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GSKIP Is Homologous to the Axin GSIig3Interaction Domain and Functions as a
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ABSTRACT: Although prominent FRAT/GBP exhibits a limited degree of homology to Axin, the binding
sites on GSK3 for FRAT/GBP and Axin may overlap to prevent the effect of FRAT/GBP in stabilizing
p-catenin in the Wnt pathway. Using a yeast two-hybrid screen, we identified a novel protein,SGSK3
interaction protein (GSKIP), which binds to GSK3We have defined a 25-amino acid region in the
C-terminus of GSKIP that is highly similar to the GSKteraction domain (GID) of Axin. Using an in

vitro kinase assay, our results indicate that GSKIP is a good G3KiBstrate, and both the full-length
protein and a C-terminal fragment of GSKIP can block phosphorylation of primed and nonprimed substrates
in different fashions. Similar to Axin GIE1-405 and FRATtide, synthesized GSKIPtide is also shown to
compete with and/or block the phosphorylation of Axin ghdatenin by GSKB. Furthermore, our data
indicate that overexpression of GSKIP indugksatenin accumulation in the cytoplasm and nucleus as
visualized by immunofluorescence. A functional assay also demonstrates that GSKIP-transfected cells
have a significant effect on the transactivity of Tcf-4. Collectively, we define GSKIP as a naturally occurring
protein that is homologous with the GSK&teraction domain of Axin and is able to negatively regulate
GSK3 of the Wnt signaling pathway.

Glycogen synthase kinase 3 (GSK3) is a serine/threonineprimarily via impacts at various cellular levels, including
kinase that was first identified by its ability to phosphorylate phosphorylation, intracellular distribution, and protein
glycogen synthase and regulate glycogen metaboligm ( protein interaction4).

Mammalian GSK3 has been cloned in two closely related It is known that stimulation of cells with insulin causes
isoforms, GSK& and GSK®,! which are 98% identical in  inactivation of GSK® through the phosphoinositide 3-kinase
their catalytic domains?). GSK33 acts as a key enzyme (PI3-kinase) pathway. PI3-kinase can induce activation of
and, when dysregulated, seems to be involved in prevalentprotein kinase B (PKB, also called Akt), resulting in PKB
human diseases such as diabetes, cancer, Alzheimer’s diseasghosphorylation of GSK3 at Ser9, which inhibits GSK3

and bipolar disorder 3). Regulation of GSKB8 occurs activity (5—7). Recent results also indicate that the phos-
phorylation of Tyr216 of GSKRB is important for activity,

' This work was supported by NSC Grants 93-2320-B-037-037 and hecause dephosphorylation of this amino acid decreases

93-2745B-37-005-URD (Taiwan) to Y.-R.H. and NSC Grant 93-2314- g .
B-037-015 to S.-L. Howng. enzyme activity. Conversely, phosphorylation of Tyr216

* To whom correspondence should be addressed: Graduate Institute€nhances the activity and stability of this enzynge 9.
of Biochemistry, Kaohsiung Medical University, No. 100, Shih-Chuan Recent studies have indicated that intracellular localization

1st Road, Kaohsiung, 708 Taiwan, ROC. Phone: 886-7-3121101, ext. ; ; ;
5386. Fax: 886.7-3218309. E-mail: m835016@cckmueduty.  mecnanisms are also involved in the control of GBK3

* Graduate Institute of Biochemistry, Kaohsiung Medical University. activ?ty. For example, GSK3 _iS found pred(_)minantly
8 These authors contributed equally to this work. localized to the cytoplasm, but it also shows high levels of

"Department of Neurosurgery, Kaohsiung Medical University activity in nucleus, mitochondrialQ), centrosomes, and

Hospital. :
U Graduate Institute of Medicine, Kaohsiung Medical University. spindle poles 11).

@ National Sun Yat-Sen University.

# Department of Biotechnology; Kaohsiung Medical University. 1 Abbreviations: GSK3, glycogen synthase kinage-&SKIP,

* Fooyin University. GSK33 interaction protein; GID, GSKB interaction domain; PI3-

© Kaohsiung Veterans General Hospital. kinase, phosphoinositide 3-kinase; PKB, protein kinase B; APC,

® Chang-Gung University. adenomatous polyposis coli; Dvl, Dishevelled; FRAT, frequently

* ational Health Research Institutes. rearranged in advanced T-cell ymphoma; GBP, G$kiBding protein;

© Department of Clinical Research, Kaohsiung Medical University LRP5, lipoprotein receptor-related protein 5; 3-AT, 3-aminotriazole;
Hospital. GST, glutathioneéStransferase; GS, glycogen synthase.

10.1021/bi061147r CCC: $33.50 © 2006 American Chemical Society
Published on Web 08/30/2006



11380 Biochemistry, Vol. 45, No. 38, 2006

GSK33 has also been reported to be regulated by GBK3
binding proteins, the best examples of which are found in
the Wnt signaling pathway]. The Wnt proteins (the name
is derived from mouse Int-1 aridrosophilaWingless) are
a large family of signaling molecules that have well-
established roles in regulating cell fate, differentiation,
proliferation, and potential tumor formatiodZ, 13). It is

Chou et al.

DNA fragments encoding GSKIP were amplified by PCR
using the Tag polymerase (TaKaRa). The PCR fragments
were then inserted into thBanH| and Xhd sites of the
pACT2 (Clontech) vector. The C-terminus (amino acids
109-139 and 115139) and N-terminus (amino acids
1-108) of GSKIP were amplified by PCR. These amplified
fragments were digested BanHI andXhd, and they were

well-documented that in the absence of Wnt signaling, also introduced into the pACT2 vector. Full-length GSKIP
[-catenin becomes associated in a complex that includeswas inserted into the pcDNA vector using tBanH| and
GSK35, Axin, and adenomatous polyposis coli tumor sup- Xhd restriction sites. Full-length GSKIP was also inserted
pressor protein (APC). Phosphorylation gfcatenin by into the pIRES-hyg2 vector usirBanH| sites. Site-directed
GSK35 in the complex results in its ubiquitination and mutagenesis experiments to create the GSKIP mutants
subsequent degradation by proteosom&4—(Q7). Con- (leucine 130 to proline) were carried out according to the
versely, with the Wnt signal, the complex is disrupted when manufacturer’s protocol (Stratagene). The nucleotide se-
Dishevelled (Dvl) is activated, and this, together with GBK3 quencing was performed with an ABlI PRISMTM 3730
binding protein (GBP), or the mammalian homologue FRAT, Genetic Analyzer (Perkin-Elmer).

causes GSKBto move away from Axin ang@-catenin (8, Northern Blot AnalysisA human Northern blot containing
19). Recent results have also shown that the interaction poly(A*)-RNAs from adult tissues, including the heart, brain,
between FRAT/GBP and low-density lipoprotein receptor- placenta, lung, liver, skeletal muscle, kidney, and pancreas,
related protein 5 (LRP5) mediates the recruitment of Axin, and from human fetal tissues, including the brain, lung, liver,
GSK33, and FRAT/GBP to the membrane, leading to an and kidney, was purchased from Clontech and hybridized

activation of the Wnt canonical pathwa3(j. When the level
of phosphorylation ofs-catenin is decreased, this results in

for 16—18 h at 68°C in formamide, 1& Denhardt's
solution, 5« buffer A [0.75 M sodium chloride, 50 mM

f-catenin accumulation and the protein acts as a cotrans-sodium phosphate, and 5 mM EDTA (pH 7.4)], 1% SDS,

cription factor @1). Furthermore, FRAT/GBP can inhibit
GSK3 activity in vivo and mediates its effects on dorsal
development irXenopusembryos 22). FRAT/GBP also can
regulate GSKB nuclear export Z3). Significantly, recent
results have shown that two peptides derived from FRAT/
GBP and the GSKBinteraction domain (GID) of Axin can
inhibit GSK35 activity (24—27), and thereby, the activity
of GSK33 can be regulated through its interaction proteins.
Since few naturally occurring GSiédnteraction proteins
appear to work by acting as inhibitors that target GBK3
activity, we made an effort to survey possible GHK3
interacting proteins from a human testis cDNA library

and salmon sperm DNA (108g/mL) with [a-32P]dCTP-
labeled cDNA probe. The probe used was a 0.42 kb full-
length cDNA fragment of GSKIP. The blots were rinsed
twice in 2x SSC and 0.1% SDS at room temperature for 10
min and washed twice in 0:4SSC and 0.1% SDS at 5C

for 20 min. The X-ray film was exposed overnight-af0

°C.

Protein. To generate various His-tagged GSKIP fusion
proteins, GSKIP cDNA encoding GSKIP was introduced into
the pET-32a (Novagen) vector. DNA fragments encoding
GSKIP were amplified by PCR and inserted into BearHI|
andXhd sites. To purify the His-tagged GSKIP, His-tagged

(Clontech) using the yeast two-hybrid system. We have GSKIP,_1qs His-tagged GSKIRg 139, His-tagged GSKIP-

identified a novel GSK3 binding protein, designated GSKIP
(GSK3 interaction protein, GenBank entry NP_057556),

(L130P) fusion proteins, 0.3 L dEscherichia coliBL21-
(DE3) cells was grown to mid-log phase. The solution was

the C-terminal region of which possesses a 25-amino acidinduced at 37C using isopropyl 1-thig-p-galactopyrano-

region similar to GIRg1-405 Of Axin, and found that this
region is required for GSKBbinding. Our results suggest
that GSKIP and GSKIPtide (a peptide corresponding to
residues 115139 of GSKIP) may act as inhibitors of
GSK35, and this may also be involved in the GSK3
Axin—p-catenin complex of the Wnt signaling pathway.

MATERIALS AND METHODS

Yeast Two-Hybrid Syster8tandard techniques were used
to carry out yeast two-hybrid screening8-30). Briefly,
GSK35 was cloned in frame with the Gal4 DNA binding
domain in the pAS2-1 vector (MATCHMAKER Two-Hybrid
System 2, Clontech) to yield the pAS2-1-GSKdait
plasmid. A human testis cDNA library was screened by
cotransforming yeast YRG-2 (Stratagene) with the pAS2-
1-GSK3 bait plasmid DNA and human adult testis library
plasmid DNA (Clontech). Positive clones have the ability
to grow on Trp, Leu, His dropout medium supplemented with
3-aminotriazole (3-AT, an inhibitor of HIS3), and they turn
blue in ap-galactosidase filter assay.

Cloning and DNA Sequencin@o construct the pACT2-
GSKIP plasmid for the yeast two-hybrid working assay,

side (IPTG), lysed by sonication in buffer A (20 mM Tris-
HCI, 0.8% NacCl, and 0.1% lysozyme, supplemented with
protease inhibitors), and purified by chromatography on Ni-
charged agarose. After being washed, the His-tagged GSKIP
fusion proteins were eluted with buffer containing 500 mM
imidazole. Site-directed mutagenesis was performed on
plasmids pET32a-GSKIP and pET32a-GSkbPi30to create
L130P, S109A, T113A, S115A, S109A/T113A, and S109A/
T113A/S115A mutants. All mutants were sequenced to
confirm that only the intended point mutation was introduced.
All proteins used in this study were purified by the same
method, and they were quantified with a Braford assay (Bio-
Rad) using BSA as a standard.

GST Pulldown Assay. E. coBL21(DE3) (pGEX-4T1-
GSK33, pGEX-4T1 vector) was cultured in 3 mL of LB
medium at 37C to mid-log phase. IPTG was then added to
a final concentration of 1 mM to induce the expression of
the GST fusion protein. After being cultured for 3 h, cells
were pelleted by centrifugation and suspended in/A100f
a lysis buffer, B-Per (Pierce), containing A0 of leupeptin,
aprotinin, and 4-(2-aminoethyl)benzenesulfonyl fluoride. The
suspension was centrifuged again at 10 000 rpm for 5 min
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at 4°C using a T15A22 rotor in a Hitachi CF R15 centrifuge.
Glutathione-Sepharose 4B beads (2Q) (Amersham Phar-
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reaction mixture: 2mg/mL Axin, 0.125 mg/mLg3-catenin,
50 ug/mL Tau, and 50ug/mL glycogen synthase. The

macia Biotech) were then added to the supernatant, and theaeaction was stopped by adding 2ample buffer and heating

mixture was incubated with shakingrfd h at 4°C. The
beads were washed three times with NETN buffer [20 mM
Tris-HCI (pH 8.0), 100 mM NaCl, 1 mM EDTA, and 0.5%

at 95°C for 5 min; this was followed by SDSPAGE, and
results were detected via autoradiography.
Cell Culture, Transfections, and Indirect Immunofluores-

NP-40]. After being washed, the beads were added to thecence.HelLa cells were grown at 37C in DMEM supple-

lysate (30QuL) prepared fronE. coli containing the various
His-tagged GSKIP fragments. The reaction mixture was
incubated on ice fol h toallow the binding of the GST
fusion proteins, which included GSTGSK33, His-tagged
GSKIP(full-length), His-tagged GSKIPis His-tagged
GSKIPyog-134 Or His-tagged GSKIP(L130P3(). The beads
were subsequently washed with NETN buffer [20 mM Tris
(pH 8.0), 100 mM NacCl, 1 mM EDTA, and 1% Tween 20].
An equal volume of  electrophoresis sample buffer was

mented with 10% FCS and penicillin with streptomycin (100
IU/mL). For the transient transfection studies, HelLa cells
were seeded onto glass coverslips at a density o&k011P

cells per 12-well plate. DNA (Lg) was transfected into the
HelLa cells using TransFast transfection reagent (Promega).
After 24 h, the cells were fixed in cold methanol for 20 min
and immunostained as described previou8¥).(The fixed
cells were probed with anti-HA (Roach) polyclonal antibody,
and the secondary antibodies were FITC-conjugated goat

then added to the mixture, and proteins were extracted fromanti-rat antibodies (1:250, Santa Cruz). The fixed cells were

the beads by heating them at 95 for 5 min. Proteins were
finally analyzed by SDSpolyacrylamide gel electrophoresis,
transferred to PVDF, and incubated fioh in blocking buffer
(5% nonfat milk in PBS and 0.1% Tween 20). His or GST

also probed with the anfi-catenin polyclonal antibody, and
the secondary antibody was a rhodamine-conjugated goat
anti-rabbit antibody (1:250, Santa Cruz). DNA was stained
with DAPI (Roche) 84, 35). An Olympus Fluoviews

polyclonal antibodies were used as the primary antibodies confocal microscope, based on an Olympus IX-70 inverted

to detect the appropriate proteins by incubation first in
blocking buffer fo 1 h atroom temperature, and this was
followed by incubation with the second HRP-conjugated anti-
rabbit antibody for an additional 1 h.
Co-ImmunoprecipitationHEK293 cells transfected with
pcDNA-vector, pcDNA-GSKIP, pcDNA-GSKIP(L130P), or
pCMV-GSK33 were washed with phosphate-buffered saline
(PBS). The lysate was prepared by adding 1 mL of
radioimmune precipitation assay buffer [50 mM Tris-HCI
(pH 7.8), 150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100,
0.5% Nonidet P-40, 0.1% deoxycholate, and leupeptin,
aprotinin, and 4-(2-aminoethyl)benzenesulfonyl fluoride (10

microscope, was used for microscopy.

Western Blot AnalysisFor Western blot analysis, the
HEK?293 cell line was maintained in DMEM supplemented
with 10% FBS. Cells were harvested 24 h after transfection
and washed once in TBS. After that, the cells were
resuspended in cell lysate buffer [50 mM Tris-HCI (pH 7.8),
150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100, 0.5%
Nonidet P-40, 0.1% deoxycholate, and leupeptin, aprotinin,
and 4-(2-aminoethyl)benzenesulfonyl fluoride (&@/mL
each)]. Samples were left for 30 min on ice and then
centrifuged at 14 000 rpm for 5 min at€. The supernatant
was then placed into a fresh centrifuge tube, protein sample

ug/mL each)] to the cells. The lysate was then centrifuged buffer added, and the sample heated t6©3or 5 min; this

with a microcentrifuge at 100@0for 20 min. Anti-Flag

was followed by analysis by 12% SB®AGE as previously

(Sigma) antibody was added to the supernatant and thedescribed $6). The proteins were then transferred to PVDF

mixture incubated at 4C for 1 h. Protein-A/G-agarose

and incubated fiol h in blocking buffer (5% nonfat milk in

beads (3Q:L) (Oncogene) were added to the lysate, and the TBS with 0.1% Tween 20)-Catenin, actin, or HA

mixture was incubated with shakingrfd h at 4°C. The

polyclonal antibody incubations were carried out first in

beads were finally collected by centrifugation and washed blocking buffer fo 1 h atroom temperature, and then HRP-

three times with radioimmune precipitation assay buffer.

conjugated antibody was used as the secondary antibody for

Proteins binding to the beads were eluted by adding 20 L of an additional 1 h.

2x electrophoresis sample buffer and analyzed by immu-

noblotting with an anti-HA antibody (Roche). Endogenous

Luciferase Reporter AssayBhe -catenin mutant (T41A/
S45A) with mutations at positions 41 and 45 &tatenin

GSKS3 immunoprecipitation was performed using an antibody was made as previously describe87,( 38). Luciferase

raised against pan GSK3 (Santa Cruz).

In Vitro Kinase AssayThe kinase reaction was carried
out as described previousiBZ, 33). Briefly, the GSKIP
variant protein was purified and incubated with G$K25
units, NEB) in kinase buffer [1 mM N&O4 1 mM
dithiothreitol, 2 mM EGTA, 25 mM Tris (pH 7.2), 10 mM
MgCl;, 0.1 mM ATP, 0.5 mM PMSF, 10% glycerol, and 10
Ci of [y-*?P]ATP (Amersham), 3000 Ci/mM]. The assays
were carried out for 15 min at 30C. For the GSKB
inhibiting assays, GSKB was incubated with various

reporter plasmids were created by introducing four copies
of the TCF4 DNA binding motif (CTTTCATC) from the
cyclin D1 promoter into the pGL2B luciferase reporter
plasmid (Promega). The HEK293 cell line was maintained
in DMEM supplemented with 10% FBS. Each GSKIP
construct was cotransfected with the pGL2B-TCF4 luciferase
reporter plasmid. DNA transfections were performed using
electroporation (Gene pulser Il, Bio-Rad). The luciferase
analysis was performed with Lucy 1 (Anthos) according to
the manufacturer’s protocol. Luciferase readout was always

concentrations of GSKIP for 15 min, and each substrate obtained from triplicate transfections and averaged. Lu-

(including GST-Axin,zs-510 from Upstate and GSTf-

ciferase activity was normalized against Renilla luciferase

catenin, His-Tau, and glycogen synthase from Sigma) was(Promega) as an internal control.

added to the reaction mixture. The phosphorylation of
p-catenin used 100 units of GSK3(from NEB). The

Affinity Sensor Analysis (39)The binding affinity of
GSK33 and GSKIP or GSKIPtide was determined using an

following concentrations of substrates were added to the ANT 100 affinity sensor (ABgene). GSKIP or GSKIPtide
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Ficure 1: Protein sequence alignment of GSKIP and its subcellular localization. (A) Schematic representation of GSKIP and its domains.
The genomic organization of GSKIP is shown with the three exons. (B) Protein sequence alignment of seven species. Note that C-terminal
amino acids 109139 of GSKIP (GSKIRys-139) contain a highly conserved region across all seven species. (C) Northern blotting analysis

of GSKIP expression in various human tissues. The membrane

contaihgd of poly(A™) mRNA from each tissue. Hybridization was

conducted using an-3?P-labeled cDNA probe for full-length GSKIP with hum@ractin as a control. (D) Localization of GSKIP.

was immobilized covalently via a primary amine group on
the AM25 sensor chip (ABgene). Initially, the chip was
activated with 2.5% glutadialdehyde in binding buffer [50
mM HEPES (pH 7.4) and 100 mM NaCl], and then 1 mM
GSKIP or GSKIPtide was immobilized on the chip; the chip
was next blocked usgn1l M glycine. GSK$ at various

One of the detected proteins was designhated GSKIP (BSK3
interaction protein). The GSKIP cDNA sequence contains
an open reading frame of 420 bp encoding a polypeptide of
139 amino acids with a predicted molecular mass of 15 648
Da (pl = 4.36) (Figure 1A). The GSKIP gene is located at
chromosome 14g32.2 and organized into three exons (Figure

concentrations in binding buffer was added to the chip and 1A). GSKIP contains a novel domain of uncharacterized

allowed to bind to the immobilized GSKIP or GSKIPtide.
The affinity constantiy) was calculated from the real-time

function (DUF727) that shows conservation. This conserved
domain is retained from worm to human (Figure 1B).

binding data using the provided AE software, version 1.0 Sequence comparisons using GSKIP revealed that similarity

(ABgene).
RESULTS

Molecular Cloning of GSKIPTo identify possible proteins
involved in GSK3P binding, a human testis cDNA library

is shown mainly in mouse, rat, chicken, and zebrafish, where
there is>75% identity, whereas fly and worm are only 31
and 37% identical, respectively (Figure 1B). Interestingly,
the C-terminal (amino acids 1694.39) 31-amino acid region

of GSKIP (GSKIRog-139) is highly conserved in all species

(Clontech) was screened using the yeast two-hybrid system.(Figure 1B, boxed region). By Northern blot analysis, a 2.1
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Ficure 2: Twenty-five-amino acid sequence of GSKIP that is highly similar to the GID of Axin. (A) Serial deletion mutants of GSKIP
indicating interaction with GSK& +, strong interaction;-, no interaction. (B) Amino acid sequence of GSIKHR13o, Which similar to
the highly conserved region of AxiBgi—405 and AxinZgs-337. Amino acid similarities between GSKIP and Axin proteins are highlighted
in gray. Amino acid identities are highlighted in black. (C) GSKIP(L130P) mutation that prevents association gf GB8KZSKIP.

Growth indicates a positive interaction.

kb transcript was found in almost all adult tissues and fetal

GSKIP possesses a 25-amino acid residue function similar

tissues examined, and there is a relatively high expressionto that of GIDsg1—405 Of Axin that allows association with
level in the heart, placenta, liver, and skeletal muscle (Figure GSK33.

1C). To identify the subcellular localization of GSKIP, HeLa
cells expressing the HAGSKIP fusion protein were exam-

GSKIP is localized to the cytoplasm (Figure 1D).

A 25-Amino Acid Residue Sequence of GSKIP Is Highly
Similar to the GID of AxinTo map the interaction region
between GSKIP and GSI63 we performed a yeast two-
hybrid assay to clarify whether the interaction was affected
by the DUF727 conserved domain. The regions of GSKIP
that were investigated are shown in Figure 2A. GSkdR3g
is the smallest fragment that is sufficient for G3Ki@nding
(Figure 2A). The data provide evidence that C-terminal
region of GSKIP is able to interact with GSK3a region
which is highly conserved in all species (Figure 1B). Since
this 25-amino acid residue sequence of GSKIP can bind
GSK33, we thus suggest that this small fragment may act
as a short GSKR binding region for GSKB substrates.
Previous reports have shown that GiD4gs (a 25-amino
acid region derived from Axin) is critical to association with
GSK35 (24). Interestingly, GSKIR5-130 is highly similar
to GIDsgi—a05 Of AXin (Figure ZB) GSKIR15-139 IS 32%
identical (40% similar) to Axinds;—40s and is 36% identical
(52% similar) to AxinZss-337. Recent results have shown
that an Axin mutation in which leucine 396 is changed to
proline, when introduced into the putative hydrophobic
interface of the coiled-coil domain, blocks interaction of Axin
with GSK33 (26, 40). Thus, we also mutated the corre-
sponding leucine 130 to proline in GSKIP. The yeast two-
hybrid data show that the GSKIP(L130P) mutant also does
not interact with GSKB (Figure 2C). This suggests that

GSKIP Interacts with GSKBin Vitro and in Vivo. To
further confirm this proteinprotein interaction, GSKIP and

tGSK?,@ were overexpressed to allow an in vitro binding assay

to be carried out. Purified His-tagged GSKIP, His-tagged
GSKIP-105 His-tagged GSKIRg-135 and His-tagged GSKIP-
(L130P) fusion proteins were analyzed by SEFAGE
(Figure 3A). The results of the in vitro pulldown assay
showed that GSKIP and GSKif3 139 bind to the GSF
GSKS protein, but not GSKKR;0s or GSKIP(L130P) (Figure
3B). The interaction between GSKIP and G$Bas also
established using an in vivo co-immunoprecipitating assay.
HA empty vector, HA-GSKIP, or HA-GSKIP(L130P) was
cotransfected into HEK293 cells with FlagSK33. As
shown in Figure 3C, HAGSKIP was able to co-immuno-
precipitate with Flag-GSK35. Moreover, the immunopre-
cipitation with HA—GSKIP and an antibody raised against
pan GSK3 yields the same results (Figure 3D). It is noted
that GSK3x also binds to GSKIP. However, HAGSKIP-
(L130P) failed to co-immunoprecipitate with GSE8igure
3C,D). In addition, the affinity of binding between GSKIP
and GSK3® was also demonstrated using the Biacore system
(data not shown), which determined the binding affinity
between GSKIPtide and GSK30 be strong at 2. %M,
which is very close to an affinity of 3.2M in the Axin
GID (41). Together, there is agreement between the in vivo
results, the yeast two-hybrid assay (Figure 2C), the in vitro
biochemical analyses, and the Biacore affinity assay, which
confirms that GSKIP and GSK&are able to interact with
each other.



11384 Biochemistry, Vol. 45, No. 38, 2006 Chou et al.

A. B 1 2 3 4 5
GST-GSK3p - + + + +
o His-GSKIP + + - - -
. 3 s His-GSKIP,,, - - + - -
Q’ Q"J‘&'.‘Q’Q} His'GSKIPmMn = - - s ¥
FELE His-GSKIP(L130P) - - - - +
Sy GST-alone + - - - -
kDa 50 =
18 e = l« GSKIP
o - WGSKIP
36—
—— = g GSKIP
e 50—
221 o
» - <« GST-alone
C. +Flag-GSK3p D. &
) )
I q" ~
=)
S g
Q-? 2 2 &
5 5 & £ &
-y, & <) &
& & £ = o
g5 g F F
kDa WB: OSK3 ‘ “OSK3p
el IP: Flag ) il
WB: HA IP: HA
ol LS ————
total I):sntc — — | GO Y
- L WB: GSK3 ‘ — -GSK3p
. total lysate ’il
WB: HA
T WB: HA

Ficure 3: GSKIP interacts with GSK3 in vivo and in vitro. (A) Coomassie blue staining of GSKIP constructs. (B) GST pulldown analysis
of GSKIP with GSK3. The two fusion proteins were tested for coelution from glutathie®epharose 4B beads, which would indicate
interaction between GSKIP(full-length) or GSKIg-130 and GSK. (C) Co-immunoprecipitation of GSKIP with GSK3HEK293 cells

were cotransfected with pCMV-Flag-GSK3and/or pcDNA-GSKIP or pcDNA-GSKIP(L130P) or pcDNA vector. Immunoprecipitation

(IP) was performed with an anti-Flag antibody. Western blotting (WB) was performed using an anti-HA antibody. A star indicates the
GSKIP signal. (D) Endogenous GSK3 interacts with GSKIP. HEK293 cells were transfected pcDNA-GSKIP, pcDNA-GSKIP(L130P), or
pcDNA vector. Immunoprecipitation (IP) was performed with an anti-HA antibody. Western blotting (WB) was performed using an anti-
GSK3 or anti-HA antibody.

GSK3 Phosphorylates GSKIR.0 further examine whether  phosphorylation targets. It should be noted that the C-
GSKIP is a substrate for GSIK3we performed an in vitro  terminal (amino acids 169139) 31-amino acid region of
kinase assay. Our results showed that G&K&8n phospho-  GSKIP (GSKIRgs-139) is highly conserved in all species
rylate native GSKIP (Figure 4A, lane 1). To determine which (Figure 1B, boxed region). Our data indicate that the
regions of GSKIP were phosphorylated by G$K3everal C-terminal (amino acids 169139) region of GSKIP contains
His-tagged fusion proteins were tested. The results indicatedtwo distinct regions: phosphorylated sites (amino acids-109
that the C-terminus of GSKIP (GSKiR-139), but not the 115) and the GSKBinteraction region (amino acids 115
N-terminus of GSKIP (GSKIR10g), was highly phospho-  139) which is highly similar to the GIg;-405 0f Axin (Figure
rylated by GSKB (Figure 4A, lanes 2 and 3). As described 4B; see also the section below). It is still unclear why the
above, fragments of amino acids 10839 or 115-139 of single mutations of Serl109 and Thrl113 did not affect
GSKIP are sufficient for GSK3 binding (Figure 2C). phosphorylation by GSK2 One possible explanation is that
GSKIP(L130P) failed to be phosphorylated by G$K3  a “priming” phosphorylation is not a prerequisite for GFK3
indicating that GSKIP has to interact with GSKJor to phosphorylate GSKIP in vitro. It should also be noted
phosphorylation (Figure 4A, lane 4). To further confirm that that the invertebrates do not contain all three phosphorylation
the GSKP phosphorylation consensus sequences are withinsites. This is particularly surprising since the one conserved
the C-terminal region [putative GSK3®hosphorylation sites,  site in Drosophilais the one that seems not be essential in
Ser/Thr-X-X-X-Ser/Thr and Ser/Thr-Pro (Figure 4B)], we vertebrates (Serll5, Figure 1B).
performed site-directed mutagenesis on GSKIP. Single GSKIP Competes with and Inhibits GSK3Activity.
mutation of any of the putative GSIig3arget sites (Serl09, Klein's laboratory has shown that two constructs encoding
Thrl13, or Ser115) to alanine failed to yield any significant 110 amino acids (GIEo-429) and 25 amino acids (GHg:—40s)
changes in the level of phosphorylation (Figure 4C). How- derived from the GSK@B interaction domain (GID) of Axin
ever, the double mutation (S109A/T113A) or the triple could selectively inhibit GSK3 phosphorylation of non-
mutation (S109A/T113A/S115A) of GSKIP showed levels primed substrate26). Our data indicate that GSK{R-139
of phosphylation significantly reduced to 45% in fragment functions in a manner similar to that of G{§_405 of Axin
109-139 and 30% in full-length GSKIP (Figure 4C). These and is involved in association with GSK3An in vitro
results indicate that Ser109 and Thr113 are major GBK3 kinase assay was performed to test whether GSKIP competed
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FiGURE 4: GSK3 phosphorylates GSKIP at S109 and T113. (A) The kinase assay was performed using purified GSKIP,-GSKIP
GSKIPyg9-135, GSKIP(L130P), and GSKB (B) Schematic diagram of three putative phosphorylation sites (Ser109, Thr113, and Ser115)
and the GSKR interaction domain (residues 11839) of GSKIRs-130 (C) To perform kinase assays, we tested the wild type (lane 1),
S109A (lane 2), T113A (lane 3), S115A (lane 4), S109A/T113A (lane 5), and S109A/T113A/S115A (lane 6) for g Sklphosphorylation

by GSK3. GSKIP(full-length), wild type (lane 7), S109A (lane 8), T113A (lane 9), S115A (lane 10), S109A/T113A (lane 11), and S109A/
T113A/S115A (lane 12) also underwent phosphorylation by GEBars below the lanes show equal amounts of Gg#§liPsg and GSKIP-
(full-length) were detected by Western blotting as a control. Phosphorylation quantified by BIO-PROFIL Bio-1D. Data are presented as
meanst the standard error from three independent experiments, each performed in duplicate.

with Axin phosphorylation by GSKR3 His-tagged GSKIP-  phosphorylation of Tau, but not GS (Figure 5C,D). Equally,
(full-length) fusion protein and GSTAXin,zs-s10 protein the mutant GSKIP(L130P) did not compete with or inhibit
were added to the in vitro kinase assay. Our data showedphosphorylation of these substrates (data not shown). These

that GSKIP could prevent GSigacatalyzed phosphorylation
of GST—AXin,75-510 protein, in a manner similar to that of
GID320-429 Of AXxin (Figure 5A). In addition, the His-tagged
vector protein could not prevent the GSkB8atalyzed
phosphorylation of GSFAXin,zs-s10 protein (Figure 5A, left
panel, lane 5). GSKBcatalyzed phosphorylation gtcate-
nin could be promoted by Axin4Q), and our data also
showed that Axin-dependent phosphorylationfeatenin

could also be blocked by GSKIP (Figure 5B). Moreover,

results suggest that the GSKIP function is to compete with
and/or inhibit GSKp kinase activity through direct binding.
Synthesized GSKIPtide Could Function as an Inhibitor of
GSK3. Abnormal GSKJ activity may be associated with
and result in a range of human diseases. A well-established
inhibitor of GSK33 is lithium, which is fairly specific for
GSK33 (43); however, lithium also affects other enzymes.
Large doses of lithium are required to inhibit GSK&ctivity
in cell culture @3, 44), and therefore, the search for better

we were able to demonstrate the ability of GSKIP to inhibit GSK33 inhibitors or binding proteins has become important.
GSK35 in vitro using a range of substrates, including Tau Recently, it has been reported that a peptide derived from
and glycogen synthase (GS). Tau is a microtubule-binding Axin GID3g1-405 could as an inhibitor of GSK326). Our
protein, and it is identified as a GSK3 substrate involved in results showed that C-terminal region of GSKIP is highly
Alzheimer's disease. GS is involved in glycogen synthesis, similar to the GIRg1-405 Of Axin. Therefore, we first tested

and it is well-known for its ability to be phosphorylated by
GSK35. Our data show that GSKIP could inhibit GSK3

whether the C-terminus (amino acids +39) of GSKIP
inhibits GSK3 activity. As expected, the data showed that
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Ficure 6: Synthesized GSKIPtide acts as an inhibitor. Four
FiGURe 5: GSKIP directly inhibits GSK3 activity. Four reactions reactions were analyzed in the presence of assay mixtures containing

; : . binant GSFAXxin rotein, GSTF-S-catenin protein
were analyzed in the presence of assay mixtures containing ©c0M 275-510 P ' ,
recombinant GSTAXin,zs s10 protein, GST-S-catenin protein, His-tagged Tau, or glycogen synthase (GS) and GBKB) GST—

f - AXin (B) GST—p-catenin (in the presence of Axia-s10),
His-tagged Tau, or glycogen synthase (GS) and GBK3) GST 275-510, > . .
AxXinszs 510 (B) GST—-catenin (in the presence of AR si0), (C) His-tagged Tau, and (D) GS. All reaction mixtures contained

(C) His-tagged Tau, and (D) GS. All reaction mixtures contained Vanious doses of GSKIPtide (0, 20, 100, and 300).

GSKIP at various doses (0, 0.2, 1, andM). The arrow indicates

phosphorylated GSFAXxin protein (amino acids 275510), His- ure 7B, left panel). Accumulation gf-catenin allows entry
tagged Tau, and GSTB-catenin protein. The arrowhead indicates into the nucleus, where interaction Gfcatenin with Tcf/
phosphorylated GSKIP. In panel A, lane C indicates the His-tagged | of family transcription factors stimulates expression of

\égﬁﬁg Fégoéf;?ﬁsw\?é(;%jgtzg:eg gf%ﬁgvse%%gtéo(lb%%fgégﬁﬁ cellular genes whose.promoters contain Tpf/Lef binding sites
and acts as a positive control. (4, 46, 47) To determine whether antagor“sm of the 68K3
function by GSKIP led to an increase in nucl¢ghcatenin
the C-terminus of GSKIP also prevented G$K&atalyzed activity, transient expression assays were performed in
phosphorylation of Axin (data not shown). We then synthe- HEK239 cells using a luciferase reporter assay. These results
sized a peptide (SPAYREAFGNALLQRLEALKRDGQS) showed that wild-type GSKIP could affect Wnt-dependent
derived from GSKIRys5-135, Which was designated GSKIP-  transcription using a TCF/Lef luciferase reporter but the
tide, to test the peptide’s ability to inhibit GSKEatalyzed mutant GSKIP(L130P) did not exhibit a significant difference
phosphorylation. These data showed that GSKIPtide alsobetween the construct plasmids and the wild type (Figure
blocks phosphorylation by GSIg3of the tested nonprimed ~ 7B), while typical -catenin double mutant T41A/S45A,
substrates, Axing-catenin, and Tau, but not primed GS which stabilizess-catenin, exhibited significantly higher
(compare panels AC of Figure 6 to panel D). Therefore, activity as expected (Figure 7B, right panel). In addition,
we concluded that a 25-residue peptide from the C-terminuswe also showed that GSKIP could activate reporter assays
of GSKIP, GSKIPtide, acts as an inhibitor. in a dose-dependent manner (Figure 7C). Altogether, these
GSKIP Functions as a Nega# Regulator of GSK3in results suggest that GSKIP may be involved in the Wnt
the Wnt PathwayGSK3 is a key regulatory kinase in the  signaling pathway.
Wnt signaling pathway, where it phosphorylaggsatenin
and marksg-catenin for proteasomal degradatiod2) DISCUSSION
Interaction of GSKB with Axin in the complex facilitates

efficient phosphorylation of-catenin by GSKB (45). As ~ The wide role of GSKB has suggested that the enzyme
shown in Figure 2B, we found that GSKIP possesses a 25-iS involved in multiple cellular processes, including glycogen
amino acid residue sequence similar to GDsos of Axin. metabolism, gene expression, proliferation, and development

Klein's laboratory has observed that overexpression of (1~4, 48—51). Here, we report the cloning and characteriza-
GID320-420 OF GIDsg1_405 CaUSES an accumulation/@fcatenin tion of another naturally occurring GSK3nteraction protein
(26). We therefore tested whether GSKIP caused the ac-(GSKIP), the C-terminus of which contains a domain similar
cumulation of B-catenin in HeLa cells. GSKIP-induced !0 the GID of Axin. We also demonstrate that the function
f-catenin accumulation was evident in both the cytoplasm 0f GSKIP is similar to that of the prominent GSE®inding
and the nucleus, as visualized by immunofluorescence Protein, FRAT/GBP. Moreover, similar to Axin GHgh-40s
detection ofg-catenin in HelLa cells (Figure 7A). Further and FRATtide, a synthesized GSKIPtide is also shown to
results showed that while GSKIP causgecatenin ac- ~ compete with and/or block GSi3catalyzed phosphorylation
cumulation, the mutant GSKIP(L130P) or vector alone did ©f Axin andf-catenin involved in the Wnt signaling pathway.
not causegs-catenin accumulation (Figure 7A). By Western The GSKIR;5-139 Region of GSKIP and Gl§;—405 0f Axin

blot analysis, expression of wild-type GSKIP, but not the Are Similar. Axin is a scaffold protein that binds multiple
mutant GSKIP(L130P), caus¢Hcatenin accumulation (Fig- components of the canonical Wnt pathway. It is also shown
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FiGure 7: GSKIP causeg-catenin accumulation in the cytoplasm and nucleus and activates the reporter systems. (A) GSKIP induces
accumulation of5-catenin in the cytoplasm and nucleus as visualized by immunofluorescence. Hela cells were cotransfected with GSKIP,
GSKIP(L130P), or pIRES vector, together with pEGFP. GSKIP expression is indicated in the transfected cells bg-Qatenin is

stained with rhodamine-conjugated secondary antibody and is colored red. Nuclei are stained with DAPI (blue). (B) HEK293 cells were

transfected with 2tg of wild-type -catenin with pIRES-GSKIP, pIR

ES-GSKIP(L130P), or pIRES vector and compared with a positive

control, 3-catenin @1, 45). Accumulation off3-catenin in the presence of GSKIP in HEK293 cells was assefs€dtenin was detected
by Western blotting (left panel). Fold induction indicates transcriptional activity compared with pIRES vector control plasmid (right panel).
(C) HEK293 cells were transfected with increasing concentrations of GSKIP as indicated. Each value represents ththenstamdard
deviation of three separate experiments. Statistically significant differences as determined by a Sttelengs < 0.005 (one asterisk)

andp < 0.0005 (two asterisks) vs control.

that Axin acts as a negative regulator of the Wnt signaling
pathway by interacting with several proteins, including
GSK35, APC, p-catenin, and Dvl, and by stimulating the
degradation of-catenin 62). A crystal structure of GSK3
bound to the 25-amino acid residue peptide from Axin
GID3g1-405 has been published recently that confirms the
GSK33 interaction site §3). Axin residues Phe388, Leu392,
Leu396, and Val399 form a hydrophobic helical ridge that
packs into a hydrophobic groove formed between helix
GSK3262-273and extended loop GSI83ss-200 1N this paper,

we show that the two sequences, GSKdRsqand GIDsgi—405
(Figure 2B), are similar and that the residues in GSKIP
corresponding approximately to Phe388, Leu392, Leu396,
and Val399 of Axin are Phel22, Leul26, Leul30, and
Leul33, respectively. Indeed, our data also show that the
mutant GSKIP(L130P) (corresponding to Axin Leu396)

results in a loss of interaction with GSK3Figures 2C and
3). This is not the case with FRAT/GBP, which lacks such
similarity in sequence with Axin and only through an
overlapping binding region prevents the G$K&talyzed
phosphorylation of Axigrs-s10 (19, 25, 54). It seems that
GSKIP or GSKIPtide is shown to prevent GSkB8atalyzed
phosphorylation of Axigrs-s10 possibly via binding site
overlap or sequence similarity. Thus, it appears that there
are at least two modes whereby GSKIP selectively inhibits
GSK3 phosphorylation. These results thus support the
hypothesis that another naturally occurring GBKSnding
protein, GSKIP or GSKIPtide, is able to block the G$K3
catalyzed phosphorylation of Axin not only via sequence
homology but also via binding site overlap.

The Function of GSKIP Is Similar to That of FRAT/GBP,
Which Acts as a Negat Regulator.In previous studies,
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among a large group of GSIKR3nteraction proteins, it has  FRAT in the canonical Wnt pathway, since signaling would
been shown that only two proteins, FRAT/GBP and p24, be unaffected by the loss of FRAT. This could also explain
inhibit GSK35 (22, 55). p24 has been reported to act as a the conservation of this GSKIP protein throughout evolution
GSK35 binding protein, but it is not a good GSK3ubstrate. rather than FRAT/GBP only in higher vertebrates (Figure
Despite the fact that p24 can affect GK8&ctivity, how it 1B) (59).

regulates GSK@3 activity is not clear. FRAT/GBP is a

prominent GSKB binding protein that can also inhibit the ~CONCLUSIONS

ability of GSK33 to phosphorylate substrate®2( 25). It In summary, we have identified a naturally occurring
should be noted that the ability of GSKIP to inhibit Axin, GSK33 binding protein, designated GSKIP (GSKBiterac-
Tau, ang3-catenin phosphorylation but not phosphorylation tion protein), whose C-terminal region possesses a 25-amino
of GS is the same as that for FRAT/GBP (Figure 5). It acid region similar to Glis:40s Of Axin. This region is
appears that these proteins do not possess a primingequired for GSKB binding. The function of GSKIP is also
phosphorylation site, while in GS, priming phosphorylation similar to that of FRAT/GBP (despite the lack of sequence
is present44, 56). Further, two peptides derived from FRAT/  similarity between FRATtide and GSKIPtide), and our results
GBP and GID can bind GSK®Band prevent substrate indicate that GSKIP and GSKIPtide may act as an inhibitor
phosphorylation by GSK3(26). In this study, we have found ~ of GSK33 and thus may also participate in the G$K3

a novel GSK® binding protein, GSKIP, which seems to act Axin—p-catenin complex as part of the Wnt signaling
through a GID-like domain act as an inhibitor and regulate pathway. The discovery of GSKIP protein could also explain
GSK33 activity. Indeed, GSK3 preferentially phosphorylates the conservation of this protein throughout evolution rather
proteins and peptides at serine or threonine residues, andhan FRAT/GBP only in higher vertebrates. Furthermore, to
this is followed by another phosphoserine, frequently up to some extent, GSKIP and GSKIPtide as inhibitors of drug
a total of four residues at the C-terminus of the GSK3 site discovery of GSKB need more exploration.

(4, 16, 25, 26, 57). Interestingly, like Axin GIRg1-405 and

FRATtide, our protein or synthesized GSKIP peptide acts ACKNOWLEDGMENT_

on the various proteins (Axing-catenin, and Tau) that are ~ We thank Dr. C. Liu for helpful comments on the
phosphorylated by GSK3, but GS is unaffected by GSKIPtide manuscript.
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