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Abstract Owing to its broad biological significance, the
large-scale analysis of protein phosphorylation is more and
more getting into the focus of proteomic research.
Thousands of phosphopeptides can nowadays be identified
using state-of-the-art tandem mass spectrometers in con-
junction with sequence database searching, but localizing
the phosphate group to a particular amino acid in the
peptide sequence is often still difficult. Using 180 individ-
ually synthesized phosphopeptides with precisely known
phosphorylation sites (p-sites), we have assessed the merits
of the Mascot Delta Score (MD score) for the assignment of
phosphorylation sites from tandem mass spectra (MS/MS)
generated on four different matrix-assisted laser desorption
ionization (MALDI) mass spectrometers including tandem
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time-of-flight (TOF/TOF), quadrupole time-of-flight, and
ion trap mass analyzers. The results show that phosphory-
lation site identification is generally possible with false
localization rates of about 10%. However, a comparison to
previous work also revealed that phosphorylation site
determination by MALDI MS/MS is less accurate than by
ESI-MS/MS particularly if several and/or adjacent possible
phosphorylation acceptor sites exist in a peptide sequence.
We are making the tandem MS spectra and phosphopeptide
collection available to the community so that scientists may
adapt the MD scores reported here to their analytical
environment and so that informatics developers may
integrate the MD score into proteomic data analysis
pipelines.
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Abbreviations

CID Collision-induced dissociation

ESI Electrospray ionization

ETD Electron transfer dissociation

ETDSA Electron transfer dissociation with
supplemental activation

FLR False localization rate

HCD Higher energy collision-induced
dissociation

LC-MS/MS  Liquid chromatography—tandem mass
spectrometry

MALDI Matrix-assisted laser desorption ionization

MD score Mascot Delta score

Mgf Mascot generic format

MSA Multistage activation

PKL Peak list file

PSD Post-source decay

p-sites Phosphorylation sites

PTMs Posttranslational modifications

QTOF Quadrupole time of flight

TOF/TOF Tandem time of flight

Introduction

Owing to their widespread occurrence and broad biological
significance, posttranslation modifications (PTMs) of pro-
teins are increasingly studied by proteomic methods [1].
The development of efficient biochemical enrichment
procedures [2, 3] and advances in nanoscale chromatogra-
phy and tandem mass spectrometry now allow the analysis
of thousands of phosphopeptides from a given biological
system [4—7]. Concomitant with the ability to analyze
phosphopeptides en masse, our ability to verify phosphor-
ylation site assignments by manual inspection of tandem
mass spectra is diminishing rapidly [8]. Therefore, we and
others have developed computational approaches that aim
to alleviate this problem. Broadly speaking, these methods
can be divided into two categories. Well-known represen-
tatives of the first category are the Ascore and PTMs score
that interpret the tandem mass spectra based on empirical
fragmentation rules and score the likelihood that a
particular spectrum represents a certain phosphopeptide
[5, 9-14]. In the second group, the phosphorylation site
localization score uses the results of a sequence database
search engine [15—19], and these tools score the likelihood
that a particular phosphorylation site isomer of a peptide is
best represented by the spectrum that generated the match.

Albeit powerful, all of these methods were trained on
data generated by electrospray ionization (ESI) [20]
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coupled to several forms of tandem mass spectrometry
available on a number of mass analyzer types. Matrix-
assisted laser desorption ionization (MALDI) [21] is the
second important ionization technique for biomolecules
including phosphopeptides [22-24] for which the afore-
mentioned site localization methods are either not applica-
ble or have not been systematically investigated. In contrast
to ESI, MALDI predominantly generates singly charged
peptides, and therefore, their fragmentation behaviors in the
gas phase can be quite distinct. In addition to the typical y-
and b-type sequence ions, MALDI tandem mass spectra
often contain so-called internal fragment ions that arise
from cleavage of two peptide bonds along the peptide
backbone [22, 25]. A common feature of ESI and MALDI
tandem MS spectra of phosphopeptides is the strong loss of
the phosphate or phosphoric acid group in the gas phase,
which often renders the tandem MS spectra of phospho-
peptides difficult to interpret [26]. This complicates not
only peptide identification but also phosphorylation site
localization because the detection of just one or few
particular fragment ions is often required for unambiguous
site assignments. The situation is further complicated by the
frequent presence of multiple potential sites of modification
in the same peptide.

Based on a set of 180 individually synthesized phos-
phopeptides with precisely known phosphorylation sites
and thousands of tandem mass spectra generated by all
common types of ESI MS/MS methods, we have recently
described and evaluated the Mascot Delta Score (MD
score) for phosphorylation site localization [18, 27, 28].
The MD score calculates the difference between the top 2
Mascot ion scores of alternative phosphorylation sites in the
same peptide sequence. We found that the MD score is very
discriminating and can robustly distinguish phosphorylation
site isomers for all of the different fragmentation types
investigated. Using the same set of 180 synthetic peptides,
we investigated in this work whether the MD score was
also applicable to phosphorylation site determination of
MALDI-generated ions and fragmented by low- and high-
energy collision-induced dissociation (CID), low-energy
resonance CID, and post-source decay (PSD) on TOF/TOF,
QTOF, or Orbitrap instruments.

The results show that the MD score is also generally
applicable for MALDI tandem MS analysis of phospho-
peptides, which makes it a useful tool for proteomic studies
employing LC-MALDI MS/MS workflows. The analysis
also highlights that significant differences in the fragmen-
tation behavior exist on the investigated MS platforms,
which in turn allowed the computation of platform-specific
false localization rates (FLR). The practical significance of
this work is that our data may provide guidance for
scientists with respect to determining FLRs in their own
particular phosphoproteomics studies. In addition, we are



Phosphorylation site localization in peptides

251

making the tandem mass spectra available to the commu-
nity as database searchable text files so that developers of
proteomic software can benchmark the performance of their
tools against a standard data set. Finally, the physical set of
phosphopeptides used in this study is available so that any
laboratory can determine and implement MD score charac-
teristics for their particular analytical setup.

Materials and methods
Phosphopeptide synthesis

The choice and synthesis of the set of 180 phosphopeptides
used in the study has been described elsewhere [18].
Briefly, based on a list of naturally occurring phosphopep-
tides [29], 180 peptides including positional p-site isomers
were synthesized individually by solid-phase synthesis at a
scale of 2 umol on a parallel peptide synthesizer (Intavis,
Cologne, Germany) following the standard Fmoc strategy
(see Electronic supplementary material (ESM) Table S1 for
a complete list of all sequences and phosphorylation sites).
Fmoc-protected amino acids were obtained from Intavis.
Crude peptides were quality controlled by MALDI-TOF-
MS and LC-ESI-MS/MS (see ESM Fig. S3 for ESI-CID
tandem mass spectra) and used for subsequent experiments
without further purification. The synthesized peptides vary
in length between 5 and 28 residues (800—3,300 Da), which
is similar to what is typically found in large-scale
phosphoproteomics studies [30]. Of the peptides, 33%
contain one missed protease cleavage site (5% contain
two such sites), which is also similar to other phosphory-
lation studies using trypsin as the protease. Furthermore,
129 peptides are phosphorylated at Ser or Thr residues, 48
on Tyr, and 3 represent mixed pSer/pThr/pTyr peptides.
One hundred sixty-four peptides are singly and 16 are
doubly phosphorylated, and about 50% of all peptides
represent positional isomers.The higher incidence of pY-
containing peptides in our set compared with that typically
found in large-scale studies was driven by the need to
investigate a sufficient number of these peptides in order to
arrive at general conclusions. Multiply phosphorylated
peptides are underrepresented in our study (~10% here vs.
~20% in other studies) [30]. Therefore, MD score thresh-
olds should be carefully assessed in these cases.

Sample preparation for mass spectrometry

Phosphopeptides were dissolved in 0.1% trifluoroacetic
acid (TFA) before use. For phosphopeptide sample prepa-
ration, microscale reversed-phase columns were prepared
by applying 40 pg OligoR3 material (Applied Biosystems,
Darmstadt, Germany) on top of a micro ZipTip (Merck

Millipore, Darmstadt, Germany). Columns were equilibrat-
ed by 40 pl 1% TFA and 1 pmol of each synthetic peptide
applied. Columns were washed with 40 ul 1% TFA and
peptides were eluted directly onto MALDI targets using
4 pl of the matrix solution (2 mg/ml o«-cyano-4-hydroxy-
cinnamic acid in 50% acetonitrile and 0.5% TFA).

Generation of tandem mass spectra

All 180 phosphopeptides were analyzed on all four
different MALDI tandem mass spectrometers: (a) an ultra-
fleXtreme TOF/TOF (Bruker Daltonics, Bremen, Ger-
many); (b) a 4800 MALDI-TOF/TOF Analyzer (Applied
Biosystems); (c) a MALDI Synapt G2 QTOF (Waters,
Manchester, UK); and (d) a LTQ Orbitrap XL (Thermo
Fisher Scientific, Bremen GmbH, Bremen, Germany).
Peptides were selected for tandem MS and tandem mass
spectra were accumulated until a stable signal-to-noise level
was obtained (either by accumulating spectra or, in case of
the LTQ Orbitrap XL, by using the automatic gain control
function). Measurements on the ultrafleXtreme TOF/TOF
were performed at the TU Miinchen Laboratory and
employed a form of PSD [31] without the use of a collision
gas. The data for the 4800 TOF/TOF instrument were
generated at the MPI for Biophysical Chemistry in
Gottingen and employed high-energy CID with nitrogen
as the collision gas. Experiments on the Synapt G2 QTOF
instrument were performed at the Waters site in Manchester
and utilized argon for low-energy CID. Lastly, LTQ
Orbitrap XL measurements were performed at the Thermo
Scientific site in Bremen and employed helium for
resonance low-energy CID in conjunction with multistage
activation which co-fragments the precursor-98/-196 ion
(loss of one or two phosphoric acid moieties).

Data processing and database searching

UltrafleXtreme TOF/TOF tandem MS spectra were
smoothed and baseline-subtracted and peaks with signal-
to-noise ratios of <3 were removed. The spectra were then
converted into mascot generic format files (mgf) using
FlexAnalysis (v. 3.3). 4800 TOF/TOF spectra were con-
verted into mgf files using the 4000 Series Explorer (v
3.5.3) using the same criteria. LTQ Orbitrap XL spectra
were converted into mgf files using Mascot Distiller (v.2.3).
Synapt G2 QTOF spectra were deisotoped, base line-
subtracted, and converted into peak list files (pkl) using
MassLynx (4.1). Precursor masses were recalibrated on the
known masses of the analyzed peptides. All subsequent
data analysis was centrally performed in the TU Miinchen
Laboratory. All mgf and pkl files were searched against the
human International Protein Index database (v. 3.68)
combined with a decoy version thereof [32] using the
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Mascot server (version 2.3). This database contains a total
of 174,122 protein sequences (50% forward, 50% reverse).
Global search parameters were as follows: carbamido-
methyl cysteine as fixed modification; oxidized methio-
nine and phosphorylation of serine, threnonine, and
tyrosine as variable modifications. Tryptophane oxidation
(to kynurenin) was considered for tryptophane-containing
peptides. Trypsin was specified as the proteolytic
enzyme, and up to two missed cleavages were allowed.
The mass tolerance for precursor/fragment ions was set
in an instrument-specific manner: ultrafleXtreme TOF/
TOF, 100 ppm/0.6 Da; 4800 TOF/TOF, 100 ppm/0.6 Da;
Synapt G2 QTOF, 100 ppm/0.6 Da; LTQ Orbitrap XL,
5 ppm/0.6 Da. In addition, the Synapt G2 QTOF data
were also searched with 50 ppm/0.1 Da.

Phosphorylation site localization

The MD score was computed from the Mascot search result
files by determining the difference between the best and
second (third, etc.) best Mascot ion scores for the correct
and alternative phosphorylation site localizations on an
otherwise identical peptide sequence. FLR calculation
for all scores was performed by dividing the number of
incorrect site assignments by the total number of
assignments.

Data and reagent availability

All Mascot searchable files are available as part of the
supplement. All synthetic peptides used in this study are
available from Intavis AG (Cologne, Germany; http:/www.
intavis.com). Unprocessed mass spectrometric data are
available from the authors upon request.

Results and discussion
MALDI tandem mass spectra of phosphopeptides

In this study, we used four distinct MALDI MS/MS
platforms for the analysis of phosphopeptides with partic-
ular emphasis on phosphorylation site determination using
the Mascot delta score. The types of fragmentation methods
offered by these four platforms are quite distinct. The
Bruker ultrafleXtreme TOF/TOF instrument operates in the
so-called LIFT mode which essentially collects fragment
ions that are generated by spontanecous post-source decay
from high kinetic energy precursor ions [31]. The Applied
Biosystems 4800 TOF/TOF uses high-energy CID (2 kV)
in a nitrogen-filled collision cell [33]. The Waters Synapt
G2 QTOF [34] operates with argon in a classical low-
energy collision cell (30-200 V), and the LTQ Orbitrap XL

@ Springer

utilizes low-energy resonance CID in a helium-filled linear
ion trap [35]. While both TOF/TOF instruments employ
timed ion selection for precursor isolation (leading to a
quite broad precursor ion selection of 0.1-1% of the precursor
m/z), the latter two instruments are capable of selecting
precursor ions with higher resolution. The three time-of-
flight instruments can record fragment ions across the entire
m/z range, while only fragment ions with m/z >28% of the
precursor ion m/z value can be stably trapped in the linear
ion trap of the LTQ Orbitrap XL instrument (the so-called
low mass cutoff). As an example for the overall appearance
and information content of the above fragmentation types,
Fig. 1 (and ESM Fig. S1) shows tandem mass spectra of the
synthetic phosphopeptide IL(pS)DVTHSAVFGVPASK. All
four spectra show a strong neutral loss of phosphoric acid
from the precursor or fragment ions (except for the LTQ
Orbitrap XL spectrum in which the loss of 98 Da is co-
activated with the precursor in order in increase the fragment
ion yield of other ions). All spectra also show sufficient
numbers of b and y ions from which the peptide can be
unambiguously identified by database searching and the
phosphorylation site localized to the serine in position 3. The
extent to which sequence informative fragment ions are
present in the spectra is quite different between the plat-
forms. Of the 16 possible y and b ions of this peptide (not
considering whether or not these are neutral losses of 98), 13
y ions (10 b ions) are detected on the ultrafleXtreme TOF/
TOF (leading to a Mascot ion score of 60), 12 y ions (12 b
ions) on the 4800 TOF/TOF (Mascot ion score of 73), 11 y
ions (13 b-ions) on the Synapt G2 QTOF (Mascot ion score
of 69), and 7 y ions (7 b ions) on the LTQ Orbitrap XL
(Mascot ion score 45). For the latter instrument, the detection
of fewer sequence ions is explained by the fact that four of
all possible b and y ions are outside the stable detectable
fragment ion mass range (here <485 m/z). This is generally
not an issue for simple peptide identification, but can be a
disadvantage for phosphorylation site determination, as
discussed below. Not all sequence ions are useful for
phosphorylation site localization. In this particular example,
the ions y12 through to y-16 or the b3 to b5 ions (or the
respective loss of —98 or the respective a ions) would each
localize the phosphorylation site to the serine residue in
position 3. Seven such supporting ions are detected with
varying intensities in the spectrum of the ultrafleXtreme
TOF/TOF, eight in the spectrum of the 4800 TOF/TOF, six
in the spectrum of the Synapt G2 QTOF, and three in the
linear ion trap spectrum of the LTQ Orbitrap XL. All
platforms thus unambiguously identified the phosphorylation
site in this example. However, the different numbers of
detected p-site-relevant sequence ions directly translate into
the confidence with which the site can be localized. As a
result, the highest p-site localization confidence was obtained
by the 4800 TOF/TOF (MD score of 62), followed by the
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Fig. 1 MALDI tandem mass
spectra of the phosphorylated
peptide IL(pS)DVTHSAVFGV-
PASK recorded on four different
mass spectrometers. Bruker
ultrafleXtreme TOF/TOF (A),
Applied Biosystems 4800 TOF/
TOF (B), Thermo LTQ Orbitrap
XL (C), and Waters Synapt G2
QTOF (D). The main sequence
ions as well as phosphorylation
site-localizing ions are marked
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ultrafleXtreme TOF/TOF (MD score of 41), the Synapt G2
QTOF (MD score of 21), and the LTQ Orbitrap XL (MD
score of 10, see also below).

A rather striking difference between the platforms
concerns the presence (and intensity) of internal fragment
ions arising from the cleavage of two peptide bonds (ESM
Fig. S2). While many such ions are detected particularly in
the lower half of the ultrafleXtreme TOF/TOF (n=29) and
Synapt G2 QTOF (n=22) spectra, their occurrence in the
high-energy CID spectrum of the 4800 TOF/TOF instru-
ment is much lower (n=11), and these ions are virtually
absent in the linear ion trap spectrum of the LTQ Orbitrap
XL (n=3). Because the presence of these ions cannot easily
be correlated with the energy regime or timescale of the
MS/MS experiment, we can currently not offer any
plausible explanation for this observation. Internal ions
can be useful for peptide identification or for phosphory-
lation site determination in case they cover the amino acid
sequence in which the modification occurs. In this
particular example, this is not the case because the modified
amino acid is located close to the peptide N-terminus for
which no internal ion is detected. However, for peptides
containing Pro residues, internal fragment ions may often
help in localizing a phosphorylation site. Mass accuracy is
another parameter that influences peptide identification and
modification site localization [18, 36]. Across all analyzed
peptides, the LTQ Orbitrap XL instrument obtained the best
precursor ion mass measurements (~1 ppm) followed by
the 4800 TOF/TOF and the ultrafleXtreme TOF/TOF
(~40 ppm). Given that the Synapt G2 QTOF data were
recalibrated on the known peptide masses, these data
cannot be directly compared with the other platforms, but
the initial precursor mass accuracy was generally better
than 40 ppm. The observed errors in fragment ion mass
measurements were generally between 50 and 100 ppm for
the Synapt G2 QTOF, 100 and 200 ppm for the LTQ
Orbitrap XL, and between 300 and 700 ppm for the two
TOF/TOF instruments. In the interest of comparability of
the phosphorylation site localization data (see section
below), we searched all tandem mass spectra produced on
the TOF instruments with 100 ppm on the precursor and
0.6 Da on the fragment ions and all spectra produced on the
LTQ Orbitrap XL instrument with 5 ppm on the precursor
and 0.6 Da on the fragment ions. In addition, the Synapt G2
QTOF spectra were also searched with 50-ppm precursor
and 0.1-Da fragment ion tolerance.

Phosphorylation site determination using the Mascot Delta
Score

The peptide identification scores of Mascot or other search

engines are not in themselves necessarily a good or
sufficient indicator for the correct localization of a

@ Springer

phosphorylation site within a peptide sequence (Fig. 2A).
However, we and others have shown for a number of ESI-
MS/MS platforms that the Mascot Delta Score, which
simply reflects the difference of Mascot ion scores between
the highest and the second highest ion scores for candidate
phosphorylation sites on an identical peptide sequence in a
database search, is a powerful criterion for site localization
[18]. In this study, we have extended the evaluation of the
MD score to four MALDI MS/MS platforms using the
same set of 180 individually synthesized and characterized
(but naturally occurring) phosphopeptides [18, 29]. These
180 phosphopeptides range in mass from 800 to 3,300 Da
and include 129 pS/pT, 48 pY, and 3 mixed pS/pT/pY
peptides. One hundred sixty-four peptides are singly and 16
are doubly phosphorylated, and about 50% of all peptides
represent positional isomers. We measured all the peptides
on all of four MALDI MS/MS platforms, searched the
generated tandem mass spectra against a human protein
sequence database using Mascot to identify the (known)
peptide sequence, computed the MD score from the Mascot
result files for the alternative phosphorylation sites, and
derived the false localization rates for each platform. These
data are summarized in Table 1 (see ESM Tables S1-S5 for
MD scores of all peptides on all platforms). Interestingly,
the three TOF platforms gave very similar results. For
~80% of the identified peptides, the phosphorylation site
was also correctly assigned. For about 10% of the peptides,
the site assignment was incorrect; for the remaining 10%,
Mascot failed to assign the phosphorylation site to any
amino acid (MD score of 0). The false localization rates of
phosphopeptide assignment for the non-trivial cases (i.e.,
peptides containing more than one possible phosphoryla-
tion site) were 10% (ultrafleXtreme TOF/TOF), 11% (4800
TOF/TOF), and 12% (Synapt G2 QTOF), respectively. The
data also confirm earlier results that localizing p-sites is
more difficult if two possible acceptor sites are directly
adjacent compared with cases in which the two acceptor
sites are further apart [18]. This is because fewer sequence
ions are available for correct site assignment for adjacent
sites compared with cases in which the sites are further
apart. Although this does not drastically change the
observed FLRs, the majority of cases (16 out of 18 for
ultrafleXtreme, 6 out of 11 for 4800 TOF/TOF, and 8 out of
9 for Synapt G2 QTOF) in which Mascot failed to assign
any phosphorylation site (MD score of 0) occur in peptides
with adjacent acceptor sites.

In contrast, the data obtained from the ion trap part of the
LTQ Orbitrap XL (operated in multistage activation mode
in which precursors are fragmented in the ion trap by low-
energy resonance CID) show a lower peptide identification
and site localization rate compared with the above. From
the 142 analyzed phosphopeptides, 93 were identified and
the correct p-site was assigned in about 50% of the cases.
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Fig. 2 The Mascot Delta Score can identify sites of phosphorylation
in MALDI tandem mass spectra. A Mascot ion score distribution for
correct and incorrect phosphorylation site assignments derived from
MALDI MS/MS data collected by post-source decay on an Ultra-
flextreme instrument. B Mascot Delta score distribution for correct
and incorrect phosphorylation site assignments of the same data. C
False localization rate as a function of the MD score of the same data.
D For comparison: false localization rate as a function of the MD
score for ESI MS/MS data collected for different fragmentation
techniques collected on an LTQ Orbitrap XL ETD (reproduced from

The phosphorylation site assignment was incorrect for 33%
of the non-trivial cases and no p-site could be assigned for
16% of the peptides. The reason for both observations
(lower identification rate and higher p-site FLR) is the
aforementioned low mass cutoff of ion trap mass spec-
trometers owing to the physical inability of these devices to
trap fragment ions across the entire m/z range. For the
singly charged precursor ions generated by MALDI, the
low mass cutoff of the instrument (~28% of the precursor
m/z) leads to the progressive loss of many valuable
sequence ions as the peptides get larger (i.e., higher m/z).
For example, for a singly charged phosphopeptide of m/z
2,000, no ions below ~600 Da will be detected which
corresponds to the lack of sequence information for the five
to six most C- and/or N-terminal amino acids. Should the p-
site be localized in this region, the tandem mass spectrum
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[18]. CID Orbi fragmentation by collision-induced dissociation,
fragment ion detection in the ion trap, and precursor ion detection in
the orbitrap; MSA_ Orbi fragmentation using multistage activation;
CID Orbi_filtered fragmentation by filtering tandem mass spectra
according to [41]; MSA_Orbi_filtered fragmentation using multistage
activation by filtering tandem mass spectra; HCD_deisdec fragmen-
tation by higher energy CID, fragment, and precursor ion detection in
the orbitrap and deisotoping/charge deconvolution of tandem mass
spectra according to [42]

cannot reveal it. Our data also suggest that the above loss of
sequence information is not generally compensated for by
the detection of complementary y and b ion series
representing complementary parts of the peptide sequence.
Further evidence for our interpretation of the lower
performance of the MALDI LTQ Orbitrap XL comes from
previously published data on the same set of phosphopep-
tides using resonance CID on the same mass spectrometer
(LTQ Orbitrap XL) fitted with an ESI source [18]. In ESI,
most tryptic peptides and phosphopeptides are doubly or
triply charged. This greatly facilitates the detection of lower
m/z fragment ions in the ion trap. Using the above example
of a phosphopeptide of 2,000 Da, the detectable fragment
ion range is extended down to ~300 Da (doubly charged
precursor) and ~200 Da, respectively (triply charged
precursor). Hence, many more sequence-related fragment
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Table 1 Summary of phosphorylation site determination data for all employed MALDI mass spectrometers

Instrument No. of MS/MS  No. of identified  No. of correct p-site  No. of false p-site  No. of unassigned  Global FLR (%)
spectra peptides assignments assignments p-sites
Bruker UltrafleXtreme TOF/TOF: search parameters 100 ppm/0.6 Da
Total 172 154 121 15 18 10
Non-trivial 162 146 113 15 18 10
Adjacent p-sites 78 66 43 7 16 11
Isomers 82 77 54 9 14 12
Applied Biosystems 4800 TOF/TOF: search parameters 100 ppm/0.6 Da
Total 169 151 124 16 11 11
Non-trivial 158 141 114 16 11 11
Adjacent p-sites 76 67 51 10 6 15
Isomers 79 73 54 12 7 16
Thermo LTQ Orbitrap: search parameters 5 ppm/0.6 Da
Total 142 93 54 29 10 31
Non-trivial 134 89 50 29 10 33
Adjacent p-sites 61 42 22 12 8 29
Isomers 82 51 25 20 6 39
Waters Synapt G2 QTOF: search parameters 100 ppm/0.6 Da
Total 176 168 140 19 9 11
Non-trivial 165 158 130 19 9 12
Adjacent p-sites 80 77 63 6 8 8
Isomers 81 80 64 11 5 14
Waters Synapt G2 QTOF: search parameters 50 ppm/0.1 Da
Total 176 165 136 18 11 11
Non-trivial 165 156 127 18 11 12
Adjacent p-sites 80 76 60 6 10 13
Isomers 81 79 63 11 5 14

Non-trivial indicates that there are at least two amino acid in the peptide sequence to which a single phosphate group may be localized. Adjacent
p-sites refers to two (or more) possible directly adjacent amino acids on which the phosphorylation may occur. The term isomers refers to
synthetic phosphopeptides with identical amino acid sequences but different positions where the phosphate group is actually localized

ions become detectable, which facilitates p-site localization.
As a result, the ESI MS/MS data show an FLR of ~10%
MS/MS [18], which is significantly better than that
observed for the MALDI MS/MS data in this study (see
also Fig. 2D). Several ways can be envisaged by which this
situation may be improved. First, the LTQ Orbitrap XL
allows the detection of fragment ions in the Orbitrap
detector rather than the ion trap detector. Second, the
fragments can be generated in a multipole collision cell
(called HCD for the higher energy CID) [37]. Both these
measures would overcome the low mass cutoff issue, but
may also lead to lower sensitivity. A third possibility would
be to employ the recently published iHCD method [38] in
which the precursor ions are isolated in the ion trap, then
fragmented in the ion injection path of the instrument with
subsequent readout of the fragment ions in the ion trap.
This alternative is particularly attractive as it does not
appear to lose sensitivity, but this scan type has not yet been
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implemented on the commercial MALDI LTQ Orbitrap XL
system used in this study.

The information in Table 1 reports global FLR values for
the four investigated platforms irrespective of the absolute
values of the MD scores that underlie the FLR calculation.
We have recently shown that it is possible to compute and
predict FLRs for each MD score value provided that a
statistically sufficient (i.e., high) number of tandem mass
spectra are available. Owing to its discontinuous nature,
comparatively fewer tandem mass spectra are typically
generated on MALDI MS/MS instruments. Still, as shown
in Fig. 2 (and ESM Fig. S2), it is possible to identify an
MD score range that indicates a rough FLR estimate for
individual peptides. For the ultrafleXtreme TOF/TOF
instrument, spectra with MD scores larger than 13 do not
contain any false assignments (52 peptides). The MD score
range of 8-13 contains 21 correct and 2 incorrect
assignment (FLR = 9%), MD scores between 5 and
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8 indicate an FLR of 10% (18 correct, 2 incorrect), MD
scores of 2—5 correspond to an FLR of 14% (19 correct, 3
incorrect), and for MD scores lower than 2 (but not 0) the
FLR rises to close to 50% (11 correct, 8 incorrect).
Cumulatively, MD scores in our data set of >8 indicate an
FLR of 3% (73 correct, 2 incorrect assignments) and MD
scores of >5 correspond to an FLR of 4%. The
corresponding data for the other platforms are shown in
ESM Fig. S2. Briefly, the MD score characteristic for the
4800 TOF/TOF is broadly similar to that of the ultra-
fleXtreme TOF/TOF, and an MD score of >10 is required to
reach 3% global FLR. Owing to the low number of
identified and correctly localized peptides, we were unable
to define a meaningful MD score threshold to reach a
certain FLR for the LTQ Orbitrap XL data. However, the
data suggest that an MD score of at least 20 is required to
reach an FLR of <10%. Although the Synapt G2 QTOF
instrument was very successful in the identification of
phosphopeptides and correct site localization (highest
absolute number of IDs and correct localizations both at
search tolerances of 0.6 and 0.1 Da; Table 1), there are a
couple of outliers that are incorrectly localized at high MD
scores. This leads to a requirement of MD scores of >20 to
reach a global FLR of 3%. When disregarding those
outliers, the MD score threshold approximates that obtained
for the two TOF/TOF platforms.

When comparing the MD score thresholds obtained by
MALDI MS/MS in this study (Fig. 2 and ESM Fig. S2) to
those generated for a number of ESI MS/MS techniques
from our previous work [18], we find that significantly
higher MD scores are usually required for MALDI MS/MS
data to reach a particular false localization rate (say 3% or
5%; Fig. 2D). For the TOF/TOF platforms, this likely is the
result of the higher noise level in tandem mass spectra that
arises from the co-fragmentation of molecular species in the
wide precursor ion selection window (see also ESM Fig. S3
for the corresponding ESI MS/MS spectra for comparing
spectral quality). A further possible influence may arise
from the fact that MALDI-generated ions have (at least
initially) more internal energy than those generated by ESI,
which may lead to lower intensities of site-localizing fragment
ions. Another, but possibly rather minor, contributing factor
may be the much higher number of MS/MS attempts per
peptide in LC-ESI MS/MS, which statistically increases the
likelihood of generating an informative spectrum. We can also
not entirely exclude the possibility that gas phase rearrange-
ments of the phosphate group may lead to incorrect p-site
assignments [39], but recent reports suggest that this is not of
much practical consequence [28, 40].

In any case, phosphorylation site localization by MALDI
MS/MS is clearly possible albeit more difficult than for ESI
MS/MS. For large-scale phosphorylation studies, global
MALDI FLR values in the 3—10% range may be appropri-

ate to describe the quality of such data. We do, however,
advise readers to use the more conservative FLR values (i.e.,
binned by MD score range; ESM Fig. S2) for studies in which
individual phosphorylation site determinations have to be
performed. Our set of phosphopeptides also contains 16
doubly phosphorylated peptides. This number is clearly too
low to derive any general conclusions, but for completeness,
we note here that for the ultrafleXtreme TOF/TOF data, nine
out of ten detected doubly phosphorylated peptides were also
correctly assigned by the MD score (5/6 for the 4800 TOF/
TOF, 2/3 for the LTQ Orbitrap XL, and 9/12 for the Synapt
G2 QTOF).

Assigning phosphorylation sites in positional isomers

Protein phosphorylation is primarily found on serine,
threonine, and tyrosine residues of which the former two
amino acids are very abundant. Hence, many peptides
contain more than one possible phosphorylation acceptor
site, and in fact, alternative phosphorylation may frequently
occur in vivo. It is therefore important to investigate to
what extent positional isomers can be distinguished by
tandem mass spectrometry. About 50% of our synthesized
peptides represent positional isomers, and Fig. 3 shows the
tandem mass spectra (ultrafleXtreme TOF/TOF) of the four
example peptides E(pT)TTSPKKYYLAEK, ET(pT)
TSPKKYYLAEK, ETT(pT)SPKKYYLAEK, and ETTT
(pS)PKKYYLAEK. The b and y ions that would be
required for unambiguous site localization for these
peptides are also shown. Although all spectra exhibit a
good signal-to-noise ratio and robustly identify the under-
lying peptide sequence, most of the strong fragment ions do
not contribute to site localization. In fact, the site-
determining ions are all of low signal intensity; therefore,
the success of phosphorylation site localization is not very
good. The peptide in which T2 is phosphorylated (Fig. 3A)
has a MD score of 1 because only two weak ions (a2-98
and yl13-98) are available for site localization. The
spectrum of the isomer with T3 phosphorylation (Fig. 3B)
has an MD score of 0 as no fragment ion is detectable
above the noise that would allow unambiguous site
localization. An MD score of 12 is obtained for the peptide
with T4 phosphorylation (Fig. 3C), but site assignment is
primarily based on the detection of the weak y11-98 ion.
Finally, the MD score of 7 for the S5 phosphorylated
peptide (Fig. 3D) indeed suggests phosphorylation at a
different site probably because the b4 or y10 ions required
for localization of S5 phosphorylation cannot be detected in
the spectrum. Instead, there is a putative b3-98 ion that
would suggest phosphorylation at T3. In this somewhat
extreme example (six possible acceptor sites, four of which
are directly adjacent), none of the four positional isomers
could be assigned with good confidence. The same peptide
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Fig. 3 Example of largely
failed phosphorylation site
determination in positional
isomers with multiple adjacent
acceptor sites. MALDI tandem
mass spectra of the peptides: E
(pPT)TTSPKKYYLAEK (A), ET
(pT)TSPKKYYLAEK (B), ETT
(pT)SPKKYYLAEK (C), and
ETTT(pS)PKKYYLAEK (D)
were recorded on the Bruker
ultrafleXtreme TOF/TOF instru-
ment. The majority of all frag-
ment ions is identical between
the spectra. Therefore, these are
only annotated in (A). Further
site-localizing fragment ions are
marked in red

100% —

A E(pT) TTSPKKYYLAEK [M+H--38]
AN
FE
z b Mascotscore: 54 \;‘
g b398
£ MD-score: 1
g PEX
100% —4 B
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isomers were analyzed by ESI MS/MS in our earlier study  straightforward, and the global FLR values are not radically
[18], and only electron transfer dissociation (ETD) was able  different compared with the complete data (Table 1). Still,
to assign all isomers correctly. For many of the positional  of the 82 positional isomers detected in the ultrafleXtreme
isomers in our peptide set, site localization is much more =~ TOF/TOF data, only 30 have MD scores of >8 (indicating
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an FLR of <10%). Thirty-seven of 79 isomeric peptides
detected by the 4800 TOF/TOF fulfill the 10% FLR
criterion, and 36 of 81 reach that level of confidence in
the Synapt G2 QTOF data set. In summary, the data on
positional isomers indicate that caution should be exercised
when interpreting MD scores as a means of phosphoryla-
tion site localization for peptides with many possible
acceptor sites.

Concluding remarks

In this study, we have evaluated the ability of the MD score
to identify phosphorylation sites in MALDI tandem MS
spectra collected for 180 peptides with precisely known
phosphorylation sites on four different instrument plat-
forms. We find that the MD score genuinely reflects the
information contained in the tandem mass spectra and that
global false localization rates of <10% are attainable for
current TOF/TOF and QTOF platforms. However, the
performance of MALDI tandem MS for phosphorylation
site localization is significantly lower both in quantity and
quality than that of ESI tandem MS techniques, which
indicates that critical caution is in order when interpreting
MALDI tandem MS data for the purpose of phosphoryla-
tion site localization. Still, given that LC-MALDI work-
flows are frequently used in proteomics and that Mascot is
one of the most frequently used database search engines,
we feel that this work is of practical utility. We are making
the mass spectrometry data available to the community so
that other scientists or developers of informatics tools may
be able to perform similar types of analysis as we did and
adapt the reported scores to their analytical environment.
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