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A systematic approach to
the analysis of protein
phosphorylation
Huilin Zhou1,2, Julian D. Watts1,2, and 
Ruedi Aebersold1,2*

Reversible protein phosphorylation has been known for some
time to control a wide range of biological functions and activi-
ties1–3. Thus determination of the site(s) of protein phosphoryla-
tion has been an essential step in the analysis of the control of
many biological systems. However, direct determination of individ-
ual phosphorylation sites occurring on phosphoproteins in vivo
has been difficult to date, typically requiring the purification to
homogeneity of the phosphoprotein of interest before analysis4–6.
Thus, there has been a substantial need for a more rapid and gen-
eral method for the analysis of protein phosphorylation in complex
protein mixtures. Here we describe such an approach to protein
phosphorylation analysis. It consists of three steps: (1) selective
phosphopeptide isolation from a peptide mixture via a sequence
of chemical reactions, (2) phosphopeptide analysis by automated
liquid chromatography–tandem mass spectrometry (LC-MS/MS),
and (3) identification of the phosphoprotein and the phosphorylat-
ed residue(s) by correlation of tandem mass spectrometric data
with sequence databases. By utilizing various phosphoprotein
standards and a whole yeast cell lysate, we demonstrate that the
method is equally applicable to serine-, threonine- and tyrosine-
phosphorylated proteins, and is capable of selectively isolating
and identifying phosphopeptides present in a highly complex pep-
tide mixture.

The sequence of chemical reactions for selectively isolating phos-
phopeptides from a peptide mixture consists of six steps (summa-
rized in Fig. 1A). (1) Amino protection: Peptide amino groups are
protected using t-butyl-dicarbonate (tBoc) chemistry7 to eliminate
the potential for intra- and intermolecular condensation in subse-
quent reactions. (2) Condensation reaction8: Carbodiimide catalyzes
condensation reactions between the peptides and excess amine to
form amide and phosphoramidate bonds at the carboxylate and
phosphate bonds of the peptides, respectively. (3) Phosphate regen-
eration: Free phosphate groups are regenerated by brief acid hydrol-
ysis of the phosphoramidate bonds, and excess amine is removed by
washing the peptides on reverse-phase resin. (4) Condensation and
reduction9: A carbodiimide-catalyzed condensation reaction attach-
es cystamine to the regenerated phosphate group(s). Reduction of
the internal disulfide of cystamine next generates a free sulfhydryl
group for every phosphate group of a phosphopeptide. (5) Solid-
phase capture: Excess cystamine, reducing agent, and by-products
are removed by washing the peptides on reverse-phase resin. The
recovered phosphopeptides are attached to a solid phase by reacting
the free sulfhydryl groups in the peptides with iodoacetyl groups
immobilized on glass beads. (6) Phosphopeptide recovery:
Following stringent washing of the resin, phosphopeptides are
recovered by cleavage of phosphoramidate bonds using trifluo-

roacetic acid (TFA) at a concentration that also removes the tBoc
protection group, thus regenerating peptides with free amino and
phosphate groups. The carboxylate groups, however, remain blocked
from step 2.

To demonstrate this method, we analyzed a tryptic digest of phos-
phoprotein β-casein by microcapillary LC-MS/MS. As shown in
Figure 1B, numerous peptides were present in the untreated β-casein
digest. The peptide indicated in Figure 1B was a doubly charged ion
at mass-to-charge ratio (m/z) = 1031.6. When selected for fragmen-
tation using collision-induced dissociation (CID) (Fig. 1D)10, its
fragment ion spectrum exhibited mostly the y-ion series typical for
low-energy peptide fragmentation and an additional major signal at
m/z = 983.0, corresponding to loss of 98 Da due to loss of the H3PO4

group from the parent ion11,12. Database searching of this CID spec-
trum identified a peptide with sequence FQS*EEQQQTEDELQDK
(asterisk * denotes a phosphate group). The mass difference between
the y13 and y14 ions corresponded to that of phosphoserine, con-
firming Ser50 of this protein as the known site of β-casein phospho-
rylation.

Subjecting the same β-casein digest to the phosphopeptide isola-
tion procedure reduced sample complexity considerably, yielding
only one important doubly charged peptide ion at m/z = 1182.5 
(Fig. 1C). The CID spectrum of this peptide showed a clear fragment
ion series and a major signal at m/z = 1133.6 due to the loss of H3PO4

(Fig. 1E). Database searching of this spectrum identified the same
peptide as that in Figure 1C. The increase in apparent mass for the
same peptide (compare Fig. 1B with 1C, and 1D with 1E) is due to
quantitative modification on all seven carboxylates (aspartic acid,
glutamic acid, and the C terminus) with ethanolamine during the
isolation procedure.

We next performed an experiment to determine sample recovery
efficiencies for each step of the procedure and to demonstrate applic-
ability to phosphotyrosine-containing peptides. To this end, we
phosphorylated myelin basic protein (MBP) in vitro with the catalyt-
ic domain of the tyrosine kinase LCK, and radiolabeled ATP at a
known specific activity. After trypsin digestion of the mixture,
5 pmol of phosphopeptides were isolated as before except that the
carboxylate groups were blocked with d4-ethanolamine. The ion
chromatogram for the isolated phosphopeptides is illustrated in
Figure 2A. The most prominent ion at m/z = 630.1 (2+) was chosen
for fragmentation, and its CID spectrum is shown in Figure 2B. This
unambiguously identified the expected tyrosine-phosphorylated
peptide TTHY*GSLPQK from MBP (ref. 13). We determined phos-
phopeptide recovery efficiency over the entire six-step procedure by
measuring radioactive counts recovered after each step of the proce-
dure, with a final yield that consistently was ∼ 20% of the starting
material on multiple repetitions of this experiment (data not
shown).

Several features of the method are immediately apparent. First,
the isolation procedure yielded phosphopeptides essentially free of
contamination from other peptides, and it is equally applicable to
phosphoserine-, and phosphotyrosine-containing peptides (Figs 1
and 2). In addition, the CID spectra obtained from isolated phos-
phopeptides were of sufficient quality to allow unambiguous identi-
fication by sequence database searching. Also, only phosphopep-
tides with fully blocked carboxylates were recovered. Quantitative
blocking of carboxylates would thus allow for incorporation of sta-
ble isotope tags that later can be differentiated and quantified by
MS, much as we recently demonstrated the monitoring of protein
expression levels by MS through isotopically tagging cysteine
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residues14. Finally, It is well known that phosphoserine and phos-
phothreonine readily lose the H3PO4 group on CID11,12. The frag-
ment ion that corresponds to the loss of 98 Da thus provides an
immediate indication of a phosphoserine- or phosphothreonine-
containing peptide. Phosphotyrosine is more stable and does not
lose its phosphate group during fragmentation (see Fig. 2).

We next evaluated this procedure for the identification of multi-
ple phosphopeptides present in a highly complex mixture. To this
end, we chose to analyze a lysate of the yeast Saccharomyces cere-
visiae. Phosphopeptides were isolated by this method and again
analyzed by LC-MS/MS, with CID spectra recorded and searched
against the yeast sequence database. Figure 3A shows the total ion
intensity recorded with respect to retention time on the column,
indicating the complexity of the sample. Figure 3B shows the m/z
values obtained integrated over the time window delineated in
Figure 3A. The major peptide peaks observed that also displayed
loss of 98 Da during CID are labeled with an asterisk (*), confirm-
ing that the majority of the peptides detected were indeed phos-
phorylated. Furthermore, the selectivity of the method was appar-

ent from the finding that >80% of the CID spectra that led to
identification were derived from phosphopeptides. Additionally,
CID spectra derived from the few nonphosphorylated peptides
identified generally resulted from lower intensity precursor ions.
Thus even with a highly complex starting material, only low levels
of nonphosphorylated peptide background carried through the
isolation procedure to the MS, affirming its selectivity. In the
example shown, the ion at m/z = 1032.7 in Figure 3B was selected
for CID, with this spectrum shown in Figure 3C. In addition to a
clear fragment ion series, a major signal corresponding to the dou-
bly charged parent ion after undergoing the loss of H3PO4 is
apparent at m/z = 983.8. After database searching, the peptide was
identified as being from enolase and having the indicated
sequence. This peptide contained three potential threonine phos-
phorylation sites, and the parent ion mass indicated that the pep-
tide contained a single phosphate group. The y7 to y13 ions con-
firmed that the phosphate was not on the N-terminal threonine.
Two possible pairs of the y5 and y6 ions correspond to phosphory-
lation of either one of the other two threonine residues. Thus we
could not definitively assign the exact site of phosphorylation for
this peptide, neither can we preclude the possibility that a mixture
of both possible monophosphorylated species of this peptide may
have co-eluted from the LC column.
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Figure 1. Phosphopeptide isolation strategy and validation with
phosphoprotein β-casein. (A) Schematic illustration of the chemistry
involved in selective phosphopeptide isolation. Full details are given in the
text. (B–E) Phosphopeptide isolation from β-casein. A tryptic digest of 
β-casein was analyzed by LC-MS/MS both before (B, D) and after (C, E)
phosphopeptide isolation according to the procedure in (A). The starting
material for phosphopeptide isolation is 10 pmol. (B) Ion chromatogram of 
1 pmol of β-casein digest before phosphopeptide isolation. The peak at 
m/z = 1031.6 represents the doubly charged form of the expected tryptic
phosphopeptide from β-casein. (C) Ion chromatogram of the isolated
phosphopeptides of β-casein digest. The peak at m/z = 1182.5 represents
the doubly charged form of the same tryptic phosphopeptide from β-casein
indicated in (B), additionally modified on its seven carboxylate groups with
ethanolamine. (D) CID spectrum of β-casein digest in (B). The peak at 
m/z = 983.0 represents the doubly charged form of the selected parent ion
(m/z = 1031.6) minus the H3PO4 group. (E) CID spectrum isolated
phosphopeptides of β-casein digest in (C). Again, the peak at 
m/z = 1133.6 represents the doubly charged form of the selected parent 
ion (m/z = 1182.5) minus H3PO4, and the y-ion series used for peptide
identification is indicated. The b-ion series are much less intense and are
omitted for clarity.

Figure 2. Phosphopeptide isolation from LCK–MBP kinase reaction
mixture. (A) LC-MS ion chromatogram of the phosphopeptides isolated
from a tryptic digest of protein mixture, generated from in vitro kinase
reaction between LCK and MBP. (B) The most intense ion (m/z = 630.1,
2+ ion) was subjected to CID analysis and database searching, which
identified this peptide as TTHY*GSLPQK, with the tyrosine residue being
phosphorylated .
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Table 1 lists the proteins identified following database searching
of the additional CID spectra obtained in the same manner, along
with the sequences of the phosphopeptides determined. All pep-
tides positively identified were singly phosphorylated species, and
they were phosphorylated at serine or threonine residues. Table 1
also indicates the location of the phosphorylation site within the
peptide when this could be unequivocally determined, or gives the
possible phosphorylation sites in cases in which the observed CID
data could not distinguish between two or more phosphorylation
sites. As shown in Figure 3C, such occasions did not interfere with
the identification of the phosphopeptide, and the site of
phosphorylation could typically be confined to a cluster of
hydroxyl amino acids.

We did not identify any peptides with multiple serine or threo-
nine phosphorylation sites. In many cases, ions corresponding to
loss of H3PO4 dominated the fragmentation process, resulting in
insufficient fragmentation at peptide bonds for sequencing. This
effect would be compounded by multiple phosphoserine or phos-
phothreonine sites in a single peptide. Peptides that are too large or
too small are generally not suitable for MS sequencing; besides,
such peptides could be lost during the desalting steps in this

method. Whether this method could determine all the phosphory-
lation sites of a given protein therefore depends on whether phos-
phorylation sites are contained in peptides of suitable sizes and/or
hydrophobicities for MS analysis, a limitation common to all MS-
based methods. In such cases, alternative proteolytic enzymes can
be considered. In the experiment on yeast lysate, tyrosine-
phosphorylated peptides were not identified, probably because of
their significantly lower abundance.

Most of the proteins identified were found to
be glycolytic enzymes, including enolase, glycer-
aldehyde 3-phosphate dehydrogenase, phospho-
glycerate kinase, and pyruvate kinase. Because
the cells from which the proteins were isolated
utilized glucose as a carbon source, the identifi-
cation of phosphorylation sites on glycolytic
enzymes as the major species present in this sam-
ple is perhaps not surprising. Phosphopeptides
from other highly expressed proteins, such as
pyruvate decarboxylase isozyme 1, ribosomal
proteins, and heat shock proteins were also iden-
tified. Notably, most of the proteins listed in
Table 1 were not annotated in the database as
known phosphoproteins. However, previous
studies from our group and others identified
many of the proteins listed in Table 1 in multiple
two-dimensional gel spots15,16, consistent with
differentially phosphorylated forms of the same
protein. These two-dimensional gel data are thus
consistent with the identifications made here,
supporting the assertion that these proteins are
indeed phosphorylated in vivo. Although we did
not identify phosphopeptides from lower-abun-
dance regulatory proteins in this experiment, the
method itself nonetheless is compatible with
larger-scale sample preparation, or for analysis of
enriched protein complexes of interest.
Fractionation either before or after this isolation
should greatly facilitate identification of low-
abundance proteins.
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Figure 3. Phosphopeptide isolation from yeast cell lysate. (A) LC-MS
chromatogram of the phosphopeptides isolated from a tryptic digest of
whole yeast cell lysate. (B) Integrated m/z spectrum of ions eluting from
the LC column with retention times between 24.7 and 26.5 min, as
indicated in (A). Major ion peaks that additionally exhibited a loss of 
98 Da on CID, indicating that they are phosphopeptides, are annotated
with an asterisk (*). (C) The CID spectrum recorded for the peptide peak
indicated in (B) at m/z = 1032.7 was sufficient to identify the
phosphopeptide as TAGIQIVADDLT*VT*NPAR from enolase. However,
the exact site of threonine phosphorylation was not unambiguously
defined because of the difficulty in assigning y5 and y6 ions. Both
potential locations for the phosphate have thus been indicated (*),
although the parent ion mass confirms the peptide as a singly
phosphorylated species.
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Table 1. Phosphopeptide profile from yeast grown with glucose as a carbon source 

Entry namea Protein name Phosphopeptide identifiedb

ENO1_yeast Enolase TAGIQIVADDLT*VT*NPARc

& ENO2_yeast IGLDCAS*S*EFFKc

SGET*EDT*FIADLVVGLRc

G3P1_yeast Glyceraldehyde LVSWYDNEYGYS*T*Rc

3-phosphate VIS*NASCTTNCLAPLAK
dehydrogenase VISNASCT*T*NCLAPLAKc

TASGNIIPSST*GAAK
DCP1_yeast Pyruvate decarboxylase isozyme 1 NPVILADACCS*R

TPANAAVPAS*T*PLKc

KPY1_yeast Pyruvate kinase 1 GVNLPGTDVDLPALS*EK
GVNLPGT*DVDLPALSEK

PGK_yeast Phosphoglycerate kinase DVT*FLNDCVGPEVEAAVK
VLENT*EIGDSIFDK
EGIPAGWQGLDNGPES*R
ASAPGS*VILLENLR
ELPGVAFLS*EK

PGM1_yeast Phosphoglycerate mutase 1 SFDVPPIDASSPFS*QK
VYPDVLYT*S*Kc

ALF_yeast Aldolase FAIPAINVT*S*S*S*T*AVAALEAARc

G6PI_yeast Glucose-6-phosphate isomerase EANVT*GLR
HS75_yeast Heat shock protein SQIDEVVLVGGS*T*Rc
HS72_yeast Heat shock protein TTPSFVGFTDT*ER
RL11_yeast 60S ribosomal protein VLEQLSGQTPVQS*K
R141_yeast 40S ribosomal protein IEDVTPVPS*DS*T*Rc

aEntry names are according to Swiss-Prot nomenclature (www.expasy.ch).
bSequence and site of phosphorylation was identified by SEQUEST19 (see text). Asterisks indicate site of
phosphorylation at the serine or threonine residue to its left.
cMultiple asterisks within a sequence indicate ambiguity on the exact site of phosphorylation. All peptides
are singly phosphorylated.
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In conclusion, this method appears to be well suited to rapid,
sensitive, and automated analysis of phosphoproteins on a large
scale, an undertaking not practical in anything other than a purely
descriptive sense until now. Using a reversible covalent linkage to
capture phosphopeptides to a solid support resulted in a high
degree of phosphopeptide enrichment before MS analyses. Because
this method does not require metabolic 32P labeling, it is also
amenable to the study of human tissues and tumors, considering
the important role played by aberrant phosphorylation in oncoge-
nesis and immune disorders. With its additional utility for describ-
ing quantitative changes in the phosphorylation state of proteins in
different biological samples through the use of stable isotope tag,
the method could thus enhance the traditional objectives of pro-
tein phosphorylation research and expand its scope in the near
future.

Experimental protocol
In vitro kinase reaction. A baculovirally expressed LCK kinase
domain–glutathione S-transferase (GST) fusion protein (17 µg), 20 µg
MBP, and 10 µCi of 32P-containing ATP were incubated at 30°C for 1 h in
40 µl of buffer containing 25 mM Tris (pH 7.5), 10 mM MnCl2, 0.25 mM
ATP. After 1 h, 6 M urea was added to stop the reaction. Reduction and
alkylation was performed by the addition of dithiothreitol (DTT) to 
10 mM for 30 min, followed by 2 h of incubation at 50 mM iodoacetamide.
Samples were diluted with water to 1 ml, and 1 µg of trypsin (Promega,
Madison, WI) added for 4 h at 37°C. Peptides were then desalted on a C18

column (Waters Associates, Milford, MA, cat. no. WAT023590) and recov-
ered by elution with 80% acetonitrile, 0.1% TFA. Recovered radiolabeled
peptides were quantified by Cerenkov counting. From this sample, an esti-
mated 5 pmol of phosphorylated peptides were taken for isolation of phos-
phopeptides and evaluation of recovery efficiencies. Deuterated 
d4-ethanolamine (Isotec, Miamisburg, OH) was used to block carboxylate
groups in this experiment.

Phosphoprotein profiling in yeast. Yeast S. cerevisiae strain (BWG1-7A) was
grown until mid-log phase on YPD (1% yeast extract and 2% peptone;
DIFCO Laboratories, Detroit, MI)  media with 2% glucose as a carbon source
and harvested by centrifugation. Protein extract was prepared by the glass
beads method as described17. A mixture of DNAse 1 (20 U/ml) and RNAse
(10 µg/ml) was added for 30 min on ice (Worthington Bioechemical,
Lakewood, NJ). Protein concentration was determined using Bio-Rad protein
assay (Bio-Rad Laboratories, Hercules, CA), and 500 µg of the protein extract
was then denatured in 0.1 M potassium phosphate buffer (pH 8.0) with 6 M
urea. Proteins were reduced and alkylated as described above. Sample was
then dialyzed before digestion overnight with trypsin at 37°C. The resulting
peptide mixture was desalted by reverse-phase C18 column as described
above.

Phosphopeptide isolation procedure. Peptide samples were dried, and
then subjected to the method diagrammed in Figure 1A according to the
following steps. Peptide mixture was resuspended in 50% (vol/vol) of 0.1 M
phosphate buffer (pH 11)/acetonitrile. 0.1 M tBoc was added for 4 h at
room temperature. Acetonitrile was then removed under reduced pressure.
Samples were made to 1 M ethanolamine, 25 mM N-hydroxysuccinimide
(NHS), and 0.5 M of N,N’-dimethylaminopropyl ethyl carbodiimide HCl
(EDC) and incubated for 2 h at room temperature. Then, 10% TFA was
added for 30 min at room temperature. Samples were then desalted on and
recovered from a C18 column as described above. After the peptides were
dried and redissolved in 1 M imidazole (pH 6.0), 0.5 M EDC was added for
3 h at room temperature. Samples were loaded onto a C18 column, washed,
and treated with 1 M cystamine (pH 8.0) for 2 h at 50°C on the column.
Peptides were washed with water and reduced with 10 mM DTT to generate
free sulfhydryl groups. After washing to remove DTT, peptides were eluted
with 80% acetonitrile, 0.1% TFA and incubated with 20 mg beads with
immobilized iodoacetyl groups for at least 2 h at pH 8.0 (titrated with 1 M
Tris pH 8.0, 50 mM ethylenediamine tetraacetic acid). Beads with immobi-
lized iodoacetyl groups were prepared by a 2 h reaction between 3 equiva-
lents of iodoacetic anhydride and 1 equivalent of amino beads (G4643;
Sigma Chemical Co., St. Louis, MO) with 3.3 equivalents of diisopropy-
lethylamine in dimethylformide. The formation of a tyrosine adduct with

carbodiimide is a possible side reaction18. Such an adduct is unstable
against nucleophiles such as hydroxylamine. Therefore, after attachment of
phosphopeptide to the beads, 1 M hydroxylamine (pH 10) was used to
incubate beads for 2 h at room temperature. This restored tyrosine residues.
Beads were then washed sequentially with 2 M NaCl, methanol, and water
to remove nonspecifically bound molecules. Finally, the beads were incu-
bated with 100% TFA for 30 min to recover phosphopeptides.
Concurrently, tBoc protection was removed. The recovered sample was
dried under reduced pressure and resuspended in water for LC-MS/MS
analysis.

LC-MS/MS and database analysis. An LCQ ion trap mass spectrometer
(Finnigan MAT, San Jose, CA) was used with a HP1100 solvent delivery sys-
tem (Agilent, Palo Alto, CA). Peptides were pressure-loaded onto the column,
then eluted and analyzed by microcapillary LC-MS/MS as described previ-
ously14. The collision energy for the LCQ was set at 30%. SEQUEST (ref. 19)
was used for searching yeast YPD database for peptide sequence and identifi-
cation of site(s) of phosphorylation. Search parameters included differential
mass modification to serine, threonine, and tyrosine due to phosphorylation,
static mass modification to aspartate, glutamate, and the C terminus due to
the ethanolamine tag, and static mass modification to cysteine due to alkyla-
tion by iodoacetamide. Differential mass modification means both possibili-
ties of modified or unmodified amino acid residues were used in database
search, whereas static mass modification means that only the modified amino
acid residue was used.
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