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Mitogen-activated protein kinase (MAPK)-activated protein kinase 2 (MAPKAPK2) mediates multiple p38
MAPK-dependent inflammatory responses. To define the signal transduction pathways activated by
MAPKAPK2, we identified potential MAPKAPK2 substrates by using a functional proteomic approach con-
sisting of in vitro phosphorylation of neutrophil lysate by active recombinant MAPKAPK2, protein separation
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and phosphoprotein identification
by peptide mass fingerprinting with matrix-assisted laser desorption ionization mass spectrometry (MALDI-
MS) and protein database analysis. One of the eight candidate MAPKAPK2 substrates identified was the
adaptor protein, 14-3-3�. We confirmed that MAPKAPK2 interacted with and phosphorylated 14-3-3� in vitro
and in HEK293 cells. The chemoattractant formyl-methionyl-leucyl-phenylalanine (fMLP) stimulated p38-
MAPK-dependent phosphorylation of 14-3-3 proteins in human neutrophils. Mutation analysis showed that
MAPKAPK2 phosphorylated 14-3-3� at Ser-58. Computational modeling and calculation of theoretical binding
energies predicted that both phosphorylation at Ser-58 and mutation of Ser-58 to Asp (S58D) compromised the
ability of 14-3-3� to dimerize. Experimentally, S58D mutation significantly impaired both 14-3-3� dimerization
and binding to Raf-1. These data suggest that MAPKAPK2-mediated phosphorylation regulates 14-3-3� functions,
and this MAPKAPK2 activity may represent a novel pathway mediating p38 MAPK-dependent inflammation.

A diverse group of cellular responses are elicited by activa-
tion of a highly conserved family of mitogen-activated protein
kinase (MAPK) signaling pathways, which includes extracellu-
lar signal-regulated kinases (ERKs), c-jun N-terminal kinases
(JNKs), ERK5, and p38 MAPKs. A large body of evidence
indicates that p38 MAPK activity is critical to immune and
inflammatory responses. p38 MAPK is activated in macro-
phages, neutrophils, and T cells by numerous extracellular
mediators of inflammation, including chemoattractants, cyto-
kines, chemokines, and bacterial lipopolysaccharide (LPS) (re-
viewed in reference 31). p38 MAPK participates in LPS-in-
duced proinflammatory cytokine production in macrophages
and regulates multiple neutrophil functional responses, includ-
ing respiratory burst activity, chemotaxis, granular exocytosis,
adherence, interleukin-8 (IL-8) synthesis, priming, and apo-
ptosis (8, 25, 29, 30, 37, 39). p38 MAPK also mediates T-cell
differentiation and apoptosis by regulating gamma interferon
production (27, 34). Inhibition of p38 MAPK in mice pre-
vented the progression of collagen-induced arthritis (13) and
resulted in a significant decrease in LPS-induced tumor necro-
sis factor (TNF-�) release and neutrophil infiltration into the
lungs (37).

Multiple p38 MAPK-dependent inflammatory responses are
mediated by a serine-threonine kinase, MAPK-activated pro-
tein kinase 2 (MAPKAPK2). Zu et al. reported that introduc-
tion of a MAPKAPK2 inhibitory peptide into neutrophils
blocked formyl-methionyl-leucyl-phenylalanine (fMLP), but
not phorbol ester, stimulation of respiratory burst activity (42).
We used the same peptide to confirm that MAPKAPK2 reg-
ulates fMLP-stimulated respiratory burst activity and to show
that MAPKAPK2 plays a role in fMLP-stimulated chemotaxis
and TNF-�-stimulated exocytosis in human neutrophils (4).
MAPKAPK2-deficient mice displayed a significant reduction
in LPS-induced TNF-� production and hypotension, and neu-
trophils from these mice demonstrated impaired chemotaxis
(9, 20).

The substrates of MAPKAPK2 that mediate these re-
sponses have not been clearly defined. One mechanism by
which MAPKAPK2 induces TNF-� production is by stabilizing
TNF-� mRNA via phosphorylation of the zinc finger protein
tristetraprolin (24). Heat shock protein 27 (Hsp27), leukocyte-
specific protein 1 (LSP1), and 5-lipoxygenase (5-LO) were
identified previously as MAPKAPK2 substrates in neutrophils
(12, 28, 40). Hsp27 binds actin filaments, and Hsp27 expression
and phosphorylation are implicated in regulation of cytoskel-
etal organization (18). The functional role of Hsp27 in neutro-
phils, however, remains to be determined. Neutrophils from
LSP1-deficient mice demonstrate reduced chemotaxis, im-
paired cytoskeletal organization, and enhanced respiratory
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burst activity (10, 15). 5-LO catalyzes the initial steps in the
production of leukotrienes, inflammatory mediators derived
from arachidonic acid (39). We showed recently that
MAPKAPK2 phosphorylates and activates PKB/Akt in human
neutrophils, providing an antiapoptotic activity (19, 33). The
large number of inflammatory responses regulated by MAP-
KAPK2 suggests that multiple substrates remain to be identi-
fied.

The present study was designed to identify substrates of
MAPKAPK2 in human neutrophils. We developed a func-
tional proteomic approach using a combination of in vitro
MAPKAPK2 phosphorylation of neutrophil lysate, separation
of phosphorylated proteins by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE), and phosphopro-
tein identification by peptide mass fingerprinting using matrix-
assisted laser desorption ionization mass spectrometry
(MALDI-MS) and protein database analysis. One of the eight
MAPKAPK2 substrates identified by this approach was 14-3-
3�. The 14-3-3 proteins function as adaptor or scaffolding pro-
teins by spontaneously forming homo- and heterodimers that
interact with phosphoserine- and phosphothreonine-contain-
ing sequences in protein ligands (23, 41). 14-3-3 proteins in-
teract with over 100 proteins and thereby participate in many
cellular functions, including cell signaling, the cell cycle, and
apoptosis (reviewed in reference 38). We have reported that
activation of Akt in neutrophils is p38 MAPK dependent and
that MAPKAPK2, but not p38 MAPK, phosphorylates and
activates Akt in vitro (33). We recently reported that Akt
interacts with and phosphorylates 14-3-3� (32). Based on the
multiple functions of 14-3-3 proteins and association with
MAPKAPK2 signaling, we examined the interaction of
MAPKAPK2 with 14-3-3� in greater detail. Our results show
that MAPKAPK2 interacts with and phosphorylates 14-3-3� at
Ser-58, and analysis of 14-3-3 mutants suggests this phosphor-
ylation regulates 14-3-3� dimerization and ligand binding.

MATERIALS AND METHODS

Expression vectors. Expression of glutathione S-transferase (GST)-MAPKAPK2
and GST-p38� MAPK fusion proteins was accomplished by constructing a
pGEX-5X-2 (Amersham Pharmacia Biotech, Piscataway, N.J.) expression plas-
mid with the human cDNA for MAPKAPK2 or p38� MAPK downstream of
GST. pcDNA3.1-MK2-EE, a constitutively active mutant, was obtained from
Matthias Gaestel, Martin-Luther-Universität, Germany (6). The construct for
GST-14-3-3� was obtained from Thierry Dubois, University of Edinburgh, Ed-
inburgh, United Kingdom. Recombinant His-14-3-3� was expressed by cloning a
BamHI-EcoRI insert from the pGEX-2T-14-3-3� construct into pRSET A (In-
vitrogen, Carlsbad, Calif.). MBP fusion proteins of 14-3-3� were prepared by
using the cDNA for human 14-3-3� cloned into pMalc-2 (New England Biolabs),
as described previously (41). Mutation of Ser-58 to Asp was performed with the
Quikchange Mutagenesis kit (Stratagene). [35S]methionine-labeled MAPKAPK2
and p38� MAPK were expressed with the TNT Quick Master expression kit
(Promega, Madison, Wis.) using a yeast expression plasmid, pGBKT7. Ser-58 on
pRSET-14-3-3� was mutated to alanine or aspartic acid with a Clontech site-
directed mutagenesis kit using 5�-CCGTAGGTCAGCGTGGAGGGTCG-3� as
the mutation primer for alanine, 5�-CCGTAGGTCAGATTGGAGGGTCG-3�
as the mutation primer for aspartic acid, and 5�-CAGCAGGTGGCTCGGAAT
ACAGAGA-3� as the selection primer for both mutations. The appropriate
mutations were verified by DNA sequencing. Recombinant proteins were ex-
pressed and isolated from the BL21 strain of Escherichia coli.

Neutrophil isolation. Neutrophils were isolated from healthy donors using
plasma-Percoll gradients as described by Haslett et al. (11). Trypan blue staining
revealed that at least 97% of cells were neutrophils with �95% viability. After
isolation, neutrophils were suspended in Krebs-Ringer phosphate buffer (pH 7.2)

at the desired concentration. The Human Studies Committee of the University of
Louisville approved the use of human donors.

Neutrophil lysate preparation for MAPKAPK2 substrate identification. Neu-
trophils (108) were lysed in 500 �l of lysis buffer containing 2 M thiourea, 7 M
urea, 65 mM CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propane-
sulfonate}, 58 mM dithiothreitol (DTT), and 4.5% ampholytes (pH 3 to 10).
Lysates were centrifuged at 12,000 � g for 20 min at 15°C. Prior to addition of
exogenous MAPKAPK2, lysate urea was reduced to 1 M by size exclusion
chromatography. One-milliliter spin-out columns (Chemicon International, Inc.,
Temecula, Calif.) were equilibrated in 3 ml of kinase buffer (25 mM HEPES, 25
mM �-glycerophosphate, 25 mM MgCl2, 2 mM DTT, 0.1 mM NaVO3, 65 mM
CHAPS) containing 4 or 1 M urea. Neutrophil lysate (500 �l) was loaded on the
column, equilibrated with buffer containing 4 M urea, and centrifuged at 500 �
g for 1 min, and then the procedure was repeated with buffer containing 1 M
urea.

MAPKAPK2 substrate identification. Neutrophil lysates (400 �g of total pro-
tein) were incubated with 10 �Ci of [	-32P]ATP (ICN Biomedicals, Inc.) in the
presence and absence of 400 ng of recombinant active MAPKAPK2 (Upstate
Biotechnology, Lake Placid, N.Y.) at 30°C for 3 h. Proteins were then separated
by SDS-PAGE (10% polyacrylamide), and phosphorylation was visualized by
autoradiography. Autoradiographs were compared to Coomassie blue-stained
gels to identify potential MAPKAPK2 substrates. Bands representing potential
substrates were cut from gels and prepared for mass spectrometric analysis.

Trypsin digestion and MS analysis. To obtain peptides for MS analysis,
Coomassie blue-stained bands were cut from gels and digested with trypsin by a
modification of the method of Jensen et al. (14). The excised gel pieces were
incubated for 15 min in 100 mM NH4HCO3 and 50% acetonitrile and dried by
vacuum centrifugation. Proteins were then reduced by incubation with 20 mM
DTT at 56°C for 45 min, followed by alkylation with 65 mM iodoacetamide in the
dark at room temperature for 30 min. After alkylation, gel pieces were incubated
for 15 min in 50 mM NH4HCO3 and 50% acetonitrile and dried by vacuum
centrifugation, and then proteins were hydrolyzed by incubation in 20 ng of
modified trypsin per ml (Promega) at 37°C overnight.

Trypsin-generated peptides were applied by a thin-film spotting procedure for
MALDI-MS analysis using �-cyanohydroxycinnamic acid as a matrix on stainless
steel targets, as described by Jensen et al. (14). Mass spectral data were obtained
with a Tof-Spec 2E instrument (Micromass) and a 337-nm N2 laser at 20 to 35%
power in the reflector mode. Spectral data were obtained by averaging 10 spec-
tra, each of which was the composite of 10 laser firings. Mass axis calibrations
were accomplished by using peaks from tryptic auto-hydrolysis. Peptide masses
obtained by MALDI-MS analysis were used to search the National Center for
Biotechnology Information (NCBI) database to identify the intact proteins.

In vitro kinase assays. Phosphorylation of recombinant His-14-3-3� by
MAPKAPK2 and p38� MAPK was examined by incubation of active recombi-
nant MAPKAPK2 (40 ng) or active recombinant p38� MAPK (25 ng) (Upstate
Biotechnology) with 10 �Ci of [	-32P]ATP and 0.5 �g of recombinant His-14-
3-3� in 30 �l of kinase buffer (25 mM HEPES, 25 mM �-glycerophosphate, 25
mM MgCl2, 2 mM DTT, 0.1 mM NaVO3). The MAPKAPK2 assay was per-
formed in the presence or absence of 200 �M MAPKAPK2 inhibitory peptide
(AFHRAFNRQLANGVAEIR) or 200 �M scrambled peptide (REVNCRFR-
FAHANQAGAI) (Commonwealth Technologies, Richmond, Va.). The MAP-
KAPK2 inhibitory peptide was characterized previously by Zu et al. (42). Reac-
tion mixtures were incubated at 30°C for 30 min. Following the 30-min
incubation, reactions were terminated with Laemmli SDS sample dilution buffer,
proteins were separated by SDS-PAGE (10% polyacrylamide), and phosphory-
lation was visualized by autoradiography.

To determine the stoichiometry of phosphorylation, the optimal time of His-
14-3-3� was first determined by incubation of 1 �g of His-14-3-3� with 40 ng of
recombinant active MAPKAPK2 and 10 �Ci of [	-32P]ATP at 30°C for times
ranging from 10 min to 4 h. Optimal phosphorylation was seen by 2 h. Stoichi-
ometry was determined by incubation of 1 �g of His-14-3-3� with 40 ng of
recombinant active MAPKAPK2, 2 pmol of [	-32P]ATP, and 200 pmol of ATP
at 30°C for 2 h. Separate reaction mixtures containing 200 pmol of ATP and 2
pmol of [	-32P]ATP were used to determine the specific activity of ATP in each
reaction. Samples were subjected to SDS-PAGE (10% polyacrylamide) and
stained with Coomassie blue, bands corresponding to 14-3-3� were excised and
counted by scintillation spectrometry, and the molar ratio of phosphorylation was
calculated.

14-3-3� phosphorylation in HEK293 cells. HEK293 cells (60% confluent) were
incubated with a 6:1 ratio of Lipofectamine to plasmid in OPTI medium (Gibco,
Grand Island, N.Y.) at 37°C for 6 h. Medium was then replaced with Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco) containing 10% fetal bovine serum,
and cells were incubated at 37°C overnight. HEK293 cells were transfected with
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pcDNA3.1-MK2-EE (constitutively active MAPKAPK2) or vector. Twenty-four
hours after transfection, the medium was replaced with 3 ml of phosphate-free
minimal essential medium (MEM) (Gibco) and incubated at 37°C for 1 h. The
medium was then replaced with 1 ml of MEM containing 1 mCi of
[32P]orthophosphate (ICN Biomedicals, Inc.) and incubated at 37°C for 4 h. Cells
were then lysed with 500 �l of lysis buffer containing 20 mM Tris (pH 7.4), 1%
Triton X-100, 0.5% NP-40, 150 mM NaCl, 25 mM MgCl2, 20 mM NaF, 0.2 mM
NaVO3, 1 mM EDTA, 1 mM EGTA, and 5 mM phenylmethylsulfonyl fluoride
(PMSF). Cell lysates were incubated with 4 �g of polyclonal anti-14-3-3� (Santa
Cruz Biotechnology, Santa Cruz, Calif.) overnight at 4°C, followed by a 2-h
incubation with 30 �l (1:1 slurry in phosphate-buffered saline [PBS]) of protein
A-Sepharose beads. Beads were washed twice with lysis buffer, and proteins were
eluted with Laemmli SDS sample dilution buffer, separated by SDS-PAGE (10%
polyacrylamide), and transferred to nitrocellulose membrane. Incorporation of
32P was visualized by autoradiography, and expression of 14-3-3 proteins was
determined by immunoblot analysis (monoclonal anti-14-3-3; Stressgen).

14-3-3� phosphorylation in neutrophils. Human neutrophils (2 � 107) were
incubated with or without 300 nM fMLP for 1, 3, or 10 min at 37°C. For some
experiments, neutrophils were pretreated with 3 �M SB203580 (Calbiochem) for
60 min prior to addition of fMLP. Following incubations, cells were lysed in 100
�l of buffer containing 2 M thiourea, 7 M urea, 65 mM CHAPS, 58 mM DTT,
and 4.5% ampholytes (pH 4 to 6.5). Some samples were treated with PP2A
phosphatase. Size exclusion chromatography was used to exchange lysate (900 �g
of protein) into a buffer containing 1 M urea, 25 mM MOPS (morpholinepro-
panesulfonic acid), 1 mM MgCl2, 1 mM DTT, 0.1 mM MnCl2, 1 mM EGTA, and
60 mM �-mercaptoethanol prior to in vitro phosphatase reaction. Following
buffer exchange, lysate was incubated with 0.5 U of PP2A (Upstate Biotechnol-
ogy) for 1.5 h at 30°C. Proteins from each sample were separated by isoelectric
focusing with immobilized-pH-gradient (IPG) strips (7 cm, pH 3.9 to 5.1; Bio-
Rad) and by SDS-PAGE (10% polyacrylamide). IPG strips were hydrated with
neutrophil lysate (100 �g of protein) or phosphatase reaction mixture and re-
hydration buffer (7 M urea, 2 M thiourea, 2% CHAPS, 0.01 M DTT, 2%
ampholytes [pH 3 to 10], 0.01% bromophenol blue) to give a total volume of 135
�l. Following overnight hydration, IPG gels were isoelectrically focused (IEF) at
a maximum voltage of 8,000 and 50 �A/gel for 20,000 V-h. Following IEF, IPG
gels were sequentially incubated for 10 min in equilibration buffer I (6 M urea,
2% DTT, 30% glycerol) and equilibration buffer II (6 M urea, 2.5% iodoacet-
amide, 30% glycerol). IPG gels were then used for SDS-PAGE (10% polyacryl-
amide), followed by immunoblot analysis for 14-3-3.

GST pull-down. GST or GST-14-3-3� glutathione-coupled Sepharose (10 �l)
was incubated with recombinant [35S]MAPKAPK2 or [35S]p38� MAPK in 50 �l
of kinase buffer containing 25 mM HEPES, 25 mM �-glycerophosphate, 25 mM
MgCl2, 2 mM DTT, 0.1 mM NaVO3, and 10% glycerol overnight at 4°C. Beads
were then washed twice with kinase buffer, proteins were eluted with Laemmli
SDS sample dilution buffer and separated by SDS-PAGE (10% polyacrylamide),
and 35S-labeled proteins were detected by autoradiography.

GST, GST-MAPKAPK2, or GST-p38� MAPK glutathione-coupled Sepha-
rose was incubated with 250 ng of recombinant His-14-3-3� in 50 �l of kinase
buffer or with neutrophil lysate (400 �g of protein) overnight at 4°C. Neutrophil
lysates were prepared by suspending 2 � 107 cells in 200 �l of lysis buffer
containing 20 mM Tris (pH 7.4), 1% Triton X-100, 0.5% NP-40, 150 mM NaCl,
25 mM MgCl2, 20 mM NaF, 0.2 mM NaVO3, 1 mM EDTA, 1 mM EGTA, 5 mM
PMSF, and 10% glycerol. Following incubation, beads were washed twice with
lysis buffer. Proteins were eluted with Laemmli SDS sample dilution buffer and
separated by SDS-PAGE (10% polyacrylamide), and 14-3-3 was detected by
immunoblotting.

Coimmunoprecipitation. Neutrophil lysates (400 �g of protein) were incu-
bated with 40 �l (1:1 slurry) of protein A-Sepharose, or protein A-Sepharose and
4 �g of polyclonal anti-MAPKAPK2 (H-66; Santa Cruz Biotechnology) over-
night at 4°C. Following incubation, beads were washed twice with lysis buffer.
Proteins were eluted with Laemmli SDS sample dilution buffer and separated by
SDS-PAGE (10% polyacrylamide), and 14-3-3 was detected by immunoblotting.

14-3-3� dimerization. Gel migration and cross-linking experiments were per-
formed with recombinant 14-3-3�-WT (wild type), 14-3-3�-(S58A), and 14-3-3�-
(S58D). For gel migration experiments, 2 �g of recombinant 14-3-3�-WT, 14-3-
3�-(S58A), or 14-3-3�-(S58D) was separated by SDS-PAGE (10% polyacrylamide)
or nondenaturing PAGE, and proteins were visualized by Coomassie blue stain-
ing. For cross-linking experiments, 100 ng of recombinant 14-3-3�-WT, 14-3-3�-
(S58A), or 14-3-3�-(S58D) was incubated in the presence and absence of 5 mM
chemical cross-linker disuccinimidyl suberate (DSS; Pierce Biotechnology) in 20
�l of PBS at room temperature for 2 h before or after addition of 40 ng of
recombinant active MAPKAPK2. Reactions were stopped by incubation with 50
mM Tris-HCl (pH 7.4) at room temperature for 15 min. Following incubations,

proteins were denatured with Laemmli SDS dilution buffer, separated by SDS-
PAGE (10% polyacrylamide), and immunoblotted for 14-3-3 (polyclonal anti-
14-3-3� antibody; Santa Cruz Biotechnology).

14-3-3�-Raf binding assays. U2OS cells were cultured in DMEM supple-
mented with 10% fetal calf serum and antibiotics (50 U of penicillin per ml and
50 �g of streptomycin per ml). Cells from 
70% confluent cultures were lysed by
addition of Tris-buffered saline (pH 7.4) containing 1 mM MgCl2; 1 mM CaCl2;
4 �g each of AEBSF, leupeptin, and pepstatin A per ml; 8 �g of aprotinin per
ml; 5 mM sodium orthovanadate; 25 mM NaF; 10 mM �-glycerophosphate; 1
mM DTT; and 1% NP-40 for 15 min at 4°C, followed by centrifugation at 12,000
� g for 15 min at 4°C. Lysates were incubated with amylose beads containing
equal amounts of immobilized MBP-14-3-3�-wild-type, MBP-14-3-3�-S58D, or
MBP alone overnight at 4°C. Following overnight incubations, beads were
washed three times with PBS–0.5% NP-40 and then three times with PBS.
Proteins were eluted with Laemmli SDS sample dilution buffer and separated by
SDS-PAGE (10% polyacrylamide), and c-Raf-1 was detected by immunoblot
analysis.

Calculation of 14-3-3� dimerization energetics and residual surface potential.
The structure of the 14-3-3 dimer bound to two copies of its mode 1 binding
peptide (41) (PDB accession no. 1QJB) was used as a model. All waters were
removed from the structure, as were the bound peptides. Histidines were as-
signed neutral charge with protonation of the epsilon nitrogen chosen as the
most favorable state based on hydrogen bonding pattern. To build Ser-58-phos-
phorylated 14-3-3 and S58D mutant 14-3-3 homodimers, as well as heterodimers
with an unmodified wild type, Ser-58 on one or both monomers was replaced
with phosphoserine or aspartic acid, respectively. The HBUILD facility of
CHARMM was then used with the PARAM22 parameter set to place all hy-
drogen atoms (17). All atom positions not determined crystallographically were
minimized freely. Parameters for phosphoserine were created from existing
PARAM22 parameters for dianionic methyl phosphate. Seven model structures
were generated: one for dimeric wild-type 14-3-3, one for dimeric phosphory-
lated 14-3-3, one for dimeric S58D 14-3-3, and two each for heterodimers of
S58D/wild-type 14-3-3 and pSer58/wild-type 14-3-3. Unminimized structures
contained strong van der Waals clashes at the S58 position, and were rectified
using the SHAPES facility of CHARMM to perform minimizations on each
structure, followed by HBUILD to place hydrogens correctly. Binding free en-
ergies were calculated for both the unminimized and minimized structures as the
sum of electrostatic, van der Waals, and surface area contributions. The van der
Waals contributions were calculated by using the PARAM22 parameter set,
surface area contributions were calculated as �5 cal/Å2 of molecular surface
area buried (35; data not shown [nearly constant for all dimers]), and electro-
static binding free energy was calculated using DELPHI (35). Solvent was treated
as a continuum with a dielectric constant of 80 and a salt concentration of 0.145

FIG. 1. Recombinant MAPKAPK2 phosphorylation of neutrophil
lysate. Candidate MAPKAPK2 substrates were identified by phos-
phorylation of neutrophil lysates with [32P]ATP in the presence and
absence of recombinant active MAPKAPK2. Proteins were separated
by SDS-PAGE, and phosphoproteins were detected by comparing
autoradiographs to Coomassie blue-stained gels. No endogenous ki-
nase activity resulted from incubation of neutrophil lysate without
recombinant active MAPKAPK2. Peptide mass fingerprinting of tryp-
sin-digested phosphoprotein bands using MALDI-MS and protein da-
tabase analysis identified eight candidate MAPKAPK2 substrates.
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M, and protein was treated as a continuum with dielectric constant of 4 and
embedded charges at atom centers. Numeric solutions were obtained at a final
grid spacing of 0.21 Å, and our results are the average of 10 translations of the
molecule on the grid. Residual surface potential, calculated as the sum of the
desolvation potential of one 14-3-3 monomer and the interaction potential of its
binding partner, was calculated using DELPHI (35), with a grid spacing of 0.16

Å and with no translational averaging. Desolvation potential is the difference in
electrostatic potential at the binding surface of a single 14-3-3 protein in its
dimeric and monomeric states. Interaction potential is the potential generated by
the second 14-3-3 monomer on the first monomer in the dimer. Similar results
were obtained for residual potentials calculated by using either the unminimized
or minimized model structures.

FIG. 2. Identification of 14-3-3� as a MAPKAPK2 substrate. (A) The mass spectra showing peptide masses (in mass per charge [m/z] units)
obtained by MALDI-time of flight MS analysis of the phosphorylated protein band at 28 kDa. Thirty-four mass spectrum peaks were present and
were queried to the theoretical masses in the entire NCBI protein database by using the Mascot search engine. A maximal 150-ppm error window
and one missed tryptic cleavage were allowed. The seven peptide masses that identified 14-3-3� are marked by arrows. (B) The peptide masses used
to identify 14-3-3� are compared to theoretical masses of peptides from 14-3-3�. The peptide sequence for each mass and the peptide coverage
of 14-3-3� are shown. There was no significant match by peptide mass fingerprinting to the 27 peptide masses listed.
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RESULTS

Identification of MAPKAPK2 substrates. To screen for
MAPKAPK2 substrates, human neutrophil lysates prepared
using a urea-based buffer were incubated with [	-32P]ATP in
the presence and absence of active recombinant MAPKAPK2,
proteins were separated by SDS-PAGE, and phosphorylated
proteins were visualized by autoradiography. Autoradiographs
were compared to Coomassie blue-stained gels to identify po-
tential MAPKAPK2 substrates (Fig. 1). Bands corresponding
to phosphorylated proteins were cut from gels and subjected to
in-gel trypsin digestion, and proteins were identified by peptide
mass fingerprinting using MALDI-MS and protein database
analysis (NCBI; www.matrixscience.com). A significant match
was indicated by an assigned MOWSE score of �71, repre-
senting the probability that a match was not a random event.
No phosphorylation was observed following incubation of neu-
trophil lysates with [	-32P]ATP in the absence of recombinant
active MAPKAPK2 (Fig. 1), indicating the absence of endog-
enous kinase activity under the conditions of neutrophil lysate
preparation. Eight proteins identified as candidate MAP-
KAPK2 substrates by this method are shown in Fig. 1, includ-
ing a previously identified MAPKAPK2 substrate, vimentin.
The 28-kDa phosphorylated band was identified as 14-3-3�,
with a MOWSE score of 75 and 37% protein coverage. Figure
2A shows the mass spectra of the peptides obtained by
MALDI-MS that were queried to the theoretical masses in the
NCBI protein database using the Mascot search engine. Figure
2B shows the masses of seven peptides, after excluding auto-
lytic trypsin masses, which identified 14-3-3�. The large num-
ber of peptides in the mass spectra is consistent with the pres-
ence of several proteins within the band that identified 14-3-3�.
After excluding the masses of these seven peptides, the masses
of the remaining 27 peptides were analyzed. Although no sig-
nificant matches were found, the highest MOWSE scores iden-
tified phosphoglycerate mutase 1 (MOWSE score, 56; acces-
sion no. gi16757984) and an unknown mouse protein (MOWSE
score, 65; accession no. gi12805565). Based on the role of
14-3-3 proteins in cell signaling, cell cycle control, and apopto-
sis, further studies were performed to confirm the interaction
of MAPKAPK2 with 14-3-3�.

MAPKAPK2 interacts with and phosphorylates 14-3-3�
in vitro. The ability of 14-3-3� to directly interact with
MAPKAPK2 was examined by a GST pull-down approach.
Recombinant GST or GST-14-3-3� coupled to glutathione-
Sepharose was incubated with recombinant [35S]methionine-
labeled MAPKAPK2 or p38� MAPK. Precipitated proteins
were separated by SDS-PAGE, and 35S-labeled proteins were vi-
sualized by autoradiography. Figure 3A shows that MAPKAPK2,
but not p38� MAPK, precipitated with GST-14-3-3�. Next, re-
combinant GST, GST-MAPKAPK2, or GST-p38� MAPK cou-
pled to glutathione-Sepharose was incubated with recombinant
His-14-3-3�. Precipitated proteins were separated by SDS-PAGE,
followed by immunoblot analysis for 14-3-3. Figure 3B shows
that 14-3-3� precipitated with MAPKAPK2 but not p38� MAPK.
Neither 14-3-3� nor MAPKAPK2 precipitated with GST-Sepha-
rose. These data demonstrate that 14-3-3� directly interacts
with MAPKAPK2 and that this interaction is specific for
MAPKAPK2.

To determine if MAPKAPK2 and 14-3-3 interact in neutro-

phil lysates, GST pull-down and coimmunoprecipitation assays
were performed. Neutrophil lysates were incubated with re-
combinant GST-MAPKAPK2 or a MAPKAPK2 antibody cou-
pled to protein A-Sepharose. Precipitated proteins were sep-
arated by SDS-PAGE, followed by immunoblot analysis for
14-3-3. Figure 4A shows that endogenous 14-3-3 precipitated
with recombinant GST-MAPKAPK2, but not GST-glutathione-
Sepharose. Figure 4B shows that 14-3-3 coimmunoprecipitated
with MAPKAPK2 from neutrophil lysate, while protein A-
Sepharose did not precipitate 14-3-3. These data suggest that
MAPKAPK2 and 14-3-3 are physically associated in human
neutrophils. In neither assay was the amount of 14-3-3 precip-
itated equal to the total amount in the lysate. Saturating con-
centrations of GST-MAPKAPK2 or anti-MAPKAPK2, how-
ever, were not used in these experiments. Additionally, the
antibody employed recognizes three isoforms of 14-3-3, 14-3-
3ε, 14-3-3�, and 14-3-3�, not all of which may interact with
MAPKAPK2.

To determine if MAPKAPK2 is capable of phosphorylating
14-3-3�, we employed an in vitro kinase assay. Active recom-
binant MAPKAPK2 was incubated with recombinant 14-3-3�
and [	-32P]ATP in the presence or absence of a MAPKAPK2
inhibitory peptide or a scrambled peptide. Following kinase
reactions, proteins were separated by SDS-PAGE, and phos-
phorylated proteins were visualized by autoradiography. Fig-
ure 5A shows that MAPKAPK2 phosphorylates 14-3-3�,
and this phosphorylation is specifically inhibited by the
MAPKAPK2 inhibitory peptide. The ability of p38� MAPK,
an upstream kinase for MAPKAPK2, to phosphorylate 14-3-3�
in vitro was also examined. Figure 5B shows that active recom-
binant p38� MAPK phosphorylates recombinant MAPKAPK2,

FIG. 3. 14-3-3� interacts with MAPKAPK2. (A) Recombinant
[35S]methionine-labeled MAPKAPK2 (lanes 1 and 2) and p38�
MAPK (lanes 4 and 5) were incubated with GST or GST-14-3-3�
glutathione-coupled Sepharose. Lanes 3 and 6 show the migration of
[35S]MAPKAPK2 and [35S]p38� MAPK. Proteins were separated by
SDS-PAGE and subjected to autoradiography. The autoradiograph
shows that MAPKAPK2, but not p38� MAPK, precipitated with 14-
3-3�. (B) Recombinant His-14-3-3� was incubated with GST (lane 1),
GST-MAPKAPK2 (lane 2), or GST-p38� MAPK glutathione-coupled
Sepharose (lane 3). Controls were GST (lane 4), GST-MAPKAPK2
(lane 5), and GST-p38� MAPK (lane 6) without recombinant 14-3-3�.
Precipitated proteins were separated by SDS-PAGE, followed by im-
munoblot (IB) analysis for 14-3-3. The immunoblot shows that 14-3-3�
precipitated with MAPKAPK2, but not p38� MAPK.
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but not recombinant 14-3-3�. Thus, both the physical interaction
and phosphorylation of 14-3-3� are specific for MAPKAPK2.

MAPKAPK2 phosphorylates 14-3-3� in intact cells. The
ability of MAPKAPK2 to phosphorylate 14-3-3� in intact cells
was examined by using HEK293 cells. Cells were transfected
with constitutively active MAPKAPK2 (MK2-EE) or vector.
Twenty-four hours after transfection, cells were loaded with
[32P]orthophosphate and lysed, and 14-3-3� was immunopre-
cipitated. Precipitated proteins were separated by SDS-PAGE
and transferred to nitrocellulose membrane, and phosphory-
lated proteins were visualized by autoradiography. Immuno-
blot analysis (Fig. 6A) shows equal amounts of 14-3-3� were
precipitated from MAPKAPK2- or vector-transfected cells.
The corresponding autoradiograph shows that 14-3-3� was
phosphorylated in cells transfected with constitutively active
MAPKAPK2- but not vector-transfected cells. These results
indicate that MAPKAPK2 phosphorylates 14-3-3 in intact
cells.

The ability of the chemoattractant fMLP to stimulate 14-3-3
phosphorylation in human neutrophils was examined. Neutro-
phils were incubated with or without fMLP for 1, 3, or 10 min.
Following fMLP stimulation, cells were lysed, proteins were
separated by two-dimensional gel electrophoresis, and 14-3-3
was detected by immunoblotting. Figure 6B shows three 14-3-3
spots of similar molecular mass, but different pIs in unstimu-
lated cells. The monoclonal 14-3-3 antibody used for these
studies detects three different isoforms of similar molecular

weights, but different pIs: 14-3-3� (pI 4.78), 14-3-3ε (pI 4.72),
and 14-3-3� (pI 4.70). Thus, the three 14-3-3 spots may repre-
sent these different isoforms. Stimulation of neutrophils with
fMLP for 10 min resulted in appearance of an additional spot
at a more negative pI, suggestive of a phosphorylation event. A
similar shift of a small amount of 14-3-3 was also seen at 3 min.
To confirm that the shift in protein location resulted from
phosphorylation, an aliquot of the 10-min fMLP lysate was
treated with PP2A phosphatase prior to two-dimensional sep-
aration. Figure 6B shows that PP2A treatment partially re-
versed the pI shift, indicating that fMLP induced 14-3-3 phos-
phorylation in neutrophils. Failure of PP2A treatment to
return the shifted spot back to that observed for the control
might be due to incomplete dephosphorylation or fMLP stim-
ulation of other negatively charged posttranslational modifica-
tions.

To determine if fMLP-stimulated 14-3-3 phosphorylation is
regulated by the p38 MAPK cascade, neutrophils were treated
with 3 �M SB203580, a pharmacological p38� MAPK inhibi-
tor, prior to 10 min of fMLP stimulation. Figure 6B shows that
SB203580 treatment prevented the shift in 14-3-3, confirming
that the p38� MAPK cascade participates in fMLP-induced
14-3-3 phosphorylation in neutrophils.

MAPKAPK2 phosphorylates 14-3-3� at Ser-58. A search of
the 14-3-3� amino acid sequence revealed a sequence

FIG. 4. MAPKAPK2 and 14-3-3� interact in neutrophil lysate.
(A) Neutrophil lysates (800 �g of protein) were incubated with recom-
binant GST (lane 1) or GST-MAPKAPK2 (lane 2) glutathione-cou-
pled Sepharose. Controls were GST (lane 3), GST-MAPKAPK2 (lane
4), or neutrophil lysate (200 �g of protein) (lane 5). Proteins were
separated by SDS-PAGE, followed by immunoblot (IB) analysis for
14-3-3. The immunoblot shows that endogenous 14-3-3 precipitated
with recombinant MAPKAPK2. (B) Neutrophil lysates (800 �g of
protein) were incubated with protein A-coupled Sepharose (lane 1) or
protein A-coupled Sepharose and MAPKAPK2 antibody (lane 2).
Controls were neutrophil lysate (200 �g of protein) (lane 3) or
MAPKAPK2 antibody alone (lane 4). Proteins were separated by
SDS-PAGE, followed by immunoblot analysis for 14-3-3. The immu-
noblot shows that 14-3-3 immunoprecipitated with MAPKAPK2 from
neutrophil lysate.

FIG. 5. In vitro MAPKAPK2 phosphorylation of 14-3-3�. (A) Ac-
tive recombinant MAPKAPK2 was incubated with [32P]ATP and
recombinant His-14-3-3� in the presence of a scrambled peptide,
MAPKAPK2 inhibitory peptide, or without peptide. Proteins were
separated by SDS-PAGE, and phosphorylation was visualized by au-
toradiography. The autoradiograph shows that MAPKAPK2 phos-
phorylates 14-3-3�, and 14-3-3� phosphorylation is inhibited by the
MAPKAPK2 inhibitory peptide. (B) Active recombinant p38� MAPK
was incubated with [32P]ATP and recombinant 14-3-3� or recombinant
MAPKAPK2. Proteins were separated by SDS-PAGE, and phosphor-
ylation was visualized by autoradiography. The autoradiograph shows
that p38� MAPK phosphorylated MAPKAPK2, but not 14-3-3�.
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(GARRSS58) similar to the consensus MAPKAPK2 phosphor-
ylation motif (HXRXXS). To determine if MAPKAPK2
phosphorylates 14-3-3� on Ser-58, this amino acid residue
was mutated to alanine. The ability of recombinant active
MAPKAPK2 to phosphorylate recombinant 14-3-3�-WT and
recombinant 14-3-3�-(S58A) was determined by an in vitro
kinase assay. Figure 7 shows that MAPKAPK2 phosphorylates
14-3-3�-WT but not 14-3-3�-(S58A), suggesting that the pri-
mary MAPKAPK2 phosphorylation site on 14-3-3� is Ser-58.

Dimerization and Raf binding by 14-3-3�. The X-ray crystal
structure of 14-3-3� shows Ser-58 is located at the dimer inter-
face (22). To determine if phosphorylation at Ser-58 might
regulate dimerization, a phosphorylation-mimicking mutant,
14-3-3�-(S58D), was compared to 14-3-3�-(S58A) and 14-3-
3�-WT in nondenaturing PAGE migration and intermolecular
cross-linking experiments. Figure 8A shows that in nondena-
turing PAGE, 14-3-3�-WT and 14-3-3�-(S58A) migrated at a
larger molecular size than 14-3-3�-(S58D), suggesting that 14-
3-3�-WT and 14-3-3�-(S58A) form dimers, while 14-3-3�-
(S58D) does not dimerize. To confirm the reduction of 14-3-

3�-(S58D) dimerization, chemical cross-linking with DSS was
performed. Figure 8B shows a significant reduction in 60-kDa
dimer formation of 14-3-3�-(S58D), compared to 14-3-3�-WT
and 14-3-3�-(S58A). Only 30-kDa monomers were seen in the
absence of DSS. These data indicate that mimicking phosphor-
ylation at Ser-58 by mutation to Asp inhibits 14-3-3� dimeriza-
tion.

The effect of phosphorylation on dimerization was examined
by two types of cross-linking experiments. To determine the
distribution of phosphorylated 14-3-3� between monomer and
dimer, recombinant 14-3-3� was incubated with recombinant
active MAPKAPK2 and [32P]ATP prior to cross-linking with
DSS. Cross-linked 14-3-3� was subjected to SDS-PAGE and
transferred to nitrocellulose membrane, followed by autora-
diography and immunoblotting for 14-3-3. Figure 8C shows
that the amounts of monomeric and dimeric 14-3-3� were
approximately equal. On the other hand, autoradiography
showed that 14-3-3 monomer was phosphorylated to a greater
degree than dimer. To compare the amounts of dimerization in
the presence or absence of phosphorylation, 14-3-3� was cross-
linked with DSS either prior to or after incubation with recom-
binant active MAPKAPK2 or was incubated with MAPKAPK2
without cross-linking. The reaction mixtures were subjected to
SDS-PAGE (10% polyacrylamide), transferred to nitrocellu-
lose, and immunoblotted for 14-3-3. Figure 8D shows that in
the absence of cross-linking (lane 1), a very small amount of
14-3-3 migrated as a dimer. Phosphorylation by MAPKAPK2
prior to cross-linking resulted in an equal distribution of 14-3-3
between monomer and dimer (lane 2), as seen in Fig. 8C.
On the other hand, cross-linking prior to incubation with
MAPKAPK2 resulted in the majority of 14-3-3 migrating as
dimer. Thus, MAPKAPK2 phosphorylation of 14-3-3� resulted
in a shift from primarily dimer to an equal amount of dimer
and monomer. The failure of MAPKAPK2 phosphorylation of
14-3-3� to completely prevent cross-linking may be due to the
relatively low stoichiometry of in vitro phosphorylation, be-
tween 20 and 25%. These data support the findings obtained
with 14-3-3�-(S58D) suggesting that phosphorylation regulates
dimerization.

FIG. 6. 14-3-3 phosphorylation in HEK293 cells and human neu-
trophils. (A) HEK293 cells were transfected with vector or constitu-
tively active MAPKAPK2 (MK2-EE). After 24 h of transfection, cells
were loaded with [32P]orthophosphate, and endogenous 14-3-3� was
immunoprecipitated. Precipitated proteins were separated by SDS-
PAGE and transferred to nitrocellulose membrane, and phosphoryla-
tion of 14-3-3� was detected by autoradiography. The autoradiograph
shows that transfection of active MAPKAPK2, but not vector, resulted
in phosphorylation of 14-3-3�. Immunoblot (IB) analysis of the same
nitrocellulose membrane shows that an equal amount of 14-3-3� was
precipitated from MK2-EE- or vector-transfected cells. (B) Human
neutrophils were incubated with or without fMLP for 1, 3, or 10 min.
An aliquot of the 10-min fMLP lysate was treated with 0.5 U of PP2A
phosphatase prior to two-dimensional separation. Neutrophils were
pretreated with 3 �M SB203580 for 60 min prior to incubation with
fMLP for 10 min. Proteins were separated by two-dimensional gel
electrophoresis and immunoblotted (IB) for 14-3-3. The immunoblot
shows that 3- and 10-min fMLP treatments, but not the 1-min fMLP
treatment, resulted in a negative isoelectric shift of a portion of 14-3-3.
This pI shift was reversed by both phosphatase and SB203580 treat-
ment. These results indicate that fMLP stimulates p38 MAPK-depen-
dent phosphorylation of 14-3-3 in neutrophils.

FIG. 7. MAPKAPK2 phosphorylation of 14-3-3� at Ser-58. Recom-
binant active MAPKAPK2 was incubated with [32P]ATP and recom-
binant 14-3-3�-WT or 14-3-3�-(S58A). Proteins were separated by
SDS-PAGE, and phosphorylation was visualized by autoradiography.
To demonstrate equal loading of 14-3-3 proteins, gels were also stained
with Coomassie blue. The autoradiograph shows that MAPKAPK2
phosphorylated 14-3-3�-WT, but not 14-3-3�-(S58A).
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To investigate the possible role of Ser-58 phosphorylation by
MAPKAPK2 in 14-3-3� ligand binding, an MBP fusion protein
of 14-3-3�-WT and 14-3-3�-(S58D) was constructed. Incuba-
tion of U2OS cell lysates with MBP-14-3-3�-WT and MBP-14-
3-3�-(S58D) proteins demonstrated a significant reduction in
c-Raf-1 binding by the S58D mutant (Fig. 9). These results
using a phosphorylation-mimicking mutant suggest that phos-
phorylation at Ser-58 may also regulate 14-3-3� interactions
with ligand.

Computer modeling indicates that phosphorylation of 14-
3-3� at Ser-58 inhibits dimerization. The energetics of dimer-
ization of wild-type 14-3-3, 14-3-3 phosphorylated at Ser-58,
and 14-3-3-(S58D) were evaluated computationally. The mod-
eling and calculations indicate that phosphorylation strongly
destabilizes dimer formation. Table 1 shows that, relative to
the unphosphorylated wild-type 14-3-3, there is a significant
increase in dimerization free energies for either a mixed het-
erodimer of the phosphorylated and unphosphorylated forms
(24 kcal/mol) or a homodimer of phosphoproteins (90 kcal/
mol). These large destabilizing contributions result from both
electrostatics and packing. The magnitude of destabilization
indicates that Ser-58 phosphorylation strongly disfavors dimer-
ization. We similarly computed the binding free energy for the
14-3-3-(S58D) mutant used as a mimic for Ser-58 phosphory-
lation in the dimerization assays. While the electrostatic con-
tribution of binding a wild-type 14-3-3 monomer to an S58D
mutant monomer is more favorable than binding to the
pSer-58 phosphorylated form, there is a reduced van der Waals
interaction that leads to a net penalty relative to dimerization
of either the unphosphorylated wild-type form or heterodimer-
ization of the phosphorylated and unphosphorylated forms.
Based on these results, homodimerization of phosphorylated
14-3-3 is expected to be even less favorable than homodimer-
ization of 14-3-3-(S58D).

It is fairly easy to understand the basis for worsened van der
Waals interactions in the dimerization of phosphorylated and
mutant 14-3-3 relative to the wild type, because both modifi-
cations lead to the packing of extra atoms into a small area.
Electrostatic effects are somewhat less intuitive, due to the

FIG. 8. Role of 14-3-3� phosphorylation in dimerization. (A) Re-
combinant 14-3-3�-WT, recombinant 14-3-3�-(S58D), and recombi-
nant 14-3-3�-(S58A) were separated by nondenaturing PAGE, and
proteins were detected by Coomassie blue staining. 14-3-3�-WT and
14-3-3�-(S58A) migrated at a larger molecular size than 14-3-3�-
(S58D). (B) 14-3-3�-WT, 14-3-3�-(S58D), and 14-3-3�-(S58A) were
incubated in the presence (lanes 1, 3, and 5) and absence (lanes 2, 4,
and 6) of a chemical cross-linker, DSS. Proteins were separated by
SDS-PAGE and immunoblotted (IB) for 14-3-3. The immunoblot
shows a substantial reduction in 60-kDa dimer formation of 14-3-3�-
(S58D), compared to 14-3-3�-WT and 14-3-3�-(S58A). (C) To deter-
mine the distribution of phosphorylated 14-3-3� between monomer
and dimer, His-14-3-3�-WT was incubated with active recombinant
MAPKAPK2 and [32P]ATP for 2 h at 30°C and then cross-linked with
DSS. Under these conditions, about 20% of 14-3-3� was phosphory-
lated (data not shown). Following cross-linking, the reaction mixture
was denatured with Laemmli buffer, and proteins were separated by

SDS-PAGE (10% polyacrylamide). Proteins were then electrophoreti-
cally transferred to nitrocellulose. Autoradiography (right panel) and
immunoblot analysis for 14-3-3 (left panel) are shown. Under these
conditions, approximately equal amounts of 14-3-3 appear as mono-
mer and dimer. The autoradiograph demonstrates that there is signif-
icantly more phosphorylation of monomer than dimer. (D) To deter-
mine the effect of MAPKAPK2 phosphorylation on dimer formation,
His-14-3-3�-WT was incubated with 40 ng of MAPKAPK2 under three
conditions prior to separation by SDS-PAGE (10% polyacrylamide),
transfer to nitrocellulose, and immunoblot analysis for 14-3-3. Lane 1
contains 14-3-3� that was incubated with MAPKAPK2 for 2 h, but was
not cross-linked with DSS, prior to SDS-PAGE. Lane 2 contains 14-
3-3� that was phosphorylated by MAPKAPK2 for 2 h and then cross-
linked with DSS prior to SDS-PAGE. Lane 3 contains 14-3-3� that was
cross-linked with DSS prior to incubation with MAPKAPK2 for 2 h.
The immunoblot shows that in the absence of cross-linking, the ma-
jority of 14-3-3� exists as monomer. Cross-linking after phosphoryla-
tion by MAPKAPK2 (lane 2) resulted in an equal distribution of mono-
mer and dimer. Cross-linking before phosphorylation by MAPKAPK2
(lane 3) resulted in the majority of 14-3-3� migrating as dimer. Thus,
phosphorylation by MAPKAPK2 resulted in a shift in 14-3-3� from
dimer to monomer.
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unpredictable contribution of solvent to dimerization. One
way to visualize the electrostatics of a binding event is
through calculation of the residual potential (16, 21). Re-
sidual potential is a measure of the electrostatic comple-
mentarity of a macromolecule for its binding partner and is
defined as the sum, at the surface of one macromolecule, of
the desolvation potential of that molecule and the interac-
tion potential with its binding partner. For a molecule with
optimal complementarity to its partner, the residual poten-
tial is zero at all points on the surface (16). To qualitatively
visualize the relative electrostatic fitness of 14-3-3 variants
for dimerization, we plotted deviation from ideal comple-
mentarity colorimetrically on the molecular surface of 14-
3-3 (Fig. 10). While the interface of unphosphorylated wild-
type 14-3-3 is reasonably complementary, as indicated by the
expanse of white surface in Fig. 10A, phosphorylation of
Ser-58 or mutation to Asp generates large regions of non-
complementarity at the site of modification (red regions in
panels D and E). Similar noncomplementarity was also seen
in heterodimers of either S58D or pSer-58 with wild-type
14-3-3� (Fig. 10B and C). This noncomplementarity graph-
ically indicates why phosphorylation of Ser-58 on 14-3-3 or
mutation of Ser-58 to aspartic acid, incurring a higher en-
ergetic desolvation penalty than is recovered by improved
electrostatic interaction with nearby positively charged res-
idues, causes the modified 14-3-3 to be less suitable for
dimerization.

DISCUSSION

The proteomic approach described in this study possesses
the advantage that lysate preparation in a urea-based buffer
results in the absence of endogenous kinase activity, allowing

kinase-specific substrate identification. Eight candidate sub-
strates of MAPKAPK2 were identified, including one previ-
ously known substrate, vimentin (3). The artificial conditions of
the in vitro kinase reaction, however, may permit MAPKAPK2
phosphorylation of proteins that are not substrates in intact
cells. Additionally, a band from SDS-PAGE may contain more
than one protein. Thus, proteins identified by MALDI-MS
analysis require confirmation that these candidates are true
substrates.

14-3-3� was confirmed as a novel substrate of MAPKAPK2.
GST pull-down assays with recombinant proteins demon-
strated a physical interaction between MAPKAPK2 and 14-3-
3�, and coimmunoprecipitation showed that endogenous
MAPKAPK2 and 14-3-3� interact in neutrophils. Active re-
combinant MAPKAPK2 phosphorylated recombinant 14-3-3�,
and transfection of HEK293 cells with constitutively active
MAPKAPK2 resulted in phosphorylation of 14-3-3�. These
results establish that MAPKAPK2 interacts with and phos-
phorylates 14-3-3� both in vitro and in intact cells. As indicated
by a shift in pI, fMLP stimulated 14-3-3 phosphorylation in
human neutrophils. This isoelectric shift was inhibited by ad-
dition of a p38 MAPK inhibitor, SB203580, indicating that
fMLP-stimulated 14-3-3 phosphorylation is p38 MAPK depen-
dent. Since p38� MAPK did not phosphorylate or directly
interact with 14-3-3� in vitro, these results suggest that fMLP-
stimulated 14-3-3 phosphorylation in neutrophils resulted from
p38� MAPK activation of MAPKAPK2. We recently reported
evidence that activation of Akt in intact neutrophils was p38
MAPK dependent, and MAPKAPK2, but not p38� MAPK,
phosphorylated and activated Akt in vitro (33). We also re-
ported Akt interacts with and phosphorylates 14-3-3� (32).
Thus, p38-MAPK-dependent phosphorylation of 14-3-3 in
neutrophils may be mediated by direct MAPKAPK2 phosphor-
ylation or may also be indirectly mediated by MAPKAPK2,
through activation of Akt.

Phosphorylation of 14-3-3� is a regulatory mechanism for
14-3-3� binding and activity. Aitken et al. reported that 14-3-3�
is the Ser-184 phosphorylated form of 14-3-3� and that phos-
phorylation of Ser-184 increases interaction with and inhibi-
tion of PKC in vitro (1, 2). Sphingosine-dependent protein
kinase-1 (SDK1) phosphorylates Ser-58 (26), but the effect of
this phosphorylation on 14-3-3 function was not determined.

FIG. 9. The S58D mutation in 14-3-3� impairs Raf binding. U2OS
cell lysates were incubated with bead-immobilized MBP fusion pro-
teins of wild-type 14-3-3�, the S58D mutant, or MBP alone. Bound
proteins were analyzed by SDS-PAGE followed by immunoblotting
(IB) for Raf (upper panel). An aliquot of the initial lysate is shown in
the first lane. Coomassie staining (lower panel) verified that the beads
contained equivalent amounts of protein.

TABLE 1. Calculated differences in binding free energy between
wild-type and modified 14-3-3� dimers

Dimer type
(A/B)

G (kcal/mol)a

Electrostatic Total

No
minimization

Rigid body
minimization

No
minimization

Rigid body
minimization

WT/WT 0.0 0.0 0.0 0.0
S58D/WT 3.3 8.1 28.1 35.4
WT/S58D 3.6 7.9 31.4 34.1
pSer58/WT 4.1 12.4 92.9 21.3
WT/pSer58 12.6 12.6 28.0 27.4
S58D/S58D 7.0 14.3 58.8 52.7
pSer58/pSer58 25.2 23.4 384.8 90.3

a Each column indicates the difference in total or electrostatic component
binding free energy between a particular 14-3-3� dimer and the wild-type (WT)
homodimer using the same minimization scheme.
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Casein kinase I phosphorylates Thr-232, leading to inhibition
of 14-3-3� interaction with Raf-1 in HEK293 cells (5).

The present study demonstrates that MAPKAPK2 phos-
phorylates 14-3-3� at Ser-58. 14-3-3 proteins spontaneously
form homo- and heterodimers, and dimerization is reported to
regulate ligand binding to 14-3-3 proteins (23, 36, 41). The
location of Ser-58 at the 14-3-3� dimer interface (22) suggested
the hypothesis that phosphorylation at Ser-58 regulated 14-
3-3� dimerization. Several approaches were used to examine
the effect of phosphorylation at Ser-58 on 14-3-3� dimeriza-
tion. Nondenaturing PAGE and chemical cross-linking exper-
iments demonstrated experimentally that the S58D mutation
significantly impaired 14-3-3� dimerization. The distribution of
MAPKAPK2-mediated radiolabeled 14-3-3 between monomer
and dimer was determined. The majority of radiolabeled 14-
3-3� was monomeric. The distribution of 14-3-3� between
monomer and dimer was compared when cross-linking was
performed before or after phosphorylation by MAPKAPK2.
Cross-linking prior to phosphorylation resulted in primarily
dimer formation, while cross-linking after phosphorylation re-
sulted in an equal distribution between monomer and dimer.
Finally, computer modeling was used to assess the effect of

Ser-58 phosphorylation on 14-3-3 dimerization. Computational
modeling and calculation of theoretical binding energies pre-
dicted that 14-3-3� phosphorylated at Ser-58 and mutation of
Ser-58 to Asp would severely compromise the ability of 14-3-3�
to dimerize. Attempts to directly demonstrate the effect of
14-3-3� phosphorylation on dimerization were unsuccessful
due to low stoichiometry of phosphorylation under the exper-
imental conditions. In addition to an effect on dimer forma-
tion, studies using a fusion protein pull-down assay indicated
that Raf-1 binding to 14-3-3�-(S58D) was impaired. Taken
together, our data suggest that phosphorylation at Ser-58 may
behave like the 14-3-3�-(S58D) mutant in regulating 14-3-3�
dimerization and interaction with ligands. Analysis of 14-3-3
isoforms indicates that three other isoforms, 14-3-3�, 14-3-3ε,
and 14-3-3	, contain a serine in a MAPKAPK2 consensus
phosphorylation site at a location similar to that of 14-3-3�.
Thus, MAPKAPK2 may regulate the function of several 14-3-3
isoforms.

14-3-3� is reported to interact with a number of components
of cell signaling pathways, including G protein-coupled IL re-
ceptors (IL-3R and IL-9R), regulator of G protein signaling
proteins (RGS7), protein kinases (Raf-1, protein kinase C

FIG. 10. Computational modeling of 14-3-3 dimerization. Residual surface potential for the wild-type unmodified 14-3-3� homodimer (A), the
heterodimer of S58D mutant and wild-type unmodified 14-3-3� (B), the heterodimers of pSer58 and wild-type 14-3-3� (C), the homodimer of
14-3-3�-S58D mutant (D), and the homodimer of Ser-58-phosphorylated 14-3-3� (E) plotted at the surface of a monomer. All plots show the chain
treated as ligand, with the unsatisfied residual potential color scale ranging from deep red (�40 kT/e) to deep blue (�40 kT/e).
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[PKC], Akt, PI3K, ASK1, MEKK1, and PKU�), protein phos-
phatases (IP5P and PTPH1), and transcription factors
(FKHRL1 and GR) (reviewed in reference 38). These inter-
actions lead to a role for 14-3-3� in numerous cellular func-
tions, including cell proliferation, apoptosis, vesicle transport,
cytoskeletal organization, and gene expression. While the func-
tion of 14-3-3� in neutrophils is unknown, our data suggest the
possibility that MAPKAPK2-mediated regulation of 14-3-3
protein function may play a role in the inflammatory process.
Consistent with this hypothesis, Fagerholm et al. recently re-
ported that 14-3-3� interacts with leukocyte-specific adhesion
molecules, CD11/CD18, suggesting a possible role for 14-3-3�
in neutrophil adhesion (7).
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