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Protein phosphorylation is involved in nearly all essential
biochemical pathways and the deregulation of phosphorylation
events has been associated with the onset of numerous diseases. A
multitude of tandem mass spectrometry (MS/MS) and multistage
MS/MS (i.e., MS") strategies have been developed in recent years
and have been applied toward comprehensive phosphoproteomic
analysis, based on the interrogation of proteolytically derived
phosphopeptides. However, the utility of each of these MS/MS
and MS" approaches for phosphopeptide identification and
characterization, including phosphorylation site localization, is
critically dependant on the properties of the precursor ion (e.g.,
polarity and charge state), the specific ion activation method that
is employed, and the underlying gas-phase ion chemistries,
mechanisms and other factors that influence the gas-phase
fragmentation behavior of phosphopeptide ions. This review
therefore provides an overview of recent studies aimed at
developing an improved understanding of these issues, and
highlights the advantages and limitations of both established
(e.g., CID) and newly maturing (e.g., ECD, ETD, photodissoci-
ation, etc.) yet complementary, ion activation techniques. This
understanding is expected to facilitate the continued refinement
of existing MS/MS strategies, and the development of novel MS/
MS techniques for phosphopeptide analysis, with great promise
in providing new insights into the role of protein phosphorylation
on normal biological function, and in the onset and progression
of disease. © 2011 Wiley Periodicals, Inc., Mass Spec Rev
30:600-625, 2011
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I. INTRODUCTION

Protein phosphorylation is perhaps the most pervasive post-
translational modification (PTM), playing an essential role in the
coordination and regulation of virtually all cellular processes
(Cohen, 2000; Hunter, 2000). Since the genome does not encode
for protein phosphorylation directly, phosphorylation events are
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dynamic and reflect the current physiological needs of
a cell. Accordingly, protein phosphorylation is reversible,
whereby phosphorylation by kinases and dephosphorylation by
phosphatases serves to regulate protein activity, expression
levels, sub-cellular localization, and protein—protein interac-
tions. Due to its broad biological importance, it is not surprising
that deregulation of phosphorylation events has been associated
with the onset and progression of many pathological conditions
(Bode & Dong, 2004; Culmsee & Landshamer, 2006; Kewalra-
mani et al., 2007; Mackay & Twelves, 2007; Mazanetz & Fischer,
2007; Frawley Cass et al., 2010). Therefore, understanding
protein phosphorylation on a molecular level has been of great
interest towards understanding the difference between ‘‘healthy”
and “abnormal” cellular states, as well as for opening new
avenues of disease therapy (Clark & Bookland, 2005; Ducruet
etal.,2005; Gong et al., 2006; Gong & Igbal, 2008; Frawley Cass
et al., 2010).

Due to the elaborate nature of protein phosphorylation, its
analysis presents a formidable challenge. For example, since
phosphorylation is a transient modification, the lifetime of a
phosphorylated site may be short and therefore the associated
structure may be difficult to “capture” for analysis. Furthermore,
a particular phosphorylated form of a protein may be sub-
stoichiometric, meaning that only a small fraction of the
population of a particular protein may be phosphorylated at any
given time. Moreover, differentially phosphorylated isoforms
(i.e., different sites of phosphorylation) of a given protein may
also exist simultaneously in this substoichiometric population.
The sheer number of potential phosphorylation sites across
the proteome also complicates their analysis. In eukaryotes,
phosphorylation predominantly occurs on serine, threonine, and
tyrosine residues (Fig. 1), which represent approximately 17% of
the total amino acid content in an average protein (Echols et al.,
2002). Based on this fact it has been calculated that in an average
eukaryotic cell, there exists nearly 700,000 different potential
phosphorylation sites (Ubersax & Ferrell, 2007).

To overcome these inherent biological challenges, numer-
ous mass spectrometry (MS) based approaches have been
developed, and have now become the methods of choice for the
identification and characterization of an individual phospho-
protein or for the comprehensive examination of an entire
“phosphoproteome” from a given tissue, cell or sub-cellular
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FIGURE 1. Structures of phosphorylated serine, threonine and tyrosine
residues.

fraction under a given set of physiological or pathological
conditions (McLachlin & Chait, 2001; Mann & Jensen, 2003;
Carr, Annan, & Huddleston, 2005; Goshe, 2006; Nita-Lazar,
Saito-Benz, & White, 2008; Paradela & Albar, 2008; Boersema
et al., 2009). Phosphoproteome analysis methods are generally
based on the interrogation of peptides derived from enzymatic
digestion of intact phosphoproteins, that is, the ‘“‘bottom-up
approach.” For complex biological mixtures, peptide digests are
typically fractioned off- or on-line by chromatographic separa-
tion techniques (e.g., reversed phase high performance liquid
chromatography, RP-HPLC) prior to their introduction to the
mass spectrometer (Zugaro et al., 1998). To address challenges
associated with the analysis of low abundance phosphoproteins
or substoichiometric phosphorylation, phosphopeptides are
typically further enriched prior to RP-HPLC and mass spec-
trometry analysis. Many different techniques are available for
this purpose, including immunoaffinity chromatography (Rush
et al., 2005), ion exchange chromatography (Olsen et al., 2006;
Macek et al., 2007; Bergstrom Lind et al., 2008; Zanivan et al.,
2008), immobilized metal ion affinity chromatography (IMAC;
Andersson & Porath, 1986; Posewitz & Tempst, 1999; Ficarro
et al, 2002; Kokubu et al., 2005), metal oxide affinity
chromatography (MOAC; Matsuda, Nakamura, & Nakajima,
1990; Ikeguchi & Nakamura, 1997; Pinkse et al., 2004; Larsen
et al.,, 2005; Kweon & Hakansson, 2006), and chemical
derivatization (Meyer et al., 1986; Goshe et al., 2001; Oda,
Nagasu, & Chait, 2001; Zhou, Watts, & Aebersold, 2001; Knight
et al., 2003; McLachlin & Chait, 2003; Thaler et al., 2003;
Lansdell & Tepe, 2004; Tao et al., 2005; Frawley Cass et al.,
2009). Furthermore, enrichment on the phosphoprotein level may
be employed to decrease sample complexity prior to enzymatic
digestion (Pandey et al., 2000; Ficarro et al., 2003; Brill et al.,
2004). Comprehensive reviews describing the development
and application of these phosphopeptide and phosphoprotein
enrichment methods have recently appeared elsewhere in the
literature (Dunn, Reid, & Bruening, 2010; Thingholm, Jensen, &
Larsen, 2009), and so will not be further described here. Although
these sample preparation methods have undoubtedly improved
phosphoproteomic analysis strategies, significant challenges
remain associated with the mass spectrometry-based aspects of
the phosphoproteome characterization process. In particular, the
presence of the phosphate group can significantly alter the gas-
phase chemistry of protonated peptide ions. This ultimately
impacts the effectiveness of tandem mass spectrometry (MS/MS)
strategies used for phosphopeptide identification and character-
ization (i.e., phosphorylation site assignment). For this reason,
this review focuses on providing an overview of both traditional
and newly emerging MS/MS strategies employed for phospho-
peptide identification and characterization. Particular attention is
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given to highlighting recent advances in understanding the
underlying fundamental chemical principles, mechanisms and
other factors that influence the gas phase fragmentation reactions
associated with each of these strategies, as these issues directly
influence their respective utilities. Furthermore, several of the
analytical challenges that remain to be overcome in order for this
important sub-discipline of the maturing field of proteomics to be
used more efficiently and effectively are discussed.

Il. MASS SPECTROMETRY METHODS EMPLOYED
FOR PHOSPHOPROTEOME ANALYSIS

The major goals of mass spectrometry-based phosphoproteomic
analysis are to (i) identify the presence of phosphorylated
peptides, (ii) determine the identity of phosphopeptides by
their amino acid sequences, (iii) localize the specific sites of
phosphorylation, and (iv) quantitatively determine any temporal
dependence to the phosphorylation site occupancies, under the
specific biological conditions from which the phosphoprotein
was isolated. These aims may be achieved by ““soft” ionization
of phosphopeptides followed by the use of MS, MS/MS, and
multistage tandem mass spectrometry (MS") techniques. Each of
these mass spectrometry approaches are described in detail below
for phosphoproteome characterization.

A. lonization of Phosphorylated Peptides

Introduction of phosphopeptides to the mass spectrometer is
typically achieved by electrospray ionization (ESI) or matrix-
assisted laser desorption ionization (MALDI). The use of these
two sources often allow complementary MS and MS/MS
information to be obtained, as they produce different types of
ions, that is, multiply charged ions are typically formed by ESI
whereas singly charged ions are formed by MALDI. The
ionization, subsequent detection and/or structural analysis of
phosphopeptides by these sources may, however, be limited by
the presence of extraneous peptides. It has previously been
proposed that the ionization efficiency of phosphorylated
peptides may be lower than their nonmodified peptide analogs
using MALDI (Craig et al., 1994; Liao et al., 1994). For these
reasons, the use of alternative MALDI matrices such as 2/,4’,6-
trihydroxyacetophenone, and a range of matrix additives such as
ammonium salts and phosphoric/phosphonic acids, have been
employed to enhance the phosphopeptide ionization yields
(Asara & Allison, 1999; Stensballe & Jensen, 2004; Yang
et al., 2004; Kuyama, Sonomura, & Nishimura, 2008). The
potential for decreased ionization efficiency of phosphorylated
peptides versus their nonphosphorylated analogs has also been
examined for ESI. However, the results of this study did not
indicate selective suppression (Steen et al., 2006). Rather, it was
concluded that phosphopeptide ions produced by ESI may be
nonspecifically suppressed owing to their low stoichiometry
(Steen et al., 2006). These results further indicate a necessity for
phosphopeptide enrichment prior to MS analysis.

B. MS Analysis of Phosphorylated Peptide lons

Perhaps the simplest method for identification of the presence of
a phosphopeptide by MS is via analysis of a sample before and
after phosphatase treatment (Liao et al., 1994; Larsen et al.,
2001). The observed reduction in mass by n multiples of 80 Da of
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a peptide is indicative of the presence of n phosphorylation sites.
Additionally, the derivatization of phosphopeptides with mass
tags, either in solution or in the gas phase (via ion-molecule
reactions) (Meyer et al., 1986; Goshe et al., 2001; Oda, Nagasu,
& Chait, 2001; McLachlin & Chait, 2003; Thaler et al., 2003; Tao
et al., 2005; Pyatkivskyy & Ryzhov, 2008), and subsequent MS
analysis may be used to determine the presence of phosphopep-
tides from a mixture. Derivatization techniques have also been
used for the incorporation of stable isotope labels, allowing
quantitative analysis of the occupancies of phosphorylation sites
(Weckwerth, Willmitzer, & Fiehn, 2000; Goshe et al., 2001; Tao
et al., 2005). All of these techniques are, however, limited to the
analysis of abundant peptides and relatively simple mixtures,
where the mass shift is readily observable. Thus, the majority of
methods for phosphoproteome analysis rely on the use of MS/MS
techniques.

C. Tandem Mass Spectrometry and Gas Phase lon
Chemistry of Phosphorylated Peptides

MS/MS involves the isolation and gas phase reaction (typically
dissociation) of selected precursor ions, followed by mass
analysis of the resultant product ions. In certain types of mass
spectrometry instrumentation, product ions formed from a
previous stage of reaction can be subsequently isolated and then
subjected to further reaction and mass analysis. This is termed
MS" analysis, where n represents the total number of isolation
and mass analysis stages. A plethora of dissociation methods
have been employed for the characterization of peptide ions,
including collision-induced dissociation (CID; also known as
collision-activated dissociation, CAD; Wells & McLuckey,
2005), post-source decay (PSD; Spengler, 1997), infrared
multi-photon dissociation (IRMPD; Brodbelt & Wilson, 2009),
ultraviolet photodissociation (UVPD; Reilly, 2009), femto-
second laser-induced ionization/dissociation (fsLID; Kalcic
et al., 2009), electron capture dissociation (ECD; Cooper,
Hakansson, & Marshall, 2005), electron transfer dissociation
(ETD; Wiesner, Premsler, & Sickmann, 2008), electron ioniza-
tion dissociation (EID; Fung, Adams, & Zubarev, 2009),
electronic excitation dissociation (EED; Cooper, Hakansson, &
Marshall, 2005), electron detachment dissociation (EDD;
Cooper, Hakansson, & Marshall, 2005), and metastable atom-
activated dissociation (MAD; Misharin et al., 2005). Although
the methods most widely employed to date for phosphoproteome
analysis are CID, ECD, and ETD, the majority of the dissociation
techniques defined above have each been applied to phosphopep-
tide identification and characterization, and are summarized
in Figure 2. These MS/MS strategies have allowed for the
identification of the presence of phosphorylated peptides,
the identification of the phosphopeptide by its amino acid
sequence, the determination of phosphorylation sites, and
quantitative analyses of phosphorylation site occupancies. The
merits of these various methods, used alone or in combination,
are further discussed in detail throughout the remainder of this
review article.

The ability to acquire such a variety of phosphoproteome
information from these MS/MS techniques is ultimately depen-
dent on the types of product ions that are formed. The possible
product ions resulting from dissociation of a peptide ion along its
backbone have been defined previously and are summarized in
Figure 3 (Roepstorff & Fohlman, 1984; Biemann, 1988). Briefly,
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dissociation can occur at the C,—Ccarbonyl, Cearbony—N (i.€.,
amide), or N-C, bonds to give rise to a-, b-, or c-type
“sequence’ product ions if the charge is retained on the
N-terminal segment and x-, y-, or z-type “‘sequence’ product
ions if the charge is retained on the C-terminal segment.
Therefore, if a population of precursor peptide ions dissociate
to produce a series of consecutive a-, b-, c-, X-, y-, or z-type ions,
the amino acid sequence of the peptide may be determined from
the difference between these consecutive ions, including
determination of the identity and the site of phosphorylation
(Horn, Ge, & McLafferty, 2000a; Horn, Zubarev, & McLafferty,
2000b; Matthiesen et al., 2005; Nielsen, Savitski, & Zubarev,
2005; Beausoleil et al., 2006; Olsen et al., 2006; Lu et al., 2007;
Wan et al., 2008). Importantly, since the residue masses of
phosphorylated serine (167 Da), phosphorylated threonine
(181 Da), and phosphorylated tyrosine (243 Da) are unique,
the sequence ions of phosphorylated peptides are directly
indicative of the presence of phosphopeptides and the location
of the phosphorylation sites within the peptide.

In addition to backbone fragmentation reactions, the
dissociation of amino acid side chains may also occur.
Although these ions are not indicative of the amino acid
sequence, and are therefore termed ‘‘nonsequence’ ions, they
may indicate the amino acid composition. In particular,
some ion dissociation techniques induce selective cleavage of
the phosphoester bond of phosphopeptides, resulting in the
formation of nonsequence product ions which may be used to
indicate the presence of a phosphorylated peptide (Fig. 2,
diagnostic ions). When observed at high abundance however,
the formation of these nonsequence product ions may preclude
determination of the identity of the peptide and the location
of phosphorylation sites. Thus, sequence and nonsequence ions
each provide complementary information useful for phospho-
proteome analysis.

Importantly, the properties of the precursor ion (e.g.,
precursor ion polarity and charge state), as well as the method
by which the precursor ion is subjected to dissociation, heavily
influences the applicability of a given MS/MS dissociation
method, and the type (i.e., sequence vs. nonsequence), structure,
and abundance of the resultant product ions that are formed. As a
result, the overall success of a given MS/MS strategy to
obtain analytically useful information for phosphoproteome
identification and characterization is critically dependant on
the underlying chemistry of the phosphopeptide dissociation
technique employed (Boersema et al., 2009). The remainder of
this review therefore focuses on describing the current state of
knowledge regarding the gas phase ion chemistry associated with
the various MS/MS methods employed to date for phosphopep-
tide identification and phosphorylation site assignment,
and highlights the influence that gas phase ion chemistry
has on the applicability of the analytical strategies used.
Several reviews describing the application of MS/MS
methods for quantitative phosphoproteomics have recently been
published elsewhere, and therefore will not be discussed further
here (Nita-Lazar, Saito-Benz, & White, 2008; Schreiber et al.,
2008).

1. Collision Induced Dissociation (CID). To date, CID (or
CAD) is the most established and widely used MS/MS method
employed for peptide sequencing. Many different mass analyzer

Mass Spectrometry Reviews DOI 10.1002/mas
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FIGURE 2. Flow chart of demonstrated tandem mass spectrometry strategies for phosphopeptide analysis.
Multiple MS/MS dissociation methods have been used for the analysis of phosphopeptide precursor ions.
Commonly applicable phosphopeptide precursor ion charge states (n) are specified for each MS/MS
technique. Some techniques, namely CID-, PSD-, and IRMPD-MS/MS, may involve formation of
nonsequence product ions that diagnostically indicate the presence of phosphorylated peptide ions
(indicated with arrows connecting “MS/MS” methods to ‘“‘diagnostic ions™). Observation of these
diagnostic product ions has also been used to trigger precursor ion activation by other MS/MS methods (i.e.,
ECD) or MS/MS activation of the resultant neutral loss product ion (e.g., MS?: indicated with arrows
connecting “‘diagnostic ions”’ to “MS/MS”” or “MS>” methods).

platforms are compatible with CID, including quadrupole ion
trap (QIT) and Fourier transform ion cyclotron resonance
(FTICR) mass spectrometers. Additionally, utilization of quadru-
pole-based collision cells allow for CID-MS/MS in triple
quadrupole (QqQ), quadrupole time of flight (qTOF), and TOF/
TOF instruments.

FIGURE 3. Nomenclature of peptide backbone fragment ions or
sequence ions.
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Ion activation during CID occurs by conversion of ion
translational energy into internal (vibrational) energy upon
collision with an inert target gas (e.g., He or Ar). The acquired
vibrational energy is then quickly redistributed throughout all
modes of the ion (<10~ '? sec) such that ergodic fragmentation of
a particular bond occurs only when the vibrational energy
exceeds the activation barrier of that bond (McLuckey &
Goeringer, 1997). Since CID is under kinetic control and is
a “‘slow heating” process, the most labile bonds fragment
preferentially (McLuckey & Goeringer, 1997). CID of non-
phosphorylated peptides generally leads to non-selective
fragmentation, forming b- and y-type sequence ions via
fragmentation of amide bonds along the peptide backbone
(activation energy barrier for amide bond cleavage ~40 kcal/mol
cleavage; Paizs et al., 1999; Csonka et al., 2000). Phosphorylated
peptide ions, however, often undergo selective and preferential
fragmentation at the phosphate group (activation energy barrier
for phosphoester bond cleavage <20 kcal/mol; Reid, Simpson,
& O’Hair, 2000; Flora & Muddiman, 2004; Gronert, Li, &

603




= PALUMBO ET AL.

Horiuchi, 2005), giving rise to nonsequence neutral losses from
the precursor ion of 80Da (HPO;) and 98 Da (H3PO4 or
H,O0 + HPO3), or charged losses of 63Da (PO, ), 79Da
(PO37), and 97Da (H,PO, ), as well as nonsequence neutral
losses from sequence type product ions via sequential fragmen-
tation reactions (Huddleston et al., 1993; Ding, Burkhart, &
Kassel, 1994; Carr, Huddleston, & Annan, 1996; DeGnore &
Qin, 1998; Tholey, Reed, & Lehmann, 1999; Schlosser et al.,
2001; Moyer, Cotter, & Woods, 2002; Collins et al., 2005;
Edelson-Averbukh, Pipkorn, & Lehmann, 2006; Ndassa et al.,
2006; Olsen et al., 2006; Li et al., 2007; Macek et al., 2007).

CID-MS/MS has been used for the identification of
phosphopeptides and localization of phosphorylation sites in
both positive and negative ion modes (Fig. 2(1) and (2),
respectively). The gas phase ion chemistries governing these
CID-MS/MS techniques as well as their impact on the utility of
these methods are described in detail below.

a. Formation of 79 m/; (PO; ) and [M+nH-79]" "~
Ions. CID of negatively charged phospho-serine, -threonine,
and -tyrosine peptide precursor ions commonly result in cleavage
of the phosphoester bond, giving rise to PO3;~ ions (m/z 79).
When the precursor ion is multiply deprotonated, a charge
reduced counterpart ion ([M — nH-79]1"" D7) may also be
observed. A mechanism for the formation of these ions has been
previously proposed, and is shown in Scheme 1 for a doubly
deprotonated precursor ion (Huddleston et al., 1993; Ding,
Burkhart, & Kassel, 1994; Tholey, Reed, & Lehmann, 1999;
Edelson-Averbukh, Pipkorn, & Lehmann, 2006).

The observation of the m/z 79 PO;~ product ion has been
used to indicate the presence of phosphorylated peptides
(Fig. 2(1a); Huddleston et al., 1993; Ding, Burkhart, & Kassel,
1994). Since m/z 79 may be too low to be observed in ion trap
platforms under typical peptide analysis conditions, due to the
inherent low mass cutoff associated with product ion stability in
this type of instrumentation, the [M + nH-79]"""~ product ion
may alternatively be used for phosphopeptide detection
(Fig. 2(1a); Edelson-Averbukh, Pipkorn, & Lehmann, 2006).
Additionally, the observation of these nonsequence product ions
in negative ion mode, via dissociation of the deprotonated
precursor ions, has been used to trigger the acquisition of a
positive ion mode CID-MS/MS spectrum of the corresponding
protonated precursor ion for phosphopeptide sequence analysis
and phosphorylation site characterization (Fig. 2(1a) followed by
Fig. 2(2)). This has been achieved by either polarity switching
during sample analysis or by performing a second round of
analysis in positive ion mode (Carr, Huddleston, & Annan, 1996;
Annanetal., 2001; Collins et al., 2005). An example of the utility

O
p

Ak

CID MS/MS
AL % + POy

[M-nH-79](” " miz79

SCHEME 1. Previously proposed mechanism for cleavage of the P—O

phosphoester bond of negatively charged phosphorylated peptides
forming [M — nH-79]"""~ and PO;~ (m/z 79).
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of this technique is illustrated in Figure 4. Selected ion
monitoring for PO;~ at m/z 79 using a triple quadrupole mass
spectrometer during on-line LC—ESI-MS of a trypsin digest of
Siclp that was phosphorylated in vitro, was used to initially
localize the presence of phosphopeptides within the chromato-
graphic elution profile (gray trace in Fig. 4A). Then, a precursor
ion scan mode MS/MS experiment to monitor for the presence of
the characteristic PO3 ™ ion at m/z 79 was used to identify the m/z
of the deprotonated phosphopeptide precursor ions (Fig. 4B)
within the fraction labeled with a * in panel A. Finally, the mass
spectrometer was switched to positive ion mode and the
sequences of individual protonated phosphopeptide precursor
ions were determined following acquisition of a product ion CID-
MS/MS spectrum (Fig. 4C; Annan et al., 2001).

b. Formation of phosphotyrosine-specific immonium ions at m/z
216.043. In positive ion mode, CID-MS/MS of protonated
phosphotyrosine-containing peptide ions can give rise to a
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FIGURE 4. Multidimensional electrospray MS mapping of in vitro
phosphorylation of Siclp, a regulator of the G1/S transition in budding
yeast using a triple quadrupole mass spectrometer. A: HPLC-ESI-MS
selected ion monitoring trace for m/z 79 overlaid with the HPLC-UV
trace of a tryptic digest of purified phosphorylated Siclp. B: Negative ion
mode precursor ion ESI-MS scan for m/z 79 of the LC—MS-fractionated
material marked with an “**” in the chromatogram shown in panel A. The
presence of five phosphopeptides, each marked with a unique symbol,
were identified in this fraction. C: Positive ion mode CID-MS/MS
product ion spectrum of m/z 637.6, the triply charged ion for the
1909.8 Da phosphopeptide marked with a *“ A in panel B. Reproduced
from Annan et al. (2001) with permission from American Chemical
Society, copyright 2001.
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FIGURE 5. Structure of the phosphotyrosine-specific immonium ion,
m/z 216.043.

phosphotyrosine specific nonsequence immonium ion at m/z
216.043 (Fig. 5; Steen et al., 2001a; Steen, Kuster, & Mann,
2001b). Immonium ions provide composition-specific informa-
tion and may result from cleavage of the N-terminal residue or
from two backbone cleavages surrounding a particular internal
residue. It has been previously shown that the abundance of
the phosphotyrosine (pY) immonium ion is dependent upon
the sequence of the peptide (Salek et al., 2003), and that the
immonium ion abundance is highest when the phosphotyrosine
residue is located at the first or second residue from the
N-terminus (Salek et al., 2003). This is in accordance with
the observation that N-terminal residues generally favor the
formation of immonium ions (Ambihapathy et al., 1997,
Hohmann et al., 2008). Additionally, since immonium ions
may be formed via secondary fragmentation of b,, sequence ions
and b, ion formation is favored, the second position from the
N-terminus may also preferentially form these ions (Ambiha-
pathy et al., 1997; Hohmann et al., 2008). Furthermore, a
fragmentation study on a series of synthetic phosphopeptides
with the general sequence DQQDFFPK where pY was placed in
positions 1-9 demonstrated that the closer the pY residue was to
the C-terminal lysine, the less likely the corresponding
immonium ion was to form (Salek et al., 2003).

Precursor ion scanning to monitor formation of the pY
immonium ion has been used for selective detection of
phosphotyrosine-containing peptides from mixtures (Fig. 2(2a),
(3a), (4a); Steen et al., 2001a, 2002; Steen, Kuster, & Mann,
2001b). Since this diagnostic ion may have the same nominal
mass as other ions (216 Da), this technique has proven most
effective when using high resolution/high mass accuracy instru-
ments such as a qTOF (Steen et al., 2001a, 2002; Steen, Kuster, &
Mann, 2001b). The utility of this technique is demonstrated
in Figure 6, where the identification of a low abundance
phosphotyrosine-containing peptide on a qTOF instrument was
facilitated by monitoring for the formation of the phosphotyr-
osine-specific immonium ion from a peptide mixture obtained
from a HPLC fraction of an in-gel trypsin digestion from a
protein band of epidermal growth factor (EGF)-activated HeLa
cells (the positive ion mode MS spectrum is shown in Fig. 6A,
whereas the phosphotyrosine specific immonium ion (PSI)
scan is shown in Fig. 6B; Steen et al., 2002) The identity of the
phosphopeptide was subsequently determined from the CID-MS/
MS product ion spectrum collected in positive ion mode of the
precursor ion identified in panel B (data not shown).

¢. Product ions formed from 80 or 98 Da neutral losses. The
analysis of peptides containing phospho-serine, -threonine, and/
or -tyrosine residues by CID-MS/MS in either positive or
negative ion mode may give rise to nonsequence product ions
corresponding to the neutral losses of 80 Da (HPO3) and 98 Da
(commonly assigned as H3PO,4; Carr, Huddleston, & Annan,
1996; DeGnore & Qin, 1998; Tholey, Reed, & Lehmann, 1999;
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FIGURE 6. A: MS spectrum collected in positive ion mode of an HPLC
fraction of an in-gel trypsin digest of an immunoaffinity-purified
phosphotyrosine protein from EGF stimulated HeLa cells. B: Phospho-
tyrosine specific immonium ion (PSI) scan on a qTOF resulting in the
observation of one phosphopeptide at m/z 659.3, whose identity was
determined to be ELFDDPSpYVNVQNLDK from She protein from the
full scan positive ion mode CID-MS/MS spectrum (data not shown).
Note that the inset to panel A is an expanded view of the region of the MS
scan that contains the phosphopeptide at m/z 659.3. Reproduced from
Steen et al. (2002) with permission from The American Society for
Biochemistry and Molecular Biology, copyright 2002.

Schlosser et al., 2001; Moyer, Cotter, & Woods, 2002; Olsen
etal., 2006; Li et al., 2007; Macek et al., 2007) from the precursor
ions, yielding [M — nH-801"", [M — nH-98]"", [M + nH-80]"",
and [M +nH-80]"" products that diagnostically indicate the
presence of a phosphorylated peptide ion (Fig. 2(1b), (2b), (3b),
and (4b)), as well as nonsequence losses from sequence type
product ions (e.g., b,-80, b,-98, y,-80, and y,-98) via sequential
fragmentation reactions of the peptide backbone and the
phospho-amino acid side chains (Moon, Shin, & Kim, 2009).
Chemistry of the 80 and 98 Da neutral loss product ions.
The facile formation of phosphate group specific neutral loss
nonsequence product ions can result in the loss of sequence
information, potentially compromising the ability to identify
the sequence of the phosphopeptide or to localize the phosphor-
ylation site to a specific residue within the peptide sequence.
For this reason, the factors that govern the abundance of
these neutral loss product ions have been the subject of extensive
examination. In particular, it has been noted that the neutral
loss product ions are more abundant at higher collision
energies (Schlosser et al., 2001; Hoffman et al., 2006), and in
mass spectrometers that deposit internal energy within a short
activation timescale (e.g., psec), such as in triple quadrupole
instruments (Lehmann et al., 2007). The identity (i.e., structure)
of the phosphorylated amino acid also affects the extent to
which the various neutral loss product ions are observed by
CID. For example, phosphotyrosine undergoes the neutral loss
of 80Da more frequently than 98 Da (DeGnore & Qin, 1998;
Tholey, Reed, & Lehmann, 1999), and phosphoserine and
phosphothreonine are subject to the neutral loss of 98 Da more
frequently than the loss of 80 Da (DeGnore & Qin, 1998; Tholey,
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Reed, & Lehmann, 1999). The precursor ion charge state is also
known to influence the abundance of the 98 Da neutral loss
product ions, whereby higher charge states result in lower
phosphate neutral loss product ion abundance (DeGnore & Qin,
1998; Tholey, Reed, & Lehmann, 1999; Villen, Beausoleil, &
Gygi, 2008). More recently, this effect has been shown to be not
solely dependent on charge state, but instead depends on a
combination of charge state and basic amino acid residue
composition, or ‘“proton mobility” (Palumbo, Tepe, & Reid,
2008). The mobile proton model has emerged as a central concept
to rationalize the gas-phase fragmentation reactions of proto-
nated peptide ions (Cox et al., 1996; Dongre et al., 1996; Wysocki
et al., 2000). Briefly, fragmentation of most peptide amide
backbone bonds is generally agreed to require the involvement of
a proton at the cleavage site, that is, that the cleavages are
“charge-directed.” However, when the ionizing proton(s) are
“sequestered’” at the side chains of arginine, lysine or histidine
amino acids (i.e., the most basic site(s) within the peptide), more
energy may be required to “mobilize” the proton from the basic
side chains to the peptide backbone to induce ‘‘charge-directed”
dissociation, compared to that required to initiate ‘“‘charge
remote” fragmentation pathways (i.e., where the proton is not
involved in the fragmentation mechanism). As a result, the extent
of proton mobility within a protonated peptide ion dictates the
type and abundance of the product ions that are formed. Three
subcategories of proton mobility have been defined (Kapp et al.,
2003). Precursor peptide ions are termed ‘‘nonmobile” when the
number of ionizing protons is less than or equal to the number of
arginine residues; ‘‘partially mobile” when the number of
ionizing protons is greater than the number of arginine residues,
butless than the sum of basic residues (i.e., arginine, histidine and
lysine residues); or ‘“‘mobile” when the number of ionizing
protons is greater than the sum of basic residues. For
phosphorylated peptides, the abundance of product ions
corresponding to the neutral loss of 98 Da have been shown to
exhibit a strong inverse correlation with proton mobility (non-
mobile >> partially mobile > mobile; Palumbo, Tepe, & Reid,
2008). For example, Figure 7 shows the product ion spectra
obtained by ESI-CID-MS/MS of the singly, doubly, and triply
protonated precursor ions of the synthetic di-phosphorylated
peptide HEVSASpTQpSTPASSR. The magnitude of the 98 Da
neutral loss product ions (summed for —98 and —196 Da ions)
under nonmobile proton conditions (panel A) was found to
represent 44% of the total product ion abundance, whereas the
abundances under partially mobile (panel B) and mobile proton
conditions (panel C) were 27% and 24%, respectively. Note that
for this example, the magnitude of the processes involving side
chain losses of the phosphorylated amino acid residues are
actually greater than the numbers above imply, as the sequential
loss of 98 Da and water (116 Da) and the sequential loss of 98 Da
and HPO; (178 Da) are also observed as abundant product ion
fragmentation pathways, in addition to the losses of 98 and
196 Da. Consistent with the findings described above, Woods and
co-workers have also previously shown that the neutral loss
of 98 Da from phosphotyrosine-containing peptides is highly
dependent upon the presence of basic residues, where the neutral
loss was observed only when arginine and lysine residues were
present within the peptide (Moyer, Cotter, & Woods, 2002).
Given that the abundance of product ions resulting from the
neutral loss of 98 Da increase with decreasing proton mobility, it
is logical to expect that the ionizing protons would be sequestered
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at the basic amino acid side chains (the sites with the highest
local proton affinity) and therefore would not be available for
participation in the phosphate group fragmentation reaction.
Accordingly, a mechanism for the neutral loss of H;PO,4 (98 Da)
from protonated phosphoserine- and phosphothreonine-contain-
ing peptide ions has previously been proposed to occur by a
charge-remote B-elimination mechanism (Scheme 2A; DeGnore
& Qin, 1998; Tholey, Reed, & Lehmann, 1999). This mechanism
involves transfer of the hydrogen atom on the C,, of the phospho-
amino acid residue to the phosphate oxygen, via a six-centered
transition state, resulting in formation of a dehydroalanine
(69 Da) or dehydroaminobutyric acid (83 Da) containing product
ions from phosphorylated serine or threonine residues, respec-
tively. Note that the ionizing proton is distant from the
fragmentation site and is therefore uninvolved in the mechanism.
Two alternate mechanisms have since been proposed, involving
localization of the ionizing proton at the site of fragmentation,
(i.e., ‘““charge-directed’; Reid, Simpson, & O’Hair, 2000;
Gronert, Li, & Horiuchi, 2005). The first involves a charge-
directed intramolecular E2 mechanism (Scheme 2B), whereby
the ionizing proton located on the phosphate weakens the C—O
phosphate ester bond, enabling abstraction of the hydrogen atom
on the C, of the phospho-amino acid residue with subsequent
H3PO, loss by a neighboring nucleophile. Similar to the charge-
remote (3-elimination mechanism in Scheme 2A, the product ions
formed in this case would also contain dehydroalanine or
dehydroaminobutyric acid, for phosphoserine or phosphothreo-
nine peptides, respectively. Note however, that the site of
protonation within the product ion in Scheme 2B is on the
peptide backbone, but would be located at the initial site of
protonation in the product ion formed via Scheme 2A.
The second of the previously proposed charge-directed
mechanisms involves an intramolecular SN2 reaction, whereby
nucleophilic attack by a neighboring carbonyl group on the
B-carbon of the protonated phosphorylated residue results in the
loss of H3PO, and the formation of an oxazoline containing
product ion at the formerly phosphorylated residue (Scheme 2C).

Several studies have previously been completed to evaluate
which of these mechanisms are operating for the neutral loss of
H;PO, from phosphoserine or phosphothreonine containing
peptides (Tholey, Reed, & Lehmann, 1999; Reid, Simpson, &
O’Hair, 2000; Palumbo, Tepe, & Reid, 2008). Specifically, the
pathways have been distinguished by using hydrogen-deuterium
exchange experiments to follow the movement of the hydrogen
atom originally located on the C,, position of the phosphorylated
amino acid residue. Notice that in the charge-remote
B-elimination reaction in Scheme 2A, the C,-hydrogen atom is
eliminated with the phosphate group, whereas in the charge-
directed E2 and SN2 reactions (Scheme 2B and C, respectively)
the dephosphorylated product ions retain this hydrogen atom.
Thus, for peptides deuterated at all exchangeable sites (heter-
oatoms), the loss of 100Da (i.e., HD,PO,) is expected for the
charge-remote B-elimination reaction, whereas the loss of D;PO,
(101 Da) is expected for the charge-directed E2 and Sy2
reactions. Recently, an experiment of this sort, performed under
conditions to ensure complete deuterium exchange, minimized
back exchange and high spectral resolution, resulted in the
dominant loss of D;PO, from all peptides examined, thereby
providing evidence in support of the charge-directed mechanisms
(Palumbo, Tepe, & Reid, 2008). Further evidence was provided
by studying the fragmentation behavior of a phosphoserine
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FIGURE 7. Ion trap CID-MS/MS product ion spectra of the (A) singly, (B) doubly, and (C) triply
protonated precursor ions of the synthetic “tryptic” peptide HEVSASpTQpSTPASSR. No ions
were observed above 1,300 m/z for panel C so that region is not shown. A=-98Da (-H;PO,

or —(HPO; + H,0)); []=—80Da (~HPO3); O =—18Da (-H,0); * =

—17Da (NH;); Wl =+80Da

(++HPO3;). The percent total product ion abundance of the summation from the product ions resulting from

—98 and —196 Da neutral losses are shown.

containing peptide that had been regioselectively deuterated
at the o- and B-carbons of the phosphoserine amino acid
residue (Palumbo, Tepe, & Reid, 2008). In this case, loss of the
phosphorylated side chain by the charge-remote B-elimination
mechanism would result in the loss of H,DPO,, whereas the loss
of H;PO, would result from the charge-directed mechanisms.
Upon CID-MS/MS, it was clearly demonstrated that the ion
corresponding to the neutral loss of H;PO, was observed as the
dominant fragmentation pathway (~95% abundance), compared
to the loss of H,DPO, (~5% abundance), again indicating that
the neutral loss had predominantly occurred by the charge-
directed mechanisms (Palumbo, Tepe, & Reid, 2008). A caveat to
the “quantitative” validity of these results is that the impact of
kinetic isotope effects on the relative abundance of these
competing fragmentation pathways was not determined. Inter-
estingly, the predominant loss of H;PO, over H,DPO, was also
shown to occur independently of the amino acid composition
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and charge state (Palumbo, Tepe, & Reid, 2008). CID-MS?
analysis of the initial 98 Da neutral loss product ions provided
experimental evidence for both charge-directed mechanisms.
Upon MS? dissociation, the observation of product ions resulting
from cleavage on either side of the formerly phosphorylated
residue provided support for the E2 reaction in Scheme 2B,
whereas support for the SN2 reaction was provided by the
observation of product ions formed by the neutral loss of either
formaldehyde (CH,O, 30 Da) or acetaldehyde (CH3;CHO, 44 Da)
from phosphoserine and phosphothreonine peptides, respec-
tively, and by the loss of (CD,0, 32 Da) from the regioselectively
deuterated phosphoserine peptide, from the oxazoline cyclic
product ion in Scheme 2C (Palumbo, Tepe, & Reid, 2008).

To rationalize the two ideas (i) that ionizing protons direct
the H3;PO, neutral loss fragmentation and (ii) that fragmentation
occurs more readily under limited proton mobility, it has been
proposed that the protonated basic residues form strong hydrogen
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bonding interactions with the phosphate group to facilitate
the two charge-directed mechanisms, i.e., that mobile protons
are not involved even though the charges are, as shown in
Scheme 3 (Palumbo, Tepe, & Reid, 2008). Importantly, such
strong noncovalent gas phase interactions between the phosphate
group of phosphorylated serine, threonine, and tyrosine residues
and the side-chains of lysine and arginine (as well as quaternary
amines) have been previously recognized (Moyer, Cotter, &
Woods, 2002; Woods, 2004; Jackson et al., 2006). In particular,
Jackson et al. (2006) have shown that gas phase noncovalent
complexes consisting of phosphopeptides and highly basic
peptides are stabilized from dissociation upon CID by these
interactions.

(1) Competing phosphate fragmentation pathways: com-

bined losses

Ak
H
el
o ~ H
e l
0
NJ New-PEPTIDE O

R =H (pS), CH3 (pT)

SCHEME 3. Hydrogen bonding interactions between a phosphate
group and the guanidinium cationic side chain of arginine, facilitating
the charge-directed neutral loss of H3PO,4, where R = H and CH; for pS
and pT, respectively.
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Phosphorylated peptides containing multiple potential phosphor-
ylation sites may also give rise to the 98 Da neutral loss product
ion by the combined losses of HPO3; and H,O (80 and 18 Da,
respectively) from a phosphorylated residue and a nonphos-
phorylated hydroxyl (or carboxyl)-containing amino acid
residue, respectively (Scheme 4A; Qin & Chait, 1997; DeGnore
& Qin, 1998). Evidence for the combined losses of HPO5; and
H,0 has been demonstrated by the observation of product ions
corresponding to unmodified residues at formerly phosphory-
lated sites and dehydrated residues at formerly nonphosphory-
lated sites, following CID-MS? of the initial 98 Da neutral loss
productions observed from synthetic phosphopeptides (Palumbo
& Reid, 2008). Note that this pathway has also been previously
used to rationalize the observed neutral loss of 98 Da from
phosphotyrosine-containing peptides, since phosphotyrosine
may not undergo direct loss of H3PO, by the proposed
mechanisms shown in Scheme 2 (Qin & Chait, 1997; DeGnore
& Qin, 1998).

(2) Competing phosphate fragmentation pathways:
phate group transfer

phos-

The neutral loss of 98 Da from phosphotyrosine residues has also
been previously rationalized as occurring via initial phosphate
group transfer from the phosphotyrosine residue to an unmodi-
fied serine or threonine within the peptide, followed by the direct
neutral loss of H3PO,4 (DeGnore & Qin, 1998). In fact, a recent
study has demonstrated that such intramolecular gas phase
phosphate group transfer can occur for protonated phosphotyr-
osine-, phosphothreonine-, and phosphoserine-containing pep-
tides (Scheme 4B; Palumbo & Reid, 2008). An example is shown
in Figure 7A and B, which show the product ion spectra obtained
by CID-MS/MS of the singly and doubly protonated precursor
ions of the synthetic phosphopeptide HEVSASpTQpSTPASSR,
where products were observed that unambiguously corresponded
to “‘erroneous’” ys + HPO3 (y5.) and ys + HPO3 (yé.) sequence
ions, indicating localization of the phosphate group within the
formerly nonphosphorylated C-terminal pentapeptide or hexa-
peptide region of the peptide TPASSR, at approximately 10% of
the abundance of the unmodified “correct” ys and y¢ products
(Palumbo & Reid, 2008). Notably, 45% of the peptides studied
gave rise to such “erroneous’ sequence ions. Both mono- and
multiply-phosphorylated peptides, as well as phosphorylated
serine-, threonine-, and tyrosine-containing peptides, were
observed to undergo the phosphate group transfer reaction
(Palumbo & Reid, 2008). It was also determined that the proton
mobility of the peptide had significant influence on this reaction
(Palumbo & Reid, 2008). Specifically, the propensity for
phosphate group transfer was greatest for peptide precursor ions
with either nonmobile or partially mobile protons, similar to that
for the neutral loss of H3;PO, described above. For example, CID-
MS/MS of the nonmobile singly protonated precursor ion (panel
A) and the partially mobile doubly protonated precursor ion
(panel B) of the HEVSASpTQpSTPASSR peptide shown
in Figure 7 both gave rise to phosphate group transfer ions
(y¢ +HPO; (yﬁ.) and/or ys5 + HPO; (ys.), respectively), whereas
no evidence for rearrangement was observe for the mobile triply
protonated precursor ion (panel C; Palumbo & Reid, 2008).
From this observed relationship between proton mobility and
the propensity for phosphate group transfer, it was proposed that
the transfer was facilitated by hydrogen bonding interactions
between the phosphate group and basic residues (Scheme 4B;
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Palumbo & Reid, 2008). It was also demonstrated that the ion
activation timescale influenced the propensity for the phosphate
group transfer, whereby short activation times in the
microsecond timescale (such as that achieved in the collision
cells of triple quadrupole or quadrupole time of flight mass
spectrometers) resulted in a lower propensity for transfer than ion
activation in the millisecond timescale (such as that typically
used in quadrupole ion traps; Palumbo & Reid, 2008). Analogous
intramolecular gas phase phosphate group transfer reactions
using alternative ion activation methods, namely PSD, have also
been previously proposed (see below).

Intramolecular phosphate group transfer of deprotonated
phosphopeptides upon CID-MS/MS has also recently been
demonstrated by Lehmann and co-workers, with transfer
observed from a phosphotyrosine residue to other amino acids
such as those containing hydroxyl or carboxyl functional
groups (Scheme 5; Edelson-Averbukh et al., 2009). Although
no sequence product ions containing the transferred phosphate
were observed, CID-MS/MS of differentially labeled peptides
provided results suggestive of phosphate group transfer from
phosphotyrosine to carboxyl groups. In particular, fragmentation
of the deprotonated phosphopeptides studied commonly gave
rise to the neutral loss of 140 Da, which was attributed to the
concurrent losses of 98Da (H;PO,) from the transferred
phosphate and 42 Da (HN=C=NH) from the C-terminal arginine
residue by the mechanism shown in Scheme 5 (Edelson-

HoN_NH
OH
) |+/\_
0-P—-OH -
4 )\((CHz)a o
CID-MS/MS
Phosphate HO.

Transfer

Averbukh et al., 2009). Note that this proposed mechanism
involves the removal of one of the oxygen atoms from the
C-terminal carboxyl as part of the neutral loss of H3POj,.
Therefore, upon CID-MS/MS of an 'O C-terminal carboxyl
labeled peptide, the neutral loss would be expected to be 142 Da
or HyP'°05'80 (100 Da) and HN=C=NH (42 Da). In fact, the
neutral loss of 142Da was observed for a deprotonated
phosphotyrosine-containing peptide that was '*O labeled on
the C-terminal carboxyl upon CID-MS/MS, providing confirma-
tion of the migration of the phosphate group (Edelson-Averbukh
et al., 2009).

In addition to intramolecular phosphate group transfer
reactions, intermolecular gas phase phosphate group transfer
from a phosphorylated peptide to a nonphosphorylated peptide
within a gas phase noncovalent complex has also been reported
upon CID-MS/MS (Jackson, Wang, & Woods, 2005; Woods &
Ferre, 2005; Jackson, Moyer, & Woods, 2008; Woods, Moyer, &
Jackson, 2008). Notably, Woods and co-workers have demon-
strated that upon CID-MS/MS, the phosphate-arginine
and phosphate-quaternary amine electrostatic interactions in
noncovalent heterodimeric complexes exhibit “covalent-like”
stability (Jackson, Wang, & Woods, 2005; Woods & Ferre, 2005;
Jackson, Moyer, & Woods, 2008; Woods, Moyer, & Jackson,
2008). As a result, CID-MS/MS can result in removal of the
phosphate group from the serine, threonine, or tyrosine residues
by scission of the P—O phosphoester bond, and the observation of

- HyP0,(98 Da)

- HN=C=NH (42 Da) HN
O CH, o

,,:JO]\H)C;;W A?\HWNH ”JJ\HWNH

SCHEME 5. Proposed mechanism for intramolecular phosphate group transfer for deprotonated peptide

ions.
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a product ion corresponding to retention of the phosphate via a
noncovalent interaction to an arginine or quaternary amine within
the formerly nonphosphorylated peptide (Jackson, Wang, &
Woods, 2005; Woods & Ferre, 2005; Jackson, Moyer, & Woods,
2008; Woods, Moyer, & Jackson, 2008). Jackson, Moyer, and
Woods (2008) have shown that the propensity for noncovalent
intermolecular gas phase phosphate group transfer decreases
with increasing charge state, similar to that discussed above for
the intramolecular gas phase phosphate group transfer reaction
of protonated peptides. In view of this apparent gas phase
interaction between phosphate moieties and basic residues, it
is likely that the mechanism for the neutral loss of 80 Da
is also facilitated by these noncovalent hydrogen bonding
interactions.

How the chemistry of 80 and 98 Da neutral loss product
ions affects the applicability of CID phosphoproteome analysis
strategies. The observation of dominant nonsequence ions
resulting from selective cleavage of the phosphate group upon
CID-MS/MS may be both beneficial (i.e., to allow determination
of the presence of a phosphopeptide from within a complex
mixture) and detrimental (i.e., when they preclude the formation
of sequence ions from which information can be obtained for
peptide identification and localization of the phosphorylation
site). Therefore, with the knowledge of the gas phase chemistry
responsible for the formation of these neutral loss product ions,
the overall analytical strategy and dissociation method employed
for phosphoproteome analysis may be improved or tailored to
meet the needs of the experiment. For example, nonsequence
product ions derived from phosphate group losses have been
widely used as “diagnostic’” markers to indicate the presence
of phosphorylated peptides in mixtures, thereby enabling the
development of “triggered” CID-MS?® analyses or MS/MS
activation employing alternate dissociation techniques (e.g.,
ECD; see Fig. 2 arrows connecting MS/MS methods to their
respective diagnostic ions and then to other MS/MS or MS?
methods; Chang et al., 2004; Schroeder et al., 2004; Wolschin
et al., 2005; Beausoleil et al., 2006; Kocher et al., 2006; Olsen
et al., 2006; Sweet, Creese, & Cooper, 2006; Williamson,
Marchese, & Morrice, 2006; Lee et al., 2007). Since these
analysis strategies are highly dependent on formation of the
neutral loss product ions as abundant species, the ions subjected
to the initial CID-MS/MS step would preferably be those with
limited proton mobility (e.g., singly protonated tryptic phospho-
peptide ions). Conversely, to decrease the likelihood for
observation of selective phosphate group cleavage reactions,
such that detailed sequence information for peptide identification
and phosphorylation site localization may be directly obtained
(either by repeated CID-MS/MS or subsequent ECD-MS/MS),
the analysis of precursor ions with increased proton mobility
(e.g., highly multiply charged ions) are preferred.

(1) CID-MS/MS

Unfortunately, even when sequence ions are observed, unambi-
guous phosphorylation site assignment using CID-MS/MS may
be complicated by the various fragmentation mechanisms by
which the aforementioned phosphate neutral losses are formed.
In particular, the presence of sequence ions that have undergone
subsequent phosphate neutral loss (e.g., b,-80 or b,-98)
can complicate phosphate site interpretation since they are
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isostructural to other nonphosphorylated ions. For example,
sequence ions that have also undergone the loss of H,O from a
nonphosphorylated residue within a particular phosphopeptide
isomer may be easily confused with sequence ions that
have undergone the loss of H3PO,4 from a phosphorylated residue
within a different phosphopeptide isomer of the same peptide.
Additionally, sequence ions that have undergone the neutral loss
of HPOj; are indistinguishable from nonphosphorylated residues
(Palumbo & Reid, 2008).

Furthermore, the reliability of phosphate-intact sequence
ions in CID-MS/MS spectra employed for phosphorylation site
localization may also be compromised due to the potential for
intramolecular gas phase phosphate group transfer, as described
above. In particular, phosphate group transfer is more likely
to be observed under collisional activation conditions on
the millisecond timescales (Palumbo & Reid, 2008); hence,
phosphorylation site assignments by CID-MS/MS are more
likely to be correct using QqQ or qTOF mass spectrometers
(microsecond timescale ion activations) rather than on conven-
tionally-operated quadrupole ion traps. As described above
however, the likelihood of an incorrect assignment due to
phosphate migration following CID-MS/MS can be greatly
minimized in ion trap mass spectrometers by selection of an
appropriate (i.e., high) precursor ion charge state, since the
phosphate group transfer reaction is predominantly observed
only under conditions of limited proton mobility (Palumbo &
Reid, 2008).

(2) CID-MS/MS-data dependent methods

When the formation of b- and y-sequence product ions are
suppressed by formation of the dominant 98 Da neutral loss
nonsequence product ion, thereby precluding the ability to
directly determine the sequence of the phosphopeptide or to
localize the site of phosphorylation within the peptide from the
CID-MS/MS spectrum, several alternative ‘data-dependant”
acquisition methods have been developed to obtain the required
structural information.

One of these methods involves automatically subjecting the
initial CID-MS/MS 98 Da neutral loss product ion to either
multistage CID-MS/MS (i.e., MS?) or “pseudo-MS3” (Fig. 2
MS? methods) in ion trap mass spectrometers in a data dependent
mode of operation (Chang et al., 2004; Schroeder et al., 2004;
Wolschin et al., 2005; Olsen et al., 2006; Lee et al., 2007). CID-
MS? entails isolation and further fragmentation of the neutral loss
species, whereas pseudo-MS? involves simultaneous activation
of the precursor ion and the resultant 98 Da neutral loss product
ion during a single CID-MS/MS event (Schroeder et al., 2004).
Therefore, the pseudo-MS® product jon spectrum contains a
“composite’ of the product ions generated by fragmentation of
both the precursor ion and the initial neutral loss product ion.
These strategies are, however, highly dependent upon the
resultant product ion structure and the mechanism(s) by which
it is formed. Although the resultant CID-MS? or “pseudo-MS>”
production spectra may provide additional sequence information
for peptide identification, to unambiguously assign the site of
phosphorylation by these methods, the product ions formed
following CID-MS® or “pseudo-MS*” must reflect the phos-
phorylation site of the phosphopeptide that was originally
introduced to the mass spectrometer. Thus, given the different
pathways by which the 98 Da neutral loss product ion may be
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formed (e.g., via the direct loss of H3PO, or by the consecutive
losses of HPO5; and H,0), as well as due to the potential for
intramolecular phosphate group transfer prior to the direct loss of
H;PO,, phosphorylation site assignment by these methods may
be ambiguous or erroneous. This rationale is supported by several
recent studies that have reported a limited usefulness of CID-MS?
for phosphorylation site assignment (Beausoleil et al., 2006; Li
et al., 2007).

As an alternative to the use of CID-MS3, the observation of
98 Da neutral loss product ions upon CID-MS/MS has also been
used to trigger the acquisition of an ECD-MS/MS spectrum on
the original precursor ion (Fig. 2 shown with arrow connecting
diagnostic ions to ECD MS/MS) in an FT-ICR mass spectrom-
eter, under which conditions the phosphate group remains intact
(Sweet, Creese, & Cooper, 2006; Sweet & Cooper Helen, 2009).
Once again however, as the sensitivity and overall utility of this
analysis strategy is highly dependent on the observation of
the initial neutral loss product ion as an abundant species, the
precursor ions initially subjected to CID-MS/MS would
preferably be those with limited proton mobility (e.g., singly
protonated tryptic phosphopeptide ions). However, singly
charged precursor ions are not amenable to ECD, thereby placing
potential limitations on this approach, unless an improved data
dependant CID/ECD acquisition strategy could be developed to
automatically select a high charge state precursor ion for ECD-
MS/MS based on the information obtained by initial CID-MS/
MS of low charge state precursor ions.

(3) Chemical derivatization and CID-MS/MS

To circumvent limitations associated with the lability of the
phosphate group upon CID-MS/MS, other phosphopeptide
characterization strategies have been developed involving
the use of chemical derivatization and conversion of the
phosphopeptides, prior to CID-MS/MS. One of the simplest
derivatization techniques involves B-elimination of phosphate
groups to form the dehydrated species (dehydroalanine for
phosphoserine and dehydroaminobutyric acid for phosphothreo-
nine) under alkaline conditions, followed by Michael addition
with a nucleophile to produce a modified amino acid side chain
that is stable under CID-MS/MS conditions (Meyer et al., 1986).
This method has been adapted such that dithiol nucleophiles may
act as crosslinkers between modified peptides and affinity
materials such as biotin or solid phase resins allowing for both
phosphopeptide enrichment and altered CID gas phase fragmen-
tation behavior (Goshe et al., 2001; Oda, Nagasu, & Chait, 2001;
McLachlin & Chait, 2003; Thaler et al., 2003). This approach has
also been used to transform phosphorylated serine residues to
aminoethyl cysteine, a lysine mimic (Knight et al., 2003). By this
method, the formerly phosphorylated sites can be targeted for
proteolysis by trypsin and the formerly phosphorylated peptides
are subsequently identified by sequence analysis of the CID-MS/
MS spectra. Alternatively, other methods have involved con-
version of the phosphate group to introduce 2-dimethylaminoe-
thanesulfoxide or S-pyridylethyl groups, followed by CID-MS/
MS, giving rise to characteristic protonated dimethylaminoetha-
nesulfenic acid (m/z 122.06; Steen & Mann, 2002) or protonated
vinylpyridine (m/z 106; Arrigoni et al., 2006) product ions,
respectively. Note however, that the abundance of these
characteristic product ions are also dependent upon the proton
mobility of the peptide precursor ion and as a result, they may not
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be universally detected. Furthermore, due to their low m/z, these
methods may not be applicable for detection in ion traps under
typical CID conditions. Drawbacks for all of these techniques
also exist since (i) O-linked sugars and nonphosphorylated
serine and threonine residues may also undergo elimination,
(i) phosphotyrosine does not undergo elimination, and
(iii) precautions that may be taken to reduce the elimination of
nonphosphorylated residues may cause limited conversion
efficiency of the phosphorylated residues (McLachlin & Chait,
2003).

Since the involvement of gas phase interactions between the
phosphate groups and side chains of basic residues have been
demonstrated to be involved in the phosphorylated side chain
cleavage reactions (Jackson, Wang, & Woods, 2005; Jackson
et al., 2006; Palumbo & Reid, 2008; Palumbo, Tepe, & Reid,
2008), other derivatization approaches that block these inter-
actions may also be used to decrease the lability of the phosphate
group upon CID. Indeed, reaction with malondialdehyde has
been used to decrease the basicity of arginine in phosphorylated
peptides and CID-MS/MS of these derivatized phosphopeptides
resulted in a decrease in the abundance of the 98 Da neutral
loss species and a corresponding increase in the phosphate-
containing b- and y-type product ions (Leitner, Foettinger, &
Lindner, 2007). Gronert et al. have also shown that protonated
phosphopeptides may react in the gas phase with alkoxy-boron
species in an ion-molecule reaction (Gronert, Huang, & Li, 2004;
Gronert, Li, & Horiuchi, 2005). CID-MS/MS of the resulting
[M +B-H]" derivatized peptide ions results in phosphopeptide
backbone fragmentation and inhibits the loss of H;POy,, thereby
decreasing the ambiguity of phosphorylation site assignment
by CID.

d. Product ions formed via selective backbone cleavage
adjacent to the phosphorylated amino acid residue. Recently,
Gehrig et al. (2009) have reported a significant increase in the
abundance of y-type ions resulting from enhanced bond cleavage
on the C-terminal side of phosphothreonine or phosphoserine in
arginine-, and to a lesser extent, lysine-containing phospho-
peptides under non-mobile protonation conditions, by using
MALDI-CID TOF/TOF and ion trap based ESI-CID MS/
MS. Cleavages at phosphoamino acids were found to be
particularly predominant at pSer/pThr—Pro bonds, similar to
that previously described for enhanced cleavage C-terminal
to Asp residues in non-phosphorylated peptides (Kapp et al.,
2003).

2. MALDI Post-Source Decay (PSD). Post-source decay
(PSD) has also been used for phosphopeptide characterization
(Fig. 2(3)). PSD involves the dissociation of a metastable
precursor ion in the field free region of a TOF instrument
(Kaufmann, Spengler, & Lutzenkirchen, 1993). Metastable ions
are those that are stable enough to exit the MALDI source, but
are not stable enough to survive the flight to the detector. The
resulting product ions are resolved by their difference in kinetic
energy (as aresult of their difference in mass) in a reflector TOF
(Tangetal., 1988). Ion activation for PSD is thought to originate
from different mechanisms, where those of major influence
occur in the source via photon-molecule interactions, matrix-
molecule interactions, temperature effects, etc. (Spengler,
1997).

611




= PALUMBO ET AL.

Similar to CID, PSD of peptide ions generally give rise to
sequence information as b- and y-type product ions (Rouse, Yu,
& Martin, 1995). For phosphopeptides, sequence ions and
nonsequence product ions resulting from the neutral losses of
98 Da (H3;PO,4 or HPO; + H,0) and 80 Da (HPOs) are typically
observed in positive ion mode (Fig. 2(3b); Annan & Carr, 1996;
Hoffmann et al.,, 1999; Metzger & Hoffmann, 2000). The
phosphotyrosine-specific immonium ion has also been observed
by PSD in positive ion mode (Fig. 2(3a)). For example, Figure 8
shows the PSD spectrum of a singly protonated phosphotyrosine
containing peptide TRDIYETDpY YRK. Abundant nonsequence
product ions corresponding to the neutral losses of 98 Da
(assigned as M+ H-HPO3-H,O) and 80Da (assigned as
M + H-HPOs;) are observed, as well as sequence ions resulting
from sequential fragmentation of the phosphate group (e.g., y4-
80, labeled as y,®), and the phosphotyrosine-specific immonium
ion at m/z 216 (labeled as pY).

a. PSD gas phase ion chemistry of phosphorylated peptides
Similar to CID, the loss of 98 Da is more prevalent following
the PSD of phosphoserine- and phosphothreonine-containing
peptides than phosphotyrosine-containing peptides (Annan &
Carr, 1996). It has also been determined that the loss of
80Da occurs more readily for phosphorylated tyrosine-
containing peptides than for those containing phosphoserine
or phosphothreonine (Annan & Carr, 1996). Furthermore, the
ratio of the relative abundance of phosphate-intact sequence
ions versus their “dephosphorylated” counterparts (e.g., b,-80
and b,-98) is high for phosphotyrosine-containing peptides
and varies for phosphoserine- and phosphothreonine-containing
peptides (Annan & Carr, 1996; Hoffmann et al., 1999; Metzger &
Hoffmann, 2000). This is exemplified for the phosphotyrosine-
containing peptide in Figure 8, where most of the se-
quence product ions are found to retain the phosphate, whereas
the y4-80 ion is the only dephosphorylated sequence ion
observed.

Due to the similarities in CID and PSD production spectra, it
is likely that the mechanisms by which the phosphate neutral loss
product ions are formed are similar. Accordingly, it has been
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previously hypothesized that the neutral loss of 98 Da upon PSD
of phosphorylated serine- and threonine-containing peptides may
result from the direct loss of H3;PO, (98 Da) or from the
consecutive losses of HPOj3; from a phosphorylated residue and
H,O from a nonphosphorylated residue (with a combined loss of
98 Da; Annan & Carr, 1996; Schnolzer & Lehmann, 1997). As a
result, the observed neutral losses of 98 Da from phosphotyr-
osine-containing peptides upon PSD (as shown in Fig. 8) have
been assigned as being due to the combined neutral losses of
HPO; and H,O (Annan & Carr, 1996). Additionally, the
possibility of intramolecular phosphate group transfer from a
phosphorylated tyrosine to a formerly unmodified residue,
followed by loss of H3PO,, has also been proposed previously
for PSD (Metzger & Hoffmann, 2000). In that study, it was
demonstrated that the neutral loss of H;PO,4 depended on the
presence of aspartic acid and arginine residues. By this
observation it was proposed that the HPO3 group was transferred
from tyrosine to aspartic acid followed by cleavage, forming a
succinamide (Metzger & Hoffmann, 2000).

b. PSD analysis strategies and how they are impacted by the
chemistry. The use of phosphate neutral loss nonsequence
product ions in PSD spectra as diagnostic indicators of the
presence of phosphopeptides has previously been proposed
(Annan & Carr, 1996). Like CID, the overall utility and
sensitivity of these methods are dependent on the ability to
observe these ions as abundant species. Phosphopeptide
identification and phosphorylation site localization by PSD also
bears similar attributes to CID. For example, it has been
previously noted that b- or y-type product ions that undergo the
subsequent loss of HPO3; may easily be confused with non-
phosphorylated residues, and that b- or y-type product ions
that undergo the subsequent loss of H3;PO, are isostructural
with dehydrated serine and threonine residues, thereby compli-
cating phosphorylation site assignment (Annan & Carr, 1996).
Additionally, the possibility of consecutive losses of HPO3 and
H,O, or for phosphate group transfer, impose the same
ambiguities regarding phosphorylation site localization by PSD
as for CID.
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FIGURE 8. Reflectron-TOF PSD product ion spectrum of the singly protonated peptide TRDIYETD-
PYYRK, where ¢ = —80Da (HPOs); Y = tyrosine immonium ion; pY = phosphotyrosine immonium ion.
Reproduced from Annan and Carr (1996) with permission from American Chemical Society, copyright 1996.
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3. Photodissociation. Tons in the gas-phase may be excited and
subsequently dissociated by absorption of photons. Photodisso-
ciation (PD) techniques may be relatively selective in compar-
ison to the aforementioned techniques, as only ions that absorb
the wavelength of the light used are activated. These techniques
are most often used with ion trapping mass spectrometers,
because they allow for ions to be confined to the area irradiated by
the light.

a. Infrared multiple-photon dissociation (IRMPD). Ion activa-
tion may be achieved using infrared lasers (Brodbelt & Wilson,
2009; Eyler, 2009). Due to its relatively low energy (~0.1eV/
photon), the absorption of multiple IR photons (tens to hundreds)
are required for ion dissociation. Ions are typically irradiated for
tens to hundreds of milliseconds for a continuous-wave CO,
(10.6 pm) laser. Like CID, IRMPD is a “slow heating”” method
and allows for intramolecular energy redistribution over all of
the vibrational degrees of freedom prior to the next photon
absorption event (McLuckey & Goeringer, 1997). As a result,
ergodic dissociation of low-energy pathways predominates
and the resulting spectra are generally comparable with those
obtained by CID.

Since the P—O stretch (9.6—11 pm) is in resonance with
10.6 pum light, the phosphate groups of phosphorylated peptides
provide strong chromophores for efficient dissociation by
IRMPD (Little et al., 1994; Flora & Muddiman, 2004); hence,
IRMPD has been used for phosphopeptide characterization
(Fig. 2(4)). A representative IRMPD spectrum acquired in an
ion trap for a doubly protonated phosphotyrosine containing
peptide TRDIYETDYpYRK, is shown in Figure 9A. For
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comparison, the CID-MS/MS spectrum of the same peptide is
also shown (Fig. 9B). It can be seen that the types and
abundances of the various product ions, including those
corresponding to the dominant nonsequence neutral loss of
98 Da from the precursor ion and sequence ions resulting from
sequential neutral loss of the phosphate group, and the overall
sequence coverage, are similar for both IRMPD and CID spectra
(Crowe & Brodbelt, 2004). However, as IRPMD can be
performed relatively independently of the low mass cutoff that
is inherent to CID in the ion trap, more product ions are observed
in the low m/z region for the IRMPD spectrum than that
from CID.

Although the selective detection of phosphorylated peptides
from mixtures by using IRMPD has been achieved via the
observation of characteristic 80 and 98 Da neutral loss species
(Fig. 2(4b); Flora & Muddiman, 2001, 2002; Chalmers
et al., 2003; Crowe & Brodbelt, 2004), the same complications
for phosphopeptide sequencing and phosphorylation site
characterization that were discussed above for CID and PSD
are also present for IRMPD.

b. Ultraviolet photodissociation (UVPD). Photodissociation in
the UV range has targeted common chromophores such as the
amide bonds of a peptide using 193 and 157 nm light, as well as
residue-specific chromophores such as aromatic amino acids
using 220, 266, and 280 nm light (Reilly, 2009). Phosphopeptide
analysis using UVPD has been performed using 157 nm (Kim &
Reilly), 193 nm (Shin, Moon, & Kim, 2010), 220 nm (Lemoine
et al., 2006), and 266 nm (after derivatization with a chromo-
phore; Diedrich & Julian, 2008) light (Fig. 2(5)).
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FIGURE 9. lon trap (A) IRMPD-MS/MS and (B) CID-MS/MS (here termed “CAD”’) product ion spectra
of the doubly protonated TRDIYETDYpYRK peptide from the kinase domain of insulin receptor protein,
where * = precursor ion. Reproduced from Crowe and Brodbelt (2004) with permission from American

Society for Mass Spectrometry, copyright 2004.
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One study by Lemoine et al. (2006) demonstrated that
220 nm UVPD of peptides containing unmodified tyrosine (as the
chromophore) and phosphorylated serine residues (5.64eV/
photon) results in predominant homolytic cleavage of the
tyrosine side chains, with loss of the phosphate group
greatly minimized. The formation of the radical product ion at
this wavelength was to an extent expected since nonphosphory-
lated tyrosine-containing peptides have also been shown to give
rise to similar cleavages (Tabarin et al., 2005). Similarly, Kim
and Reilly (2009) have recently shown that UVPD of singly
protonated phosphoserine- and phosphothreonine-containing
peptide ions at 157 nm (7.90 eV/photon) results in predominant
formation of the neutral loss of 98 Da from the precursor ion,
whereas phosphotyrosine-containing peptides largely retain the
phosphate group. Interestingly, time-resolved detection of
the UVPD product ions demonstrated that the nonsequence
product ion resulting from the neutral loss of 98 Da from the
precursor ion was formed at considerable abundances within
300ns (the measurable limit) post-photoexcitation, whereas
product sequence ions (a-, b-, x-, y-, and z-ions) were found
to largely retain the phosphate group for up to 1psec post-
photoexcitation (Kim & Reilly, 2009). These results further
demonstrate the lability of the phosphoester bond upon
dissociation and its timescale dependence for the formation
of nonsequence and sequence product ions. Additionally, a
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complete series of phosphate-intact sequence ions were observed
for all of the model phosphopeptides analyzed by this method
(Kim & Reilly, 2009). Collectively, these observations demon-
strate the potential of this strategy for phosphoproteome analysis,
since the observed 98 Da neutral loss nonsequence product
ion may be used as a diagnostic indicator for the presence
of phosphorylated peptides, whereas the complete series of
sequence ions with intact phosphate groups allows for unam-
biguous phosphorylation site assignment.

Diedrich and Julian (2008) have developed an alternative
UVPD approach, involving conversion of the phosphate group by
B-elimination of the phosphate group followed by introduction of
a UV-absorbing sulthydryl-containing napthyl chromophore by
Michael addition prior to dissociation (Fig. 10A). Upon UVPD at
266 nm of singly deprotonated or multiply protonated ions, the
chromophore allows for enhanced absorbance of the formerly
phosphorylated peptides. Furthermore, the carbon sulfur bond
connecting the label to the peptide is susceptible to homolytic
cleavage of this bond and subsequent loss of the napthylsulfide
radical, upon photodissociation (Fig. 10A, also see Fig. 10B
where the resultant product ion is labeled with a }; Diedrich &
Julian, 2008). This ion could be used as a diagnostic indicator of
the presence of phosphopeptides. Interestingly the only sequence
ions observed in the product ion spectrum were those resulting
from consecutive cleavage of the napthylsulfide radical and the
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FIGURE 10. Analysis of napthyl chromophore-derivatized phosphorylated serine and threonine peptides
by UVPD at 266 nm in an ion trap. A: Analysis strategy beginning with -elimination of phosphoserine and
phosphothreonine peptides followed by Michael addition to form the napthyl-derivatized labeled peptides.
UVPD of the derivatized peptides results in selective cleavage of the chromophore and radical-induced
cleavage allows for the selective formation of sequence ions adjacent to the formerly phosphorylated
residue. B: UVPD-MS/MS product ion spectrum of the singly deprotonated peptide KEAPPAPPEpSP.
1 =1loss of napthylsulfide and —E* = loss of glutamic acid side chain. Reproduced from Diedrich and Julian
(2008) with permission from American Chemical Society, copyright 2008.
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peptide backbone adjacent to the former position of the label (see
Fig. 10B, the singly deprotonated peptide KEAPPAPPEpSP
modified at the serine residue gave rise to the loss of
napthylsulfide (i) and the do-2H, ao-2H, and d;o-2H sequence
ions; Diedrich & Julian, 2008). The production of these site-
specific sequence ions were proposed to occur by the mechanism
shown in Figure 10A, where the radical in the B-position (post-
napthylsulfide cleavage) induces adjacent backbone fragmenta-
tion (Diedrich & Julian, 2008). Such site-specific sequence ions
could allow for unambiguous assignment of the phosphorylation
site within a grouping of potential phosphorylation sites.
Although this method would incur the drawbacks of other
B-elimination strategies, the possibility for enhanced absorption,
selective fragmentation and the production of characteristic
site specific product ions makes it an attractive method for
phosphopeptide characterization.

Site-specific dissociation of non-derivatized phospho-
peptides at the site of the phosphorylated residue(s) has also
been recently demonstrated by Shin, Moon, and Kim (2010), by
using UVPD at 193 nm. In that study, phosphorylated peptides
containing a basic residue (arginine, lysine, and histidine) at the
N-terminus of the peptide resulted in the selective formation of
intense a,+ 1-98 ions solely at phosphorylated residues. An
example is shown in Figure 11, where dissociation of the singly
protonated triply phosphorylated peptide RLpTpSTpSSF
resulted in the formation of az;+ 1-98, a, + 1-98, and a5+ 1-98
ions (labeled as a,, + 1-H3POy) resulting from phosphorylation
site-specific dissociation. Note that a5+ 1-98 and a; + 1-98 ions
are not observed in the spectrum. UVPD of the analogous
hydrogen-deuterium exchanged phosphopeptide (H/D exchange
completed in solution) demonstrated that the a,+ 1-98 ions
were formed via H3PO4 loss from the a, + 1 radical cation
(a,+1—a,+ 1-D3PO,, 101 Da; Shin, Moon, & Kim, 2010).
Importantly, since these ions form selectively at the phosphory-
lation sites, they could be used to localize the phosphorylation
sites of peptides with multiple serine, threonine, and tyrosine
residues.
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FIGURE 11. 193 nm UVPD-MS/MS product ion spectrum (subtracted
from a laser-on spectrum) of the singly protonated, triply
phosphorylated peptide RLpTpSTpSSF collected on a TOF/TOF.
Phosphorylated residue-specific cleavage ions are observed resulting
from phosphate loss in the form of H;PO, from a,+ 1 radical ions.
Reproduced from Shin, Moon, and Kim (2010) with permission from
Elsevier, copyright 2010.
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c. Femtosecond laser-induced ionization/dissociation (fsLID)
A new photodissociation technique which has been recently
applied to the analysis of phosphopeptides is fsLID (Fig. 2(6);
Kalcic et al., 2009). In fsLID, the photons of a near-IR laser
(A=798 £+ 30 nm, ~1.55 eV/photon) are concentrated into ultra-
short pulses (~35 fsec) to enable very high photon intensities
(~10"*'W/cm?) for ion activation. With such a high-power
femtosecond laser, novel activation processes may be accessible
by fsLID. Additionally, since fsLID is capable of satisfying the
threshold energy for ion oxidation (electron removal) on
a timescale similar to or faster than that of bond vibrations
(commonly 10—-100 fsec; Zewail, 2000), it is hypothesized that
dissociation can occur via non-ergodic pathways, enabling
nonselective fragmentation and retention of labile functional-
ities, such as phosphate groups.

Kalcic et al. (2009) have shown that fsSLID-MS/MS of singly
and multiply protonated phosphorylated peptides (and non-
modified tryptic peptides) in a modified QIT results in the
formation of numerous sequence product ions, including those of
the a-, b-, c-, x-, y-, and z-type. It was determined, by using MS?,
that many of these sequence ions were formed as a result
of radical-driven dissociation of the photo-oxidized precursor
(Kalcic et al., 2009). Importantly, this study showed that fsLID-
MS/MS analysis of phosphorylated peptides produces sufficient
sequence information to unambiguously identify phosphoryla-
tion sites, despite the relatively low fragmentation efficiency in
the first generation embodiment of this instrumentation. Addi-
tionally, there was no evidence for phosphate group transfer upon
fsLID-MS/MS of a phosphopeptide that had previously been
shown to readily undergo the transfer reactions under CID-MS/
MS conditions (Kalcic et al., 2009).

An example fsLID spectrum of the singly protonated
phosphoserine containing peptide LNQSpSPDNVTDTK is
shown in Figure 12A. In this spectrum, a photo-oxidized product
(M + H]2+‘), and numerous a-, b-, c-, and x-type sequence
ions providing complete sequence coverage, are observed.
Importantly, in contrast to the spectrum obtained by CID-MS/

x30

39100_ A bs b; ¢ ¢y MH

= 30

@ 2+a

] M+H) XipXg X7

3

L 44 MeHP [M+HHOJ: [2M2H]

g vd i / xS z C. 'NH@'

g | T R Tl

E Co 11‘;!'. E"512"1\2“-, i i
1007 b, by 98

B B H,00

Q LNOFPSk’DNV DITK

[ = bH

3 Yo Ys ¥s

5

F=

2 x10 ~116(0)

2 Ys Yo M+H)*

= a by Yio% b1 -134s0) ;

© ¥s v of bs°; ot £ by® 2H,

T 1 I A BT |

4 ul L bl et ol bt

500 600 700 800 900 1000 1100 1200 1300 1400 1500
m/z

FIGURE 12. Product ion spectra of the singly protonated precursor ion
of the synthetic “tryptic” peptide LNQSpSPDNVTDTK obtained by (A)
Ion trap fsSLID-MS/MS and (B) CID-MS/MS. A = —98 Da (-H;PO4 or —
(HPO3 +H,0)); O =-18Da (-H,0); *=-17Da (NHj);
M = +80Da (+HPO3).
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MS of the same peptide (Fig. 12B), the sequence product ions
observed by fsLID were all found to retain the phosphate group in
the correct location (i.e., no evidence for phosphate group
transfer) and therefore enabled unambiguous phosphorylation
site determination.

Although the mechanisms associated with both ionization
and dissociation have yet to be elucidated, plausible ionization
mechanisms for fsLID include multi-photon ionization (MPI)
and field ionization. Due to the time scale for energy deposition,
the MPI process could occur on so short a timescale as to be non-
ergodic, allowing for labile groups to be conserved. Also, given
the high power at its focus, fsSLID might also be capable of
ionizing species through field ionization, which could occur if the
electric field produced by the photon packet warps ion potential
energy surfaces to an extent that the ions may incur the loss of an
electron.

4. Electron-Driven Dissociation Methods. Tandem mass
spectrometry methods that involve dissociation by electron-ion
reactions (ECD, EDD) or ion-ion reactions (ETD) as the
“activation” component of the MS/MS experiment have also
been used for phosphoproteomic analyses. These techniques
have been shown to largely maintain the phosphate group upon
dissociation of the precursor ions and therefore overcome the
potential problems associated with CID, PSD, and IRMPD.
However, as these techniques all involve charge state reduction
by the addition or loss of an electron, these approaches are limited
to the analysis of multiply charged precursor ions.

a. Electron capture dissociation (ECD). Electron capture
dissociation (ECD) involves exothermic capture of a low energy
electron (<0.2eV) by a multiply positively charged species
followed by dissociation of the resultant odd electron ion
(Zubarev, Kelleher, & McLafferty, 1998). Since the electron
capture process requires low energy electrons (<10eV) and long
interaction times, the application of ECD was traditionally
confined to instruments that employ static electromagnetic fields
that avoid energizing or heating electrons, such as FTICRs.
Recently however, the addition of magnetic fields to ion traps
have allowed for ECD in such electrodynamic trapping instru-
ments (Baba et al., 2004; Silivra et al., 2005; Satake et al., 2007)
and the use of ECD in a digital ion trap mass spectrometer has
also been reported (Ding & Brancia, 2006).

Protonated precursor ions with z>2 are required for
ECD-MS/MS because charge reduction of a singly protonated
precursor ion would result in an undetectable neutral species.
Furthermore, multiply protonated precursor ions formed by ESI
are favored for ECD since the electron capture cross section is
proportional to the square of the ion charge (Zubarev et al., 2000).
Additionally, there have been reports of limited dissociation of

HoN

doubly protonated precursor ions despite the expected high
efficiency of electron capture (Chalmers et al., 2004; Kweon &
Hakansson, 2008). This has been rationalized as being due to
the potential for noncovalent interactions (e.g., salt bridges) that
prevent the separation of the product ion pairs within the
charge reduced product that are formed following the ECD
reaction (Chalmers et al., 2004). To overcome such noncovalent
interactions and increase the extent of dissociation, McLafferty
and co-workers have introduced activated ion-ECD (AI-ECD)
which involves ion heating before, during, or after the
ECD process (Horn, Ge, & McLafferty, 2000a). Additionally,
supplemental activation of the newly formed charge-reduced
precursor ion by using CID may be performed simultaneous to
the ECD experiment in ion traps (termed ECD + CID) allowing
for increased fragmentation efficiency and reduction of the
multiple electron capturing events that otherwise may be
observed while performing ECD in a linear ion trap (Bushey,
Baba, & Glish, 2009).

The mechanism for bond dissociation by ECD is dictated by
radical reaction chemistry, and for peptides this largely results in
the formation of c- and z-type product ions. A mechanism for the
N-C,, cleavage has been previously proposed and is shown in
Scheme 6 (McLafferty et al., 2001), where a H' produced at the
site of the initial electron capture is transferred to a backbone
carbonyl group followed by cleavage to form c- and z-ions.
However, other proposed mechanisms for N-C,, cleavage have
also been proposed, including direct dissociation upon electron
capture at the bond, or H' capture by the nitrogen atom (Zubarev
et al., 2002). Importantly, ECD occurs in a faster timescale
than internal energy distribution (<10~'*sec). Therefore, non-
selective fragmentation is achieved rather than kinetically
controlled fragmentation (as observed in CID, PSD, and
IRMPD). For this reason, ECD of multiply protonated phospho-
peptide ions results in retention of the phosphate group upon
fragmentation (Stensballe et al., 2000; Shi et al., 2001). As
a result, ECD-MS/MS has been used for phosphopeptide
identification and unambiguous phosphorylation site assignment
(Fig. 2(7); Sweet et al., 2008, 2009). The effectiveness of
deriving phosphorylation sites from ECD-MS/MS spectra
is demonstrated in Figure 13, which shows an ECD-MS/MS
spectrum of two HPLC-co-eluting tryptic phosphopeptide
isoforms of LLGSSFSSGPVADGIIR from human Sprouty 2,
isolated from human kidney cells (Sweet et al., 2008). In this
spectrum, almost complete sequence coverage is observed,
readily allowing for peptide identification. In fact, the only c- and
z-ions absent relate to cleavage N-terminal to proline, which are
rarely observed since this would require cleavage through the
ring (Cooper et al., 2003). Phosphorylation site identification for
these peptides is easily achieved, using the series of adjacent z5,
713, and zy4 ions. The presence of two z;3 ions, one containing a
phosphate group (labeled z,5) and one unmodified (labeled z5 ),

H,N H,N
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SCHEME 6. Previously proposed fragmentation mechanism for the production of c- and z-type product
sequence ions for the reaction between a low-energy electron with a multiply protonated peptide ion.
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FIGURE 13. FTICR ECD-MS/MS product ion spectrum of HPLC-co-
eluting doubly protonated precursor ions of LLGpSSFSGPVADGIIR
and LLGSpSFSGPVADGIIR phosphopeptide from human Sprouty 2, a
regulator of receptor tyrosine kinase signaling. The two isoforms were
determined from the presence of the phosphate lacking z;3* and
phosphate containing z;3 product ions. “z,e” represents product ions
formed by an ECD mechanism such as that shown in Scheme 6.
Reproduced from Sweet et al. (2008) with permission from American
Chemical Society, copyright 2008.

allow unambiguous localization of the phosphorylation sites for
the two phosphorylated isoforms LLGpSSFSSGPVADGIIR
and LLGSpSFSSGPVADGIIR (Sweet et al., 2008). Moreover,
although ECD fragment intensities are not necessarily quantita-
tively indicative of precursor ion abundance, the higher
abundance of the z;3 ion containing the phosphate group
compared to that of the unmodified z;3 ion suggests that the
LLGpSSFSSGPVADGIIR is the more abundant isoform (Sweet
et al., 2008).

Since the phosphate group is maintained by ECD and is
generally lost by CID, Cooper and co-workers have proposed and
demonstrated the combined utility of these processes through
automatic triggering of an ECD-MS/MS spectrum of a proto-
nated precursor ion following an initial observation of the neutral
loss of 98 Da by CID (Fig. 2(2) resulting in 2b and subsequent
triggering of 7; Sweet, Creese, & Cooper, 2006; Sweet et al.,
2009). However, as noted earlier, the overall sensitivity of this
method is dependent on the abundant formation of the phosphate
neutral loss product ion by CID to initiate the triggering event
(Sweet et al., 2009). Therefore, considering that the neutral loss
of 98Da upon CID-MS/MS is predominantly observed for
peptide precursor ions with low proton mobility (low charge state
relative to the number of basic residues; DeGnore & Qin, 1998;
Tholey, Reed, & Lehmann, 1999; Palumbo, Tepe, & Reid, 2008;
Villen, Beausoleil, & Gygi, 2008), this technique is best suited
for the analysis of doubly protonated, phosphorylated serine or
phosphorylated threonine peptides. Accordingly, Sweet et al.
have shown in a recent large-scale phosphoproteome study that
ECD triggering was unsuccessful when the neutral loss was not
dominantly observed, for tyrosine-phosphorylated peptides, and
when the neutral loss peak was outside the five most intense peaks
observed in the CID spectrum (Sweet et al., 2009).

b. Electron transfer dissociation (ETD). Electron transfer
dissociation (ETD) is similar to ECD in that it also induces
relatively non-selective cleavage of the N—C,, bond on a peptide’s
backbone producing c- and z-product ions, while maintaining
phosphate groups and other potentially labile modifications
(Syka et al., 2004). However, rather than involving the direct
capture of an electron, ETD involves transfer of an electron to the
multiply protonated precursor ion from a singly charged radical
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anion. The use of electron donors makes ETD amenable for use in
quadrupole ion trap mass spectrometers which utilize rf fields
for simultaneous storage and reaction of ions with positive and
negative polarities. Since anthracene, fluoranthene, and azoben-
zene have relatively low electron affinities (<60—70 kcal/mol),
these reagents have been successfully used as electron donors for
ETD (Syka et al., 2004; Gunawardena et al., 2005; Chi et al.,
2007; Good et al., 2007). After electron transfer to a protonated
peptide, the mechanism for dissociation of the N-C, bond is
thought to be the same as that for electron capture (Scheme 6;
Syka et al., 2004).

ETD has been successfully used for phosphoproteome
analysis (Fig. 2(8)), enabling phosphoprotein identification and
phosphorylation site localization (Chi et al., 2007; Molina et al.,
2007; Swaney et al., 2009; Yang et al., 2009). A representative
ETD-MS/MS product ion spectrum of the triply protonated
doubly phosphorylated peptide HEVSASpTQpSTPASSR is
shown in Figure 14. In addition to formation of abundant non-
dissociated charge-reduced radical cations ([M -+ 3H]*" and
[M 4 3H]"™), almost complete sequence coverage is attained,
readily allowing for sequence identification and phosphorylation
site localization. Notably, while the sequence coverage of this
peptide by ETD was found to be essentially the same as that for
CID (compare Fig. 14 with Fig. 7C), no product ions were
observed corresponding to sequential loss of the phosphate group
from the sequence product ions, or migration of the phosphate
group in the ETD spectrum (note that phosphate group migration
was seen in the CID spectrum only for the singly and doubly
protonated precursor ions).

The performance factors associated with ETD have been
previously discussed by Good et al. (2007). In that study, the most
significant factor governing ETD peptide fragmentation
efficiency was determined to be the charge density or the
charge/residue ratio of the precursor ion, where low charge
density gave rise to low fragmentation efficiencies. Accordingly,
less than 1% of unmodified peptides identified by ETD were
derived from doubly protonated precursor ions (Good et al.,
2007). In another large-scale analysis, Swaney, McAlister, and
Coon (2008) similarly demonstrated that ETD is most effective
for precursor ions with low m/z (high charge density). This
apparent trend of decreased ETD fragmentation efficiency for
precursor ions with low charge density has been attributed
to formation of the non-dissociated (intact) charge-reduced
radical cation (e.g., [M+2H]*" — [M+2H]™; Good et al.,
2007; Swaney et al., 2007). To increase the ETD efficiency of
doubly protonated precursor ions and other peptide ions with low
charge density, the application of supplemental low-energy

C; Cg C;C5 Cy
g% et HEMslAlsprlalps]T PaBBIR
Ts' % 72 Zs Z
§ 2M+3H] [ 3
.§ -H,0|
5 2 ¥ L €O
¢ L LB [[]E Lo iflliebei Tl 1k
300 500 700 900 1100 1300 1500 1700

m/z

FIGURE 14. Ion trap ETD-MS/MS product ion spectrum of the triply
protonated precursor ion of the synthetic peptide HEVSASpTQpST-
PASSR.

617




®  PALUMBO ET AL.

collisional activation of these charge reduced radical cations has
been employed (Swaney et al., 2007). By using this hybrid
technique, termed ETcaD, Molina et al. have demonstrated that
60% of nonmodified peptides identified from a tryptic digest of
48 proteins were from the doubly protonated precursor ions
(Molina et al., 2008). Furthermore, it has been shown that ETcaD
provides an improvement for nonmodified peptide identification
(89%) over CID (77%) or ETD (63%) alone (Swaney et al.,
2007). In that study, ETcaD of doubly protonated phosphorylated
peptide ions was also examined. Not surprisingly, the product ion
formed from the neutral loss of 98 Da was the most abundant ion
present, while neutral losses of 98 Da from the c- and z-type
product ions were also observed (Swaney et al., 2007). As a
result, the use of ETcaD could incur similar limitations for
phosphorylation site assignment as conventional CID.

Since both the charge and length of the peptide ion largely
affects ETD efficiency, Molina et al. (2007) have studied how
the chosen proteolytic enzyme affects ETD for phosphopro-
teome analyses. In particular, they compared trypsin (cleavage
C-terminal to arginine and lysine), Lys-C (cleavage C-terminal
tolysine), and Glu-C (cleavage C-terminal to glutamic acid, and
to a lesser extent aspartic acid). Due to the more limited
cleavage specificity, it is expected that Lys-C would produce
peptides with more basic residues and therefore higher charge
than their trypsin counterparts, thereby increasing the number
of phosphopeptides that could be identified using ETD.
However, it was found that Lys-C and trypsin performed
similarly. This was attributed to inefficient trypsin digestion
near phosphorylated residues, resulting in phosphopeptides
with similar peptide lengths and protonation states as Lys-C
peptides (Molina et al., 2007). Molina et al. (2007) also studied
the effects of Glu-C for ETD analysis of phosphopeptides, since
the average peptide length produced by Glu-C digestion is
thought to be between that of Lys-C and trypsin, and therefore
would produce peptides suitable for ETD. However, due to poor
cleavage specificity and efficiency, an order of magnitude less
phosphopeptides were identified using Glu-C as compared with
Lys-C and trypsin (Molina et al., 2007).

One limitation of ETD (as well as many of the other
aforementioned MS/MS methods) is that it is generally not
amenable to the analysis of peptide anions (Note added in proof:
An effective negative ion ETD strategy for phosphopeptide anion
characterization has recently been described by Huzarska et al.
(2010)). Moreover, phosphopeptides tend to ionize better in
negative ion mode than in positive ion mode, due to their
relatively low isoelectric points (Janek et al., 2001). Considering
these seemingly opposing points, Gunawardena, Emory, and
McLuckey (2006) have demonstrated charge inversion of singly
deprotonated phosphopeptide anions, by proton transfer reac-
tions with multiply protonated amino-terminated dendrimers to
form polycationic products in the gas phase for subsequent ETD
analysis. This strategy was particularly beneficial because the
phosphopeptides analyzed were either not present or present in
low abundance in the corresponding positive ion mode MS
spectra (Gunawardena, Emory, & McLuckey, 2006).

c. Electron detachment dissociation (EDD). Electron detach-
ment dissociation (EDD) is notable in that it allows for
fragmentation of polyanions directly. EDD involves reaction of
a polyanion with an electron (>10eV), inducing electron
detachment and resulting in a charge-reduced radical anion
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(Kjeldsen et al., 2005). Fragmentation of the radical anion is
governed by radical reaction chemistry and produces a- and
x-type product ions via cleavage of the C,—Ccaponyi bond
(Kjeldsen et al., 2005; Kweon & Hakansson, 2008). Like ETD
and ECD, EDD is a rapid and relatively non-selective
fragmentation method, and phosphorylated peptides generally
retain their phosphate group upon dissociation, allowing
for sequence and phosphorylation site assignment (Budnik,
Haselmann, & Zubarev, 2001; Kweon & Hakansson, 2008).
However, the fragmentation efficiency is generally lower than
that of ETD or ECD (Kweon & Hakansson, 2008). Figure 15
shows the EDD-MS/MS product ion spectrum of a doubly
deprotonated peptide, FQpSEEQQQTEDELQDK. The observed
sequence ions with intact phosphate groups comprise 9 of the
14 possible backbone cleavages and enable unambiguous
phosphorylation site assignment (using the x;3 and x4 product
ions). Similar to ECD and ETD, the non-dissociated charge-
reduced radical species ([M —2H] ) as well as an associated
CO; neutral loss species are also observed.

5. Metastable Atom-Activated Dissociation (MAD). Meta-
stable atoms produced by either fast atom bombardment or a
glow discharge source have also been used to impart energy to
precursor peptide ions for fragmentation in a technique termed
MAD or metastable-induced dissociation of ions (MIDI;
Misharin et al., 2005; Berkout, 2006; Berkout & Doroshenko,
2008; Cook, Collin, & Jackson, 2009). Misharin et al. have shown
that fragmentation of polycationic peptide ions with metastable
helium or argon atoms in an ion trap gives rise to c- and z-type
sequence ions, similar to ECD and ETD, and fragmentation of
polyanionic peptide ions by similar methods gives rise to a- and
x-type sequence ions, similar to EDD (Misharin etal., 2005). Asa
result, two mechanisms for MAD have been proposed: for
cations, electron transfer from the metastable atoms; and for
anions, electron detachment and de-excitation of the metastable
atom, that is, Penning ionization (see Eq. 1 where m* is the
metastable atom), each giving rise to radical-induced non-
ergodic peptide backbone fragmentation (Misharin et al., 2005).
In addition, Berkout and Doroshenko demonstrated that singly
protonated peptides also undergo fragmentation by interaction
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FIGURE 15. FTICR EDD-MS/MS spectrum of the doubly deproto-
nated precursor ion of FQpSEEQQQTEDELQDK. Reproduced from
Kweon and Hakansson (2008) with permission from American Chemical
Society, copyright 2008.

Mass Spectrometry Reviews DOI 10.1002/mas




with metastable atoms, substantiating the contribution of a
Penning ionization mechanism (Berkout & Doroshenko, 2008).
Similarly, Cook, Collin, and Jackson (2009) have recently
demonstrated extensive backbone fragmentation may be
achieved by MAD of both singly and doubly protonated peptides.
Notably, product ions including a-, b-, c-, x-, y-, z-types,
consecutive side-chain and backbone cleavage ions (d, v, and w),
and product ions resulting from through-ring cleavage of proline
were all observed (Cook, Collin, & Jackson, 2009)

M +nH" +ms — M+ nH" " fmye (1)

Importantly, the fragmentation of phosphorylated peptides
by MAD results in the formation of phosphate-intact sequence
ions, indicating that this technique may be useful for phospho-
proteome analysis (Fig. 2(10); Berkout & Doroshenko, 2008;
Cook, Collin, & Jackson, 2009). As an example, the MAD-MS/
MS product ion spectrum of a singly protonated phosphorylated
cholecystokinin peptide (IKNLQpSLDPSH), using helium
metastable atoms, is shown in Figure 16. The spectrum is rich
with respect to the types of sequence ions formed (a-, b-, c-, x-,
and y-ions). Product ions resulting from side chain cleavages
(circled) are also observed, adding to the complexity of the
spectrum. Additionally, all of the observed sequence ions
retained the phosphate group and nearly complete sequence
coverage was obtained (80%), allowing for unambiguous
phosphorylation site assignment to the correct serine residue
using the xs/X¢ pair.

6. Comparison of Tandem Mass Spectrometry Methods for
Phosphoproteome Analysis. Each of the MS/MS methods
described above differs in their effectiveness for the analysis of
phosphopeptides. In particular, they differ by the instrument
platform which may be used, the precursor ions that are
ammenable to dissociation, and the types of product ions that
are formed (sequence vs. nonsequence, phosphate neutral loss,
and phosphate group transfer). Consequently, not one technique
has emerged as a universal method for phosphopeptide
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FIGURE 16. Ilon trap MAD-MS/MS spectrum of the singly protonated
precursor ion of IKNLQpSLDPSH (cholecystokinin) using a helium
metastable atom beam. Side chain fragments are circled. Reproduced
from Cook, Collin and Jackson (2009) with permission from John Wiley
& Sons, Inc., copyright 2009. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]
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characterization. In fact, many studies comparing these MS/
MS methods have been completed and have consistently
shown that many of the techniques produce complementary
information.

For example, studies of nonphosphorylated peptides have
reported that CID and ECD provide complementary sequence
information, and that the application of both strategies provides a
higher confidence in sequence assignment than can be attained
with either technique alone (Stensballe et al., 2000; Shi et al.,
2001). Moreover, a recent large-scale comparison of ECD and
CID of tryptic phosphorylated peptides by Sweet et al. (2009)
showed that although ECD gives rise to greater sequence
coverage, it is highly complementary to the information made
available by CID. However, for the purpose of unique
phosphopeptide identification, it was also found that CID
outperformed ECD (34% vs. 13%; Sweet et al., 2009). This
was attributed to predominant production of doubly protonated
precursor ions from the analysis of tryptic peptides, which
are poor targets for electron dissociation techniques but are
agreeable to CID. The ECD spectra, however, gave rise to more
confident phosphorylation site localizations than the CID spectra
(Sweet et al., 2009). The results of a small scale study on
synthetic “‘tryptic”’ phosphopeptides comparing CID and ECD
using a hybrid LTQ-FTICR instrument also agreed with the study
by Sweet et al. (Stingl et al., 2006). Accordingly, combination
techniques that use the strengths of both ECD and CID have
proven successful for phosphoproteomic applications (Sweet,
Creese, & Cooper, 2006; Good et al., 2007; Bergstrom Lind et al.,
2008; Sweet et al., 2008).

Other efforts toward comprehensive analyses have
employed the combination of IRMPD and ECD since, as with
the CID/ECD pairing, they also give rise to complementary
structural information and hence allow for higher confidence in
peptide identification (Hakansson et al., 2003). Additionally,
similar to the AI-ECD, CID + ECD, and ETcaD methods,
IRMPD of the non-dissociated charge-reduced radical cation
species formed by ECD has also been performed to improve
sequence coverage (Hakansson et al., 2003). This technique has
further been applied to a tryptic phosphorylated peptide from
protein kinase A (Chalmers et al., 2004). Interestingly, no product
ions resulting from the neutral loss of 98 Da were observed such
that the phosphorylation site was easily identified (Chalmers
et al., 2004).

The complementary nature of CID and ETD has also been
demonstrated in a large-scale study on unmodified peptides by
Good et al., where there was a 12% overlap in peptide
identification between CID and ETD (Good et al., 2007).
Swaney, McAlister, and Coon (2008) have shown that more
peptides are identified using CID, but with lower sequence
coverage as compared with ETD. Additionally, a large-scale
comparison of ETD and CID for phosphoproteomic profiling of
human embryonic kidney 293T cells completed by Molina et al.
(2007) resulted in the identification of 60% of 312 phosphopep-
tides by ETD and 27% by CID. It should also be noted that
although the product ions relating to the non-dissociated charge-
reduced cations were typically much more intense than the c- and
z-ions in the resultant ETD spectra, ETD was still better for
phosphopeptide identification than CID. Interestingly, this same
study resulted in the identification of more nonphosphorylated
peptides by CID than ETD. Importantly, due to the low amount of
overlap between the two methods (13%), the combination of
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ETD and CID data resulted in a greater number of identified
phosphopeptides than could be determined from the individual
techniques, and allowed 80% of the known phosphorylation sites
to be observed from the sample (Molina et al., 2007).

Other complementary sequence information that CID, ECD/
ETD, and MAD provide relates to peptide backbone cleavage
adjacent to proline residues. For CID of protonated peptide ions,
amide bond cleavage N-terminal to Pro may be a preferred
cleavage site, whereas cleavage C-terminal to Pro is generally not
observed (Steen & Mann, 2004; Paizs & Suhai, 2005). In
contrast, for ECD/ETD, cleavage C-terminal to Pro is generally
observed while cleavage to produce the corresponding c- and z-
ions on the N-terminal side of Pro requires scission of two bonds
and its observation has, therefore, remained rare (Cooper et al.,
2003). This double cleavage has, however, been observed in other
strategies such as MAD (Cook, Collin, & Jackson, 2009).

The complementary sequence information that CID and
ECD/ETD provides undoubtedly improves peptide identifica-
tion. For phosphorylation site assignments, however, the
information derived from CID and ECD/ETD spectra may
largely overlap, despite the complications originating from the
lability of the phosphate group by CID. This is because multiply
protonated ions have a lower propensity to undergo phosphate
group neutral losses and intramolecular phosphate group transfer
upon CID (DeGnore & Qin, 1998; Tholey, Reed, & Lehmann,
1999; Palumbo & Reid, 2008; Palumbo, Tepe, & Reid, 2008;
Villen, Beausoleil, & Gygi, 2008), while conventional ECD/ETD
are only amenable to the analysis of multiply protonated ions.
This agreement in phosphorylation site assignment is demon-
strated by comparing the CID-MS/MS product ion spectrum of
the triply protonated HEVSASpTQpSTPASSR peptide shown in
Figure 7C with the corresponding ETD-MS/MS spectrum shown
in Figure 14. This synthetic peptide contains seven potential
phosphorylation sites, two of which are occupied (Thr7 and
Ser9). The phosphorylation sites are easily determined from the
ETD-MS/MS spectrum due to the virtually complete sequence
coverage obtained and the maintenance of the phosphate group.
Initial inspection of the CID spectrum shows dominant non-
sequence product ions resulting from neutral losses of 98 and
196 Da, demonstrating that the peptide is at least doubly
phosphorylated. Despite these predominant neutral loss species,
12 of the 14 possible amide backbone cleavage ions are observed,
including a series of b- and y-ions with intact phosphate groups,
and no product ions relating to gas phase intramolecular
phosphate group transfer are present. As a result, the correct
phosphorylation sites may be assigned, specifically using the ye/
y7, be/b7, and bg/bg product ion pairs. It should be noted that the
potentially complicating ‘‘dephosphorylated” sequence ions can
also give some limited information relating to the correct
locations of the phosphate groups in the CID spectrum. For
example, in the b-ion series, only the b; and higher ions resulted
in the neutral loss of 98 Da (or combinations of 98 and H,O).
These results may suggest that phosphorylation sites are located
atposition Thr7 and higher. Conversely however, it should be also
noted that the lack of the presence of ‘“‘dephosphorylated”
sequence ions cannot be used to indicate that Ser4 and Ser6 are
not phosphorylated. This “gray” area of phosphorylation site
assignment regarding the phosphate neutral loss sequence ions
perhaps allows rationalization as to why higher confidence in
assignments have been previously demonstrated by ECD than
CID (Sweet et al., 2009).
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The spectral information available from newly emerging
techniques for phosphopeptide analysis, such as UVPD, fsLID,
EDD, and MAD may also be complementary to that obtained by
the more established techniques, CID/PSD/IRMPD and ECD/
ETD. This is particularly true when considering the analysis of
precursor ions with low protonation states (i.e., +1 or +2).
Specifically, CID/PSD/IRMPD of precursor ions with low charge
states exhibit the highest propensity for phosphate group neutral
loss and phosphate group migration; and such precursor
ions exhibit limited dissociation efficiency using ECD/ETD.
The emerging techniques UVPD, fsLID, and MAD, on the
other hand, are capable of dissociating low charge state peptides
including those produced by MALDI. These complementary
aspects of CID and ECD/ETD with fsLID are readily
demonstrated by the comparison of the fsLID and CID spectra
from the singly protonated LNQSpSPDNVTDTK peptide
(Fig. 12). The CID spectrum is dominated by the nonsequence
product ions corresponding to the neutral losses of the
phosphate group, water, and combinations thereof, whereas the
limited sequence ion coverage and observed phosphate group
transfer product ion complicate the assignment. In contrast,
the fsLID spectrum provides complete sequence coverage, with
retention of the phosphate group in the correct location (i.e.,
no product ions resulting from phosphate group transfer are
observed), allowing unambiguous determination of the correct
phosphorylation site using the x-, Xo, and x;¢ ions. Additionally,
UVPD, MAD, and EDD enable the analysis of anionic
phosphopeptides, which are not accessible by ECD/ETD,
resulting in sequence information and/or phosphorylation-site
specific information.

Ill. CONCLUSIONS AND FUTURE OUTLOOK

The applicability of MS/MS techniques for comprehensive
phosphoproteome characterization is critically dependent on
the gas phase ion chemistry associated with each technique.
The as-yet hypothetical “ideal” technique for phosphoproteome
analysis could be described as: (i) being globally applicable
with regard to precursor ion structure or charge state, (ii) enabling
facile differentiation between phosphorylated and nonphos-
phorylated peptides, and (iii) providing accurate, complete,
and unambiguous sequence information for peptide identifica-
tion and phosphorylation site assignment. Unfortunately, no
existing technique has yet been demonstrated to fulfill all
of these criteria simultaneously. As a result, the information
achieved from complementary techniques may be required
and care must be taken in the selection of techniques, with
consideration of the nature of the precursor ions and the
goals of the experiment. Future efforts to optimize newly
emerging MS/MS methods, including increasing the fragmenta-
tion efficiency and fragmentation specificity, are likely to
broaden the range of analytes that may be studied. Additionally,
enhanced control of the chemistry in the gas phase might
reasonably be addressed by “‘next generation” instrumentation
or by improved derivatization techniques which allow the
continued use of established ion activation techniques. Such
improvements will undoubtedly be forthcoming, thereby leading
to further maturation of MS/MS strategies with routine appli-
cation toward phosphoproteome identification and charac-
terization within the bioanalytical and biological research
communities.
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