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Abstract Covalent post-translational modification of
proteins is the primary modulator of protein function in the
cell. It greatly expands the functional potential of the
proteome compared to the genome. In the past few years
shotgun proteomics-based research, where the proteome is
digested into peptides prior to mass spectrometric analysis
has been prolific in this area. It has determined the kinetics
of tens of thousands of sites of covalent modification on an
equally large number of proteins under various biological
conditions and uncovered a transiently active regulatory
network that extends into diverse branches of cellular
physiology. In this review, we discuss this work in light
of the concept of protein speciation, which emphasizes
the entire post-translationally modified molecule and its
interactions and not just the modification site as the func-
tional entity. Sometimes, particularly when considering
complex multisite modification, all of the modified mole-
cular species involved in the investigated condition,
the protein species must be completely resolved for full
understanding. We present a mathematical technique that
delivers a good approximation for shotgun proteomics data.
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Proteomes and proteomics: an update

The dynamic total protein complement of a biological
system, the proteome, is of enormous complexity and size.
A well-defined concept to deal with this situation is the
speciation of the proteome (Jungblut et al. 2008). Each and
every polypeptide is defined by the sum of its covalent
chemical bonds meaning its primary structure and in
addition any covalently bonded moieties. Thus, every
protein, every expressed member of a multigene family, i.e.
protein isoform, and post-translationally modified form of a
protein is understood as a unique protein species. It is not
clear if every protein species has its own function, the
paradigm, however, captures the extent of function in the
proteome. Newest insights, however, are that one primary
structure can result in multiple secondary structures and
conformations and thus possible multiple functions due to
bias towards synonymous, slowly translated codons (Zhang
et al. 2009).

The meta-analysis of large scale genomics, transcripto-
mics and proteomics studies and the use of central data
repositories such as National Center for Biotechnology
Information (NCBI) and The Arabidopsis Information
Resource (TAIR) allow a relatively good survey of the
proteome of higher eukaryotes (Fig. 1). The lower prote-
ome entries (red) intersect with the upper genome entries
(black) on their common axis reflecting the manifold
greater complexity of the proteome. The human being,
mouse and rat as well as the small flowering plant Ara-
bidopsis thaliana all have around 25,000 protein encoding
genes (Collins et al. 2004; Gibbs et al. 2004; Kaul et al.
2000; Waterston et al. 2002). Transcriptome analysis of 32
human tissues revealed that only about half of these are
expressed at one time (Jongeneel et al. 2005). Transcrip-
tome-based monitoring of more than 10,000 multi-exon
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genes in 52 human tissues and cell lines showed that nearly
every gene is alternatively spliced (Johnson et al. 2003)
and other studies suggest many genes will generate mul-
tiple, sometimes up to a hundred or thousand alternative
mRNAs (Schmucker et al. 2000; Tress et al. 2008).
Therefore, the amount of translated expression products
present in a cell at any one time was estimated to be
approximately 30,000. More than 200,000 post-transla-
tional modifications (PTM) of proteins are reported in the
literature (Seo and Lee 2004) and numerous proteomics
studies have identified tens to hundreds of modifications of
a single protein (Garcia et al. 2007; Larsen et al. 2001;
Scheler et al. 1997). The average number of differently
processed expressed gene products is estimated at 5-7 in
humans (Humphery-Smith 2004), ultimately allowing a
conservative estimate that the proteome of the higher
eukaryotic cell comprises 150,000 protein species at one
time. Others put the number at 1 million (Humphery-Smith
2004). As an afterthought, we note that we have not con-
sidered the dynamic range of protein abundance which has
been shown to be four to five orders of magnitude in E. coli
and yeast (around <100 to 2,000,000 copies per cell) (de
Godoy et al. 2008; Lu et al. 2007; Usaite et al. 2008) and
ten or more in human plasma (Anderson and Anderson
2002).

The current proteomics technologies have had some suc-
cess in dealing with this complexity. Shotgun proteomics is the
most popular application for unbiased, discovery type analysis
of the proteome. The proteins are first digested into peptides
followed by an online combination of liquid chromatography
(LC) for peptide separation and electrospray ionization mass
spectrometry (ESI-MS) for the measurement of peptides mass
to charge ratios (m/z). It has been used to quantify all of the
translated expression products of yeast (de Godoy et al. 2008)
and major coverage of all of the open reading frames of Dro-
sophila (Brunner et al. 2007), mouse (Graumann et al. 2008)
and Arabidopsis (Baerenfaller et al. 2008) has also been
achieved. The large scale identification and quantification of
PTMs has had some encouraging results as well. Several
groups have reported thousands of phosphorylation sites
(Beausoleil et al. 2004; Olsen et al. 2006, 2010; Schmidt et al.
2008; Sugiyama et al. 2008; Villen et al. 2007), acetylation
sites (Choudhary et al. 2009) and other modifications
(MacCoss et al. 2002; Tsur et al. 2005) and hundreds of
ubiquitination sites (Igawa et al. 2009; Maor et al. 2007; Peng
et al. 2003). Nevertheless, the proteome-wide mapping of
PTMs remains a difficult task because the modifications are
transient, modified peptides are often not very abundant and
require specific enrichment strategies and their tandem mass
spectra (MS/MS spectra) are difficult to interpret.

Two-dimensional gel electrophoresis (2DE), tried and
tested for more than 30 years, still provides the best reso-
lution of the proteome on the protein level. It is capable of
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separating the heterogenous mixture into up to 10,000
components according to their isoelectric points (PI) and
molecular weights (M) (Klose and Kobalz 1995). The
protein species remain intact giving researchers access to
the entire molecule. Analysis with liquid chromatography
for further separation of the proteins at distinct positions in
the gel matrix (2DE spots) and the highly sensitive new
generation of mass spectrometry machines has revealed
that generally a few protein species co-migrate (Jungblut
et al. 2010). This precludes accurate quantification of
individual protein species by measuring polypeptide
staining intensity; they can, however, be quantified by
labeling them with stable isotopes either directly or by
covalently attaching chemical moieties and then comparing
their mass spectrometric signals (Schulze and Usadel
2010). Despite these technological advances, the maximum
entry on the proteomics axis (gray) in Fig. 1 is still more
than one order of magnitude below the maximum entry for
proteomes highlighting the need for further innovation and
that proteomics science will remain challenging for some
years to come.

PTMs: switches that control protein function

Post-translationally modified proteins have a vast array of
functions in the cell, which are often quite different from
those of their unmodified counterparts. Covalent modifi-
cation of primary structure can alter protein conformation
thereby producing new recognition motifs, hiding existing
motifs or making previously hidden motifs accessible.
PTMs can have allosteric effects, controlling protein
function via modification of non-active sites. Initial mod-
ification can recruit subsequent additional modifications by
either the same or different chemical moieties which may
act in concert. Two or more different PTMs can compete
for modification of the same residue in protein primary
structure. All of these mechanisms affect protein interac-
tion via specific PTM-binding domains which defines
function (Seet et al. 2006).

The covalent attachment of phosphate moieties donated
by ATP and catalyzed by kinases via esterification of side
chain hydroxyl-groups of primarily serine, threonine and
tyrosine residues is the most widely studied PTM. It occurs
on approximately one-third of eukaryotic proteins and is
mostly a monoadduct (Cohen 2000; Hubbard and Cohen
1993). The phosphoryl-group can be removed by phos-
phatase catalyzed hydrolysis so protein phosphorylation is
reversible and in most cases transient. It is a central switch
of protein function. It controls the activity of the compo-
nents of signaling cascades such as the canonical mitogen-
associated protein kinase (MAPK) cascade downstream of
the tyrosine auto-phosphorylated epidermal growth factor
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Fig. 1 Some important reference values regarding genomes in black,
proteomes in red and proteomics in gray. The axes are in logarithmic
scale. The values are from pertinent publications (Adams et al. 2000;
Ahn et al. 2007; Aparicio et al. 2002; Baer et al. 1984; Baerenfaller
et al. 2008; Bogdanov and Smith 2005; Brunner et al. 2007; Collins
et al. 2004; Cox and Mann 2008; Cubitt et al. 1994; de Godoy et al.
2008; Fleischmann et al. 1995; Garcia et al. 2007; Ghaemmaghami
et al. 2003; Gibbs et al. 2004; Goffeau et al. 1996; Graumann et al.
2008; Johnson et al. 2003; Jongeneel et al. 2005; Jungblut et al. 2008;

(EGF) receptor (Pawson and Nash 2000) that consists of
the MAPK kinase kinase (MAPKKK) RAF, the MAPK
kinase (MAPKK) MEK/MKKI1 and the MAPK ERK
(Marshall 1994). It also controls the MAPK cascade
MEKK1-MKK4/MKK5-MPK3/MPK6 that administers
response to bacterial pathogens in plants (Asai et al. 2002)
following perception of the fig22 epitope of bacterial fla-
gellin by the leucine rich repeat receptor kinase (LRR-RK)
FLS2 (Chinchilla et al. 2006). MAP kinases are modular as
well as promiscuous. This means that cascades can be
activated by diverse stimuli, that components of different
cascades are interchangeable and act on several substrates
to communicate a host of different signals and that they
produce a wide range of functional responses (Nakagami
et al. 2005). The MAPKSs are activated and deactivated by
phosphorylation and dephosphorylation at multiple sites
which gives rise to a large number of functional protein
species whose abundance and very existence is in a high
state of flux.

Phosphorylation can determine the translocation of
proteins to organelles and subcellular compartments for
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Kaul et al. 2000; Klose and Kobalz 1995; Larsen et al. 2001; Misra
et al. 2002; Myers et al. 2000; Ono et al. 2006; Scheler et al. 1997;
Schmucker et al. 2000; Tress et al. 2008; Waterston et al. 2002) and
from our experience. The RNA viruses have very small genomes with
less than ten genes; the Epstein—Barr virus has a double-stranded
DNA genome of 84 open reading frames. Unicellular organisms all
have less than 10,000 genes. Peptide ions (MS), LC-MS refers to all
recorded m/z in a 1D shotgun proteomics analysis, sequenced peptide
ions denotes the total number of recorded MS/MS spectra

instance in the case of protein phosphatase-1 (PP1) which
is released from glycogen particles to the cytosol upon
phosphorylation of one of its subunits, Gy, (Hubbard and
Cohen 1993). Apoptosis is inhibited by binding and
sequestering of the phosphorylated proapototic BAD by
14-3-3 protein (Lizcano et al. 2000). Gene transcription is
initiated by phosphorylation of the active subunit of the
transcription factor NFxB, p65-p50 (Wang and Baldwin
1998), phosphorylation of members of the Jun, Fos and
ATF transcription factor families (Karin et al. 1997,
Murphy et al. 2002; Ventura et al. 2003) as well as other
DNA-associated proteins. Transcription is inhibited by
phosphorylation of HYS, a b-ZIP transcription factor that
controls light induced gene expression in plants (Hardtke
et al. 2000).

Reversible protein phosphorylation ties in with ubiqui-
tination, and indeed, there is extensive regulatory crosstalk
between these two PTMs (Hunter 2007). Protein species
such as the inhibitory subunit of NFxB, IxBa, phosphor-
ylated at serine residues 32 and 36 (Karin 1999; Yaron
et al. 1998), phosphorylated HIV-1-Vpu (Margottin et al.
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1998), cyclins and cyclin-dependent kinase (CDK) inhibi-
tors (Koepp et al. 1999) as well as dephosphorylated
p-catenin (Kitagawa et al. 1999) and the anti-apototic
Bcl-2 protein (Dimmeler et al. 1999) are targeted for
ubiquitination and ultimately degradation by the 26S pro-
teasome. The phosphate moiety and surrounding amino
acids, which has generally become known as a phospho-
degron, is the recognition signal for the ubiquitin protein
ligase E3. The enzyme binds the phosphodegron on the
substrate protein via an F-box subunit that contains the
WD40 or LRR-binding domains and catalyzes the covalent
attachment of ubiquitin to an e-amino group of an internal
lysine residue or to the z-amino group (Breitschopf et al.
1998). Alternatively, the two main types of E3 ubiquitin
protein ligases, the single or multisubunit RING finger
ligases that lack catalytic activity and function by recruiting
the E2-ubiquitin conjugated intermediate and the target pro-
tein substrate and the catalytic HECT domain E3 ligases can
themselves be controlled by phosphorylation. The anaphase
promoting complex type E3 enzyme is phosphorylated con-
ferring substrate specificity and recognition properties
(Shteinberg et al. 1999) and the Itch E3 ligase is allosterically
activated by phosphorylation (Gallagher et al. 2006).

Protein ubiquitination is reversible through nucleophile
attack of the peptide bond between ubiquitin and the sub-
strate catalyzed by deubiquitinating enzymes (Dubs) (Sowa
et al. 2009; Ventii and Wilkinson 2008). Reversible ubiq-
uitination controls cellular processes and in particular
kinase activity and protein phosphorylation primarily by
controlling the stoichiometry of their components via
degradation. The regulatory phosphate moiety on the active
kinase becomes a phosphodegron that is recognized by the
enzymes of the ubiquitination machinery leading to cova-
lent attachment of polyubiquitin moieties branched at
lysine residue 48 of ubiquitin followed by degradation by
the proteasome. In some cases activated kinases are tar-
geted to the lysosome/vacuole or subcellular compart-
ments, which is mediated by lysine 63 branched
polyubiquitination and multiubiquitination (Huang et al.
2006). Polyubiquitin of kinases branched at lysine residues
29 or 33 can directly inhibit kinase activity and kinases can
be activated by polyubiquitin promoted transphosphoryla-
tion (Chen 2005). In plants, the ubiquitin proteasome sys-
tem may play a role in sucrose related processes possibly
via substrate proteins phosphorylated by Snf-1-related
protein kinases (SnRKs) (Ellis et al. 2002). It has also been
implicated in activation of the auxin response by degra-
dation of Aux/IAA proteins and in suppression of tran-
scription of light responsive genes by degradation of
unphosphorylated HYS (Ellis et al. 2002).

Acetylation of lysine as well as serine and threonine
residues is another PTM that has far reaching impact on
cellular functions. The formation of the amide bond
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between the lysine e-amino group and the hydroxyl group
of the acetate moiety that is donated by Acetyl-CoA is
catalyzed by histone acetyltransferases (HAT, also known
as lysine acetyltransferases [KAT]). Its hydrolysis is
mediated by histone deacetylases (HDAC or in analogy
KDAC for lysine acetyltransferase). As for phosphoryla-
tion and sumoylation but not for ubiquitination, primary
structure consensus sequences have been identified and it
has been ascertained that lysine acetylation is favored in
ordered secondary structure as well as in macromolecular
complexes (Choudhary et al. 2009; Kim et al. 2006) such
as the nuclear HAT complexes themselves (Thompson
et al. 2004) or the major actin nucleation complex ARP2/3.

There is ample evidence that protein function is regu-
lated by acetylation in conjunction with phosphorylation,
ubiquitination and other PTMs. The abundance of phos-
phorylated protein species is influenced by acetylation
exercising control over kinases, for example the phos-
phoinositide-3-kinase related protein kinases (PIKK) that
are integral to DNA damage repair (Jiang et al. 2006; Sun
et al. 2005). The activity of CDC2, a kinase involved in cell
cycle progression and mitosis, and CDK9 may be abolished
by acetylation in their kinase domains (Sabo et al. 2008).
Competitive acetylation of serine and threonine residues in
the activation loop of MAPKKSs is used by Yersinia species
to shut down signal transduction via the MAPK cascade
and overcome the immune response (Mukherjee et al.
2006). Binding of phosphorylated primary structure motifs
by the 14-3-3 domain is inhibited by its acetylation
(Choudhary et al. 2009) and acetylation and methylation in
cis as well as in trans affects the interaction of binding
domains and recognition motifs on histones (Fischle et al.
2003; Latham and Dent 2007). Ubiquitination, methyla-
tion, SUMOylation and acetylation all compete for modi-
fication of lysine residues and thereby modulate the activity
of such prominent examples as the tumor suppressor p53,
the transcriptional cofactor p300 and the nuclear transport
protein RANGAP1 (Bouras et al. 2005; Mahajan et al.
1997; Yang and Seto 2008). Ubiquitin ligases and DUBs
are themselves extensively acetylated which may affect
their function and the ubiquitination of other proteins
(Choudhary et al. 2009).

In summary, phosphorylated, ubiquitinated and acety-
lated protein species regulate nearly all aspects of cell life
(Choudhary et al. 2009; Ciechanover et al. 2000; Cohen
2000). This includes metabolism (Cohen 1999; Kempa
et al. 2007; Kim et al. 2006; Polge and Thomas 2007), the
cell cycle (Brooks and Gu 2003; Choudhary et al. 2009;
Glotzer et al. 1991; Inze and De Veylder 2006; O’ Connell
et al. 2000; Zhang et al. 2008) and cytokinesis (Takahashi
et al. 2004) and growth and death (Haas et al. 1995; Kim
et al. 2006). Signal transduction and concurrently the
response to infection (Kotlyarov et al. 1999; Rock and
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Goldberg 1999), pathogens (Asai et al. 2002; Chisholm
et al. 2006; Devoto et al. 2003; Kunkel and Brooks 2002)
and abiotic stress (Ichimura et al. 2000; Kempa et al. 2007,
Nakagami et al. 2005) is also highly regulated by PTMs.

Reversible, PTM at multiple sites by different moieties
produces a tremendous amount of transiently abundant
protein species that are the primary conveyors of function
in the cell. These protein species greatly amplify the
functional repertoire inherent in the proteome beyond the
unmodified expressed genome. Indeed, the unmodified
proteins and protein complexes may be seen as the
molecular machinery, the PTM as the switches used to
operate it.

Shotgun proteomics unravels the cellular signaling
network

The function of phosphorylated protein species was tradi-
tionally investigated with reverse genetic approaches
combined with enzyme activity and protein interaction
assays, particularly in the case of signaling cascades and the
phosphorylation status of their components (Ahlfors et al.
2004; Asai et al. 2002; Chinchilla et al. 2007; Meskiene
et al., 1998, 2003; Nuhse et al. 2000; Schweighofer et al.
2007; Takahashi et al. 2007). Recent advances in shotgun
proteomics have made the detection and quantification of
site-specific phosphorylation on a proteome-wide scale
feasible (Amanchy et al. 2005; Beausoleil et al. 2004;
Benschop et al. 2007; Chen et al. 2010; Chi et al. 2007;
Nuhse et al. 2004, 2007; Olsen et al. 2006, 2010;
Schmidt et al. 2008; Schulze 2010; Sugiyama et al. 2008;
Thelemann et al. 2005; van Bentem and Hirt 2007; Villen
et al. 2007).

A landmark is the study of the phosphorylation events
following EGF stimulation of HeLa cells that employed
subcellular fractionation to analyze the nuclear and cyto-
solic protein complement, strong cation exchange and
titanium dioxide affinity chromatography to enrich phos-
phorylated peptides and stable isotope labeling (SILAC)
and shotgtun proteomics to identify and quantify the
phosphorylation of amino acid residues over time (Olsen
et al. 2006). It describes the kinetics of 6,600 phosphory-
lation sites mapped to 2,244 proteins, around 20% of the
expressed open reading frames, and of EGF signaling in
unprecedented detail, including the entire MAPK cascade,
a large number of transcription factors and associated
proteins that were not known to be involved in growth
factor signaling, cytoskeletal proteins such as actin and
GTP-associated proteins, the ubiquitination machinery and
RNA-binding proteins. Phosphorylation at multiple sites in
many cases with different kinetics was shown to predom-
inate and to regulate protein function as exemplified by the

early, activating tyrosine autophosphorylation of the EGF
receptor that declined concomitantly with later phosphor-
ylation of serine and threonine residues, which is known to
attenuate the signal via negative feedback (Schlessinger
2000).

Two studies of the plasma membrane-associated prote-
ome that applied similar methodologies as the work on the
EGEF receptor describe the early response to perception of
flg22 in Arabidopsis cell culture (Benschop et al. 2007,
Nuhse et al. 2007). Like EGF receptor signaling it is
hallmarked by transient protein phosphorylation. Benschop
et al. (2007) demonstrated that the measured changes in the
phosphorylation levels of amino acid residues were due to
reaction kinetics and not changes in protein abundance by
normalizing the abundance ratios of phosphorylated pep-
tides to peptides that did not contain a phosphorylation site
on the same protein. Both studies identified phosphoryla-
tion sites on numerous receptor-like kinases (RLK),
implicating phosphorylation in sensitizing the plant to further
pathogen challenge and priming of defense response (Conrath
et al. 2002; Zipfel et al. 2004). Phosphorylation of the com-
ponents of the MAPK cascade, regulatory protein phospha-
tases such as PP2C (Schweighofer et al. 2007) and auxin
signaling proteins was also found. The latter connects MAPKs
with the down regulation of auxin signaling which is known to
play a role in the plant immune response (Kovtun et al. 1998;
Navarro et al. 2006).

The induced phosphorylation of many sites on a single
protein was also reported by both authors. Differential
kinetics of several residues of the H -ATPases AHA1 and
AHAZ2 and reduction of phosphorylation of the penultimate
threonine residue 948 which directly controls protein
activity (Palmgren 2001) was detected following treatment
with flg22. More pronounced, the respiratory oxidative
burst protein RBOHD, an NADPH oxidase involved in the
production of reactive oxygen intermediates in the apoplast
following pathogen perception and integral to defense
response was found to be differentially phosphorylated at
up to seven distinct residues. This suggests the protein is
controlled by various interacting partners and that it
administers distinct functions in manifold physiological
pathways in a complex regulatory network.

The widespread incidence and far reaching affects of
acetylation in all cellular compartments was discovered
for the first time by two shotgun proteomics studies
(Choudhary et al. 2009; Kim et al. 2006). The more recent
work describes the kinetics of 3,600 sites on 1,750 proteins
in three human cell lines including one affected by acute
myeloid leukemia in response to two KDAC inhibitors, one
of which (SAHA) is in clinical use. The studies show that
multisite acetylation of proteins is a central regulator of all
nuclear and DNA-associated processes. This includes
chromatin remodeling and DNA replication, transcription,
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splicing, DNA damage repair and nuclear transport. They
detected the hitherto unknown acetylation of numerous
cytoplasmic metabolic enzymes including aldolase which
also binds actin and provide evidence for a major role of
acetylated proteins in cytoskeleton architecture as actin-,
micro- and intermediate filament proteins were all func-
tionally acetylated (Anastasiadis et al. 2000; Posern et al.
2004; Zhang et al. 2007). They also showed that the
modification is prominent in the mitochondrion and
uncovered a strong link to its regulation of energy metab-
olism (Kim et al. 2006). Many of the proteins of the TCA
cycle, oxidative phosphorylation, lipid, carbohydrate,
amino acid and nucleotide metabolism as well as the
mitochondrial dehydrogenase protein complexes were
found to be acetylated. The activity of the dehydrogenase
complexes is controlled by NAD' to NADH ratios and
Acetyl-CoA levels which also serve as substrates or
cofactors for HATs and HDACs (Blander and Guarente
2004) suggesting a regulatory feedback loop.

Acetylation of multiple lysine residues of the same
protein was prevalent like in the studies of phosphoryla-
tion. The herpesvirus-associated ubiquitin-specific protease
(HAUSP), a DUB that influences the nuclear cytoplasmic
partitioning of the tumor suppressor PTEN via deubiqui-
tination was acetylated at five different residues. The
cytoskeletal protein cortactin was modified at 7 sites and 14
acetyl-lysine residues were identified for the HSP90-«
subunit. This further indicates that intricate combinatorial
switches that consist of reversible modification at distinct
residues by different interchangeable moieties are common
controls of protein function.

The largest work on PTM sites to date was published
recently. It defines the kinetics of over 20,000 phosphor-
ylation sites on 6,000 proteins in the cell cycle and high-
lights what is possible with mass spectrometry-based
proteomics today (Olsen et al. 2010). While not yet fully
comprehensive, shotgun proteomics has provided sub-
stantial information on the in vivo post-translationally
modified proteome, recording the state of thousands of
residues on thousands of proteins under various conditions.
Shotgun proteomics studies have elucidated an extensive
regulatory network based on the interactions of transiently
abundant highly modified protein species that is universally
active in the cell and given a global perspective on the
function and profound importance of PTMs.

Shotgun proteomics and protein species function
The measurements of the state of modification of individ-
ual amino acid residues reflect the effects of the experi-

mental condition under investigation such as exposure to a
growth factor or temperature stress. In most cases they will
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also reflect the effects on individual proteins. An example
is the differential phosphorylation of the EGF receptor
described above. The observed kinetics are in agreement
with the known changes in the phosphorylation state of
several residues in response to EGF perception. In cases of
more complex multisite modification, such as the differ-
ential phosphorylation of the RBOHD protein at seven or
the acetylation of HSP90-« at 14 different residues, the
effects of the experimental condition on the protein may
not be so clear. Although the induced changes in the
modification state at multiple sites can undoubtedly be
brought into causal connotation with the condition, it is not
straightforward to assay if all of the sites are truly localized
on one protein, or more precisely on one protein species, or
are shared by several protein species that administer
function in concert.

This point must not be ignored. As we know, the
polypeptide molecule which has its conformation defined
by primary structure and which in many cases is a subunit
of higher order macromolecular assembly is the basic
functional entity and not the peptide or amino acid residue
(we will not consider the point of multiple secondary
structures with the same primary structure mentioned in the
introduction).To truly pinpoint function in some cases it
may be necessary to have the knowledge of the full primary
structure of all polypeptides involved in a physiological
process in addition to modification kinetics. This can be
achieved experimentally by separating the proteome into
its protein species using top-down technologies such as
2-DE, or, which may be the next true breakthrough in
proteomics research, top-down LC-ESI-MS proteomics
(Chait 2006; Siuti and Kelleher 2007).

Mathematical procedures are very powerful and can
give good approximations of protein species function from
shotgun proteomics data. The proteome is digested into
peptides so the protein species are not separated prior to
analysis. Nevertheless, we routinely use the variance and
covariance of the abundance of the identified proteins,
which is inferred by the measured abundance of the pep-
tides assigned to them by comparative search of translated
nucleic acid sequences or de novo spectral interpretation to
explore a multitude of biological questions. We do this
primarily with a combination of the canonical principal
component analysis (PCA) (Pearson 1901) and indepen-
dent component analysis (ICA) (Comon 1994). These
techniques make it possible to determine correlations
between the shotgun proteomics analyses and the pheno-
types under different experimental conditions (Scholz et al.
2004).

Data consisting of multiple observations of a large
number of variables can be seen as a number of vectors or
points in space. PCA and ICA compress and project this
data into a lower number of dimensions, in a direction so
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Fig. 2 Visualization of shotgun proteomics data with ICA. Thirty-six
combined shotgun proteomics and metabolomics analyses of two
genotypes of Arabidopsis thaliana, the wild type Col-0 and a starch-
deficient mutant PGM, adapted to three temperatures, 4, 20 and 32°C,
for 3 days, are plotted in three 2-dimensional plots (a—c) of an
optimal three dimensional space using combined principal and
independent component analysis (PCA/ICA). Four principal compo-
nents from the PCA which was applied first were used as the input for

that the maximum amount of information is retained, the
principal or independent components (PC or IC). The data
is visualized in up to three dimensions and the user can
judge structure and inherent patterns that can shed light on
relationships that may be interesting. The PC or ICs
themselves can be expressed in terms of the original vari-
ables making it clear which parts of the original data are
prominent and determine the observed structure and rela-
tionships. These can then be interpreted in a biological
context.

In more mathematical terms, PCA can be explained as
an eigenvalue decomposition of the covariance matrix. The
principal components are the orthonormal eigenvectors that
indicate the directions of maximal variance in decreasing
order of their eigenvalues and span the lower dimensional
space of linear combinations of the original variables for
mapping with the minimum reconstruction error. Their
coordinates in the original higher dimensional space are the
loadings that place a scalar value on the contribution of the
variables, in our case the identified proteins, to the data
structure. ICA is an extension of PCA where the compo-
nents are independent, a stronger condition than uncorre-
lation in PCA, and no longer restricted to orthonormality.
The independent components (IC) are sorted according to
their kurtosis, the fourth auto-cumulant of a distribution of
parameter values following the mean, variance/standard
deviation and skewness and which is an indicator of its
Gaussian fit. A sub-Gaussian or flat distribution can be the
result of a single or few significant differences in parameter
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subsequent ICA. The first dimension, IC1 contains information on the
proteins that are discriminatory for the genotypes, the second, IC2, on
proteins indicative of temperature adaption, the third, IC3, on proteins
expressed under temperature stress. The sample pattern in all three
dimensions, i.e. the complete data structure nearly perfectly reflects
the applied experimental conditions. The figure was taken from
Wienkoop et al. (2008) and is reprinted here with permission

values and is therefore often of biological interest, i.e. a
significant difference in protein abundance under two or
more conditions. As in PCA, the loadings are the coordi-
nates of the independent components in the higher
dimensional space.

Figure 2 taken from a recent study of ours (Wienkoop
et al. 2008), shows a plot of 36 combined shotgun pro-
teomics and metabolomics analyses of two A. thaliana
genotypes, the Col-0 wild type and a plastidic PGM
mutant, under cold (4°C), normal ambient (20°C) and heat
(32°C) conditions reduced to three dimensions using PCA/
ICA. Figure 2a, b both contain the first dimension, IC1, and
looking at the data from this angle, it is clear that IC1
separates the two investigated genotypes. Figure 2a addi-
tionally shows the second dimension, IC2, of the com-
pressed data which separates the applied temperatures in a
gradient that goes from low to high. Figure 2b contains the
third dimension, IC3, in addition to the first, which dis-
criminates the temperature stressed conditions of 4 and
32°C from the normal environmental condition of 20°C.
Figure 2c combines the second and third dimensions; the
former again shows the gradient from low to high tem-
perature, the latter again distinguishes the stressed condi-
tions from the normal ambient temperature. These two
independent components do not contain any information
regarding the genotypes so they are congruent.

The plotted reduced data contains 95% of the extent (to
be mathematically precise, the variance) and also 95% of
the information of the original data. Therefore, the
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correlation between the shotgun proteomics analyses which
are fully quantitative and the investigated phenotypes is as
equally nearly perfect as the correlation between the lower
dimensional data and the phenotypes as seen in the plot.
This means that the analyses can be used to extrapolate
function. It can also be shown analytically, that there is a
fundamental relationship between the covariance of the
measured proteomics data and the fluctuating concentra-
tions of protein species in physiological pathways which
can be expressed as entries in the Jacobian matrix (Steuer
et al. 2003). In the given example low-temperature induced
protein 78 and cold-regulated protein COR6.6 (KIN2) as
well as several RNA-binding proteins were shown to reg-
ulate the plants’ adaption to temperature (Kim et al. 2005;
Smallwood and Bowles 2002).

To rapidly determine the sites of functional PTMs, we
have developed an application for comparison of hundreds
of shotgun proteomics analyses called mass accuracy pre-
cursor alignment (MAPA) (Hoehenwarter et al. 2008). It
works by measuring the m/z of peptides with very high
accuracy (average error ~ 1.5 ppm, SD ~ 1 ppm) which is
a unique identifier and allows the abundance of every
measured peptide in any number of shotgun proteomics
analyses to be aligned in a quantification matrix. It is done
with a program we developed called ProtMAX. It places
the m/z ratios of all peptides ions for which at least one MS/
MS spectrum is available in all of the compared analyses in
the rows, the analysis identifiers in the columns and the
number of MS/MS spectra for each m/z ratio in each
analysis in the cells. The number of MS/MS spectra is the
spectral count of each peptide ion which correlates linearly
with peptide abundance over two orders of magnitude
(Abdi et al. 2006; Old et al. 2005; Wienkoop et al. 2006) so
the matrix contains a quantitative value for each peptide in
each analysis. The strength of MAPA is that it produces an
accurate quantitative comparison of any number of shotgun
proteomics measurements in minimal time with minimal
computing power.

PCA/ICA as well as clustering or supervised classifi-
cation schemes can be employed to find the peptides that
are especially characteristic of the experimental conditions.
The quantification matrix is unbiased. It is inclusive of all
of the measured peptides and does not omit post-transla-
tionally modified peptides that are difficult to identify by
searching databases of translated DNA sequences. There-
fore, post-translationally modified peptides that are corre-
lated with the different experimental conditions can be
readily detected and then identified by de novo spectral
interpretation.

We employed this strategy to explore the processes
involved in hormone signaling in A. thaliana cell culture,
1, 3 and 6 h after exposure to the phytohormones abscisic
acid (ABA), gibberellic acid (GA), auxin (IAA), jasmonate
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(JA) and kinetin (Chen et al. 2010). In total, 152 phos-
phorylated peptides were identified and quantified using
mass spectrometry. These peptides contained 170 phos-
phorylation sites. They were all differentially responsive to
at least one of the hormones and could be mapped to 130
proteins. Many of the sites were induced by several hor-
mones which is indicative of activated protein species
transmitting signals via several pathways in the regulatory
network. The abundance of the phosphorylated peptides at
all of the time points after exposure to the phytohormones
was used to produce the MAPA quantification matrix. This
quantitative data was then used to model the phosphory-
lation kinetics with the combined PCA/ICA.

The activation of MAPK and calcium-dependent kinase
(CDPK) cascades in response to phytohormone perception
is well known (Alonso and Stepanova 2004; Kovtun et al.
1998; Ludwig et al. 2005; Navarro et al. 2006; Sch-
weighofer et al. 2007; Takahashi et al. 2007). As a small
example from the study, Fig. 3 shows the phosphorylation
state of four sites on the central modules of cell signaling
from the membrane to the nucleus 3 h after treatment
with each of the hormones. The RLK is phosphorylated in
response to the continued perception of IAA, JA and
kinetin. The cytosolic CDPK is induced under all of the
conditions which can be expected in light of its promis-
cuous nature. The exclusive phosphorylation of the ABA
responsive element-binding factors (AREB) in response
to ABA indicates the signal has been transmitted through
the network and reached its highly specific destination.
The sites on the AREBs had not been described previ-
ously showing the power of MAPA and PCA/ICA
to uncover novel regulatory modifications because of
their causal and potentially functional correlation to the
phenotype.

Concluding remarks

The proteome is vastly more complex and dynamic than
the genome. PTM in particular expand its functional
potential immensely. Shotgun proteomics has measured the
modification kinetics of a very large number of amino acid
residues on an equally substantial number of proteins
and uncovered a regulatory network that extends into all
aspects of cellular physiology.

Transient modifications of multiple sites by different
interchangeable moieties are recognized by PTM-binding
domains that are organized as modules in proteins (Seet
et al. 2006; Yang 2005). The dynamic interaction of rec-
ognition motifs and binding domains executes a powerful
regulatory program that is flexible, sensitive and far
reaching. These insights, where the modular-binding
domains “read” the state of modification of proteins that
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RLK

m/z 504.2
Leucine-rich repeat transmembrane kinase
SPASPGPLSpD

CDPK

m/z 419.21
CDPK13 (calcium-dependent protein kinase 13)
. VLSpDVPK

TF

Spectral Count

mfz 765.29
ABA responsive element binding factor 2
DFGSpMNMDELLK

TF

m/z 700.33
ABA responsive element binding factor 3
 ALGSpMNLDELLK

Fig. 3 Phosphorylation state of key components of the signal
transduction cascade 3 h after induction with five phytohormones in
Arabidopsis thaliana cell culture. The phosphorylation kinetics of
four serine residues on a receptor-like kinase (RLK), a CDPK and
transcription factors (TF) were determined with MAPA. The m/z and
peptide primary structure are shown, the phosphorylation site is
colored red

controls function are expressed in the emerging concept of
the protein code (Gimona 2006; Sims and Reinberg 2008).
Considering the large number of known PTMs, the com-
mon phenomenon of dynamic multisite modification and
the equally large number of interaction domains, this
“protein code”, if one wishes to use the term, may be much
more complex than the genetic code and constitute a pri-
mary functional dimension in the molecular biology of the
cell.

To truly understand the mechanisms of molecular
interaction and function in some cases it may be necessary
to resolve the proteome on a molecular level, the protein
species level. Shotgun proteomics studies in conjunction
with higher mathematical procedures can give good
approximations of protein species function. Ideally they
should be employed to gain a more or less comprehen-
sive overview of the question at hand. They should be
complemented with top-down technologies such as 2-DE
to focus on the protein species of interest and genetic
and biochemical techniques to validate the functional
hypothesis.
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