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Analysis of phosphorylated proteins and peptides by mass

spectrometry

Derek T McLachlin* and Brian T Chaitf

Phosphorylation on serine, threonine and tyrosine residues is
an extremely important modulator of protein function.
Therefore, there is a great need for methods capable of
accurately elucidating sites of phosphorylation. Although full
characterization of phosphoproteins remains a formidable
analytical challenge, mass spectrometry has emerged as an
increasingly viable tool for this task. This review summarizes
the methodologies currently available for the analysis of
phosphoproteins by mass spectrometry, including enrichment
of compounds of interest using immobilized metal affinity
chromatography and chemical tagging techniques, detection
of phosphopeptides using mass mapping and precursor ion
scans, localization of phosphorylation sites by peptide
sequencing, and quantitation of phosphorylation by the
introduction of mass tags. Despite the variety of powerful
analytical methods that are now available, complete
characterization of the phosphorylation state of a protein
isolated in small quantities from a biological sample remains
far from routine.
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Abbreviations

CE capillary electrophoresis

CID collision-induced dissociation

EGF epidermal growth factor

ESI electrospray ionization

HPLC  high-performance liquid chromatography
ICP inductively coupled plasma

IMAC  immobilized metal affinity chromatography

MALDI  matrix-assisted laser desorption/ionization
MS mass spectrometry

Q1 first quadrupole

Q2 second quadrupole

Q3 third quadrupole
Qq quadrupole—quadrupole
TOF time-of-flight

Introduction

Organisms use reversible phosphorylation of proteins to
control many cellular processes including signal transduc-
tion, gene expression, the cell cycle, cytoskeletal regulation
and apoptosis [1,2]. Although phosphorylation is observed
on a variety of amino acid residues, by far the most common
and important sites of phosphorylation in eukaryotes occur
on serine, threonine and tyrosine residues. Because of the
central role of phosphorylation in the regulation of life,
much effort has been focused on the development of
methods for characterizing protein phosphorylation.

"Traditional methods for analyzing O-phosphorylation sites
[3-5] involve incorporation of 32P into cellular proteins via
treatment with radiolabeled ATP. The radioactive proteins
can be detected during subsequent fractionation procedures
(e.g. two-dimensional gel electrophoresis or high-perfor-
mance liquid chromatography [HPLC]). Proteins thus
identified can be subjected to complete hydrolysis and the
phosphoamino acid content determined. The site(s) of
phosphorylation can be determined by proteolytic digestion
of the radiolabeled protein, separation and detection of
phosphorylated peptides (e.g. by two-dimensional peptide
mapping), followed by peptide sequencing by Edman
degradation. These techniques can be tedious, require
significant quantities of the phosphorylated protein and
involve the use of considerable amounts of radioactivity.

In recent years, mass spectrometry (MS) has become an
increasingly viable alternative to more traditional methods
of phosphorylation analysis [6-8]. In this review, we out-
line the various mass spectrometric techniques that can be
used to characterize sites of O-phosphorylation (Box 1). In
particular, we concentrate on methods that do not involve
the use of 32P, although MS can certainly be used in
conjunction with the classical methods of phosphoprotein
and phosphopeptide analysis mentioned above (e.g. [9]).

MS can accurately provide the molecular mass of the intact
phosphorylated protein. Such measurements, used in
conjunction with calculation of the molecular mass of the
unmodified protein [10] and/or treatment with phos-
phatase [11-13] allow determination of the average
number of attached phosphate groups. Provided that the
MS resolution is sufficiently high, it is also feasible to
determine the distribution of the number of attached
phosphates [14]. For more detailed analysis of the sites of
phosphate attachment and stoichiometry, it is necessary to
examine peptide fragments of the phosphoprotein of inter-
est. Such fragments are usually generated by digestion of
the phosphoprotein with site-specific proteases such as
trypsin. Most of the work described here relates to MS
measurements of phosphopeptides.

Sample preparation

Analysis of phosphopeptides presents formidable challenges
to the mass spectrometrist. Ideally, every phosphorylated
component of the protein should be detected. Unfortunately,
MS analysis of proteolytic digests of proteins rarely provides
100% coverage of the protein sequence, and regions of inter-
est are easily missed. In addition, negatively charged
modifications can hinder proteolytic digestion by trypsin, the
protease of choice in many applications. Phosphorylation is
often sub-stoichiometric, such that the phosphopeptide is
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Box 1

Overview of protein phosphorylation analysis
by mass spectrometry.

Sample preparation

Fractionation

Use of antibodies (IP, detection after two-dimensional
electrophoresis)

IMAC

Chemical introduction of affinity tags
Recognition of phosphopeptides
Peptide mapping

Post-source decay

Precursor ion scan

Neutral loss scan

Stepped skimmer potential

31P detection

Identification of phosphorylated residues
Collision-induced dissociation
Post-source decay

In-source decay

Electron-capture dissociation
Quantitation of phosphorylation
Peak intensities

Isotopic labeling

present in lower abundance than other peptides from the
protein of interest. Finally, the mass spectrometric response
of a phosphopeptide may be suppressed relative to its
unphosphorylated counterpart, and this suppression tends to
be enhanced in the presence of other peptides. Analysis of
phosphopeptides is therefore easier when the number of
non-phosphorylated peptides has been reduced to a mini-
mum (i.e. the phosphopeptides have been enriched). Several
strategies have been developed to enrich the sample for
phosphorylated peptides or phosphoproteins before analysis.

Fractionation

One obvious method for reducing the complexity of a peptide
mixture is to fractionate it by HPLC. To deal with the small
amounts of peptides that are normally available for these
analyses, it is necessary to use capillary columns operating at
low flow rates (e.g. [15,16]). Fractions containing phosphory-
lated peptides can be identified by prior labeling with 32P
coupled with detection of radioactivity in the fractions, or
mass spectrometrically as described later in this review (e.g.
[17,18°°,19]). A simpler fractionation method has been
described that uses step elution of peptides from reversed-
phase beads [20]. The peptides are eluted in three fractions,
which are less complex than the entire mixture. These
authors assert that the addition of a phosphate group makes a
peptide less hydrophobic, and care must be taken not to lose
phosphopeptides entirely during the fractionation procedure.

IMAC

The most widely used method for selectively enriching
phosphopeptides from mixtures is immobilized metal affin-
ity chromatography (IMAC). In this technique, metal ions,
usually Fe3+ or Ga3+, are bound to a chelating support.
Phosphopeptides are selectively bound because of the

affinity of the metal ions for the phosphate moiety. The
phosphopeptides can be released using high pH or phos-
phate buffer, the latter usually requiring a further desalting
step before MS analysis. Limitations of this approach
include possible loss of phosphopeptides because of their
inability to bind to the IMAC column, difficulty in the
elution of some multiply phosphorylated peptides, and
background from unphosphorylated peptides (typically
acidic in nature) that have affinity for immobilized metal
ions. Two types of chelating resin are commercially avail-
able, one using iminodiacetic acid and the other using
nitrilotriacetic acid. Some groups have observed that imin-
odiacetic acid resin is less specific than nitrilotriacetic acid
[21,22], whereas another study reported little difference
between the two [23]. Several studies have examined
off-line MS analysis of IMAC-separated peptides (e.g.
[23,24°,25°]). Direct matrix-assisted laser desorption/ioniza-
tion (MALDI) analysis of phosphopeptides bound to the
IMAC support has been reported [22]. IMAC has also been
coupled on-line to MS analysis directly [26] or with inter-
vening separation techniques such as HPLC [17,27] and
capillary electrophoresis (CE) [28,29]. The use of IMAC to
isolate phosphoproteins has not been demonstrated.

In a noteworthy example of the use of IMAC to
study phosphorylation, intact thylakoid membranes from
Arabidopsis thaliana were treated with trypsin [24*], and
phosphopeptides were enriched from the resulting
peptide mixture using Fe3+ and Ga3+ IMAC. The authors
observed eight distinct phosphorylation sites on five dif-
ferent proteins, and detected changes in phosphorylation
levels in response to light/dark transitions and heat shock.

Antibodies

Often, it is suspected that a protein of interest is phospho-
rylated under certain conditions 7z vive. If high affinity
antibodies have been raised against that protein, it can be
immunoprecipitated from complex mixtures prior to
further analysis (e.g. [30°,31-33]). Although effective in
selectively isolating a particular phosphoprotein, this
procedure requires production of a specific antibody for
each protein to be analyzed.

A more generally useful tool would be an antibody able to
immunoprecipitate any protein containing phosphorylated
residues, and in fact non-sequence-specific antibodies
directed against phosphoserine, phosphothreonine, or phos-
photyrosine have been developed. However, only the
anti-phosphotyrosine antibodies display binding that is tight
enough to allow effective immunoprecipitation, so that anti-
body enrichment is presently confined to the analysis of
peptides and proteins phosphorylated on tyrosine.

Phosphotyrosine-specific antibodies have been used to
enrich phosphopeptides from proteolytic digests of
proteins phosphorylated iz vitro [34] or in vive [30°]. The
phosphopeptides were analyzed by MALDI time-of-flight
(TOF) MS while still bound to the antibodies. A mixture
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of two anti-phosphotyrosine antibodies was used to isolate
phosphorylated proteins from Hel.a cells treated with
epidermal growth factor (EGF) [35°°]. Comparison by one-
dimensional electrophoresis of this sample with a similar
immunoprecipitation from untreated cells resulted in
identification by MS of seven known EGF kinase
substrates and one novel substrate. The same technique
was later applied to starved cells [36] to identify another
novel protein in the EGF signaling pathway.

Although antibodies used for immunoprecipitation must
have relatively high affinity for their substrates, lower-
affinity antibodies may still be quite effective for
western-blot analysis. Thus, antibodies directed against
phosphoserine and phosphothreonine can be used for this
purpose. For example, anti-phosphoserine and anti-phos-
photyrosine antibodies were used to explore changes in
phosphorylation of fibroblast proteins after stimulation
with platelet-derived growth factor [37]. In principle, this
strategy can be applied to the study of any phosphorylation
pathway iz vive, although its applicability is limited by
dilution of proteins into different two-dimensional elec-
trophoretic spots because of differing phosphorylation
states, the requirement for in-gel digestion to identify the
proteins of interest, and the reliability of the non-
sequence-specific antibodies used to detect phosphoserine
and phosphothreonine. In addition, when phosphoproteins
are merely detected and not enriched by antibodies,
the presence of unrelated proteins co-migrating with the
protein of interest may lead to false conclusions.

Chemical tagging of phosphorylation sites

Recently, two methods have been developed to specifically
isolate phosphopeptides or phosphoproteins from complex
mixtures [38°%,39°°,40] (Figure 1) (see also Update). Oda ez a/.
[38°°] and Goshe ¢z al. [40] exposed mixtures of peptides or
proteins to high pH in the presence of ethanedithiol, causing
loss of H;PO, from phosphoserine and phosphothreonine
residues by B-elimination. The resulting double bond was
attacked by the ethanedithiol, leading to the net replacement
of the phosphate group by a thiol tag. Biotin was attached to
the thiol via a sulthydryl-reactive group, and the tagged pep-
tides/proteins were isolated by chromatography on avidin
resins. Care must be taken to properly block the thiol groups
of cysteine residues before performing these reactions. For
this purpose, performic acid oxidation [38°%] is preferred over
alkylation [40] because alkylated cysteine residues may
undergo B-elimination in a fashion similar to phosphoserine
and phosphothreonine. Using an alternative chemistry, Zhou
et al. [39°°] modified phosphopeptides by attachment of
cysteamine (1-amino-2-thioethane) to the phosphate moiety
using a carbodiimide condensation reaction. The modified
peptides were subsequently immobilized by covalent attach-
ment to iodoacetyl resin, washed, and released by treatment
with acid. Features of the first method are its ability to isolate
both phosphopeptides and phosphoproteins and its inability
to enrich phosphotyrosine-containing species. Enrichment of
phosphoproteins using the second approach has not yet been

Figure 1
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Enrichment of phosphopeptides from complex mixtures by chemical
introduction of an affinity tag. Blue wavy lines represent proteins or
peptides in a mixture. The wavy line with ‘P’ designates a
phosphoprotein or phosphopeptide. The affinity tag (in this case,
biotin) allows selective isolation of the species of interest. Figure
adapted from [38*].

demonstrated, but the method can be applied to phospho-
tyrosine residues in addition to phosphoserine and
phosphothreonine. The applicability of these new
chemistries for exploring signaling and control pathways
remains to be established.

Recognition of phosphopeptides

After the sample has been prepared, any peptides that bear
phosphate groups must be identified and distinguished
from all other peptides present. A number of techniques
based on MS have been developed to accomplish this goal.

Peptide mapping and phosphatase treatment

Peptide mapping involves proteolytic digestion of a pro-
tein of interest, often purified by one-dimensional or
two-dimensional electrophoresis, followed by MALDI-
TOF-MS to determine the masses of the peptides
[18°°,41°]. If the identity of the protein being analyzed is
known or can be deduced by MS analysis of the proteolyt-
ic fragments, then examination of the peptide map for
peptides shifted by multiples of 80 Da (HPO; = 80 Da)
can be effective in identifying phosphopeptides.
Differences in the peptide map before and after treatment
with phosphatase can further aid in the analysis (Figure 2).
"This strategy has recently been evaluated [41°], and the
authors concluded that at least 1 pmol of protein must be
present in a gel band for reliable characterization of the
site(s) of phosphorylation. This level of sensitivity, which
is at least one order of magnitude lower than that required
to simply identify a protein band, is the result of the need
to obtain high coverage of the protein in the MS analysis.
Other contributing factors to this reduced sensitivity
include selective loss of phosphopeptides during sample
handling, suppression of phosphopeptide signals in com-
plex mixtures, and sub-stoichiometric phosphorylation. In
attempts to obtain as much information from a given sam-
ple as possible, phosphatase has been applied directly on
the MALDI target after the initial mass map has been
acquired [41°,42,43]. Another strategy that minimizes sam-
ple handling involves treatment of the peptides in a reactor
cell containing immobilized phosphatase coupled on-line
to HPLC-MS or CE-MS [44].
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Phosphopeptides have also been detected by MALDI ion
trap MS [45,46]. Pairs of peaks 98 units apart, arising
because of facile loss of the elements of H;PO, from the
phosphopeptides, provide a signature for these species.
Ambiguities caused by the possible presence of proteolytic
peptides of 98 mass units less than the putative phospho-
peptide are easily resolved by isolating the species in the
ion trap and subjecting it to collision-induced dissociation
(CID). Phosphopeptides readily lose 98 mass units under
these conditions [46]. Unfortunately, MALDI ion trap mass
spectrometers are not yet commercially available.

Post-source decay

In MALDI-TOF mass spectrometers, loss of HPO; and the
elements of H;PO, occur post-source as a result of
metastable decomposition and/or CID, giving rise to frag-
ments having the same velocity as their parent ions but
with reduced energy. As a result, the fragment ions are not
distinguishable from their parents in spectra collected in
linear mode, but are detected at a lower apparent mass in
reflector mode [47]. Peptides phosphorylated on serine or
threonine are distinguished in some cases from those phos-
phorylated on tyrosine because the former more readily
lose H;PO,, whereas the latter are more likely to lose HPO4
[47-49]. The use of infrared laser wavelengths rather than
the more typical ultraviolet wavelengths may reduce the
loss of phosphate by post-source decay, thereby enhancing
the phosphopeptide signal in reflector mode [50].

Precursor ion scan
This method utilizes the detection of phosphate-specific
fragments to signal the presence of a phosphorylated peptide

[51,52,53%]. 'To date, this approach has been applied exclu-
sively to ions produced by electrospray ionization (ESI). One
variation of the precursor ion scan uses the ready loss of phos-
phate from phosphopeptides under CID conditions [54,55].
In a typical experiment, a proteolytic digest is desalted, made
basic and infused directly into a triple quadrupole mass spec-
trometer (although a quadrupole—quadrupole [Qq]-TOF
spectrometer can also be used [56]; see also Update). The
first quadrupole (Qy) is scanned over the full mass range of
the instrument and CID is induced in the second quadru-
pole (Q,) (Figure 3). The third quadrupole (Q3) is set to
selectively pass only m/z 79~ ions (i.e. PO3™). The point dur-
ing the Q; scan at which a 79- signal is detected yields the
mass of any phosphopeptide present. This method is useful
because of the sensitive MS detection of the PO;~ anion.
Synthetic peptides have been characterized at concentra-
tions as low as 10 fmol/pl [51,52], whereas a phosphopeptide
from B-casein was detected after in-gel digestion of 100 fmol
of protein using nano-ESI [20]. Precursor ion scanning has
been successfully applied to 7 vive modified proteins in a
number of cases (e.g. [31,33,57,58]). However, in the absence
of fractionation, phosphopeptides present in low abundance
might not be detected in complex mixtures. In principle, on-
line HPLC fractionation reduces this difficulty, but negative
ion precursor scans have compromised sensitivity at low pH
making their use in conjunction with on-line HPL.C difficult.

In an attempt to overcome these limitations, a multidi-
mensional approach to the analysis of mixtures containing
phosphorylated peptides has been developed [59°]. First,
the peptides are applied to an HPL.C column. A portion of
the flow from the column is split off, electrosprayed into a
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triple quadrupole mass spectrometer and subjected to CID
in the high-pressure region close to the skimmer. The
phosphate-derived anions at m/z 63 and 79 are selectively
monitored to flag the presence of phosphopeptides. This is
a sensitive means for detecting the presence of phospho-
peptides because it does not involve scanning the mass
analyzers. The remainder of the HPL.C output is collected
as fractions. A portion of each fraction containing the puta-
tive phosphopeptides is rendered basic and their molecular
masses are determined using the precursor ion (79-) scan
method. The remainder of the HPLC fraction is analyzed
under acidic conditions in the positive ion mode to deter-
mine the phosphorylation site by MS/MS (see below). The
authors state that the current sensitivity of the procedure is
about 5 pmol of phosphopeptide, the primary limitation
being the relatively wide diameter of the HPLLC column
used in their study.

In a variation of the precursor scanning methodology that
does not utilize the elimination of the phosphate moiety,
phosphotyrosine-containing peptides have been detected
by measuring the phosphotyrosine immonium ion [53°].
"This technique requires high resolution MS (e.g. Qq-TOF)
to resolve the phosphotyrosine immonium ion at m/z 216
from interfering background ions at the same nominal
mass. The authors report the detection and site mapping of
phosphotyrosine-containing peptides from 100 fmol of a
phosphoprotein in a gel. This technique does not appear to
be applicable to phosphoserines and phosphothreonines
because of their high tendency to lose phosphate.

Neutral loss scanning

"T'his method uses tandem MS (e.g. with a triple quadrupole
analyzer) to detect the neutral loss of the elements of
H;PO, (98 Da) after CID [12,60]. Q; scans the entire mass
range, while Q, is used as the collision cell (Figure 3). Q3
then scans in parallel to Q, but at m/z 98/ lower, to look for
phosphopeptides carrying a charge of +#. Only peptides
losing H;PO, in Q, will be able to pass through Q;. Usually,
when coupled to HPLC, it is only practical to scan at most
two charge states during a single run. It is noteworthy that
98/n neutral loss scanning has not seen much use for deter-
mination of unknown samples [60].

Stepped skimmer potential

It has been observed that application of a high potential to the
skimmer region of an ESI triple quadrupole spectrometer
results in loss of phosphate groups from phosphopeptides
[61,62]. This property can be exploited to detect phospho-
peptides by raising the skimmer potential during the low part
of a negative ion mass scan. Observation of signals at m/z 63
(PO,") and 79 (PO57) indicates the presence of a phospho-
peptide. As the scan continues to higher masses, the skimmer
potential is lowered allowing determination of the masses of
the peptides present. A drawback of this method is that the
higher masses are recorded in the negative ion mode, which
often has lower sensitivity than does the positive ion mode.
"This problem can be overcome by changing the ion polarity

Figure 3
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Techniques for analysis of phosphopeptides in a triple quadrupole
mass spectrometer. Three types of experiments are shown. The
precursor ion and neutral loss scans are used to detect
phosphopeptides, and the product ion scan is used to obtain
sequence information about a peptide.

during the second part of the scan [63]. These authors
reported a detection limit of ~100 fmol of phosphopeptide in
a model peptide mixture. Like neutral loss scanning, the
stepped skimmer potential method has not seen much use for
determination of unknown biological samples.

31p detection

Specific detection of phosphopeptides during HPL.C sepa-
ration has been described [64°] by monitoring the presence
of 3P with inductively coupled plasma (ICP)-MS. The
masses of the putative phosphopeptides are measured in a
separate LC-ESI-MS run. The authors report a detection
limit of 100 fmol of synthetic peptide injected onto the
HPLC column. Although this technique requires an ICP
mass spectrometer with sufficient resolution (about 2500) to
distinguish between 3P and background ions, it has the
advantage that the 31P detection can be made quantitative
(as long as inorganic phosphate background can be properly
accounted for). Recently, these same authors demonstrated
that the average phosphate content of proteins can be deter-
mined using ICP-MS to measure the ratio of 31P to 32S [14].

Identification of phosphorylation sites

After a phosphopeptide has been identified, one usually
desires to determine which residue carries the modifica-
tion. If the sequence of the protein is known, the peptide
may be identified by its mass. In fortuitous cases, the
peptide will have only one serine, threonine or tyrosine
residue, making assignment of the site of phosphorylation
easy. In most cases, fragmentation of the peptide and
characterization of the fragments is required.

Collision-induced dissociation

The most common method of identifying sites of phospho-
rylation is CID of samples produced by ESI. Fragment ions
can be measured in a triple quadrupole instrument (e.g.
[20,59°]) (Figure 3), an ion trap instrument (e.g. [19,65]) or a
hybrid Qq-TOF instrument (e.g. [66,67]). Loss of phosphate
as HPO; or H3PO, is a favored fragmentation event, and
usually dominates over the backbone cleavages that are
useful for sequence determination. The preferred loss of
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phosphate is particularly dominant when the parent ion is
singly charged. However, even in cases where the loss of
phosphate is dominant, informative fragmentation informa-
tion can be obtained provided that sufficient statistics can be
accumulated to discern the weaker backbone fragment ions.
Loss of 98 Da (H;PO,) from a phosphorylated fragment
ion is indistinguishable from loss of 18 Da (H,0) from a
non-phosphorylated fragment ion, sometimes making the
interpretation of a CID spectrum challenging. Derivatization
of the amino terminus of the phosphopeptide may result in a
simpler spectrum in which many of the fragments retain the
phosphate group [68].

Fractionation methods such as HPLC [18°°] or CE [28,29]
may be coupled on-line to a mass spectrometer to improve
the CID analysis of complex proteolytic mixtures. This
analysis is usually carried out by repeated MS scanning of
the chromatographic peaks, and subsequent selection of
the most intense ion(s) from a given scan for CID — gen-
erating fragmentation data for many peptides (including
phosphopeptides) in the sample. However, in such an
experiment the quality of the fragmentation spectrum is
limited by the short time period over which the peptide is
eluted. Furthermore, when two or more peptides co-elute
there may not be enough time to obtain MS/MS spectra of
each species. Therefore, on-line methods may not always
enable characterization of a phosphorylation site. To reme-
dy these problems, one may conduct HPL.C [69] or CE [70]
separations in a data-dependent manner such that the flow
rate is reduced as a peptide elutes. This ‘peak parking’ pro-
cedure increases the number of fragmentation spectra that
can be collected from a given peak. To our knowledge,
analysis of phosphopeptides by peak parking has been used
only in conjunction with CE [70,71], and not with HPLC.
Although highly effective in the developers’ laboratories,
this approach has not yet been widely adopted presumably
because of the high degree of skill required.

If the mass of a phosphopeptide has already been deter-
mined by mass mapping (usually by MALDI-TOF), then
CID of this single selected ion during on-line LC-ESI ion
trap analysis is a powerful tool for obtaining sequence infor-
mation [18°*]. In this approach, the mass spectrometer is
programmed to specifically retain and fragment species of a
particular m/z value, ignoring all other peptides. Although
analysis of each phosphopeptide requires a separate HPL.C
run, the method has been used to characterize a number of
in vivo phosphorylation sites (e.g. [18°%,32,72]). An advan-
tage of this method is its ability to obtain informative
MS/MS spectra of phosphopeptides whose ESI-MS
response is weak.

Because sequence determination by CID generally
becomes more difficult as the peptide size increases, one
group has proposed the use of the low-specificity protease
elastase instead of more traditional high-specificity proteas-
es such as trypsin to generate fragments for MS analysis [60].
"T'he authors state that the resulting increase in the number

of isobaric peptides is compensated for by the increased
ease of sequence determination of the smaller peptides
arising from elastase digestion. This claim should be
balanced with the difficulties in interpreting fragmentation
data produced by CID of a mixture of isobaric peptides.

Some workers [73-75] have facilitated the identification of
phosphorylation sites using B-elimination chemistry similar
to that described above. CID was performed after conversion
of phosphoserine or phosphothreonine to S-ethylcysteine or
B-methyl-S-ethylcysteine residues by addition of base and
ethanethiol. Because the labile phosphate group was
removed, the modified peptides fragmented more evenly
within the peptide backbone, giving more complete
sequence information.

The foregoing discussion has dealt only with CID of ions
produced by ESI. The development of instruments in
which a MALDI source is coupled to a Qq-TOF analyzer
[76,77] has enabled effective CID fragmentation of pep-
tide ions generated by MALDI. Characterization of
phosphopeptides in such instruments has not yet been
widely reported, although standard compounds have been
investigated [78,79]. These authors report significant
prompt loss of HPO; or the elements of H;PO, from
phosphopeptides, resulting in a characteristic pair or series
of peaks in the MALDI-MS spectrum. In the analysis of a
multiply phosphorylated peptide, the fully dephosphory-
lated ion formed by this prompt loss was observed to
produce a more easily interpretable CID fragmentation
pattern than that produced from the fully phosphorylated
form [78]. In this case, the formerly phosphorylated
residues were identified by the presence of dehydroala-
nine residues in place of serine residues, as previously
described for peptides undergoing loss of H;PO4 [55,65].

Post-source decay

Although phosphate loss is the dominant metastable and
CID fragmentation pathway for phosphopeptides in
MALDI-TOF instruments, phosphopeptides may also
fragment along their backbones. Although identification of
sites of phosphorylation by this method has been demon-
strated [21,24°,47,49], the yield of fragment ions can be
low and the collection and interpretation of these spectra
can be challenging. When the phosphorylation site is
immediately to the amino-terminal side of a proline
residue, cleavage of the intervening amide bond is highly
preferred, making characterization much easier [80]. This
preferred cleavage is of interest because serine—proline
and threonine—proline-containing sequences are common
targets for proline-directed kinases.

In-source decay

Prompt and metastable fragment formation that occurs
during the delay between ion desorption and acceleration
into the flight-tube of a MALDI-TOF mass spectrometer
is termed in-source decay. This fragmentation method has
been used to sequence synthetic phosphopeptides in low
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of unphosphorylated peptide X and an increase for phosphorylated
peptide Xp. Figure adapted from [88°].

pmol amounts [81,82]. The resulting spectra were relative-
ly easy to interpret, giving rise primarily to ¢, y and z+2
ions. In this case, the presence of the phosphate on a given
residue was inferred by the 80 Da shift in the residue mass.

Electron capture dissociation

A relatively new technique for dissociation of proteins and
peptides into fragments involves irradiation of ESI-pro-
duced multiply charged ions with a stream of subthermal
electrons in a Fourier transform ion cyclotron resonance
mass spectrometer [83]. When applied to phosphopeptides,
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Quantitation of phosphorylation using isotope affinity tagging.
Proteins from two pools of cells are obtained. For illustration,
protein expression in the two pools is assumed to be equal, while
the level of phosphorylation changes from 30% in the blue pool to
70% in the red pool. An affinity tag is introduced by phosphate-
directed chemistry. In one pool, the tag is unlabeled, whereas in the
second the tag contains an isotopic label such as deuterium
(indicated by the asterisk). The proteins can be isolated using the
affinity tag and then digested prior to MS analysis. Alternatively, the
proteins can be digested before affinity purification. Pairs of peaks
in the mass spectrum indicate formerly phosphorylated peptides;
comparison of the peak intensities within each pair gives the relative
amount of a particular phosphopeptide that was present in the two
pools. Note that this method does not distinguish between an
increase in expression of a given protein and an increase in its
phosphorylation at a specific site.

the formation of extensive ¢ and z: ion series was observed
with retention of the phosphate group by the fragment ions
[84°°], making identification of the site(s) of phosphoryla-
tion simpler than for CID analysis. Furthermore, the
method has the potential for localizing phosphorylation
site(s) within intact small proteins, without the need for
enzymatic digestion [85]. So far, electron capture dissocia-
tion has only been applied to known phosphopeptides at
concentrations in the low-micromolar range.



598 Analytical techniques

Quantitation of phosphorylation

Once a site of phosphorylation has been determined, one
would like to know its stoichiometry (i.e. the ratio of
phosphorylated to unphosphorylated peptide). An early
quantitation method involved HPLC separation of the
phosphopeptide from its unphosphorylated counterpart (as
identified by MS), quantitative amino acid analysis, and
integration of the two peaks in the HPLC trace [86].
Subsequently, others have estimated the extent of
phosphorylation by monitoring the relative strengths of the
peptide signals by ESI-MS [24,52,87]. Because of our poor
understanding of how sequence context might affect the
ion formation efficiency of phosphorylated versus unphos-
phorylated peptides, comparison of the peak intensities of
the two forms gives an estimate of phosphorylation
stoichiometry that is rough at best.

In many biological studies, it proves more relevant to
quantitate changes in the level of phosphorylation. Such
information can be obtained by isotope labeling, either via
the growth medium or by the introduction of labeled tags.
In the former method [88°], two pools of cells are grown
under different conditions, and one of the pools is labeled
with 15N introduced through the growth medium
(Figure 4). The two pools of cells are mixed and the pro-
tein of interest is isolated, proteolytically digested, and
analyzed by MS. A pair of peaks representing each prote-
olytic fragment arises because of the incorporation of 4N
and 15N, respectively, into proteins from the two pools.
The ratios between the intensities of the peaks in each
pair provide a measure of the relative levels of protein
expression under the two conditions. A difference in the
level of phosphorylation between the two pools of cells is
reflected by a change in the ratio of the unphosphorylated
peptide labeled with 5N to its unlabeled counterpart.
"T'his technique is limited to situations where cells may be
grown on labeled media.

An alternative method for quantitating changes in the level
of phosphorylation involves introduction of a mass tag
[40,89]. One variation of this approach is illustrated in
Figure 5. Two separate samples containing either phos-
phopeptides or phosphoproteins are treated with base in
the presence of a nucleophile, causing B-elimination of the
phosphate group and Michael addition of the nucleophile
to the resulting carbon—carbon double bond. In one sam-
ple, the nucleophile is unlabeled, whereas in the second
the nucleophile is deuterated. The two samples are mixed
and an affinity tag [40] may be added to the modified
residue and used to specifically isolate formerly phospho-
rylated species as described earlier. Proteolytic fragments
are analyzed by MS. Each proteolytic peptide that was pre-
viously phosphorylated gives rise to a pair of peaks because
of the different masses of the nucleophilic tags. The ratio
of the peak intensities of the normal and deuterated pep-
tides gives the stoichiometry of phosphorylation, assuming
that the amount of protein present under the two condi-
tions is unchanged. As an alternative to isotopic labeling,

nucleophiles differing in mass by, for example, an ethylene
group may be used. Although very promising, this tech-
nique has only been successfully applied to the analysis of
protein standards.

Conclusions and future directions

As described above, a variety of powerful MS methods
for detecting and characterizing phosphoproteins and
phosphopeptides is available. Despite this formidable
armamentarium, complete characterization of the phospho-
rylation state of a protein isolated in small quantities from a
biological sample remains far from routine. The following is
a list of analytical tools and methods that will be required to
make comprehensive phosphorylation analyses routine:

1. A method for selectively enriching/purifying phospho-
proteins and/or phosphopeptides that ensures recovery of
all phosphorylated species and gives a low background of
unphosphorylated species. Improved phospho-directed
antibodies and chemistry hold much promise in this regard.

2. A method to ensure that all sites of phosphorylation are
detected. Although phospho-directed chemistry and MS
detection based on the lability of the phosphate moiety
appear to be worthwhile avenues of pursuit, exhaustive
detection of all sites of phosphorylation remains a most
challenging analytical task.

3. A method for pinpointing the sites of phosphorylation.
Current CID MS/MS methods are already reasonably
effective, and newer methods such as electron capture dis-
sociation hold much promise for further improvements.

4. A universal method for measuring changes in phospho-
rylation iz vivo. Metabolic labeling and phosphorylation
site labeling with stable isotopes appear to be viable
approaches for attaining this goal.

In addition to the study of individual phosphoproteins, it
remains critical to develop methodologies for elucidating
the phosphorylation state of collections of proteins at an
organelle-wide or cell-wide level. Such global techniques
promise to provide a new window into the inner workings
of the cell.

Update

A potentially powerful tool to identify protein kinase
substrates has recently been demonstrated [90]. The
technique involves radiolabeling cell extracts with a kinase
of interest followed by blotting and MS identification of
phosphorylated bands. Two studies have observed that
phosphopeptides have increased signal intensity relative to
other peptides in MALDI-TOF spectra recorded in negative
ion mode as opposed to positive ion mode [91,92]. This
increased signal intensity of phosphopeptides in negative ion
mode may provide a useful means of detecting phosphopep-
tides in a mixture. The B-elimination/ethanedithiol addition
chemistry has been used to attach a disulfide-linked biotin
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group to phosphoproteins [93]. The use of an easily
reversible link to attach the biotin allows more efficient
recovery of the formerly phosphorylated peptides. The
effectiveness of Q-TOF and triple quadrupole analyzers for
detecting phosphopeptides using precursor ion scanning has
been compared [94]. The two types of instrument were
found to have similar sensitivity for monitoring loss of PO;~
ions, whereas the Q-TOF analyzer was more sensitive and
more selective for detecting loss of the phosphotyrosine
immonium ion. The same group has also reported that sulfa-
tion and phosphorylation of tyrosine residues (both of which
cause a mass increase of 80 Da) can be distinguished by the
higher stability of the phosphotyrosine moiety under CID
conditions [95]. Signal intensity of phosphopeptides detect-
ed in negative mode by ESI Fourier transform ion cyclotron
resonance MS was shown to depend on the base used to
adjust the pH of the sample solution [96]. In analogy to frag-
mentation observed under CID conditions, facile loss of the
elements of H;PO, from phosphopeptides was observed by
these authors upon irradiation of the sample with an infrared
laser pulse.
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