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Signal transduction events involve transmission and amplification of signals from transmembrane receptors to the nucleus. One major conduit of information is mediated via reversible phosphorylation of proteins (1–3). In eukaryotes,
phosphorylation occurs chiefly on serine, threonine, and tyrosine residues. Phosphorylation on serines and threonines is
far more abundant than that on tyrosine residues. Indeed, the
ratio of phosphorylation on phosphoserine:phosphothreonine:phosphotyrosine is 1800:200:1 in vertebrates (4). The
overall level of phosphorylation is regulated by an interplay
between the activities of protein kinases, as well as protein
phosphatases within cells.
Although tyrosine phosphorylation is far less frequent than
serine/threonine phosphorylation in cells, it has been studied
quite intensively. One of the major reasons for this is the
availability of excellent antibodies that recognize phosphorylated tyrosine residues in immunoprecipitation, as well as
Western blotting experiments. In fact, detection of a protein
by these antibodies generally constitutes proof that the protein is tyrosine-phosphorylated. Antibodies that specifically
recognize serine/threonine-phosphorylated proteins have become available in recent years. However, a major drawback is
that they cannot be used for enrichment purposes, because
they do not work in immunoprecipitation experiments. Although strategies such as immobilized metal affinity chromatography have been developed for selective enrichment of
phosphorylated peptides (5– 8), their use to enrich for phosphorylated proteins has not yet been demonstrated. Other
strategies to enrich for serine/threonine-phosphorylated proteins have been published, but they involve a series of chemical modifications that can result in loss of proteins (9 –11).
In this report, we have tested several antibodies for their
ability to immunoprecipitate and Western blot serine/threonine-phosphorylated proteins. We show that some of these
antibodies can be used to specifically immunoprecipitate proteins phosphorylated on serine/threonine residues. We performed a large scale purification of proteins whose phosphorylation was induced by treatment of cells with calyculin A, a
phosphatase inhibitor. Mass spectrometry has emerged as
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Although proteins phosphorylated on tyrosine residues
can be enriched by immunoprecipitation with anti-phosphotyrosine antibodies, it has been difficult to identify
proteins that are phosphorylated on serine/threonine residues because of lack of immunoprecipitating antibodies.
In this report, we describe several antibodies that recognize phosphoserine/phosphothreonine-containing proteins by Western blotting. Importantly, these antibodies
can be used to enrich for proteins phosphorylated on
serine/threonine residues by immunoprecipitation, as
well. Using these antibodies, we have immunoprecipitated proteins from untreated cells or those treated with
calyculin A, a serine/threonine phosphatase inhibitor.
Mass spectrometry-based analysis of bands from onedimensional gels that were specifically observed in calyculin A-treated samples resulted in identification of several known serine/threonine-phosphorylated proteins
including drebrin 1, ␣-actinin 4, and filamin-1. We also
identified a protein, poly(A)-binding protein 2, which was
previously not known to be phosphorylated, in addition to
a novel protein without any obvious domains that we
designate as Frigg. Frigg is widely expressed and was
demonstrated to be a protein kinase A substrate in vitro.
We identified several in vivo phosphorylation sites by tandem mass spectrometry using Frigg protein immunoprecipitated from cells. Our method should be applicable as
a generic strategy for enrichment and identification of
serine/threonine-phosphorylated substrates in signal
transduction pathways. Molecular & Cellular Proteomics 1:517–527, 2002.
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the technique of choice for identification of proteins, as well
as for analysis of phosphorylation (12, 13). Therefore, we
excised bands that were only observed in calyculin A-treated
cells from one-dimensional gels and used matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF)1 or
nanoelectrospray tandem mass spectrometry for identification. Several proteins were identified from this screen including drebrin 1, poly(A)-binding protein 2, myosin heavy chain,
␥-actin, and filamin-1. Using antibodies directed against filamin-1, we confirmed that the endogenous protein is phosphorylated on threonine residues, which is consistent with the
observation that it has been shown to be a substrate of
protein kinase A (PKA) based on in vitro studies. We also
identified a novel protein as a phosphoprotein that does not
contain any obvious domains from this large scale experiment. We have designated this protein as Frigg, which means
“the one who loves,” after the wife of Odin, a Nordic god.
Northern blot analysis showed that Frigg is widely expressed.
1

The abbreviations used are: MALDI-TOF, matrix-assisted laser
desorption/ionization time-of-flight; LC-MS/MS, liquid chromatography tandem mass spectrometry; MS/MS, tandem mass spectrometry; PKA, protein kinase A; pSer, phosphoserine; pThr, phosphothreonine; PABP, poly(A)-binding protein.
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Using an epitope-tagged version of Frigg, we show that it is
phosphorylated upon treatment of transfected 293T cells by
calyculin A and that it is a substrate of PKA by in vitro
phosphorylation experiments. Finally, we identified several
serine and threonine phosphorylation sites using immunoprecipitated Frigg protein by tandem mass spectrometry, one of
which corresponds to a consensus site for PKA.
EXPERIMENTAL PROCEDURES

Cell Culture and Antibodies—HeLa and 293T cells were grown in
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum
plus antibiotics. Anti-phosphoserine (7F12, 1C8) and anti-phosphothreonine antibodies (1E11) were from Alexis Biochemicals (San Diego, CA). Anti-phosphoserine (1C8) is a monoclonal mouse IgM antibody that recognizes a broad range of serine-phosphorylated
proteins, preferring positively charged amino acids directly neighboring the phosphoserine residues. Anti-phosphoserine (7F12) and antiphosphothreonine (1E11) are monoclonal mouse IgG antibodies. The
7F12 antibody has the same specificity as 1C8, and 1E11 recognizes
a broad range of phosphothreonine-phosphorylated proteins.
Anti-pSer/Thr PKA substrate (catalog number 9621), anti-pThr (catalog number 9381), and anti-pThr-Pro (catalog number 9391) antibodies were purchased from Cell Signaling Technology (Beverly, MA).
Anti-pSer/Thr and anti-pThr are rabbit polyclonal antibodies that were
raised against a synthetic PKA substrate peptide and synthetic phosphothreonine-containing peptides, respectively. Anti-pThr-Pro is a
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FIG. 1. Testing immunoprecipitation efficiency of various anti-phosphoserine/threonine antibodies in HeLa cells. Metabolic labeling
of HeLa cells was performed as described under “Experimental Procedures.” After labeling, cells were left untreated or treated with 0.1 g/ml
calyculin A for 30 min. A, the cell lysates were immunoprecipitated (IP) with monoclonal antibodies against phosphoserine (pSer, 7F12, and
1C8) or phosphothreonine (pThr, 1E11) antibodies from Alexis Biochemicals. The lack of differences between untreated and treated lanes
indicates the inability of these antibodies to enrich for serine/threonine-phosphorylated proteins. B, the cell lysates were immunoprecipitated
with antibodies against pSer/Thr or pThr or against phosphorylated threonine in the context of proline (pThr-Pro) from Cell Signaling
Technology (CST). The significant differences in the patterns observed in the untreated and treated lanes by these antibodies indicate good
immunoprecipitating ability.
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monoclonal mouse IgM antibody generated using synthetic phosphothreonine-proline peptides. Anti-FLAG antibody was from Sigma, and
anti-filamin-1 antibody was from Santa Cruz Biotechnology (Santa
Cruz, CA).
Metabolic Labeling, Immunoprecipitation, and Western Blotting—
Metabolic labeling of HeLa and 293T cells was done with ⬃107 cells
in Dulbecco’s modified Eagle’s labeling medium. 0.2 mCi/ml of 35Slabeled cysteine and methionine (Translabel; ICN) was added and
incubated for 6 –12 h at 37 °C. After metabolic labeling, the cells were
treated with 0.1 g/ml calyculin A for 30 min at 37 °C or left untreated.
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FIG. 2. Serine/threonine phosphorylation of immunoprecipitated proteins.
A, for Western blots (WB), ⬃107 HeLa
cells were grown and serum-starved for
24 h. The cells were then treated with
0.1 g/ml calyculin A for 30 min to enhance phosphorylation or left untreated.
Cleared cell lysates were Western blotted
with anti-pSer/Thr or anti-pThr antibody
as indicated. B, in vivo labeling with
[32-P]orthophosphate. Immunoprecipitates from labeled HeLa cells were resolved by SDS-PAGE and subjected to
autoradiography as shown.

The cells were lysed in lysis buffer (50 mM Tris, pH 7.6, 150 mM NaCl,
1% Nonidet P-40, 1 mM sodium orthovanadate, 10 mM sodium fluoride, 5 mM sodium pyrophosphate, and 10 mM ␤-glycerophosphate) in
the presence of protease inhibitors. The lysates were centrifuged for
30 min at 4 °C at 14,000 rpm. Cleared cell lysates were incubated
overnight at 4 °C with 20 l of polyclonal antibody (anti-pThr and
anti-pSer/Thr) and 30 l of protein A-agarose beads or 20 l of
monoclonal antibody (anti-pThr-Pro) and 30 l of protein L-agarose
beads. The monoclonal antibodies from Alexis (7E12, 1C8, and 1E11)
were first redissolved and subsequently incubated with cleared cell
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FIG. 3. Large scale immunoprecipitation of phosphorylated proteins. HeLa cells (6 ⫻ 108) were grown normally and then serumdeprived for ⬃24 h before treating half of the cells with 0.1 g/ml
calyculin A for 30 min. The cell lysates were immunoprecipitated (IP)
with anti-pSer/Thr antibody, the immune complexes were washed,
and the bound proteins were eluted by boiling and resolved by
SDS-PAGE. The gel was then silver-stained and is shown in the
figure. Molecular mass markers (in kDa) are indicated on the left. The
arrows with numbers indicate the positions of the bands that were
excised for digestion by trypsin and subsequent mass spectrometric
analysis.
[␥-32P]ATP) and 60 units of protein kinase A (Calbiochem). Protein
samples were then eluted by boiling in sample buffer and resolved by
SDS-PAGE. The gel was dried and exposed on a phosphorimaging
screen.
Mass Spectrometric Analysis—Mass spectrometric identification of
proteins was done essentially according to a strategy described
previously (15). The gel slices corresponding to the bands indicated in
Fig. 3 were excised. After reduction and alkylation, the proteins were
digested with an excess of modified sequencing grade trypsin (Promega, Madison, WI). The digestion was carried out overnight at 37 °C.
After in-gel digestion, the supernatant was acidified to 5% with formic
acid and loaded onto a nanoscale Poros R2 microcolumn (PerSeptive
Biosystems, Framingham, MA) and desalted according to Gobom et
al. (16).
For MALDI-TOF analysis, peptides were eluted with 1 l of saturated matrix solution (4-hydroxy-␣-cyanocinnamic acid in 50% acetonitrile/2.5% formic acid). The eluate was spotted as a series of
nanoliter volume droplets onto a MALDI probe. Internal mass calibration of peptide mass maps was performed using porcine tryptic
autocatalytic products (m/z 842.51 and 2211.10). The samples for
MS/MS analysis were acidified as described above. Subsequently the
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lysates and 30 l of protein L agarose beads. Precipitated immune
complexes were then washed three times in ice-cold lysis buffer, and
the bound proteins were eluted by boiling for 6 – 8 min in sample
buffer. The proteins were resolved by SDS-PAGE and subjected to
autoradiography.
For Western blotting experiments, unlabeled cells were used but
otherwise treated as described above. After SDS-PAGE, the gel was
transferred onto nitrocellulose. The membranes were blocked in 5%
skimmed milk powder in phosphate-buffered saline containing 0.1%
Tween 20 overnight at 4 °C and incubated with the relevant antibody.
The membranes were washed and incubated with horseradish peroxidase-conjugated secondary antibody and developed using enhanced chemiluminescence detection according to the manufacturer’s instructions (Amersham Biosciences).
In Vivo Labeling with [32P]Orthophosphate—HeLa cells grown to
90% confluence in two 10-cm dishes were starved overnight in serum-free Dulbecco’s modified Eagle’s medium. The medium was
switched to phosphate-free medium 1 h prior to labeling. The cells
were subsequently labeled for 3 h with [32P]orthophosphate (200
Ci/ml; Amersham Biosciences). One dish was then treated with 100
ng/ml calyculin A (Sigma) for 30 min. Cells from both untreated and
treated dishes were then lysed in lysis buffer containing protease
inhibitors and cleared by centrifugation at maximum speed in a microcentrifuge. Immunoprecipitation of the cleared lysate was then
done with 20 l of anti-pSer/Thr antibody combined with 30 l of
protein A-agarose bead solution (15-l bead volume) for 8 h at 4 °C.
The immunoprecipitates were washed three times in lysis buffer,
boiled in SDS sample buffer, and subjected to standard SDS-PAGE.
The gel was then dried, and the bound material was detected by
autoradiography.
Large Scale Immunoprecipitation—For the large scale experiment
shown in Fig. 3, ⬃6 ⫻ 108 HeLa cells were grown and starved for 24 h.
The cells were then treated with 0.1 g/ml calyculin A for 30 min at
37 °C or left untreated. The cells were lysed in 20 ml of lysis buffer.
Cleared cell lysates were incubated with 200 l of anti-pSer/Thr
antibody and 300 l of protein A-agarose beads overnight at 4 °C.
Precipitated immune complexes were washed three times in lysis
buffer, and bound proteins were eluted by boiling in sample buffer. The
proteins were finally resolved by SDS-PAGE, and the gel was silverstained by a method compatible with mass spectrometric analysis (14).
Northern Blotting, cDNA Constructs, and Transfection—Multiple
tissue and cancer cell line Northern blots were purchased from
CLONTECH and probed according to the manufacturer’s instructions. A cDNA clone corresponding to the KIAA0668 protein was used
to generate a FLAG epitope-tagged construct. The open reading
frame was amplified by a PCR reaction using the primers 5⬘-AAAGAATTCGTGGGCGGGCTCCCCATGCACTCT-3⬘ and 5⬘-AAAGCGGCCGCCACCATGTCCCGAAGAAGCCAGCGCCTC-3⬘. The PCR
fragment was cut with NotI and EcoRI restriction enzymes and cloned
into pCMV-Tag4a vector (Stratagene). 293T cells were transfected
with 15 g of expression vector containing FLAG-tagged Frigg or
empty vector using the calcium phosphate method. 2 h prior and 6 h
after transfection the medium was changed for optimal conditions.
24 h after transfection, the cells were serum-starved for 24 h. The
cells were then treated with 0.1 g/ml calyculin A for 30 min at 37 °C
or left untreated. Cells were lysed and subjected to immunoprecipitation and Western blotting as described above.
In Vitro Phosphorylation Assay—Following transfection with Frigg,
cells were lysed at 4 °C in lysis buffer. Cleared cell lysates were
immunoprecipitated with 10 g of anti-FLAG antibody for 6 h at 4 °C.
After incubation, the beads were washed two times in lysis buffer and
two times in kinase buffer (50 mM Tris-Cl, pH 7.4, 10 mM MgCl2, 5 mM
dithiothreitol). Immune complexes were incubated for 30 min at 30 °C
in 5 l of ATP mixture (300 M cold ATP, 45 mM MgCl2, and 20 Ci of
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peptides were eluted with 40% methanol/5% formic acid directly into
a nanoelectrospray needle (MDS Proteomics, Odense, Denmark).
Nanoelectrospray tandem mass spectrometry was performed on a
qTOF hybrid instrument (Micromass, Manchester, United Kingdom).
Automated nanoflow liquid chromatography/tandem mass spectrometric analysis (LC-MS/MS) was performed using a qTOF Ultima
mass spectrometer (Micromass, Manchester, United Kingdom) employing data-dependent acquisition. A commercial nano-high pressure liquid chromatography system (Ultimate; LC Packings, Amsterdam, The Netherlands) was used to deliver a flow rate of 175 nl/min.
Peptide samples were loaded onto a column (made using Agilent
Zorbax C18 3.5 m; 8 cm, 75 m internal diameter) using a high
pressure vessel. Peptide separation was accomplished using a gradient of 5–38% acetonitrile resulting in an average peak width of 15 s.
Data analysis was performed using MassLynx and ProteinLynx software, and the resulting MS/MS data set was analyzed using the
Mascot search engine (Matrix Science Ltd., London, United
Kingdom).
RESULTS AND DISCUSSION

Testing of Antibodies for Their Ability to Enrich Serine/
Threonine-phosphorylated Proteins in Metabolically Labeled

HeLa Cells—To enrich serine/threonine-phosphorylated proteins, we decided to first carry out preliminary experiments
with several commercially available antibodies. HeLa cells
were metabolically labeled with 35S and then left untreated or
treated with calyculin A. Treatment with calyculin A increases
the phosphorylation of several protein substrates on serine/
threonine residues because of the unopposed activity of protein kinases within cells. Cell lysates were immunoprecipitated with several antibodies that were directed against
phosphorylated proteins. In our experience, we find that although most of such antibodies perform well in Western blotting experiments, they are generally not useful in immunoprecipitating proteins and therefore cannot be used for
enrichment purposes. As shown in Fig. 1A, three of these
antibodies did not immunoprecipitate any bands that were
different between untreated and calyculin A-treated cells.
However, three of the antibodies showed patterns that indicated that they were specifically able to immunoprecipitate
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FIG. 4. Identification of serine/threonine-phosphorylated proteins by mass spectrometry. Proteins bands indicated in Fig. 3 were
subjected to in-gel digestion by trypsin and analyzed by MALDI-TOF mass spectrometry. A, MS spectrum of protein band 1 that was identified
as filamin-1 (actin-binding protein 280). B, MS spectrum of protein band 2 that was identified as myosin heavy chain-A (polypeptide 9,
non-muscle). C, MS spectrum of protein band 4 that was identified as ␣-actinin 4. D, MS spectrum of protein band 5 that was identified as a
hypothetical protein, KIAA0668. Peaks marked with asterisks correspond to tryptic peptides that were matched with a protein from a database
search. T refers to trypsin autolysis products.
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FIG. 5. Filamin-1 is phosphorylated by calyculin A treatment.
HeLa cells were left untreated or treated with 0.1 g/ml calyculin A
for 30 min. Cleared cell lysates were immunoprecipitated (IP) with
anti-filamin-1 antibody, resolved SDS-PAGE, and Western blotted
(WB) with anti-pThr antibody. The top panel shows a Western blot
using anti-pThr antibody to detect immunoprecipitated filamin-1
from untreated or calyculin A-treated cells. The bottom panel is a
Western blot from a parallel experiment to show equal expression
of filamin-1.

actin filaments thereby generating contractile forces during
cytokinesis and in maintaining cortical tension because of the
hydrolysis of ATP. The function of cytoplasmic myosin is
known to be regulated by its phosphorylation state (23). In
Dictyostelium, for example, specific phosphorylation of threonine residues 1823, 1833, and 2029 is observed, which
drives myosin from filamentous to a monomeric state thereby
inhibiting cellular activity (24).
Tandem mass spectrometry was performed to confirm the
identity of the protein migrating at 120 kDa in band 3. It was
revealed to be drebrin 1 (F-actin-binding protein) (data not
shown). It is an F-actin-binding protein identified originally in
chicken brain as a neuron-specific developmentally regulated
brain protein expressed mainly in neurons (25). Three isoforms have been identified in the chicken (26) and humans
(27, 28) that are generated by alternative splicing of a single
transcript (29). In addition to its ability to interact with F-actin,
drebrin 1 inhibits competitively the actin binding property of
tropomyosin, fascin, and ␣-actinin (30 –32). Hayashi et al. (30)
have shown that it is highly phosphorylated in vivo.
Tryptic peptides from band 4 were derived from ␣-actinin 4
(Fig. 4C), a protein discovered originally as a component of
the z-disc in skeletal muscle (22). It is composed of three
domains, an N-terminal actin-binding domain, an extended
rod-shaped domain, and a C-terminal region containing two
EF-hands motifs (33). ␣-Actinin is a member of actin binding
superfamily of proteins, which binds to the integrin ␤1 cytoplasmic domain and is believed to link the actin cytoskeleton
to focal adhesions (34, 35). So far, four isoforms of human
␣-actinin have been identified (designated 1 to 4), and ␣-actinin 4 is believed to be involved in cell motility and in cancer
invasion. Mukai et al. (33) have shown that ␣-actinin 4 is a
direct substrate for protein kinase N, which phosphorylates it
in the N-terminal region. In addition, it has been shown to be
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proteins from calyculin A-treated cells (Fig. 1B). These antibodies were raised against pThr residues, pThr-Pro (which
indicates that it recognizes phosphothreonine residue in the
context of a following proline), or a mixture of both phosphoserine and phosphothreonine (pSer/Thr) residues, respectively, and are available commercially.
Testing of Antibodies in Western Blotting Experiments to
Detect Serine/Threonine-phosphorylated Proteins—We decided to characterize further two of the antibodies that
worked well in immunoprecipitation experiments. For this purpose, cell lysates from HeLa cells were subjected to Western
blotting with anti-pThr and anti-pSer/Thr antibodies. Fig. 2A
shows that these two antibodies were able to detect proteins
whose phosphorylation was induced by treatment of cells
with calyculin A treatment in Western blotting experiments.
The profile of the bands observed was largely similar to that
seen in the immunoprecipitation experiments (shown in Fig. 1B
or 2B). Therefore, these two antibodies can be used for immunoprecipitation, as well as Western blotting experiments.
Large Scale Purification of Serine/Threonine-phosphorylated Proteins and Identification by Mass Spectrometry—A
large scale experiment was next performed using 6 ⫻ 108
HeLa cells that were serum-starved and divided into two. One
half was left untreated, and the other half was treated with
calyculin A for 30 min. Cell lysates were immunoprecipitated
using anti-pSer/Thr antibody. The immune complexes were
boiled and resolved by one-dimensional SDS-PAGE, and the
gel was silver-stained to visualize proteins (Fig. 3). Seven
major protein bands that were observed specifically in the
calyculin A-treated cells were excised, digested by trypsin,
and analyzed by MALDI-TOF mass spectrometry.
As shown in Fig. 4A, band 1 was identified as filamin-1 by
MALDI-TOF mass spectrometry. It is also known as actinbinding protein 280 and is an essential component of the
cytoskeleton where it promotes rearrangement of actin filaments in response to a variety of physiological and exogenous
stimuli (17). In addition, filamin-1 has been shown to associate
with lipid membranes, to direct intracellular trafficking, and to
bind to membrane surface receptors (18 –20). Filamin-1 is a
known phosphoprotein with serine 2152 serving as a unique
target site for PKA (17, 18, 21). We decided to test whether
filamin-1 is also phosphorylated on threonine residues upon
treatment of HeLa cells with calyculin A. Endogenous filamin-1 was immunoprecipitated with anti-filamin-1 antibody
followed by Western blotting with anti-pThr antibody. Filamin-1 underwent efficient phosphorylation on threonine residues upon calyculin A treatment indicating that it is phosphorylated on threonine, in addition to serine, residues (Fig. 5).
Band 2 was identified as myosin heavy chain A (non-muscle) (Fig. 4B). Myosin heavy chain-A, non-muscle, is a cellular/
cytoplasmic myosin very similar in structure to the skeletal,
cardiac, and smooth muscle myosins. It has been identified in
a wide range of cells including yeast and mammalian cells
(22). The key feature of cytoplasmic myosin is its binding to
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TABLE I
A list of phosphoproteins identified by mass spectrometry
The table lists the proteins and GenBank™ accession numbers identified by mass spectrometry in the large scale experiment by enrichment
with anti-pSer/Thr antibody. Data on phosphorylation and corresponding references are indicated. The band numbers correspond to the bands
excised from the silver-stained gel shown in Fig. 3.
Band excised

Protein name

Band 1
Band 2

Filamin-1
Myosin heavy chain A

Band 3
Band 4

Drebrin 1
␣-Actinin 4

Band 5

Frigg (KIAA0668)

Band 6

PABP2

Band 7

␥-Actin

Phosphorylation data
Phosphorylated on serine 2152 (PKA site)
Phosphorylated on threonine residues 1823, 1833, and
2029 in Dictyostelium
Phosphorylated in vivo
Phosphorylated in N-terminal region by protein kinase
N. Phosphorylated in vitro by FAK on residue 12
Phosphorylated on serine 12, 54, and 116 (additional
sites present)
Phosphorylation of PABP, a protein related to PABP2,
specifies the type of binding to poly(A) RNA and to
other proteins
Phosphorylated upon stimulation of monocytes

Accession no.

References

NP_001447
NP_002464

17, 18, 20, 21
23, 24

NP_004386
NP_004915

27, 30
33, 35–37

BAA31643

This study

Q15097

38–41

NP_001605

47
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FIG. 6. Expression of Frigg. A, a cancer cell line blot or multiple tissue Northern blots were probed with a 32P-labeled
fragment from KIAA0668 (top panels) according to the manufacturer’s instructions (CLONTECH). The bottom panels
show reprobing of the blots with a ␤-actin probe after stripping. Molecular weight
markers in kb are shown on the left. B,
transfection of 293T cells with a FLAG
epitope-tagged version of Frigg. Western
blot (WB) with anti-FLAG antibody revealed that the expressed protein migrates at 80 kDa, which is consistent with
the size of the protein observed in the
initial large scale purification experiment.
IP, immunoprecipitated.

tyrosine-phosphorylated by focal adhesion kinase, in vitro, on
residue 12 (36, 37).
The protein in band 6 was identified by MALDI-TOF MS as
poly(A)-binding protein 2 (PABP2). It is an RNA-binding protein that binds with high affinity to nascent poly(A) tails, stimulating their extension and controlling their length (38). Short
expansions of the GCG trinucleotide repeat in the gene encoding PABP2 lead to occulopharyngeal muscular dystrophy

(39). PABP2 has been demonstrated to interact with SKIP and
MyoD to stimulate MyoD-dependent transcription indicating a
role in signal transduction pathways (40). Le et al. (41) have
shown recently that the level of phosphorylation of PABP, a
protein related to PABP2, specifies the type of binding to
poly(A) RNA and to other proteins (e.g. different translation
initiation factors). Because we enriched PABP2 with an antipSer/Thr antibody, we conclude that it is a serine-phospho-
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TABLE II
A list of tryptic peptides in Frigg where exact phosphorylation sites
were localized by mass spectrometry
The table lists tryptic peptides derived from Frigg with the specific
phosphorylation sites identified by MS/MS marked in bold. Residue
numbers correspond to the position of the indicated phosphorylated
residue within Frigg sequence.
Phosphorylated
amino acid

Tryptic peptide

Ser-12
Ser-54
Ser-116

LTRYSQGDDDGSSSSGGSSVAGSQSTLFK
RLSPAPQLGPSSDAHTSYYSESLVHESWFPPR
GTGGSESSRASGLVGR

Tryptic peptide

Number of
phosphate moietiesa

GTGGSESSRASGLVGR
AGSLLWMVATSPGR
DSSPHFQAEQR
FTYDQDGEPIQTFHFQAPTMATYQVVELR

2
1
1
1

a
Indicates the number of phosphate moieties on tryptic peptides
identified by MS.

FIG. 7. Serine/threonine phosphorylation of Frigg by calyculin A
treatment. A, induction of KIAA0668 Ser/Thr phosphorylation by
calyculin A. 293T cells were transfected with KIAA0668 plasmid using
the calcium phosphate method. 24 h after transfection, cells were
serum-starved for 24 h. The cells were treated with calyculin A for 30
min or left untreated. Cell lysates were immunoprecipitated (IP) with
antibody against the FLAG epitope. The proteins were then resolved
by SDS-PAGE and Western blotted (WB) with anti-pThr (top panel).
The bottom panel shows the blot after stripping the membrane followed by reprobing with anti-FLAG to confirm equal loading. B, in
vitro phosphorylation of Frigg by PKA. Following transfection with
Frigg, cells were lysed and immunoprecipitated with anti-FLAG antibody. Precipitated immune complexes were incubated for 30 min at
30 °C in ATP mixture and PKA. Protein samples were eluted and
resolved by SDS-PAGE. The dried gel was exposed on a phosphorimaging screen.

rylated protein, and its level of phosphorylation may have
functional importance as is the case with PABP.
Table I shows the list of all proteins that were identified from
the gel shown in Fig. 3. The tryptic peptides from the protein
migrating at 80 kDa in band 5 matched a novel protein that
corresponds to a cDNA fragment (KIAA0668) that was predicted to encode a truncated protein (Fig. 4D).
Analysis and Expression of a Novel Phosphorylated Protein,
Frigg—Because the protein encoded by KIAA0668 was novel,
we decided to characterize it further. Because there was no
in-frame stop codon in the longest reading frame, this clone
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had been labeled with a warning of potential N-terminal truncation. Comparative genomic analysis was used for assignment of the start codon by comparing the translated sequence from this cDNA against all murine sequences (42). We
found that the conservation of amino acid sequence started at
the methionine residue present at position 77 indicating that
this was the actual initiator codon. The open reading frame of
this cDNA encoded a protein of 717 amino acids with a
predicted molecular mass of 80.3 kDa. This protein was designated as Frigg after a goddess who was the wife of Odin in
Nordic mythology. Examination of the protein sequence using
domain prediction programs such as SMART and Pfam did
not reveal the presence of any identifiable domain (43, 44). A
BLAST search against the protein sequence databases
showed that this protein was 37% identical to another entry,
KIAA0810, which also did not possess any obvious domains.
To check the expression of Frigg, a Northern blot analysis was
performed. As shown in Fig. 6A, it is expressed as a single
band of ⬃4 kb in all examined tissues and cell lines. To
characterize Frigg at the level of the protein, the open reading
frame was amplified by polymerase chain reaction and cloned
into a C-terminal FLAG epitope-tagged vector. The expression vector was transfected into 293T cells by the calcium
phosphate method, and the expressed protein was immunoprecipitated with anti-FLAG antibody. The precipitated immune complexes were then subjected to one-dimensional
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TABLE III
A list of phosphorylated tryptic peptides where phosphorylation site
could not be localized by mass spectrometry
The table lists tryptic peptides derived from Frigg where specific
phosphorylation sites could not be localized. The residue marked in
bold in one of the tryptic peptides corresponds to one of the phosphorylation sites identified by MS/MS (see Table II).
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SDS-PAGE and Western blotted with anti-FLAG conjugated
to horseradish peroxidase. The Western blot revealed that the
expressed protein migrated at 80 kDa (Fig. 6B), which is
consistent with size of the protein observed in the initial large
scale purification experiment.
Frigg Is a Novel PKA Substrate—The phosphorylation state
of epitope-tagged Frigg was next examined by treating transfected 293T cells with calyculin A. After enrichment by immunoprecipitation with anti-FLAG antibody, the precipitated proteins were separated by one-dimensional SDS-PAGE and
Western blotted with anti-phosphothreonine antibody. The
Western blot clearly shows that Frigg is highly phosphorylated

in vivo as a result of calyculin A treatment (Fig. 7A). The
anti-pSer/Thr antibody used in the large scale immunoprecipitation experiment recognizes phosphoserine/threonine with
an arginine in the ⫺2 position. This is the consensus sequence for protein kinase A. An in vitro phosphorylation assay
was therefore performed to test whether Frigg was a potential
substrate of PKA. Immunoprecipitated Frigg was incubated
with ␥-32P-labeled ATP in the absence or presence of the
purified catalytic subunit of PKA for 30 min. The proteins were
eluted by boiling in sample buffer and subsequently resolved
by SDS-PAGE. The result of this in vitro phosphorylation
assay was analyzed on a phosphorimaging screen. The assay
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FIG. 8. Localization of phosphorylation sites on Frigg by mass spectrometry. LC-MS/MS analysis of tryptic peptides derived from Frigg.
Six phosphoserine/phosphothreonine-containing peptides were identified in the LC-MS/MS run. Specific phosphorylation sites were identified
in three of the six phosphopeptides. The fragmentation pattern of the peptide is indicated (only b and y ions are indicated for simplicity). Ions
labeled with an asterisk were generated from the peptide in which the phosphoserine had been converted to dehydroalanine by ␤-elimination
(loss of phosphoric acid, 98 Da). A, part of the MS/MS spectrum of a triply charged peptide ion at m/z 1226.93. Note the elimination of
phosphoric acid (H3PO4; loss of 98 Da) from the precursor ion. B, part of an MS/MS spectrum of a quadruply charged phosphoserinecontaining peptide RLpSPAPQLGPSSDAHTSYYSESLVHESWFPPR (m/z 920.45). The phosphorylation site was localized to the serine in
position 3 in the peptide (serine 54 in Frigg). The serine positioned at 54 is part of a consensus sequence (RLS) that is phosphorylated by protein
kinase A. C, part of an MS/MS spectrum of a triply charged phosphoserine-containing peptide LTRYpSQGDDDGSSSSGGSSVAGSQSTLFK
(m/z 987.76). The phosphorylation site was localized to the serine in position 5 of the peptide (serine 12 in Frigg).
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CONCLUSIONS

Because phosphorylation is an important mechanism in a
number of signal transduction events, it is important to possess the appropriate tools and techniques for a global analysis. Until now, a major limitation for studying serine/threonine-phosphorylated proteins was the lack of availability of
immunoprecipitating antibodies. To circumvent this problem,
a number of strategies based on chemical modification of
phosphoserine and phosphothreonine residues have been
developed. A drawback of these approaches is that they
employ a series of chemical reactions and purification steps
that may lead to loss of phosphorylated proteins. In this
report, we have shown that antibodies directed against phosphoserine and phosphothreonine residues can be used for
enrichment of these proteins for a global analysis as we had
shown earlier for tyrosine phosphorylation signaling pathways
(45). Most phosphorylation prediction programs did not predict several of the phosphorylation sites and phosphopeptides that we have identified. This occurrence of false negatives is similar to what we have reported previously in the case
of tyrosine phosphorylation site substrates in the epidermal
growth factor receptor signaling pathway (46).
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Identification of phosphorylated proteins from such global
approaches is only the first step in characterizing these signaling molecules. It is important to verify the involvement of
the proteins identified from such approaches by studies in
vivo. Such studies may be performed by using antibodies
against the endogenous proteins and/or overexpression of
wild-type and mutant forms of epitope-tagged proteins to
examine the role of the protein in signal transduction pathways. It is hoped that these antibodies will permit a systematic analysis of all substrates involved in signaling pathways
that involve serine and threonine phosphorylation events. Finally, the data on the phosphorylated residues identified from
such experiments will help refine the prediction programs
used for prediction of phosphorylation sites.
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