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Abstract

Protein phosphorylation serves as a primary mechanism of signal transduction in the cells of
biological organisms. Technical advancements over the last several years in mass spectrometry now
allow for the large-scale identification and quantitation of in vivo phosphorylation at unprecedented
levels. These developments have occurred in the areas of sample preparation, instrumentation,
quantitative methodology, and informatics so that today, ten to twenty thousand phosphorylation
sites can be identified and quantified within a few weeks. With the rapid development and widespread
availability of such data, its translation into biological insight and knowledge is a current obstacle.
Here we present an overview of how this technology came to be and is currently applied, as well as
future challenges for the field.

Keywords

Protein phosphorylation; Post translational modification that can occur on proteins in which a
phosphoryl group is added; Phosphoproteomics; The global analysis of protein phosphorylation on
a given proteome; Shotgun proteomics; High-throughput sequencing method where peptides from
digested protein samples are subjected to liquid chromatography and subsequent analysis with
tandem mass spectrometry. After the mass-to-charge ratio (m/z) and intensity of eluting peptide
precursors is recorded by an initial MS? scan, the m/z values for peaks with high intensity are
automatically selected for dissociation and determination of the m/z of the fragment ions in a
subsequent MS? scan; Collisional dissociation; Several similar methods (CAD, HCD, PQD) for
dissociation of peptide cations during tandem MS analysis via collsions with inert gas molecules;
Electron-based dissociation; Methods of peptide ion dissociation based on the capture (ECD) or
transfer (ETD) of an electron, which are particularly effective for peptides with labile post-
translational modifications (e.g., phosphorylation, glycoslyation, etc.); Phosphopeptide enrichment;
Separation of phosphopeptides from more abundant non-modified peptides prior to tandem MS
analysis. Commonly used approaches include chelating acidic phosphoryl groups with metals (e.g.,
IMAC, MOAC), immunoaffinity purification with phosphotyrosine-specific antibodies, and
separation based on isoelectric point (e.g., SCX) or polarity (HILIC); Isotope labeling; Strategies in
which stable isotopes are incorporated into peptides from different samples, allowing for quantitative
comparison between conditions during MS; False discovery rate; The standard measure of error rate
for proteomic datasets. It is defined as the number of incorrect matches (false positives) over the total
number of matches (true positives plus false positives), and is commonly estimated by target-decoy
database searching
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PHOSPHOPROTEOMICS APPLICATIONS

Protein phosphorylation is a central mechanism of signal transduction across species, with
kinases and phosphatases accounting for 2-4% of eukaryotic proteomes (1-2). Current
estimates suggest that one-third of eukaryotic proteins are phosphorylated (3—4) — determining
the sites, abundances, and roles of each of these modifications in a biological sample isa critical
challenge. Traditional biochemical techniques are chiefly limited to testing how phosphoryl
modifications at specific sites affect a single protein of interest (5). Identification of unknown
in vivo phosphoryl modification sites on a broad scale, however, is simply not possible with
these approaches. As few as ten years ago standard methods for protein phosphorylation site
identification were limited to 32P; labeling and two-dimensional phosphopeptide mapping (4,
6), which are time-intensive, low-throughput, limited to cell culture, and carry safety concerns.
Since that time, advances in mass spectrometry have rapidly evolved so that today thousands
of in vivo phosphorylation sites can be detected and quantified in just a few weeks (7-9).
Application of these cutting-edge MS technologies have allowed for investigating
phosphoproteins in a wide variety of biological contexts. Here we highlight recent studies
having aims ranging from broad to narrow. Next, we detail these MS methods, recent
technological breakthroughs, and speculate about future directions of the technology.

Whole-tissue physiology

A number of recent studies have performed comprehensive tissue phosphoproteome analysis,
revealing insight into cell signaling in the context of whole organisms. In one example, 5,635
non-redundant phosphorylation sites were identified on proteins in fresh mouse liver (10).
From these large-scale data the authors concluded that the C-terminus of a protein was more
frequently a target of kinases than all other regions of proteins. This discovery adds new insight
to determining the substrate preference for mammalian kinases. Another example of tissue
work focused on Alzheimer’s disease (AD), which is associated with dysfunctional protein
maintenance, including aberrant protein phosphorylation. Here, similar MS-based methods
were employed to map 466 phosphorylation sites in a 20 hours post-mortem human AD brain
(11). The identification of phosphorylation sites on protein Tau, and other novel substrates,
provides candidate targets for future investigation into the physiology of AD. Recent work by
our own group identified 3,404 non-redundant sites of in vivo phosphorylation in roots of the
model legume Medicago truncatula (12). The identification of novel phosphorylation sites on
proteins involved in initiation of symbiosis with nitrogen-fixing rhizobia bacteria will lead to
a better understanding of how a eukaryotic host associates with microbes. Furthermore,
analysis of the phosphorylation sites observed revealed phosphorylation motifs not previously
observed in other species of plants, providing insight into the specificity of kinases in the plant
kingdom.

Cell differentiation status

In addition to influencing the physiology of entire tissues, phosphorylation events can play
roles in determining the fate of an individual cell. Pluripotent cells, such as embryonic stem
cells, have the potential to differentiate into any cell type in the adult body. However, little is
understood of the cellular signaling events that both maintain pluripotency and direct
differentiation down a specific cell lineage. To date, only a handful of phosphoproteomic
analyses have been reported on such cells (13-16). Our large-scale characterization of
pluripotent human embryonic stem cells yielded the identification of 10,844 phosphorylation
sites, including sites on two transcription factors, OCT4 and SOX2, both known to regulate
pluripotency (13). This work was followed by two reports which quantitatively monitored
human embryonic stem cell phosphorylation as a function of differentiation (14-15). Cell
signaling events were detected via the quantitative change of half of the observed
phosphorylation events within an hour of BMP4-induced differentiation (15). Using the
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algorithm NetworKIN (17), which predicts the kinases responsible for phosphorylating sites
in phosphoproteomic datasets, CDK1/2 was implicated as playing a central role in both
differentiation and self-renewal (15). These findings are notable first steps in clarifying our
understanding of embryonic stem cell differentiation, and illustrate the need for further
investigation of the role of phosphorylation in such cellular events.

Signal transduction cascades

Individual protein phosphorylation events often have roles in broad signaling networks within
a cell. Recent advancements have made MS-based phosphoproteomics the ideal way to study
signal transduction within seconds of stimulation (18). Quantitative phosphoproteomic
analysis of cultured cells treated with activators or inhibitors of the insulin/IGF-1 and MAP
kinase pathways have expanded our understanding of two of the most well-studied signaling
pathways in all of biology (19-20). While phosphorylation of kinases frequently regulates their
own activity, they are typically underrepresented in phosphoproteomic studies, at least in part
due to their low expression. Kinase affinity purification has proved to be a viable solution to
this problem. In one example, the approach was applied to quantitatively map the
‘phosphokinome’ of human cancer cell lines arrested in different phases of the cell cycle
(21). Data from the study of Daub et al., highlighted in Figure 1, illustrates the cell cycle
regulation of 1,000 phosphorylation sites on 219 protein kinases from cells arrested in S and
M phase.

Phosphatases can play equally important roles in regulating signaling pathways through the
removal of phosphoryl groups from proteins. Depleting cells of specific protein phosphatases
and employing quantitative phosphoproteomics can be used to determine which proteins are
regulated by the phosphatase of interest, either directly or downstream. Recent work has taken
this approach to investigate protein tyrosine phosphatase 1B (PTP1B) and its Drosophila
ortholog Ptp61F (22-23). The Drosophila study detected changes in 288 of 6,478
phosphorylation sites without observing significant alterations at the proteome level.

Kinase/substrate specificity

While monitoring the phosphorylation of individual substrates by specific kinases is a
challenging task (24), recent technologies have allowed for significant advancements when
combined with the appropriate sample preparation. In the analog-sensitive (as) kinase
approach, a kinase of interest is mutated by a single amino acid substitution, allowing it to
accommodate the bulky sulfur-containing ATP analog N6-(benzyl)ATP-y-S (25). When
extracts from cells expressing the as kinase are incubated with the ATP analog, the
thiophosphate group is transferred specifically to direct substrates of the as kinase. After
quenching activity, digesting proteins, and performing thiopeptide purification to capture
phosphopeptides containing an unnatural thiophosphoryl group, MS analysis is used for
phosphopeptide sequencing. This approach has been applied to cultured human cells to identify
72 phosphorylation events on 68 protein substrates of CDK1/cyclin B (25). A variation of the
as kinase approach which renders a specific kinase susceptible to the chemical inhibitor 1-NM-
PP1, has been utilized for identifying 547 phosphorylation sites on 308 Cdk1 substrates in
budding yeast by quantifying changes in phosphorylation of proteins bearing Cdk1
phosphorylation motifs in response to Cdk1 inhibition (26). This approach allows for
investigation of in vivo phosphorylation events; however, the trade-off is that no signature tag
is retained on a substrate protein, as in the N6-(benzyl)ATP-y-S approach. Hence, rigorous
validation is required to link kinases to the putative substrates.

Kinase activity assay for kinome profiling (KAYAK) is an alternative approach to monitor
site-specific activity of kinases. Here, peptides from a library of known kinase substrates are
individually subjected to phosphorylation by endogenous kinases in cell extracts (27). After
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activity is quenched, isotopically labeled phosphopeptide standards are added and, after sample
pooling, quantitative MS-based analysis determines the relative amount of phosphorylation on
each library substrate peptide. These data then provide a direct means to monitor activities of
specific kinases (or kinase families) under various conditions. KAY AK can also identify novel
in vivo kinase substrates after separating cell lysates chromatographically to bin the cell’s
kinases into different fractions (28). Each fraction is then subjected to KAYAK to monitor
kinase activity and traditional shotgun proteomics to obtain a profile of the relative abundances
of the kinases (as well as all other detectable proteins) which may be responsible for the activity
observed. This approach successfully identified substrates of the Cdc2/cyclin B1 complex,
AMPKZ1, and the tyrosine kinase Lck in a variety of cell lines.

SAMPLE PREPARATION

The transformation we have observed in large-scale phosphoproteomic analyses over the past
decade has largely been driven by a determined collective effort to isolate phosphorylated
peptides from complex mixtures. Phosphopeptide enrichment is critical for two primary
reasons: (1) phosphopeptides exist at low stoichiometric abundances and (2) they can be
suppressed during ionization. Enrichment strategies have, and continue to, evolve. Today, a
collection of metal-based affinity methods are among the most common, with variations on
loading, column format, and elution conditions. Below we provide a brief summary of these
and other popular approaches. For more detail we direct readers elsewhere (9,29).

Affinity-based approaches

The most frequently used strategies for phosphopeptide enrichment are affinity-based, as
illustrated in Figure 2. These methods include immobilized metal affinity chromatography
(IMAC), metal oxide affinity chromatography (MOAC), and strong cation exchange (SCX).
Note the significantly smaller proportion of phosphorylated tyrosine residues are generally
directly targeted by an anti-pTyr immunoaffinity method (30-31).

IMAC (32), the classic phosphopeptide enrichment technique, is traditionally performed
offline in a column-based format. Here, positively charged metal ions, such as Fe(ll1) (13,
33-35) or Ga(lll) (36), are chelated onto a solid phase nitrilotriacetic/iminodiacetic acid resin
and presented for interaction with negatively charged phosphate groups. The most persistent
complication with both IMAC and MOAC has been specificity. At moderate pH, carboxylic
acid groups are negatively charged, and can compete with phosphoryl groups in binding. To
mitigate these issues, binding and washing conditions are often performed at low pH, such that
carboxylic acid groups carry no charge. Elution is subsequently accomplished at a more basic
pH. Some protocols utilize derivatization to convert carboxylic acids to their corresponding
methyl esters prior to IMAC to prevent nonspecific binding (33). Caveats of this chemical
conversion include incomplete labeling and increased search complexity during data analysis.
Great success has recently been found in a less labor-intensive magnetic bead-based IMAC
protocol, which does not call for O-methyl ester formation (16). Phosphate metal affinity
chromatography (PMAC) is a similar magnetic bead-based metal affinity strategy applied more
specifically to the enrichment of intact phosphoproteins (37).

Recently evolved MOAC protocols are often staged around micro-stage tip columns that take
advantage of titania or zirconia as metal oxide chromatography modifiers (38). At present,

titanium dioxide (TiO,) remains the most commonly used modifier. Again, phosphopeptides
are loaded onto the metal oxide at acidic pH and eluted at basic pH. Instead of relying on prior
O-methyl ester formation, MOAC uses various acids, including DHB (39), glycolic acid, and
lactic acid (38), to increase phosphopeptide specificity. In contrast to IMAC, which can have
greater affinity for multiply phosphorylated peptides, an LC-ESI-MS/MS-based study using
TiO,—MOAC reported preferential detection of singly phosphorylated peptides (39). There are
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many variations of the metal oxide presentation and staging for which varied success has been
reported from lab to lab (40-42).

SCX is characteristically presented as a component of the multidimensional protein
identification technology (MudPIT) common to shotgun proteomics (43). Peptides are retained
on a column through the interaction of positively charged peptide side chains with negatively
charged column resin. Peptides are eluted from the column in order of increasing isoelectric
point (pl) over a salt concentration gradient. The negatively charged nature of the phosphoryl
group at low pH causes phosphopeptides to have lower affinity for the negatively charged resin
than a corresponding non-phosphorylated peptide of the same sequence; hence,
phosphopeptides are enriched in the earlier-eluted fractions. Many phosphoproteomic
methodologies involve SCX followed by either IMAC or MOAC for maximum enrichment
(44). A modified low-pH SCX methodology can produce fractions consisting almost entirely
of phosphopeptides, eliminating the need for further enrichment (45). As an alternative to SCX,
hydrophilic interaction chromatography (HILIC) has been used for pre-enrichment
fractionation (46).

Recent efforts have aimed to completely automate the multistep, tedious task of
phosphopeptide enrichment by conducting IMAC (47), TiO, (48-49), or SCX (50) online with
MS. Some contend that online enrichment should increase reproducibility; that aside, labor
could obviously be reduced by use of an automated format (48). Another benefit of such
analyses is the elimination of phosphopeptide storage — e.g., offline strategies require eluted
phosphopeptides to be acidified and stored below —20 °C to prevent degradation and conversion
of phosphoserine or phosphotheronine residues to dehydroalanine or methyl-dehydroalanine
respectively via B-elimination.

Alternative phosphopeptide enrichment strategies

A variety of chemical methodologies have likewise appeared. BEMA (B-elimination/Michael
addition), takes advantage of the ease of B-elimination of phosphorylated serine and threonine
residues at basic pH and the ability to subject the resulting dehydroalanine/methyl-
dehydroalanine products to Michael addition with a desired tag for affinity purification (51—
53). Calcium phosphate precipitation has proven to be a fast, economical, and simple
enrichment technique (11) in exchange for diminished specificity. Phosphoramidate chemistry
(PAC) is another approach in which phosphopeptides are coupled to a solid-phase support such
as an amino-derivatized dendrimer or controlled-pore glass derivatized with maleimide for
selection (29,54). Phosphopeptides are de-protected and collected under acidic conditions.

Note that the methods described above are not readily compatible with phosophohistidine-
containing proteins and peptides. A detailed description of method development specific for
phosphohistidine analysis is found in the following references (55-56).

TANDEM MS METHODOLOGY

During the MS-based experiments referred to above, a phosphopeptide mixture is separated
using capillary liquid chromatography. A typical separation column is 25 to 100 microns in
diameter and 5 to 30 cm in length. The eluent is concurrently introduced into the mass
spectrometer via electrospray ionization (ESI), a process that generates multiply protonated
gas-phase peptide cations. The mass-to-charge ratio (m/z) and intensity of the intact peptide
precursors are recorded by an initial MS scan — commonly referred to as a full scan MS or
MSZL. Next, m/z values for peaks with high intensity (i.e., abundant peptide cations) are
automatically selected in order of decreasing abundance for sequencing by tandem MS (MS/
MS). This process of precursor selection, dissociation, and fragment ion mass analysis is
repetitively performed on analyte species as they elute from the LC column. Ideally, MS/MS
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interrogation of a phosphorylated peptide generates a series of fragment ions that differ in mass
by a single amino acid, such that the peptide primary sequence and position of the phosphoryl
modification(s) can be determined. This necessitates peptide bond cleavage that is not only
specific to the peptide backbone, but is robust enough to elucidate differences in peptides whose
primary amino acid sequence are the same, yet vary in the site of phosphorylation (i.e.,
positional isomers).

Collisional dissociation

The most prevalent method of peptide fragmentation is collision-activated dissociation (CAD).
During CAD, a precursor ion population undergoes multiple collisions with inert gas atoms
(e.g., helium), causing the internal energy of a peptide cation to progressively increase. This
energy is distributed throughout the peptide cation until the threshold of dissociation is reached
(57). The dominant cleavage location is the protonated amide bonds, resulting in the formation
of fragments carrying either the N- terminus (b-type ions) or C-terminus (y-type ions). Ideally,
the site of cleavage is distributed along the entire peptide backbone among the population of
precursor ions, such that a series of homologous product ions are produced and the peptide
precursor sequence may be deciphered. However, in the presence of phosphorylated serine or
threonine residues, the phosphoryl group is often the preferred site of protonation, resulting in
cleavage of the bonds anchoring these modifications to the peptide. Thus, CAD MS/MS spectra
are often dominated by the neutral loss of phosphoric acid (H3PO4,). For many phosphorylated
peptide cations, this pathway is preferred such that only low-level b- and y-type ions are
observed. Of course, these ions are critical to both peptide sequence identification and
localization of the phosphoryl group to a specific amino acid residue.

The exact implementation of CAD can be varied to impact the energy of collisions and
consequently the resulting MS/MS spectrum. CAD performed within a collision cell (beam-
type CAD) results in more energetic collisions and often generates more sequence-informative
b- and y-type ions of greater intensity than that of lower-energy implementations, such as
resonant-excitation CAD, typically performed in ion trapping systems (58-59). More recent
work has called attention to another possible problem during CAD - phosphoryl group
rearrangement. Here, 45% of synthetic phosphopeptides interrogated via resonant-excitation
CAD displayed evidence of rearrangement of the phosphoryl group to an alternate hydroxyl-
containing amino acid (60). Rearrangement was not observed under beam-type CAD
conditions or with electron transfer dissociation (vide infra).

Electron-based dissociation

Fundamentally different methods of peptide fragmentation based on the capture or transfer of
an electron have also been developed. Electron capture dissociation (ECD) involves the capture
of a low-energy electron by a multiply charged precursor cation, while in electron transfer
dissociation (ETD) an electron is transferred from a radical anion with low electron affinity to
the peptide precursor cation (61-64). Both are radical-driven dissociation methods which
induce cleavage of the N-C,, bond to produce predominantly c- and z-type product ions. The
resultisadissociation method highly complementary to CAD, as ECD/ETD cleaves the peptide
backbone without cleaving labile PTMs, such as phosphorylation. These fragmentation
methods frequently facilitate the determination of the peptide primary sequence and exact site
of modification and are consequently becoming widespread in their application.

Recent work has focused on quantifying the exact benefit of ETD for phosphopeptide analysis.
This work, summarized in Figure 3, shows that ETD has the greatest probability for successful
phosphopeptide identification for precursors of low m/z and charge states > 2, while CAD is
more successful for doubly charged peptides and those of high m/z (65). Additionally, ETD
and CAD are highly complementary, with only 18% of peptides being identified via both CAD
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and ETD (65). The generation of sequence ions surrounding sites of phosphorylation is critical
to site localization. As displayed in Figure 3, the percent of bond cleavage via CAD surrounding
phosphorylated serine and threonine residues is less than that of ETD, likely a result of the
favored neutral loss of H3PO4 rather than the generation of sequence-informative ions. In
contrast, bond cleavage via CAD and ETD are equivalent surrounding phosphorylated tyrosine
residues. Overall, the few studies to date which have compared CAD and ETD suggest that
the most comprehensive analysis of phosphorylation can be achieved when utilizing both
methods of fragmentation (13,65-67). Another recent review article discusses the
fundamentals behind different tandem MS methods for sequencing phosphopeptides in greater
detail (68).

QUANTITATION

Systems biologists are rightly enthusiastic about the capabilities of modern MS approaches for
large-scale phosphorylation site discovery; that said, imparting the measurements with
quantitative data can add a whole new level of information that is likely key for most inquiries.
Significant progress has been achieved in this regard so that today comparing several biological
samples simultaneously is routine for many laboratories. Figure 4 presents an overview of the
various quantitation strategies. Most methods rely on the incorporation of heavy stable isotopes
to produce identically-behaving peptides that vary slightly in mass. The intensity of these mass
spectral peaks is then used to determine the relative amount of the peptide in one condition
versus the other. Label-free approaches have also been utilized for phosphopeptide quantitation
(69-70); see the following articles for more detailed discussions (71-72).

Metabolic labeling

Metabolic labeling strategies incorporate heavy stable isotopes directly into proteins of living
cells. One approach involves the use of isotopically labeled amino acids that are incorporated
into proteins during translation, a method commonly referred to as stable isotope labeling with
amino acids in cell culture (SILAC) (73-74). During MS analysis, the eluting peptide cations
are detected as pairs that are spaced by the number of heavy isotopes in each heavy amino acid
the peptide carries. These two signals enable quantitation through the integration of extracted
ion chromatograms. The utility of this method for phosphoproteomics was examined by
culturing yeast in normal media and media containing 13Cg—arginine and 13Cg-lysine, to
produce peptide pairs differing by multiples of 6 Da upon tryptic digestion (75). From yeast
treated with mating pheromone, 139 out of over 700 phosphopeptides detected were quantified
to change by at least two-fold. A more recent use of SILAC for phosphoproteomics compared
three conditions by labeling HeLa cells with three distinct isotopic signatures by incorporating
different combinations of 2H, 13C, and 15N into arginine and lysine (76). Of the 6,600
phosphorylation sites on 2,244 proteins identified, 14% were found to change by at least
twofold over a three-point time course after treatment with EGF. Metabolic labeling with light
and heavy isotope-containing non-amino acid nutrients provides an alternative to SILAC in
which heavy isotopes are incorporated into all amino acids synthesized by the cell (77-78).
One such application of quantitative phosphoproteomics was achieved by culturing HeLa cells
in media containing 14N and 15N ammonium sulfate to monitor TNF signaling (79). Metabolic
labeling with 1°N was also used to monitor phosphorylation dynamics of a plasma membrane
H-ATPase in Saccharomyces cerevisiae, demonstrating an 11-fold change in phosphorylation
at two adjacent residues on the C-terminus in response to glucose stimulation (80). Still, these
strategies are fundamentally limited to two, or at most three, quantitative comparisons.
Additionally, while metabolic labeling of mammals is possible (81-83), large sample
requirements make it cost prohibitive for most phosphoproteomics studies, making quantitative
tissue phosphoproteomics particularly challenging (84).
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Isobaric tagging

Commercially available isobaric tags (iTRAQ or TMT) provide an alternative to metabolic
labeling that can be utilized without growing cells or organisms in special conditions. These
stable isotope-containing amine-reactive molecules are used to label peptides from different
samples with tags having the same nominal mass. When interrogated via MS/MS, however,
each tag dissociates from the peptide to produce low m/z reporter ions that differ by 1 Da. A
recent study reported a dynamic range of two orders of magnitude for iTRAQ-based
phosphopeptide quantification using beam-type CAD on an orbitrap mass analyzer (59).
Further instrumentation advancements are likely to improve this dynamic range. At present,
up to eight different labels can be used simultaneously to compare up to eight different
conditions. Note while these tags were designed for cleavage by beam-type CAD (85), ETD
fragmentation can be applied, but produces reporter ions of lower intensity which are not ideal
for accurate quantitation (86). To circumvent this issue, parallel fragmentation of a precursor
with ETD for phosphopeptide identification with a subsequent scan using collision-based
dissociation for quantitation can be performed (87-88).

Isotope tagging

Several differential isotope-labeling strategies provide the sample growth flexibility afforded
by isobaric tags with the ability to monitor co-eluting peptides pairs with characteristic m/z
shifts as in metabolic labeling. Isotope-coded affinity tags (ICAT), thiol-reactive molecules
containing light or heavy isotopes, represent one of the earliest-developed strategies (89), and
have been successfully utilized for phosphopeptide quantitation (90). Another recent labeling
strategy utilized normal or deuterated methanol to convert the carboxylic acid moiety of the
C-terminus of phosphopeptides to light or heavy O-methyl esters (91). A similar strategy
utilizes dimethy! labeling of amines with normal or deuterated formaldehyde (92). However,
subtle changes in chromatographic elution can occur from deuterium incorporation — an issue
that can be problematic. Another strategy combines digesting with trypsin in 160 or 180 water
followed by O-methyl ester formation using 160 or 180 methanol (93). For labeling
phosphopeptides specifically, converting peptidyl phosphates to phosphoramidates and
incorporating 160 or 180 during subsequent acid-catalyzed hydrolysis has been shown to result
in isotope incorporation which is stable under LC separation conditions (94).

Isotope dilution

While all the above methods provide relative quantitation, recent advancements have also been
made in methodology for determining absolute abundance of phosphopeptides. One commonly
used strategy for determining absolute quantitation of a peptide involves isotope dilution with
a synthetic heavy amino acid-containing peptide standard (95), an approach that has long been
used for small molecule quantitation. More recent implementations of isotope dilution for
proteomics, termed absolute quantification of proteins (AQUA), uses selected reaction
monitoring (SRM) on triple quadrupole mass spectrometers to compare the chromatograms
for individual fragment ions, or transitions, from an isotopically labeled synthetic peptide to
those from the corresponding endogenous peptide (96). For phosphoproteomics, the absolute
abundance of an in vivo phosphorylation event at a specific site can be monitored and compared
between as many samples as desired when the appropriate heavy phosphopeptide standard is
used (96). This approach is typically limited to targeted analysis of specific proteins, such as
the recent characterization of the site-specific de-phosphorylation of the cell polarity protein
Par 3 by protein phosphatase 1a (97).

INFORMATICS

With the amount of information generated from the approaches described above, data analysis
challenges are numerous in the field of phosphoproteomics. Fortunately, most of the strategies
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developed for conventional shotgun proteomics are likewise applicable to phosphopeptide
datasets. Chief among these is the use of target—decoy database searching at both the peptide
and protein level, a relatively simple approach that provides the ability to control the false
discovery rate (FDR) of a dataset (98). This has proven to be a critical advance in contemporary
proteomics, giving empirical statistical validation to peptide and protein identifications made
by tandem mass spectrometry, which previously relied upon disparate and somewhat uncertain
scoring models.

False discovery rate

Phosphopeptide searches are inherently more demanding than those of unmodified peptides
due to the increased database size incurred with dynamic modifications (i.e., the possibility of
phosphorylation at every serine, threonine, and tyrosine residue). As a result, the distribution
of scores for correct target peptide—spectrum matches (PSMs) is typically less separated from
that of incorrect PSMs when variable modifications are considered, placing a premium on the
use of additional filtering criteria. The most popular of these is precursor mass error. When
low part-per-million (ppm) precursor mass accuracy is required, correct PSMs are
preferentially retained. Depending on how this information is applied, it can yield either a lower
FDR while identifying roughly the same number of peptides, or a higher number of peptides
at the same FDR. While high mass accuracy gives a significant improvement for complex
peptide mixtures (up to 50% increases in peptides identified), it is vitally important for
phosphoproteomic experiments, with gains of 100% or more (99).

Site localization

Another matter which requires attention is that since most database search algorithms do not
explicitly evaluate different peptide isoforms with special consideration, the top PSM,
regardless of score and mass accuracy, may not be the correct positional isomer. It is possible
that only one or multiple peptide forms were present in the sample, or the data is inconclusive,
and database search outputs usually do not provide the requisite evidence for the true situation.
Therefore, localization algorithms are necessary to ascertain with greater confidence the likely
modification form(s). There is a wide variety of such software available, the most well-known
being Ascore, which uses probabilistic analysis of the occurrence of site-determining fragment
ions (100). As Ascore was written for CAD and database searching with SEQUEST, additional
software has recently been developed for other fragmentation methods and search algorithms,
such as PhosphoScore (101), Phosphinator (13), and SLoMo (102).

Data sharing/mining

Due to the rapid growth of high-throughput phosphoproteomics, thousands of phosphorylation
sites, and often the kinases responsible, are now known in a variety of organisms. This
introduces challenges in terms of data accessibility and mining. Many websites exist for the
storage and sharing of phosphorylation-related information, many of which accept external
data contributions. Examples of such repositories are PhosphoSitePlus
(http://www.phosphosite.org/), Phospho.ELM (103), PhosphoPep (104), and the
Phosphorylation Site Database (PHOSIDA) (105). For mining this wealth of data, algorithms
to extract sequence motifs associated with phosphorylation sites, such as motif-x, have been
developed (106). These motifs make it possible for new phosphorylation sites to be
hypothesized without direct observation, as demonstrated by the Scansite algorithm to augment
existing and construct new signaling pathways (107). A related approach is the use of machine
learning algorithms that recognize phosphorylation sites and the responsible kinases based on
computational models trained with existing data. Users can then query their own protein
sequences for potential phosphorylation sites using tools such as NetPhosK (108),
PredPhospho (109), Group-based Phosphorylation Scoring (GPS) (110), KinasePhos (111),
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Prediction of pK-specific Phosphorylation site (PPSP) (112), and PhosphoMotif Finder (113)
of the Human Protein Reference Database. Also of note is the NetworKIN algorithm, which
was designed to predict the kinases responsible for known or newly discovered phosphorylation
sites (17).

Finally, one of the more interesting challenges in this field is the distinction between the
isobaric modifications of phosphorylation (79.96633 Da) and sulfonation (79.95681 Da).
Sulfonation occurs primarily on tyrosine residues, but recent studies have revealed its existence
on serines and threonines as well (114)—causing concern for confusion with phosphorylation
among these increasingly numerous large-scale reports. At a difference of only 9.5 mDa, or
9.5 ppm for a 1 kDa peptide and 3.2 ppm for a 3 kDa peptide, it pushes the limit of what is
routinely achievable with high-throughput instrumentation and automated analysis (115). With
sulfonation representing an extremely labile modification, the neutral loss of 80 Da (SO3) from
sulfopeptides, as opposed to the more familiar 98 Da (H3PO,) loss characteristic of collisional
dissociation of phosphopeptides, has been reported as a marker for serine and threonine
sulfonation (114). Further studies have shown that such losses occur with electron-based
fragmentation methods as well (116). As phosphoproteomics continues to advance, special
consideration should be given to the confounding modification of sulfonation in data analysis
software. The resolution of this matter should be more tractable given recent trends toward the
use of hybrid instruments capable of high-resolving power mass analysis, particularly for
phosphoproteomic experiments.

CHALLENGES AND FUTURE DIRECTIONS

The recent advancements in technology and methodology discussed here have allowed for new
ways to address questions pertaining to protein phosphorylation, expanding our view of cell
signaling in living organisms. While current instrumentation and experimental strategies for
phosphoproteomics are significantly ahead of where they were just five years ago, limitations
still exist. Enrichment is one area that could benefit from further development. All of the
methods described above capture modestly overlapping subsets of phosphorylated peptides.
We note some exceptional recent work utilizing antibodies for large-scale identification of
tyrosine phosphorylation (117-118). To allow for complete phosphoproteome
characterization, continued efforts to develop more robust and comprehensive phosphopeptide
enrichment methodologies are necessary.

Ongoing developments in MS technology will only increase the already exceptionally large
sets of phosphoproteomic data. With future instrumentation developments will come increased
dynamic range and sensitivity, allowing for identification of even lower-abundance
phosphorylation events or the ability to maintain the current level of detection with reduced
amounts of sample. One of these areas that stands to impact the field is the MS analysis of
phosphopeptides in the opposite polarity — that is, conventional LC-MS/MS-based peptide
analysis is conducted using acidic mobile phases and positive electrospray source polarity.
Under these conditions, phosphopeptides are subject to significant ion suppression due to their
increased acidity, relative to their unmodified peptides (119). Negative-mode ESI holds
potential for phosphoproteomics as the acidic nature of phosphopeptides make them more
amenable to negative ionization. The main reason this method has not become widespread in
application is that collisional activation of peptide anions, during tandem MS, does not produce
random backbone fragmentation as in the positive mode so that sequencing is not possible
(120-121). Activation of anions with electrons, however, could offer the means to resolve this
problem. Electron detachment dissociation (EDD) was the first method for peptide anions and
more recently negative ETD (NETD) has been described (122). Preliminary work with NETD
for phosphopeptide anions generated predominantly a=-and x-type fragment ions which makes
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sequence determination more straightforward (123). The latest research with NETD indicates
that large-scale phosphopeptide sequencing may be possible with the method and open the
door to countless previously invisible phosphopeptides.

Despite these current limitations, application of the technology we already have can yield the
identification and quantitation of 15,000 to 20,000 unique phosphorylation sites in roughly two
weeks time. Translation of these datasets into biological insight and knowledge is a current
obstacle. In our view, the development of informatics tools to sift and winnow this vast sea of
data is now the single most important issue facing the field. How do we build biological
pathways, connect the information to transcriptomics and proteomics knowledge, or determine
which phosphorylation sites are worthy of targeted mutation and molecular biology? These
key questions are not simple issues; however, they are critical to continued pursuit of the role
of phosphorylation in cellular biology.
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Figure 1. Cell-cycle-regulated phosphorylation of the kinome

(A) Protein kinase networks in mitosis are depicted within the context of the human kinome,
represented as a dendrogram. Protein kinases for which the identified phosphopeptides were
more than 4-fold up-regulated in M phase and contain consensus phosphorylation sites for
CDK, PLK, or Aurora kinases are included. (B) An alignment of kinases having activation
loops which contained phosphorylation sites that changed in abundance with progression of
the cell cycle. The identified phosphopeptides and phosphorylation sites are indicated with
yellow highlighting and red lettering, respectively. The ratios of relative abundances in M and
S phases (M/S) observed are indicated. M/S ratios which could not be normalized for protein
expression are marked by an asterisk (*). All panels reprinted with permission from (21), with
the left panel originally adapted from www.cellsignaling.com.
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Figure 2. Phosphopeptide enrichment

The first challenge in phosphoproteomics is enrichment of low-abundance phosphopeptides
or phosphoproteins. The most commonly used enrichment techniques exploit the chemical
characteristics of the phosphate group in affinity capture. The figure panels have been modified
with permission from previous publications (124-125).
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Figure 3. Phosphopeptide fragmentation
For all panels, ETD results are shown in blue and CAD in red. (A, C) The probability of a high
confidence phosphopeptide identification via either ETD or CAD MS/MS for peptide cations
having various charge (z) as a function of precursor m/z ratio is indicated (65). To evaluate the
importance of any one m/z ratio bin, the percentage of all precursors observed having the
specific z and m/z ratio are given below. Note, that for dications, CAD is the most successful
method; however, for triply charge cations, ETD is the best method for peptides below 750 m/
z. (B) A probabilistic decision tree for using ETD and CAD together for phosphopeptide
sequencing was generated from the data represented in panels A and C, as well as those for
other charge states indicated. (D—G) Comparison of CAD and ETD tandem mass spectra for
representative doubly and triply-charged phosphopeptides. (H-J) The percentage of all
backbone bonds cleaved via ETD or CAD for the 3 backbone bonds to the N-terminal side (—3
through —1) and the C-terminal side (+1 through +3) of a phosphorylated serine (H), threonine
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() or tyrosine (J) (13). Panels A—C from the Supporting Information from (65) and panels H-
J reprinted with permission from (13).

ACS Chem Biol. Author manuscript; available in PMC 2010 January 22.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Grimsrud et al.

Page 23

Metabolic labeling

Isobaric tagging

Isotope tagging

Isotope dilution

w
light heavy
PO, PO,-
I (roe] + 00
mix
fieary PO, heavy po,-
OeodoQo
PO,-
for mix mix mix
60c%0%0
transition 1
1
2 o
Ms | | MS MS MS2 | dae
_,_,_._,_._._LA_._' ‘ I -.—.—.—.—.—LJ—o— ,L,LJ_L).
m/z mfz miz B
reporter region SRM

MS lon Chromatogram
N

]

MS lon Chromatogram

joc [
/n\ ‘ :
J 8 J \

| LT B N 1
L Time (min) Time (min) Time (min)

I\ \

[ A\ Ms2 /

/ T\

! Ek [1a'11s 116 117

miz

Figure 4. Isotope labeling strategies for phosphopeptide quantitation

Metabolic labeling introduces heavy isotopes into proteins synthesized in living cells, using
heavy isotope-containing amino acids (SILAC) or nutrients (°N or 13C). Peptides analyzed
by MS exhibit an m/z difference between light- and heavy-labeled peptides, allowing for
relative quantitation by monitoring extracted ion chromatograms of eluting peptides. Isobaric
tagging strategies (e.g., ITRAQ and TMT) label peptides from different samples after protein
digestion is performed. As co-eluting peptides modified with tags having the same nominal
mass are isolated and fragmented, the MS? scan provides assessment of relative abundance
through analysis of the intensity of low m/z reporters. Isotope tagging strategies label digested
peptides with heavy and light reactive tags (e.g., ICAT), which allow for determining relative
abundance from extracted ion chromatograms. Absolute quantitation (AQUA) of
phosphopeptides can be achieved using isotope dilution, in which a known amount of a
synthetic heavy isotope-labeled phosphopeptide is spiked into a sample after enzymatic
digestion is performed to produce the corresponding endogenous phosphopeptide of interest.
Quantitation is achieved by selected reaction monitoring (SRM), typically performed on atriple
quadrupole mass spectrometer. For all strategies, the step in the workflow which incorporates
heavy isotopes is indicated, with blue representing samples with naturally occurring light
isotopes and red representing samples containing stable heavy isotopes. Figure panels adapted
with permission from the following references (96,126).
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Table 1

Software for phosphorylation localization, data sharing, motif analysis, and site/kinase prediction.

Name

Ascore
PhosphoScore
Phosphinator
SLoMo
PhosphoSitePlus
Phospho.ELM
PhosphoPep
PHOSIDA
motif-X

Scansite
NetPhosK
PredPhospho
GPS

KinasePhos
PPSP
PhosphoMotif Finder
NetworKIN

Type

Site localization
Site localization
Site localization
Site localization
Data sharing
Data sharing
Data sharing
Data sharing
Motif analysis
Site prediction
Site prediction
Site prediction
Site prediction
Site prediction
Site prediction
Site prediction

Kinase prediction

Reference
(100)
(101)
(13)
(102)
none
(103)
(104)
(105)
(106)
(107)
(108)
(109)
(110)
(111)
(112)
(113)
an

Availability

http://ascore.med.harvard.edu/
http://dir.nhlbi.nih.gov/papers/lkem/phosphoscore/
http://www.chem.wisc.edu/~coon/software.html
http://massspec.bham.ac.uk/slomo
http://www.phosphosite.org/
http://phospho.elm.eu.org/
http://www.phosphopep.org
http://www.phosida.com/
http://motif-x.med.harvard.edu/
http://scansite.mit.edu/
http://www.cbs.dtu.dk/services/NetPhosK/
http://phosphovariant.ngri.go.kr/seq_input_predphospho2.htm
http://gps.biocuckoo.org/
http://kinasephos2.mbc.nctu.edu.tw/
http://ppsp.biocuckoo.org/
http://www.hprd.org/PhosphoMotif_finder
http://networkin.info/
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