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P

rotein kinases and their substrates represent the largest signaling network that regulates protein–protein interactions, subcellular localization, and ultimately cellular functions (1, 2).
Deregulation of the signaling network often leads to disease
states such as human malignancies, diabetes, and immune disorders. Although many kinases are excellent therapeutic targets,
the precise connection between protein kinases and their direct
substrates has not been fully elucidated for a majority of protein
kinases. Besides classical genetic and biochemical methods, there
have been a number of high throughput approaches for the identification of potential kinase substrates. Common methods include in vitro kinase assays using libraries of synthetic peptides
(3), phase expression libraries (4), protein/peptide arrays (5–7),
or cell extracts (8, 9), but these methods can often be misleading
and provide many false positive results. The discovery of physiological substrates for specific protein kinases has remained challenging, even with recent advances in mass spectrometry.
Mass spectrometry-based proteomics has become a powerful
tool and been applied to map protein interaction networks, including kinase/phosphatase-substrate networks (10). Large-scale
phosphoproteomics, however, does not typically reveal precise
connections between protein kinases and their direct substrates
(11, 12). In recent years, there have been increasing attempts to
develop mass spectrometry-based proteomic strategies for the
identification of elusive kinase substrates (7, 13, 14). These attempts commonly used purified, active kinases to phosphorylate
cell lysate (or fractions of cell lysate) in vitro, followed by mass
spectrometric analysis to identify phosphoproteins. The main
challenge for these approaches is how to distinguish the kinase
reaction from background phosphorylation events resulting
from endogenous kinase activities. Radioisotope labeling using
www.pnas.org/cgi/doi/10.1073/pnas.1119418109

½γ- 32 PATP (8), the employment of a high concentration of
purified kinase (8, 15), an additional heating step to inactivate
endogenous kinase activities (9), and quantitative proteomics
(10) are a few means to address these issues. An elegant chemical
genetic approach was developed by Shokat and coworkers to use
kinases engineered to accept bulky ATP analogs that can distinguish between wild-type and mutated or analog-sensitive kinases
(16). Recently it has been coupled to quantitative proteomics,
termed quantitative identification of kinase substrates (10), to
identify substrate proteins of mitogen-activated protein kinase/
Erk kinase. All these methods, however, have been limited to
the identification of in vitro kinase substrates.
In this study, we have devised an integrated strategy termed
kinase assay linked with phosphoproteomics (KALIP) for determining the substrate specificity and identifying direct substrates
of protein kinase with high sensitivity and confidence. The strategy is based on a kinase reaction using formerly in vivo phosphorylated peptides as candidates. This step efficiently improves
the sensitivity of the kinase reaction. The kinase reaction is
further linked to endogenous phosphoproteomics modulated
by the kinase of interest to detect bona fide substrates. To demonstrate the KALIP strategy, we used spleen tyrosine kinase (Syk) as
our target kinase. Syk is a 72-kDa protein-tyrosine kinase known
to have a crucial role in adaptive immune receptor signaling,
in particular in B cells by coupling the B-cell receptor (BCR) for
antigen to multiple intracellular signaling pathways and also in
modulating cellular responses to inducers of oxidative stress in
a receptor-independent fashion (17, 18). However, Syk also mediates diverse biological functions including cellular adhesion,
innate immune recognition, osteoclast maturation, platelet activation, and vascular development (17). In addition, the expression of Syk is reduced or absent in many highly malignant
carcinomas, suggesting that it can function as a tumor suppressor
in some contexts (19). Although the role of Syk in signaling
through antigen receptors is relatively well characterized, little
is known about its direct substrates and the pathways that it
regulates in epithelial cells. Therefore, in this study, we attempt
to demonstrate the specificity and sensitivity of the KALIP approach by identifying Syk substrates in B cells and breast cancer
cells to gain molecular insight of Syk’s distinctive roles in different
cell types.
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Our understanding of the molecular control of many disease
pathologies requires the identification of direct substrates targeted
by specific protein kinases. Here we describe an integrated proteomic strategy, termed kinase assay linked with phosphoproteomics,
which combines a sensitive kinase reaction with endogenous
kinase-dependent phosphoproteomics to identify direct substrates
of protein kinases. The unique in vitro kinase reaction is carried out
in a highly efficient manner using a pool of peptides derived directly from cellular kinase substrates and then dephosphorylated
as substrate candidates. The resulting newly phosphorylated peptides are then isolated and identified by mass spectrometry. A
further comparison of these in vitro phosphorylated peptides with
phosphopeptides derived from endogenous proteins isolated from
cells in which the kinase is either active or inhibited reveals new
candidate protein substrates. The kinase assay linked with phosphoproteomics strategy was applied to identify unique substrates
of spleen tyrosine kinase (Syk), a protein-tyrosine kinase with duel
properties of an oncogene and a tumor suppressor in distinctive
cell types. We identified 64 and 23 direct substrates of Syk specific
to B cells and breast cancer cells, respectively. Both known and unique substrates, including multiple centrosomal substrates for Syk,
were identified, supporting a unique mechanism that Syk negatively affects cell division through its centrosomal kinase activity.
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Results
The KALIP Strategy for the Identification of Direct Kinase Substrates.

Current proteomics strategies using cell lysates for kinase assay
can only identify potential in vitro kinase substrates. Furthermore, a majority of these strategies face interferences from
endogenous kinase activities and enormous background phosphorylation in cell lysate. To address these issues, we devised the
KALIP strategy that consists of two sets of experiments run in
parallel: a newly designed sensitive kinase reaction carried out in
vitro, and kinase-modulated phosphoproteomics in vivo (Fig. 1).
To improve the sensitivity and specificity of the in vitro kinase
reaction, we introduce a critical step to generate a pool of peptides derived from actual kinase substrates. The step includes first
treating specific cell types with phosphatase inhibitors to increase
the overall level of protein phosphorylation. Proteins are then
extracted and digested with a protease. Phosphopeptides are
isolated using affinity-based enrichment. A phosphatase is subsequently used to remove all phosphate groups from the phosphopeptides to generate a pool of highly relevant peptide substrate
candidates for use in an in vitro kinase reaction. Note that the
kinase reaction is performed at the peptide stage which efficiently
eliminates any problem related to endogenous kinase contaminations (all endogenous kinases were digested before the kinase
reaction). Phosphopeptides generated by in vitro phosphorylation with the kinase of interest are enriched using highly efficient
polymer-based metal ion affinity capture (PolyMAC) (20), followed by mass spectrometric analyses to identify their sequences
and sites of phosphorylation. This procedure generates a list of

Fig. 1. Workflow for the KALIP strategy to identify kinase candidates. It involves in vitro kinase reaction and in vivo phosphoproteome. In the in vitro
kinase reaction, the critical step is the generation of substrate peptides,
which are directly isolated from cell lysate through affinity purification and
dephosphorylation. After the kinase reaction, phosphopeptides are further
enriched and analyzed by mass spectrometry for sequencing and site identification. In in vivo phosphoproteome, phosphopeptides are enriched from
two cell lines (þ∕− kinase) and analyzed by mass spectrometry. Kinase-modulated phosphorylation events are identified by comparing two phosphoproteomes (qualitatively or quantitatively). Phosphopeptides present within
both datasets from in vitro kinase reaction and in vivo phosphoproteomics
represent candidate proteins with the highest probability of being genuine
Syk substrates. LC-MS, liquid chromatography-mass spectrometry.
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peptide substrates that can be compared to reveal the substrate
specificity of the enzyme.
Because in vitro kinase reactions typically display a degree of
promiscuity (21), we propose here to link the in vitro kinase reaction to endogenous phosphoproteomic analyses using cells
in which the kinase of interest is either active or inhibited.
The kinase reaction generates in vitro phosphorylated peptides
that include bona fide kinase substrates and a large number of
artificial candidates due to the loss of its physiological regulatory
mechanisms under in vitro condition. On the other hand, endogenous phosphoproteomic data include not only direct kinase
substrates but also downstream proteins phosphorylated by other
kinases activated by this particular kinase. We reason that the
overlap between in vitro and endogenous kinase-modulated
phosphoproteomic data represents genuine direct kinase substrates with highest possibility. The total number of direct kinase
substrates depends on the specificity of the kinase in actual
cell types.
Identification of Direct Syk Substrates in B Cells. We applied the
KALIP strategy to examine potential substrates for Syk in both
B cells and breast cancer cells (the step-by-step scheme is illustrated in Fig. S1). Human DG75 B cells were first treated with
pervanadate, an inducer of oxidative stress to activate Syk (18),
and potent inhibitor of protein-tyrosine phosphatases, to elevate
the overall level of phosphotyrosine-containing proteins in the
cell and to increase the yield of phosphopeptides. Proteins were
extracted from cell lysates, digested with trypsin, and peptides
containing phosphotyrosine were isolated using a cocktail of immobilized antibodies against phosphotyrosine (4G10, PT66, and
PY20). Phosphate groups were then removed from the phosphopeptides using an alkaline phosphatase, which was subsequently
inactivated by pulse heating. Control experiments were carried
out to examine the efficiency of dephosphorylation and the following deactivation of phosphatases from several commercial
sources (Figs. S2–S4). Mass spectrometric analysis of former tyrosine phosphopeptides directly isolated from cell lysate revealed
that virtually no phosphopeptides remained following phosphatase treatment.
The collection of candidate substrate peptides were evenly split
and then incubated in a kinase reaction buffer containing ATP and
Mg 2þ , with or without the addition of purified active Syk. The resulting phosphopeptides were enriched using PolyMAC, a highly
efficient, titanium functionalized dendrimer support (20), and then
analyzed by mass spectrometry. We identified 142 tyrosine phosphorylated peptides (out of a total of 156 peptide identifications;
Dataset S1) in a sample that originated from 3 mg of DG75 whole
cell extract, whereas virtually no phosphopeptides were detected in
the sample without the addition of Syk. The experiment suggested
that, although quantitative proteomics is highly desirable, tyrosine
phosphorylation change with or without kinase was drastic and
therefore we felt it was sufficient to make side-by-side comparison
without actual use of stable isotope labeling. We also examined the
exacted ion chromatograms to quantify the relative abundance of
phosphopeptides in both samples. The majority of phosphopeptides that were not identified as being present in one sample were
hardly detectable in the corresponding raw MS data. Only a small
fraction of these phosphopeptides were detected with extremely
low intensity and poor MS/MS spectra.
The sites on substrates that are phosphorylated by many protein kinases are dependent on the surrounding sequence of amino
acids. The primary specificity determinants for a particular kinase
are often identified through the use of extensive libraries consisting of multiple peptides of random sequences. The approach
described here provides an alternative method for determining
the substrate specificity of a kinase by generating an extensive
collection of kinase reaction products derived from substrates
that were actually phosphorylated in an intact cell. It also proXue et al.

Fig. 2. (A) Motif analysis of in vitro kinase phosphorylation for Syk substrate specificity; the distribution of
amino acid residues is depicted by heat map (Left) and
by Motif-X (22) (Right). (B) Venn diagram illustrating
the overlap in the sets of tyrosine phosphopeptides
identified using in vitro kinase reaction and in vivo
Syk-modulated tyrosine phosphoproteome in DG-75
cells; and (C) Venn diagram illustrating the overlap
in the sets of tyrosine phosphopeptides identified
using in vitro kinase reaction and in vivo Syk-modulated tyrosine phosphoproteome in MDA-MB-231
cells. The overlaps between the data from in vitro
kinase reaction and from kinase-dependent phosphoproteome represent genuine Syk substrates in B cells
(64) and breast cancer cells (23), respectively.
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kinases can be particularly promiscuous when peptide substrates
are employed in vitro. The use of high concentration of purified
kinase in vitro is partially responsible for lower specificity as well.
To enhance our ability to identify true substrates, we compared
endogenous phosphotyrosine-containing peptides derived from
phosphoproteins from DG75 cells that were treated with or without the Syk inhibitor, piceatannol. Isolation of phosphopeptides
by a tandem purification scheme using antiphosphotyrosine
antibody and PolyMAC (20) and analysis by mass spectrometry
resulted in the identification of over 400 phosphotyrosinecontaining peptides. A larger number were identified in samples
from untreated as compared to inhibitor treated cells. This
observation was consistent with a comparison of levels of phosphotyrosine-containing proteins detected by Western blotting
with antibodies against phosphotyrosine. Selectivity for the recovery of phosphopeptides using the PolyMAC reagent was excellent
(only 24 nonphosphorylated peptides were identified among a
total of 472 peptides, corresponding to >95% selectivity). Again,
to complement identification, we measured the relative abundance of tyrosine phosphopeptides from DG75 cells expressing
or inhibiting Syk with normalized exacted ion chromatograms.
Overall, we identified 326 unique sites of tyrosine phosphorylation representing 235 phosphoproteins that were present dominantly in samples in which Syk was not inhibited (Dataset S1).
Many kinases do not have specific inhibitors available and,
to further demonstrate its generality of the strategy present here,
we carried out experiments with Syk-deficient DT40 B cells in
parallel with cells in which the expression of Syk was restored
by transfection with plasmids coding for the wild-type kinase.
A similar number of Syk-dependent phosphoproteins was identified in DT-40 cells, including a number of known Syk kinases
reported previously (Dataset S1), showing that multiple strategies
can be used to inhibit the kinase activity.
Phosphopeptides present within both datasets (i.e., from proteins phosphorylated in cells expressing Syk and those phosphorylated by Syk by the in vitro kinase reaction) should represent sites
on candidate proteins with the highest probability of being genuine Syk substrates (Fig. 2B) (See Table S1 for the full list.)
Among the candidate proteins, nine are known substrates for
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vides an extensive collection of peptides with sequences that
actually exist on cellular proteins. An analysis of the consensus
sequences (Fig. 2A) for substrates of Syk indicates an abundance
of acidic residues surrounding the phosphorylated tyrosine, which
was also identified using Motif-X (22). This consensus is consistent with those determined by screening a phage-display library or
by a comparison of known substrates for Syk (23).
Tyrosine kinases vary in the degree of their selectivity for
specific primary sequences surrounding their sites of phosphorylation. To demonstrate the sensitivity and specificity of this approach, we compared the repertoire of peptides phosphorylated
by Syk to those phosphorylated by a different protein-tyrosine
kinase with less well-defined substrate specificity. We carried
out in vitro kinase reactions using cellular-Src kinase (Csk) with
either a mixture of dephosphorylated peptides generated from
cellular proteins present in a DG75 cell lysate or a mixture of
formerly tyrosine phosphorylated and then dephosphorylated
peptides prepared from DG75 cells. Our proteomic analysis of
dephosphorylated peptides generated directly from whole cell extracts identified over 200 peptides phosphorylated by Csk in vitro,
but none were known Csk substrates. The analysis of formerly
tyrosine phosphorylated peptides did identify one known Csk
substrate (Lyn) and the false positive identification was significantly lower (Dataset S1). In both cases certain selectivity for substrates of Csk was determined (Fig. S5), which is consistent with
biochemical experiments based on in vitro kinase assays using a
synthetic peptide library (24). The comparison revealed higher
sensitivity and specificity of kinase reactions when formerly phosphorylated peptides were used as potential substrates. It is also
important to note that the list of peptides phosphorylated by Csk
was distinct from those phosphorylated by Syk, illustrating how
different kinases can be distinguished from one another using this
approach and that the appearance in the analysis of the highly
acidic Syk phosphorylated peptides was not an artifact of the
recovery procedure.
The list of substrates phosphorylated in the in vitro kinase assay using Syk provides important clues to the identity of actual
protein substrates. However, removal of the kinase from the cell
often results in a loss of physiological regulatory mechanisms and

Syk, representing over two-thirds of known substrates in this cell
type and more than 50% of Syk substrates reported previously in
the literature (Table 1). The sites that were phosphorylated were
also consistent with previous literature reports, although not all
sites of phosphorylation were previously characterized for some
substrates. At the same time, many potential substrates have not
been described previously. To further validate the methodology
for the identification of unique Syk substrates, we selected a limited number of candidates to explore further. These included the
microtubule-associated protein, MAPRE1; the nuclear, casein
kinase and cyclin-dependent kinase substrate, NUCKS; hepatocellular carcinoma-associated antigen 59 (HCA59); methylosome
subunit pICln, CLNS1A; Pit-Oct-Unc (POU) domain class 2associating factor 1, BOB1; and NIMA (never in mitosis gene a)related kinase 9, Nek9 (Table 1). Each protein was immunoprecipitated from lysates of DG75 cells and then incubated with Syk
in a reaction buffer containing ATP. Analyses of the reaction
products by Western blotting with antibodies against phosphotyrosine confirmed that all could serve directly as substrates for Syk
(Fig. 3A). Because Syk is activated in B cells following aggregation of the BCR, we treated DG75 cells with antibodies against
surface IgM (25). We detected the receptor-stimulated phosphorylation of HCA59, CLNS1A, Nek9, and BOB1, indicating that
these substrates may be involved in signaling pathways downstream of the BCR. We were unable to demonstrate the phosphorylation of either MAPRE1 or NUCKS in this assay (Fig. 3A).
Identification of Direct Syk Substrates in Breast Cancer Cells. Because
Syk plays the unusual role of tumor suppressor in breast cancer
cells but few direct substrates and interacting proteins have been
reported (26), we applied the KALIP strategy to explore Syk substrates that might be specific to these cells. To facilitate this analysis, we used a line of highly invasive MDA-MB-231 breast cancer
cells that normally lack Syk, but were engineered such that the
expression of an EGFP-tagged form of the kinase could be induced
by treatment with tetracycline (27). We carried out in vitro kinase
reaction and cellular tyrosine phosphoproteome analyses in
both Syk+ and Syk− breast cancer cells using the same strategy
Table 1. Known substrates and confirmed other substrates of Syk in
DG75
Substrate

Site of phosphorylation

Reference

Known substrates identified in B cells
HPK1
LSESSDDDyDDVDIP
Y381
BLNK
LLEDEADyVVPVEDN
Y178
BTK
RYVLDDEyTSSVGSK
Y550
GCET2
GNSAEEYyENVPCKA
Y107
HS1
EPEPENDyEDVEEMD
Y378
LAT
EDEESEDyQNSASIH
Y193
PLCG1
IGTAEPDyGALYEGR
Y771
TUBA
MAALEKDyEEVGVDS
Y432
Syk
LPMDTEVyESPYADPTEVYESPyADPEEIR Y348Y352
Confirmed new Syk substrates in B cells
MAPRE1
NUCKS
BOB1
CLNS1A
HCA59
Nek9

FFDANYDGKDyDPVAAR
SQFQESDDADEDyGR
LLLEEEDSDAyALNHTLS
TEDSIRDyEDGMEVDT
NAEDcLyELPENIR
LGLDSEEDyYTPQK

(33)
(34)
(35)
(36)
(37)
(38)
(39, 40)
(41)
(42)

Y124
Y13
Y245
Y214
Y147
Y520

HPK1, mitogen-activated protein kinase kinase kinase kinase 1; BLNK,
B-cell linker protein; BTK, bruton tyrosine kinase; GCET2, germinal center Bcell-expressed transcript 2 protein; HS1, hematopoietic lineage cell-specific
protein; LAT, linker for activation of T-cells family member 2; PLCG1, 1phosphatidylinositol-4,5-bisphosphate phosphodiesterase gamma-1; TUBA,
tubulin alpha; Syk, spleen tyrosine kinase; MAPRE1, microtubule-associated
protein RP/EB family member 1; NUCKS, nuclear ubiquitous casein and
cyclin-dependent kinases substrate; BOB1, Pit-Oct-Unc (POU) domain class
2-associating factor 1; CLNS1A, methylosome subunit pICln; HCA59,
hepatocellular carcinoma-associated antigen 59; Nek9, NIMA-related kinase 9.
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Fig. 3. (A) Confirmation of Syk kinase substrates through in vitro kinase assay and endogenous phosphorylation changes in response to IgM stimulation
in DG-75 cells. For in vitro kinase assay, individual proteins were isolated by
immunoaffinity purification from cell lysate and kinase reaction was carried
out directly on the beads with ATP and Syk. The reaction mixture was separated by SDS-PAGE and analyzed by Western blotting (WB) with the indicated
antibodies and antiphosphotyrosine antibody (4G10). For IgM stimulation,
individual proteins were isolated from cell lysate, directly separated by
SDS-PAGE, and analyzed by WB with the indicated antibodies and antiphosphotyrosine antibody (4G10); (B) in vitro kinase assays of GST-Nek9 full
length, truncated, and mutant (Y520I/Y521D) with or without the presence
of Syk.

described above. A total of 72 substrate peptides for Syk were
identified following the in vitro kinase reaction (Fig. 2C and
Dataset S1). In the analysis of the phosphotyrosine proteome
(20), a much larger number of phosphotyrosine-containing peptides was identified in samples from cells induced to express SykEGFP as compared to those lacking Syk (820 versus 377 unique
phosphopeptides). Selectivity for the recovery of phosphopeptides using the PolyMAC reagent in this experiment was excellent
(only 51 nonphosphopeptides were identified among a total of
871 peptides identified, corresponding to >94% selectivity in
the Syk-EGFP-induced sample). Overall, we identified 514 unique sites of tyrosine phosphorylation on 458 different proteins
that were present only in samples from Syk-EGFP-expressing
cells. The overlap of the two datasets allowed us to identify 23
potential substrates for Syk in breast cancer cells (see Fig. 2C
and Table S2 for the full list). The list includes the only known
substrate for Syk in breast cancer cells, cortactin (27).
Active Syk Phosphorylates Multiple Centrosomal Substrates. To globally compare functional roles of identified Syk substrates in B
cells and breast cancer cells, we performed bioinformatic analyses
to identify the signaling pathways and networks to which these
Xue et al.

Fig. 4. Identified Syk substrates and their functional networks in B cells (A)
and epithelial cells (B).

Xue et al.

Discussion
Despite increasing efforts in the analysis of phosphoproteomes, a
majority of mass spectrometry-based proteomics studies cannot
pinpoint kinase-substrate pairs under physiological environment.
The KALIP strategy distinguishes itself from others by virtue
of linking comparative phosphoproteomics to kinase reactions
for comprehensive identification of bona fide kinase substrates.
Further, kinase reaction with peptides derived directly from potential kinase substrates improves the sensitivity and specificity of
in vitro kinase assay. In our search for direct target proteins of Syk
in both B cells and breast cancer cells, more than two-thirds of
known Syk substrates were among the short lists of potential Syk
substrates in two cell types. We further verified a few other substrates identified by the strategy through immunoprecipitation
and in vitro kinase assay. Some of these substrates are involved
in the BCR pathway, whereas others are independent of BCR
activation, according to their phosphorylation status changes in
response to anti-IgM stimulation. The identification of multiple
centrosomal proteins as potential Syk substrates supports previous reports of Syk’s centrosomal kinase activity and offers possible mechanism in terms of a unique role of Syk in cell apoptosis
and survival. The discovery of distinct Syk substrates in B cells
and breast cancer cells has also confirmed much recent evidence
that, as a group, tyrosine kinases such as Syk play complex roles in
multiple signaling pathways that are essential to both the positive
and negative regulation of cell growth and proliferation. In addition, most chemotherapies, even those directed against tyrosine
kinases, face the inevitable problem of relapse, often due to the
activation of alternative signaling pathways. There is great need,
therefore, for highly effective systems approaches to dissect these
multiple signaling pathways at the molecular level. The proteomics-based KALIP strategy can be a powerful tool to decipher
complex signaling cascades one kinase and one cell type at a time.
We have demonstrated the successful identification of direct
substrates of a tyrosine kinase and it is conceivable that the KALIP
can also be applied to serine/threonine kinases as well. Serine
and threonine phosphopeptides can be enriched and dephosphorylated to provide a pool of candidates for sensitive kinase reaction
in vitro. However, compared to tyrosine phosphorylation, serine/
threonine phosphorylation is much more extensive. As a result, the
preenrichment of serine/threonine phosphopeptides may be not as
inclusive as that of tyrosine phosphopeptides. Furthermore, large
amount of serine and threonine phosphorylation also makes it difficult to achieve subsequent dephosphorylation completely. In contrast to this present study, quantitative proteomics, based on either
stable isotope labeling or label-free experiments, is unquestionably
necessary to distinguish phosphorylation events as a result of kinase reaction from background phosphorylation.
The kinase reaction is an important component of the KALIP
method. Although it is performed at the peptide stage, efficiently
eliminating any problem related to endogenous kinase contaminations, the KALIP method may not be effective for kinases that
require a priming phosphorylation event, additional interacting
surfaces, or a docking site on the protein (e.g., in the case of
Csk). In addition, the KALIP approach cannot eliminate certain
PNAS ∣
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activation mechanism is not totally clear (32). The KALIP method
identified Nek9 as a potential Syk substrate at Y520 and Y521
sites (Y520 and Y521 were phosphorylated in in vitro kinase
reaction, whereas only Y520 was phosphorylated endogenously).
GST-Nek9 fusion proteins in full length and truncated with Y520I/
Y521D mutants were cloned and purified from Escherichia coli.
Using an in vitro kinase assay and probing for phosphotyrosine
using anti-pY antibody, we confirmed the loss of tyrosine phosphorylation in the Y520I/Y521D mutant (Fig. 3B and Fig. S7).
Thus, our study has established strong connections between centrosomal substrates and the kinase and provides important clues in
terms of the regulatory role of Syk in cell apoptosis and survival.
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substrates belong (Fig. 4). The identified Syk substrates in B cells
are mainly involved in four signaling pathways, one related to immune cell responses and three related to cellular movement and
cancer development. Proteins involved in immune cell signaling
include multiple adaptor proteins [B-cell linker protein (BLNK),
linker for activation of T-cells family member 2 (LAT2), Lck-interacting transmembrane adapter 1 (LIME1), and phosphoprotein associated with glycosphingolipid-enriched microdomains
1 (PAG1)] as well as BOB1, a transcriptional coactivator required
for transcription of the B29 gene that codes for the CD79b component of the B-cell antigen receptor and a protein not known
previously to be phosphorylated on tyrosine (28). The identified
substrates in breast cancer cells are mainly involved in two processes, cellular organization and cancer development.
The observation that multiple substrates for Syk involved in
cellular organization are centrosomal proteins [e.g., MAPRE1,
Microtubule-associated protein 1B (MAP1B), Cofilin-1 (CFL),
Dynactin subunit 2 (DCTN2), Fibroblast growth factor receptor
1 oncogene partner (FGFR1OP), NIMA-related kinase 9 (Nek9),
and Transforming acidic coiled-coil-containing protein 3
(TACC3)] is in particular intriguing, and it provides the direct
evidence for previous reports of Syk’s centrosomal localization
and kinase activity and its role in the negative regulation of
mitosis in multiple cell types (29–31). In our experiment, we confirmed that Syk is indeed localized to the centrosome in MDAMB-231. In addition, we treated MDA-MB-231 cells expressing
Syk-EGFP with H2 O2 to induce oxidative stress and activate Syk.
In these cells, treatment with H2 O2 resulted in the localization of
a substantial portion of Syk-EGFP to the centrosome (Fig. S6).
To confirm the discovery by mass spectrometry, we selected
one centrosomal protein, Nek9, for further studies. Nek9 interacts
with other NIMA-family kinases to form a mitotically activated
module with key roles during mitotic progression, but the module

false-positives in cases where substrates of other downstream
kinases have similar motifs as the kinase of interest due to the
loss of localization information when the cell is lysed. Furthermore, tryptic digestion will abolish certain motifs containing multiple basic residues that are required by basophilic kinases,
although this issue can be partially resolved by employing a different protease to generate peptide substrates. On another note,
because peptides typically have relatively high K m values for
phosphorylation by tyrosine kinases, it requires higher concentrations of peptides in a solution assay. The design of KALIP strategy addresses this issue. Peptides are derived from those formerly
tyrosine phosphorylated, effectively removing highly abundant
background peptides from cell lysate that may interfere with
the kinase reaction and result in high false-positives. In order
to further increase the sensitivity, an effective phosphatase inhibitor (pervandate in our study) is applied to elevate the phosphorylation level, resulting in the isolation of large amount of
phosphopeptides for the kinase reaction.
The KALIP strategy also underscores the need for highly specific inhibitors for the kinase of interest. The use of kinase knockout such as siRNA can be an alternative solution to generate
kinase-dependent phosphoproteomics. Overall, by manipulating
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