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Background: PAK1 is phosphorylated at Thr-423, which is required for glucose-stimulated insulin secretion, but the kinase
regulator remains elusive.
Results:We identified SAD-A as the kinase that phosphorylates PAK1 at Thr-423 in islet �-cells.
Conclusion: SAD-A is required for insulin secretion through activation of PAK1.
Significance: These data provide a key insight for biological function of SAD-A in islet �-cells.

The p21-activated kinase-1 (PAK1) is implicated in regula-
tion of insulin exocytosis as an effector of RhoGTPases. PAK1 is
activated by the onset of glucose-stimulated insulin secretion
(GSIS) through phosphorylation of Thr-423, a major activation
site by Cdc42 and Rac1. However, the kinase(s) that phosphory-
lates PAK1 at Thr-423 in islet �-cells remains elusive. The pres-
ent studies identified SAD-A (synapses of amphids defective), a
member ofAMP-activatedprotein kinase-related kinases exclu-
sively expressed in brain andpancreas, as a key regulator ofGSIS
through activationofPAK1.We show that SAD-Adirectly binds
to PAK1 through its kinase domain. The interaction ismediated
by the p21-binding domain (PBD) of PAK1 and requires both
kinases in an active conformation. The binding leads to direct
phosphorylation of PAK1 at Thr-423 by SAD-A, triggering the
onset ofGSIS from islet�-cells. Consequently, ablation of PAK1
kinase activity or depletion of PAK1 expression completely
abolishes the potentiating effect of SAD-A on GSIS. Consistent
with its role in regulating GSIS, overexpression of SAD-A in
MIN6 islet �-cells significantly stimulated cytoskeletal remod-
eling, which is required for insulin exocytosis. Together, the
present studies identified a critical role of SAD-A in the activa-
tion of PAK1 during the onset of insulin exocytosis.

Glucose-stimulated insulin secretion (GSIS)3 involves coor-
dinated signal events that regulate trafficking of insulin-laden

secretory granules for their docking and fusion with the plasma
membrane. Cumulative evidence suggests that such signal
events are coordinately controlled by the Rho family of
GTPases and their effectors such as PAK1 through remodeling
of cortical actin network (1, 2). Glucose stimulates the recycling
of Rho GTPases, including Cdc42 and Rac1, between the inac-
tive GDP-bound form and the active GTP-bound form in islet
�-cells (3). The recycling process is delicately controlled by
GDP dissociation inhibitors (GDIs), including GDI�, which
sequesters Cdc42 andRac1 in an inactive form in the cytoplasm
(4, 5). Consequently, prevention of the recycling process has
been shown to inhibit the onset of GSIS (6), whereas targeted
inactivation of Rac1 in mice or expression of a dominant nega-
tive formof Rac1 in islet�-cells impairsGSIS concurrentlywith
the disruption to F-actin remodeling (6–8). Accordingly, over-
expression of GDI� also leads to direct inhibition of GSIS from
islet �-cells (9).

PAK1 is a member of the PAK family of kinases, which are
involved in a variety of cellular functions, including cell migra-
tion, differentiation, neuronal polarity, and exocytosis by regu-
lating actin cytoskeleton remodeling (10–17). PAK1 is an effec-
tor of Rho GTPases and is activated by the binding of active
Rac1 and Cdc42 (18). The binding of Rho GTPases stimulates
phosphorylation of PAK1 at Thr-423, the same site also stimu-
lated by the onset of GSIS (7). Additionally, PAK1 is required
for the activation of Rho GTPases through phosphorylation of
GDI�. Phosphorylation of GDI� at Ser-174 by PAK1 dissoci-
ates Rac1 from GDI� (19). The activation of PAK1 in response
to glucose occurs shortly after the activation of Cdc42 inMIN6
cells, and Cdc42 depletion ablates the glucose-induced activa-
tion of PAK1 (7). The onset of GSIS also stimulates the phos-
phorylation of PAK1 at Thr-423 and GDI� at Ser-174, which is
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presumably responsible for the activation and translocation of
Cdc42 and Rac1 from cytoplasm to membrane of islet �-cells
(6, 20, 21). Accordingly, depletion of PAK1 has been shown to
abolish Rac1 activation and inhibits the onset of GSIS (7),
whereas targeted inactivation of PAK1 in mice leads to an
impairment in insulin release in response to glucose stimula-
tion (22). Despite the important role of PAK1 in regulating
insulin exocytosis, little is known about the kinase regulator(s)
responsible for the activation of PAK1 required for GSIS in islet
�-cells.

SAD-A, also referred to as BRSK2, is a serine/threonine pro-
tein kinase most closely related to AMP-activated protein
kinase among the 12 members of AMP-activated protein
kinase-related kinases (23). Like PAK1, SAD-A and its highly
conserved isoform, SAD-B, have recently been demonstrated to
regulate neuronal polarity and axon specification (24–26),
which is partly mediated through phosphorylation of microtu-
bule-associated protein (24) and as a downstream target of the
mammalian target of rapamycin pathway (27). SAD-B has also
been shown to be associated with synaptic vesicles where it
regulates neurotransmitter release, possibly by phosphoryla-
tion of RIM1 (28). Furthermore, the SAD kinases are activated
by [cAMP]/[Ca2�]-dependent signaling pathways, which play
an essential role in regulating the onset ofGSIS (29, 30). Despite
exclusive expression of SAD-A in brain and pancreas, little is
known about the biological function of SAD-A and its signaling
events in the pancreas. In the present study, we demonstrated
that SAD-A plays a critical role in regulating insulin secretion
from islet�-cells through interactionwith PAK1.We identified
for the first time SAD-A as an activator of PAK1 required for
the onset of GSIS. The results define a novel mechanism by
which SAD-A could regulate other cellular events, such as neu-
ronal polarity and exon specification, which are also regulated
by PAK1 activation (12, 15, 31).

EXPERIMENTAL PROCEDURES

Plasmid Constructs and Regents—The coding region of the
human SAD-A cDNA (AF533876) was amplified by PCR using
human fetal brain Marathon-ready cDNA (BD Biosciences)
and primers that add a FLAG tag at the N terminus and
was subcloned to the HindIII and NotI site of pcDNA3.1. For
retroviral expression, a BamHI and XhoI fragment from
pcDNA3.1-SAD-A vector was subcloned into the BamHI and
SalI sites of pBabe (puro) vector. Adenovirus expression of
FLAG-SAD-A was generated by subcloning to the FLAG-
SAD-A from pcDNA3.1-SAD-A into the BglII and NotI sites of
pAdTrack CMV vector. Site-directed mutagenesis of plasmids
was performed by using the QuikChange multisite-directed
mutagenesis kit (Stratagene, Santa Clara, CA). The plasmids
pGEX-PBD, pcDNA-myc-Cdc42 L61, and pcDNA-myc-PAK1
were used as described previously (32). The PAK1mutant plas-
mids pCMV6M-PAK1 (P191G, P192A), pCMV6M-PAK1
K299R, and pCMV6M-PAK1 (H83L, H86L) were purchased
from Addgene (Cambridge, MA).
Antibodies used in the present studies include �PAK1and

c-Myc from Santa Cruz Biotechnology (Santa Cruz, CA); anti-
FLAGM2 antibody, anti-�-actin antibody, and anti-FLAGM2
affinity resin from Sigma; and anti-phospho-PAK1 (Thr-423)

from Cell Signaling (Boston, MA) and PhosphoSolutions
(Aurora, CO). The SAD-A antibodies were a kind gift from Dr.
Joshua Sanes. The purified GST-GDI� fusion protein was pur-
chased from Cytoskeleton (Colorado Springs, CO). The oligo-
peptides were ordered from Peptide 2.0, Inc. (Chantilly, VA).
P81 phosphocellulose paper was from Millipore (Billerica HQ,
MA). Recombinant adenoviruses overexpressing PAK1 and its
T423E and K299R mutants were purchased from Cell Biolabs
(San Diego, CA).
Kinase Assays—To evaluate SAD-A activity, 293T cells were

transfected with various plasmid expression vectors for SAD-A
and its mutants. After 24 h of incubation in DMEM containing
10% FBS, the cells were serum-starved for 8–20 h and then
stimulated with or without 20% FBS for 15 min. The cells were
washed three times with ice-cold PBS and lysed at 4 °C in IP
lysis buffer. Equal total protein was immunoprecipitated with
2.5 �g of anti-FLAG antibodies at 4 °C overnight. The resins
were washed twice in lysis buffer and twice in kinase buffer (50
mMHEPES, pH 7.5, 10 mMMgCl2, and 2 mMMnCl2) and were
used for kinase assay in 30-�l reactionswith 25�MATP, 10�Ci
of [�-32P]ATP, and 16 �g of Substrate for AMP-activated pro-
tein kinase (SAMS) peptide substrate. After incubation at 30 °C
for 30 min, the reactions were stopped. Incorporation of
[32P]phosphate into the peptide substrate was determined by
applying the reactionmixture onto P81 phosphocellulose paper
and scintillation counting after washing in 0.75% phosphoric
acid. Similar assays were used to measure the activity in oligo-
peptides of GDI� and immunoprecipitates of PAK1 from 293T
cells. SAD-A kinase assays were also carried out using partially
purified recombinant human SAD-A protein overexpressed in
Sf9 insect cells. Immunoprecipitates of PAK1 or its mutants
from 293T cells were incubated in 30 �l of kinase reaction
buffer that contained 25 �M ATP at 37 °C for 10 min to reduce
radioactive background from autophosphorylation followed by
the addition of 1–5�g of purified SAD-A protein and 10�Ci of
[�-32P]ATP. The kinase reaction was terminated after a 20-min
incubation at 37 °C, and the resins werewashed three times and
boiled in gel loading buffer to elute radiolabeled immunocom-
plexes, which were resolved by SDS-PAGE and quantified by
PhosphorImager screen.
Immunoprecipitation and GST Fusion Protein Pulldown

Assay—The confluent 293T cells transfectedwith the indicated
expression vectors in a 60-mm dish were lysed in 500 �l of lysis
buffer (40 mM Hepes, pH 7.4, 100 mM NaCl, 1% Triton X-100,
25 mM NaF, 1 mM sodium orthovanadate, 10 �g/ml leupeptin,
and 10 �g/ml aprotinin) and cleared by centrifugation. The cell
lysateswere immunoprecipitatedwith the indicated antibodies.
Immunocomplexes were subjected to SDS-PAGE. For GST
pulldown assays, GST fusion proteins were purified with gluta-
thione-Sepharose following induction with 0.1 mM isopropyl-
1-thio-�-D-galactopyranoside for the expression of the GST-
PBD expression vector over 4 h at 30 °C in BL21 (DE3)
Escherichia coli cells. The immobilizedGST fusion proteins (20
�g) on glutathione-agarose beads were incubated with mam-
malian cell lysates for 2 h at 4 °C with rotation, and then the
resins were washed three times with bacterial lysis buffer. The
binding proteins were eluted by boiling in sample loading
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buffer, separated by SDS-PAGE, and detected by Western blot
analysis.
Islet Isolation and Insulin Secretion Assay—Islets were iso-

lated from 8-week-old C57/Bl6 mice or 3-month-old SAD-A
null mice and their wild type control mice by collagenase XI
(Sigma) perfusion andHistopaque (Sigma) separation from aci-
nar and ductal tissue. Islets were then handpicked and cultured
for 8 h in RPMI 1640 plus 10% FBS at 37 °C and 5% CO2 before
assay for adenoviral infection and GSIS. For recombinant ade-
novirus-mediated overexpression, islets were infected at 4 �
106 pfu/islet with either wild type control adenoviruses or
recombinant adenoviruses overexpressing the indicated
kinases and their mutants. Insulin secretion studies were per-
formed 48 h after infection and were analyzed in six repeated
samples with 10 islets each. Islets were washed and preincu-
bated in KRBH-BSA secretion buffer (114 mM NaCl, 4.7 mM

KCl, 1.16 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, 5 mM

NaHCO3, 20mMHEPES, 0.2%BSA)with 2.8mMglucose for 1 h
followed by a 1-h incubation with 600 �l of KRBH-BSA con-
taining the indicated concentrations of glucose or secreta-
gogues. Insulin secretion levels were determined by an insulin
RIA kit (Millipore, catalog number RI-13K) and were normal-
ized to total cellular protein level. TheMIN6 cells were cultured
in DMEM with 15% FCS, 25 mM glucose, 100 �M �-mercapto-
ethanol, 100 units/ml penicillin/streptomycin.MIN6 cells were
infected with the recombinant adenoviruses expressing PAK1
or its mutants at multiplicity of infection 100 and assayed for
GSIS 48 h after infection.
Assessment of F-actin Filaments—Immunohistochemical

analysis was carried out inMIN6 cells stably expressing SAD-A
and its kinase-dead mutant or in HeLa cells transiently trans-
fected with the indicated plasmid expression vectors using a
protocol as described previously (33). MIN6 cells were seeded
on a glass coverslip for 24 h and then fixed with 1% formalde-
hyde in PBS for 10 min at room temperature followed by 0.1%
Triton X-100 in PBS for 1min. The cells were then stained with
200 ng/ml FITC-phalloidin (Sigma, P5282) in PBS for 30 min,
rinsed three times in PBS, mounted with VECTASHIELD
mounting medium with DAPI (Vector Laboratories, H-1200),
and examined by confocal microscopy. For HeLa cells, at 30 h
after transfection, the cells were washed briefly with PBS, fixed
with 4% formaldehyde for 15 min, and then treated with 0.1%
Triton X-100 in PBS for 5 min. The cells were then incubated
with mouse anti-FLAG antibody for 3 h at room temperature.
After being rinsed three times with PBS, the cells were then
incubated with donkey anti-mouse IgG antibodies conjugated
with Cy3 for 1 h and washed briefly three times with PBS. The
cells were then incubated in FITC-phalloidin (Sigma, P5282)
diluted 200 ng/ml in PBS for 10 min, rinsed three times in PBS,
mounted with Aqua-Poly/Mount, and examined by confocal
microscopy.
Statistical Analysis—Results are shown as averages and S.E.

Student’s t test, nonparametric Mann-WhitneyU test, or anal-
ysis of variance was used to calculate differences between
groups where appropriate. *, p � 0.05, **, p � 0.01, and ***, p �
0.001 were considered statistically significant.

RESULTS

SAD-A Enhances GSIS from Isolated Mouse Islets and MIN6
Islet �-Cells—The SAD-B kinase, a highly conserved isoform of
SAD-A, has previously been shown to regulate neurotransmit-
ter release (28). In contrast to SAD-B kinase, which is exclu-
sively expressed in brain, the SAD-A kinase also exhibits high
expression in pancreas.4 Because pancreatic�-cells sharemany
common features with neurons in stimulus-secretion coupling,
we investigated a role of SAD-A in regulating GSIS from iso-
lated mouse islet and MIN6 islet �-cells. As shown by Fig. 1A,
adenoviral overexpression of SAD-A, but not its kinase-dead
mutant (K48M), significantly enhanced GSIS from isolated
mouse islets. Conversely, SAD-A deficiency mediated by
siRNA knockdown of the endogenous SAD-A significantly

4 J. Nie, B. Lilley, Y. Pan, C. Sun, G. Ye, O. Faruque, X. Liu, Z. Chang, W. Yang,
J. Sanes, X. Han, and Y. Shi, submitted for publication.

FIGURE 1. Overexpression of SAD-A potentiates insulin secretion from
pancreatic �-cell. A, adenoviral overexpression of SAD-A, but not its kinase-
dead mutant (K48M), increases GSIS from isolated mouse islets. Glu, glucose.
B, SAD-A deficiency inhibits glucose-stimulated insulin secretion from MIN6
cells. MIN6 cells were transiently transfected with siRNA targeted to the
endogenous SAD-A or a scrambled form followed by analysis of GSIS at 48 h of
transfection by static incubation. Con, control. C, retroviral overexpression
SAD-A, but not its kinase-dead mutant (K48M) or the PKA phosphorylation
site mutant (T260A), significantly enhanced insulin secretion from MIN6
�-cells in response to stimulation with glucose and KCl. *, p � 0.05, **, p �
0.01, when compared with vector control.
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inhibited GSIS from cultured MIN6 cells (Fig. 1B). The results
were further confirmed by lentiviral expression of the recom-
binant SAD-A and its mutants in MIN6 �-cells. The results
show that overexpression of SAD-A significantly enhanced
insulin secretion from MIN6 cells in response to stimulation
with glucose and KCl (Fig. 1C). The potentiating effect by
SAD-A on insulin secretion was abolished by mutations that
ablated either the kinase activity (K48M) or the phosphoryla-
tion site of PKA (T260A) (17), further implicating a regulatory
role of SAD-A in enhancing insulin secretion.
Identification of PAK1 as aNovel Binding Protein of SAD-A in

Pancreatic�-Cells—To identify downstream targets thatmedi-
ate the effect of SAD-A on GSIS from pancreatic �-cells, we
carried out co-immunoprecipitation (Co-IP) analysis using
FLAG-tagged SAD-A stably expressed in MIN6 �-cells as the
bait followed by mass spectrometric analysis of SAD-A-inter-
acting proteins. The use of FLAG-tagged SAD-A bypasses the
requirement of SAD-A antibodies for the Co-IP analysis
because none of the known SAD-A antibodies including those
previously developed by Dr. Sanes’ laboratory at Harvard (24)
recognize the nondenatured SAD-A protein. One of the inter-
active proteins that demonstrated specific binding with SAD-A
is the PAK1 kinase, which was further validated by Co-IP anal-
ysis of the interaction of SAD-A with the endogenous PAK1
protein in islet �-cells. As shown by Fig. 2, SAD-A specifically
interacted with the endogenous PAK1 in MIN6 islet �-cells
stably expressing the FLAG-tagged SAD-A when either the
FLAG-tagged SAD-A (Fig. 2A) or the endogenous PAK1 (Fig.
2B) was used as the baits for the Co-IP analysis. The interaction
was totally abolished by a point mutation that inactivates
SAD-A kinase activity (K48M) (Fig. 2A), further confirming the
specificity of the interaction. The results suggest a potential role
of PAK1 as a novel substrate of SAD-A-mediated signaling
transduction pathways in regulating GSIS from islet �-cells.

The specificity of the interaction was further scrutinized by
GST pulldown analysis using purified GST-PBD (for p21-bind-
ing domain) of PAK1 and protein lysate fromMIN6 cells stably
expressing the recombinant FLAG-SAD-A or the kinase-dead
SAD-A mutant. We chose the PBD domain of PAK1 for the
GST pulldown analysis because the PBD domain is a well char-
acterized domain of PAK1 that mediates the protein-protein
interaction (see below). Consistent with findings from the
Co-IP analysis, the PBDdomain of PAK1 specifically interacted
with the recombinant SAD-A, which was demonstrated by the
results of the GST pulldown analysis using the GST-PBD resin
(Fig. 2C). Again, the interaction was totally abolished by the
kinase-dead SAD-A (K48M). The results suggest that the for-
mation of a relatively stable complex between SAD-A and
PAK1 requires SAD-A being catalytically active. Although glu-
cose enhanced the interaction in vivo in MIN6 cells by Co-IP
analysis (Fig. 2,A andB), such an effect was not recapitulated in
vitro by the pulldown assay (Fig. 2C). The differences are likely
caused by the different environmental conditions between in
vivo and in vitro experiments. In contrast to results shown in
Fig. 2, A and B, which reflect interaction of SAD-A with the
endogenous PAK1 in vivo inside �-cells, results shown in Fig.
2C were from experiments that were carried out in vitro using
purified GST-PBD fusion overexpressed in E. coli.

SAD-A Specifically Interacts with the PBD Domain of
PAK1—To decipher molecular mechanisms underlying the
physical interaction between SAD-A andPAK1,we determined
a role of major regulatory sites of PAK1 in mediating its inter-
action with SAD-A by generating mammalian expression vec-
tors for Myc-tagged PAK1 and its functional mutants, includ-
ing the binding site for Rac1 and Cdc42 (H83L/H86L), the
binding site for �PIX (for Pak-interacting exchanger) (P191G/
R192A), the ATP-binding site, which is required for kinase
activity (K299R), and a substitution mutation (T423E), which
renders PAK1 constitutively active (Fig. 3A) (18). To facilitate
the Co-IP analysis, we first determined whether the protein
interaction between SAD-A and PAK1 can be recapitulated in
293T cells, a cell type that is amenable to high transfection rate
becauseMIN6�-cells exhibit very low transfection efficiency of
DNA vectors. The results show that SAD-A specifically inter-
acted with PAK1 in 293T cells when either SAD-A (Fig. 3B) or

FIGURE 2. SAD-A specifically interacts with the endogenous PAK1 in islet
�-cells. A and B, Co-IP analysis of SAD-A with the endogenous PAK1 in MIN6
cells stably expressing FLAG-tagged SAD-A or its kinase-dead mutant (K48M).
The MIN6 cells were stimulated by different concentrations of glucose (Glu)
prior to Co-IP analysis using either FLAG-tagged SAD-A (A) or the endogenous
PAK1 (B) as the baits, respectively, followed by Western blot (IB) analysis of
binding proteins. C, MIN6 cells stably expressing the FLAG-tagged SAD-A and
its kinase-dead mutant were stimulated with high glucose for 15 min. The cell
lysates were then used for GST pulldown assay using GST-PBD resin followed
by Western blot analysis of SAD-A.
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FIGURE 3. Identification of key regulatory sites and domains required for SAD-A interaction with PAK. A, a diagram depicting the location of key
regulatory sites and domains of the human PAK1. B, the 293T cells transiently transfected with expression vectors for FLAG-tagged SAD-A and Myc-tagged
PAK1 (WT) or the indicated PAK1 mutants, including K299R (kinase-dead mutant), P191G/R192A (�Pix-binding mutant), and H83L/H86L (Cdc42-binding
mutant), were immunoprecipitated with anti-FLAG antibodies for SAD-A and probed for PAK1 binding by Western blot (IB) analysis using anti-Myc antibodies.
C, PAK1 and its indicated mutants as detailed in panel B were immunoprecipitated using anti-Myc antibodies, and the immunocomplexes were probed for
SAD-A binding by Western blot analysis using anti-FLAG antibodies. D, diagrams depicting the structures of SAD-A and its deletion mutants generated for the
identification of domains required for its interaction with PAK1. UBA, ubiquitin-associated domain; PRD, proline-rich domain. E, the N-terminal kinase domain
of SAD-A (N368) is required for its interaction with PAK1 (H83L/H86L) as demonstrated by Co-IP analysis using deletion mutants shown in panel C.
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PAK1 (Fig. 3C) was used as the bait for the Co-IP analysis. We
next analyzed whether mutations of the PBD domains (H83L/
H86L) would abolish the binding of PAK1with SAD-A because
SAD-A demonstrated selective binding to the PBD domain of
PAK1 (Fig. 2C). The H83L/H86L mutations have previously
been shown to abolish the binding of activated Cdc42 and Rac1
to PAK1 (10, 13). Surprisingly, our results show that the H83L/
H86L mutations did not abolish the binding of PAK1 with
SAD-A. To the contrary, the mutations significantly enhanced
the binding of PAK1 with SAD-A (Fig. 3B). Likewise, the
P191G/R192A mutations, which abolished the binding site for
�PIX, another activator of PAK1, by acting synergistically with
Rac1 and Cdc42 binding (32, 34), also enhanced the binding of
PAK1 with SAD-A (Fig. 3C). The results suggest that the
SAD-A proteinmay compete with Cdc42 and �PIX for binding
to PAK1. In contrast, the binding of SAD-A to PAK1was totally
abolished by theK299Rmutation,which inactivates PAK1, sug-
gesting that the formation of a relatively stable complex
between SAD-A and PAK1 also requires PAK1 being catalyti-
cally active.
A Critical Role of the Kinase Domain of SAD-A in Mediating

Its Interaction with PAK1—To identify domains of SAD-A that
are responsible for its interaction with PAK1, we generated a
series of deletion mutants of SAD-A (Fig. 3D). These SAD-A
mutants carry different domains of SAD-A and were used for
Co-IP analysis with PAK1 in 293T cells. As shown in Fig. 3E,
deletion of theC terminus of SAD-A, including the proline-rich
domain (PRD), did not affect its interaction with PAK1. In con-
trast, deletion of the kinase domain alone or together with the
ubiquitin-associated (UBA) domain significantly diminished
the interaction of SAD-Awith PAK1, suggesting that the kinase
domain of SAD-A is required for its interactionwith PAK1.The
results are consistent with our findings that mutation of the
ATP-binding site (K48M) within the kinase domain of SAD-A
totally abolished the binding of SAD-Awith PAK1 (Fig. 2,A and
C). The results also further support our observations that the
formation of a relatively stable complex between SAD-A and
PAK1 requires both kinases to be catalytically active.
SAD-AStimulates PAK1Activation throughDirect Phosphor-

ylation of PAK1 at Thr-423—PAK1 is not only an effector for
Cdc42, but functions as a scaffold protein required for Cdc42
activation. The binding of activated Cdc42 to PAK1 stimulates
phosphorylation of PAK1 at Thr-423 in the activation loop of
the PAK1 catalytic domain, which is important both for relief
from autoinhibition and for full catalytic function toward exog-
enous substrates (18). PAK1 phosphorylation at Thr-423 is also
stimulated by the onset of GSIS, which is required for insulin
secretion from pancreatic �-cells (7). However, the kinase(s)
responsible for the Thr-423 phosphorylation of PAK1 in pan-
creatic �-cells has not been identified. We next asked whether
the recruitment of PAK1 to SAD-A leads to the phosphoryla-
tion of PAK1 at Thr-423 in vivo and in vitro. Using anti-Thr(P)-
423 antibodies, we first analyzed PAK1phosphorylation atThr-
423 in vivo by SAD-A overexpression in INS-1 islet �-cells. We
chose INS-1 cells for the analysis because the INS-1 �-cells
exhibited much higher transfection rate than MIN6 cells. As
shown by Fig. 4A, overexpression of SAD-A, but not the kinase-
dead SAD-A mutant (K48M), significantly stimulated phos-

phorylation of endogenous PAK1 at Thr-423 in INS1 �-cells
(Fig. 4A, quantified in Fig. 4B). We next analyzed the effect of
SAD-A deficiency on phosphorylation of endogenous PAK1 at
Thr-423 in INS-1 �-cells. Using previously identified shRNAs

FIGURE 4. SAD-A phosphorylates PAK1 at Thr-423 in INS1 �-cells. A, INS-1
�-cells were transiently transfected with expression vectors for SAD-A or its
kinase-dead mutant (K48M) followed by analysis of PAK1 phosphorylation at
Thr-423 using anti-Thr(P)-423-PAK1 antibodies (pThr423-PAK1) and �-actin as
an internal control for protein loading. IB, Western blot. B, quantification of
level of Thr(P)-423-PAK1 ((pT423-PAK1)) in panel A after normalization with
the level of PAK1 expression. C, INS-1 �-cells were transiently transfected with
expression vectors for four different shRNAs (lanes 1– 4) targeted to endoge-
nous SAD-A or a scrambled form as negative control (Con) followed by West-
ern blot analysis for the expression level of SAD-A, PAK1, and Thr(P)-423-PAK1
using �-actin as an internal control for protein loading. D, quantification of
level of Thr(P)-423-PAK1 in panel C after normalization with PAK1 expression.
E, the 293T cells were transiently transfected with Myc-PAK1 or the indicated
PAK1 mutants and immunoprecipitated with anti-Myc antibodies. The immu-
nocomplexes were pretreated with kinase buffer containing cold ATP for 10
min to reduce background caused by autophosphorylation and then ana-
lyzed for kinase activity by the addition of purified SAD-A and [�-32P]ATP for
20 min at 37 °C. The incorporation of 32P into PAK1 was analyzed by SDS-PAGE
and PhosphorImager. *, p � 0.05 when compared with vector control.
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targeted to mouse SAD-A (25), we show that transient trans-
fection of INS-1with expression vectors for shRNAs targeted to
SAD-A resulted in significant knockdown of the endogenous
SAD-A when compared with the scramble control (Fig. 4C,
quantified in Fig. 4D). Furthermore, SAD-A deficiency caused
significant decrease in Thr-423 phosphorylation of the endog-
enous PAK1, further supporting SAD-A as the kinase that
phosphorylates PAK1 at Thr-423.
Using in vitro immunoprecipitation kinase assay, we next

determined a role of the major regulatory sites of PAK1 on
Thr-423 phosphorylation by purified SAD-A overexpressed in
Sf-9 insect cells. The PAK1 and its various mutants were tran-
siently expressed in 293T cells, immunoprecipitated, and used
as substrates for the kinase assay. As shown by Fig. 4E, the
purified SAD-A specifically phosphorylated PAK1 at Thr-423,
which is confirmed by a complete lack of phosphorylation of
the mutant PAK1 that carries the Thr-423 to glutamate substi-
tution (T423E). Consistent with a lack of interaction of SAD-A
with kinase-dead PAK1 (K299R) (Fig. 3, B and C), the K299R
mutant PAK1 failed to be phosphorylated by SAD-A, implying
that the formation of a relatively stable complex between
SAD-A and PAK1 is also required for the phosphorylation by
SAD-A. Furthermore, PAK1 mutants deficient in binding sites
for Cdc42 (H83L/H86L) or Pix (P191G/P192A) were still phos-
phorylated by SAD-A, although at a much lower level (Fig. 4E).
The lower phosphorylation activity observed in these mutants
may simply reflect higher basal autophosphorylation at the
Thr-423 site of both mutants when overexpressed in 293T.
SAD-A Regulates Cytoskeletal Remodeling in MIN6 and

HeLa Cells—The Rho GTPases and their effector PAK1 have
been shown to regulate cytoskeletal remodeling (10, 17), which
has been implicated in the trafficking of insulin-laden vesicles
to the plasma membrane (6). SAD-A has been shown to phos-
phorylate effectors such as microtubule-associated proteins
that implement polarization (25), presumably by regulating
cytoskeletal remodeling in neuron cells (25, 35). However, a
direct role of SAD-A in regulating actin remodeling has not
been demonstrated. UsingMIN6 cells stably expressing SAD-A
and its kinase-deadmutant (K48M), we next investigated a role
of SAD-A in regulating F-actin microfilament organization. As
shown in Fig. 5, overexpression of SAD-A significantly
increased cortical stress fiber formation inMIN6�-cells (Fig. 5,
C and D) when compared with vector control (Fig. 5, A and B).
In contrast, overexpression of the kinase-dead SAD-A mutant
(K48M) caused dramatic disintegration of the cortical stress
fiber (Fig. 5, E and F). Strikingly, overexpression of K48M also
significantly inhibited the formation of filopodia. However, it
was difficult to demonstrate details of F-actin in MIN6 islet
�-cells due to their small size and formation of clusters, as
reported previously (3). To overcome this problem, we next
analyzed the effect of SAD-A on cytoskeletal remodeling in
HeLa cells, which are commonly used to study F-actin remod-
eling. Consistent with findings in MIN6 cells, transient expres-
sion of SAD-A significantly stimulated cortical stress fiber for-
mation, whereas transient expression of the K48M mutant
SAD-A led to disintegration of the stress fiber (Fig. 6). Further-
more, overexpression of a constitutively activated SAD-A
mutant (T443A)4 dramatically increased cortical F-actin stress

fiber formation and distribution (Fig. 6, G and H). The results
are consistent with PAK1 as a downstream target of SAD-A
signaling because the changes in morphology and organization
of stress fiber caused by SAD-A in both MIN6 cells and HeLa
cells are reminiscent of those caused by PAK1 activation (36).
The results are also corroborated by previous observations that
disruption of F-actin organization inhibits GSIS (6).
Phosphorylation of PAK1 at Thr-423 by SAD-A Is Required

for GSIS—Using recombinant adenovirus-mediated overex-
pression of SAD-A and PAK1 in isolated mouse islets and
MIN6 �-cells, we next asked whether PAK1 is the downstream
target of SAD-A in regulating GSIS from pancreatic �-cells.
The results show that overexpression of PAK1, but not the
kinase-dead PAK1 mutant (K299R), significantly enhanced
GSIS from isolated mouse islets (Fig. 7A) when compared with
vector control. Likewise, overexpression of SAD-A, but not the
kinase-dead mutant (K48M), also significantly enhanced GSIS
from the isolated mouse islets (Fig. 7A). In support of PAK1 as
the mediator of SAD-A-stimulated GSIS, co-expression of
SAD-A with the kinase-dead PAK1 (K299R) completely abol-
ished the stimulating effect of SAD-A on GSIS (Fig. 7A). In
direct support of PAK1 as a downstreammediator of SAD-A in
regulating GSIS, adenoviral expression of shRNA targeted to
endogenous PAK1 (37) completely abolished the stimulating
effect of SAD-A onGSIS fromMIN6 cells (Fig. 7, B andC). Our

FIGURE 5. Effect of SAD-A on filamentous actin distribution in MIN6
�-cells. MIN6 cells stably expressing SAD-A, the kinase-dead mutant SAD-A
(K48M), and vector control were stained with FITC-phalloidin and F-actin fil-
aments were imaged by confocal microscopy as described under “Experi-
mental Procedures” for individual cells (left column) or in groups (right col-
umn). Overexpression of SAD-A stimulated cortical F-actin formation (C and
D) when compared with vector control (A and B). In contrast, overexpression
of the K48M mutant SAD-A caused disintegration of cortical actin filaments
(E and F).
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results are corroborated by a recent report that PAK1 defi-
ciency inmice impairs GSIS, leading to hyperglycemia in PAK1
knock-out mice (22).

DISCUSSION

In this study, we identified SAD-A as a novel activator of
PAK1 in regulating insulin exocytosis from pancreatic �-cells,
which is supported bymultiple lines of evidence. First, we show
that SAD-A specifically interacted with PAK1 through its
kinase domain, which was confirmed by Co-IP, GST pulldown,
anddeletion analysis. The interactionwas completely abolished
by mutations that inactivated the kinase activity of either
SAD-A (K48M) or PAK1 (K299R), suggesting that the forma-
tion of a stable complex between the two kinases requires both
SAD-A and PAK1 being in an active state capable of substrate
binding and phosphorylation. Second, we demonstrate that
SAD-A, but not its kinase-dead mutant (K48M), directly phos-
phorylated PAK1 at Thr-423, a major activation site stimulated
by the onset of GSIS in pancreatic �-cells (7). Accordingly, we
show that PAK1 phosphorylation at Thr-423 is stimulated by
SAD-A expression and diminished by SAD-A depletion in islet
�-cells. Third, in direct support of PAK1 as the downstream
target of SAD-A signaling, the potentiating effect of SAD-A on
GSIS is totally abolished by PAK1 depletion mediated by
shRNA and by adenoviral expression of a kinase-dead mutant

PAK1 (K299R) in islet �-cells. Fourth, consistent with the
reported role of SAD-A in cytoskeletal remodeling (24, 25),
overexpression of SAD-A dramatically increased the formation
of cortical F-actin stress fibers in MIN6 cells and in HeLa cells,
which is reminiscent of that caused by PAK1 activation (36).
Fifth, consistent with our findings, targeted deletion of PAK1 in
mice significantly impaired GSIS and glucose intolerance (22).
Finally, our findings are further supported by the phenotypes of
multiple mouse models with islet �-cell specific deletion of
LKB1, an upstream regulator of SAD-A and 11 other AMP-
activated protein kinase-related kinases. LKB1 deficiency in
islet �-cell causes a significant change in islet morphology,
�-cell polarity, and GSIS (38–43).

FIGURE 6. SAD-A stimulates cortical F-actin stress fiber formation in HeLa
cells. HeLa cells transiently transfected with expression vector for FLAG-
SAD-A or indicated SAD-A mutants, including the kinase-dead mutant (K48M)
and the constitutively active mutant (T443A), were immunostained with
monoclonal anti-FLAG antibodies for SAD-A (left column). The same cells were
then stained with FITC-phalloidin (right column) as described under “Experi-
mental Procedures” for confocal imaging of F-actin filaments. FIGURE 7. Phosphorylation of PAK1 at Thr-423 by SAD-A is required for

GSIS from islet �-cells. A, isolated mouse islets were infected or co-infected
with recombinant adenoviruses expressing the indicated proteins and were
analyzed for GSIS after 48 h of the infection by RIA. *, p � 0.05 when compared
with vector control; ###, p � 0.0001 when compared with SAD-A. Glu, glu-
cose. B, cultured MIN6 �-cells were infected or co-infected with recombinant
adenoviruses expressing SAD-A or shRNA targeted to the endogenous PAK1
and were analyzed for GSIS at 48 h after the infection by RIA. ***, p � 0.0001
when compared with vector control or shRNA. C, Western blot analysis of the
expression level of the endogenous PAK1 and FLAG-tagged SAD-A in MIN6
cells used for the GSIS analysis in panel B using �-actin as internal control for
protein loading. D, a proposed model for a critical role of SAD-A in regulating
GSIS through phosphorylation of PAK1 at Thr-423. Accordingly, SAD-A is acti-
vated by PKA in response to stimulation by elevated levels of [cAMP]i and
[Ca2�]i generated from activation of incretin hormone receptors and glucose
metabolism, which triggers direct phosphorylation of PAK1 at Thr-423 by
SAD-A, leading to full activation of PAK1, cytoskeletal remodeling, and onset
of GSIS. GPCR, G-protein-coupled receptor; CaMKK, calmodulin-dependent
protein kinase kinase.
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It is generally believed that the PBD domain at the amino-
terminal nonkinase region of PAK1 plays an important role in
PAK1 activation by Cdc42 and Rac1 (18). The binding of Cdc42
and Rac1 to the PBD domain has been shown to stimulate Thr-
423 phosphorylation in the activation loop of the PAK1 cata-
lytic domain, which is important for both relieving PAK1 from
autoinhibition and accessibility to phosphorylation by other
kinases (18). In further support of a critical role of SAD-A in
regulating PAK1 activation, the present study identified a novel
mechanism for PAK1 activation that is independent of binding
of Cdc42/Rac1 to the PBD domain. Accordingly, our data show
that SAD-A directly binds to the PBD domain, the same bind-
ing site for the active Cdc42/Rac1. Additionally, the binding
affinity of SAD-A with PAK1 was significantly enhanced by
point mutations within the PBD domain, H83L/H86L, which
abolishes the binding of Cdc42/Rac1 (10, 13). Furthermore, the
binding affinity of SAD-A with PAK1 is also enhanced by a
mutant PAK1 (P191G/P192A) that no longer interacts with
�PIX, another major regulator of PAK1 activation that is syn-
ergistic with Rac1 or Cdc42 binding (32, 34). Therefore, our
results define a novel mechanism of PAK1 activation that does
not require the binding of Cdc42/Rac1 to PAK1.
Among all the kinase regulators of PAK1 identified so far,

including Akt, Cdk5, and PDK1 (14, 31, 44), PDK1 is the only
kinase that has been shown to directly phosphorylate PAK1 at
Thr-423, but the kinase does so with a very different mecha-
nism from SAD-A. In contrast to PDK1, which can phosphor-
ylate either PAK1 or its kinase-dead mutant (K299R) (44, 45),
both the interaction of SAD-A with PAK1 and the subsequent
phosphorylation of PAK1 at Thr-423 require PAK1 kinase
activity. Consequently, the K299R mutation that inactivates
PAK1 also totally abolished its interaction and phosphorylation
by SAD-A. Furthermore, in contrast to PDK1, which is ubiqui-
tously expressed, SAD-A is exclusively expressed in brain and
pancreas, where it is activated by stimuli (cAMP and calmodu-
lin-dependent protein kinase kinase) that evoke GSIS from
�-cells (29, 30), further confirming a key role of SAD-A in reg-
ulating GSIS through activation of PAK1 in pancreatic �-cells.
Together, based on the available body of evidence, we pro-

pose that signaling by SAD-A defines a novel mechanism of
PAK1 activation in pancreatic �-cells that is required for the
onset of GSIS. The mechanism entails that SAD-A is activated
by PKA and calmodulin-dependent protein kinase kinase in
response to elevated levels of [cAMP]i and [Ca2�]i generated
from glucose metabolism and from activation of G-protein-
coupled receptors of incretins, such as GLP-1. SAD-A directly
binds to and phosphorylates PAK1 at Thr-423, leading to PAK1
activation. Finally, activated PAK1 stimulates cytoskeletal
remodeling, vesicle trafficking, docking, and fusion with the
plasmamembrane, culminating inGSIS (Fig. 7D). In addition to
GSIS reported in this study, SAD-A has recently been impli-
cated in a number of biological functions, including neuronal
polarity, exon formation, and neurotransmitter release, all of
which require cytoskeletal remodeling. The present findings
offer a possible mechanism by which SAD-A regulates these
biological functions because PAK1 has also been implicated in
the same biological processes through regulation of cytoskel-
etal remodeling (12, 15, 16, 31, 36).
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