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Dual-specificity tyrosine-phosphorylated and regulated kinase (DYRK) proteins are an evolutionarily conserved family of
protein kinases, with members identified from yeast to humans, that participate in a variety of cellular processes. DYRKs
are serine/threonine protein kinases that are activated by autophosphorylation on a tyrosine residue in the activation loop.
The family member DYRK1A has been shown to phosphorylate several cytosolic proteins and a number of splicing and
transcription factors, including members of the nuclear factor of activated T cells family. In the present study, we show
that DYRK1A autophosphorylates, via an intramolecular mechanism, on Ser-520, in the PEST domain of the protein. We
also show that phosphorylation of this residue, which we show is subjected to dynamic changes in vivo, mediates the
interaction of DYRK1A with 14-3-3�. A second 14-3-3 binding site is present within the N-terminal of the protein. In
the context of the DYRK1A molecule, neither site can act independently of the other. Bacterially produced DYRK1A and
the mutant DYRK1A/S520A have similar kinase activities, suggesting that Ser-520 phosphorylation does not affect the
intrinsic kinase activity on its own. Instead, we demonstrate that this phosphorylation allows the binding of 14-3-3�,
which in turn stimulates the catalytic activity of DYRK1A. These findings provide evidence for a novel mechanism for the
regulation of DYRK1A kinase activity.

INTRODUCTION

DYRK1A belongs to a family of conserved protein kinases called
dual-specificity tyrosine-phosphorylated and regulated kinase
(DYRK), within the CMGC group (CDK, MAPK, GSK, and
CLK families) of the eukaryote kinome. DYRK family members
share a conserved kinase domain and an adjacent DYRK-ho-
mology domain, or DH-box (DDDNXDY), but they differ in
their N- and C-terminal regions. From a phylogenetic view-
point, the family can be classified into two subfamilies: a group
of cytosolic DYRK proteins, which includes Schizosaccharomyces
pombe Pom1p, Caenorhabditis elegans mbk-2, Drosophila melano-
gaster dDYRK2 and DYRK3, and vertebrate DYRK2, DYRK3,
and DYRK4; and a subfamily of DYRKs that are considered
mostly nuclear proteins, and which includes Saccharomyces cer-
evisiae Yak1p, Dictyostelium discoideum YakA, C. elegans mbk-1, D.
melanogaster minibrain, and vertebrate DYRK1A and DYRK1B.

The mammalian DYRK1A is ubiquitously expressed in
adult and fetal tissues (Guimera et al., 1999; Okui et al., 1999)
and shows a specific expression pattern in the central ner-
vous system and during neurogenesis (Hammerle et al.,
2002; Marti et al., 2003; Wegiel et al., 2004). Transgenic mice
carrying extra copies of the gene exhibit learning defects and
motor abnormalities (Smith et al., 1997; Altafaj et al., 2001),

and it has been recently described that overexpression of
Dyrk1A during mouse embryonic development leads to vas-
cular defects (Arron et al., 2006). Heterozygous Dyrk1A mice
also present a noticeable phenotype, with region-specific
brain alterations (Fotaki et al., 2002). All these data strongly
support the idea that Dyrk1A is a dosage-sensitive gene.
This, together with its mapping to chromosome 21q22.2, its
overexpression in Down syndrome fetal brains (Guimera et
al., 1999), and the phenotype of the DYRK1A transgenic
mouse models, has drawn special attention on this gene as a
likely contributor to some of the pathological traits observed
in chromosome 21 trisomy.

DYRK1A harbors, in addition to the conserved catalytic
kinase domain, two nuclear localization signals (NLSs): a
classical bipartite NLS at the N terminus and a complex NLS
within the catalytic domain (Alvarez et al., 2003). The kinase
domain is followed by a PEST domain and then by a repeat
of histidines that targets DYRK1A to the splicing factor
compartment (Alvarez et al., 2003). DYRK1A has been de-
fined as a dual-specificity kinase because of its ability to
autophosphorylate on Tyr and Ser/Thr residues. Moreover,
in exogenous substrates it can only phosphorylate Ser and
Thr residues that occur within a consensus phosphorylation
sequence, RPX(S/T)P, and with a preference for proline in
the �1 position (Himpel et al., 2000, 2001). Substrates of
DYRK1A, some of them awaiting confirmation in vivo, have
been identified among different classes of proteins. These
include transcription factors such as Forkhead in rhabdo-
myosarcoma (FKHR) (Woods et al., 2001), cAMP response
element-binding protein (Yang et al., 2001), Gli1 (Mao et al.,
2002), and nuclear factor of activated T cells (NFAT) family
members (Arron et al., 2006; Gwack et al., 2006); several
splicing factors, including cyclin L2 (de Graaf et al., 2004)
and SF3b/SAP155 (de Graaf et al., 2006); and some cytosolic
molecules such as dynamin (Chen-Hwang et al., 2002) and the
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enzyme glycogen synthase (Skurat and Dietrich, 2004).
DYRK1A has also been reported to potentiate the neural
growth factor-induced differentiation of PC12 cells through its
interaction with components of the signaling cascade Ras-
BRaf-MEK1, but this effect is independent of its kinase activity
(Kelly and Rahmani, 2005).

All members of the DYRK family are characterized by a
conserved Tyr-X-Tyr motif in the activation loop of the
catalytic domain (Becker and Joost, 1999). Phosphorylation
of the second Tyr residue of this motif (Tyr-321 in DYRK1A)
is essential for the kinase activity of all the DYRK members
reported so far (Himpel et al., 2001; Li et al., 2002; Lochhead
et al., 2003). The mechanism of activation of DYRKs resem-
bles that of the mitogen-activated protein kinase (MAPK)
family, although, unlike MAPKs, Tyr phosphorylation in the
DYRK activation loop is an autophosphorylation event and
does not involve an upstream activating kinase (Himpel et
al., 2001). A recent report on the Drosophila DYRKs minibrain
and dDYRK2 shows that autophosphorylation in the activa-
tion loop of these kinases is an intramolecular event, medi-
ated by a transitional intermediate form during translation
(Lochhead et al., 2005). The Tyr-kinase activity is lost once
the protein is fully translated, and the mature kinase can
only phosphorylate Ser/Thr residues. Assuming this mech-
anism to be general for all DYRKs, the autophosphorylation
of the activation loop in DYRK1A would be constitutive.
However, some DYRK1A functions are clearly dose and
activity dependent (Arron et al., 2006; Gwack et al., 2006),
and it is therefore likely that the activity of DYRK1A will be
regulated by additional mechanisms.

There are several ways in which protein kinases can stabilize an
active conformation, in addition to the most commonly used
mechanism of phosphorylation within the activation loop. These
include phosphorylation/dephosphorylation events in parts of
the catalytic domain other than the activation segment or in
other domains, the use of separate regulatory subunits, and
binding to other regulatory proteins. One such group of bind-
ing proteins that are known to modulate the activity of some of
their kinase targets is the 14-3-3 protein family. The 14-3-3
family is a highly conserved and widely expressed group of 28-
to 31-kDa molecules that naturally assemble as homo- or het-
erodimers (Jones et al., 1995). In general, 14-3-3 binding de-
pends on phosphorylated Ser or Thr residues within the target
protein. Studies with phosphopeptide libraries have identified
two preferred binding motifs for 14-3-3: RSXpSXP (mode I) and
RXXXpSXP (mode II), where pS is a phospho-Ser residue (Yaffe
et al., 1997). More recently a mode III consensus binding se-
quence has also been proposed: the C-terminal binding motif
pSX1-2-COOH (Ganguly et al., 2005). However, a number of
proteins associate with 14-3-3 through other phosphorylated
sequences or even through nonphosphorylated motifs (for a
recent review, see Aitken, 2006). Binding by 14-3-3 proteins has
four major biological effects on target proteins: 1) inhibition or
activation of catalytic activities, 2) regulation of protein stabil-
ity, 3) modulation of subcellular localization, and 4) contribu-
tion to the formation of macromolecular complexes. The vari-
ety of 14-3-3 partners accounts for the ability of this family of
proteins to modulate many signaling pathways and cellular
processes (Dougherty and Morrison, 2004).

We identified 14-3-3� during a screen for DYRK1A-inter-
acting proteins that might modulate its activity, and decided
to explore this interaction further. In the present study we
show that phosphorylation of Ser-520 in DYRK1A is re-
quired for 14-3-3� binding. DYRK1A autophosphorylates
Ser-520 through an intramolecular reaction. Finally, we
demonstrate that 14-3-3� binding significantly increases the
catalytic activity of DYRK1A.

MATERIALS AND METHODS

Plasmids
The expression plasmids pHA-DYRK1A and pGFP-DYRK1A have been de-
scribed previously (Alvarez et al., 2003; Marti et al., 2003); these plasmids,
respectively, encode N-terminal hemagglutinin epitope (HA)-tagged and en-
hanced green fluorescent protein (EGFP)-tagged fusion protein versions of
the 754-amino acid alternative spliced isoform of human DYRK1A. To create
the plasmid expressing the 763-amino acid HA-tagged DYRK1A isoform
(from hereon identified as �9), we cloned a BglII–SacI fragment (amino acids
1–208) from the plasmid pEGFP-DYRK1A (�9) and a SacI–XbaI fragment
(amino acids 209–763) from the plasmid pHA-DYRK1A into the BamHI and
XbaI sites of pCDNA-HA. The plasmid pHA-DYRK1A/S520A and the ki-
nase-inactive mutants pHA-DYRK1A/K179R and pHA-DYRK1A/Y310,312F
were generated by site-directed mutagenesis and verified by DNA sequenc-
ing. Plasmids expressing glutathione S-transferase (GST)-fusion proteins for
wild-type DYRK1A (wt) and DYRK1A/K179R were generated by subcloning
the fragments BamHI-SacI (amino acids 1–199) and SacI-NotI (amino acids
200–754) from their corresponding pHA-DYRK1A plasmids into the BamHI
and NotI sites of pGEX-4T3 (GE Healthcare, Little Chalfont, Buckingham-
shire, United Kingdom). To generate the GST-DYRK1A/S520A–expressing
plasmid, a SacI–NotI fragment (amino acids 200–754) in pGST-DYRK1A was
replaced by the equivalent fragment from pHA-DYRK1A/S520A, which con-
tains the point mutation. Plasmid pEGFP-DYRK1A/1–167 was made by
subcloning a BamHI–SalI PCR fragment (amino acids 1–167) into pEGFP
BglII-XhoI. Plasmids pEGFP-DYRK1A (�9) and pGST-DYRK1A/�N (amino
acids 149–763) (Himpel et al., 2001) were kindly provided by W. Becker
(Medizinische Fakultaet der RWTH, Aachen, Germany).

The human 14-3-3� open reading frame was amplified by polymerase chain
reaction (PCR) from the pACTII-14-3-3� plasmid isolated from the cDNA
library used in the yeast two-hybrid screen (human fetal brain library in
pACTII; Clontech, Mountain View, CA). The forward primer, flanked with a
BamHI restriction site, was 5�-ggatcccaatggataaaaagtgag-3�, and the reverse
primer 5�-tgcacgatgcacagttgaagt-3�. The PCR product was cloned into pGEM-
Teasy (Promega, Madison, WI), sequenced, and then inserted in-frame into
the BamHI and EcoRI sites of pGEX-2T (GE Healthcare).

Antibodies
The anti-DYRK1A antibody used in this study was raised by immunizing
rabbits with a purified GST-fusion protein making up the last 144 amino acids
of DYRK1A. Serum specificity was tested by competition experiments and by
comparing the antibody reactivity against extracts from Dyrk1Awt and
Dyrk1A�/� mouse embryos, kindly provided by M. L. Arbones (CRG,
Barcelona, Spain). The antibody was affinity purified using the GST orienta-
tion kit (Pierce Chemical, Rockford, IL), according to the manufacturer’s
instructions. To generate the specific anti-DYRK1A phospho-S520 antibody,
rabbits were immunized with the phosphopeptide SNSGRARpSDPTHQHR
(where pS is a phospho-Ser residue) conjugated to keyhole limpet hemocya-
nine. The serum obtained was purified on an affinity column by using the
SulfoLink kit (Pierce Chemical), following the manufacturer’s recommendations.

Commercially available antibodies used in this study included a monoclo-
nal antibody (mAb) (HA.11) to the HA-epitope tag (Covance, Princeton, NJ),
an anti-phosphotyrosine antibody (PY20; BD Biosciences PharMingen, San
Diego, CA), a mAb against green fluorescent protein (GFP) proteins (JL-8; BD
Biosciences Clontech), a pan-14-3-3 antibody (H-8; Santa Cruz Biotechnology,
Santa Cruz, CA), a phospho-p44/42 MAPK (Thr202/Tyr204) mAb (Cell Sig-
naling Technology, Beverly, MA), and a �-tubulin antibody (Chemicon Inter-
national, Temecula, CA). Horseradish peroxidase (HRP)-conjugated mAb
against GST was from Santa Cruz Biotechnology. HRP-conjugated rabbit
anti-mouse and goat anti-rabbit antibodies (Dako Denmark A/S, Glostrup,
Denmark) were used as secondary antibodies for immunoblotting. Fluores-
cein isothiocyanate (FITC)-conjugated goat anti-mouse was from Southern
Biotechnology Associates (Birmingham, AL).

Cell Culture and Transfection
U2-OS cells were purchased from the European Collection of Cell Cultures
(Wiltshire, United Kingdom), and human embryonic kidney (HEK)293 cells
were kindly provided by M. Palacı́n (University of Barcelona, Barcelona,
Spain). Both cell lines were maintained at 37°C in DMEM supplemented with
10% fetal calf serum (FCS) and antibiotics. Transient transfections were per-
formed using the calcium phosphate method, and cells were processed 48 h
after transfection. Treatment of U2-OS cells with SB216763 (Sigma-Aldrich, St.
Louis, MO), or dimethyl sulfoxide (DMSO) as vehicle, was carried out for 8 h
at the concentrations indicated.

The PC12 cell line was a gift from J. Comella (University of Lleida, Lleida,
Spain) and was maintained in DMEM supplemented with 6% FCS, 6% horse
serum, and antibiotics. For fibroblast growth factor (FGF) stimulation, PC12
cells were serum starved (DMEM supplemented with antibiotics) during 20 h
and then treated with 100 ng/ml human bFGF (PeproTech EC, London,
United Kingdom) for the times indicated.

M. Alvarez et al.

Molecular Biology of the Cell1168



Immunofluorescence
U2-OS cells growing on coverslips were transfected with different DYRK1A-
expressing constructs. Forty-eight hours after transfection, cells were fixed in
4% paraformaldehyde in phosphate-buffered saline (PBS) and processed for
immunofluorescence as described previously (Alvarez et al., 2003). Images
were captured with a Leica DFC 300FX camera mounted on a Leica DMR
microscope (Leica, Wetzlar, Germany).

Cell Extracts and Immunoblotting
Whole-cell extracts were prepared in SDS-buffer (25 mM Tris-HCl, pH 7.5, 1
mM EDTA, and 1% SDS). For GST pull-down and immunoprecipitation
assays, soluble extracts were prepared by resuspending cell pellets for 20 min
at 4°C in lysis buffer A (50 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM EDTA,
1% NP-40, protease inhibitor cocktail [Roche Diagnostics, Mannheim, Ger-
many], and phosphatase inhibitors [2 mM sodium orthovanadate, 30 mM
sodium pyrophosphate, and 25 mM sodium fluoride]), followed by centri-
fuging for 10 min at 13,000 � g at 4°C.

For immunoblotting analysis samples were resolved by SDS-PAGE, trans-
ferred onto a nitrocellulose membrane (Hybond C; GE Healthcare), and
blocked with 10% skimmed milk in Tris-buffered saline (TBS) (10 mM Tris-
HCl, pH 7.5, and 100 mM NaCl) containing 0.1% Tween 20 (TBS-T). Mem-
branes were incubated with primary antibodies (in 5% skimmed milk in
TBS-T) overnight at 4°C, except for PY20 antibody, when bovine serum
albumin (BSA) replaced skimmed milk for both blocking and antibody incu-
bation. After washing with TBS-T, membranes were incubated for 45 min at
room temperature (RT) with the appropriate secondary antibodies (in 5%
skimmed milk in TBS-T) and then washed again with TBS-T. Detection was
by enhanced chemiluminescence with Supersignal West Pico (Pierce Chemi-
cal). For detection of pS520 in the endogenous DYRK1A protein, ECL Plus
(GE Healthcare) was used to increase sensitivity. Chemiluminescence was
determined with a LAS-3000 image analyzer (Fuji PhotoFilm, Tokyo, Japan).
Quantification of data was performed using Image Gauge software version 4
(Fuji PhotoFilm).

GST-Fusion Protein Expression in Bacteria
GST-fusion expressing constructs were transformed into Escherichia coli
BL21(DE3)pLysS (Stratagene, La Jolla, CA). Protein expression was induced
with 0.1 mM isopropyl-�-d-thiogalactoside for 3 h at 37°C for GST-14-3-3�
and for 8 h at 20°C for GST-DYRK1A. Cells were lysed in lysis buffer B (10
mM Tris-HCl, pH 8, 100 mM NaCl, 1 mM EDTA, 0.5% NP-40, and a protease
inhibitor cocktail). Bacterial lysates were incubated with glutathione-Sepha-
rose 4B beads (GE Healthcare) for 45 min at RT and washed four times with
lysis buffer B. GST-DYRK1A fusion proteins were eluted with 10 mM reduced
glutathione (Sigma-Aldrich) in 50 mM Tris-HCl, pH 8, and dialyzed against a
buffer containing 50 mM HEPES, pH 7.4, 150 mM NaCl, and 2 mM EDTA.

Pull-Down Assays
Soluble cell lysates were incubated overnight at 4°C with 10 �g of unfused
GST or GST-14-3-3� immobilized on glutathione-Sepharose beads that had
been previously equilibrated in lysis buffer A. After binding, beads were
washed four times with lysis buffer A plus 30 mM sodium pyrophosphate,
and the bound protein was eluted by boiling samples for 5 min in SDS-buffer.
Samples were resolved by 8 or 10% SDS-PAGE and proteins were detected by
immunoblotting.

Phosphatase Treatment
Cells were lysed in phosphatase buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl,
2 mM MgCl2, 1% NP-40, 2 mM phenylmethylsulfonyl fluoride, and a protease
inhibitor cocktail) in the absence of phosphatase inhibitors. Alkaline phos-
phatase (Sigma-Aldrich) was added to lysates at a final concentration of 400
U/ml (0.2 U/�g protein), and the reaction mixes were incubated for 30 min
at 30°C. To stop phosphatase activity, sodium pyrophosphate was added to
the lysates at a final concentration of 25 mM, and samples were processed.

Immunoprecipitation
Soluble cell extracts were incubated overnight at 4°C with protein G-Sepha-
rose beads (GE Healthcare) prebound with 5 �g of anti-HA antibody. Beads
were washed four times with lysis buffer A, adding 0.1% NP-40 for the two
initial washes. For immunoprecipitation of endogenous DYRK1A protein
from PC12 cells, a soluble cell extract containing 2.5 mg of total protein was
prepared as described above. The lysate was first incubated overnight at 4°C
with 10 �g of the anti-DYRK1A antibody, and it was then incubated with
protein A-Sepharose beads (GE Healthcare) for 2 h at 4°C. The immunopre-
cipitates were then washed with lysis buffer A containing 30 mM sodium
pyrophosphate. Samples were resolved by SDS-PAGE and analyzed by im-
munoblotting and/or used for in vitro kinase assay as described below.

Kinase Assays
Kinase activity of DYRK1A proteins was determined with the peptide sub-
strate DYRKtide (Himpel et al., 2000). To determine the catalytic activity of

GST-DYRK1A proteins, 50 ng of the purified recombinant protein was incu-
bated for 10 min at 20°C in 50 �l of phosphorylation buffer (50 mM HEPES,
pH 7.4, 10 mM MgCl2, 10 mM MnCl2, and 1 mM dithiothreitol) containing 200
�M DYRKtide and 100 �M [�-32P]ATP (0.2 � 10�3 �Ci/pmol). Reaction
aliquots were dotted onto P81 Whatman paper, and, after washing exten-
sively with 5% orthophosphoric acid, counts were determined in a liquid
scintillation counter. For assays of HA-DYRK1A proteins, anti-HA immuno-
complexes were incubated for 20 min at 30°C in 20 �l of phosphorylation
buffer, in the presence of 200 �M DYRKtide and 50 �M [�-32P]ATP (1 � 10�3

�Ci/pmol), and 32P incorporation was determined as described above. Each
data point was determined in triplicate and normalized against the amount of
HA–DYRK1A protein present in the immunocomplexes, as quantified by
immunoblot with anti-HA. Quantifications were done using the Image Gauge
software. The data were evaluated for statistical significance with the two-
tailed Student’s test for independent samples, and differences were consid-
ered significant at p � 0.05.

RESULTS

Phosphorylation of DYRK1A on Serine 520 Is Required for
14-3-3� Binding
To identify DYRK1A interacting proteins, we performed a
yeast two-hybrid screen of a human fetal brain cDNA li-
brary, by using the human DYRK1A full-length open read-
ing frame (754-amino acid isoform) as the bait. One of the
positive clones encoded the protein 14-3-3�, one of the seven
isoforms of the 14-3-3 family of proteins in mammals.

We confirmed DYRK1A and 14-3-3 interaction in mam-
malian cells by GST pull-down assays. HEK293 cells were
transfected with a HA-tagged DYRK1A expression plasmid,
and soluble lysates were incubated with recombinant GST-
14-3-3�. Bound proteins were analyzed by immunoblotting
with an anti-HA antibody. As shown in Figure 1, DYRK1A
was pulled down by the GST-14-3-3� fusion protein but not
by unfused GST. Given that most reported interactions of
14-3-3 are mediated by phosphorylated Ser or Thr residues
present in their target proteins, we examined whether phos-
phorylation of DYRK1A was required for binding. We
treated soluble extracts prepared from cells overexpressing
HA-DYRK1A with alkaline phosphatase, and we pulled
down with GST-14-3-3�. 14-3-3 binding was almost abol-
ished after phosphatase treatment (Figure 1A, lane 2), but it
was maintained when the extract was pretreated with the
phosphatase inhibitor sodium pyrophosphate (Figure 1A,
lane 3). This result indicates that 14-3-3� interaction is de-
pendent on the phosphorylation status of DYRK1A.

We next searched DYRK1A for the presence of the known
consensus motifs for 14-3-3 binding: RSXpSXP (mode I) or
RXXXpSXP (mode II), where pS represents phosphoserine
(Yaffe et al., 1997). An initial yeast two-hybrid analysis of the
14-3-3� interaction with a panel of DYRK1A deletion mu-
tants pointed to the involvement of the DYRK1A C-terminal
region (Supplemental Figure S1). In the mapped fragment, a
putative 14-3-3 mode I binding motif, 517-RARSDP-522, was
identified close to the PEST domain of DYRK1A (Figure 1B).
This motif is not a perfect match because of the presence of
Ala instead of Ser at position �2 relative to the phospho-Ser
residue; however, the Arg at position �1 satisfies the pref-
erence for an aromatic or positively charged amino acid at
this position (Yaffe et al., 1997). To determine whether the
predicted motif was required for 14-3-3� binding, we gen-
erated an HA-tagged version of DYRK1A in which the po-
tentially phosphorylated residue Ser-520 is replaced by Ala
(HA-DYRK1A/S520A). The mutant form of DYRK1A did
not show any detectable interaction with GST-14-3-3� in
pull-down assays (Figure 1C, representative pull-down; Fig-
ure 1D, quantification of the data from three independent
experiments), which indicates that DYRK1A very likely

14-3-3� Activates DYRK1A

Vol. 18, April 2007 1169



needs to be phosphorylated on Ser-520 to bind to 14-3-3�
and confirms that this residue is located in a critical phos-
pho-Ser recognition motif for 14-3-3.

Binding by 14-3-3 modulates the subcellular localiza-
tion of many of its targets (Dougherty and Morrison,
2004). To test whether this takes place in DYRK1A, we
compared the subcellular localization of exogenously ex-
pressed DYRK1Awt and the mutant DYRK1A/S520A in
U2-OS cells by indirect immunofluorescence. The staining
pattern of DYRK1A/S520A was similar to that of DYRK1Awt,
with a clear accumulation in the nucleus and with concentra-
tion in nuclear speckles, in addition to a slight cytoplasmic
staining (Figure 1E). This is the same pattern we have
described previously for DYRK1A (Alvarez et al., 2003),
and it suggests that 14-3-3 binding does not induce major
changes in the subcellular localization of DYRK1A. How-
ever, we cannot rule out that 14-3-3 binding could mod-
ulate the localization of DYRK1A under specific condi-
tions, or affect the dynamics of its nucleocytoplasmic
transport. Indeed, in Yak1p and Bmh1/2p, the DYRK1A
and 14-3-3 homologues in S. cerevisiae, Yak1p nuclear
export is induced by glucose through the binding of
Bmh1/2p (Moriya et al., 2001).

DYRK1A Is Phosphorylated on Ser-520 In Vivo
To enable us to examine the phosphorylation status of the
Ser-520 residue in vivo, we generated an antibody against the
DYRK1A sequence spanning Ser-520 and in which this residue
was phosphorylated (pS520). To validate the specificity of this
antibody, we first performed peptide competition assays.
Whereas the immunizing peptide in its phosphorylated form
fully competed away the anti-pSer520 signal on immunoblots,
no inhibitory effect was observed with the nonphosphorylated
version of the same peptide (Figure 2A). In addition, phospha-
tase treatment eliminated the specific signal detected by the
phospho-specific pS520 antibody (Figure 2B), suggesting that
the reactivity of this antibody depends on the phosphorylation
status of the protein. Finally, we evaluated the specificity of the
antibody by examining the reactivity of extracts overexpress-
ing HA-DYRK1Awt and HA-DYRK1A/S520A by immuno-
blot. Whereas anti-HA antibody detected similar expression
levels of both HA-tagged proteins (Figure 2C, lanes 1 and 2),
the phospho-specific anti-DYRK1A pS520 antibody recognized
DYRK1Awt (Figure 2C, lane 3), but it did not show any reac-
tivity toward DYRK1A/S520A (Figure 2C, lane 4). Moreover,
the antibody preferentially recognized bands of lower electro-
phoretic mobility (Figure 2C, lane 3) that correspond to phos-
phorylated DYRK1A species, as determined by their sensitivity
to phosphatase treatment (Figure 2B). These results demon-
strate that the antibody is specific for DYRK1A phosphorylated
on Ser-520 and represents a valuable tool for tracking DYRK1A
phosphorylation under physiological conditions.

The phospho-specific antibody was used to verify that the
fraction of DYRK1A that was pulled down by GST-14-3-3�
was effectively phosphorylated on Ser-520. As shown in
Figure 2D, a marked enrichment in the phosphorylation
level of Ser-520 was detected in the 14-3-3�–bound fraction,
compared with the proportion of pS520 signal present in the
input lysate (Figure 2D, compare lanes 1 and 2). Consistent
with this finding, the low mobility DYRK1A bands were
preferentially enriched in the bound fraction.

Finally, to rule out the possibility that the detected phos-
phorylation was an artifact of overexpression, we analyzed the
Ser-520 phosphorylation of endogenously expressed DYRK1A.
For this, DYRK1A was immunoprecipitated from PC12 cell
extracts with an anti-DYRK1A antibody that recognizes the
C-terminal region of the protein, and phosphorylation on Ser-
520 was then detected by immunoblotting with the anti-
DYRK1A pS520 antibody. The phospho-specific antibody
clearly detected specific bands of the expected size in the anti-

Figure 1. Phosphorylation of Ser-520 on DYRK1A mediates its
interaction with the protein 14-3-3�. (A) Lysates from HEK293 cells
transiently transfected with pHA-DYRK1A were incubated for 30
min at 30°C in phosphatase buffer (lane 1) supplemented with
alkaline phosphatase (lane 2) or with alkaline phosphatase and
sodium pyrophosphate (lane 3) as indicated. After incubation with
GST-14-3-3� immobilized on glutathione-Sepharose beads, bound
protein was detected by immunoblotting (IB) with anti-HA anti-
body (top). An immunoblot of cell lysates representing 10% of the
inputs is shown (bottom). (B) Schematic diagram of DYRK1A show-
ing the domain structure: KINASE, kinase catalytic domain; PEST,
PEST domain; His, histidine-repeat; and S/T, Ser/Thr-rich region.
The sequence and the position of the putative 14-3-3 binding motif
in DYRK1A are indicated and compared with a mode I 14-3-3
binding consensus sequence. The putative phosphorylated Ser res-
idue is marked in bold. (C) HEK293 cells were transfected with
pHA-DYRK1Awt and pHA-DYRK1A/S520A, and soluble lysates
were incubated with unfused GST or GST-14-3-3�. Samples were
analyzed by SDS-PAGE (10%) followed by immunoblotting with
anti-HA antibody. Lysate represents 10% of the input. (D) The
histogram presents data from three independent experiments in
which the ratio bound/input in DYRK1Awt was arbitrarily set as 100.
Data are expressed as a percentage of the mean value. Error bars
represent SEM (standard error of the mean). (E) Subcellular localiza-
tion of HA-DYRK1Awt and the mutant HA-DYRK1A/S520A, ex-
pressed in U2-OS cells, by indirect immunofluorescence analysis with
anti-HA antibody followed by a FITC-conjugated anti-mouse second-
ary antibody.
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DYRK1A immunoprecipitates (Figure 2E), thus identifying the
second in vivo phosphorylation site in DYRK1A, distinct from
the previously described Tyr-phosphorylation site in the acti-
vation loop (Himpel et al., 2001).

We next considered whether phosphorylation on Ser-520,
rather than being constitutive, might be regulated. Because
DYRK1A has been shown to participate in signaling pathways
induced by neurotrophic factors (Yang et al., 2001; Kelly and
Rahmani, 2005), we analyzed DYRK1A Ser-520 phosphoryla-
tion in response to growth factor stimulation. PC12 cells were
serum deprived and then stimulated with basic fibroblast
growth factor (bFGF). Phosphorylation of Ser-520 was moni-
tored by immunoblot analysis with the anti-DYRK1A pS520
antibody and normalized against total DYRK1A expression
detected with the anti-DYRK1A antibody (Figure 3A, represen-
tative experiment; Figure 3B, quantification of the data from

four experiments). The quantification of several independent
experiments showed dynamic changes in Ser-520 phosphory-
lation following the activation wave of the MAPK ERK. After
exposure to bFGF for 1 h, the level of S520 phosphorylation
tailed off significantly (Figure 3A, lane 6; p � 0.001). We also
tested the effect of epidermal growth factor (EGF) stimulation
under the same conditions, but we detected no changes in
DYRK1A Ser-520 phosphorylation in response to the stimuli
(Supplemental Figure S2, B–D). In summary, these results in-
dicate that the levels of phosphorylation in DYRK1A Ser-520
can be modulated in vivo.

DYRK1A Autophosphorylates on Ser-520 through an
Intramolecular Mechanism
During the characterization of the anti-DYRK1A pS520 an-
tibody, we surprisingly found that bacterially expressed

Figure 2. DYRK1A is phosphorylated on Ser-520 in
vivo. (A) Whole-cell extracts from U2-OS cells express-
ing HA-DYRK1Awt were resolved by 8% SDS-PAGE
and analyzed by immunoblot with anti-HA antibody
(left) and with anti-pS520 antibody (right). Where indi-
cated, the phosphorylated immunizing peptide (pS520:
SNSGRARpSDPTHQHR) or an equivalent unphos-
phorylated peptide (S520: SNSGRARSDPTHQHR) was
added at 25 �g/ml during the incubation period with 1
�g/ml anti-pS520 antibody. (B) Lysates from U2-OS
cells transiently transfected with pHA-DYRK1A were
incubated for 30 min at 30°C in phosphatase buffer
alone (lanes 1 and 3) or supplemented with alkaline
phosphatase (lanes 2 and 4), as indicated. Samples were
analyzed by SDS-PAGE and immunoblot with anti-HA
antibody (lanes 1 and 2) and with the anti-DYRK1A
pS520 antibody (lanes 3 and 4). (C) U2-OS cells were
transiently transfected with pHA-DYRK1Awt (lanes 1
and 3) and pHA-DYRK1A/S520A (lanes 2 and 4). Whole-cell extracts were resolved by 8% SDS-PAGE and immunoblotted with an anti-HA
antibody (lanes 1 and 2) and with the anti-DYRK1A pS520 antibody (lanes 3 and 4). (D) Soluble cell extracts from U2-OS cells expressing
HA-DYRK1Awt were incubated with GST-14-3-3�. Lysates, representing 10% of the input, (lane 1) and pulled-down proteins (lane 2) were
separated by 8% SDS-PAGE and analyzed by immunoblot with anti-HA antibody (bottom) and with the phospho-specific anti-DYRK1A
pS520 antibody (top) to detect the presence of Ser-520–phosphorylated DYRK1A bound to 14-3-3�. (E) The endogenous DYRK1A protein was
immunoprecipitated from PC12 cells with anti-DYRK1A antibody. The immunoprecipitate was analyzed by immunoblot (8% SDS-PAGE)
with both the anti-DYRK1A and the anti-DYRK1A pS520 antibody. The position of marker proteins (in kilodaltons) is indicated.

Figure 3. bFGF modulate the phosphorylation status of DYRK1A Ser-520 in PC12 cells. (A) PC12 cells were serum-deprived for 20 h and then
left unstimulated or stimulated with 100 ng/ml bFGF for the times indicated. Total extracts were resolved by 8% SDS-PAGE and analyzed by
immunoblot on two independent membranes for the presence of phosphorylated Ser-520 and total DYRK1A. Both membranes were reprobed with
anti �-tubulin antibody to confirm equal loading. Phosphorylation of the MAPK extracellular signal-regulated kinase (ERK) was detected by
immunoblot with anti-phospho-p44/42 ERK (Thr202/Tyr204) antibody. (B) The chart shows the quantification of the phosphorylation levels of
DYRK1A Ser-520 relative to the total amount of DYRK1A over time from the initiation of bFGF stimulation. Unstimulated cells were assigned the
baseline value of 1 in each experiment. Data correspond to means � SEM from four independent experiments. *p � 0.05; **p � 0.001.
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recombinant GST-DYRK1A was already phosphorylated on
Ser-520 (Figure 4A, top, lane 1). Phosphorylation of Ser-520
was detected both in the full-length protein and also in
C-terminal–truncated forms that, according to their esti-
mated molecular weights, would be expected to include an
intact kinase domain. However, Ser-520 phosphorylation
was not detected in the S520A mutant or in a catalytically
inactive mutant (DYRK1A/K179R), in which the conserved
Lys in the ATP-binding site is replaced by Arg (Figure 4A,
top, lanes 2 and 3). In addition, the immunoreactivity with
the antibody was abolished when the extracts where treated
with phosphatase before the Western blot analysis (Supple-
mental Figure S3, B). The levels of Tyr-phosphorylation in

the DYRK1A/S520A mutant were similar to those in
DYRK1Awt (Figure 4A, middle), indicating that the Tyr-
autophosphorylation activity of DYRK1A is not affected by
the mutation.

We further examined the phosphorylation state of Ser-520
in two kinase-inactive forms of DYRK1A expressed as HA-
tagged fusions in U2-OS cells: the mutant in the ATP-bind-
ing site (HA-DYRK1A/K179R) and a double mutant in the
two Tyr residues of the activation loop (HA-DYRK1A/
Y310,312F). Similarly to the bacterially expressed proteins,
we could not detect phosphorylation of Ser-520 in these
inactive mutants (Figure 4B, lanes 3 and 4), confirming that
phosphorylation of Ser-520 in DYRK1A is an autophosphor-

Figure 4. DYRK1A autophosphorylates Ser-520 through an intramolecular reaction. (A) Bacterially expressed GST fusion proteins of
wild-type DYRK1A (wt, lane 1) and the mutants DYRK1A/S520A (lane 2) and DYRK1A/K179R (lane 3) were immunoblotted with
anti-DYRK1A pS520 (top), anti-phospho-Tyr (PY20; middle), and anti-GST (bottom) antibodies. The positions of marker proteins (in
kilodaltons) are indicated. Arrows indicate full-length GST-fusion proteins, and asterisks indicate truncated GST-fusion proteins lacking the
C-terminal (�150) amino acids). The different patterns in DYRK1Awt, DYRK1AS520A, and DYRK1AK179R detected with the anti-GST
antibody are due to differences in phosphorylation levels as shown in Supplemental Figure S3, A. (B) HA-tagged proteins corresponding to
the two major isoforms of DYRK1A (lanes 1 and 2) and to distinct catalytically inactive point mutants (lanes 3–5) were overexpressed by
transient transfection into U2-OS cells. Phosphorylation of Ser-520 was detected by immunoblotting with the phospho-specific anti-DYRK1A
pS520 antibody (top). To control for equal expression of the fusion proteins, membranes were stripped and reprobed with an anti-HA
antibody (bottom). (C) U2-OS cells were transfected with pHA-DYRK1Awt, pHA-DYRK1A/S520A, pHA-DYRK1A/K179R, or pHA-
DYRK1A/Y310,312F, and soluble lysate fractions were incubated with unfused GST or GST-14-3-3�. Samples were analyzed by SDS-PAGE
followed by immunoblotting with anti-HA antibody. Lysate represents 10% of input. (D) Quantification of the relative binding of different
DYRK1A mutants to 14-3-3� compared with the fraction bound to DYRK1Awt is shown in the chart, which represents means � SEM from
three independent experiments. (E) A GFP-DYRK1A wild-type fusion protein (GFP-DYRK1Awt) and an HA-tagged DYRK1A kinase-inactive
mutant (HA-DYRK1A/K179R) were individually expressed or coexpressed in U2-OS cells and detected by immunoblotting with anti-GFP
and anti-HA antibodies, respectively (left). Phosphorylation of Ser-520 was analyzed by immunoblotting with the anti-DYRK1A pS520
antibody (middle). The expression levels of the two DYRK1A fusion proteins were compared by immunoblotting with anti-DYRK1A antibody
(right).
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ylation event. Consistent with this result, the kinase-inactive
mutants of DYRK1A were unable to bind 14-3-3� protein
(Figure 4C, representative pull-down; Figure 4D, quantifica-
tion of three independent experiments). We also found no
differences in the levels of Ser-520 phosphorylation between
the two major DYRK1A alternative spliced isoforms: the
763-amino acid form (HA-DYRK1A �9) and the 754-amino
acid isoform (HA-DYRK1A) (Figure 4B, lanes 1 and 2). These
results suggest that phosphorylation of DYRK1A Ser-520 is
an autophosphorylation event and is not mediated by the
activity of an upstream kinase.

To determine whether the autophosphorylation of DYRK1A on
Ser-520 is mediated by an inter- or intramolecular mechanism,
we took advantage of the difference in size of two tagged
DYRK1A proteins. We coexpressed the wild-type form of
DYRK1A fused to GFP (GFP-DYRK1Awt) and an HA-tagged
inactive mutant (HA-DYRK1A/K179R), predicting that if the
phosphorylation was intermolecular, the kinase inactive
DYRK1A would be phosphorylated by the active version. As
shown in Figure 4E, the inactive mutant HA-DYRK1A/K179R
was not phosphorylated on Ser-520 when coexpressed with the
active GFP-tagged enzyme, a finding consistent with a cis- or
intramolecular mechanism. In summary, these results demon-
strate that phosphorylation of DYRK1A on Ser-520 is an in-
tramolecular autophosphorylation event.

Phosphorylation of Ser-520 Modulates DYRK1A
Kinase Activity
To analyze the possible effect of 14-3-3 binding on the activ-
ity of DYRK1A, we determined the kinase activity of the
wild-type DYRK1A and of the Ser-520 mutant, which does
not interact with 14-3-3�. Activity was measured in in vitro
kinase assays with DYRKtide peptide as substrate and an-

ti-HA immunocomplexes obtained from transiently trans-
fected cells as the enzyme source. The S520A mutant
showed a significant reduction in the catalytic activity,
maintaining only �50% of the activity of DYRK1Awt (Fig-
ure 5A). To exclude the possibility that this impaired activity
resulted from the amino acid substitution rather than the
phosphorylation itself, we blocked in vivo the phosphory-
lation of Ser-520 in DYRK1Awt by using the compound
SB216763. This small molecule was first identified as a se-
lective ATP-competitive inhibitor of glycogen synthase ki-
nase (GSK)-3 and was later reported to inhibit DYRK1A
activity in vitro at slightly higher concentrations (Murray et
al., 2004). Cells expressing HA-DYRK1Awt were treated
with SB216763, and the lysates were analyzed by immuno-
blot. Total DYRK1A protein levels were almost unaffected
by the treatment (Figure 5B, IB: HA), but phosphorylation
on Ser-520 was markedly reduced in SB216763-treated cells
(Figure 5B, IB: pS520). Because GSK-3 does not phosphory-
late DYRK1A on Ser-520 (Supplemental Figure S4), the loss
of Ser-520 phosphorylation after SB216763 treatment can be
ascribed to the inhibition of the kinase activity of DYRK1A.
In agreement with the decreased Ser-520 phosphorylation,
the levels of HA-DYRK1A pulled down by GST-14-3-3�
were reduced in a dose-dependent manner (Figure 5C, rep-
resentative experiment; 5D, quantification of the data). Sup-
porting these data, the two effects can be reproduced with
other DYRK1A kinase inhibitor as shown in Supplemental
Figure S5. At this point, and considering also that DYRK1A
has been proposed to act as a GSK-3 priming kinase (Cohen
and Frame, 2001), it is extremely important to note the risk
of attributing phosphorylation events to the kinase GSK-3
based in the use of the inhibitor SB216763, because we have

Figure 5. Kinase activity of DYRK1A is
modulated by the phosphorylation state of
Ser-520. (A) US-OS cells were transfected with
pHA-DYRK1Awt and the mutant pHA-
DYRK1A/S520A. To determine the kinase ac-
tivity of DYRK1A, tagged proteins were iso-
lated by immunoprecipitation with anti-HA
antibody, and immunocomplexes were sub-
jected to in vitro kinase assay with DYRKtide
as substrate. Equal amounts of HA-tagged
proteins were used in all cases. The data rep-
resent means � SEM from five independent
experiments. **p � 0.001. (B) U2-OS cells ex-
pressing HA-DYRK1Awt were treated during
8 h with the inhibitor SB216763 (50 �M) or
with 0.1% DMSO as vehicle-control. Whole-
cell extracts were resolved by 8% SDS-PAGE
and immunoblotted with the anti-DYRK1A
pS520 antibody (top). The membrane was
then stripped and reprobed with anti-HA an-
tibody to detect total HA-DYRK1A protein
levels (bottom). (C) U2-OS cells expressing
HA-DYRK1Awt were treated with increasing
doses of SB216763, and soluble extracts were
incubated with recombinant GST-14-3-3�.
The amounts of bound DYRK1A (top) and
DYRK1A in lysates (10% of inputs) (bottom)
in each condition were analyzed by immuno-
blotting with anti-HA antibody. (D) The chart
shows the quantification of the results ex-
pressed as the ratio of bound protein to input
for each inhibitor concentration. (E) Kinase
activities were determined as described in A
for HA-DYRK1Awt and HA-DYRK1A/S520A expressed in U2-OS cells treated with 50 �M SB216763 for 8 h. For nontreated cells DMSO was
used as vehicle-control. The data represent means � SEM from three independent experiments. *p � 0.05; **p � 0.001.
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clearly confirmed that this compound also strongly inhibits
the activity of DYRK1A in vivo.

We next treated cells expressing HA-DYRK1Awt or HA-
DYRK1A/S520A with SB216763 and determined the kinase
activity in HA-immunocomplexes. Inhibition by SB216763 is
competitive and reversible, so it did not interfere with the
kinase assay since activity was determined after extensive
washing of the anti-HA immunocomplexes to remove the
inhibitor and in the presence of excess ATP. The activity of
DYRK1Awt was reduced by as much as 50% by this treat-
ment, which is similar to the activity shown by DYRK1A/
S520A (Figure 5E). However, the intrinsically lower activity
of DYRK1A/S520 was not affected by SB216763. In sum-
mary, loss of Ser-520 phosphorylation correlates with both
dissociation of 14-3-3� and lower DYRK1A kinase activity.

14-3-3� Binding Increases the Catalytic
Activity of DYRK1A
Having established that phosphorylation of Ser-520 in DYRK1A
mediates its interaction with 14-3-3� and is required for its cata-
lytic activity in vivo, we wondered whether the effect on DYRK1A
activity was caused by the phosphorylation itself or whether it
depended on 14-3-3� being bound to DYRK1A through the phos-
pho-Ser residue. To discriminate between these two possibili-
ties, we compared the kinase activity of recombinant GST-
fusions of DYRK1Awt and DYRK1A/S520A expressed in
bacteria, where DYRK1A Ser-520 is phosphorylated, but there
is no 14-3-3. As shown in Figure 6, A and B, both proteins, the
wild type and the mutant, have the same specific activity,
indicating that the phosphorylation has no effect by itself on the
catalytic activity of DYRK1A. However, the addition of puri-
fied GST-14-3-3� to the reaction mixture significantly increased
DYRK1A activity in a dose-dependent manner, reaching a
maximum (2-fold increase) with 1 �g of GST-14-3-3� (Figure
6C). Almost no effect was detected when GST-14-3-3� was
added to GST-DYRK1A/S520A; and incubation of DYRK1Awt

with GST alone (1 �g) did not affect its catalytic activity. This
result strongly implies that the higher in vivo activity of
DYRK1Awt compared with the S520A mutant is due to the
interaction with 14-3-3�.

A previous report on 14-3-3 and DYRK1A identified the first
125 amino acids of DYRK1A as the interacting domain, based
on the lack of binding of an N-terminal deletion mutant (Kim
et al., 2004). To clarify this apparent controversy, we first
sought to verify these results, and we found that a GFP-
DYRK1A fusion protein comprising the first 167 amino acids
was able to bind 14-3-3� in a GST pull-down assay (Figure 7A),
confirming that the N terminus does indeed harbor a 14-3-3
binding site. We then checked whether the phosphorylation of
Ser-520 was affected by the deletion of the N-terminal region of
DYRK1A, as a means of assessing the independence of the two
sites. An N-terminally truncated GST-DYRK1A recombinant
protein (GST-DYRK1A/�N) expressed in bacteria showed
similar levels of phosphorylation on Ser-520 as full-length GST-
DYRK1A (Figure 7B), indicating that the deletion does not
impact on the phosphorylation status of Ser-520 residue. Fi-
nally, we also determined the in vitro kinase activity of GST-
DYRK1A/�N, alone or in the presence of increasing amounts
of GST-14-3-3�. The mutant showed significantly lower activ-
ity than DYRK1Awt toward DYRKtide (Figure 7C), as reported
previously (Himpel et al., 2001). Moreover, we could not detect
any increment in the activity of GST-DYRK1A/�N when 14-
3-3� was added to the reaction (Figure 7C), consistent with a
lack of interaction with 14-3-3�. We therefore conclude that the
interaction with 14-3-3� is abolished either by the deletion of
the N terminus (as reported by Kim et al., 2004) or by the
mutation of Ser-520 to an unphosphorylatable residue (this
study), suggesting that both sites are necessary to maintain a
stable complex between DYRK1A and the 14-3-3 dimer.

The results from purified proteins were further validated
in immunoprecipitation experiments in U2-OS cells trans-
fected with pHA-DYRK1Awt and pHA-DYRK1A/S520A,

Figure 6. 14-3-3� binding to phospho-Ser-520 regu-
lates DYRK1A kinase activity in vitro. (A) Kinase activ-
ity of recombinant DYRK1A proteins (GST-DYRK1Awt
and the mutants S520A and K179R) was assayed with
DYRKtide as substrate. The kinetics of the reaction in-
dicated that 32P incorporation was linear with time and
with the enzyme amount used in the assay. (B) The
activity of GST-DYRK1Awt versus GST-DYRK1A/
S520A is represented as the means � SEM from three
independent experiments, with each point measured in
triplicate in the individual experiments. (C) Kinase ac-
tivities of the indicated GST-DYRK1A proteins were
assayed as described in A with increasing amounts of
recombinant GST-14-3-3� (0.1, 0.5, and 1 �g) or GST
alone (1 �g). The assay was performed three times,
giving similar results in each; a representative assay is
shown, and the data correspond to the means � SEM of
triplicate measurements.
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performed under the same conditions as for the kinase as-
says where differential kinase activities were detected. Im-
munoblots of the immunocomplexes with a pan anti-14-3-3
antibody that cross-reacts with most 14-3-3 family members
showed that endogenous 14-3-3 proteins coimmunoprecipi-
tate with DYRK1Awt but not with the Ser-520 mutant (Fig-
ure 8). All together these findings strongly support a novel
mechanism of regulation of DYRK1A activity, in which au-
tophosphorylation of Ser-520 in DYRK1A mediates the for-
mation of a complex with 14-3-3� and modulates the cata-
lytic activity of the kinase.

DISCUSSION

By point mutation analysis and the use of a phospho-specific
antibody, we have shown that the binding of DYRK1A to
14-3-3� requires the phosphorylation of Ser-520, a residue
located in the C terminus of the protein and framed in a
14-3-3-consensus mode I motif. The association of DYRK1A
and 14-3-3 had been reported previously (Kim et al., 2004),
but the authors did not identify any requirement for phos-
phorylation for the interaction. One explanation for this
apparently conflicting result might be the differential resis-
tance to phosphatase treatment of phosphorylated Ser-520
and the phosphorylated Tyr residues that were used by Kim
et al. (2004) as the control for their phosphatase treatment
(Supplemental Figure S3, C). Another possible explanation
could lie on the existence of different experimental condi-
tions or 14-3-3 isotype specificity. Nonetheless, all the exper-
imental evidence provided in the present study strongly
suggests that the interaction between DYRK1A and 14-3-3�
is phosphorylation dependent, as is the case for most 14-3-3
partners (Aitken, 2006).

In addition to the phospho-Ser-520 binding site, there is a
second 14-3-3 interacting domain in DYRK1A, within the first
150 amino acids of the N terminus. Both sites seem to be
necessary for 14-3-3 binding, because mutation of either greatly
diminishes the interaction. The presence of two 14-3-3 binding
sites on a single polypeptide increases 14-3-3 binding affinity
by more than 30-fold (Yaffe et al., 1997), and several 14-3-3
targets, such as DAF-16 (Cahill et al., 2001) and Cdc25B (Giles
et al., 2003), have been reported to require the presence of more
than one binding site for stable 14-3-3 association. Given the
dimeric nature of 14-3-3, the possibility exists that a molecule of
DYRK1A binds to a 14-3-3 dimer through contacts between the

Figure 7. DYRK1A harbors a second 14-3-3 binding site at the N terminus. (A) U2-OS cells were transfected with pEGFP (GFP) or
pEGFP-DYRK1A/1-167 (1-167), and lysates were incubated with unfused GST or GST-14-3-3�. Samples were analyzed by immunoblotting
with anti-GFP antibody. Lysates represent 10% of inputs. The positions of marker proteins (in kilodaltons) are indicated. (B) Bacterial fusion
proteins corresponding to wild-type DYRK1A (wt; lane 1), the mutant DYRK1A/S520A (lane 2), and N-terminally truncated DYRK1A (�N;
lane 3) were immunoblotted with anti-DYRK1A pS520 (top), anti-phospho-Tyr (PY20; middle), and anti-GST (bottom) antibodies. The
positions of marker proteins (in kilodaltons) are indicated. Arrows indicate full-length GST-fusion proteins, and asterisks indicate truncated
GST-fusion proteins lacking the C terminus. The abnormal gel mobility of the N-terminal–deleted mutant is explained by its hyperphos-
phorylation status as shown in Supplemental Figure S6. (C) Kinase activities of GST-DYRK1A proteins were assayed as described in Figure
6C, but GST-DYRK1Awt was compared with the N-terminally truncated mutant GST-DYRK1A/�N.

Figure 8. 14-3-3 binding regulates DYRK1A kinase activity. (A)
U2-OS cells expressing HA-DYRK1Awt and the mutant HA-
DYRK1A/S520A were immunoprecipitated with anti-HA antibody.
The antibody immunoprecipitated similar levels of both HA-tagged
DYRK1A proteins, as detected by immunoblot with the same anti-
HA antibody. The presence of endogenous 14-3-3 proteins coimmu-
noprecipitated with DYRK1A was detected by analyzing the sam-
ples by immunoblotting with a pan-14-3-3 antibody (top). Cells
lysates represented 2% of inputs (bottom). IP, immunoprecipitation.
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phospho-Ser-520 motif and one 14-3-3 monomer and between
the second binding motif at the N terminus and the other
monomer. Based on the fact that the DYRK1A N-terminal
region is able to bind to 14-3-3 when fused to a heterologous
protein, but not in the context of the Ser-520 mutation, we
propose that 14-3-3 could first recognize and bind to the phos-
pho-Ser-520 motif, which would facilitate binding to the other
14-3-3 binding site in the N terminus, resulting in the stabili-
zation of the complex.

In addition to 14-3-3�, we have found that DYRK1A can
also bind 14-3-3� (Supplemental Figure S7). Two recent
proteomic analyses have identified DYRK1A as one of the
proteins present in complexes of 14-3-3 isoforms � and � (Jin
et al., 2004; Benzinger et al., 2005); and Kim et al. (2004) have
reported interaction with the isoform 14-3-3�. Although
these data would indicate that DYRK1A is able to interact
with several 14-3-3 isoforms, further investigation will be
needed to determine whether there is any selectivity in
DYRK1A/14-3-3 interactions.

The phosphorylation state of some 14-3-3 isoforms, in-
cluding isoform �, seems to regulate both dimerization and
target binding (Yoshida et al., 2005). Thus, we checked
whether DYRK1A can act as a putative 14-3-3 kinase. We
found no significant phosphorylation of 14-3-3� by in vitro
kinase assays (Supplemental Figure S8), suggesting that this
is not the case.

The results documented in this manuscript support the
idea that DYRK1A phosphorylation at Ser-520 is an intramo-
lecular autophosphorylation event. The phosphorylated Ser
residue is not located in an unambiguous DYRK1A consen-
sus site, because there is Asp instead of Pro in the P�1
position; however, the presence of Arg at P�3 would ac-
commodate DYRK1A preferences at that position (Himpel et
al., 2000). It is worth noting that the definition of the
DYRK1A consensus phosphorylation sequence was based
on intermolecular reactions on peptides, and it is conceiv-
able that other sequence requirements are necessary for
intramolecular autophosphorylation reactions.

The phosphorylation status of Ser-520 does not interfere
with Tyr autophosphorylation, suggesting that the DYRK1A

activation loop autophosphorylation is very likely to be an
earlier event. Moreover, we can detect phosphorylation of
endogenous DYRK1A on Ser-520 in vivo. Thus, apart from
the Tyr-321 of the activation loop, Ser-520 represents the
only in vivo DYRK1A phosphosite identified to date.

On first consideration, an autophosphorylation event
might be assumed to be stoichiometric, but the immunoblot
patterns of total DYRK1A and pS520 were not completely
equivalent when the kinase was exogenously expressed in
mammalian cells and bacteria. Moreover, the levels of phos-
phorylation of Ser-520 were lower in mammalian cells than
in bacterially expressed protein, ranging from 10 to 40% of
the recombinant protein. This led us to think that not all
DYRK1A molecules were phosphorylated in vivo. This sug-
gestion is supported by the dynamic changes in the level of
Ser-520 phosphorylation of endogenous DYRK1A observed
in response to bFGF stimulation. Although we cannot ex-
clude the possibility that bFGF signaling affects the auto-
phosphorylation activity itself, it seems more likely that the
signaling impacts on the stability of the phosphorylated
Ser-520. This might be achieved through the activation of a
Ser-520 phosphatase and/or by hampering 14-3-3 binding,
which could protect Ser-520 against dephosphorylation, as
has been recently reported for Ser-526 in mitogen-activated
protein kinase kinase kinase 3 (MEKK3) (Fritz et al., 2006).

A particularly interesting consequence of the interaction
between DYRK1A and 14-3-3 is the positive regulation of
DYRK1A kinase activity. 14-3-3� seems to increase the cat-
alytic activity of recombinant DYRK1A only toward exoge-
nous substrates, because no effect was detected on DYRK1A
autophosphorylation (Supplemental Figure 8). Mechanisti-
cally, several scenarios can be envisaged. In one of them, the
effect requires binding through both 14-3-3 binding sites,
consistent with a model in which the binding of dimeric
14-3-3 to two binding sites on DYRK1A could induce a
conformational change in DYRK1A that enhances its enzy-
matic activity. This mechanism has been proposed for other
enzymes that are regulated by 14-3-3 proteins, such as N-
acetyltransferase (Obsil et al., 2001). Alternatively, the N-
terminal region act as a structural requirement to stabilize

Table 1. Effect of 14-3-3 binding on the activity of mammalian protein kinases

Kinase Binding site Upstream kinase Activitya Reference

PI3K n.d. n.d. � Bonnefoy-Berard et al. (1995)
PKC� RRLpSNV (Ser-205) Autob � Hausser et al. (1999)

RTSpSAE (Ser-219)
Raf-1 RSApSEP (Ser-621) n.d. � Yip-Schneider et al. (2000)

RSTpSTP (Ser-259) AKT, PKA � Light et al. (2002)
TESK1 RCRpSLP (Ser-437) n.d. � Toshima et al. (2001)
Wee1 RSVpSLT (Ser-642) Chk1 � Rothblum-Oviatt et al. (2001)
PDK1 RANpSFV (Ser-241, catc) Auto � Sato et al. (2002)
RSK1 TRLpSKE (Ser-154, cat) n.d. � Cavet et al. (2003)
BMK1 LLKpSLR (Ser-486) n.d. � Zheng et al. (2004)
ASK1 RSIpSLP (Ser-967, cat) n.d. � Goldman et al. (2004)
CaMKK1 RKFpSLQ (Ser-74) PKA � Davare et al. (2004)
GSK-3� RTTpSFA (Ser-9) AKT � Yuan et al. (2004)
SIK PLSpTWC (Thr-182, cat) LKB � Al-Hakim et al. (2005)
MEKK3 GIRpSVT (Ser-526, cat) Auto � Fritz et al. (2006)
PKB/AKT n.d. n.d. � Yang et al. (2006)
DYRK1A RARpSDP (Ser-520) Auto � This study

n.d., not described.
a �, stimulation of kinase activity; �, inhibition of kinase activity.
b Auto, autophosphorylation.
c cat, phosphorylated residue is located within the catalytic domain.
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the more active conformation, in agreement with the re-
duced basal catalytic activity of the N-terminal deleted mu-
tant toward exogenous substrates. In this context, DYRK1A
would occupy only one of the binding sites in the 14-3-3
dimer, leaving the other available to recruit either DYRK1A
substrates or effectors. This has been reported, for example,
for one of the 14-3-3 binding sites in Raf proteins, in which
14-3-3 functions as a scaffold mediating the heterooligomer-
ization between the C-Raf and B-Raf kinases (Garnett et al.,
2005). In this connection, it is worth mentioning that tau and
FKHR, two well-known 14-3-3 targets, are substrates of
DYRK1A (Woods et al., 2001).

Only a few of the kinases that bind 14-3-3 have been
reported to modulate their activity as a result of this inter-
action (Table 1). In all cases, 14-3-3 binding depends on a
phosphorylated motif. The phosphorylated residue can oc-
cur within or outside the catalytic domain, and 14-3-3 bind-
ing can lead either to inhibition or to activation of the kinase
activity. Although in some cases phosphorylation in 14-3-3
binding motifs is mediated by an upstream kinase, there are
three other kinases, in addition to DYRK1A, in which bind-
ing to 14-3-3 is known to be regulated by autophosphoryla-
tion. In the cases of MEKK3 (Fritz et al., 2006) and 3-phos-
phoinositide–dependent protein kinase-1 (Sato et al., 2002),
catalytic activity is altered by 14-3-3 binding to an autophos-
phorylated residue within the activation loop. For protein
kinase C (PKC)�, 14-3-3 binding within the regulatory C1
domain inhibits PKC kinase activity (Hausser et al., 1999).
Thus, to our knowledge DYRK1A represents the only case in
which autophosphorylation of a site outside the catalytic
domain leads to an enhanced kinase activity upon 14-3-3
binding. Moreover, this mechanism seems to be specific for
DYRK1A, because the Ser-520 motif is not conserved in
other members of the DYRK family.

In summary, our results suggest a model in which the cata-
lytic activity of DYRK1A is regulated by autophosphorylation
and binding to 14-3-3� protein. In this model, phosphorylation
on Ser-520, outside the DYRK1A catalytic domain, would trig-
ger the association with 14-3-3�. This interaction would induce
a conformational change, resulting in increased DYRK1A cat-
alytic activity. At first glance, the twofold increase in kinase
activity induced by 14-3-3 binding might seem to be not very
impressive. However, one should not forget that Dyrk1A het-
erozygous mice, with a 50% reduction in expression at the
protein level, exhibit clear phenotypic alterations (Fotaki et al.,
2002). This, together with the alterations reported in low-over-
expressing transgenic mice (Smith et al., 1997; Altafaj et al., 2001;
Arron et al., 2006), strongly supports the idea of DYRK1A being
a highly gene dosage-sensitive gene, and it allows us to predict
that small variations in activity could result in measurable
changes in defined biological outputs. Finally, this work argues
against the current view of DYRK1A as a constitutive kinase
that acquires full competency during its translation and pro-
vides the first clear evidence of a mechanism of regulation for
DYRK1A activity.
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