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Hic-5, a member of the paxillin family of adaptor molecules, is localized at focal adhe-
sion and implicated in integrin-mediated signaling. Hic-5 and paxillin exhibit structural
homology and share interacting factors, however, diverse functions are suggested for
them. In this study, we carried out yeast two-hybrid screening to identify Hic-5 interact-
ing factors using its LD3-4 region, which includes the Hic-5-specific amino acid
sequence, as a bait. Through the screening, we identified GITl, an Arf GTPase-activating
protein, as a Hic-5 binding protein. The interaction of these two proteins was mediated
by the LD3 motif of Hic-5 and the C-terminal region, which includes a paxillin-binding
subdomain, of GITl. Although GITl is known as a paxillin-binding protein, we only ob-
served weak association of paxillin with GITl in the overexpression system. In contrast,
Hic-5 firmly bound to GITl under the same conditions. In addition, the paxillin/GITl
complex contained PIX, a guanine nucleotide exchange factor, whereas the Hic-5/GITl
complex contained a smaller amount of PIX. These results suggested that paxillin and
Hic-5 associate with GITl with different binding modes, and that the Hic-5 complex pos-
sesses static features compared with the paxillin complex, which contains both positive
and negative regulators of GTPases involved in actin dynamics. Moreover, Hic-5-medi-
ated inhibition of cell spreading was restored by co-expression of the C-terminal frag-
ment of GITl, which perturbs the interaction of Hic-5 with endogenous GITl. Thus, it
was demonstrated that Hic-5 and GITl interact functionally in addition to showing a
physical association.
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Cell adhesion to the extracellular matrix (ECM) regulates Paxillin is a multidomain adapter molecule that has been
multiple physiological events, such as cell migration, implicated in the regulation of integrin and growth factor
growth, and survival (1, 2). Cells respond to the ECM signaling (3). Paxillin is tyrosine phosphorylated following
through transmembrane receptors, integrins, which acti- integrin stimulation by focal adhesion kinase (FAK) and/or
vate intracellular signaling pathways that regulate the associated kinases (4). This phosphorylation creates dock-
actin cytoskeleton and gene expression. Binding of inte- ing sites for the SH2 domain of Crk (4, 5), and links inte-
grins to the ECM induces clustering of these receptors, and grin stimulation to downstream signaling pathways
recruitment of structural and signaling molecules to the through GEFs, such as C3G (6) and DOCK180 (7). The
specialized site on the inner cytoplasmic membrane to form structure of paxillin can be divided into two regions, the N-
focal complexes. These complexes provide a link between terminal region including five LD motifs (8, 9) and the C-
ECM-attachment and the cytoskeleton, and regulate intra- terminal region comprising four LIM domains (10). Some of
cellular signaling pathways, thereby coordinating cell-ECM these structures have been recognized as binding sites for
attachment with cell architecture, motility, and gene ex- signaling molecules and structural proteins. In particular,
pression (1, 2). the LD4 motif has been reported to bind to several mole-

cules, such as FAK, vinculin, and paxillin kinase linker
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search, a Grants-Aid for Cancer Research, and the High-Technol- o f Arf.GAPs u ^ paxillin to a complex including PIX,
ogy Research Project of the Ministry of Education, Culture, Sports, r>\v J M I n n »« a- T T-Î  i^e c -iv
Srience, and Technology of Japan. PAK, and N A (i 7). Moreover the IJD4 motif of paxillmreg-
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tein; GST, glutathione S-transferase; HA, hemagglutinin; PAGE, a n ( j J ^ Q family GTPases
polyacrylamide gel electrophoresis; PA^ p21-activated protein ki- ffic5 m e m b e r o f ^ ^ ^ f a m U o f adapters, was
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PIX, PAK-interacting exchange factor, PTP, protein tyrosine phos- originally isolated as a transforming growth factor pi
phatase; SH2, Src homology domain 2. (TGFpi)- and hydrogenperoxide-inducible gene by differ-

ential hybridization (13). It has been shown that Hic-5 is
© 2002 by The Japanese Biochemical Society. involved in cellular senescence (14) and differentiation (15).
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Similar to paxillin, Hic-5 is composed of an N-terminal half
including four LD motife and a C-terminal half comprising
four LIM domains (16), and binds to FAK (8), PTP-PEST
(IT), vinculin (8), and PKL (11), which are shared with pax-
illin. Despite their similarity, Hic5 has some features dis-
tinct from those of paxillin. Unlike paxillin, Hic-5 does not
possess a target site for the SH2 domain of Crk. Recent
studies revealed that Hic-5 competes with paxillin for FAK
(18, 19) and perturbs signaling pathways mediated by pax-
illin phosphorylatdon (18). Therefore, we proposed that the
counterbalance of paxillin- and Hic5-expression can control
the efficiency of integrin-mediated signal transduction (18).

The Rho family of small GTPases, such as Cdc42, Rac,
and Rho, plays a crucial role in the actin cytoskeletal dy-
namics at the edges of migrating cells (20-22). Cell attach-
ment to the ECM via integrins leads to rearrangement of
the actin cytoskeleton and cell spreading, which is con-
trolled by Cdc42 and Rac (23). Activation of Cdc42 and Rac
stimulates the formation of filopodia, and lamellipodia and
membrane ruffling, respectively (24). Numerous effector
molecules have been implicated in Rho family GTPase-
mediated signaling (25). p21-activated kinase, PAK is a
serine/threonine kinase that is activated on interaction
with Cdc42 and Rac (26), and has been implicated in both
Cdc42- and Rac-mediated organization of the actin cytosk-
eleton (27-30). Conversely, Rac activation can occur
through p21-interacting exchange factor (PIX), a guanine
nudeotide exchange factor (GEF) (31, 32), and PAK-bind-
ing to PIX plays an important role in coordinating the acti-
vation of Cdc42 and Rac in a phosphatidylinositol 3-ki-
nase—dependent manner (33).

PIX has been reported to associate with G protein-cou-
pled receptor kinase-interacting target (GIT1), a member
of a GTPase-activating protein (GAP) family for ADP-ribo-
sylation factor (Arf) (34). This family of Arf-GAP includes
GIT1 (34), GIT2 (35), PKL (11), and APP1 (36). These pro-
teins contain an Arf-GAP domain in their N-terminal re-
gions, and bind to paxillin that is localized at focal contacts
(11, 34-36). Therefore, GIT1 family proteins may serve as a
link between the PAK/PIX complex and focal contacts. ArfB
is co-localized with Rac at the plasma membrane and on
recycling endosomes, and its GAP activity is required for
the Rac-mediated function and transport to the membrane
(37). Thus, ArfB has been suggested to function in concert
with Rac (38).

In this study, we identified GIT1 as a Hic-5 interacting
factor using a yeast two-hybrid system. We show that GIT1
binds to both Hic-5 and paxillin directly in vitro, however,
these associations in cells appear to be distinctively regu-
lated. Furthermore, we also demonstrate that perturbation
of the interaction between Hic-5 and GIT1 interferes with
Hic-5-mediated inhibition of cell spreading.

EXPERIMENTAL PROCEDURES

Antibodies—Anti-Hic-5, anti-paxillin, anti-pPIX, and
anti-GITl mouse monoclonal antibodies were purchased
from Transduction Laboratories (Lexington, KY). Anti-
hemagglutdnin (HA) polyclonal antibodies (Yll) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA).
Antd-hemagglutinin (HA) monoclonal antibodies (12CA5)
were purchased from Boehringer Mannheim (Indianapolis,
IN). Anti-Rag (M2) monoclonal antibodies were purchased

from SIGMA (St. Louis, MO). Horseradish peroxidase
(HRP)-conjugated anti-mouse IgG antibodies were pur-
chased from Amersham Pharmacia Biotech (Buckingham-
shire, UK).

Cell Culture and Transfection—NIH3T3 cells were cul-
tured in Dulbecco's modified Eagle's medium (DMEM) sup-
plemented with 10% heat-inactivated calf serum and 50
jjLg/ml kanamycin at 37°C under an atmosphere of 5% CO2

in air. Cos7 cells were cultured in DMEM supplemented
with 10% heat-inactivated fetal bovine serum and 50 m*/ml
kanamycin at 37°C under an atmosphere of 5% CO2 in air.
C2C12 cells were cultured in DMEM supplemented with
15% heat-inactivated calf serum and 50 (jig/ml kanamycin
at 37°C under an atmosphere of 5% CO2 in air. Cells were
transfected with plasmid DNAs using LdpofectAMINE
PLUS reagent (Life Technologies, Inc., Rockville, MD) ac-
cording to the manufacturer's protocol.

Plasmids—Expression vectors for HA-tagged paxillin
(pCG-pax), HA-tagged wild-type human Hic-5 (pCG-hAtc-
5), and HA-tagged Hic-5 mutants, HA-ALD3 (pCG-ALD3)
and HA-ALD3-4 (pCG-ALD3-4), were described previously
(18). The expression vector for C-terminal Flag-tagged
GIT1 (pBKA-GITl/Flag) (34) was from Dr. Richard Pre-
mont, Duke University Medical Center.

To construct an expression vector for a HA-tagged hu-
man Hic-5 LD4-deletion mutant that lacks amino acid resi-
dues 201 to 222 (pCG-ALD4), cDNAs encoding the N-termi-
nal fragment and the C-terminal fragment were amplified
by independent PCR. The cDNA encoding the N-terminal
fragment, which corresponded to amino acid residues 1-
200, was amplified using a 5'-primer incorporating a
SamHI site and a 3'-primer incorporating an EcoRI site.
The cDNA encoding the C-terminal fragment, which corre-
sponded to amino acid residues 223-461, was amplified
using 5'-primers incorporating .EcoRI sites and a 3'-primer
incorporating a HindBI site. The PCR products encoding
the N-terminal fragment and the C-terminal fragment
were digested with EcoRI and ligated. The ligated frag-
ments were digested with BamHl and Hin<HH, and then
incorporated into the expression vector driven by the CMV-
promoter pCG-N-BL (39). For the construction of expres-
sion vectors for N-terminal Flag-tagged GET1 and its dele-
tion mutants (pFlag-GITl, pFlag-GITl 385-770, and
pFlag-GITl 637-770), selected regions of pBKA-GITI/Flag
were amplified by PCR using 5'-primers containing an
EcoRI site and a 3'-primer incorporating an EcoRV site.
The amplified fragments were digested with EcoRI and
.EcoRV, and then ligated into the corresponding sites on
pFlag-CMV2 (SIGMA).

To construct a prokaryotic expression vector encoding a
GST-fusion GIT1 C-terminal fragment that contains amino
acid residues 628-671 (GST-GIT1 628-671), the corre-
sponding region of pBKA-GITl/Flag was amplified by PCR
using 5'-primers containing an EcoRI site and a 3'-primer
incorporating an EcoRV site. The amplified fragment was
digested with EcoRI and EcoRV, and then ligated into the
EcoKUSmal region on pGEX-5X (Amersham Pharmacia
Biotech, Buckinghamshire, UK).

The identities of all inserts amplified by PCR were con-
firmed by sequencing.

Two-Hybrid Screening—A cDNA fragment that encodes
from the LD3 motif to the LD4 motif of mouse Hic-5 (amino
acid residues 113-190) was subcloned into pGilda (CLON-
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TECH, Palo Alto, CA) and used as a bait. Approximately
1.4 x 107 cDNA clones derived from NIH3T3 cells were
screened by means of a MATCHMAKER LexA two-hybrid
system (CLONTECH), and cDNA clones that encode Hic-
5-binding proteins were selected by growth on Lucien-defi-
cient plates and by means of (i-galactosidase activity. Posi-
tive clones were tested as to their two-plasmid dependency
and sequenced using a Cy5 TM AutoRead™ sequencing kit
(Amersham Pharmacia Biotech.).

Immunoprecipitation and Immunoblotting—Cells were
washed with PBS and lysed in Triton lysis buffer (20 mM
HEPES, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM
sodium orthovanadate, 1 mM NaF, and protease inhibitor
mixture, Wako, Tokyo), and then the insoluble material was
removed by centrifugation. Cell lysates were pre-cleaved
with normal rabbit or mouse IgGs (DAKO, Copenhagen,
Denmark) immobilized on protein G-Sepharose (Amersham
Pharmacia Biotech). Pre-cleared lysates were incubated
with anti-HA (Yll), anti-Flag (M2), anti-Hic-5, or anti-pax-
illin antibodies immobilized on protein G-Sepharose at 4'C
for 60 min. The immunocomplexes were then washed 4
times in Triton lysis buffer and boiled in SDS-PAGE load-
ing dye.

For immunoblotting, proteins were resolved on SDS-
PAGE and then electrophoretically transferred to PVDF
membranes. The membranes were washed with phosphate-
buffered saline (PBS), blocked with blocking buffer (PBS
containing 0.1% Tween and 1% BSA), and then incubated
with anti-HA (12CA5), anti-Flag (M2), anti-paxillin, anti-
Hic-5, anti-GITl, or anti-pPIX antibodies for 1 h at room
temperature. The bound antibodies were detected with
horseradish peroxidase-conjugated goat anti-mouse IgG
antibodies (Amersham Pharmacia Biotech), and visualized
with an enhanced chemiluminescence detection system
(Renaissance TM; New England Nuclear Life Science Prod-
ucts, Boston, MA).

Immunodepletion—C2C12 cells were lysed in Triton lysis
buffer, and insoluble material was removed by centrifuga-
tion. Cell lysates were pre-cleaved with normal mouse IgG.
Endogenou Hic-5 was depleted by imrnunoprecipitations
three times with anti-Hic-5 antibodies immobilized on pro-
tein G-Sepharose at 4'C for 1 h. Again, the residual super-
natant (Hic-5-depleted lysate) was subjected to immuno-
precipitation with anti-pa Trillin antibodies immobilized on
protein G-Sepharose at 4°C for 1 h. The immunocomplexes
precipitated with these antibodies were separated by SDS-
PAGE, and detected by immunoblotting with anti-GIT,
anti-(3PIX, or anti-paxillin antibodies.

In vitro Binding Assay—The GST-fusion proteins were
expressed by incubation of E. coli strain DH5a harboring
the expression vectors with 0.5 mM isopropyl-D-thiogalacto-
pyranoside for 3 h at 30'C. The bacteria were collected by
centrifugation, and lysed in PBS containing 100 |xg/ml lyso-
zyme, 1% Triton X-100, 1 mM PMSF, and protease inhibi-
tor mixture (Wako, Tokyo). The fusion proteins were puri-
fied using glutathione-Sepharose beads (Amersham Phar-
macia Biotech).

36S-labeled Hic-5 and paxillin were synthesized in vitro
using a TNT* T7 coupled reticulocyte lysate system (Pro-
mega, Madison, WI) in the presence of PSlmethionine.
Two expression vectors that bore the T7 promoter se-
quence, pcDNA3.1A-h/«c-5 (18) and pRC/CMV/paxillin
(40), were used as templates. The In vitro translated prod-

ucts were then incubated with immobilized GST-fusion pro-
teins in the binding buffer (20 mM Tris-HCl pH 7.4, 1%
Triton X-100,1% BSA, 1 mM PMSF, and protease inhibitor
mixture, Wako, Tokyo) for 1 h at 4"C. The beads were
washed four times with the binding buffer. The bound frac-
tions were eluted with the elution buffer (50 mM Tris-HCl
pH 8.0, 0.2 M KC1, and 20 mM glutathione), and then sub-
jected to SDS-PAGE. After drying, the gels were exposed to
X-ray films

Cell Spreading Assay—The cell spreading assay was per-
formed as described previously (18). Briefly, NIH3T3 cells
were transiently transfected with GFP expression vector
pEGFP-N3 together with expression vectors, as described
in the figure legends. Cells resuspended in serum-free
DMEM containing 1% BSA were replated on coverslips
coated with 5 \xg/ cm2 fibronectin (Upstate Biotechnology,
NY) and then placed on ice for 5 min Subsequently, the
cells were allowed to spread for 30 min at 37'C. Cells
attached to coverslips were fixed with 3.7% formaldehyde
in PBS, permeabilized with 0.2% Triton X-100 in PBS, and
then stained with TRITC-conjugated phalloidin (Sigma).
After washing with PBS containing 0.1% Tween 20, the
cells were mounted and visualized under a low magnifica-
tion fluorescence microscope. GFP-positive cells were
counted as transfected cells, and the percentage of spread
cells was determined. Nonspread cells were defined as
round phase-bright cells, whereas spread cells were defined
as those that lacked a rounded shape, that were not phase-
bright, and that had extended membrane protrusions, hi
each experiment, more than 150 cells were counted. At
least 3 independent experiments were performed for each
combination of experiments.

RESULTS

Isolation of cDNA Clones Encoding Hic-5-Binding Pro-
teins—To investigate the molecular basis of Hic-5-medi-
ated cellular function, we attempted to isolate Hic-5 as-
sociated proteins by yeast two-hybrid screening (41). Sev-
eral signaling molecules, such as vinculin (8), FAK (8),
Pyk2/Cak(VRAFTK (42), and p95PKL (11), are known to
bind to the LD4 motif of paxillin, which corresponds to the
LD3 motif of Hic-5. Therefore, the LD3 motif of Hic-5 was
expected to be a binding site for other molecules, which had
not been reported previously. Even though Hic-5 and paxil-
lin are structurally homologous and share some binding
factors, several findings have suggested that they have dis-
tinct functions (18, 43). For example, the spacer sequence
between the LD3 and LD4 motifs, which includes a Hic-5-
specific proline-rich sequence, was a candidate bait for
screening the Hic-5-specific binding partner (Fig. 1, A and
B).

We screened 1.4 x 107 clones of a NIH3T3-derived cDNA
library with the region from the LD3 to the LD4 motif of
Hic-5 as a bait. As a consequence of the screening, two in-
dependent positive clones were isolated, and their se-
quences showed identity to parts of previously cloned
cDNA, G-protein-coupled receptor kinase-interacting target
1 (GIT1) (34). GIT1 is a member of the Arf-GAP family and
closely related to GIT2/PKL (11, 35). The structure of GIT1
is characterized by the N-terminal Arf-GAP domain, four
ankyrin repeats, and the yeast Spa2 homology domain 1
(SHD-1), as described previously (34, 44) (Fig. 1C). GIT1
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paxillin
LD1 LD2 LD3 LD4 LD5 LIM1 LIU2 LIU3 LI 1*4

Homotogy (%)

/UM4

Bart region

mouse Hic-5

B
mouse Hic-5

rat Hlc-5

human Hlc-J

paxillin FKF M-AQGKT-

151-177 aa

37-63 *a

168-194 aa

-GSSS 276-288 aa

GAP ANK SHD-1 PBS
c

Positive clone

Fig. 1. Structures of paxillin, Hic-5 and GIT1. A: Comparison of
the domain structures of paxillin and Hic-5. LD motifs are indicated
as black boxes and LJM domains as shaded boxes. The percent iden-
tities between different regions of pa Trillin and the corresponding re-
gions of mouse Hic-5 are indicated. The region used as a bait for two-
hybrid screening is underlined. B: Sequence alignment of Hic-5-spe-
cific proline-rich regions. Conserved amino acid residues among
mice, rats, and humans are boxed. Proline residues are highlighted
in shaded boxes. The corresponding region of paxillin is also shown.
C. Schematic representation of GIT1. The Arf-GAP domain (GAP), a
region containing four ankyrin repeats (ANK), yeast Spa2-homology
domain 1 (SHD1), and the paxiLlin-binding subdomain (PBS) are in-
dicated. The clone isolated through two-hybrid screening encoded
the underlined region.

was reported to interact with paxillin (35, 44). However, it
had not been clarified whether Hic-5 can bind to GIT-1, or
whether there are any differences in the binding mode
between Hic-5 and paxillin. Therefore, we performed to fur-
ther analysis on the binding of Hic5 to GIT1.

Hic-5 and GIT1 Associate in Mammalian Cells—To con-
firm the association of Hic-5 with GIT1 in mammalian
cells, we introduced expression vectors that encode Flag-
tagged GIT1, HA-tagged Hic-5 and HA-tagged paxillin into
Cos7 cells, and examined their association by irnmunopre-
cipitation and immunoblotting. HA-tagged Hic-5 or HA-
tagged paxillin was immunoprecipitated with antd-HA anti-
bodies. In the presence of HA-tagged Hic-5, Flag-tagged
GIT 1 was co-precipitated (Fig. 2A). However, the co-precipi-
tation of GIT1 with HA-tagged paxillin could hardly be
detected in the present system. For immunoprecipitation
with anti-Flag antibodies, HA-tagged Hic-5 was co-precipi-
tated in a Flag-tagged GITl-dependent manner (Fig. 2B).
Co-precipitation of HA-tagged paxillin could scarcely be
detected, as shown in Fig. 2A. However, long exposure on
anti-HA antibody blotting revealed co-precipitation of HA-
tagged paxillin with Flag-tagged GIT1 (Fig. 2B, second
panel). These results showed that Hic-5 associates with
GIT1 in mammalian cells, and suggested that Hic-5 can

Flag-GIT1
HA-Hic-5
HA-paxillin

Flag-GIT1 J ~

HA-paxillii
HA-Hic-5

IP: anti-HA Ab
I Blot: anti-Flag Ab

IP: anti-HA Ab
Blot: anti-HA Ab

Flag-GIT1 - ^

B Flag-GIT1
HA-Hic-5
HA-paxillin

HA-paxillin
HA-Hic-5
IgG

HA-paxlllin
HA-Hic-5
IgG

Flag-GIT1 i

HA-paxlllin1

HA-Hic-5 '

Flag-GIT1
HA-paxillin

Paxillin
IgG

Flag-GIT1

)~ Lysate
Blot: anti-Flag Ab

3 4 5

IP: anti-Flag Ab
Blot: antl-HA Ab

IP: anti-Flag Ab
Blot: anti-HA Ab

long exposure

I IP: anti-Flag Ab
| Blot: anti-Flag Ab

Lysate
Blot: anti-HA Ab

3 4 5

~ r ~ ~ •

paxillin

IP: anti-Flag Ab
Blot: anti-paxillin Ab

IP: anti-Flag Ab
Blot: anti-Flag Ab

Lysate
Blot: anti-paxillin Ab

1
Fig. 2. Hic-5 associates with GIT-1 in mammalian cells. A: Cos7
cells were transfected with mammalian expression vectors engi-
neered to express HA-tagged Hic-5 (pCG-hWc-5, lanes 2 and 4), HA-
tagged paxillin (pCG-pa*, lanes 3 and 5), or Flag-tagged GIT1
(pBKA-GITl/Flag, lanes 1, 4, and 5). Twenty-four hours after trans-
fection, cells were lysed and immunoprecipitated (IP) with anti-HA
antibodies. TmmiinrvnmpWp.fi were subjected to SDS-PAGE and im-
munoblotting (blot) with anti-Flag (upper panel) or anti-HA (middle
panel) antibodies. In the lower panel, cell lysates were subjected to
SDS-PAGE and immunoblotting with anti-Flag antibodies. B: Cos7
cells were transfected with the HA-tagged Hic-5 (pCG-hAic-5, lanes
2 and 4), HA-tagged paxillin (pCG-pa*, lanes 3 and 5), or Flag-
tagged GIT1 (pBKA-GITl/Flag, lanes 1, 4, and 5) expression vector.
Cell lysates were prepared and subjected to immunoprecipitation
with anti-Flag antibodies and immunoblotting with anti-HA (top
and second panels) or anti-Flag (third panel) antibodies. In the sec-
ond panel, the X-ray film was exposed 5 times longer than in the up-
per panel. In the bottom panel, cell lysates were subjected to SDS-
PAGE and immunoblotting with anti-HA antibodies. C. Cos7 cells
were transfected with the Flag-tagged GIT1 (pBKA-GITl/Flag, lanes
1 and 3) or HA-tagged pa Trillin (pCG-pai, lanes 2 and 3) expression
vector. Cell lysates were prepared and subjected to immunoprecipi-
tation with anti-Flag antibodies and immunoblotting with anti-pax-
illin (upper panel) or anti-Flag (middle panel) antibodies. In the
lower panel, cell lysates were subjected to SDS-PAGE and immuno-
blotting with anti-paxillin antibodies.

J. Biochem.

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


The Interaction ofHic-5 with GIT1 283

form a complex with GIT1 more stably and/or tightly than
paxillin. However, Cos7 cells express considerable levels of
endogenous paxillin, but Hic-5 was hardly detectable. To
exclude competitive effects for the association with GIT1
between endogenous and exogenous paxillin, co-precipita-
tion of endogenous paxillin with Flag-tagged GIT1 was also
examined. We could also scarcely detect endogenous paxil-
lin in the Flag-tagged GIT1 immunocomplex, while exoge-
nous paxillin was detected (Fig. 2C). This suggests that
endogenous paxillin cannot compete with overexpressed
paxillin, and that paxillin is a faint binding partner for
Flag-GITl.

Domains for Interaction between Hic-5 and GIT1—The
region used as a bait contained the LD3 and LD4 motifs of
Hic-5. Since it was reported that a single LD motif acts as a
binding site for interacting factors (8, 11), we tried to map
the LD motif required for GITl-binding. HA-tagged Hic-5
mutants with the LD3 and/or LD4 motifs deleted (HA-
ALD3, HA-ALD4, and HA-ALD3-4) were co-expressed with
Flag-tagged GIT1 in Cos7 cells. HA-tagged Hic-5 mutants
were immunoprecipitated with anti-HA antibodies, and co-
precipitated Flag-tagged GIT1 was analyzed by immunob-
lotting with anti-Flag antibodies. HA-ALD4 formed a com-
plex with Flag-GITl with comparable strength to the wild-

type Hic-5 (Fig. 3B, compare lanes 2 and 4). In contrast,
HA-ALD3 and HA-ALD3-4 hardly associated with Flag-
GITl (Fig. 3B, lanes 3 and 5). These results suggest that
the LD3 motif of Hic-5 is critical for physical interaction
with GIT1. However, a small quantity of co-precipitated
GIT1 was observed in the HA-ALD3 and HA-ALD3-4 im-
munocomplexes on long exposure on anti-Flag antibody
blotting. This may reflect the presence of bridging proteins
that form a complex including Hic-5 LD mutants and GIT1.
The LD3 motif of Hic-5 and the LD4 motif of paxillin ex-
hibit particularly high homology in amino acid sequence
(91.7% identical), nevertheless their efficiencies to form
complexes with GIT1 are quite different. This difference
may be due to the region surrounding the LD3 motif of Hic-
5.

One of the clones, which was isolated through the two-
hybrid screening, encoded amino acid residues 535-770,
which include the region reported to be a paxillin-binding
subdomain (amino acid residues 682-701) (11, 45). It was

GIT1

GAP ANK SHD-1 PBS

LD1
N E

Hic-5
2 3 4

B Flag-GIT1
HA-WT Hic5
HA-ALD3
HA-ALD4
HA-ALD3-4

Fi«9-orri -

HA-WT
HA-ALD3
HA-ALD4

HA-ALO3-4

\

-
t

"~l OB

Rag-Grn

IP: anti-HA Ab
Blot: anti-Rag Ab

IP: anti-HA Ab
Blot: anti-HA Ab

Lysate
Blot: anti-Flag Ab

1 2 3 4 5

Fig. 3. The LO3 motif of Hic-5 is a substantial region that asso-
ciates with GIT-1. A; A schematic representation of the mutations
in the LD motifs of Hic-5. Four LD motifs are indicated. B: Cos7 cells
were transfected with the Flag-tagged GIT1 expression vector
(pFlag-CMV2/GITl) together with the empty vector (lanes 1 and 6)
or an expression vector encoding HA-tagged wild-type Hic-5 (pCG-
hhic-5, lanes 2 and 7), HA-tagged Hic-5 with the LD3 motif deleted
(pCG-ALD3Wiic-5, lanes 3 and 8), HA-tagged Hic-5 with the LD4
motif deleted (pCG-ALD4h/iic-5, lanes 4 and 9), or HA-tagged Hic-5
with the LD3-4 motif deleted (pCG-ALD3-4htoc-5, lanes 5 and 10).
Cells were lysed and subjected to immunoprecipitation with anti-
HA antibodies and immunoblotting with anti-Flag (upper panel) or
anti-HA flower panel) antibodies.

— — — 1-770

^ — — — 385-770

— 637-770

( a m i n o a c i d r e s i d u e s )

B F l a g - G I T 1 -770 + + +
F l a g - G I T 3 8 5 - 7 7 0 - - - + + + - - -
F l a g - G I T 6 3 7 - 7 7 0 - - - - - - + + +
H A - H i c - 5 - + - - + - - + -
H A - p a x i l l i n - - + - - + - - +

HA-paxillin -
HA-Hte-5 -

IP: anti-Flag Ab
Blot: anti-HA Ab

Flag-Gn 1-770 —
Flag-GIT 385-770 -

Flag-GIT 637-770

HA-paxlllln -
HA-Hic-5

IP: anti-Flag Ab
Blot: anti-Flag Ab

Lysate
Blot:antl-HA Ab

1 2 3 4 5 6 7

Fig. 4. The C-terminal region of GIT1 is sufficient for associa-
tion with Hic-5. A; A schematic representation of the GIT1 deletion
mutant. The Arf GAP domain (GAP), four ankyrin repeats (ANK),
the yeast Spa2 homology domain 1 (SHD), and the paxillin-binding
domain (PBD) are indicated. B: Cos7 cells were transfected with ex-
pression vector pFlag-GITl (Flag-tagged full length GIT1, lanes 1-
3), pFlag-GIT 385-770 (Flag-tagged GIT1 with 1-384 amino acid res-
idues deleted, lanes 4-6), or pFlag-GITl 637-770 (Flag-tagged GIT1
1-636 amino acid residues deleted, lanes 7-9) together with the
empty vector (lanes 1, 4, and 7) or expression vectors pCG-hhic-5
(HA-tagged Hic-5, lanes 2,5, and 8) or pCG-pai (HA-tagged paxillin,
lanes 3, 6, and 9). Cells were lysed and subjected to immunoprecipi-
tation with anti-Flag antibodies and immunoblotting with anti-HA
(upper panel) or anti-Flag (middle panel) antibodies. In the lower
panel, cell lysates were subjected to SDS-PAGE and immunoblotting
with anti-HA antibodies.
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recently reported that the C-terminal fragment of GIT1
was necessary and sufficient for association with paxillin
(44). To determine whether this is applicable to the associa-
tion of Hic-5 with GIT1, we localized the Hic-5-binding
region on GIT1 by co-transfectdon of Flag-tagged GIT1 frag-
ments with HA-tagged Hic-5 (Fig. 4). Similar to paxillin,
Hic-5 associated with the C-terminal 134 amino acid resi-
dues (GIT 637-770) of GIT1 as efficiently as the larger
fragment, GIT 385-770 (Fig. 4B). Although the full-length
GIT1 was a poor paxillin-interactor, as reported previously
(44), Hic-5 associated with the full-length GIT1 with com-
parable strength to smaller fragments (Fig. 4B, compare
lanes 2 and 3). Since coupling of GIT1 to PK, PAK-inter-
acting guanine exchange factor, which is involved in regula-
tion of the cytoskeletal organization (32), promotes the
association between paxillin and the full-length GIT1 (44),
it has been suggested that the paxilhn-binding domain of
GIT1 is masked in the absence of PIX, and opened by PIX
(44). Therefore, these observations suggested the associa-
tion between Hic-5 and the C-terminal region of GIT1 is
different in part from that of paxillin and GIT1.

Direct Binding of GITl to Hic-5—To determine whether
Hic-5 binds directly to GIT1,36S-labeled Hic-5 was synthe-
sized in vitro using a cell-free transcription/translation sys-
tem in the presence of [^Slmethionine. ^S-labeled Hic-5
was incubated with the GST-fusion protein of GIT1 C-ter-
minal fragment 637-770, which was immobilized on glu-
tathione-Sepharose beads. The bound proteins were eluted
and detected by SDS-PAGE, followed by fluorography. 36S-
labeled Hic-5 was recovered as a bead-bound fraction in the
presence of the C-terminal fragment of GIT1 (GIT 637-
770) (Fig. 5). This result demonstrated that Hic-5 binds
directly to the GIT 637-770 fragment. Paxillin also bound
directly to GIT1, with similar affinity to in the case of the
Hic-5/GITl interaction. Thus, the intramolecular interac-

tion in GIT1 and its regulation by PIX appear to be more
important as to the efficiency to form the GITl/paxinin
complex than the affinity of paxillin to the C-terminal re-
gion of GIT1.

Association of Endogenous GITl with Hic-5 and Paxil-
lin—It has been suggested that the binding of paxillin to
GIT1 depends on PIX (44), nevertheless Hic-5 can effi-
ciently associate with GIT1 in the absence of PIX overex-
pression (Figs. 2 and 4). Therefore, it was suggested that
the Hic-5/GITl complex contains lower levels of PIX than
the paxUlin/GITl complex, and that this could be a possible
mechanism of the functional difference between Hic-5 and
paxillin. Since it has been suggested that stoichiometric
balances among these proteins are critical, endogenous pro-
tein complexes were compared by immunoprecipitation
with anti-Hic-5 and anti-paxillin antibodies. As described
previously, the expression levels of Hic-5 are decreased in
immortalized cell lines (14, 43), but mouse myoblastic cells,
C2C12, express significant amounts of Hic-5. Anti-paxillin
antibodies exhibit cross-reactivity to Hic-5, but anti-Hic5
antibodies are relatively specific for Hic-5. Thus, to observe
Hic-5- and paxillin-complexes separately, endogenous Hic-
5 was depleted by serial immunoprecipitations with anti-
Hic-5 antibodies (Fig. 6A). Co-precipitated proteins were

Immunodepletion
Pre Hic-5

GIT1 " •

P-PIX " •

paxillin |

Hic-5 |

Blot: anti-GIT1 Ab

Blot: anti-p-PIX 1 Ab

Blot: anti-paxillin Ab

03
C3

C3

o

Hic-5 paxillin

paxillin-

Hic-5 -

B

IP

GIT1 -i

p-pix H

paxillin

Hic-5

a *
01 up
Z o

2 x

a
<

- 1 1 Blot: anti-GIT1 Ab

J Blot: anti-p-PIX 1 Ab

Blot: anti- paxillin Ab

paxillin -

Hic-5 -

Fig. 5. Hic-6 binds directly to the C-terminal fragment 637-770
of GITl. Hic-5 and paxillin protein were in vitro translated in the
presence of P5S]methionine, and then incubated with glutathione-
Sepharose beads coupled with GST (upper panel, lanes 1 and 3) or
the GST-fusion GITl 637-770 fragment (upper panel, lanes 2 and 4)
for 60 min After washing, bound proteins were eluted with the elu-
tion buffer containing 20 m_M glutathione, and then subjected to
SDS-PAGE and autoradiography (12 h exposure). In the lower
panel, 10% of the amount of each in vitro translated product used in
the binding assay was subjected to SDS-PAGE and autoradiography
(12 h exposure).

Fig. 6. Hic-5/GITl complex contains a smaller amount of PIX
than the paxUlin/GITl complex. A; Endogenous Hic-5 was de-
pleted by multiple immunoprecipitation with anti-Hic-5 antibodies
(lane 2) or normal mouse IgG (lane 1), as a control, from a C2C12 cell
lysate. Mock- and Hi-5—depleted lysates were subjected to SDS-
PAGE and immunoblotting with anti-GIT (upper panel), anti-pPIX
(middle panel), or anti-paxillin (lower panel) antibodies. B. A mock-
depleted lysate was subjected to serial immunoprecipitation with
ant-Hic-5 antibodies. The residual supernatant (Hic-5-depleted ly-
sate) was subjected to further immunoprecipitation with anti-paxil-
lin antibodies. Co-precipitated proteins with normal mouse IgG
(lane 1), anti—Hic-5 (lane 2), or anti-paxillin (lane 3) antibodies were
separated by SDS-PAGE, and detected by immunoblotting with
anti-GIT (upper panel), anti-(3PEC (middle panel), or anti-paxillin
(lower panel) antibodies.
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recognized as components of the Hic-5-complex (Fig. 6B,
lane 2), and Hic-5-depleted supernatant was then immuno-
precipitated with anti-paxdllin antibodies (Fig. 6B, lane 3).
Compared with the paxillin-complex, the Hic-5-complex
contained larger amounts of endogenous GIT1 (Fig. 6B, the
upper panel). However, complex formation between endoge-
nous GIT1 and paxillin was observed and appeared to be
more efficient than that between exogenous GIT1 and pax-
illin (compare Figs. 2B and 6B). The stoichiometric bal-
ances between GIT1 and PIX may explain these observa-
tions. Moreover, the relative amount of PIX, which is in-
cluded in the paxillin-complex, was greater than that in the
Hic-5-complex (Fig. 6B, middle panel). These results sug-
gested that Hic-5 can interact with GIT-1 unconnectedly
the presence of PIX on GIT1, and that the Hic-5- and paxil-
lin-complexes contain different components. Since PIX and
its interacting kinase, PAK, activate Racl that regulates
cytoskeletal organization (32, 33), the above results sug-

Flag-GIT1
HA- Hic5
Flag-GIT1 637-770

1 2 3

IP: anti-HA Ab
Blot: anti-Flag Ab

IP: anti-HA Ab
Blot: anti-HA Ab

Lysate
Blot: anti-Flag Ab

control Hic-5 Hic-5 +
GIT1 637-770

Fig. 7. The GIT1 637-770 fragment perturbs the interaction of
Hic-5 with endogenous GIT1 and the function of Hic-5. A; Cos7
cells were transfected with the empty vector (lane 1) or the expres-
sion vector encoding HA-Hic-5 (lanes 2, 3, and 4) together with the
empty vector (lanes 1, 2, and 3) or the expression vector encoding
Flag-GIT 637-770 (lane 4). Cells were lysed and subjected to immu-
noprecipitation with anti-HA antibodies and immunoblottdng with
anti-Flag (upper panel) or anti-HA (middle panel) antibodies. In the
lower panel, cell lysates were subjected to SDS-PAGE and immuno-
blotting with anti-Flag antibodies. B: NEH3T3 cells were transfected
with the expression vector encoding EGFP together with the empty
vector or the expression vector encoding Hic-5 with or without the
Flag-GITl 637-770 expression vector. After 24 h, cells were allowed
to spread on fibronectin-coated coverslips for 30 min, fixed with 3.7%
formalin, and then stained with TRITC-conjugated phalloidin. The
percentages of spread cells on GFP-positive cells were determined.
Each bar represents the mean of three independent experiments ±
SD.

gested that the Hic-5/GITl and paxulin/GITl complexes
may have different functions in regulation of the actin
cytoskeleton.

Functional Interaction between Hic-5 and GIT1—The
GIT 637-770 fragment can bind directly to Hic-5 (Fig. 5),
but does not contain binding sites for other interacting fac-
tors such as PIX, PAK, and FAK Therefore, it is suggested
that this GIT1 fragment could be used as a tool for perturb-
ing the docking of GIT1 to Hic-5 in living cells. To confirm
this possibility, NIH3T3 cells were transiently transfected
with expression vectors encoding HA-tagged Hic-5 and
Flag-tagged full length GIT1 together with or without Flag-
tagged GIT 637-770. In the absence of Flag-GIT 637-770,
the association of Flag-GITl with HA-Hic-5 was observed
(Fig. 7 A, lane 3). However, co-expression of Flag-GIT 637-
770 prevented Hic-5 from forming the Hic-5/GITl complex
(Fig. 7A, lane 4). This result showed that the GIT 637-770
fragment can be used to prevent endogenous GIT1 from
interacting with Hic-5 in living cells.

We previously reported that the overexpression of Hic-5
inhibited integrin-mediated cell spreading on fibronectin in
NIH3T3 cells (18). To examine the role of the physical
interaction between GIT1 and Hic-5 in the Hic-5-mediated
reactions, we examined the effect of the GIT 637-770 frag-
ment on Hic-5-mediated inhibition of cell spreading. We
introduced expression vectors encoding EGFP and HA-
tagged Hic-5 with or without the expression vector for Flag-
GIT 637-770 into NTH3T3 cells. Cells were collected by
trypsinization, replated onto coverslips coated with fibro-
nectin, and then fixed after 30 min incubation. EGFP-posi-
tive cells were counted as transfected cells, and the per-
centages of spread cells were estimated. As reported previ-
ously (18), the forced expression of Hic-5 caused about 50%
inhibition of cell spreading compared with in the case of
mock transfection cells (Fig. 7, compare columns 1 and 2).
However, Hic-5-mediated inhibition of cell spreading was
restored by co-expression of GIT 637-770 (Fig. 7, column
3). These results suggested that Hic-5 interacts functionally
with GIT1 in living cells.

DISCUSSION

Hic-5, a member of the paxillin family of adapter proteins,
has been shown to be involved in integrin-mediated signal-
ing (18) as well as in the cellular senescence process or dif-
ferentiation (14,15). In the present study, we isolated GIT1
as a Hic-5-interacting protein using a two-hybrid system,
and demonstrated that Hic-5 interacts physically and func-
tionally with GIT1, and that Hic-5 and GIT1 form a com-
plex with different binding modes from in the case of the
paxillin/Grn complex.

GIT1 was originally identified as an interacting factor for
the G protein-coupled receptor kinase, and is involved in
signaling and internalization of the 02-adrenergic receptor
(PiAR) (34). This protein is a member of an Arf-GAP family,
which includes closely related members PKIVGm (11, 35)
and APP1 (36), and more distantly related members
ASAP1 (46) and PAG3 (47). GIT1 possesses Arf-GAP activ-
ity and has been implicated in membrane trafficking
events that are associated with the functions of Arf
GTPases. In addition to trafficking of PjAR, it was recently
reported that GIT1 also regulates focal complex disassem-
bly and promotes motility (44). GIT1 directly interacts with

Vol. 132, No. 2, 2002

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


286 N. Nishiya et al.

paxillin and causes loss of paxillin from focal complexes,
thereby contributing to focal contact disassembly and cell
migration (44). In this sense, it is not surprising that GITl
binds to and interacts functionally with Hic-5.

An LD motif is characterized by a conserved leucine-rich
amino acid sequence with consensus sequence LDXLLXXL
(8). It has been reported that individual LD motifs can
function independently to support the binding of different
proteins such as FAK, vinculin, PKL, and the E6 oncopro-
tein (8, 11, 48, 49). The LD4 motif of paxillin directly binds
to PKL (11), and the association of Hic-5 with GITl
appears to be mediated by its LD3 motif (Fig. 4), which cor-
responds to the LD4 motif of paxillin, which exhibit 91.7%
identity in amino acid sequence to each other.

Paxillin associated with the C-terminal 134 residues of
GIT (GIT 637-770) that includes a paxillin-binding subdo-
main (11, 45, 50), but full-length GITl exhibited only weak
association with paxillin (Fig. 4). Since an association of
GITl and PDC increases the association between paxillin
and GITl, it has been suggested that the paxillin-binding
domain on GITl is masked in the absence of PDC and un-
covered on the binding of PDC (44). In contrast, Hic-5 was
associated with full-length GITl with a similar intensity to
GIT 637-770 (Fig. 4). This difference in the GITl-binding
mode may be due to the different structures surrounding
the GITl-binding LD motifs (the LD3 motif of Hic-5 and
the LD4 motif of paxillin). These LD motifs are highly con-
served, as described above, however, their flanking regions
have distinct amino acid sequences. In particular, the LD3
motif of Hic-5 is sandwiched between two proline-rich re-
gions, which do not exist in the corresponding regions of
paxillin. Since a proline residue tends to break the a-helix
structure, it is suggested that the region neighboring the
LD3 motif of Hic-5 can form an unusual structure, and
thereby Hic-5 and paxillin show different GITl-binding
modes.

Deletion mutants of Hic-5 (ALD3 and ALD3-4), which
lack the LD3 motif, hardly bound to GITl, but very low lev-
els of association between these mutants and GITl could
be detected on long exposure (data not shown). This may
reflect the existence of bridging proteins that link Hic-5
and GITl. Since FAK can bind directly to GITl (44) and
the LD2 motif of Hic-5 (43), it is suggested that FAK is a
candidate for the bridging protein. Hic-5 mutants lacking
the LD3 motif, one of FAK-binding regions on Hic-5, failed
to inhibit cell spreading (18). Even if the LD2 motif of Hic-5
is another FAK-binding site, ALDl-2 Hic-5, which lacks the
LD1 and LD2 motifs, could inhibit spreading as strongly as
the wild-type Hic-5 (18). Since GITl interacts more specifi-
cally with the LD3 motif of Hic-5, Hic-5-mediated inhibi-
tion of cell spreading may be due to interaction with GITl
rather than FAK

Most adherent cells respond to extracellular matrices by
adhering and spreading out to form new adhesion com-
plexes and thereby acquired flattened morphology. This
process is mediated by integrins and dynamic rearrange-
ment of the actin cytoskeleton that is organized by intracel-
lular signaling (51, 52). Cell spreading has been recognized
as a convenient model of the initial state in cell migration
(53). We previously reported that Hic-5 reduces cell spread-
ing (18) and observed that Hic-5 opposes cell migration
(unpublished data). Tyrosine phosphorylation of paxillin
has been implicated in the regulation of cell migration (54,

55). Forced expression of Hic-5 removes FAK from paxillin
and reduces the phosphorylation of tyrosine residues of
paxillin that create target sites for Crk-SH2 (18). Further-
more, it has been suggested that Hic-5-mediated inhibition
of cell spreading was FAK-dependent because the effect of
Hic-5 was not observed in FAK-/- cells (18). Thus, we have
recognized FAK as a critical factor for Hic-5-mediated
functions, hi addition, GITl promotes cell motility in con-
cert with FAK and paxillin (44). It has been proposed that
GITl-induced cell migration is mediated by recruitment of
GITl to focal contacts through paxillin, and activation of
Racl by complex formation with PDC and FAK (44). More-
over, Hic-5-mediated inhibition of cell spreading appears to
require the interaction with GITl, as shown in Fig. 7.
Therefore, it is suggested that the competition of the FAK/
GITl complex between Hic-5 and paxillin is a possible
mechanism for Hic-5-mediated inhibition of cell spreading
(Fig. 8).

Rho family GTPases, such as RhoA, Racl, and CdC42,
regulate the actin cytoskeleton (20-22). Among these
GTPases, Racl and Cdc42 are necessary for early spread-
ing events characterized by a change in the cytoskeleton
and extension of membrane protrusions (23). It has been
reported that the interaction between PKL, a GIT-related
Arf-GAP, and paxillin is critical for regulation of the Rac-

Cytoskeloton
Motility

Fig. 8. A model for the formation of different signaling com-
plexes through Hic-5 and paxillin. The paxillin/GITl complex
contains PDC and PAK that activate Rac-mediated cytoskeletal rear-
rangement. Paxillin is phosphorylated by FAK and/or associated ki-
nases, and then interacts with the SH2 domain of Crk, which
transduces downstream signaling to Rac. In addition, Arf-6 regu-
lates the translocation of Rac to the plasma membrane. GITl may
downregulate ArfB through its GAP activity. Therefore, the paxilliii/
GITl complex may show dynamic features through these positive
and negative regulators of the cytoskeleton. On the other hand, Hic-
5 does not possess a target site for the SH2 domain of Crk, and the
Hic-5/GITl complex contains smaller amounts of PDC Thus, the Hic-
5 complex may show more static features compared with the paxillin
complex.
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dependent cell shape change and motility (12). GITl inter-
acts with the PIX/PAK complex that activates Racl (32).
PIX can activate Racl through the interaction with PAK
and PI3-kinase (33). In addition, PAK can inhibit myosin
light chain kinase (MLCK) (56) and subsequently reduce
actin-myosin contractility. Thereby, the PIX/PAK complex
facilitates cell motility. PaxQlin requires PIX to open the
masked paxillin-binding site of GITl (44). Thus, the GITl/
PIX/PAK complex may be formed on paxillin, and then pro-
mote focal contact turnover, cell spreading, and migration.
However, Hic-5 appears to associate with GITl without or
with only small amounts of PIX (Fig. 4). Therefore, it is
suggested that Hic-5 and paxillin form different complexes
consisting of different components. Indeed, co-precipitated
PIX in the Hic-5 complex was less than that in the paxillin
complex (Fig. 6B). This finding suggested that Hic-5 does
not efficiently promote PIX/PAK-mediated processes, such
as Rac activation, and this process may contribute to Hic-
5-mediated inhibition of cell spreading (Fig. 8). On the
other hand, it has been reported that Hic-5 interacts with
PKL together with PIX and PAK (11). However, the effi-
ciencies of complex formation with PKL/PIX/PAK have not
been compared between paxillin and Hic-5. In addition,
GITl possesses a Spa2 homology domain (SHD), which
binds to FAK and is absent from PKL/GIT2, and is phos-
phorylated on co-transfection with FAK or Src (44). The
SHD is located close to the PIX-binding site, nevertheless,
GITl can bind to FAK and PIX simultaneously (44). It is
important to compare Hic-5 with paxillin with regard to
the intensity, specificity, effects of phosphorylation and PIX-
dependency in binding to these Arf-GAPs. This may lead to
new concepts as to the regulation system in actin cytoskele-
ton dynamics.

The precise spatial regulation of signaling molecules has
been suggested to be critical for proper organization of the
cytoskeleton. Rac-mediated regulation of actin cytoskeleton
dynamics has been linked to its translocation to the mem-
brane (57, 58). It has been proposed that ArfB regulates the
translocation of Rac to the membrane (37, 38, 59). More-
over, p95-APPl, an Arf-GAP closely related to GITl and
PKL, induces actin-rich protrusions mediated by Rac and
ArfB (36). Since it has been suggested that GAP-activity
opposes GTPase-mediated functions by facilitating GTP
hydrolysis, antagonism toward ArfB and Rac through the
Arf-GAP activity of GITl is a possible mechanism of Hic-5-
mediated reduction of cell spreading (Fig. 8).

In conclusion, our observations demonstrated that Hic-5
interacts physically and functionally with GITl. Hic-5
shares structural features and interaction factors with pax-
illin. In this study, we added GITl to the list of proteins
that bind to both Hic-5 and paxillin. However, the paxillin/
GITl complex contains different components, which regu-
late cytoskeletal remodeling, from the Hic-5/GITl complex.
Further studies on these complexes are expected to clarify
the nature of the signaling complexes as functional units in
integrin-mediated signaling.
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Takahiro Ohki and Ikumi Kikuchi for the technical assistance.

REFERENCES

1. Schwartz, MA., Schaller, M.D, and Ginsberg, M.H. (1995) Inte-
grins: emerging paradigms of signal transduction. Annu. Reu.
Cell Dev. Biol. 11, 549-599

2. Burridge, K and Chrzanowska-Wodnicka, M. (1996) Focal ad-
hesions, contractility, and signaling. Annu. flea Cell. Dev. Biol.
12, 463-518

3. Turner, C.E. (2000) Paxillin and focal adhesion signalling. Nat.
Cell Biol. 2, E231-236

4. Schaller, M.D. and Parsons, J.T. (1995) ppl25FAK-dependent
tyrosine phosphorylation of paxillin creates a high-affinity
binding site for Crk Mol. Cell Biol. 15, 2635-2645

5. Bellis, S.L., Miller, J.T, and Turner, C.E. (1995) Characteriza-
tion of tyrosine phosphorylation of paxillin in vitro by focal ad-
hesion kinase. J. Biol. Chem. 270, 17437-17441

6. Tanaka, S., Morishita T, Hashimoto, Y., Hattori, S., Nakamura,
S., Shibuya, M., Matuoka, K., Takenawa, T., Kurata, T, Naga-
shima, K., and Matsuda, M. (1994) C3G, a guanine nucleotide-
releasing protein expressed ubiquitously, binds to the Src
homology 3 domains of CRK and GRB2/ASH proteins. Proc.
Natl. Acad. Sci. USA 91, 3443-3447

7. Hasegawa, H., Kiyokawa, E., Tanaka, S., Nagashima, K,
Gotoh, N., Shibuya, M., Kurata, T, and Matsuda, M. (1996)
DOCK180, a major CRK-binding protein, alters cell morphol-
ogy upon translocation to the cell membrane. Mol. Cell. Biol. 16,
1770-1776

8. Brown, M.C., Perrotta, J A , and Turner, C.E. (1996) Identifica-
tion of LTM3 as the principal determinant of paxillin focal
adhesion localization and characterization of a novel motif on
paxillin directing vincuhn and focal adhesion kinase binding. J.
Cell Biol. 136,1109-1123

9. Brown, M.C., Curtis, M.S., and Turner, C.E. (1998) Paxillin LD
motifs may define a new family of protein recognition domains.
Nat. Struct. Biol. 5, 677-678

10. Turner, C.E. and Miller, J.T. (1994) Primary sequence of paxil-
lin contains putative SH2 and SH3 domain binding motifs and
multiple T.TM domains: identification of a vinculin and
ppl25Fak-binding region. J. CeU Sci 107, 1583-1591

11. Turner, C.E., Brown, M.C., Perrotta, J A , Riedy, M.C., Nikol-
opoulos, S.N., McDonald, A.R., Bagrodia, S., Thomas, S., and
Leventhal, P.S. (1999) Paxillin LD4 motif binds PAK and PIX
through a novel 95-kD ankyrin repeat, ARF-GAP protein: A
role in cytoskeletal remodeling. J. Cell Biol. 145, 851-863

12. West, K.A., Zhang, H., Brown, M.C., Nikolopoulos, S.N., Riedy,
M.C., Horwitz, A.F., and Turner, C.E. (2001) The LD4 motif of
paxillin regulates cell spreading and motility through an inter-
action with paxillin kinase linker (PKL). J. Cell Biol. 154, 161-
176

13. Shibanuma, M., Mashimo, J., Kuroki, T, and Nose, K. (1994)
Characterization of the TGF beta 1-inducible hic-5 gene that
encodes a putative novel zinc finger protein and its possible
involvement in cellular senescence J. Biol. Chem. 269, 26767-
26774

14. Shibanuma, M., Mochizuki, E., Maniwa, R., Mashimo, J., Nishi-
ya, N., Imai, S., Takano, T., Oshimura, M., and Nose, K. (1997).
Induction of senescence-like phenotypes by forced expression of
hic-5, which encodes a novel LTM motif protein, in immortal-
ized human fibroblasts. Mol. CeU. Biol. 17, 1224-1235

15. Shibanuma, M. and Nose, K. (1998) Forced expression of hic-5,
a senescence-related gene, potentiates a differentiation process
of RCT-1 cells induced by retinoic acid. Int. J. Biochem. Cell Biol.
30,39-45

16. Thomas, S.M., Hagel, M., and Turner, C.E. (1999) Characteriza-
tion of a focal adhesion protein, Hic-5, that shares extensive
homology with paxillin. J. Cell Sci. 112, 181-190

17. Nishiya, N., Iwabuchi, Y., Shibanuma, M., C6te, J.F., Tremblay,
M.L., and Nose, K. (1999) Hic-5, a paxillin homologue, binds to
the protein-tyrosine phosphatase PEST (PTP-PEST) through
its LIM 3 domain. J. Biol Chem. 274, 9847-9853

18. Nishiya, N., Tachibana, K., Shibanuma, M., Mashimo, J., and

VoL 132, No. 2, 2002

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


288 N. Nishiya et al.

Nose, K. (2001) Hic-5-reduced cell spreading on fibronectin:
competitive effects between paxillin and Hic-5 through interac-
tion with focal adhesion kinase. Mol. Cell. Biol. 21, 5332-5345

19. Fujita, H., Kamiguchi, K, Cho, D., Shibanuma, M., Morimoto,
C, and Tachibana, K. (1998) Interaction of Hic-5, A senescence-
related protein, with focal adhesion kinase J. Biol. Chem. 273,
26516-26521

20. Mitchison, T.J. and Cramer, L.P. (1996) Actin-based cell motility
and cell locomotion. Cell 84, 371-379

21. Hall, A. (1998) Rho GTPases and the actin cytoskeleton. Science
279, 509-514

22. Ridley, A.J. (1996) Rho: theme and variations. Curr. Biol. 6,
1256-1264

23. Price, L.S., Leng, J., Schwartz, MA, and Bokoch, G.M. (1998)
Activation of Rac and Cdc42 by integrins mediates cell spread-
ing. Mol. Biol. Cell. 9,1863-1871

24. Nobes, CD. and Hall, A. (1995) . Rho, rac, and cdc42 GTPases
regulate the assembly of multimolecular focal complexes associ-
ated with actin stress fibers, lamellipodia, and filopodia. Cell
81,53-62

25. Bishop, A.L. and Hall, A. (2000) Rho GTPases and their effector
proteins. Biochem, J. 348, 241-255

26. Manser, E., Leung, T, Salihuddin, H., Zhao, Z.S., and lim, L.
(1994) A brain serine/threonine protein kinase activated by
Cdc42 and Racl. Nature 367, 40-46

27. Obermeier, A., Ahmed, S., Manser, E., Yen, S.C., Hall, C, and
Lim, L. (1998) PAK promotes morphological changes by acting
upstream of Rac EMBO J. 17, 4328-4339

28. Zhao, Z.S., Manser, E., Chen, X.Q., Chong, C, Leung, T, and
Lim, L. (1998) A conserved negative regulatory region in alpha-
PAK: inhibition of PAK kinases reveals their morphological
roles downstream of Cdc42 and Racl. Mol. Cell. BioL 18, 2153-
2163

29. Sells, M.A., Boyd, J.T., and Chemoff, J. (1999) p21-activated
kinase 1 (Pakl) regulates cell motility in mammalian fibro-
blasts. J. Cell Biol. 145, 837-849

30. Kiosses, W.B., Daniels, R.H., Otey, C, Bokoch, G.M., and
Schwartz, MA (1999). A role for p21-activated kinase in endot-
helial cell migration. J. Cell Biol. 147, 831-844

31. Bagrodia, S., Taylor, S.J., Jordon, KA., Van Aelst, L., and Ceri-
one, R.A. (1998) A novel regulator of p21-activated kinasea J.
Biol. Chem. 273, 23633-23636

32. Manser, E., Loo, T.H., Koh, C.G., Zhao, Z.S., Chen, X.Q., Tan, L.,
Tan, I., Leung, T, and Lim, L. (1998) PAK kinases are directly
coupled to the PIX family of nucleotide exchange factors. Mol.
Cell. 1, 183-192

33. Yoshii, S., Tanaka, M., Otsuki, Y., Wang, D.Y., Guo, R.J., Zhu, Y,
Takeda, R., Hanai, H., Kaneko, E., and Sugimura, H. (1999)
alphaPIX nucleotide exchange factor is activated by interaction
with phosphatidylinositol 3-kinase. Oncogene 18, 5680-5690

34. Premont, R.T., Claing, A., Vitale, N., Freeman, J.L., Pitcher,
J.A., Patton, WA, Moss, J., Vaughan, M., and Lefkowitz, R.J.
(1998) beta2-Adrenergic receptor regulation by GIT1, a G pro-
tein-coupled receptor kinase-associated ADP ribosylation factor
GTPase-activating protein. Proa Natl. Acad. Sci. USA 95,
14082-14087

35. Premont, R.T., Claing, A., Vitale, N., Perry, S.J., and Lefkowitz,
R.J. (2000) The GIT family of ADP-ribosylation factor GTPase-
activating proteins. Functional diversity of GIT2 through alter-
native splicing. J. BioL Chem. 275, 22373-22380

36. Di Cesare, A., Paris, S., Albertinazzi, C, Dariozzi, S., Andersen,
J., Mann, M., Longhi, R., and de Curtis, I. (2000) p95-APPl
links membrane transport to Rac-mediated reorganization of
actin. Nat. Cell Biol. 2, 521-530

37. Radhakrishna, H., Al-Awar, O., Khachikian, Z., and Donaldson,
J.G. (1999) ARF6 requirement for Rac ruffling suggests a role
for membrane trafficking in cortical actin rearrangements. J.
CeUSci 112,855-866

38. Boshans, R.L., Szanto, S., van Aelst, L., and DSouza-Schorey,
C. (2000) ADP-ribosylation factor 6 regulates actin cytoskeleton
remodeling in coordination with Racl and RhoA. Mol. Cell. Biol.
20,3685-3694

39. Hirai, H., Suzuki, T, Fujisawa, J., Inoue, J., and Yoshida, M.
(1994) Tax protein of human T-cell leukemia virus type I binds
to the ankyrin motifs of inhibitory factor kappa B and induces
nuclear translocation of transcription factor NF-kappa B pro-
teins for transcriptional activation. Proc Natl. Acad. ScL USA
91,3584-3588

40. Nishiya, N., Sabe, H., Nose, K., and Shibanuma, M. (1998) The
LIM domains of hic-5 protein recognize specific DNA fragments
in a zinc-dependent manner in vitro. Nucleic Acids Res. 26,
4267^*273

41. Chien, C.T, Bartel, PL., Sternglanz, R., and Fields, S. (1991)
The two-hybrid system: a method to identify and clone genes
for proteins that interact with a protein of interest. Proc Natl.
Acad. ScL USA 88, 9578-9582

42. Matsuya, M., Sasaki, H., Aoto, H., Mitaka, T, Nagura, K.,
Ohba, T, Ishino, M., Takahashi, S., Suzuki, R., and Sasaki, T.
(1998) Cell adhesion kinase beta forms a complex with a new
member, Hic-5, of proteins localized at focal adhesions. J. Biol.
Chem. 273, 1003-1014

43. Ishino, K, Kim-Kaneyama, J., Shibanuma, M., and Nose, K.
(2000) Specific decrease in the level of Hic-5, a focal adhesion
protein, during immortalization of mouse embryonic fibro-
blasts, and its association with focal adhesion kinase. J. Cell.
Biochem. 76, 411^19

44. Zhao, Z.S., Manser, E., Loo, T.H., and Lim, L. (2000) Coupling of
PAK-interacting exchange factor PDC to GIT1 promotes focal
complex disassembly. Mol. Cell. Biol. 20, 6354-6363

45. Tachibana, K., Sato, T, D'Avirro, N., and Morimoto, C. (1995)
Direct association of ppl25FAK with paxillin, the focal adhe-
sion-targeting mechanism of ppl25FAK J. Ebcp. Med. 182,
1089-1099

46. Randazzo, P.A., Andrade, J., Miura, K, Brown, M.T, Long, Y.Q.,
Stauffer, S., Roller, P., and Cooper, iA. (2000) The Arf GTPase-
activating protein ASAP1 regulates the actin cytoskeleton.
Proc Natl. Acad. Sci. USA 97, 4011^016

47. Kondo, A., Hashimoto, S., Yano, H., Nagayama, K, Mazaki, Y,
and Sabe, H. (2000) A new paxillin-binding protein, PAG3/
Papalpha/KIAA0400, bearing an ADP-ribosylation factor
GTPase-activating protein activity, is involved in paxillin re-
cruitment to focal adhesions and cell migration. Mol. Biol. Cell.
11, 1315-1327

48. Tong, X., Salgia, R., Li, J.L., Griffin, J.D., and Howley, P.M.
(1997) The bovine papillomavirus E6 protein binds to the LD
motif repeats of paxillin and blocks its interaction with vinculin
and the focal adhesion kinase. J. Biol. Chem. 272, 33373-33376

49. Vande Pol, S.B., Brown, M.C., and Turner, C.E. (1998) Associa-
tion of Bovine Papillomavirus Type 1 E6 oncoprotein with the
focal adhesion protein paxillin through a conserved protein
interaction motif Oncogene 16, 43-52

50. Wood, C.K., Turner, C.E., Jackson, P., and Critchley, D.R. (1994)
Characterisation of the paxillin-binding site and the C-terminal
focal adhesion targeting sequence in vinculin J. Cell Sci. 107,
709-717

51. Romer, L.H., McLean, N., Turner, C.E., and Burridge, K. (1994)
Tyrosine kinase activity, cytoskeletal organization, and motility
in human vascular endothelial cells. MoL BioL Cell. 5, 349-361

52. Vuori, K and Ruoslahti, E. (1993) Activation of protein kinase
C precedes alpha 5 beta 1 integrin-mediated cell spreading on
nbronectin. J. Biol. Chem. 268, 21459-21462

53. Richardson, A., Malik, R.K, Hildebrand, J.D., and Parsons, J.T.
(1997) Inhibition of cell spreading by expression of the C-termi-
nal domain of focal adhesion kinase (FAK) is rescued by coex-
pression of Src or catalytically inactive FAK a role for paxillin
tyrosine phosphorylation. Mol. Cell. Biol. 17,6906-6914

54. Petit, V, Boyer, B., Lentz, D., Turner, C.E., Thiery, J.P, Valles,
A.M. (2000) Phosphorylation of tyrosine residues 31 and 118 on
paxillin regulates cell migration through an association with
CRK in NBT-II cells. J. Cell BioL 148,957-970

55. Yano, H., Uchida, H., Iwasaki, T, Mukai, M., Akedo, H., Naka-
mura, K., Hashimoto, S., and Sabe, H. (2000) Paxillin alpha
and Crk-associated substrate exert opposing effects on cell
migration and contact inhibition of growth through tyrosine

J. Biochem.

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


The Interaction ofHic-5 with GIT1 289

phosphorylatdon. Proc Natl. Acad. Sci. USA 97, 9076-9081 58. Kraynov, V.S., Chamberlain, C, Bokoch, G.M., Schwartz, M.A.,
56. Sanders, L.C., Matsumura, F., Bokoch, G.M., and de Lanerolle, Slabaugh, S., and Hahn, KM. (2000) LocaUzed Rac activation

P. (1999) Inhibition of myosin light chain kinase by p21-acti- dynamics visualized in living cells. Science 290, 333-337
vated kinase. Science 283, 2083-2085 59. Al-Awar, O., Radhakrishna, H., Powell, N.N., and Donaldson,

57. Michaely, RA., Mineo, C, Ying, Y.S., and Anderson, R.G. (1999) J.G. (2000) Separation of membrane trafficking and actin re-
Polarized distribution of endogenous Racl and RhoA at the cell modeling functions of ARF6 with an effector domain mutant,
surface. J. Biol. Chem. 274, 21430-21436 Mol. Cell. Biol. 20, 5998-6007

Vol. 132, No. 2,2002

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

