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Proteomic analysis of post-translational
modifications

Matthias Mann1* and Ole N. Jensen2*

Post-translational modifications modulate the activity of most eukaryote proteins. Analysis of these modifica-
tions presents formidable challenges but their determination generates indispensable insight into biological
function. Strategies developed to characterize individual proteins are now systematically applied to protein
populations. The combination of function- or structure-based purification of modified ‘subproteomes’, such as
phosphorylated proteins or modified membrane proteins, with mass spectrometry is proving particularly suc-
cessful. To map modification sites in molecular detail, novel mass spectrometric peptide sequencing and
analysis technologies hold tremendous potential. Finally, stable isotope labeling strategies in combination with
mass spectrometry have been applied successfully to study the dynamics of modifications.

REVIEW

Post-translational modifications (PTMs) are covalent processing
events that change the properties of a protein by proteolytic cleav-
age or by addition of a modifying group to one or more amino
acids. Far from being mere “decorations”, PTMs of a protein can
determine its activity state, localization, turnover, and interactions
with other proteins. In signaling, for example, kinase cascades are
turned on and off by the reversible addition and removal of phos-
phate groups1, and in the cell cycle ubiquitination marks cyclins
for destruction at defined time points2. Table 1 summarizes the
features of a few important PTMs.

Despite the great importance of PTMs for biological function,
their study on a large scale has been hampered by a lack of suitable
methods, and many key modifications have only been discovered
late in the elucidation of various biological processes. As a result,
we probably still do not realize the full extent and functional
importance of protein modifications in the workings of the cell.

Many PTMs have been discovered serendipitously during studies
of individual proteins with the help of standard molecular tech-
niques, such as deletion of the amino acids bearing the modification.
Direct analysis of modifications requires isolation of the correctly
processed protein in a sufficiently large amount for biochemical
study—a feat that has only been possible in selected cases.

The introduction, first of improved preparation and derivatiza-
tion methods for Edman degradation, and then of mass spectrom-
etry (MS) methods, has continuously increased the sensitivity for
detection of PTMs. MS measures mass-to-charge ratio (m/z),
yielding the molecular weight and the fragmentation pattern of
peptides derived from proteins. It therefore represents a general
method for all modifications that change the molecular weight.
For this reason, MS has long been used to map the complete pri-
mary structure of individual proteins (e.g., see refs. 3–5).

The new field of proteomics is concerned with structural and
functional properties of large sets of proteins6. Proteomics has
been very successful in identifying proteins in complexes and
organelles, and hundreds of proteins can now be analyzed in a sin-
gle experiment. However, these investigations have typically

mapped only a few peptides per protein; this is sufficient for iden-
tification but not for complete primary-structure determination.

In this review, we explore current techniques for mapping post-
translational modifications and examine their applicability at the
proteomic scale, an endeavor sometimes called “modification-
specific proteomics”7. Several recently developed approaches,
especially in phosphorylation analysis (for recent reviews, see refs.
8–11), are beginning to yield results for proteome-wide PTM
analysis. The complete characterization of the primary structure
of large populations of proteins, however, will remain a challeng-
ing and fruitful area for proteomics for many years to come.

Isolation of modified proteins
Modification analysis is usually done by comparison of experi-
mental data to a known amino acid sequence. Therefore, the first
step is identification of the protein to be studied, which can be
done at very high sensitivity by antibody recognition (western
blotting) or by MS techniques.

A central consideration in the characterization of modifications
is the need for as large an amount of the protein as possible.
Protein modifications are typically not homogeneous, and a single
gene can give rise to a bewildering number of gene products as a
result of alternative splicing and the combination of different
modifications. The amount of protein in a single modification
state can thus be a very small fraction of the total amount of the
gene product. Furthermore, as explained later, the complete char-
acterization of the primary structure of a protein requires much
more material than mere identification by MS sequencing of a few
peptides.

For these reasons, and because therapeutic protein products of
the biotechnology industry require thorough characterization,
much work has been done on recombinantly expressed proteins or
recombinantly expressed proteins that are modified in vitro. In
addition, although expression systems, such as baculovirus, are
thought to produce modification patterns similar to those of
mammalian cells, there are often significant differences.
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Two-dimensional gel electrophoresis separates protein popula-
tions on the basis of charge and molecular weight (for recent
reviews, see refs. 12–14). It often has sufficient resolution to separate
the modification states of a protein directly. For example, phospho-
rylation changes the protein charge and is often indicated by a hori-
zontal trail of protein spots on the two-dimensional gel. If there is
sufficient material, each of these spots can be analyzed by the meth-
ods described below, to define the modified amino acid residues. In
one study, N- and C-terminal processing of enolase was studied by a
combination of two-dimensional electrophoresis and MS, defining
>10 different forms15.

The staining intensity of two-dimensional gel electrophoresis
spots roughly reflects the protein amount, especially for similar pro-
teins; therefore, this method also provides information about the rel-
ative proportion of the various modified states. Two-dimensional
gels can also be used directly with cell or tissue lysates; however, it is
often advantageous to prefractionate to reduce the complexity of
the mixture and increase the protein amount that can be loaded onto
the gel.

To study the modifications of a single protein, chromatographic
purifications, antibody precipitations, or both are the usual methods
used to isolate sufficient amounts. Modern analysis methods can tol-
erate protein contamination much better than earlier methods;

therefore, the total amount of recovered protein is more important
than absolute purity. Often, sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) will be the final preparation step,
and researchers should attempt to isolate at least Coomassie-stain-
able amounts (several picomoles or ∼ 1 µg) to increase the chance of
detecting and characterizing modifications in proteins.

PTM mapping of a purified protein
Once a protein has been isolated, a variety of techniques can be used
to determine the modified amino acids. In some cases, the precise
molecular weight of the intact protein can be established by MS,
especially if the protein is not too heterogeneous, its mass is less than
about 100 kDa, and it is in a buffer that is compatible with MS. Once
the masses of the nonmodified and modified amino acid residues
add up to the measured intact molecular weight, the protein is com-
pletely characterized.

Amino-terminal protein sequencing by the classical technique of
Edman degradation is still the method of choice to determine prote-
olytic processing. Carboxy-terminal processing can also be deter-
mined by amino acid sequencing, albeit at a much lower sensitivity.

Detailed characterization of modification happens after enzymat-
ic or chemical degradation of the protein (see Fig. 1). The resulting
peptides are usually separated by high-performance liquid chro-

REVIEW

nature biotechnology •       VOLUME 21       •       MARCH 2003       •       www.nature.com/naturebiotechnology256

Table 1. Some common and important post-translational modifications
PTM type ∆Massa (Da) Stabilityb Function and notes

Phosphorylation Reversible, activation/inactivation of enzyme activity,
pTyr +80 +++ modulation of molecular interactions, signaling
pSer, pThr +80 +/++

Acetylation +42 +++ Protein stability, protection of N terminus. Regulation of
protein–DNA interactions (histones)

Methylation +14 +++ Regulation of gene expression

Acylation, fatty acid modification Cellular localization and targeting signals, membrane 
Farnesyl +204 +++ tethering, mediator of protein–protein interactions
Myristoyl +210 +++
Palmitoyl +238 +/++
etc.

Glycosylation
N-linked >800 +/++ Excreted proteins, cell–cell recognition/signaling
O-linked 203, >800 +/++ O-GlcNAc, reversible, regulatory functions

GPI anchor >1,000 ++ Glycosylphosphatidylinositol (GPI) anchor. Membrane
tethering of enzymes and receptors, mainly to outer leaflet 
of plasma membrane

Hydroxyproline +16 +++ Protein stability and protein–ligand interactions

Sulfation (sTyr) +80 + Modulator of protein–protein and receptor–ligand interactions

Disulfide bond formation –2 ++ Intra- and intermolecular crosslink, protein stability

Deamidation +1 +++ Possible regulator of protein–ligand and protein–protein 
interactions, also a common chemical artifact

Pyroglutamic acid –17 +++ Protein stability, blocked N terminus

Ubiquitination >1,000 +/++ Destruction signal. After tryptic digestion, ubiquitination site 
is modified with the Gly-Gly dipeptide

Nitration of tyrosine +45 +/++ Oxidative damage during inflammation

aA more comprehensive list of PTM ∆mass values can be found at: http://www.abrf.org/index.cfm/dm.home
bStability: + labile in tandem mass spectrometry, ++ moderately stable; +++ stable.
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REVIEW

matography (HPLC). In Edman degradation, collected peptide frac-
tions are applied to the sequencer and their amino acid sequence
determined. Modified amino acids become apparent because of their
absence or retention-time shift in the corresponding sequencing
cycle. If the mass of the intact peptide has been determined, then the
nature of the modification can be more confidently assessed. One
method to determine phosphorylation uses a combination of MS
and Edman degradation: proteins are labeled with 32P, and the cycle
in which the radiolabeled amino acid is released is recorded.
Together with the mass of the peptide, this often allows determina-
tion of the site of phosphorylation16,17. Thin-layer chromatography
in combination with 32P labeling is still widely used for phosphopep-
tide mapping and phosphoamino acid determination.

Figure 1 shows the general strategy of PTM mapping for a single
protein. The protein is enzymatically digested into a collection of
peptides that are more readily characterized than the intact protein.
The peptide mixture can be analyzed directly by matrix-assisted laser
desorption/ionization (MALDI) peptide mapping or nanoelectro-
spray MS. Even though the starting amount of peptides from a given
protein is the same, a complex and incompletely understood series of
factors result in very different signal intensities for each of these pep-
tides. Thus, some of the peptides will be clearly visible and some will
not be apparent at all. This is particularly the case for complex mix-
tures and for modified peptides that often do not ionize as well as
nonmodified peptides.

As a result, peptides are typically separated by reversed-phase
chromatography, with subsequent fraction collection and analysis,
or in combination with direct “online” electrospray mass spec-
trometry (LC/MS). Even this combination does not necessarily
result in measurement of peptides covering the complete protein
(“100% sequence coverage”); for example, very short peptides of
only a few amino acids or very long peptides of >30 amino acids
are often not detected.

The latter problem can be alleviated by means of a second experi-
ment in which the protein is digested by another enzyme with a dif-
ferent specificity. The first choice of enzyme is usually trypsin, which
cleaves C-terminal to arginine and lysine, therefore resulting in pep-
tides with basic amino acids at the C terminus, which are most easily
sequenced by MS. A second enzyme can then be endoproteinase
Asp-N or Glu-C, which are also very specific. Note, however, that
there is still no assurance that every part of the protein is covered.
Even if this were the case, a minor, modified form of a peptide may
still escape detection (Fig. 1). This problem can be addressed by tar-
geted methods, as described later.

The experimentally determined peptide masses are matched
against the list of peptide masses expected from the protein
sequence. The nonmatching masses can arise as a result of contam-
inating proteins, unexpected cleavage, or common chemical modi-
fications (e.g., methionine oxidation). The remaining masses are
inspected for mass differences compared with the expected pep-
tides that correspond to a modification (see Table 1 for some of
these “∆ mass” values).

Often, the peptide mass pattern will already hint at the nature of
the modification, such as multiple mass differences of 162 Da for
glycosylation and the presence of a “satellite mass” of –98 Da in the
case of phosphoserine and phosphothreonine because of the elimi-
nation of phosphoric acid.

The mass of the modified peptide is usually not sufficient to deter-
mine the nature of the modification, and peptides are fragmented by
MS to identify the peptide and localize its modification (see Fig. 2).
In these “tandem mass spectrometry” (MS/MS) experiments, pep-
tide ions are collided with inert gas, leading to fragmentation, usual-
ly at the peptide bonds. Some modified amino acid residues remain
intact during this process. In this case, the fragmentation pattern is

similar to the unmodified peptide with the difference that the loca-
tion of the modified amino acid is revealed by its mass increment.
Thus, ideally the peptide sequence and the mass and location of the
modification can be determined. In practice, the fragmentation pat-
tern may or may not allow exact localization of the modification,
depending on the completeness of the fragmentation pattern.

If the modification is labile, then it will be lost before the peptide
itself fragments. In this case, the peptide can still be sequenced and
identified, but only the mass increment (not the location of the
modification) is determined.

Examples of stable modifications are acetylation (+42 Da)—
which is found on the N termini of many proteins or on specific
lysine residues—and arginine methylation (+14 Da). Examples of
labile modifications are O-linked N-acetylglucosamine (GlcNAc;
+203 Da) and sulfation (+80 Da). The phosphogroup (+80 Da) can
be stable (e.g., in the case of phosphotyrosine) or relatively labile
(e.g., in the case of phosphothreonine and especially phosphoserine;
Table 1).

Modifying groups that are easily lost from the peptide can them-
selves be used as “reporter groups” to detect the presence of the mod-
ified peptide in several different ways: In “in-source fragmentation”,
excess energy in the ionization or ion-sampling process leads to the
characteristic presence of the reporter ion in mass spectra.
Subsequent sequencing of the peptide peaks can then identify the
modified peptide.

Conversely, in the “neutral loss” technique, mild collisions in the
collision cell between the two sections of a tandem mass spectrome-
ter lead to loss of the modifying group18,19. The second mass analyzer
is set at a mass offset corresponding to the mass-to-charge ratio
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Figure 1. Strategy for mapping post-translational modifications. The
protein is shown as a line, and modifications are indicated by the symbols.
The two columns show enzymatic digestion by two different enzymes to
cover as much as possible of the protein sequence with peptides in the
preferred mass range for MS analysis (500–3,000 Da).
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(m/z) of the modification. A signal can only reach the detector if the
peptides were modified and the mass changed by the expected
amount during collision.

Finally, in a related technique named “precursor-ion scans”, the
second mass analyzer is set at the mass of the reporter ion while the
first analyzer sweeps through the mass range20,21. Only peptides that
generate the reporter ion are registered in the final spectrum, and
modified peptides can specifically be detected in an excess of back-
ground ions. A high-resolution variant of this technique has success-
fully been used to map phosphotyrosine modifications in the epider-
mal growth factor (EGF) and fibroblast growth factor pathways22–24.

Normally, peptides are identified in databases by their tandem
mass spectrum using pattern matching with a variety of different
algorithms, such as Peptide Sequence Tags25, Sequest26, or Mascot27.
The last two were initially developed for unmodified peptides but
have been extended to modified peptides28,29. This is typically done
by taking more than one possible amino acid molecular weight into
account, depending on the modification considered. For example,
it can be specified that tyrosine can be unmodified or that it can
have the molecular weight of phosphotyrosine (i.e., the molecular
weight can be 163 Da or 243 Da), which will change the calculated
peptide molecular weight and that of all fragments containing the
modified tyrosine. It should be noted, however, that identifications
of modified peptides are often less certain than those of unmodi-
fied peptides, because there are, in effect, more peptides against
which to match.

Especially when allowing a number of different modifications,
the “combinatorial explosion” of different peptide forms can lead
to problems. Moreover, tandem mass spectra of peptides with

labile modifications are often less informative, because the majori-
ty of ions undergo only elimination of the modification.
Nevertheless, in the case of a single protein discussed here, these
difficulties can often be overcome by detailed validation of the tan-
dem mass spectrum against possible modified tryptic peptides pre-
dicted from the sequence.

A recommended practice would be to purify at least 1 µg
(Coomassie-stainable amount) of protein, enzymatically digest it
using first trypsin and then in a second experiment another
sequence-specific protease, and analyze these digests with liquid
chromatography tandem mass spectrometry (LC MS/MS) and a
database searching program (Fig. 1). These experiments should yield
most modifications, except those of very low stoichiometry, or those
in areas not “covered” by either of the proteases. To investigate any
remaining modifications, or if only specific modifications are of
interest, some of the more specialized techniques mentioned already
should be applied.

Technologies now in development may substantially accelerate the
laborious task of PTM analysis. Fourier-transform mass spectrome-
try (FTMS) instruments are ion traps with extremely high mass reso-
lution and potentially very high sensitivity30,31. These features allow
measurement of the precise intact molecular weight of proteins, as
already mentioned, and facilitate the analysis of exceedingly complex
peptide mixtures.

Additionally, FTMS can be coupled with electron capture disso-
ciation (ECD), a relatively new technology with great potential for
PTM mapping32–36. In this technique, dissociation is induced by
electron recombination with the protons of the multiply charged
peptide or protein. Intriguingly, even labile modifications remain

REVIEW
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Figure 2. Determination of a glycosylation site by FTMS and ECD. A glycosylated peptide from the milk protein PP3 was ionized by electrospray and
analyzed in an FTMS mass spectrometer. Upon fragmentation in the conventional way by collisions, the only products are sugar losses for this labile
modification (inset), yielding information about the nature of the modification but not the peptide sequence or the location of the modification. Upon
fragmentation by ECD, the N- and C-terminal fragments denoted in the sequence were observed. The sugar modification was localized to the threonine
by the c12 and c15 fragments indicated in the spectrum. The composition of the sugar modification denoted X in the sequence was determined to be
HexNAc1Hex1NeuNAc2. In total, five phosphorylations, three O- and one N-glycosylation, were determined in the protein. Adapted and reprinted with
permission from ref. 36 (©2003 American Chemical Society).
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REVIEW

intact during this process, allowing unambiguous assignment in
the peptide sequence (Fig. 2). In a technique called “top-down”
protein sequencing, the intact protein is fragmented, theoretically
allowing complete mapping of modifications, all inside the mass
spectrometer34,37.

PTM mapping of protein populations
Although the methods just described are very powerful for the char-
acterization of individual, purified proteins and have helped eluci-
date numerous biological mechanisms, the real promise of pro-
teomics is to assess systematically the modifications of large num-
bers of proteins7. At this stage, there are basically four different
experimental approaches to this problem.

Two-dimensional gel-based PTM analysis. As mentioned earlier,
protein modification states are often separated by two-dimensional
gel electrophoresis. In one approach, modified proteins are specifi-
cally visualized on gels or on membranes. For example, phosphory-
lated proteins can be recognized by anti-phosphoamino acid anti-
bodies. These spots can then be excised and identified by MS in the
standard manner38. Alternatively, it might be possible to visualize
modified “subproteomes” by metabolic labeling, again followed by
mass spectrometric spot identification (N.V. Bykova and O.N.
Jensen, unpublished data). Finally, protein populations can be run
on two-dimensional gels before and after enzymatic removal of the
modifying group39. “Disappearing” protein spots are then an indica-
tion of the modification in question.

Protein spots can also be mapped in detail to determine the exact
site and nature of the modification, using the methods described
earlier for single-protein analysis. Note, however, that the usually
very small protein amounts in two-dimensional gel spots may result
in low sequence coverage and therefore a low probability of finding
the modified peptides. This problem can sometimes be alleviated by
affinity enrichment of modified peptides40, as further described later.

Two-dimensional gels visualize only a subset of the proteome,
especially if only one condition is used for the second dimension;
moreover, not all modification states will be separated from each
other. Furthermore, more abundant proteins may co-migrate with
the modified protein of interest. In this case, it may not be clear
which of the identified proteins is modified, if the actual modified
peptide has not been detected.

Affinity-based enrichment of modified proteins. A second
approach for PTM detection combines established biochemical,
genetic, and immunological methods for enrichment of modified-
protein populations with the recently developed MS techniques for
protein mixture analysis. This strategy is particularly attractive
because the enrichment step is often a single experiment (e.g., an
immunoprecipitation), and the subsequent identification of the
protein mixture is usually reduced to a single LC MS/MS experi-
ment as well.

Glycosylphosphatidylinositol (GPI) anchors tether proteins to the
extracellular leaflet of the plasma membrane, where they act as
enzymes, receptors, and adapters. Work in our laboratory (F. Elortza
and O.N. Jensen, unpublished data) has shown that this protein class
(of obvious pharmacological interest) can be selectively released by
enzymatic cleavage of the anchor and extracted from membrane
preparations. Protein analysis by LC MS/MS resulted in dozens of
protein identifications, covering a large percentage of the predicted
GPI-anchored proteome.

The phosphoproteome has also been explored with this strategy.
For example, cells were stimulated with EGF, and proteins that had
just been tyrosine-phosphorylated were immunoprecipitated with
anti-phosphotyrosine antibody41. The phosphoamino acid antibody–
based enrichment strategy has also been used for phosphoserine and
threonine42.

Another modification of great interest, the enzymatic attachment
of ubiquitin to cellular proteins that marks them for destruction, is
also under investigation. In an elegant experiment, yeast ubiquitin
was replaced by a histidine-tagged version, allowing selective purifi-
cation and identification of the ubiquitinated proteome (ref. 43; S. P.
Gygi, personal communication). In a subset of the proteins, the site
of ubiquitination could also be defined.

As these examples show, the combination of selective enrich-
ment of modified proteins with MS mixture analysis can be very
powerful. The critical step is the development of the enrichment
protocol. Subsequently, the proteins have only to be identified,
thus avoiding the difficulties of detailed modification mapping
mentioned earlier.

Identification of PTMs in complex peptide mixtures. Recent
technological developments have made it increasingly feasible to
directly analyze very complex peptide mixtures by LC MS/MS, and a
single chromatographic run can result in the identification of hun-
dreds of peptides and proteins.

Unfortunately, all but the most abundant proteins in a mixture
are “covered” only by a few sequenced peptides. This is because
peptide sequencing takes ∼ 1 second per peptide, limiting the num-
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Figure 3. Analysis of the phosphoproteome. In the example, one
population of cells is metabolically labeled with [13C]arginine, which
results in a mass shift with respect to the “normal” arginine-labeled cell
population for all arginine-containing peptides58. The [13C]arginine-labeled
cells are stimulated, resulting in phosphotyrosine phosphorylation of a
population of proteins. Cell lysates are combined, and the
phosphotyrosine-phosphorylated “subproteome” is affinity-purified using
an antibody specific for phosphotyrosine. After enzymatic digestion and
MS analysis, peptides that are phosphorylated in the stimulated and
nonstimulated population can be quantified by the ratios of their peak
heights. As an example, the peptide GSTAENAEYLR (one-letter amino
acid code) of the EGF receptor is found in the labeled form, indicating that
the EGF receptor is phosphorylated upon EGF stimulation (ref. 59; B.
Blagoev, S.-E. Ong, and M. Mann, unpublished data).
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ber of sequencing events. Furthermore, mass spectrometers have a
finite dynamic range, and peptides of very low abundance may not
be picked for sequencing in the presence of peptides that are very
abundant.

Nevertheless, experiments of this type often fragment thousands
of peptides, so the chance of finding modified peptides is also sub-
stantial. Furthermore, as in the case of single-protein analysis, the
proteins can be digested with several proteases, improving sequence
coverage. Exemplifying this approach, a study of eye lens crystalline
proteins reported a large number of modified peptides44.

Currently, large-scale protein identification projects, involving
the fragmentation and identification of many proteins, can “har-
vest” protein modifications by a simple two-step process. In a first
step, proteins are identified permitting only unmodified peptides
in the database searches. In the second step, this “database’ of
identified proteins is interrogated further with hitherto-unas-
signed fragmentation spectra, allowing the possibility of protein
modification. In our laboratories, this is routinely done for pro-
tein complexes involved in signaling processes. This strategy does
not compromise the certainty of identification of proteins pre-
sent, and as long as this list of proteins is not too large, modified
peptides can be found in this very restricted set of proteins with
high confidence.

The chromatographic and mass spectrometric techniques for ana-
lyzing protein mixtures are continuously being improved; therefore,
the chances of finding specific and functionally relevant modifica-
tions in complex mixtures, though slim at this time, are also continu-
ously improving. We expect that only minor changes in the experi-
mental protocol (e.g., the use of two proteolytic enzymes instead of
one) will be needed to make possible the scanning of PTMs in small
protein complexes, such as the ones analyzed in global protein–pro-
tein interaction studies45,46.

Derivatization and affinity-based methods. As mentioned earlier,
peptide mixtures derived from complex protein mixtures are very
difficult to analyze comprehensively. If one is interested in specific
modifications, the peptide complexity can be reduced by affinity
methods. For example, phosphopeptides can be captured selectively
through their negatively charged phosphogroup on immobilized-
metal affinity (IMAC) columns40,47,48. Recently, this technique has
been made much more specific by esterifying and thereby neutraliz-
ing the negatively charged amino acid residues before the IMAC
step49, allowing identification of hundreds of phosphopeptides in
yeast cell lysates. The method has also been used in combination
with phosphotyrosine protein affinity purification50.

Chemical derivatization of the modifying group potentially
allows attachment of a “hook” for affinity purification. For exam-
ple, the phosphate group can be converted to an affinity tag by a 
β-elimination–Michael addition reaction or by phosphoamidate
chemistry51–53. It should be noted, however, that only very simple
and extremely efficient chemical derivatization steps are compati-
ble with proteomics. If any heterogeneity is introduced by the
chemical reaction (e.g., as a result of <100% conversion efficiency
or side reactions), the peptide samples become even more complex
and it is then only possible to analyze modifications of the most
abundant proteins.

Conclusions and perspectives
Classic techniques and mass spectrometry are both widely used in
the analysis of individual, purified proteins. To characterize any sin-
gle protein in complete detail is still a substantial research project,
which by proteomic standards requires large amounts of protein and
a combination of different techniques.

For the characterization of protein populations, the innovative
mass spectrometric methods offer great promise. As examples from

phosphorylation analysis and others show, affinity enrichment of
modified protein populations combined with mass spectrometric
identification of the “subproteome” so defined has already
achieved success.

Challenges for the future include obtaining much higher sequence
coverage of proteins in complex mixtures. This is a precondition of
any comprehensive study of protein modifications and may be
achieved by higher digestion efficiencies, higher sensitivity of pep-
tide analysis, and the ability to sequence many more peptides in a
single experiment. Selective sequencing of only the modified pep-
tides may be achievable by building databases of previously observed
peptides, which are then excluded from sequencing.

In terms of software and hardware, database search algorithms
are not optimized for the detection of modified peptides. Further
development in this field would benefit proteomics tremendously.
Current instrument developments of interest for PTM analysis
include MALDI MS/MS54 and the combination of ECD peptide
fragmentation with new generations of high-sensitivity FTMS
instruments mentioned earlier. ECD with FTMS in particular
offers the hope of characterizing labile modifications with a sensi-
tivity and speed approaching standard mass-spectrometric pep-
tide sequencing.

Given the technical difficulties involved, much of PTM analysis
has concentrated on identifying modifications, rather than on quan-
tifying them. However, biological effects are often due to changes in
the level of modification, and therefore there is intense interest in the
quantitative study of modifications. Stable isotope labeling in vari-
ous forms is now being used to quantify protein levels on a large
scale55. Similar techniques can also be applied to modifications (Fig.
3). In one study, stable isotope labeling was used for relative quantifi-
cation of phosphorylation sites in yeast56, and in another study syn-
thesized stable isotope analogs of phosphopeptides provided
absolute quantification57.

Bioinformatic methods can predict modification sites in silico.
Although they are extremely promising and important, however,
these methods are no substitute for direct experimental data. Also,
because most modifications of interest are regulatory and reversible,
they cannot be predicted from the sequence alone. As proteomics
defines more and more in vivo modification sites, prediction algo-
rithms can be tuned and improved with this information.
Conversely, bioinformatic prediction tools should be closely inte-
grated into the interpretation of proteomic PTM experiments.

Proteomics is now sufficiently developed that thought should be
given to databases of protein modifications similar to the genomic
and protein sequence databases in existence today. Such databases
should contain not only the nature and sites of modifications, but
also the primary data, such that future proteome experiments can be
interpreted in reference to these data, instead of the more difficult
interpretation of results de novo.

Once PTM analysis can routinely be done at the proteomic level,
the involvement of PTMs in disease can be studied much more sys-
tematically than has thus far been possible. Although many examples
of PTMs in disease are known, it is very likely that these examples are
just the “tip of the iceberg”. Proteomic PTM analysis will thus con-
tribute to our understanding of disease etiology and deliver many
new targets for research against diseases.
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