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Phosphoproteomics is a powerful analytical platform for identification and quantification of phosphorylated peptides and
assignment of phosphorylation sites. Bioinformatics tools to identify phosphorylated peptides from their tandem mass spectra
and protein sequence databases are important part of phosphoproteomics. In this work, we discuss general informatics aspects of
mass-spectrometry-based phosphoproteomics. Some of the specifics of phosphopeptide identifications stem from the labile nature
of phosphor groups and expanded peptide search space. Allowing for modifications of Ser, Thr, and Tyr residues exponentially
increases effective database size. High mass resolution and accuracy measurements of precursor mass-to-charge ratios help to
restrict the search space of candidate peptide sequences. The higher-order fragmentations of neutral loss ions enhance the fragment
ion mass spectra of phosphorylated peptides. We show an example of a phosphopeptide identification where accounting for

fragmentation from neutral loss species improves the identification scores in a database search algorithm by 50%.

1. Introduction

The reversible phosphorylation of proteins regulates many
aspects of cell life [1-3]. Phosphorylation and dephospho-
rylation, catalyzed by protein kinases and protein phos-
phatases, can change the function of a protein, for exam-
ple, increase or decrease its biological activity, stabilize
it or mark it for destruction, facilitate or inhibit move-
ment between subcellular compartments, initiate or disrupt
protein-protein interactions [1]. It is estimated that 30%
of all cellular proteins are phosphorylated on at least one
residue [4]. Abnormal phosphorylation is now recognized
as a cause or consequence of many human diseases. Several
natural toxins and tumor promoters produce their effects by
targeting particular protein kinases [5, 6] and phosphatases.
Protein kinases catalyze the transfer of the y-phosphate from
ATP to specific amino acids in proteins; in eukaryotes, these
are usually Ser, Thr, and Tyr residues.
Mass-spectrometry-based proteomics has emerged as a
powerful platform for the analysis of protein phosphoryla-
tions [7]. In particular, the shotgun proteomics [8], using

liquid chromatography coupled with mass spectrometry
(LC-MS), has been successfully employed for comprehensive
analysis of global phosphoproteome [6, 9, 10]. The advances
in the phosphoproteomics were driven by developments
in mass spectrometry (high resolution and mass accu-
racy), peptide/protein separation, phosphopeptide/protein
enrichment, peptide fragmentation [11, 12], quantification,
and bioinformatics data processing, Figure 1. Currently,
thousands of the phosphopeptides can be detected and
quantified in just one experiment. Excellent recent reviews
describe experimental procedures involved in phosphopro-
teomics [13, 14]. Bioinformatics processing is recognized
as an integral part of phosphoproteome analysis. Several
applications have been developed for phosphopeptide identi-
fications [15, 16], phosphorylation site localization [17, 18],
and quantification [19]. Tandem mass spectra are searched
for phosphopeptides from protein sequences with potential
modifications on Ser, Thr, and Tyr residues. The searches
are not targeted. Every modifiable residues can be either
modified or unmodified. The effective peptide search space
increases exponentially leading to computational complexity
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FiGure 1: Phosphoproteomics and its constituent parts.

as well as possible false identifications. High mass accuracy
afforded by the modern mass spectrometers enables reducing
the complexity of the search space by applying tighter bounds
on peptide masses.

Lu and coworkers [20, 21] have developed models
based on support vector machine (SVM) to screen for
phosphopeptide spectra and validate their identifications.
Their approach accurately explains spectra from phospho-
rylated peptides. However, SVM also acts like a black box,
and it is difficult to gain insights into specifics of its
decision making. Another development had used dynamic
programming to relate spectra of modified and unmodified
forms of a peptide [22]. This approach identifies modified
peptides by comparing their tandem mass spectra with the
annotated tandem mass spectra of unmodified peptides. The
search space is restricted to peptides positively identified in
unmodified form.

Here, we describe the informatics aspects of phospho-
peptide identifications using protein sequence databases and
mass spectral data from high mass accuracy and resolution
instruments. Database identifications of phosphorylated
peptides are done in a dynamic mode—assuming that in
a peptide sequence Ser, Thr, and Tyr may or may not be
are modified. For database searches, it effectively means
exponential increase in the size of database. About 17% of
amino acid residues (of which Ser 8.5%, Thr 5.7%, Tyr 3.0%)
[23] in human proteome can potentially be phosphorylated.
In general, if there are N amino acid residues which can
potentially be phosphorylated, the effective database size
could increase by as much as 2N times.

2. Informatics Aspects of
the Phosphoproteomics

2.1. Spectra Extraction. LTQ-Orbitrap mass spectrometer
[24] stores the mass spectra in a proprietary “raw” file
format (ThermoFisher Scientific, San Jose, CA). extract_msn
algorithm extracts spectral information from the raw file and
converts it into text file format for further data processing.
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FIGURE 2: General informatics flowchart of a phosphoproteomics
analysis.

It uses a built-in module to evaluate isotopic envelope of
mass species. From the isotope distribution, extract_msn
determines the monoisotopic mass and charge state of a
peptide. Both of these are critically important and used by
database search algorithms.

Normally, the full MS scan is recorded in the Orbitrap
mass analyzer which is a high resolution and mass accuracy
mass analyzer. The routine mass accuracy of intact peptides
is in the range of +5-10 part-per-million (ppm). This is a
very high mass accuracy and is very important for reducing
false discovery rates of peptide identifications. The accuracy
of the intact peptide’s mass affects the number of candidate
peptides from the database that will be considered in
matching to the spectra. The candidate peptides are filtered
based on the mass of the intact peptide and accuracy with
which the mass has been measured. The higher the accuracy,
the smaller the number of candidate peptides, and as a result
the smaller the possibility of false positives. Fragment ion
masses are recorded in ion trap mass analyzer. This is a
very sensitive mass analyzer. However, the mass accuracy
of measured ions is nominal, and normally in the range of
+0.5 Da. Figure 2 summarizes the informatics flowchart of a
phosphoproteomics analysis.

2.2. Database Searching. Peptide identification using tandem
mass spectra and protein databases is an integral part of
proteomics. It is important that peptide assignments are
determined with high accuracy and are verifiable. In high-
throughput experiments, when thousands of tandem mass
spectra are searched, it is not practical for an expert user
to manually assign every spectrum and the assignments
are made by software. The software uses a concept, either
heuristic or probabilistic model, to measure similarity
between experimental tandem mass spectrum and an amino
acid sequence. For high quality spectra, when signal-to-
noise ratio is high and spectra contains clearly defined ion
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series, most of the programs and concepts perform very well.
However, when the peptide fragmentation is poor and the
spectrum contains very few distinguishable peaks, or if the
peptide amino acid sequence is not in the database, a number
of factors lead to a wrong peptide assignment—a false
identification. Depending on the software, sometimes false
identifications may yield high assignment scores. High mass
accuracy may substantially reduce the false identification by
restricting the search space of allowed candidate sequences.

Another important aspect of the database search algo-
rithm is the modeling of the fragmentation pattern. This is
especially true for cases when there is significant difference
from the routine fragmentation pattern, caused, for example,
by posttranslational modifications. Thus, it is known that,
in CID, peptides containing phosphorylated amino acid
residues, Ser or Thr, tend to lose the phosphor group(s)
before they fragment along the peptide backbone. We show
here that accounting for product ions in this pathway signifi-
cantly improves the identification scores of phosphopeptides
in SEQUEST database search algorithm.

2.3. Assignment of Phosphorylation Sites. It is often difficult
to differentiate between possible phosphorylation sites in a
peptide and to uniquely assign phosphorylated amino acid
residues. It has to do with the presence of several Ser, Thr, and
Tyr residues in a peptide and low overall intensity of peaks
from product ions of phosphorylated peptides. To address
this problem, Beausoleil and coworkers [17] have developed
a probability-based approach to determine phosphorylation
sites of peptides from the results of SEQUEST database
search algorithm [16]. Their model divides the spectra into
the mass intervals of equal width. In every interval, only 6
to 8 (dependent on the intensity) peaks are retained and
the rest of the peaks are ignored. In matching to the exper-
imental peaks, only the modified fragments are considered.
The probability of phosphorylation site determination is
estimated via a binomial probability. This model has been
successful in many practical applications especially for high
scoring peptides.

3. Discussions

There are several mass spectral characteristics of phosphory-
lated peptides. Thus, in collision-induced dissociation reac-
tions, one of the most prevalent pathways of the molecular
dissociation is the neutral loss of the labile phosphor group
of Ser or Thr residues. The presence of the relevant ion often
serves as a diagnostic feature for phosphorylated peptides
[25]. Often the product ions in spectra include two ion
series, one from the phosphorylated peptide and the other
from the precursor peptide that has lost the phosphor
group(s). We have previously modified SEQUEST database
search algorithm to account for the two ion sequences when
identifying phosphorylated peptides [26]. The development
has helped to improve the sensitivity of the phosphor peptide
identifications and location of phosphorylation sites. Here,
we demonstrate, in the example of this algorithm, the
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FIGURE 3: An example spectrum of phosphorylated peptide,
R.TRS*PS*PDDILER.V. The cross-correlation scores before and
after SEQUEST fragment ion modifications are 4.97 and 3.14,
respectively.

advantages of using extensive fragmentation pathways for
targeted analysis.

In general, fragmentation of peptides via CID produces
strong b- and y-ion series [27]. Therefore, most database
search algorithms generate b- and y-ions (and corresponding
water and ammonia losses from them) for the theoretical
spectrum of a candidate amino acid sequence. In the
tandem mass spectra of phosphorylated peptides, additional
fragmentation patterns are observed. In addition to the b-
and y-ions of the original phosphorylated peptide, ions
that originate from phosphor group losses, 98 Da (from
Ser or Thr residues), are also present. We accounted for
these fragments by augmenting the fragmentation pattern
correspondingly to add neutral loss fragments from the
phosphorylated amino acid residues. The fragmentation
model [28] was used for both, preliminary and cross-
correlation scores in SEQUEST. Cross-correlation scores of
phosphorylated peptides generated from new fragmentation
pattern were about 50% higher.

The interpretations of the tandem mass spectra of
phosphorylated peptides may be complicated. The main
reason for this is the low abundance of fragment ions due to
the alternative fragmentations. One experimental approach
used for enhancing phosphopeptide identifications is to do
a higher-order mass spectrometry on the fragment ions
of original precursor. In these experiments, neutral loss
fragment ions generated during CID in MS? are further
dissociated generating MS? spectra. In spectra collected with
this approach, there are number of ions corresponding
to phosphoric acid group losses from b- and y-ions. An
example of such a tandem mass spectrum is shown in
Figure 3. SEQUEST matched this spectrum to the phos-
phorylated peptide sequence, R TRS*PS*PDDILER.V. The
cross-correlation and preliminary scores in the model not
including phosphoric acid loss fragmentations were 3.14 and
1029.6, respectively. When we included the neutral loss ions,
the cross-correlation and preliminary scores were 4.97 and
2353.6, respectively. The total number of theoretical ions
generated for this peptide was 44. 35 of these ions matched
to product ions in the spectrum. In contrast, 16 of the 22



theoretical ions matched the tandem mass spectrum in the
original model (ignoring neutral loss fragments). The results
on this and other phosphorylated peptide spectra showed
that a realistic model of product ions of phosphorylated
peptides needs to account for the fragments resulting from
neutral (phosphoric acid group) loss of the b- and y-ions.
The procedure has been automated and is used in the case
of dedicated MS" experiments to enhance fragmentation
spectra of phosphopeptides.

4. Conclusion

Increased mass accuracy for precursor ions combined
with enhanced fragmentation pathways helps bioinformatics
methods to improve phosphopeptide identifications from
tandem mass spectra and protein sequence databases. Nor-
mally identifications of phosphorylated peptides yield small
cross-correlation scores. This has partially to do with the
theoretical fragmentation models, which take into account
only b- and y-ions generated from the peptide bond
fragmentations of phosphorylated precursor peptides. We
augmented the fragmentation pattern (in SEQUEST) [26]
introducing theoretical peaks for b- and y-ions from neutral
loss precursors and fragments. Cross-correlation scores of
phosphorylated peptides increased by up to 50% using the
enhanced fragmentation model.
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Ser:  Serine
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