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Dyrk1A negatively regulates the actin cytoskeleton
through threonine phosphorylation of N-WASP
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Summary

Neural Wiskott—Aldrich syndrome protein (N-WASP) is involved in tight regulation of actin polymerization and dynamics. N-WASP
activity is regulated by intramolecular interaction, binding to small GTPases and tyrosine phosphorylation. Here, we report on a novel
regulatory mechanism; we demonstrate that N-WASP interacts with dual-specificity tyrosine-phosphorylation-regulated kinase 1A
(Dyrk1A). In vitro kinase assays indicate that Dyrk1A directly phosphorylates the GTPase-binding domain (GBD) of N-WASP at three
sites (Thr196, Thr202 and Thr259). Phosphorylation of the GBD by Dyrk1A promotes the intramolecular interaction of the GBD and
verprolin, cofilin and acidic (VCA) domains of N-WASP, and subsequently inhibits Arp2/3-complex-mediated actin polymerization.
Overexpression of either Dyrk1A or a phospho-mimetic N-WASP mutant inhibits filopodia formation in COS-7 cells. By contrast, the
knockdown of DyrklA expression or overexpression of a phospho-deficient N-WASP mutant promotes filopodia formation.
Furthermore, the overexpression of a phospho-mimetic N-WASP mutant significantly inhibits dendritic spine formation in primary
hippocampal neurons. These findings suggest that Dyrk1A negatively regulates actin filament assembly by phosphorylating N-WASP,
which ultimately promotes the intramolecular interaction of its GBD and VCA domains. These results provide insight on the
mechanisms contributing to diverse actin-based cellular processes such as cell migration, endocytosis and neuronal differentiation.
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Introduction
Actin polymerization and dynamics are involved in diverse
cellular processes including cell migration, morphogenesis,
endocytosis, vesicle trafficking and phagocytosis (Mattila and
Lappalainen, 2008). The coordinated assembly of actin filaments
adjacent to cell membranes results in the formation of distinct
cellular structures called filopodia, lamellipodia and dendritic
spines (Goley and Welch, 2006; Mattila and Lappalainen, 2008).
Actin polymerization is tightly regulated by various proteins,
such as phosphoinositides, membrane-bound small G-proteins,
Wiskott—Aldrich syndrome protein (WASP) family members and
actin-related protein (Arp) 2/3 (Takenawa and Suetsugu, 2007).
Neural-WASP (N-WASP) is abundantly expressed by neural
tissues and plays a critical role in the formation and regulation of
actin filament assembly (Takenawa and Suetsugu, 2007).
N-WASP activity is regulated by a multitude of factors. For
example, the binding of N-WASP to phosphoinositides through
its basic domain or small GTPases through its GTPase-binding
domain (GBD) stimulates actin polymerization (Rohatgi et al.,
2000). In addition, the C-terminal verprolin, cofilin and acidic
(VCA) domain of N-WASP interacts with actin monomers and
Arp2/3 to initiate actin polymerization (Machesky and Insall,
1998). The intramolecular interaction between GBD and VCA
results in the folding of the N-WASP protein molecule, which
inhibits its function (Kim et al., 2000; Prehoda et al., 2000).

Furthermore, N-WASP is modified and regulated by protein
phosphorylation. Src-kinase-mediated tyrosine phosphorylation
within the GBD activates N-WASP, which subsequently
stimulates neurite extension (Suetsugu et al., 2002). To date,
several studies have demonstrated phosphorylation of tyrosine
and/or serine residues within the GBD or VCA domain of WASP;
however, the precise in vivo functions of these phosphorylation
events have not been clearly elucidated (Dovas and Cox, 2010).

Dual-specificity tyrosine-phosphorylation-regulated kinase 1A
(Dyrk1A) is a proline-directed serine/threonine kinase (Himpel
et al.,, 2000). DyrklA interacts with more than 20 substrates
involved in various cellular processes including cell cycle
control, synaptic function, vertebrate development and
neurodegeneration (Park et al., 2009a). More importantly, the
abnormal accumulation of Dyrk1A is closely associated with the
presence of neural defects observed in patients with Down
syndrome (DS) (Park et al., 2009b). Interestingly, several reports
implicate a biochemical and functional link between DyrklA
and N-WASP. For example, these two proteins share the same
binding partners, such as dynamin-1, amphiphysin-1 and
synaptojanin-1 (Adayev et al., 2006; Chen-Hwang et al., 2002;
Murakami et al., 2006; Shin et al., 2007; Yamada et al., 2009). In
addition, yeast Pom1 and Drosophila minibrain (MNB) kinases,
which are homologs of the Dyrk family proteins, have been
reported to be involved in regulation of actin cytoskeleton (Liu
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et al, 2009; Tatebe et al, 2008). The relationship between Dyrk1A
and N-WASP and the contribution of Dyrk1A to actin filament
assembly have not been fully elucidated.

Here, we demonstrate that Dyrk1A directly phosphorylates N-
WASP and promotes the intramolecular interaction of its GBD
and VCA domains, which subsequently inhibits Arp2/3-mediated
actin polymerization. This molecular sequence of events
negatively regulates actin filament assembly.

Results

Dyrk1A binds to N-WASP

Based on the speculation that DyrklA might be functionally
linked to N-WASP and/or its upstream or downstream signaling
pathway components, we first assessed whether Dyrk1A interacts
with N-WASP. HEK293 cells were co-transfected with plasmids
encoding Xpress-tagged rat DyrklA and FLAG-tagged rat N-
WASP, and the total cell lysates were immunoprecipitated
with anti-FLAG antibody. Immunoblot analysis of anti-FLAG
immunoprecipitates with anti-Xpress antibody revealed an
interaction between ectopically expressed DyrklA and N-
WASP (Fig. 1A). To determine whether these proteins directly
bind to each other, bacterially expressed and purified

A Xpress-Dyrk1A  + -+
Flag-N-WASP -  + +
100+ = | Xpress (Dyrk1A)
IP: ?g—
anti-Flag 794
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754
P = N-WASP
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Y100 g g | Dyric1A
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input o w— N-WASP
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Fig. 1. DyrklA interacts with N-WASP. (A) Co-immunoprecipitation and
immunoblotting analysis of the interaction between Xpress-tagged Dyrk1A
and FLAG-tagged N-WASP in HEK293 cells. Proper expression of the
transiently expressed Dyrk1A was verified by immunoblotting analysis with
anti-Xpress antibody. (B) In vitro binding test between bacterial recombinant
Dyrk1A and N-WASP. The purified Dyrkl A and N-WASP proteins

were incubated overnight at 4°C, and the protein complexes were
immunoprecipitated with anti-Dyrk1A antibody. (C) Co-immunoprecipitation
and immunoblot analysis of the interaction between endogenous Dyrk1A and
N-WASP in hippocampal lysates from E18.5 rat brains. The asterisk indicates
the immunoglobulin G heavy chains.

recombinant DyrklA and N-WASP proteins were mixed and
incubated in vitro. The samples were immunoprecipitated with
anti-Dyrk1A antibody. Immunoblot analysis of anti-DyrklA
immunocomplexes with anti-N-WASP antibody showed that
these proteins directly interact (Fig. 1B). To examine whether the
Dyrk1 A-N-WASP interaction also occurs in vivo in tissues, such
as the hippocampus, we performed co-immunoprecipitation
assays on hippocampal lysates from embryonic day (E) 18
Sprague-Dawley rats. As shown in Fig. 1C, immunoblot
analysis of anti-N-WASP immunoprecipitates using anti-
Dyrk1A antibody confirmed that Dyrk1A and N-WASP interact
in the hippocampus of embryonic rats. These results demonstrate
that Dyrk1A binds to N-WASP in vitro and in vivo.

Dyrk1A directly phosphorylates the GTPase-binding
domain of N-WASP

To address whether Dyrk1A directly phosphorylates N-WASP,
an in vitro kinase assay was performed using anti-Xpress
immunoprecipitates (express DyrklA) from HEK293 cell
lysates and bacterial recombinant 6 x His-tagged N-WASP.
Autoradiographic analysis of the reaction products demonstrated
that Dyrk1A directly phosphorylates N-WASP in vitro (Fig. 2A).
To exclude the possibility that N-WASP phosphorylation results
from the action of an unidentified protein contaminant in the cell
lysates, we used bacterially recombinant Dyrk1A. As shown in
Fig. 2B, there was a clear band corresponding to N-WASP in
the presence of recombinant DyrklA in vitro. These results
demonstrate that Dyrk1A directly phosphorylates N-WASP. To
specifically locate the region of N-WASP phosphorylated by
Dyrk1A, the kinase assays were performed with various N-WASP
truncation mutants. Among the tested mutants, the N-WASP(1-
463), N-WASP(1-391) and N-WASP(1-264) mutants were
phosphorylated by Dyrk1A to a similar extent as full-length N-
WASP. However, N-WASP(1-195), the mutant lacking a GTPase-
binding domain (GBD), was not phosphorylated by DyrklA
(Fig. 2B,C). These data indicate that Dyrk1A phosphorylates the
GBD of N-WASP, which spans amino acids 196-264.

To identify the exact phosphorylation site(s) on N-WASP
(196-294), we generated N-WASP mutants having alanine
substitutions at serine (Ser) and threonine (Thr) residues within
the GBD based on the findings that Dyrk1A phosphorylates Ser
or Thr residues of a substrate (Himpel et al., 2000; Lochhead
et al., 2005) and DyrklA overexpression caused no significant
change in tyrosine phosphorylation of N-WASP (supplementary
material Fig. S1). There are three serine and five threonine
residues within the GBD. We successfully generated seven N-
WASP mutants having a point mutation at Thr196, Thr202,
Ser204, Thr218, Thr248, Ser249 and Thr259. Unfortunately, an
N-WASP mutant protein with a Ser239Ala substitution could not
be generated because of technical difficulties. We then performed
an in vitro kinase assay using recombinant DyrklA and each
point mutant as the substrate. As shown in Fig. 2D, several N-
WASP mutants having alanine mutations at Thr196, Thr202,
Ser204 and Thr259 exhibited an obvious reduction in DyrklA-
mediated phosphorylation, whereas the other N-WASP mutants
had little to no effect on phosphorylation. Furthermore, the N-
WASP mutant with triple alanine substitutions at Thr196, Thr202
and Thr259 experienced a greater than 80% reduction in Dyrk1A
phosphorylation compared with WT N-WASP (Fig. 2E). Overall,
these data indicate that Dyrk1A mainly phosphorylates N-WASP
within the GBD at Thr196, Thr202 and Thr259.
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Fig. 2. DyrklA directly phosphorylates the GTPase-binding domain of N-WASP. (A) In vitro kinase assay with Dyrkl A using N-WASP as a substrate.

Anti-Dyrk1A-immunocomplexes prepared from HEK293 cell lysates containing Xpress-tagged WT or kinase-inactive (K188R) Dyrkl1A were incubated with

recombinant 6 x His-tagged N-WASP and [y->?P]ATP. The reaction products were separated by SDS-PAGE. (B,C) Identification of Dyrk1A-targeting domain(s)
within the N-WASP protein. In vitro kinase assays were performed using several bacterial recombinant and purified truncation mutants of N-WASP as indicated.
The asterisks indicate the locations of N-WASP truncation mutant proteins (B). Schematic representation of N-WASP WT and truncation mutants, and summary
of the results from an in vitro Dyrk1 A phosphorylation assay with those mutants (C). N-WASP contains a WASP homology 1 domain (WH1), basic domain (B),
GTPase-binding domain (GBD), proline-rich domain (Pro), and verprolin—cofilin—acidic domain (VCA). Note that Dyrk1A phosphorylates the GBD of N-WASP,
which spans amino acids 196-264. (D,E) Identification of DyrklA-mediated phosphorylation site(s) within the N-WASP-GBD. An in vitro kinase assay was

performed by incubating purified 6 x His-tagged Dyrk1A WT or K188R protein, recombinant 6 x His-tagged N-WASP WT or alanine substitution mutants and
[y-*2P]ATP. The asterisk indicates non-specific proteins. Note that the triple alanine substitution at Thr196, Thr202 and Thr259 almost failed to be phosphorylated

by DyrklA (E).

Dyrk1A-mediated phosphorylation of N-WASP within the
GBD does not affect the binding affinity of N-WASP

to Cdc42

We assessed the functional effect of DyrklA-induced
phosphorylation on N-WASP activity. The GTPase-binding
domain of N-WASP interacts with the upstream small GTPase
Cdc42 (Aspenstrom et al., 1996). Binding to Cdc42 alters the
protein structure of N-WASP; this activates downstream Arp2/3-
mediated signaling, which subsequently leads to the assembly
of actin filaments (Mattila and Lappalainen, 2008). We first
examined whether DyrklA phosphorylation affects the binding
affinity of N-WASP for Cdc42. HEK293 cells were co-transfected
with plasmids encoding constitutively active Cdc42 (V12) fused to
GST and a FLAG-tagged N-WASP mutant, which has a glutamate
substitution at the target Thr residue(s), which mimics the effect of
Dyrk1A-mediated phosphorylations on N-WASP. Immunoblot
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analysis of the pull-down precipitates with anti-FLAG antibody
showed that three N-WASP proteins with a single phosphorylation
(T196E, T202E and T259E) do not differentially bind to
Cdc42, compared with WT N-WASP (Fig. 3A). To examine
the cooperative effects of the multiple phosphorylations, we
performed additional co-immunoprecipitation assays using the
mutants with either double substitutions at close T196E and T202E
residues or triple substitutions at TI96E, T202E,T259E (3TE). As
shown in Fig. 3B, the binding of these two mutants with double or
triple glutamate substitutions to Cdc42 was unaffected. To exclude
the possibility of binding effects by unidentified endogenous
proteins, we additionally tested in vitro binding of either
bacterially purified WT N-WASP or 3TE mutant to purified
Cdc42 (V12) from HEK293 cell lysates. Immunoblot analysis of
the pull-down precipitates with anti-His antibody confirmed that
the binding of N-WASP to Cdc42 is not affected by DyrklA



[}
&}
c

2
o

w

©

)

—
o

‘©
c
S
5
o

=

70 Journal of Cell Science 125 (1)

A Flag-N-WASP *

GST +
GST-Cdo42 (v1? z;) -

N e
S o

+ + + + +

—_— Fl N-WASP
GST = w=we |Flag( s)
pull down 50 =3
GST (Cdc42)
374
754
input -— ewesesew | Flag (N-WASPs)
kDa
B ,2’69}6
< A
Ol
oo
Flag-N-WASP - I\ {8 25293
GST - + - - - -
GST-Cdc42 (V12) + - + + + +
kDa
- | GST (Cdc42)
IP:| 374
anti-Flag | 754
ssgpewessegn |Flag (N-WASPs)
50 = al
input 37 -— esesese® |GST (Cdcd2)

C  His-N-wASP  wWT  3TE

GST-Cdc42 (V12) - + - =+
GST + - + -
75
- = |His (N-WASP)
GST| 50
pulldown| 57| &8 | GST-Cde42

256 ap GST

75+
input| | g e o | His (N-WASP)
a

Fig. 3. DyrklA-induced phosphorylation of the GBD does not change the
binding affinity of N-WASP for Cdc42. (A,B) Co-immunoprecipitation and
immunoblot analysis of the interaction between GST-fused constitutively
active Cdc42 (V12) and FLAG-tagged N-WASP phosphorylation-mimic
single (A), and double and triple (B) glutamate mutations. Note that the
phospho-mimetic mutation had no effect on the binding affinity of N-WASP
to Cdc42. The asterisks indicate the immunoglobulin G heavy chains. (C) In
vitro binding test between recombinant His-tagged N-WASP (WT or 3TE)
and purified GST-fused Cdc42 (V12) from HEK293 cell lysates. The purified
N-WASP and Cdc42 proteins were incubated with glutathione-Sepharose
beads at 4°C overnight, and the protein complexes were pulled down and
subjected to immunoblotting analysis with anti-His antibody.

phosphorylation within the GBD (Fig. 3C). These data indicate
that Dyrk1A-mediated phosphorylation of the GBD does not affect
the binding affinity of N-WASP for Cdc42.

GBD phosphorylation regulates the intramolecular
interaction of N-WASP domains and Arp2/3-mediated
actin polymerization

In addition to the upstream Cdc42 protein, the GBD of N-WASP
binds to the C-terminal verprolin, cofilin, acidic (VCA) domain
through an intramolecular interaction (Prehoda et al., 2000).
To examine whether Dyrk1A-mediated phosphorylation on the
N-WASP GBD region alters this intramolecular interaction,
co-immunoprecipitation followed by immunoblot analysis of
HEK293 cell lysates prepared after transient transfection with the

FLAG-tagged N-WASP fragment expressing the basic domain
(B) plus GBD and Xpress-tagged VCA fragment were performed
(Fig. 4A). As shown in Fig. 4B-D, glutamate substitution at
Thr259 (T259E) resulted in a significant 2.8-fold increase in the
interaction of B-GBD with the VCA domain, compared with the
same interactions in WT N-WASP (P<0.05), whereas
the substitution at Thr196 and Thr202 (T196E and T202E) had
no significant effect (P>0.05). We speculate that the
phosphorylation at Thr259 mainly contributes to the DyrklA-
induced binding of the GBD of N-WASP to the VCA
domain. This hypothesis is further supported by additional
co-immunoprecipitation studies using an alanine substitution
mutant at Thr259 (T259A). As shown in Fig. 4C,D, the phospho-
mimetic T259E N-WASP mutant exhibited an increase in its
intramolecular interaction, whereas the phospho-deficient T259A
mutant exhibited no significant increase, compared with the
WT N-WASP GBD (P>0.05). These results strongly indicate
that DyrklA-mediated Thr259 phosphorylation promotes
intramolecular interaction between the GBD and VCA domains
of N-WASP. To exclude the possibility that unexpected
endogenous cellular proteins influence their interaction, we
examined the interaction of B-GBD and VCA domains using
purified recombinant proteins in vitro. The GST-fused B-GBD
(WT, T259E or T259A) fragments were purified from bacteria
and subjected to in vitro binding test with bacterially purified
His-tagged VCA fragment. As shown in Fig. 4E, T259E
substitution only caused an increase in the binding of GBD
fragment to VCA, which confirms the immunoprecipitation data
of Fig. 4C,D.

An increase in the intramolecular interaction within the N-WASP
protein would shift its structure from the hypothetical ‘open’ state,
which exposes the VCA domain to Arp2/3, into the ‘closed’ state,
which would inhibit the activation of Arp2/3. The VCA domain
(amino acids 392-501) was shown to be capable of initiating actin
polymerization in vitro with Arp2/3 complex in the pyrene-labeled
actin polymerization assay (Prehoda et al., 2000). This VCA-Arp2/
3-mediated actin polymerization is also repressed by the addition of
B-GBD fragment (amino acids 178-274) (Prehoda et al., 2000).
Using this assay, we examined the effect of Thr259 phosphorylation
on the actin-polymerizing activity of N-WASP. As shown
in Fig. 4F, the VCA fragment (red) greatly promoted actin
polymerization, whereas addition of wild-type B-GBD (yellow)
considerably inhibited the VCA-mediated actin polymerization.
These data validated our assay system to test the auto-inhibition
model of N-WASP to promote actin polymerization. Moreover,
addition of B-GBD fragment containing a phospho-mimetic
T259E mutation (green) led to a much larger inhibition of actin
polymerization, compared with WT (yellow) or phospho-deficient
T259A B-GBD (blue) fragments (Fig. 4F). In contrast to T259E
substitution, addition of B-GBD fragment with T196E (blue) or
T202E (purple) mutation failed to remarkably disrupt the VCA—
Arp2/3-mediated actin polymerization and displayed a similar
potency for the inhibition to WT B-GBD fragment (yellow)
(Fig. 4G). These data suggest that Thr259 phosphorylation
enhances the auto-inhibition of N-WASP and represses its actin-
polymerizing activity. In addition, Thr259 phosphorylation appears
to be enough to induce N-WASP protein to enter a ‘closed’ state by
enhancing its intramolecular interaction. Interestingly, the double
glutamate substitutions at T196 and T202 (2TE; blue) resulted in an
inhibition of actin polymerization similarly to the level by the N-
WASP T259E mutant (green), whereas the triple phospho-mimetic
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mutation (3TE; purple) caused the largest inhibition against VCA—
Arp2/3-mediated actin polymerization (Fig. 4H). These data
suggest that single phosphorylation at Thr196 or Thr202 is not
be sufficient to promote the intramolecular interaction of N-WASP,
but double phosphorylation enables N-WASP to trigger its
auto-inhibitory intramolecular interaction and repress actin
polymerization. Moreover, double phosphorylation could enable
completion and maintenance of N-WASP auto-inhibition.

Overall, these data demonstrate that DyrklA-mediated
phosphorylation of the GBD of N-WASP tightly regulates the
intramolecular interaction of N-WASP and subsequent Arp2/3-
mediated actin polymerization.

Dyrk1A-mediated N-WASP phosphorylation inhibits
filopodia formation in COS-7 cells

Proper actin polymerization through N-WASP—Arp2/3 signaling
is important for diverse cellular processes, such as cell migration,
morphogenesis, endocytosis, vesicle trafficking and phagocytosis
(Mattila and Lappalainen, 2008). Actin filaments can assemble
into many different structures within a cell, including filopodia
and lamellipodia in migrating cells and dendritic spines of
neurons (Goley and Welch, 2006). Filopodia are thin, finger-like
protrusions composed of filamentous actin bundles (Mattila
and Lappalainen, 2008). Before testing the effect of Dyrk1A-
mediated phosphorylation of N-WASP on filopodia formation,
we examined whether Dyrk1A colocalizes with N-WASP at actin
filaments. After COS-7 cells were co-transfected with plasmids
encoding V5-tagged DyrklA and EGFP-fused N-WASP, actin
filaments were visualized using phalloidin-TRITC, which stains
filamentous actin. As shown in Fig. 5A, immunostaining and
fluorescence visualization of the three proteins revealed that they
are colocalized in the cytoplasmic region. This finding was
further supported by immunostaining of DyrklA-V5 and
fluorescence visualization of EGFP-N-WASP and mCherry—
LifeAct which probes endogenous actin filaments in a non-
cytotoxic manner (Fig. 5B). We then examined the effect of
GBD phosphorylation on the colocalization of N-WASP and
actin filaments. COS-7 cells were co-transfected with plasmids
encoding EGFP-fused N-WASP (WT, 3TE or 3TA) proteins and
mCherry-LifeAct. As shown in Fig. 5C, EGFP-N-WASP was
expressed in the nuclear and cytoplasmic regions regardless of
phospho-mimetic 3TE or phospho-deficient 3TA mutation. Both
3TE and 3TA N-WASP mutants were also expressed in the
regions close to plasma membrane and colocalized with actin
filaments in a similar manner to that seen with WT N-WASP.
Interestingly, overexpression of WT and 3TA N-WASP proteins
caused filopodia-like protrusions, but they were not found with
3TE N-WASP. In addition, WT and 3TA N-WASP proteins, but
not 3TE mutant, were simultaneously colocalized with actin
filaments in the protrusions, suggesting a negative role for
Dyrk1A-mediated phosphorylation of N-WASP in filopodia
formation.

To further evaluate the effect of Dyrkl A-mediated N-WASP
phosphorylation on filopodia formation, COS-7 cells were
transfected with one of the EGFP-fused WT N-WASP
constructs, its phospho-mimetic (3TE) or phospho-deficient
(3TA) mutant at Thr196, Thr202 and Thr259 either alone or
together with V5-tagged DyrklA. Analysis of actin filaments
with phalloidin staining or mCherry—LifeAct expression revealed
that the concomitant overexpression of WT N-WASP and
DyrklA significantly inhibited filopodia formation, compared

with that in cells transfected with N-WASP alone (50.5% for N-
WASP WT vs 16.3% for N-WASP WT + DyrklA; P<<0.01).
However, the overexpression of Dyrk1A had no effect when WT
N-WASP was not overexpressed (Fig. 5D,E). These data indicate
that Dyrk1A-mediated N-WASP signaling is suppressed in a
resting state. In addition, overexpression of the N-WASP 3TE
mutant significantly decreased filopodia formation, compared
with that in cells overexpressing WT N-WASP (50.5% for WT vs
23.5% for 3TE; P<<0.05). These data suggest that the Dyrk1A-
dependent phosphorylation of the GBD inhibit the filopodia-
promoting activity of N-WASP (Fig. 5D,E). Although Dyrkl1A
overexpression did not significantly affect the reduced filopodia
formation induced by expression of N-WASP 3TE, expression of
the phospho-deficient N-WASP 3TA mutant significantly
increased the formation of protruding filopodia structures
(50.5% for WT vs 73.2% for 3TA; P<0.05). In addition,
this effect was not considerably affected by concomitant
overexpression of DyrklA. These results were consistent with
the DyrklA-mediated phosphorylation effects on the binding
affinity of N-WASP for Arp2/3 and further actin polymerization.
In addition, these data further confirmed the hypothesis that the
specific Dyrk1A phosphorylation of the GBD inhibits N-WASP
activity, and dephosphorylation of the three Thr target residues
might activate downstream signaling, ultimately leading to actin
cytoskeleton and filopodia formation.

Knockdown of endogenous Dyrk1A promotes filopodia
formation in COS-7 cells in an N-WASP-phosphorylation-
dependent manner

We next examined the effect of reducing Dyrk1A expression on
filopodia formation mediated by N-WASP phosphorylation.
Plasmids encoding either EGFP labelled N-WASP 3TE or 3TA
mutants were co-transfected into COS-7 cells with a construct
encoding a short-hairpin RNA targeted against Dyrkl4A mRNA
(pSHAG-1-Dyrk1A-1) (Sitz et al., 2004). Analysis of the
formation of actin structures by phalloidin staining or mCherry-
LifeAct expression indicated that a reduction in DyrklA
expression significantly enhanced filopodia formation in the
presence of the EGFP control (15.0% for mock vs 53.8% for
shDyrk1A-1; P<0.001; Fig. 6A,B). This result implies that
the suppression of N-WASP-mediated downstream signaling
induced by endogenous DyrklA is rescued by the depletion of
DyrklA. Also, DyrklA knockdown significantly enhanced
filopodia formation when WT N-WASP was concomitantly
overexpressed (53.1% for N-WASP vs 76.3% for N-WASP +
shDyrk1A-1; P<<0.05; Fig. 6A,B). Furthermore, overexpression
of the N-WASP 3TE mutant significantly decreased filopodia
formation (53.1% for WT vs 27.1% for 3TE; P<0.01),
irrespective of DyrklA expression, whereas the N-WASP-3TA
mutant significantly increased filopodia formation up to the level
produced by the combinatory effects of WT N-WASP and
Dyrk1A knockdown (53.1% for WT vs 78.5% for 3TA; P<<0.01;
Fig. 6A,B). The stimulatory effect of DyrklA knockdown on
COS-7 cell filopodia formation was confirmed with another
shDyrk1A construct that targets to a different region of DyrkiA
mRNA (pSHAG-1-Dyrk1A-2) (Sitz et al., 2004), indicating that
the results did not come from the off-target side effects of
knockdown experiments (Fig. 6A,C). These data confirm that
Dyrk1A-mediated phosphorylation inhibits N-WASP activity
required for actin cytoskeleton and subsequent filopodia
formation.
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Dyrk1A-induced phosphorylation of the GBD inhibits
N-WASP activity and promotes dendritic spine formation
To wvalidate the inhibitory effects of N-WASP GBD
phosphorylation with another actin filament assembly model,
we examined dendritic spine formation in primary hippocampal
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neurons in the absence or presence of WT N-WASP or N-WASP
3TE mutant. Dendritic spines are small protrusions originating
from dendritic shafts of neurons and their cytoskeletons are
mainly composed of actin filaments inserted into postsynaptic
density, which tend to exclude microtubules and intermediate
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filaments (Kaech et al., 2001). After rat embryonic hippocampal
neurons were transfected with plasmids encoding EGFP-fused
WT N-WASP or a phospho-mimetic 3TE mutant, actin filament
formation was visualized using mCherry—LifeAct. As shown in
Fig. 7A-D, the average density of spines was much higher in
cells overexpressing WT N-WASP (0.77+£0.11, P<0.001),
compared with cells expressing EGFP (0.52+0.11; Fig. 7A-C).
These results verify the positive role for N-WASP in dendritic
spine formation, as previously reported (Wegner et al., 2008). By
contrast, overexpression of the N-WASP 3TE mutant failed to
increase the densities of neural spine formation, compared with
levels in the EGFP control (0.52+0.08). In addition, the length
of the dendritic spines was increased in the presence of
overexpression of WT N-WASP, whereas the N-WASP 3TE
mutant had no effect, compared to the EGFP control.

Finally, we examined whether the inhibitory action of Dyrk1A
overexpression or the stimulatory effect of N-WASP 3TA mutant
also applies to the dendritic spine formation in hippocampal
neurons. The primarily cultured hippocampal neurons were
transfected with EGFP-fused WT N-WASP or N-WASP 3TA
mutant either alone or with V5-tagged DyrklA. As shown in
Fig. 7E,F, DyrklA overexpression caused a significant decrease
in dendritic spine number (0.27+£0.05, P<<0.001), which was
promoted by overexpression of WT N-WASP (0.47+0.006),
similarly to the mock transfection levels (0.34+0.09). However,
the phospho-deficient 3TA mutation of N-WASP led to a
significant increase in dendritic spine formation (0.55+0.09,
P<0.001) even upon overexpression of Dyrkl1A (Fig. 7F).

These data suggest that DyrklA-mediated
phosphorylation negatively regulates the dendritic
formation of CNS neurons by inhibiting N-WASP activity.

GBD
spine

Fig. 4. DyrklA-induced phosphorylation of the GBD promotes the
intramolecular interaction of N-WASP and inhibits its downstream
binding to Arp2/3 and consequent actin polymerization. (A) Schematic
representation of N-WASP fragments (FLAG-tagged B-GBD and Xpress-
tagged VCA) used to test the intramolecular interaction of N-WASP. (B) Co-
immunoprecipitation and immunoblot analysis of the interaction between the
Xpress-tagged N-WASP-VCA fragment and FLAG-tagged phospho-mimetic
B-GBD mutant, which is substituted at a single residue. (C) Co-
immunoprecipitation and immunoblot analysis of the interaction between
Xpress-tagged N-WASP-VCA and either FLAG-tagged B-GBD T259E or
T259A mutants. (D) The band intensity of bound VCA fragments was
measured using Multi Gauge software (Fujifilm) and the data are expressed as
mean £ s.e.m. (n=3; ¥*P<<0.05). (E) In vitro binding test between recombinant
GST-fused B-GBD and His-tagged VCA fragments. The purified B-GBD and
VCA proteins were incubated with glutathione—Sepharose beads at 4°C
overnight, and the protein complexes were pulled down and subjected to
immunoblotting analysis with anti-His antibody. The lower panel indicates
Coomassie Brilliant Blue (CBB) staining of each protein input. The intensity
of bound VCA fragments was measured, and the ratio of bound VCA levels to
the precipitated B-GBD levels is presented as arbitrary data. (F) In vitro
pyrene-labeled actin polymerization assay with GST-VCA (1.0 pg) and
GST-B-GBD fragments (0.5 pg) having phospho-mimetic (T259E) or
phospho-deficient (T259A) substitution at Thr259. The reaction with only
actin and Arp2/3 complex (AA; black) served as the baseline of actin
polymerization. (G,H) In vitro pyrene-labeled actin polymerization assay
with GST-B-GBD fragments having phospho-mimetic single (G), double or
triple (H) substitution at Thr196, Thr202 and/or Thr259 residues. The 2TE
mutant indicates N-WASP having double glutamate substitution at both T196
and T202 residues and the 3TE indicates triple glutamate mutation at all
three residues.

Discussion

DyrklA is a proline-directed serine/threonine kinase that
is involved in various cellular processes including gene
transcription, endocytosis, cell proliferation, and cell death; it
mediate these effects by the phosphorylation of more than 20
substrates (Park et al., 2009a; Park et al., 2009b). Some recent
studies implicate DyrklA in regulating the function of
microtubule-associated proteins and neurite formation. For
example, stable overexpression of DyrklA increases levels of
the phosphorylated microtubule-associated protein tau and its
intracellular inclusions in rat embryonic hippocampal progenitor
H19-7 cells. This inhibits the cells from differentiating into
neurons (Park et al., 2007). In addition, specific knockdown of
Dyrk1A reduces the neurite length of embryonic cortical neurons
and increases neurite branching (Scales et al., 2009). Treatment
of hippocampal neurons with harmine, a specific inhibitor for
DyrklA, also significantly reduces the neurite number (Gockler
et al., 2009). The compromised neuritogenesis is thought to result
from a decrease in the level of Dyrk1A-mediated phosphorylation
of microtubule-associated phosphoprotein MAP1B (Scales et al.,
2009). In spite of this putative correlation between Dyrkl1A and
microtubule-associated proteins, the role of DyrklA in actin
filament assembly and dynamics has not been fully characterized.
Here, we provide evidence on the negative regulatory function of
Dyrk1A on N-WASP activity and actin polymerization.

The present study demonstrates that Dyrkl1A interacts with
and directly phosphorylates N-WASP. The DyrklA-mediated
multiple phosphorylation within the GBD (Thr196, Thr202 and
Thr259) strengthened the intramolecular interaction of N-WASP
without affecting its ability to bind to the upstream GTPase
Cdc42. The GBD phosphorylation results in an auto-inhibition
of N-WASP activity and a consequent reduction of Arp2/3-
mediated actin filament assembly. Correspondingly, analyses of
filopodia formation in COS-7 cells and dendritic spine formation
in rat hippocampal neurons demonstrate that the phosphorylation-
mimic 3TE mutant of N-WASP has much lower activity than WT
N-WASP in regards to stimulation of actin polymerization, and
this can be reversed by the phospho-deficient 3TA mutant.

The intramolecular interaction of N-WASP is a primary
regulator of N-WASP activity. Accordingly, the VCA domain of
N-WASP can activate downstream Arp2/3, whereas its action is
auto-inhibited by its interaction with the GBD region (Kim et al.,
2000; Prehoda et al., 2000). Data from co-immunoprecipitation
and in vitro binding experiments using N-WASP VCA and B-
GBD fragments, and testing the effect of its phospho-mimetic
glutamate substitution mutant reveal that the Thr259 residue is
the most effective targeting site of Dyrk1A. This site specifically
regulates the intramolecular interaction of N-WASP (Fig. 4B-E).
The importance of Thr259 phosphorylation is further supported
by in vitro actin polymerization assay (Fig. 4F,G) and by the
occurrence of DyrklA-mediated Thr259 phosphorylation in
HEK?293 cells (supplementary material Fig. S2). Interestingly,
based on the finding that the Thr259 residue and neighboring
amino acid sequences of N-WASP are completely conserved in
human, rat and mouse genes, we speculate that the segment
around the Thr259 residue might have an important role in
regulating N-WASP function (Fig. 8A). Moreover, comparison
of the amino acid sequences between N-WASP and WASP/
WAVE family proteins reveals that the Thr259 of N-WASP
corresponds to the Ser310 residue of WAVE1L (Fig. 8B).
Intriguingly, the Ser310 residue of WAVEI is phosphorylated
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Fig. 5. DyrklA overexpression inhibits filopodia formation in COS-7 cells through N-WASP phosphorylations of GBD. (A,B) Representative confocal
images for the colocalization of V5-tagged Dyrk1A (blue), EGFP-fused N-WASP (green), and actin filaments (red) stained by phalloidin—TRITC (A) or mCherry—
LifeAct (B) in COS-7 cells are shown. (C) Representative confocal images for the colocalization of either EGFP-fused WT N-WASP, phospho-mimetic (3TE) or
phospho-deficient (3TA) mutants (green), and actin probed with mCherry—LifeAct (red) in COS-7 cells are shown. (D) Representative confocal images of actin
filaments in COS-7 cells (by phalloidin-TRITC) are presented. (E) Effect of Dyrk1A overexpression and N-WASP phosphorylations on filopodia formation in
COS-7 cells. Cells with a minimum of three filopodia measuring at least 10 um in length were visualized by mCherry-LifeAct and scored as being ‘with
filopodia’. Data are expressed as mean + s.e.m. (n=5; *P<<0.05, **P<<0.01 and ***P<<0.001). Scale bars: 10 um.

by cyclin-dependent kinase 5 (Cdk5), which subsequently
inhibits the actin-polymerizing activity of WAVE1 (Kim et al.,
2006). Therefore, it could be hypothesized that N-WASP and
WAVEI] share a similar regulatory mode of actin polymerization
activity through phosphorylation; for example, Dyrk1A for N-
WASP and Cdk5 for WAVEL. However, WAVE family proteins
lack the inhibitory GBD and constitutively form a hetero-
pentameric complex with Sral, Napl, Abi and HSPC300
(Takenawa and Suetsugu, 2007). Recent structural analysis of
WAVE regulatory complex revealed that WAVE1 VCA domain
binds to a conserved surface of Sral and a part of WAVE1 with a
meandering region (Chen et al., 2010). Therefore, the regulatory
mechanism of WAVE proteins might be different from that of N-
WASP and WASP proteins.

The phospho-mimetic mutations of N-WASP at Thr196
and Thr202 had no considerable effect on its intramolecular

interaction (Fig. 4B,D) and  Arp2/3-mediated actin
polymerization (Fig. 4G), even though they were considerably
phosphorylated by Dyrk1A (Fig. 2D,E). However, in vitro actin
polymerization assay provides insight on the role of Thr196 and
Thr202 phosphorylation. Although there was no remarkable
inhibition by single T196E or T202E mutation (Fig. 4G), their
double glutamate substitutions at T196 and T202 (2TE) inhibited
actin polymerization to a similar level as the N-WASP T259E
mutant (Fig. 4H). These data suggest that single phosphorylation
at Thr196 or Thr202 residue might not be sufficient to promote
the intramolecular interaction of N-WASP, but their double
phosphorylation could trigger the binding of the B-GBD
fragment to the VCA domain. That is, the intramolecular
interaction of N-WASP can be strengthened by DyrklA
through either single phosphorylation at Thr259 or double
phosphorylation at Thr196 and Thr202. In addition, the triple
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Fig. 7. Phosphorylation mimic with triple mutations at the three targeting residues within the GBD inhibits N-WASP activity to promote dendritic spine
formation. (A) Representative images of rat hippocampal neurons transfected with either WT N-WASP or an N-WASP 3TE mutant. High-magnification views
are of the regions enclosed in rectangles. Images are inverted for clarity. (B,C) Changes in the number of dendritic spines by the phospho-mimetic substitution
within the GBD of N-WASP. Histograms of the number of dendritic spines per micrometer in the transfected neurons (B) and comparison of the average
numbers of spines (C) are presented. Data are expressed as mean + s.e.m. (n=4; ***P<0.001). (D) Cumulative frequency and distribution of dendritic spine
lengths in the transfected neurons. (E,F) Effect of Dyrk1A and the phospho-deficient N-WASP 3TA mutant on the dendritic spine numbers in cultured
hippocampal neurons. Representative images of dendritic spines transfected as indicated (E) and the comparison of average spine numbers (F) are presented.
Images are inverted for clarity. Data are expressed as mean + s.e.m. (n=4; **P<0.01 and ***P<<0.001). Scale bars: 10 pm.
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Fig. 8. A model for the regulation of intramolecular N-WASP interaction by Dyrk1A-induced phosphorylation of the GBD. (A) Sequence comparison of
human, rat and mouse N-WASP proteins around the Dyrk1A-targeting Thr259 residue. Thr259 is marked in red, and completely conserved residues are labeled
with yellow. (B) Sequence comparison and conservation of N-WASP Thr259 and WAVEI Ser310 residues are marked in red. The identical residues are labeled
with green, and similar residues are indicated with blue. (C) A model depicting the regulatory modes of intramolecular N-WASP interaction through
Dyrk1A-induced phosphorylation. There are two different functional states of N-WASP protein depending on its structure; the ‘open’ state for active N-WASP
activity, which forms when it is not phosphorylated, and the ‘closed’ inhibitory state, which forms in response to DyrklA-mediated phosphorylation within

the GBD.

phospho-mimetic mutant of N-WASP (3TE) inhibited actin
polymerization much more than the T259E or 2TE mutant did
(Fig. 4H). Based on these findings, our working hypothesis is that
single phosphorylation at Thr259 might be enough to promote the
intramolecular interaction of N-WASP. In addition, it would be a
more effective way than double phosphorylation at Thr196 and
Thr202 to achieve N-WASP transition into the inhibitory (closed)
state (Fig. 8C). Furthermore, double phosphorylation of N-
WASP at T196 and T202 appears to contribute additionally to
the completion and maintenance of the auto-inhibitory action
of N-WASP-Thr259 phosphorylation (Fig. 8C). The DyrklA-
mediated threonine phosphorylation of N-WASP at residues 196,
202 and 259 might eventually drive N-WASP to an auto-
inhibitory state by enhancing the intramolecular interaction, as
shown in an in vitro pyrene—actin assay with full-length WT
N-WASP and its triple point mutant protein with glutamate
substitution (supplementary material Fig. S3). By contrast, these
three Thr residues of N-WASP should be dephosphorylated for
its transition into the active (open) state, which leads to the
activation of downstream signaling pathway and actin filament
assembly. These results should be confirmed by further studies to
identify the specific phosphatase(s) that is involved in the
dephosphorylation of the GBD of N-WASP.

There have been several studies thus far demonstrating the
phosphorylation of N-WASP and its functional alteration for actin
polymerization. For example, Src family kinase phosphorylates a
tyrosine residue (Tyr253) within the GBD, which stimulates N-
WASP activity to promote neurite extension (Suetsugu et al.,
2002). The phosphorylation of N-WASP at Thr residues also
affects the protein stability, leading to degradation by the
proteasome (Suetsugu et al., 2002). Several groups have
identified Ser and Tyr phosphorylation within the GBD or
VCA domain of the WASP protein, but the in vivo functions of
these phosphorylation events were not characterized (Dovas and
Cox, 2010). Here, we present a novel regulatory mechanism for
N-WASP activity through DyrklA phosphorylation and
modulation of its intramolecular interaction.

These data might contribute to the understanding of not only
the regulation of intracellular actin polymerisation, but also
the neuropathological features observed in DS patients. The
DYRKIA gene is located within the Down syndrome critical
region (DSCR) on human chromosome 21, which is assumed to
mediate many neurological symptoms associated with DS (Park
et al., 2009a; Park et al., 2009b). In addition, DyrklA transgenic
mice exhibit a significant alteration in hippocampal-dependent
memory tasks and synaptic plasticity, which are typical clinical
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manifestations of both DS and Alzheimer’s disease (Ahn et al.,
2006; Ryoo et al., 2007; Ryoo et al., 2008). With respect to DS
and the proposed multiple roles for DyrklA in the neuronal
system, the present finding that DyrklA is also involved in
the regulation of dendritic spine formation through N-WASP
phosphorylation is important. The loss, change in size, and/or
morphological disruption of dendritic spines have been suggested
to contribute to learning and memory deficits, which are observed
in many neurological diseases, including DS (Calabrese et al.,
2006; Kasai et al., 2003). Moreover, most DS patients suffer from
mental retardation with cognitive abnormalities and deficits in
learning and memory (Park et al., 2009a; Park et al., 2009b).
They also exhibit arrested synaptogenesis and a significant
reduction in the number of hippocampal dendritic spines (Ferrer
and Gullotta, 1990; Wisniewski et al., 1984). In this context, the
present findings could provide a possible link between Dyrk1A
and the altered synaptogenesis and spinogenesis observed in DS
patients. Furthermore, the present finding could contribute to
expanding our current understanding on diverse actin-based
cellular processes such as cell migration, morphogenesis,
endocytosis, vesicle trafficking, phagocytosis and neuronal
differentiation.

Materials and Methods

Materials

Two different anti-Dyrk1A antibodies were purchased from Abnova Corporation
(Taipei City, Taiwan) and Cell Signaling Technology (Beverly, MA). Rabbit
polyclonal anti-N-WASP and anti-Arp2 antibodies were purchased from Cell
Signaling Technology. The following reagents were purchased from Invitrogen
(Carlsbad, CA); anti-Xpress, anti-V5, Alexa-Fluor-405-conjugated anti-mouse
IgG, Alexa-Fluor-546-conjugated anti-rabbit IgG, horseradish-peroxidase-
conjugated IgG (anti-mouse and anti-rabbit IgG), Dulbecco’s modified Eagle’s
medium (DMEM), Hank’s balanced salt solution (HBSS), B-27 supplement, Opti-
MEM 1, Ni*-NTA agarose beads and BL2I cells. Anti-FLAG antibody and
agarose beads were purchased from Sigma (St Louis, MO). Anti-GST antibody and
normal rabbit IgG were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Enhanced chemiluminescence reagent and [y-*?P]ATP were purchased from
PerkinElmer Life and Analytical Sciences (Waltham, MA). All other reagents
were purchased from Sigma and USB Corporation (Cleveland, OH).

DNA constructs and RNA interference

Mammalian constructs encoding 6 x His-Xpress-tagged rat Dyrkl1A [wild type
(WT) and K188R], V5-6 x His-tagged DyrklA (WT) and bacterial constructs
encoding 6 x His-tagged Dyrkl1A (WT and K188R) were generated as previously
described (Park et al., 2007; Park et al., 2010).

To generate a construct encoding FLAG-tagged N-WASP, the rat N-WASP
gene (Wasl) was amplified using PCR. The PCR product was then subcloned into a
pRKS5-FLAG vector between Mlul and Nofl sites. To assess the intramolecular
binding between the basic plus GTPase-binding domain (B-GBD; amino acids
178-274) and the VCA domain (amino acids 392-501) within the N-WASP
protein, plasmids encoding FLAG-tagged N-WASP B-GBD and Xpress-tagged N-
WASP VCA were generated using PCR amplification of the rat N-WASP gene.
Each PCR product was then subcloned into either pRK5-FLAG vector between the
MIlul and Notl sites or into the pcDNA4/HisMax vector between EcoRI and Xhol
sites. To generate EGFP-fused N-WASP, the rat N-WASP gene was amplified
using PCR. The PCR product was then subcloned into a pEGFP-C2 vector between
Xhol and EcoRI sites. To purify the bacterial recombinant 6 x His-tagged N-
WASP proteins, the full-length rat N-WASP gene was amplified using PCR. The
PCR product was then subcloned into a pET-28a(+) vector between EcoRI and
Xhol sites. Truncated forms of rat Was/ were also subcloned into a pET-28a(+)
vector. Detailed information of the primers used is in supplementary material
Table S1.

The QuikChange XL site-directed mutagenesis kit (Stratagene; La Jolla, CA)
was used for the site-directed mutagenesis according to the manufacturer’s
protocol. The pET-28a(+)-N-WASP, pRKS-FLAG-N-WASP, and pEGFP-C2-N-
WASP constructs were amplified using PCR. The primer sequences for the
mutagenesis are listed in supplementary material Table S2. The double or triple
substitution was carried out by two rounds of mutagenesis PCR with combinations
of the primers in the list.

In addition, we obtained a mammalian construct encoding glutathione S-
transferase (GST)-fused Cdc42-V12 (pEBG-Cdc42-V12) from Kang-Yell Choi

(Yonsei University, Seoul, Korea). Two plasmids for the specific knockdown of
endogenous DyrklA [pSHAG-1-DyrklA-1 (J162.1) and pSHAG-1-Dyrkl1A-2
(J163)] was generously provided by Beat Lutz (Max Planck Institute of Psychiatry,
Munich, Germany) (Sitz et al., 2004).

Cell culture, DNA transfection and primary rat hippocampal neurons
HEK293 and COS-7 cells were cultured at 37°C in DMEM containing 10% heat-
inactivated FBS (Invitrogen), 100 U/ml penicillin and 100 pg/ml streptomycin
(Invitrogen). DNA transfections were performed using Lipofectamine plus
reagents (Invitrogen), according to the manufacturer’s protocol.

All animal experiments were performed in accordance with the guidelines set
forth by the Yonsei Laboratory Animal Research Center for the proper care and
use of laboratory animals. Cultured hippocampal neurons were prepared from
E18 fetal Sprague-Dawley rats as previously described (Lee et al., 2006). The
hippocampal neurons were dissected and plated on coverslips coated with poly-D-
lysine. They were grown in Neurobasal medium (Invitrogen) supplemented with
2% B-27 and 0.5 mM L-glutamine. After 10 days in vitro (DIV) culture, transient
transfections of hippocampal neurons were performed using the calcium phosphate
precipitation method (Lee et al., 2006). Cells were incubated for 60—90 minutes
with the transfection mixture before washing and fresh growth medium was added.

Immunoprecipitation and immunoblot analyses
Preparation of cell lysates, immunoprecipitation and immunoblot analyses were
performed as previously described (Park et al., 2010).

Purification of recombinant proteins

Bacterial expression of recombinant N-WASP and Dyrk1A proteins in BL21 cells
and their purifications were performed as previously described (Park et al., 2010).
Bacterial recombinant protein expression was induced with 0.1 mM isopropyl B-
D-1-thiogalactopyranoside for 2 hours at 30°C (with shaking at 200 r.p.m.),
pelleted by centrifugation at 3000 g for 15 minutes at 4°C and the cells were
sonicated in either lysis buffer (50 mM NaH,PO,, pH 8.0, 300 mM NacCl, 15 mM
imidazole and 2 mM phenylmethylsulfonyl fluoride) for His-tagged proteins or
PBS (pH 7.4) for GST-fused proteins. After clearing by centrifugation at 3000 g
for 15 minutes at 4°C, the supernatant was incubated with Ni>-NTA agarose
beads for His-tagged proteins or glutathione-Sepharose beads for GST-tagged
proteins overnight at 4°C. The beads were then washed five times with either
washing buffer (50 mM NaH,PO,, pH 8.0, 300 mM NaCl, 100-250 mM
imidazole, and 2 mM phenylmethylsulfonyl fluoride) for His-tagged proteins or
PBS for GST-fused proteins, and the recombinant proteins were eluted by adding
either elution buffer (50 mM NaH,PO,4, pH 8.0, 300 mM NaCl, 250-500 mM
imidazole and 2 mM phenylmethylsulfonyl fluoride) for His-tagged proteins or
10 mM reduced glutathione buffer for GST-fused proteins.

In vitro kinase assay

Preparation of anti-Dyrkl A immunocomplexes or bacterial recombinant Dyrk1A
protein and the in vitro kinase assays were performed as previously described
(Park et al., 2010). HEK293 cells were transfected with the plasmid encoding
Xpress-tagged WT or K188R Dyrk1A for 24 hours. Cells were then lysed in 1%
Nonidet P40 lysis buffer and lysates were immunoprecipitated with anti-Xpress
antibody overnight at 4°C. The immunocomplexes were then incubated with 30 pl
of a 1:1 suspension of Protein-A—Sepharose beads for 2 hours at 4°C and
centrifuged at 13,000 g for 30 seconds at 4°C. The samples were washed twice
with 1% Nonidet P40 lysis buffer, and twice with 1 x DyrklA buffer (20 mM
HEPES, pH 7.4, 20 mM MgCl,, 5 mM MnCl, and 1 mM dithiothreitol). For the
in vitro kinase reaction, either anti-DyrklA immunocomplexes or purified
recombinant Dyrkl1A proteins were mixed with 1 pg of recombinant N-WASP
as a substrate in 1 x DyrklA buffer containing 0.2 mM sodium orthovanadate and
10 UM ATP. The reaction was initiated by adding 10 uCi [y->*PJATP and allowed
to proceed for 15 minutes at 30°C. After stopping the reaction by adding 5 x SDS-
PAGE sample buffer and boiling for 5 minutes, the protein samples were resolved
by SDS-PAGE and the incorporated [y->°P] radioisotope was detected by
autoradiography.

In vitro binding assay

Purified recombinant Dyrk1A proteins were incubated with recombinant N-WASP
protein and anti-DyrklA antibody overnight at 4°C. The mixture was then
incubated with 30 ul of a 1:1 suspension of Protein-A—Sepharose beads for 2 hours
at 4°C with gentle rotation, followed by immunoprecipitation and immunoblot
analyses. To examine the binding between N-WASP and Cdc42 in vitro,
ectopically expressed GST-Cdc42 (V12) or GST proteins in HEK293 cell
lysates (1 mg) were precipitated with glutathione-Sepharose beads, washed three
times with lysis buffer, and incubated with 2.5 ug of bacterially purified N-WASP
(WT or 3TE) proteins overnight at 4°C. The proteins were then precipitated,
washed three times with lysis buffer, and analyzed by SDS-PAGE and
immunoblotting. In addition, the in vitro binding between GST-B-GBD and
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His-VCA fragments was determined after incubation of each protein (2 pg)
overnight at 4°C, precipitation next day and washing with lysis buffer three times.

In vitro actin polymerization assay

Actin polymerization was monitored by the increase in fluorescence of pyrene-
labeled actin using the Actin Polymerization Biochem kit (Cytoskeleton),
according to the manufacturer’s protocol. Polymerization was initiated by
adding Actin Polymerization Buffer stock (final concentration: 50 mM KCl,
2 mM MgCl,, and 1 mM ATP) to mixtures of 5 mM Tris-HCI (pH 8.0), 0.2 mM
CaCly, 0.2 mM ATP, pyrene-labeled actin (30 ng/ ul), Arp2/3 complex (13 nM;
Cytoskeleton), GST-VCA (1.0 pg; Cytoskeleton) and 0.5 pg of the purified GST—
B-GBD fragments. Fluorescence (excitation: 355420 nm; emission: 405+5 nm)
was measured at 25°C using a VICTOR X3 multilabel plate reader (PerkinElmer).

Immunocytochemistry

COS-7 cells and primary neurons were washed twice with PBS and fixed with 4%
paraformaldehyde and 4% sucrose in PBS for 15 minutes. If necessary, cells were
permeabilized with 0.25% Triton X-100 in PBS for 5 minutes and washed twice
with PBS. The samples were then blocked with 10% bovine serum albumin in PBS
for 30 minutes. To visualize the V5-tagged Dyrk1A, cells were stained with mouse
monoclonal anti-V5 antibody, and anti-mouse IgG Alexa Fluor 405 conjugate
(or Alexa Fluor 546 conjugate) was used to detect the primary V5 antibody.
To visualize the endogenous actin filaments, cells were stained with 0.1 uM
phalloidin—TRITC (Sigma) in PBS (pH 7.4) for 15 minutes. Confocal microscopy
images were obtained using a LSM 510 META confocal microscope (Carl Zeiss,
Goéttingen, Germany) and data were processed using the Zeiss LSM Image
Browser (Carl Zeiss). The fluorescent microscopic images were obtained using an
Olympus IX-71 inverted microscope (Olympus Optical; Tokyo, Japan) with a
40 x, 1.0 NA oil lens using a CoolSNAP-Hq CCD camera (Princeton Instruments,
Trenton, NJ), driven by MetaMorph imaging software (Universal Imaging
Corporation, Downingtown, PA).

Production of polyclonal antisera against phosphorylated Thr259 N-WASP
Rabbit polyclonal N-WASP phospho-Thr259 antisera were generated by Ab
Frontier (Seoul, Republic of Korea) using a phosphorylated peptide
(IYDFIEKpTGGVEAVK) corresponding to amino acids 252-266 of rat N-
WASP. Rabbit antisera were used for immunoblotting analysis at a dilution of
1:3000.

Data deposition
The sequences reported in this paper have been deposited in the GenBank database
[Accession No. NP_036923 (rat Dyrk1A) and BAA21534 (rat N-WASP)].

Statistical analysis
Group means were compared using the Student’s r-test. P values less than 0.05
were considered significant.
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Table S1. List of the primers used to generate various N-WASP constructs encoding WT and

truncation mutants.

Information for DNA Constructs

Name Vector Elslft)::e Primers (Forward & Reverse)
FlagN-WASP o ploo MiIul & 5. ACGCGTATGAGCTCGGGCCAGCAGCC-3’
(WT) Notl 5.GCGGCCGCTCAGTCTTCCCACTCATCATCATC-3’
Flag-N-WASP RK5-Fla MIul & 5. ACGCGTAACATCTCCCACACCAAAGAAAAG-3’
(B-GBD) p & Notl 5.GCGGCCGCTCATGGTGCTTGCCTTCGGAGTTCATT-3’
Xpress-N-WASP  pcDNA4/ EcoRI&  5-GAATTCTGGACCATCAAGTTCCAGCTTCTTCA-3’
(VCA) HisMax Xhol 5 .CTCGAGTCAGTCTTCCCACTCATCATCATC-3’
EGFP-N-WASP — boon o) Xhol & 5.CTCGAGTATGAGCTCGGGCCAGCAGCC-3’
(WT) EcoRI 5.GAATTCTCAGTCTTCCCACTCATCATCATC-3’
GxHis N-WASP 1o EcoRI&  5-GAATTCATGAGCTCGGGCCAGCAGC-3’
(WT) Xhol 5.CTCGAGGTCTTCCCACTCATCATCATC-3’
GxHisN-WASP 1o EcoRI&  5-GAATTCATGAGCTCGGGCCAGCAGC-3’
(1-463) Xhol 5.CTCGAGAATTCCTGAAGTGGGCGCGG-3’
GxHis N-WASP o6 EcoRI&  5-GAATTCATGAGCTCGGGCCAGCAGC-3’
(1-391) Xhol 5.CTCGAGACCATCAGAAGGCAGGCCAG-3’
GxHis- N-WASP 1o EcoRI&  5-GAATTCATGAGCTCGGGCCAGCAGC-3’
(1-264) Xhol 5 .CTCGAGAGCTTCTACACCTCCTGTTTTTT-3’
GxHis N-WASP 1o EcoRI&  5-GAATTCATGAGCTCGGGCCAGCAGC-3’
(1-195) Xhol 5. CTCGAGTAATCTCTTCTTTTTAGCTTTTCC-3’
GSTN-WASP v ar EcoRI&  5-GAATTCAACATCTCCCACACCAAAGAAAAG-3’
(B-GBD) Xhol 5 -CTCGAGTCATGGTGCTTGCCTTCGGAGTTCATT-3’




Table S2. Detailed primer sequences used for the site-directed mutagenesis of N-WASP. The mutation

sites are indicated by lines. The double or triple substitution was carried out by two rounds of

mutagenesis PCR with combination of the proper primers in the list.

Information for Mutagenesis

Name Primers (Forward & Reverse)

N-WASP 5’-GCTAAAAAGAAGAGATTAGCCAAGGCAGATATTGGAACACC-3’

(T196A) 5’-GGTGTTCCAATATCTGCCTTGGCTAATCTCTTCTTTTTAGC-3’

N-WASP 5’-CCAAGGCAGATATTGGAGCACCAGCTAATTTCCAGCACATTGGAC-3’
(T202A&S204A) | 5°>-GTCCAATGTGCTGGAAATTAGCTGGTGCTCCAATATCTGCCTTGG-3’

N-WASP 5’-GTTGGTTGGGATCCAAATGCAGGTTTTGATCTAAATAATTTGGATC-3’

(T218A) 5’-GATCCAAATTATTTAGATCAAAACCTGCATTTGGATCCCAACCAAC-3°

N-WASP 5’-GAGGCCCAGCTTAAAGACAGAGAAGCAGCAAAAGTTATTTATGACTTTATTG-3”
(T248A&S249A) | 5°-CAATAAAGTCATAAATAACTTTTGCTGCTTCTCTGTCTTTAAGCTGGGCCTC-3”

N-WASP 5’-GTTATTTATGACTTTATTGAAAAAGCAGGAGGTGTAGAAGCTGTTAAAAATG-3’

(T259A) 5’-CATTTTTAACAGCTTCTACACCTCCTGCTTTTTCAATAAAGTCATAAATAAC-3”

5’-GCTAAAAAGAAGAGATTAGCCAAGGCAGATATTGGAGCACCAAGTAATTTCCAG
N-WASP CACATTGG-3”

(T196A&T202A)

5’-CCAATGTGCTGGAAATTACTTGGTGCTCCAATATCTGCCTTGGCTAATCTCTTC
TTTTTAGC-3’

5’-GAAAGGAAAAGCTAAAAAGAAGAGATTAGAAAAGGCAGATATTGGAACACCA

N-WASP AGTAATTTC-3’

(T196E) 5’-GAAATTACTTGGTGTTCCAATATCTGCCTTTITCTAATCTCTTCTTTTTAGCT
TTTCCTTTC-3’

N-WASP 5’-CCAAGGCAGATATTGGAGAACCAAGTAATTTCCAGCACATTGGAC-3’

(T202E) 5’-GTCCAATGTGCTGGAAATTACTTGGTTCTCCAATATCTGCCTTGG-3’
5’-CAAAAGTTATTTATGACTTTATTGAAAAAGAAGGAGGTGTAGAAGCTGTTAAA

N-WASP AATGAACTC-3’

(T259E) 5’-GAGTTCATTTTTAACAGCTTCTACACCTCCTTCTTTTTCAATAAAGTCATAAA
TAACTTTTG-3’
5’-GAAAGGAAAAGCTAAAAAGAAGAGATTAGAAAAGGCAGATATTGGAGAACCA

N-WASP AGTAATTTCCAGCACATTGGAC-3’

(T196E&T202E)

5’-GTCCAATGTGCTGGAAATTACTTGGTITCTCCAATATCTGCCTTTITCTAATCT
CTTCTTTTTAGCTTTTCCTTTC-3’
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