
6

Mass spectrometry in protein studies from genome to function
Peter Roepstorff

The demands for highly sensitive and specific analytical
techniques in biochemistry, molecular biology and
biotechnology are met by new developments in mass
spectrometry. Femto- to attomole sensitivity and mass
accuracy in a low parts per million range can now be routinely
obtained. Mass spectrometry, already accepted for studies
of protein secondary modifications, must, in the future, be
expected to be an important tool in protein studies on all
levels, ranging from proteome analysis to studies of protein
higher order structures and protein interaction.
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Abbreviations
ACBP acyl-CoA binding protein
CID collision-induced dissociation
1D one-dimensional
DE delayed extraction
ESI electrospray ionization
EST expressed sequence tag
FTICR Fourier-transform ion cyclotron resonance
LC liquid chromatography
MALDI matrix-assisted laser desorption/ionization
MS mass spectrometry
PAGE polyacrylamide gel electrophoresis
ppm parts per million
PSD post source decay
TOF time-of-flight

Introduction
The dramatic developments in gene technology during
the last two decades have also had a profound influence
on the focus of protein chemistry. Genomic sequences
become available with increasing speed and complete
genome sequences for several organisms are now available,
including viruses (e.g. Haemophilus influenzae), prokaryotes
(e.g. Escherichia coli) and eukaryotes (e.g. Saccharomyces
cerevisiae). The human genome is expected to be fully
sequenced by the turn of the century and genomes from
a number of other higher organisms including plants
(Arabidopsis thaliana) are also currently being investigated.
As a consequence, the amount of de novo protein
sequencing is or must be expected to be reduced whereas
the importance of characterizing the proteins in terms of
secondary modifications and of understanding the role of
the specific residues in the proteins is increasing. The next
steps are to establish the functions of the proteins, many
of which are presently unknown and, once the function is
established, to investigate their mechanisms of action.

Concurrent with the developments in gene technol-
ogy, mass spectrometry (MS) has undergone an equally
dramatic development. In the early 1980s, two new
ionization techniques, plasma desorption [1] and fast atom
bombardment [2], moved MS from an analytical technique
applicable only to small volatile compounds to the field of
large biomolecules. Both techniques allowed the recording
of mass spectra of intact small proteins [3,4] and, through
their use in protein studies, paved the way for new
MS-based strategies in protein analysis. Limited accessible
mass range and sensitivity, however, curbed the full imple-
mentation of these new strategies, limitations that were
overcome by the introduction of two additional ioniza-
tion methods: matrix-assisted laser desorption/ionization
(MALDI) [5] and electrospray ionization (ESI) [6]. Both
ionization methods have been used in combination with
a variety of mass analyzers including time-of-flight (TOF)
[5,7,8], quadrupole [6], magnetic/electrostatic sector [9,10],
ion trap [11] and Fourier-transform ion cyclotron resonance
(FTICR) [12,13]. In commercial instruments, TOF mass
analyzers are most common for MALDI and single or
triple quadrupole analyzers for ESI. Recently, however,
instruments with ion trap and TOF analyzers have become
commercially available for ESI and with FTICR analyzers
for both techniques. Based on selected recent examples,
this review will describe the different levels in protein
studies at which mass spectrometry is expected to play an
important role.

Recent improvements in MS performance
The dramatic improvements in the performance of MS for
protein analysis have been described in numerous recent
reviews, including some in this journal [14,15•]. Described
below is some recent progress which must be considered
of great importance for the future exploitation of MS in
protein studies.

MALDI-TOF
In spite of the fact that a TOF analyzer can theoretically
have a high resolution, MALDI-TOF was until recently
considered to be a low resolution and low mass accuracy
technique. Two factors that both contribute to energy
spread of the ions at the detection point seem to be
responsible for this effect. One is inhomogeneity in the
sample layer and the other collisions between matrix and
analyte ions during acceleration in the expanding plume.
Preparation of homogeneous thin matrix layers resulted in
improved resolution and mass accuracy and low attomole
sensitivity [16]. A similar sensitivity was obtained by
reducing the total sample/matrix amount from micro- to
nanoliter volumes [17]. The introduction of pulsed ion
extraction [18•], now generally termed delayed extraction
(DE), reduces the number and the energy of collisions in
the expanding plume resulting in a dramatically increased
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resolution [19••]. The combined use of a reflecting TOF
analyzer and DE results in low ppm (parts per million)
range mass accuracies in routine peptide analysis [20•].

Sequence information can be obtained by the analysis of
post source decay (PSD) in MALDI-TOF instruments
equipped with a reflector [21]. The information gained by
PSD is, unfortunately, often incomplete and only yields
partial sequence information. Moreover, the fragmentation
by PSD is rather unpredictable and PSD spectra of
unknown peptides often are difficult to interpret. An
approach including deuterium exchange, however, facili-
tates the interpretation [22]. Analysis by MALDI-MS of
sequence ladders created either by Edman degradation
[23,24] or by exopeptidase digestion combined with
time course monitoring of the digestion is often a
viable alternative. An interesting concept is based on
carboxypeptidase digestion directly in small vials on the
mass spectrometric target followed by the addition of
matrix [25•].

Increased fragmentation efficiency and reproducibility
in peptide analysis by MALDI has successfully been
obtained using FTICR [26] and ion trap [27] analyzers.
Similar improvements have been obtained by a combina-
tion of ion trap and TOF analyzers either by trapping and
fragmenting the desorbed ions in the ion trap followed
by mass analysis of the fragment ions in a reflecting
TOF analyzer [28] or by loading the desorbed ions
through a linear flight tube into the ion trap followed by
fragmentation and mass analysis in the trap [29].

ESI-MS
The most important recent improvement in ESI-MS is the
introduction of the nanoelectrospray source [30••]. With
this source, as little as 0.5 µl of analyte solution can give a
stable spray for up to 30 min. It is, furthermore, possible
to preclean the analyte by filling the spray needle through
a small capillary reversed phase column. Nano-ESI results
in improved sensitivity and the long time available allows
the selection of relevant peaks and the recording of
high-quality MS/MS and parent ion scan spectra of a
number of peptides in direct mixture analysis [31••,32]. A
drawback is that the low flow rate does not allow direct
coupling with liquid chromatography (LC). This has been
overcome by a microelectrospray device operating at a flow
rate compatible with capillary LC [33]. Using this device
in combination with selected ion monitoring, zeptomole
sensitivity has been reported [34]. The microspray device
has been used to study in vivo metabolism in the rat brain
with sampling by microdialysis [35]. A miniaturized spray
device has also been successfully coupled with capillary
electrophoresis and used for MS/MS with subfemtomole
sensitivity [36] .

ESI combined with ion trap and FTICR analyzers has
for some time been used on instruments built in research
laboratories. Now, commercial instruments of both types

are available. The advantages of using these analyzers are
high resolution combined with high sensitivity and the
ability to perform multiple fragmentation reactions (MSn).
Thus, for proteins up to 40 kDa, full isotope resolution
and MS/MS using skimmer fragmentation have been
obtained on the low attomole level by nanoelectrospray
FTICR [37•] and MS5 has been demonstrated with ion
trap analyzers [38]. The limited dynamic range for direct
mixture analysis caused by restricted ion storage capacity
in the trapping analyzers can be overcome by so-called
swift isolation. This, in combination with the long analysis
time available when using the nanoelectrospray source,
makes the ion trap a promising possibility for MS/MS of
peptide mixtures [39•].

The combination of ESI with a reflecting TOF analyzer
has the potential for much higher sensitivity and resolu-
tion. Thus, instruments based on orthogonal injection of
the continuous beam of ions formed in the electrospray
process into the ion source of a reflecting TOF instrument
have been constructed [7,8]. In such an instrument, in
contrast to a scanning instrument, nearly all ions formed
are also detected and, due to a very small energy spread
of the ions, mass resolution of more than 10 000 can be
obtained. Because the ions formed by electrospray are very
stable, post-source decay, and consequently the possibility
of performing MS/MS in such an instrument, are limited.
This has been overcome by an instrument combining ESI
with a quadrupole analyzer followed by a collision cell
and a reflecting TOF analyzer [40•]. Combining TOF
analyzers with nanoelectrosprays holds great promise for
sensitivity and, for the latter instrument, also for highly
sensitive MS/MS.

MS in studies of proteins from genome to
function
In studies of a biological phenomenon, in attempts to
understand the function of a protein, or in the search for
the cause of a disease, proteins of interest are frequently
located as a band or spot in one-dimensional (1D) or
two-dimensional (2D) gel electrophoresis or found to
be a binding partner in an affinity-based experiment.
These proteins must be identified or sufficient information
must be produced to allow cloning. At a later stage, the
proteins may be produced by recombinant technology, at
which stage information about the secondary modifications
present in the natural protein is important for selecting an
appropriate host and, once the protein has been produced,
for verifying that it contains the desired modifications and
only these. Finally, studies of higher order structures and
of the mechanisms of action are frequently performed.
Can mass spectrometry play a role in these studies? The
answer is yes, as is illustrated in Table 1 and described
below. There are, however, so many recent applications
of mass spectrometry in protein studies [41•] that it is
impossible to cover the literature within the space allotted
to this review. Instead, a few typical examples of each
type of application have been selected to illustrate the
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points mentioned in Table 1 and to serve as a source of
inspiration for the reader.

Protein identification and the proteome
The concept of the proteome was recently defined as:
‘The entire protein complement expressed by a genome
or by a cell or tissue type’ [42]. The best, though still
not fully sufficient, method to visualize the proteome
is two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE), by which it is at present possible to observe
up to 5000 protein spots in a single experiment. MS is
without doubt the most effective technique of identifying
each of these spots relative to sequences obtained by
genome, cDNA or protein sequencing and recently also
to partial sequences determined as so-called expressed
sequence tags (ESTs).

Several approaches are used for the identification of
the proteins in the 2D gels. Most take advantage of
the specific protein fingerprints that can be created by
in-gel digestion of the protein with specific endoproteases,
for example, trypsin. Comparing the experimentally de-
termined mass spectrometric peptide map with that
calculated from the sequences in the database leads to
identification. The improved mass accuracy that can be
obtained combining DE-MALDI-MS with a reflecting
TOF analyzer makes such identifications very reliable
[43•]. A very elegant extension of the peptide map based
search takes advantage of partial sequence information
produced by the MS/MS of selected peaks in the map
to create so-called sequence tags [44]. A search on a
single sequence tag is often sufficient to identify a
protein unambiguously. Sequence tags obtained from
intact proteins using collision-induced dissociation (CID)

in the electrospray interface followed by mass analysis
by FTICR-MS also allow identification of the proteins
[45]. The use of peptide mapping by MALDI-MS, when
needed, supplemented with sequence tags generated by
nano-ESI MS/MS directly from the peptide mixture, has
been shown to allow automated large-scale sequencing
of proteins from the yeast proteome [46•]. Identification
of the extracted peptide mixture can also be formed
by LC MS/MS. With this approach, theoretical MS/MS
spectra are generated from the database sequences and
compared with the experimentally observed spectra [47].
The approach has been used in combination with LC on
triple, quadrupole [48] and four sector instruments [49].
The sensitivity in this approach is limited by the LC step.

The use of MS data for searching sequence databases
has already found important biological applications as
illustrated by, for example, the identification of the E. coli
proteins affected by sulfate starvation [50], the major
membrane and core proteins of vaccinia virus [51] and the
proteins from the yeast spliceosome [52]. In these cases,
the complete genome sequences were available, whereas
human EST databases were used for identification of a
human protein involved in cell apoptosis [53]. These and
other recent examples demonstrate the huge potential of
this approach.

Cloning based on MS/MS derived sequences
The identification of proteins, however, requires that their
sequences or at least ESTs are available in databases.
For the majority of organisms, the proteins are likely to
be unknown. In such cases, the generation of sufficient
sequence information is needed for cloning and cDNA
sequencing. Such information can be generated by off- or

Table 1

When and how to use MS in protein studies from genome to function.

Problem/task Relevant MS techniques

Is the protein known? Peptide mapping by MALDI or ESI-MS, ESI-MS/MS,
Search in genome, protein or EST sequence databases MALDI-PSD∗or ESI-MS/MS on intact protein∗

If unknown, produce sufficient sequence information ESI-MS/MS, MALDI-PSD∗ of selected peptides
for cloning in the peptide map

What does the protein really look like? Molecular mass determination followed by peptide
Secondary modifications, disulfide linkages, mapping by MALDI or ESI-MS or MS/MS. When appropriate,

isoforms (sequence errors) these techniques could be combined wtih enzymatic
digestion or chemical degradation

Higher order structures: folding, stability, monomer Deuterium exchange monitored by ESI-MS
or oligomer Surface labeling monitored by MALDI- or ESI∗-MS

ESI-MS under nondenaturing conditions
Cross-linking monitored by MALDI-MS

With what, where and how does the protein Affinity-based techniques combined with MALDI- or
interact? ESI∗-MS. Surface labeling or limited proteolysis

monitored by MALDI- or ESI∗-MS
Cross-linking or chemical derivatization

∗ Second choice technique.
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online LC MS/MS (see, for example, [48,49]). However,
a higher sensitivity would be achieved through the direct
generation of the sequence information from the peptide
maps used in the attempt to identify the protein. This
has been demonstrated to be possible on the basis of
nano-ESI MS/MS of selected peptides directly from the
mixtures generated by the in-gel digestion of proteins
isolated and visualized in coomassie or silver-stained
2D gels. As little as 5 ng of protein was found to
be sufficient to generate multiple sequence stretches
of up to 16 amino acid residues, which is more than
sufficient information for the subsequent construction of
oligonucleotide probes [31••,54••].

Secondary modifications in proteins
MS has, for a long time, been the preferred method for
characterization of secondary modifications in natural as
well as recombinantly produced proteins, as reported in
many recent reviews and monographs (see, for example,
[55,56]). General strategies for the characterization of
secondary modifications as well as for the verification of
engineered proteins are described in the former. The
general strategy is to measure the molecular weight of the
intact protein by MALDI or ESI-MS followed by the gen-
eration of site-specific information by mass spectrometric
peptide mapping, either directly of a mixture derived by
proteolytic cleavage of the protein or after separation of the
components by LC combined offline with MALDI-MS
or online with ESI-MS or MS/MS. A typical example
is the LC-ESI-MS analysis of recombinant amylases in
which a number of modified as well as truncated forms
were present. The modifications included O-glycosyla-
tion, glutathionylation and acetylation [57•]. The most
widespread secondary modification is glycosylation, for
which analysis by MS has recently been reviewed in this
journal [58]. It will not therefore be reviewed again here.
Other important types of modifications have also been
successfully studied by MS using a variety of strategies,
for example, phosphorylation [59•,60,61], lipidation and
flavinylation [62,63].

As for the generation of sequence information in proteome
studies, it would also be an advantage to study secondary
modifications directly on proteins isolated by PAGE.
This was demonstrated to be possible in a study of
natural interferon-γ for which the presence of three bands
upon 1D-PAGE was suspected to represent forms with a
different number of glycosylated sites occupied. The mass
determination of the intact proteins by MALDI-MS after
electroelution confirmed that the bands represented the
non-, mono-, and diglycosylated forms. The site specificity
was determined by in-gel digestion followed by direct
peptide mapping by MALDI as well as by the separation
of the extracted peptides by microbore LC followed by
analysis of the fractions by MALDI-MS. In addition,
sequential cleavages with specific glycosidases performed
directly on the extracted peptide mixtures allowed the
assignment of putative glycan structures on one of the sites

[64•]. In a follow-up study, it was demonstrated that the
glycan heterogeneity observed was not caused by the mass
spectrometric procedures [65].

MS in studies of protein folding and tertiary
structure
The established techniques for studying protein folding
and tertiary structure are NMR spectroscopy and X-ray
crystallography. These methods are, however, very time
consuming and require large amounts of protein. There-
fore, MS in combination with deuterium exchange or
surface topology probing has been suggested as a faster
and more sensitive alternative [66–68]. The subject was
reviewed recently [69]. One of the more spectacular
applications is conformational studies of α-lactalbumin
when bound to the chaperone GroEL [70]. Other recent
examples are studies of hydrogen exchange rates in apo-
and holomyoglobin [71] and surface topography studies
of arrestin [72]. Site-specific information on hydrogen
exchange has been obtained by deuterium exchange in the
liquid phase followed by digestion at low pH with pepsin
and LC-ESI-MS using a cooled column [73] and has been
used for studying the stability of engineered proteins [74].
Hydrogen exchange experiments performed in the cell
of an FTICR instrument were used to demonstrate the
existence of different conformational forms of proteins
in the gas phase [75] and that gas-phase folding and
unfolding takes place [76].

MS in protein interaction studies
Information about residues shielded when a protein is
involved in interactions can be obtained by hydrogen
exchange and surface topology studies by MS as described
above [77–79] and also by limited proteolysis, so-called
protein footprinting, monitored by MS [80,81]. MS has also
been successfully combined with affinity procedures for
interaction screening as well as for identifying interact-
ing epitopes. Thus, immunoprecipitation combined with
MALDI or ESI MS was used for the analysis of serum
transferrin [82,83]. The incubation of a protein digest
with antibodies was used to pull out the antibody-binding
epitopes and was followed by the precipitation of the
antibody–antigen complex with agarose beads which were
then washed and subjected directly to MALDI-MS [84••].
A similar approach using the avidin–biotin interaction has
been used to pull out biotinylated peptides [85] and to
identify a biotin-labeled cross-link between a receptor
and its ligand [86]. Streptavidin-coated magnetic beads
were used to pull out DNA-binding proteins by first
binding biotinylated double-stranded DNA to the beads,
which were then incubated with nuclear cell extracts
[87]. In an alternative approach, antibodies immobilized
directly on the mass spectrometric target were used to
pull out the corresponding antigen from protein extracts or
serum [88,89••]. By adding a structural antibody-binding
variant of the antigen, quantitation was demonstrated to
be possible [89••]. This concept was further extended
to the direct analysis by MALDI-MS of the ligand
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bound on antibodies immobilized on the chip used for
interaction studies by surface plasmon resonance in a
Biacore instrument after transfer of the chip to the mass
spectrometer [90]. As an alternative, the ligand bound to
the Bia–chip can be eluted and analyzed by MALDI or
ESI-MS [91].

The direct observation of noncovalent complexes by ESI-
MS has attracted considerable attention lately. For such
studies, the proteins must be sprayed from nondenaturing
solutions. Therefore, the addition of organic solvents to
reduce the surface tension cannot be accepted, and the
solutions must be buffered near physiological pH. This
creates problems because of the instability of the spray.
In addition, many proteins in the native state exhibit
a lower charge state than observed under denaturing
conditions with the consequence that the ions are beyond
the mass range of the instrument. Thus, an analyzer
with an extended mass range was needed to observe
di- and tetramers of alcohol dehydrogenases [92•]. Because
nanospray overcomes the spray stability problem [30••]
and the ESI-TOF instrument [8] has no mass range
limitations, it must be expected that the combination
nano-ESI-TOF in the future will play an increasing role
in studies of noncovalent complexes by MS.

Most published studies of noncovalent complexes in the
gas phase are model studies performed on well-defined
complexes exhibiting strong interactions. The technique
is, however, slowly moving towards real applications. For
example, an impressive recent application is a study of the
combined binding of the cofactor NADH and different
low molecular weight inhibitors to aldose reductase [93••].
Mass spectrometric analyses of the noncovalent complexes
showed that binding of NADH was needed before the
protein was able to bind the inhibitors. The binding
of NADH was found to be so strong that the cofactor
could be fragmented by CID without disrupting the
binding of the ribonucleotide part of NADH to the
protein. In addition, a good correlation was observed
between the binding constants observed in solution and
the collision energy needed to dissociate the complexes
of the different inhibitors. An important area for the MS
of noncovalent complexes is the observation of oligomeric
forms of proteins as illustrated, for example, by the
above-described analyses of alcohol dehydrogenases in
the native state [92•]. Studies of metal binding and
stoichiometry in metalloproteins is another field where the
analysis of noncovalent complexes has been successful, as
reviewed in [41•]. It is, however, not always possible to
obtain spectra of proteins from nondenaturing solutions,
as illustrated in a study of the binding of a cofactor and
inhibitors through a Schiff base to a plant enzyme, gluta-
mate 1-semialdehyde transferase. Here, it was possible to
overcome the problem by reducing the Schiff base with
NaBH4, and then carrying out the analysis at low pH
under standard ESI conditions. The stabilization of the

binding also allowed the localization of the binding site by
subsequent proteolysis and LC-ESI-MS [94]. Sometimes,
even complexes exhibiting very strong interactions may
be difficult to observe in the gas phase, as illustrated by
studies using ESI-MS of the strong complex between the
acyl-CoA binding protein (ACBP) and acyl-CoA, which
could only be observed when cooling the ESI interface
[95••]. This study also included competition studies
using mutated ACBPs as well as different chain length
acyl-CoAs. For the mutants, there was a good correlation
between the intensities of the peaks observed for the
gas phase complexes and the binding constants observed
in solution, whereas the acyl-CoAs showed the absolute
opposite behavior. As illustrated, the perspectives for MS
of noncovalent complexes in the gas phase are appealing.
There are, however, many pitfalls and the observations
must be followed up by extensive control experiments to
distinguish between specific and nonspecific interactions
[96]. Realization of the full potential must await further
experimental verification.

Conclusions
There is no doubt that mass spectrometry is already a
major player in protein studies and that its role in the
future will be increasing. Its major assets are sensitivity,
specificity and speed, the combination of which have
reached a level that is unsurpassed by any other single
technique. MS has for a long time been accepted as
the primary technique for studies of post-translational
modifications in proteins and for the verification of the
covalent structure of recombinant proteins. The sensitivity
of MS matches perfectly the protein quantities present
in 2D gels, and the mass accuracy, as well as the
capability to produce partial sequence information, allows
unambiguous identification of the proteins in the gels,
provided that they are recorded in sequence databases.
Therefore, MS must also be expected to become a primary
analytical tool in the rapidly growing field of proteome
analysis. Finally, a number of recent elegant studies have
demonstrated the potential of MS for studies of protein
higher-order structures through the probing of surface
topology by isotope exchange or chemical modification as
well as the potential for protein interaction studies either
combined with affinity techniques or by direct analysis
of noncovalent complexes. I must conclude that mass
spectrometry in the future must be expected to be a
major tool on all levels of protein studies from genome to
function.
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