
gradients.

As mentioned above, electrospray ionisation produces
multiply charged ions, and proteins with molecular
weights in the 10—100 kDa mass range will in general
produce an envelope of ions with m/z values below 2500
(fig. 2). Ion transmission is generally good in this region
and mass measurement statistics are excellent due to
many different charge states being observed. These fea-
tures make electrospray the most suitable ionisation
method for molecular-weight determination of large
biomolecules. The envelope of different charge states can
be converted to a true mass scale via maximum-entropy
processing (fig. 2), an iterative method that calculates
the mass and the abundance from the experimental m/z
peaks [68] or via other deconvolution or transform pro-
cesses.

Matrix-assisted laser desorption/ionisation

MALDI was introduced in the late 1980s by the group of
Hillenkamp [21]. The MALDI technique is, like electro-
spray ionisation, referred to as ‘soft” and thereby com-
patible with analysis of large biomolecules like proteins
[69, 70].

The analytes are mixed with a saturated solution of
ultraviolet-absorbing matrix. The most commonly used
matrices in peptide/protein analysis are a-cyano-4-
hydroxy-cinnamic acid (for small peptides) and 3,5-
dimethoxy-4-hydroxy-cinnamic acid, i.e. sinapinic acid
(for larger peptides and proteins). The matrix/analyte
mixture is applied to a target plate. The solvent eva-
porates and the matrix and the analytes co-crystallise on
the target. A laser beam (commonly a nitrogen laser at
337 nm) provides light that is absorbed by the aromatic
matrix molecules. Energy is subsequently transferred
to the analyte that becomes desorbed into the gas phase.
The ionisation mechanism is not fully understood and
several suggestions are still debated [71]. Co-desorption
of matrix and analyte succeeds proton transfer, which
may take place in the solid phase, and also in the expand-
ing plume of matrix and analyte ions after the laser irra-
diation.

The MALDI source has traditionally been coupled to
TOF mass analysers because of its pulsed nature. Recent
developments have made possible atmospheric pressure
MALDI mass spectrometry.
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MALDI produces mainly singly charged ions, and this
feature means it is excellently suited for analysis of com-
plex biological mixtures such as protein digests [43].
MALDI TOF mass spectrometry is thus the primary ana-
lytical technique in proteomics for identification of pro-
teins separated by two-dimensional gel electrophoresis
[17]. The basic amino acid residues in peptides and pro-
teins are easily protonated and, consequently, these bio-
molecules are preferably analysed in the positive ion
mode. The MALDI ionisation process is less sensitive to
salts than electrospray ionisation. Nevertheless, salts and
other impurities will cause peak broadening with the for-
mation of adducts. This will lower the mass accuracy and
limit sensitivity, and these problems highlight the impor-
tance of satisfactory sample preparation. A number of
different clean-up approaches have been reported [72, 73]
often including the use of microcolumns for desalting,
which have recently become available commercially
(ZipTip; Millipore). Several biotechnology companies
have launched robotic systems that desalt the large
sample sets produced, before the introduction of sample
to MALDI mass spectrometry.

For a long time, MALDI TOF was considered a low-re-
solution mass spectrometric method. The introduction of
delayed extraction [74—76] and the mass reflectron [77]
has changed this view dramatically. Descriptions of these
two features can be found below in the ‘The time-of-
flight mass analyser’ section.

MALDI TOF has lately become the instrument of choice
for many laboratories that are investing in mass spec-
trometry equipment. The major advantages are that it is
an easy system to operate, it requires minimal mass
spectrometric expertise to obtain data and it usually
gives a quick result. The relatively low purchasing cost
together with reasonable running costs are other param-
eters that make the system attractive from a buyers
point of view. However, as with all mass spectrometric
systems, the interpretation of data, whether mass spectra
or a list of database search ‘hits’, requires a degree of
expertise and provides the rate-determining step for pro-
tein analysis.

Mass analysers

When ions have been formed in the source, they are trans-
ported to the analyser region and separated according to
their mass-to-charge ratio. A number of mass analysers
are available which can be divided into two classes. The
first class, electric-field mass analysers, consist of the
quadrupole mass filter, the quadrupole ion trap (Paul
trap) and the TOF mass analyser. The second class, mag-
netic-field mass analysers, comprise magnetic sectors
and ion cyclotron resonance mass analysers. The different
analysers vary in their mass accuracy, mass range, resolu-
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Figure 2. (a) Mass spectrum of the partially carboxymethylated TR-LBD. Three charge states are indicated. () Maximum-entropy-deriv-
ed spectrum. The number of carboxymethylated Cys residues present in each form is indicated. An apostrophe indicates that the form is

additionally formylated [4].

tion, sensitivity, speed, footprint, cost, and the choice
will depend on the specific application. The quadrupole
ion trap, for example, has MS" capability (the possibility
to perform dissociation analysis of created product
ions), and FTICR mass spectrometers have extraordinary
resolution (up to 107) and mass accuracy [6]. Magnetic-

sector instruments are the most mature instruments on
the market and have been a mainstay for many decades.
Today, they are the instrument of choice for environ-
mental-pollutant analysis. However, quadrupoles, traps
and TOF instruments have largely accommodated the
growth in biological applications while the market for
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sector instruments remains constant. The characteristics
of the quadrupole mass filter and the TOF mass analyser
are described below.

The quadrupole mass filter

The quadrupole mass filter is the most common mass
analyser in use today and can be regarded as a real ‘work-
horse’. It was introduced in the early 1950s [23] and the
technique has only seen modest developments since then.
The mass filter is used extensively as both a stand-alone
device and in multistage mass spectrometers like triple
quadrupoles [31] and quadrupole TOF instruments [32,
78]. The quadrupole analyser is constructed of four elec-
tronically conducting cylindrical rods and is operated by
the application of a combination of direct current (DC)
and radio frequency (RF) voltages (fig. 3).

The mass filter establishes a two-dimensional quadrupole
field between the four cylindrical electrodes with the two
opposite rods connected electrically. One rod pair (+) is
connected to a positive DC voltage, upon which a sinus-
oidal RF voltage is superimposed. The other rod pair (—)
is connected to a negative DC voltage, upon which a
sinusoidal RF voltage is also superimposed. Successful
selection of a specific ion requires the RF and DC values
to be set such that only the ion of interest has a stable tra-
jectory through the quadrupole system. In one field di-
rection, ions with a low m/z (light ions) will follow the al-
ternating component of the field, gain energy and oscil-
late with increasingly large amplitudes until they hit one
of the rods and are discharged. Only high-mass ions will
hence be transmitted to the other end of the quadrupole.
However, in the other direction of the field, ions with a
high m/z (heavy ions) will be unstable because of the de-
focusing effect of the DC component. Lighter ions, on the

Quadrupole
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Figure 3. Schematic representation of the quadrupole mass filter
and its connections.
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other hand, will be stabilised by the alternating compo-
nent and transferred to the other end of the quadrupole.
Combining the two directions gives a mass filter that is
suitable for mass analysis. Application of a suitable
RF/DC ratio to the quadrupole can make it discriminate
against both high- and low-mass ions to a desired degree.
The mass filter can be set to transmit a single isotope or
to scan over a wide m/z range.

The mass filter is a continuous analyser compared to the
TOF analyser that has a pulsed nature. This feature makes
the quadrupole highly compatible with continuous infu-
sion sources, €. g. electrospray and liquid separation tech-
niques such as high-performance liquid chromatography
(HPLC) and CE. The sensitivity of the analyser for mass
spectral acquisition is limited by the necessity to scan the
quadrupole. The mass range of commercial instruments
is now about m/z 4000. However, modern quadrupoles
can transmit ions with m/z values above 10,000 [22] and
by reducing the operating frequency, the mass range can
be extended to m/z 45,000 [79]. Even though calibration
is a straightforward process in mass filters (m/z depends
linearly on RF and DC), mass accuracy has traditionally
been poor. However, Green and co-workers have shown
that accuracies in the range of 5 ppm can be achieved
with careful operation [80]. A useful and educational
review on the quadrupole mass filter was published in
1986 [81].

The TOF mass analyser

A major development in TOF mass spectrometry came in
the mid 1950s when Wiley and McLaren [26] described
‘time-lag focusing’ which markedly improves resolution.
The principle of the TOF mass analyser is to measure the
flight time of ions accelerated out of an ion source into a
field-free drift tube to a detector. The flight time is related
to the m/z values of the ions according to the following
formula:

TOF =L U, e) "2 (m/z)"”

where L is the drift length in the field-free region, U, is
the potential difference in the accelerating region, e is the
charge of an electron, m is the mass of the ion and z is its
charge state. The TOF is usually measured from the time
point at which the ions are accelerated out of the source
to the time point when they reach the detector. The ions
will separate in the TOF mass analyser according to their
m/z ratios, light ions arriving at the detector earlier than
heavy ions if they carry the same number of charges.

The ions initial spatial spread and initial velocity of the
ions limit the resolving power of a TOF mass analyser. In
a MALDI source, for example, the ionisation creates a
burst of ions that will be at different distances from the
detector (spatial spread) and have different kinetic en-
ergies. lons with the same m/z value but with different
distances to the detector will consequently be detected at

CC
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different time points, thus decreasing resolution. The
same is true for ions with the same m/z value but with dif-
ferent initial kinetic energy. As mentioned earlier, power-
ful tools have been invented to compensate for these two
problems.

Mamyrin and co-workers [77] introduced the mass re-
flectron in 1973. The mass reflectron compensates for the
initial energy spread of the ions; a schematic of a TOF in-
strument with a reflector flight tube is shown in figure 4.
In this type of instrument, the ions are not detected after
a single pass through the field-free region. They are in-
stead reflected back into the field-free drift tube by the
electric field of the reflectron and detected at the same end
of the tube as the initial acceleration region. lons with a
high energy will penetrate the reflectron deeper than ions
with the same m/z value but with lower energy. lons with
the same m/z value can then be focused at the detector. In
addition, the incorporation of a reflectron will extend the
flight path with a resultant improved resolving power.
The second major instrumental development that has re-
sulted in improved resolution in TOF is, as mentioned
above, time-lag focusing. Wiley and McLaren [26] de-
scribed an instrument with a two-stage accelerating reg-
ion (cf. fig. 4) and, more recently, a number of related de-
signs have been applied to MALDI TOF [74—-76]. By in-
troducing a delay between the end of the ionisation pulse
and the application of the extraction pulse, the ions are
sorted in space according to their original kinetic energy.
An ion that starts further from the field-free region in the
first electric field will then be accelerated to a slightly
higher energy than an ion with the same m/z value but
with a starting position closer to the field-free region. The
second electric field accelerates the ions into the drift
tube such that those with the same m/z value will arrive at
the detector position at the same time.

The TOF analyser has a pulsed nature and has been used
widely in conjunction with a pulsed ion source, e.g.
MALDI [69, 70], although early TOF was interfaced to EI
sources. TOF is considered to be a high-speed mass anal-
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Figure 4. Schematic outline of a time-of-flight mass analyser with
a two-stage accelerating region and a mass reflectron. [Modified
from ref. 82.]
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yser. The basic cycle time for the TOF analyser is limited
by the flight time of the heaviest ions. Since this is fre-
quently in the 100-ps range, thousands of full mass spec-
tra can be generated each second. TOF mass analysers
can produce full spectra at high sample utilisation ef-
ficiencies, because all the m/z values in the flight tube at
any time can be detected. These capabilities of fast spec-
tral generation rate, high efficiency and a high duty cycle
have made TOF a target for the return to continuous ioni-
sation sources. Dodonov and co-workers [83] introduced
the electrospray source to an orthogonal extraction TOF
mass spectrometer in 1987. The continuously infused
ions are pulsed at a high frequency perpendicular to their
initial direction of movement and their flight times are
measured. The group of Guilhaus [27, 84] has made great
contributions to the area of orthogonal-acceleration TOF
mass analysers. This instrumental set-up with coupling to
continuous ionisation sources has opened up many new
important applications for TOF. One new application is in
the field of non-covalent interactions of proteins, where
the theoretically unlimited mass range of the TOF mass
analyser is of great value [85]. Nowadays, TOF mass ana-
lysers provide a valuable second stage in hybrid tandem
mass spectrometers [32, 33].

Biological mass spectrometry

DNA sequencing is generally straightforward [86, §87]
and gene sequence analysis using subsequent develop-
ments has led to the accumulation of gene structures,
many of which have not been identified at the protein
level [88—90]. The introduction of soft ionisation techni-
ques has made it possible to transfer large molecules of
biological origin to the gas phase for subsequent mass
analysis. Consequently, the current goal for many groups
using mass spectrometry in the post-genomic era is the
identification and structure determination of proteins. It
is important to be able to analyse the primary structure at
the protein level and to determine post-translational mo-
difications in order to correlate structure with biological
function. However, mass spectrometry can also be used in
DNA studies as described by Murray [91].

Mass spectrometry in protein analysis

There are a number of ways to study primary, secondary,
tertiary and quaternary structures of proteins using mass
spectrometry, and different types of instruments can be
used. The role of mass accuracy in these processes cannot
be overestimated. Mass measurements of small biomole-
cules to high accuracies (a few ppm) can determine their
elemental composition [92]. Monoisotopic masses of
peptides and proteins with molecular weights in the range
5—8 kDa can be determined today, while for higher-mole-
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cular-weight proteins, the average mass is generally de-
termined (accurate mass measurements can be made even
if the isotopic envelope remains unresolved [93]). Clarity
when using such terms as monoisotopic mass and average
mass is important. The monoisotopic mass of an element
refers to its lightest stable isotope. Hence, the monoiso-
topic mass of a molecule is the sum of the monoisotopic
masses of each element present. The chemical average
mass of an element is the sum of the abundance-weighted
masses of all its stable isotopes, e.g. 98.9% 2C and 1.1%
13C gives the isotope-weighted average mass of 12.011
for carbon. The average mass of a molecule, i.e. a protein,
is then the sum of the chemical average masses of the
elements present [5]. In mass spectrometry, the isotopic
pattern of a compound is the best way to determine the
charge state of the ions. A requirement for this deter-
mination is of course a sufficient resolving power of the
mass spectrometer. The m/z separation between the indi-
vidual isotopomers is 1/z, i.e. a doubly charged ion has
0.5 m/z units (or Th = Thomson) between its isotopomers,
while a triply charged ion has isotopomers separated by
0.33 Th. The triply charged ion corresponding to the
19-residue N-terminal tryptic peptide of PYY is shown
in figure 5 [94]. The abundance of the individual iso-
topomers is also of importance. The first isotopomer is
generally the most abundant in peptides with a molecular
weight less than about 1500—1700 Da. Above this, there
is a higher probability that an individual ion will contain
at least one *C and the second isotopomer becomes most
abundant.

100,

708 .3170ﬁ56
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High-throughput protein identifications in proteomics
projects are commonly performed by initial MALDI
mass fingerprinting and database searches. The gel-sep-
arated proteins are in situ digested in the gel with a site-
specific proteinase, often trypsin [95]. The resultant pept-
ides are extracted and their masses determined by
MALDI TOF. The generated peptide mass fingerprint is
searched against protein or DNA sequence databases and
compared to in silico digests of the corresponding se-
quences [42, 96—100]. Robotic systems that integrate
everything from detection of gel spots, enzymatic diges-
tion, mass spectrometric analysis and protein identifica-
tion are currently being launched onto the market.

Protein primary structure by mass spectrometry

The primary structure of proteins and peptides has tradi-
tionally been obtained by Edman degradation [101, 102].
A fully automated protein sequencer was developed in
the late 1960s [103]. Edman sequencers can nowadays
analyse peptides and proteins below the pmol level. Re-
cently, efficient C-terminal sequencing has become avail-
able [104—106]. Especially for large proteins, N-termi-
nal, C-terminal, or combined N- and C-terminal chemical
analysis is still valuable in protein identification. Never-
theless, analysis of the amino acid sequence by tandem
mass spectrometry is more sensitive and provides addi-
tional information concerning the identity and location of
post-translational modifications. In addition, N-termi-
nally blocked peptides are refractory to Edman degrada-
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Figure 5. [M+3H]J*" ion of the 19-residue tryptic peptide generated from PYY [94]. The mass separation (0.3) of the isotopomers indi-

cates the charge state of the ion (3+).
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tion but can be sequenced by MS/MS. In favourable ca-
ses, peptides can be analysed at the atto-to zeptomole le-
vel (10¥—10"2! mol) using a miniaturised electrospray
ionisation source [64]. There are several approaches to
obtain protein or peptide primary structures with mass
spectrometry and these techniques all involve fragmenta-
tion of the protein/peptide in various manners. The most
widely used method is collision-induced dissociation
[107, 108] using a tandem mass spectrometer [38] and
this technique will be discussed in detail below. Other ap-
proaches are ladder sequencing and post-source decay
(PSD) using a MALDI TOF instrument. Peptide ladders,
produced via enzymatic proteolysis (carboxypeptidase or
aminopeptidase) or stepwise chemical degradation, can
be mass measured by MALDI TOF [109, 110]. C-termi-
nal sequences are generated by use of carboxypeptidases
[111, 112], while a mixture of phenylisothiocyanate and
phenylisocyanate can be used to produce N-terminal se-
quence ladders [109]. These methods can be employed
directly on intact proteins but they usually require large
sample amounts. PSD involves fragmentation of the pept-
ide in the gas phase rather than fragmentation in the con-
densed phase as in ladder sequencing. The metastable de-
cay in PSD is a fragmentation process that occurs after
acceleration out of the ionisation source, but before the
detector of the TOF instrument. In MALDI, the metasta-
ble ions are formed due to loss of small neutral molec-
ules (H,0 and NHj;) [113] or by peptide bond cleavages
[114—116]. The products from the metastable decay can be
detected in a reflectron TOF mass analyser where the re-
flectron voltage is stepwise decreased while the accelera-
tion voltage is maintained constant. PSD is not generally
employed for de novo sequencing since the product ion
spectra are often incomplete. The resolution to select a pa-
rent ion in PSD is usually in the range of a few hundred at
‘full-width at half-maximum height’ (FWHM) and cannot
be compared with conventional tandem mass spectrometry
where a mass analyser can be operated at 1000—10,000 re-
solution (magnetic sector) or 1000—3000 resolution (Q-
TOF). With an inefficient selection capability in combina-
tion with a poorly understood fragment ion chemistry, PSD
is a difficult process to control, although an exciting new
derivatisation chemistry may open up new applications [117].
CID using a tandem mass spectrometer has become the
method of choice for sequence determination of peptides.
Alternative methods, like surface-induced dissociation
(SID) [118, 119] and electron capture dissociation (ECD)
[120—122] are also available but they are not as widely
used as CID. The idea behind MS/MS is to select a pre-
cursor ion with the first mass analyser (MS1) and to fo-
cus this ion into a collision cell. An inert gas is generally
introduced into the cell and collisions occur between the
inert gas and the precursor ion. During these collisions,
the translational energy of the precursor ion will partly be
converted into internal energy and ions become excited to
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an unstable state. Consequently, precursor ions dissociate
(fragment) to product ions and this process is called CID.
The masses of the product ions are determined in the se-
cond mass analyser (MS2), and the amino acid sequence
of the peptide can be deduced.

The CID process has been employed for many decades,
but the earliest CID studies for structural characterisation
of peptides were carried out in the early 1980s [123, 124]
and it is now considered a routine technique [38, 39]. CID
can be performed at high or low collision energies. Dis-
sociation of a peptide in a triple quadrupole or an ion trap
is usually in the 10—100 eV collision energy range and
considered as low-energy CID. Sector instruments are
generally operated at keV energies and CID in this energy
range is referred to as high-energy CID. Low-energy CID
spectra of peptides tend to show product ions formed by
small neutral losses and cleavage of the peptide bonds
[39]. The high-energy CID process tends to dissociate
other backbone bonds and also side chain bonds, and,
consequently, generates more informative but also more
complex product ion spectra [125, 126]. The appearance
of CID spectra is very dependent on the charge state of
the precursor, the number of basic amino acid residues
and the presence or absence of acidic residues.

CID of a peptide results in a distribution of product ions
formed by the dissociation of amide bonds in the peptide
backbone. These product ions will either have the charge
retained on the N-terminal side of the cleavage (B ions)
or on the C-terminal side of the cleavage (Y” ions) (fig.
6a). In the mid 1980s, Roepstorff and Fohlman [127]
proposed a nomenclature for product ion formation and
Biemann [128, 129] suggested modifications for positi-
vely charged product ions some years later. As mentioned
above, low-energy CID of peptides tends to dissociate
primarily the peptide bond, generating mainly Y” and B
ions. The general fragmentation mechanisms of peptides
are now fairly well understood [130—135] but they are
still a topic of investigation. Tryptic peptides (peptides
generated after digestion of a protein with trypsin) have a
basic residue (Arg or Lys) at the C terminus and forma-
tion of Y” ions is favoured (fig. 6a). The general abun-
dance of Y” ions in product ion spectra can be a conse-
quence of B ions tending to fragment further to A-type,
lower B-type and internal immonium ions [130, 131, 136]
(fig. 6a). Several strategies for differentiation between
the different product ions have been employed. Deriva-
tisation of the N and C terminus causes mass shifts of the
B and Y” ion series, respectively, but several amino acid
side chains are also susceptible to derivatisation and the
resultant spectra become complex. A successful approach
is ‘isotopic labelling’ of the Y” ions with °*O/**O [78].
The digestion of the protein is carried out in water with a
1:1 ratio of 'O/'®0 and the resulting proteolytic peptides
(except the C-terminal one) become labelled by a 2 Da
difference in their isotopic pattern.
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Figure 6. (a) Nomenclature for peptide fragmentation [127]. (b) Schematic representation of the cleavage of peptide bonds via the mobile-

proton model.

Post-translational modifications, such as phosphoryla-
tion and glycosylation, can also be localised and determi-
ned by tandem mass spectrometry. The mass shift of the
B or Y” ion series following the modified amino acid
residue is usually characteristic for a specific modifica-
tion [40, 94].

The fragmentation of peptides at low-collision energy is
believed to be charge mediated, meaning that a mobile
proton is needed to initiate the fragmentation reaction.

When one or more protons are added to a peptide, and
non-selective cleavages occur across the entire peptide
backbone, fragmentation is suggested to proceed via the
‘mobile proton’ or ‘heterogeneously distributed proton’
model. This model states that in the absence of a strongly
basic residue (Arg) or when the number of added protons
exceeds the number of strongly basic sites, the cleavages
of various peptide bonds in protonated peptides occur fol-
lowing migration of a mobile proton to a carbonyl oxygen
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or amide nitrogen of the peptide backbone. The low-
energy pathways that form B or Y” ions are then prom-
oted by acid-catalysed charge-directed cleavage of the
peptide bonds, initiated by a mobile proton. Electrospray
ionisation generates multiply charged ions and, hence, the
charges from a multiply charged precursor ion can be dis-
tributed among the product ions in a number of fashions.
For example, a doubly charged precursor ion can disso-
ciate to form a singly charged B ion and a singly charged
Y” ion, or a doubly charged B’ (or Y””) ion and the corre-
sponding neutral fragment (fig. 6b). Residues that tend to
localise mobile protons, e.g. His, or donate protons (Asp,
Glu) will have significant effects on peptide fragmenta-
tion [134, 135,137-139]. The localisation or donation of
a mobile proton by these charged residues can give rise to
a selective cleavage of the protonated peptide bond on
their C-terminal side, generating an abundant B/Y” ion
pair. Pro residues are also known to promote facile cleav-
age of peptide bonds but on their N-terminal side, refer-
red to as the proline effect [38, 39, 140]. This effect is due
to the more basic characteristics of the amide bond pre-
sent N-terminal in Pro, compared to the amide bonds con-
tributed by the other amino acids. The peptide bond be-
tween Gln (or Glu) and Gly in a peptide has also been
reported to generate abundant product ions upon CID
[141, 142; W.]. Griffiths and A. P. Jonsson, unpublished
data]. CID experiments of undigested polypeptides [120,
143, 144] have possible potential in high-throughput
identification of proteins. Knowledge of the facile cleav-
age sites will make the interpretation of product ion
spectra of intact proteins more efficient, since careful
fragmentation leads to dissociation of the most labile
peptide bonds (i.e. those mentioned above involving Pro
residues, charged residues and GIn-Gly). The ability to
predict the pattern of a product ion spectrum of a peptide
or a protein is especially important for automated MS/MS
experiments where computer programs are necessary to
handle the spectral interpretation. Most algorithms avail-
able today do not consider the abundance of a particular
product ion. Taking the relative abundance of product
ions into account will add a new dimension to the inter-
pretation programs.

As an alternative to peptide mass fingerprinting, identifi-
cation of proteins can be performed by MS/MS. The amino
acid sequence determined (or parts of the sequence) for a
proteolytic peptide is submitted to a database search [36,
146—150]. The search engines are error tolerant but they
demand precursor ion mass and product ion masses of
good accuracy for correct positive identification.

Studies of higher-order structures

with mass spectrometry

Mass spectrometry can be used to study the primary
structure as well as secondary, tertiary and quaternary
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structures of proteins. Hydrogen/deuterium (H/D) ex-
change has become a popular technique to determine
which amino acid residues are located on the surface
of large biomolecules [151—154]. Moreover, protein
secondary structures (i.e. « helices and f sheets) will
exchange amide hydrogens at different rates. H/D experi-
ments can be used to determine the secondary structure
of parts of proteins and peptides. The H/D exchange is
generally followed by pepsin digestion at low pH (to stop
the exchange) and subsequent identification of the
exchanged hydrogens in the proteolytic peptides by
MS/MS.

Reduction of disulphide bonds (unfolding) and alkylation
of the reduced Cys residues is commonly used to make
proteins more accessible to proteolytic digestion. If the
reduction step is omitted, alkylation only modifies the
free Cys residues located on the surface of the protein.
After digestion and determination of the labelled Cys re-
sidues using MS/MS, this type of experiment gives some
information about the protein tertiary folding [4]. Similar
methods for labelling of reactive amino acids (e.g. Tyr,
Arg, His and Met) were carried out in the 1960s when the
subsequent analysis was performed by paper chromato-
graphy [155].

With the advent of electrospray ionisation, determination
of protein quaternary structure by mass spectrometry has
become possible and the field of non-covalent interac-
tions is growing rapidly. The electrospray interface must
be optimised to preserve the non-covalent interactions
between protein subunits, but still remove solvent ad-
ducts. Protein subunit interactions, receptor-ligand inter-
actions and enzyme-substrate interactions can be analy-
sed by mass spectrometry where the unlimited 7/z range
of the TOF analyser is of great benefit. Biomolecule com-
plexes in the MDa range have been analysed by Robin-
son’s group [22], many studies being carried out in paral-
lel with nuclear magnetic resonance analysis.

Recent developments in mass spectrometry

Mass spectrometry is currently developing very rapidly
and its integration with biology is a major driving force.
New instruments are being designed to fulfil the needs
of automated analysis in the proteomic era. Both elec-
trospray and MALDI are appropriate ionisation tech-
niques for automatisation, and in combination with a
tandem mass spectrometer they offer practical analyti-
cal tools for biological research. The following para-
graphs will briefly describe three new instrument con-
figurations, MALDI Q-TOF, MALDI TOF-TOF and a
new-generation Q-TOF with both MALDI and nano-LC
options, all with great potential for protein and peptide
characterisation.
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MALDI Q-TOF

In an attempt to combine the high speed and throughput
of MALDI peptide mass fingerprinting with the specifi-
city of tandem mass spectrometry, a hybrid MALDI Q-
TOF has been constructed [156]. Generally, MALDI
PMF is efficient when the number of matched peptide pe-
aks is statistically significant, but the ability to characte-
rise individual peptide ions has until recently been limi-
ted. With introduction of PSD, some MS/MS information
can be obtained in a MALDI TOF experiment. However,
the low precursor ion resolution, the poor mass accuracy,
the low abundance of product ions together with the com-
plexity of PSD spectra has made protein identification
difficult using this method [157]. The abundance of prod-
uct ions is often low in MALDI Q-TOF tandem mass
spectra, due to the dissociation of singly charged tryptic
peptides with preferences to maintain their charge at the
basic C terminus (and thus not readily undergo charge-
mediated reactions).

However, the high mass accuracy and the excellent resol-
ving power in both MS and MS/MS modes of the MALDI
Q-TOF allow protein identification either via PMF or
from MS/MS spectra generated by CID of peptide pre-
cursor ions. The use of this kind of instrument eliminates
the division of sample and the extra purification steps re-
quired for electrospray mass measurements, and both
PMF and MS/MS experiments can be carried out on the
same target. Another advantage is the time aspect: once
the sample is on the target it will stay there and not be
consumed within a few minutes. Nevertheless, the data
quality obtained from this hybrid instrument is not yet

100,
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as high as when using a separate nano-electrospray Q-
TOF instrument in parallel with a MALDI TOF instru-
ment.

MALDI TOF-TOF

This recently developed instrument employs TOF techni-
ques for both precursor ion selection and product ion de-
termination. The aim is to produce a tandem mass spec-
trometer with resolution and mass accuracy comparable
to magnetic sector instruments, while maintaining the
speed and the mass range of a MALDI-TOF [158]. A
novel timed-ion selector has been developed which al-
lows high-resolution selection of an ion of a particular
m/z to be transmitted from the first TOF analyser while all
other ions are rejected. This process employs two deflec-
tion gates that can be rapidly opened and closed when an
ion of interest reaches the entrance. The first gate rejects
low-mass ions and the second gate rejects high-mass
ions. The resolving power of the selector is sufficient to
select a single isotopomer of a peptide up to an m/z value
of 2000, without significant transmission losses. Ions
separated by the first TOF mass analyser can be selected
for PSD or high-energy CID in the collision cell. Both
TOF analysers are operated in delayed extraction mode
and they allow complete acquisition of a product ion
spectrum in a single run. The resolving power measured
is in the range 2000—10,000 (FWHM).

The major drawback of this instrument is the poor sensi-
tivity for high-mass product ions. This limits the ability to
provide complete sequence information from an MS/MS

0
100
%
1 T T T T = T ' m/z
1083 1084 1085 1086 1087 1088 1089

Figure 7. Comparison of the mass resolving power of the Q-TOF I (upper panel) and the Q-TOF Ultima ‘W’ (lower panel) for the qua-

druply protonated peptide T, from tryptic digestion of PRP-1 [40].
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experiment of a peptide with a molecular weight above
approximately 1800 Da. The sensitivity is also a problem
when analysing protein digests at a level of 1 pmol or less
using conventional sample preparation techniques. In this
case, useful sequence ions are only generated from the
most intense signals in the spectra. Immonium ions, on
the other hand, can be detected with good sensitivity. The
instrument design appears interesting, and optimisation
of this prototype may well lead to an optimal tool for the
routine characterisation of protein digests. Nevertheless,
the singly charged peptide ions generally produced by a
MALDI source decrease the possibility to achieve com-
plete sequence information and, hence, an orthogonal
electrospray source would be interesting to interface to
this type of instrument.

MALDI/LC-MS/MS-MS Q-TOF

A multi-inlet MS/MS-MS platform for both MALDI and
electrospray ionisation has recently been launched onto
the market (Q-TOF Ultima Global; Micromass, U.K.).
This is the third generation of the Q-TOF family and the
set-up of this new mass spectrometer features the ability
to change between ionisation modes without venting the
instrument. The mass analysers have an upper m/z mass
range of 20,000 and resolution of 10,000 (FWHM) in the
classical ‘V’ TOF mode. The instrument has an optional
‘W’ TOF technology for maximum resolution (>20,000
FWHM) but at some cost in sensitivity. The ‘W’ TOF
analyser effectively doubles the ion flight path by the in-
troduction of a small ion mirror that sends the ions on a
second trip around the TOF analyser while maintaining
spatial focus [159]. A comparison between the resolving
power of Q-TOF I and Q-TOF Ultima ‘W’ for the
[M+4H]* ion of the tryptic peptide T, of PRP-1 [40] is
presented in figure 7. The Q-TOF Ultima family also pro-
vides instruments with only MALDI or electrospray ioni-
sation sources and these instruments have an extra degree
of sensitivity. In addition, the Q-TOF Ultima instruments
provide a new inlet system, with a larger opening and ad-
ditional pumping, for optimal sample utilisation and effi-
ciency. The possibility to switch between MALDI and el-
ectrospray ionisation on a single instrument with low-
energy CID and outstanding resolution makes the
instrument very attractive for research groups with inter-
ests in protein and peptide characterisation.
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