MOLECULAR AND CELLULAR BIOLOGY, May 2005, p. 3763-3773
0270-7306/05/$08.00+0  doi:10.1128/MCB.25.9.3763-3773.2005

Vol. 25, No. 9

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Interaction of Paxillin with Poly(A)-Binding Protein 1 and Its Role in
Focal Adhesion Turnover and Cell Migration

Alison J. Woods,' Theodoros Kantidakis,'t Hisataka Sabe,” David R. Critchley,’
and Jim C. Norman'*

Department of Biochemistry, University of Leicester, Leicester, United Kingdom," and Department of Molecular Biology,
Osaka Bioscience Institute, Suita, Osaka, Japan®

Received 24 May 2004/Returned for modification 29 July 2004/Accepted 10 January 2005

We have previously identified poly(A)-binding protein 1 (PABP1) as a ligand for paxillin and shown that the
paxillin-PABP1 complex undergoes nucleocytoplasmic shuttling. By targeting the paxillin-binding subdomain
sequences in PABP1, we have generated mutants of PABP1 that do not bind to cellular paxillin. Here we report
that paxillin association is necessary for efficient nuclear export of PABP1 and that RNA interference of
paxillin drives the nuclear accumulation of PABP1. Furthermore, ablation of paxillin-PABP1 association
impeded a number of indices of cell motility including spreading on fibronectin, cell migration on two-
dimensional matrices, and transmigration in Boyden chambers. These data indicate that PABP1 must asso-
ciate with paxillin in order to be efficiently transported from the nucleus to the cytoplasm and that this event
is necessary for cells to remodel their focal adhesions during cell migration.

The leading edge or lamellipodium of migrating cells is the
point at which integrins engage the extracellular matrix, an
interaction that leads to integrin clustering into an array of
small multiprotein focal complexes (31) containing an array of
structural and signaling proteins that act to establish and main-
tain the polarity of the migrating cell. The 68-kDa protein
paxillin is an abundant component of focal complexes at the
leading edge of migrating cells. In addition to binding directly
to integrin cytodomains, paxillin contains numerous protein-
binding modules that interact with a variety of structural and
signaling proteins and is therefore classified as a molecular
adaptor or scaffold protein (23). Paxillin has an N-terminal
region with five leucine-rich motifs, termed LD domains, and a
C-terminal portion with four tandem LIM domains. The LIM
domains contain information for targeting paxillin to focal
complexes and can bind directly to tubulin (9). LD domains are
protein-protein interaction motifs with the consensus sequence
LDXXLLXXL, and these mediate the interaction of paxillin
with a number of proteins that regulate cell migration. LD
domains seem to display some degree of selectivity with re-
spect to the ligands they recruit; LD1 binds integrin-linked
kinase and the actin-binding proteins vinculin and actopaxin,
while LD2 associates with focal adhesion kinase (FAK) and
the ARF-GAP protein, p95PKL (23). Based on mutational
analysis, Turner and coworkers (23) have identified the regions
of proteins that associate with the various LD domains and
termed them paxillin-binding subdomains or PBSs.

Using a proteomic approach, we have recently identified an
association between paxillin and the mRNA-binding protein,
PABPI1. Moreover, the paxillin-PABP1 complex undergoes nu-
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cleocytoplasmic shuttling and is localized to sites of translation
in the perinuclear endoplasmic reticulum and at the leading
edge of migrating cells (29). PABP1 consists of an N-terminal
portion that contains four tandem RNA-binding motifs
(RRM) and a C-terminal region with homology to an ubiquitin
E3 ligase, called HYD (Fig. 1A) (12). The RRM domains bind
the mRNA poly(A) tail and also are known to interact with the
elF4G complex at the 5" mRNA cap. This PABP1-elF4G in-
teraction is important for the circularization of mRNA during
translation, and PABP1 is also proposed to participate in
mRNA polyadenylation and nuclear export (12). Interestingly,
PABPI1 contains two regions of sequence with similarity to
proposed PBSs. One of these is in RRM1 (PABP1-PBS1; res-
idues 17 to 30) and has some similarity to the PBS in actopaxin,
and the other is in RRM4 (PABP1-PBS2; residues 345 to 358)
and has similarity to the C-terminal PBS of p95PKL (Fig. 1B).
The three-dimensional structure of RRMI1 and RRM2 of
PABP1 cocrystallized with poly(A)-RNA (6) reveals that
PABP1-PBS1 corresponds to a surface-exposed loop connect-
ing the first B-sheet to the first a-helix of PABP1. None of the
residues in this loop are directly involved with the coordination
of mRNA, making it an excellent candidate for a functional
paxillin-binding site.

To investigate the potential role of paxillin in PABP1 traf-
ficking and the influence of this on cell migration, we have
mutated the PBSs in PABP1. Here we report that mutation of
PBS2 results in a form of PABP1 that is unable to associate
with paxillin within the cell, although its ability to bind mRNA
is unaffected. Mutants of PABP1 with reduced paxillin binding
are inefficiently exported from the nucleus, indicating that pax-
illin plays a role in facilitating the nuclear export of mRNA.
Moreover, expression of these mutant PABP1s markedly in-
creases focal adhesion size and reduces cell spreading and
migration.

MATERIALS AND METHODS
Materials. Monoclonal mouse anti-paxillin and anti-Hic-5 antibodies were
from Transduction Laboratories (BDBiosciences). Rabbit anti-glutathione S-
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FIG. 1. Putative PBSs within PABP1. (A) Domain structure of PABP1, indicating the tandem RRM1 to RRM4 and a C-terminal region with
homology to the hyperplastic disk protein, HYD. The positions of the putative PBS1 (residues 17 to 30) and PBS2 (residues 345 to 358) and the
binding sites for elF4G and PAIP1 are indicated. (B) Sequence alignment of the putative PBSs of PABP1 with the PBSs of actopaxin and p95PKL.
Residues identical to actopaxin or p95PKL are shown in green, and those with similarity are shown in blue. The amino acid substitutions introduced
into the PABP1-PBS1®N and PABP1-PBS2®N mutants are shown in red.

transferase GST and anti-HA and mouse monoclonal anti-HA antibodies were
from Santa Cruz Biotechology (Santa Cruz, Calif.). Fluorescein isothiocyanate
FITC-conjugated goat anti-mouse and anti-rabbit immunoglobulins were from
Southern Biotechnology (Birmingham, Ala.). Magnetic sheep anti-mouse immu-
noglobulin G IgG Dynabeads (Dynal, Oslo, Norway) and bovine serum albumin
(BSA) were from First Link (United Kingdom) Ltd. Enhanced chemilumines-
cence reagents were from Pierce and Warriner Ltd. (Chester, United Kingdom).
Cell culture medium was from Life Technologies (Rockville, Md.), and fetal calf
serum was from Sera-Q (Tunbridge Wells, United Kingdom). Cell culture plas-
tics including transwell inserts and chambers were from Nunc A/S (Roskilde,
Denmark). Fugene 6 transfection reagent was from Roche Diagnostics GmbH
(Mannheim, Germany). Nucleofector and nucleofection reagents were from
Amaxa GmbH (Koeln, Germany). All other reagents were purchased from
Sigma Chemical Co. (Poole, United Kingdom).

Expression plasmids. The human sequence (residues 1 to 636) of PABP1, the
indicated PABP1 mutants, and enhanced green fluorescent protein (EGFP)-
tagged PABP1 (generated by PCR) were cloned into the pcDNA3 vector.
EGFP-paxillin-a and -B were in the pEGFP-CI1 vector as described previously
(13). The mUG6pro vector was used for the expression of RNA duplexes (21). A
gene-specific sequence exclusive to murine paxillin was targeted (5'-CCCTGA
CGAAAGAGAAGCCTA-3"). All plasmids were purified by CsCl banding prior
to transfection.

Cell culture and transfection. Swiss and NIH 3T3 mouse fibroblasts were
grown in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal calf
serum as described previously (19) and transfected with Fugene 6 as specified by
the manufacturer. The ratio of Fugene 6 to DNA was maintained at 3 pl of
Fugene 6 to 1 ug of DNA. Where indicated, transfections were carried out using
the Amaxa Nucleofector system. Briefly, cells were grown to 80% confluence,
detached by trypsinization, washed in phosphate-buffered saline, and resus-
pended in Amaxa solution R together with 5 ug of DNA. Following electropo-
ration (in the Nucleofector [program T-20]), the cells were replated and all
experiments were carried out 24 h posttransfection. The efficiency of transfection
in the Nucleofector was determined by immunofluorescence to be >90%.

Expression and purification of paxillin and PABP1 fusion proteins. The hu-
man sequence of PABP1 (residues 1 to 636) and the indicated PABP1 mutants
were cloned into BamHI and Sacl sites of the His-tagged bacterial expression
vector pET15 (Qiagen). PET15-PABP1 was transformed into Escherichia coli
strain BL-21, grown to a density of 0.3 (optical density at 600 nm) at 37°C, and
then induced with 0.5 mM isopropyl-B-p-thiogalactopyranoside (IPTG) for a
further 2 h at 22°C. E. coli was lysed in a French press in a buffer containing 20
mM morpholinepropanesulfonic acid (MOPS) buffer (pH 7.4), 0.5 M NaCl, 20
mM imidazole, 2 mM benzamidine, 30 pg of leupeptin per ml, 15 ug of aprotinin
per ml, and 1 mM 4-(2-aminoethyl)benzynesulfonyl fluoride (AEBSF). Then
1.0% Igepal CA-630 was added, the lysates were clarified by centrifugation, and
His-PABP1 was recovered by incubation with 50% nitrilotriacetate-agarose
beads for 1 h at 4°C. His-PABP1 was eluted with a buffer containing 100 mM
EDTA at 4°C and dialyzed against phosphate-buffered saline (pH 7.4). The
construct encoding GST-tagged human paxillin (residues 1 to 591) was expressed
and purified as described previously (29).

Immunoprecipitations and pull-down assays. Cells were grown to 60% con-
fluence, washed twice in ice-cold phosphate-buffered saline, and lysed in a buffer
containing 200 mM NaCl, 75 mM Tris-HCI (pH 7.0), 15 mM NaF, 1.5 mM
Na;VO,, 7.5 mM EDTA, 7.5 mM EGTA, 1.5% (vol/vol) Triton X-100, 0.75%
(vol/vol) Igepal CA-630, 50 pg of leupeptin per ml, 50 pg of aprotinin per ml, and
1 mM AEBSF (1.14 pl/cm? [culture area]). The cells were scraped from the dish
with a rubber policeman, and lysates were passed three times through a 27-gauge
needle and centrifuged at 10,000 X g for 10 min at 4°C. For immunoprecipita-
tions, magnetic beads conjugated to sheep anti-mouse IgG were blocked in
phosphate-buffered saline containing 0.1% (wt/vol) BSA and then bound to
mouse anti-paxillin, anti-HA or the control IgG1 antibody, MOPC. For pull-
down assays, anti-mouse-conjugated magnetic beads were bound to mouse anti-
rabbit IgG followed by rabbit anti-GST and finally GST or GST-paxillin (residues
1 to 591). Magnetic beads that were coated with antibodies or GST fusion
proteins were incubated with lysates for 2 h at 4°C with constant rotation.
Unbound proteins were removed by extensive washing in lysis buffer, and coim-
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FIG. 2. Invitro association of mutant PABP1s with paxillin and poly(A). Purified recombinant His-tagged PABP1 and the indicated PABP1 mutants
(see Fig. 1), were incubated with magnetic beads conjugated to GST, GST-paxillin (A), or poly(A)-RNA (B) in a buffer containing 1.5% (vol/vol) Triton
X-100 and 1% (wt/vol) BSA. Coprecipitating proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by
Western blotting with antibodies recognizing the hexa-His epitope (6XHis). The loading of the GST fusion proteins was confirmed by Western blotting
for GST. The His-tagged 482-655 fragment of talin was included as a negative control for poly(A) binding in panel B. WT, wild type.

munoprecipitating material was analyzed by Western blotting as described pre-
viously (20).

Immunofluorescence. For immunofluorescence analysis, cells were fixed in 4%
(wt/vol) paraformaldehyde in phosphate-buffered saline for 20 min at room
temperature and permeabilized with 0.2% (vol/vol) Triton X-100 in phosphate-
buffered saline for 5 min, and nonspecific binding sites were blocked for 1 h with
phosphate-buffered saline containing 1% (wt/vol) BSA. The cells were incubated
with the primary antibodies at room temperature for 1 h. Detection was with
FITC- or Texas red-conjugated secondary antibodies. The actin cytoskeleton was
visualized by counterstaining with FITC- or Texas red-conjugated phalloidin in
phosphate-buffered saline for 10 min at room temperature. Coverslips were
mounted in Profade antifade mountant (Molecular Probes) and viewed on a
Leica confocal laser-scanning microscope, with EGFP fluorescence being col-
lected into the fluorescein channel.

Cell-spreading assays. Tissue culture plates (24 wells) were coated overnight
at 4°C with fibronectin (20 pg/ml) and then blocked with 2% (wt/vol) BSA. Cells
were transfected with PABP1 or mutant PABPIs in conjunction with a B-galac-
tosidase expression construct, and 24 h later the cells were harvested by
trypsinization and collected by centrifugation in the presence of 20 pg of soya-
bean trypsin inhibitor per ml. The cell suspensions were added immediately to
fibronectin-coated wells in serum-free DMEM containing 10 ng of PDGF-BB
per ml. The cells were allowed to attach for 60 min, and nonadherent cells were
removed by six washes with phosphate-buffered saline. Attached cells were fixed
for 1 min in 0.2% glutaraldehyde containing 5 mM EGTA, and B-galactosidase-
expressing cells were visualized by incubation with 5 mM potassium ferricyanide
and 1 mg of 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) per ml
overnight at 37°C. To obtain an index of cell spreading, the area of cells express-
ing B-galactosidase was determined by delineation of the cell envelope, using
NIH Image software (21).

Migration assays. For wound-healing assays, NIH 3T3 fibroblasts were trans-
fected with PABP1 or mutant PABP1s by using the Amaxa Nucleofector, plated
on 3-cm tissue culture plates, and allowed to grow to confluence over 24 h.
Crosses were scraped into the confluent monolayer by using a plastic pipette tip.
The cells were washed with phosphate-buffered saline and allowed to migrate in
DMEM supplemented with 1% (vol/vol) fetal calf serum and 10 ng of PDGF-BB
per ml at 37°C. Photographs of the wounds were taken at 0, 6, 14, and 28 h
postwounding. Wound closure was determined by quantification of these images
using NIH image software. For transmigration assays, cells were transfected with
PABP1 or mutant PABP1s using the Amaxa Nucleofector and seeded into the
top well of a Boyden chamber by using Transwell filter inserts that had been
coated with 10 ug of fibronectin per ml on the lower surface. Migration was
allowed to proceed for 3 h at 37°C with 100 ng of LPA added to the lower
chamber. The number of cells that had migrated to the lower chamber was

determined by staining with 1% toludine blue and expressed as a proportion of
the total quantity of cells added to the assay. For time-lapse fluorescence video
microscopy, cells transfected with EGFP-tagged PABP1s were plated onto cov-
erslips coated with 3 pg of fibronectin per ml and incubated for 1 h at 37°C. The
cells were then transferred to a heated microscope stage, and their migration was
observed by fluorescence time-lapse video microscopy in the presence of 10 ng of
PDGF-BB per ml. Images were collected at 1-min intervals for 12 min.

RESULTS

The PBS2 sequence in PABP1 is required for association
with cellular paxillin. To investigate the role of the PBS-like
sequences in PABP1 in paxillin binding, we generated His-
tagged PABP1 (wild type) and variants thereof with mutations
in PBS1 (PABP1- PBS1®Y), PBS2 (PABP1-PBS2RM), and
both PBS1 and PBS2 (PABP1-PBS1/2%Y) (Fig. 1B). Pull-down
assays indicated that mutation of either PBS1 or PBS2 was
insufficient to negate the binding of purified His-PABP1 to
GST-paxillin (Fig. 2A). However, if both PBSs were disrupted
(PABP1-PBS1/2R™), paxillin binding was lost (Fig. 2A) with-
out affecting binding of the protein to poly(A)-RNA (Fig. 2B).
These data indicate that regions of PABP1 within the RRM1
and RRM4 domains (Fig. 1) have the potential to bind to
purified paxillin and to do so independently of one another.

To assess the contribution that these sequences make to the
association of PABP1 with paxillin within the cell, we ex-
pressed PABP1 and PABP1 PBS mutants as HA-tagged pro-
teins in NIH 3T3 fibroblasts. Lysates from cells expressing
these proteins were incubated with GST-paxillin or subjected
to immunoprecipitation with anti-paxillin antibodies. The im-
mobilized material was then analysed by Western blotting. In
this cellular context, mutation of PBS2 alone was sufficient to
abrogate the association of PABP1 with paxillin, as determined
using both GST-paxillin pull-down (Fig. 3A) and paxillin im-
munoprecipitation (Fig. 3B) assays. To further confirm this
finding, we coexpressed GFP-paxillin with HA-PABPI-
PBS1R*™ or HA-PABP1-PBS2®™ and immunoprecipitated the



3766 WOODS ET AL.

A

Z z %3 z z %‘3
T @ @ - B 2 =
h ’ i .
=228 =z EE Z
Blot:  kDa
HA 116=
9?- i
- <«—PABP1-HA
<“—1gG HC
Tot -
kDa
Blot: 68= —— . s | e (ST - Pax
GST
45 =
2= - J-A- «—GST
=
7]
O GST-Pax
Pull-down
C : g
—
;’ £ a1 RN Sy RN
£ 2 pBSI®Y _PBS2
Blot:  kDa
GFP  [16= | — — «—GFP-Pax
97 =
i S| —cuc
45= |
Blot:  kDa
HA 116=
97 = '
sgml==| —=— —=|e—ranrim
45=-
Tot Y E 9T E
T 2= 2
=) < o ]
=3z 2%3
EE %
I —
P

Blot:
HA

Blot:

MoL. CELL. BIOL.

]
Z Z Q
— -~ —
e 2 2 2
= [ a B
- .- <«—PABFPI-HA
5=
kDa
Pax 1l6=
97
YT Y
45=
- e - b-
O U ow Do o
Tot s25%3%3¢%
=EEEE SE=E
L = L3 =
1P

FIG. 3. Association of mutant PABP1s with paxillin in fibroblast lysates. NIH 3T3 fibroblasts were transfected with HA-tagged PABP1 and the
indicated PABP1 mutants in the absence (A and B) and presence (C) of EGFP—paxillin-f. The cells were then grown to 60% confluence over 24 h,
lysed in a buffer containing 1.0% (vol/vol). Triton X-100 and 0.5% (vol/vol) Igepal CA-630, and clarified by centrifugation. Lysates were incubated
with magnetic beads conjugated to GST, GST-paxillin (pull-down) (A), a control IgG, (MOPC) (B and C) anti-paxillin monoclonal antibody
(anti-Pax) (B), a mouse monoclonal anti-IIA antibody [anti-HA(m)] (C), or a rabbit polyclonal antibody recognizing the HA epitope [anti-HA(r)]
(C) for 2 h at 4°C. Coprecipitating proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by Western
blotting with antibodies recognizing the HA epitope, paxillin, or GFP as indicated. The loading of the GST fusion proteins, paxillin, and PABP1
was confirmed by Western blotting for GST, paxillin, and anti-HA respectively (lower panels). The migration positions of paxillin, EGFP-paxillin
(GFP-Pax), PABPI, and the 50-kDa IgG heavy chain (IgG-HC) are shown. The asterisk indicates the presence of a paxillin-immunoreactive band
that contains ubiquitin as determined by Western blotting (not shown). IP, immunoprecipitation; WT, wild type.

HA-tagged PABP1 by using either mouse monoclonal or rab-
bit polyclonal anti-HA antibodies. Western blotting of these
immunoprecipitates indicated that GFP-tagged paxillin coim-
munoprecipitated with PABP1- PBS1®Y but not with PABP1-
PBS2®N (Fig. 3C). Taken together, these data indicate that
although both PBS1 and PBS2 sequences in PABP1 have the
potential to bind purified paxillin in vitro, PBS2 is the key
determinant for association of PABP1 with cellular paxillin.
Following overexpression of either wild-type PABP1 or
PABP1-PBS1®N (but not PABP1-PBS2®Y), an additional
higher-molecular-weight form of immunoreactive paxillin was
detected in the paxillin immunoprecipitates (Fig 3B; asterisk).
Western blotting indicated that this may represent a ubiquiti-

nylated form of paxillin (not shown). Ubiquitinylation of pax-
illin has been reported previously (7), and our data suggest that
association with PABP1 may promote this post-translational
modification. Furthermore, we have consistently found that
overexpression of wild-type PABP1 and PABP1-PBS1®N (but
not PABP1-PBS2R®™ or PABP1-PBS1/2%Y) increased the ap-
parent efficiency of the paxillin immunoprecipitation by ap-
proximately twofold (Fig. 3B; lower panel); this may be due to
the ability of PABP1 to self-associate (14).

Paxillin association is required for efficient nuclear export
of PABP1. We used fluorescence microscopy to study the dis-
tribution of mutant PABP1s expressed in NIH 3T3 fibroblasts.
Wild-type HA-tagged PABP1 presented a predominantly cy-
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FIG. 4. Subcellular localization of PABP1 with mutated PBS sequences. (A to D) NIH 3T3 fibroblasts were transfected with HA-tagged PABP1
(WT) or the indicated HA-PABP1 mutants, fixed, and stained with anti-HA followed by a Texas red-conjugated secondary antibody. Bar, 20 pm.
(E) The proportion of cellular PABP1 present in the nucleus was determined by quantification of confocal images. Values are mean and standard

error of the mean.

toplasmic distribution (Fig. 4A), which was indistinguishable
from that of endogenous PABP1 (not shown), indicating ap-
propriate localization of this epitope-tagged protein. Quanti-
fication of three-dimensional reconstructions of confocal im-
age stacks indicated that less than 5% of cellular PABP1 was
present in the nucleus (Fig. 4E). PABP1-PBS1®N, a mutant
that associates with cellular paxillin, had an intracellular dis-
tribution similar to that of the wild-type protein (Fig. 4B) and
colocalized closely with paxillin in the perinuclear region (Fig.
5A). By contrast, mutants of PABP1 that do not associate with
paxillin have an altered intracellular distribution. Approxi-
mately 40% of cellular PABP1-PBS2®™ and PABP1-PBS1/2R*Y
accumulated in the nucleus (Fig. 4C to E) and had reduced
colocalization with paxillin in the cytoplasm (Fig. 5B). In ad-
dition, it is notable that the size (Fig. 5C) and paxillin content
(Fig. 5D) of focal adhesions was increased by the expression of
PBS2 mutants of PABP1.

To determine whether the altered nucleocytoplasmic distri-
bution of these mutant PABP1s was owing to their inability to
associate with paxillin, we employed RNA interference
(RNAI) to suppress the cellular levels of paxillin. Expression of
the paxillin RNAi vector (mu6bpro-PAX) reduced levels of

paxillin (but not the paxillin family member Hic-5) by at least
10-fold, and a control hairpin RNA (mu6pro-CON) was inef-
fective in this regard (Fig. 6A). We therefore determined the
effect of mu6bpro-PAX on the nucleocytoplasmic distrubution
of PABP1. Indeed, RNAI of paxillin strongly promoted the
accumulation of PABP1 within the nucleus (Fig. 6B to D), and
this could be rescued by expression of GFP—paxillin-a (Fig.
6E) and GFP—paxillin-g (Fig. 6F) but not by GFP (Fig. 6G) or
an empty vector control (Fig. 6D). Quantification of confocal
images indicated that the degree of nuclear accumulation of
PABPI1 that occurred following paxillin RNAi was similar to
that found for the PBS2 mutants of PABP1 (Fig. 6H). Addition
of leptomycin B (which blocks nuclear export of PABP1 and
paxillin [29]) caused paxillin, PABP1, and mutants of PABP1
to accumulate in the nucleus (data not shown). These data
indicate that although the nuclear import of PABP1 does not
require paxillin association, PABP1 must recruit paxillin in
order to be efficiently exported to the cytoplasm.
Paxillin-PABP1 association is required for normal cell
spreading and migration. The ability of PABP1 to repress its
own synthesis has been reported previously and is owing to its
ability to associate with the 5" untranslated region (UTR) of
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FIG. 5. Expression of mutant PABP1s influences the size of paxillin-containing focal adhesions. (A and B) Cells were transfected with
HA-PABP1-PBS1®N or HA-PABP1-PBS2RN in combination with EGFP-paxillin, fixed, and stained with anti-HA (red), with EGFP-paxillin being
visualised directly (green). Images are presented as an extended focus projection of serial confocal images from a Z-stack, in which all points of
the cell are seen as “in focus.” The images shown in panels A to A” and B to B” are representative examples of PABP1-PBS1*N-and
PABP1-PBS2RN-expressing cells respectively. Bar, 10 um. (C and D) NIH 3T3 fibroblasts were transfected with PABP1 (WT) or the indicated
PABP1 mutants by using the Amaxa Nucleofector, fixed, and stained for paxillin by indirect immunofluorescence. The size (C) and paxillin content
(D) of paxillin-containing focal adhesions were assessed by quantification of confocal images. Values are mean and standard error of the mean.

the PABP1 mRNA (30). Indeed, the expression of recombi-
nant PABP1 or mutant PABP1s results in suppression of en-
dogenous PABP1 levels (Fig. 7A) and this phenomenon has
allowed us to evaluate the effect of mutant PABP1s on cellular
physiology. Following transfection with PABP1-PBS1®N, NIH
3T3 fibroblasts were found to spread on fibronectin to the
same degree as cells expressing the wild-type protein (Fig. 7B
and C). However, spreading of cells expressing PABP1s with
the PBS2 sequence mutated was suppressed by approximately
40% (Fig. 7B and C). Indeed, this suppression of cell spreading
was similar to that seen following paxillin RNAI or leptomycin
B treatment (Fig. 7C). To analyze this in more detail, we used
immunofluorescence microscopy and determined the distribu-
tion of paxillin following engagement with the extracellular
matrix. Cells expressing wild-type PABP1 (data not shown) or
PABP1-PBS1®N spread rapidly on fibronectin and assembled
paxillin-containing focal adhesions in a radial array (Fig. 7D),
which subsequently moved centripetally to cover the underside
of the cell (Fig. 7E). This indicated that focal adhesions are
rapidly remodeled following matrix engagement, thus facilitat-
ing cell spreading. In cells expressing PABP1-PBS2R*Y (Fig.
7F) or PABP1-PBS1/2®Y (data not shown), paxillin was re-
cruited to focal contacts shortly after engagement with the
matrix. However, these structures did not remodel at a speed
sufficient to support rapid cell spreading (Fig. 7G), and exam-
ination of phase-contrast images indicated that cells expressing

PABP1-PBS2®Y spread asymmetrically and that this seemed
to proceed via the extension of abnormal processes (Fig. 7B;
arrowed in enlarged panels) as opposed to the assembly of a
well-organized lamella.

Given a requirement for paxillin-PABP1 interaction in cell
spreading, we reasoned that expression of mutant PABP1s
would be likely to compromise cell migration. NIH 3T3 fibro-
blasts were transfected with PABP1 or the PBS mutants of
PABP1 by using the Amaxa Nucleofector, and confluent
monolayers were wounded with a plastic pipette tip. Cells
expressing PABP1 or the PBS1 mutant of PABP1 (which binds
to paxillin) closed the wound by 28 h (Fig. 8A and B). In
contrast, cells expressing PABP1-PBS2R™ had reduced migra-
tion and were able to achieve only 30% wound closure after
28 h (Fig. 8A and B). Inability of cells to migrate into a wound
may indicate either a reduction in the speed of cell transloca-
tion or a defect in the directionality of migration. For instance,
appropriate localization of B-actin mRNA is not required for
cells to attain normal migration speeds but is essential to the
directionality and persistence of cell translocation (22). To
resolve this, cells transfected with GFP-tagged PABP1 mutants
were plated onto fibronectin and analyzed using time-lapse
video microscopy. Cells expressing GFP-tagged PABPI-
PBS1®N exhibited a typical polar migratory morphology and
migrated at a speed of approximately 1.0 to 1.5 wm min~* (Fig.
8C). In contrast, cells expressing PABP1-PBS2R™ were more
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were transfected with mu6pro-CON or mu6pro-PAX by using the Amaxa Nucleofector. The cells were lysed 24 h following transfection, and the
lysates were probed for the presence of paxillin, vinculin, Hic-5, and actin by Western blotting. (B to G) Cells were transfected with HA-PABP1
in combination with mu6pro-CON (B) or mu6pro-PAX (C) or with HA-PABP1 and mu6pro-PAX in combination with pcDNA3 (D), GFP-
paxillin-a (E), GFP-paxillin-B (F), or GFP (G). The cells were fixed 24 h following transfection and stained with anti-HA followed by a Texas
red-congugated secondary antibody (red). Paxillin was stained with an anti-paxillin monoclonal antibody followed by a FITC-conjugated secondary
antibody (B to D; green), or GFP was visualized directly (E to G; green). The plane of focus is 2.5 wm above the level of the substratum. Bar, 20
wm. (H) The proportion of cellular PABP1 present in the nucleus was determined by quantification of confocal images. Values are mean and

standard error of the mean.

rounded and continuously extended and retracted plasma
membrane ruffles and small lamellipodia in a disorganised
fashion, while the cell body appeared to be tethered to the
substratum (Fig. 8C). To test the requirement for paxillin-
PABP1 interaction in transmigration, Boyden chamber assays
were performed. Consistent with the wound-healing assays and
time-lapse video microscopy, PABP1-PBS2®N-expressing cells
migrated toward fibronectin at a significantly reduced rate
(Fig. 8D). Taken together, these data indicate that association
of paxillin with PABP1 is essential for cell migration.

DISCUSSION

To investigate the significance of paxillin-PABP1 interaction
within the cell, we have now mapped two paxillin-binding sites

in PABP1 and generated mutants that are defective in paxillin
binding. Mutations in PBS2 that abolished the binding of
PABPI1 to paxillin within the cell, or RNAI of paxillin resulted
in altered nucleocytoplasmic trafficking of PABP1 that accu-
mulated in the nucleus. Expression of mutants of PABP1 that
are deficient in paxillin binding compromised PDGF-induced
focal adhesion remodeling and led to a significant reduction in
cell spreading and migration on fibronectin, in both wound
healing and Boyden chamber assays.

Nature of the paxillin-PABP1 interaction. The sequences
proposed to interact with paxillin LD motifs (termed PBSs)
have been identified by mutational and deletion analysis of a
number of paxillin ligands, including vinculin, FAK, actopaxin,
and p95PKL (23). Therefore, identification of potential paxil-
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FIG. 7. Effect of mutant PABP1s on cell spreading. (A) NIH 3T3 fibroblasts were transfected with GFP-PABP1 or the indicated mutants of
GFP-tagged PABP1 by using the Amaxa Nucleofector, which resulted in expression of tagged protein in >90% of the cells. Cells were grown to
60% confluence over 24 h, lysed, and analyzed by Western blotting with antibodies recognizing PABP1. The migration positions of endogenous
PABP1 and GFP-PABP1 are indicated. These data indicate that expression of recombinant PABP1 or mutant PABP1s reduces the cellular content
of endogenous PABPI. (B) Cells were transfected with PABP1 (WT), PABP1-PBS1*N, PABP1-PBS2®™, or PABP1-PBS1/2%N by using the Amaxa
Nucleofector. Following trypsinization, the cells were allowed to adhere to wells coated with 20 ng of fibronectin per ml and then fixed and
photographed under phase-contrast microscopy. The areas encompassed by the white boxes are enlarged four-fold in the right-hand panels. Bars,
20 pm. (C) Cells were transfected with a B-galactosidase transfection marker in combination with the indicated PABP1 and paxillin RNAi
constructs. Following trypsinization, the cells were allowed to adhere to fibronectin for 1 h in the absence and presence of 10 nM leptomycin B
and then fixed and stained for B-galactosidase expression. Stained cells were photographed with a digital camera, and the area of transfected cells
was determined by delineation of the cell envelope using NIH image software. The data are expressed as a percentage of the cell area of wild-type
PABP1 expressing cells, dimethyl sulfoxide (DMSO) control, or mu6pro-CON-expressing cells as appropriate Values are mean and standard error
of the mean. (D to G) Cells were transfected with HA-PABP1-PBS1®N or HA-PABP1-PBS2®N and allowed to grow to 60% confluence over 24 h.
They were trypsinized and allowed to adhere to fibronectin-coated coverslips for 15 min (D and F) or 30 min (E and G) prior to fixation.
Recombinant PABP1s were visualized with anti-HA followed by a Texas red-congugated secondary antibody (red), and paxillin was stained with
an anti-paxillin monoclonal antibody followed by an FITC-conjugated secondary antibody (green). For the paxillin staining, the plane of focus is
at the level of the substratum, and for images showing HA-PABPIs, the plane of focus is centered 2.5 pm above the coverslip. Bar, 10 pm.

lin-binding sites in PABP1 was initially based on sequence
alignments with these proteins, and short sequences in RRM1
and RRM4 of PABP1 were found that matched the PBSs of
actopaxin and p957™", respectively. Interestingly, these se-
quences are conserved in species from Xenopus to human that
express paxillin or paxillin homologues but are not present in
PABP1 of yeast, an organism that lacks paxillin. Subsequent
mutagenesis confirmed that these PBSs are key determinants
of the interaction between PABP1 and paxillin. Nevertheless,
recent nuclear magnetic resonance spectroscopy (NMR) and

crystallographic studies of the interaction between paxillin and
FAK (1, 10) warn against a simple model for the interaction
between paxillin LD motifs and their various binding partners.
The FAK-paxillin interaction involves two hydrophobic
patches on opposite faces of the FAK four-helix bundle, and
the residues previously proposed to comprise the PBSs are not
directly involved in contacting the paxillin LD domains. Simi-
larly, our preliminary NMR studies indicate that although a
single paxillin LD domain binds PABP1, a tandem array of two
paxillin LD motifs binds far more tightly (data not shown).
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Further studies are required to provide a more detailed ac-
count of the intermolecular contact between paxillin and
PABP1.

Interestingly, the nature of the paxillin-PABP1 interaction in
vitro differs somewhat from that within the cell. When the
interaction between purified proteins was studied, mutation of
both PBS1 and PBS2 in PABP1 was required to abolish paxillin
binding. However, only PBS2 was required for the interaction
of PABP1 with paxillin in NIH 3T3 cells. This raises the pos-
sibility that within the cell, the PBS1 in PABP1 is occupied by
an alternative LD domain-containing protein. LD domains
have been identified in proteins other than those of the paxillin
family, and binding of some of these to PBS sequences in
target proteins is known to be mutually exclusive. For instance,
binding of the LD domain protein E6-AP ubiquitin ligase to
E6 protein is blocked by paxillin (25), and it will be important
to establish whether the PBS1 in PABPI recruits an LD do-
main-containing protein other than paxillin. Candidate pro-
teins include the ubiquitin E3 ligase hyperplastic disk protein
(HYD), which has homology to the C-terminal region of
PABP1 (12). Paxillin ubiquitinylation has been proposed to
displace it from focal adhesions (7), and our evidence suggests
that association of paxillin with PABP1 promotes paxillin ubig-
uitinylation and is also required for efficient focal adhesion
turnover.

Paxillin and PABP1 nucleocytoplasmic shuttling. PABP1
mutants that do not associate with cellular paxillin accumulate
in the nucleus. Since we can demonstrate no requirement for
paxillin-PABP1 association in the nucleocytoplasmic shuttling
of paxillin or the nuclear import of PABP1, we conclude that
paxillin associates with PABP1 in the nucleus and facilitates its
export to the cytoplasm. The fact that leptomycin B traps
paxillin-PABP1 within the nucleus (29) indicates that it uses
the CRM1-exportin pathway to exit the nucleus (28). Proteins
with Rev-like leucine-rich nuclear export signal motifs gener-
ally utilize the CRM1 pathway, but no such sequence is present
in PABP1, indicating that it is likely to leave the nucleus by
virtue of nuclear export information contained within one of its
binding partners. There are two sequences in paxillin that
conform to the consensus (L***L**L**@) NES found in a
number of proteins including c-Abl, PKI-a, PKI-B, Trip6, and
LPP (26). One of these is located in paxillin LD2, and the other
is near LD5. Our preliminary data indicate that the putative
NES in LD2 is not on its own sufficient to mediate paxillin
export, and further studies are needed to establish whether
paxillin contains a functional NES.

PABPI1 is thought to bind mRNAs in the nucleus, thereby
determining the length of the poly(A) tail. It is also reported to
facilitate the export of mature mRNAs and their associated
proteins (mRNPs) to the cytoplasm (12). The fact that paxillin
is involved in the nucleocytoplasmic shuttling of PABP1 there-
fore suggests that paxillin plays a role in exporting PABP1 and,
by inference, mRNAs. We have also shown that polypyrimi-
dine tract binding protein-associated splicing factor is associ-
ated with the paxillin-PABP1 complex (29), although whether
such a complex plays a role in the splicing of specific transcripts
awaits further investigation.

Paxillin and PABP1 localization in the cytoplasm. Once
PABPI has been exported from the nucleus, it must be local-
ized to the appropriate compartment, and it is interesting that
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much of the cellular pool of paxillin colocalizes with PABP1 in
the endoplasmic reticulum (29). Moreover, PABP1 (but not
PABP2) colocalizes with paxillin at the leading edge of cells,
and in situ hybridization studies suggest that focal adhesions
contain mRNAs and also ribosomes (4). Thus, paxillin may
also be involved in localizing PABP1 to sites involved in pro-
tein biosynthesis.

PABP1 mediates the circularization of mRNA during trans-
lation, and the PABP1 RRM1/2 domains associate with eIF4G
of the translation complex (12). It is notable that eIF4G and
elF4E are absent from paxillin immunoprecipitates, indicating
that paxillin is not part of the translation complex and suggest-
ing that binding of paxillin and eIF4G to PABP1 is mutually
exclusive. Indeed, since mRNAs are thought to be translation-
ally repressed during transport (16), the various protein-pro-
tein interactions within mRNA transport complexes are likely
to prevent association with the translational machinery, and
paxillin may fulfil this role. Paxillin present in PABP1 immu-
noprecipitates is hypophosphorylated in comparison to total
cellular paxillin (data not shown), suggesting that it is the
nonphosphorylated form of paxillin that transports PABP1 out
of the nucleus. Paxillin is extensively phosphorylated on both
serine/threonine and tyrosine residues, and this is known to be
one of the mechanisms by which the activity of the protein is
regulated (24). It is therefore possible that phosphorylation of
paxillin in the endoplasmic reticulum or at the lamellipodium
triggers the release of PABP1, thereby activating translation.

Is paxillin involved in mRNA localization within cells? Cells
expressing PABP1-PBS2 mutants have well-defined effects on
cell physiology, indicating that it is unlikely that binding of
paxillin to PABP1 is required for global protein synthesis.
Thus, although cell migration and focal adhesion remodeling
are reduced, two-dimensional gel analysis reveals that the
overall pattern of cellular protein expression is unchanged
following disruption of the paxillin-PABP1 interaction (data
not shown), suggesting that the paxillin-PABP1 interaction
must play a more specific role within the cell. In addition to
binding poly(A) tracts, PABP1 can selectively bind to a subset
of mRNAs. It can bind regions in the 5 UTR of its own
mRNA thereby repressing its own translation (30), and it has
also been shown to bind to sequences in certain 3’ UTRs, e.g.,
the dendritic localizer sequence of the vasopressin mRNA, and
to be involved in the subcellular localization of this mRNA
(15). It is therefore tempting to speculate that paxillin is in-
volved in the targeting of a subset of PABP1-mRNA com-
plexes within the cell. Given that the PABP1 RRM4 domain
has a preference for sequences other than poly(A) (3), it is
perhaps significant that it is this domain that associates with
cellular paxillin. It will be interesting to determine whether
paxillin is able to influence the mRNA species recruited to
PABP1 and whether these are enriched in transcripts for pro-
teins that are involved in cell adhesion and migration.

The concept that certain mRNAs are selectively localized
within the cell is well established and is known to be crucial to
development in Drosophila and Xenopus. Moreover, cytoskel-
etal elements are thought to be involved in this process (2).
Interestingly, proteins of the VICKZ family of RNA-binding
proteins appear to coordinate the transport and localization of
mRNAs with cell migration (8, 17). For example, the protein
ZBP1 is thought to shuttle B-actin mRNA to the leading edge
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of migrating fibroblasts (18), and IMP1, which binds the insu-
lin-like growth factor II mRNA, is also localized to the leading
edge in migrating cells (17). Delocalization of the B-actin
mRNA either by microinjection of antisense oligonucleotides
corresponding to the 3’ UTR of B-actin mRNA (22) or by
overexpressing the regions of ZBP (KH domains 1 to 4) that
bind to this mRNA (8) affects fibroblast migration. As a con-
sequence, directional cell movement is compromised and the
migration speed is reduced somewhat.

However, ablation of the paxillin-PABP1 interaction inhibits
cell migration in a way that is more reminiscent of FAK ™/~
mouse embryo fibroblasts, which exhibit profoundly decreased
rates of spreading and migration and more abundant and
larger focal adhesions (11). These migratory defects are ac-
counted for by a 10-fold reduction in the rate of focal adhesion
disassembly (27), and we show here that cells expressing
PABP1-PBS2R™ have larger focal adhesions and appear to be
incapable of remodeling these during cell spreading. Thus, our
results support a role for the paxillin-PABP1 complex in a
pathway that is required for focal adhesion remodeling. One
possibility is that the paxillin-PABP1 complex targets mRNAs
encoding proteins that regulate focal adhesion dynamics dur-
ing cell spreading and migration. Indeed, a recent proteomic
study has found PABP1 to be one of a range of mRNA-binding
proteins that associate with focal adhesion components during
the early stages of cell spreading (5). These workers propose
these interactions to occur within a novel type of adhesive
structure, termed a spreading initiation center, and report that
they are rich in a number of transcripts, including rRNAs,
suggesting that actively translating ribosomes are recruited to
the initial points of cell contact with the extracellular matrix
(5). It is possible that the paxillin-PABP1 complex is found
within such a structure and that it contributes to the localiza-
tion of mRNA during cell spreading and migration, but we do
not rule out alternative roles for the paxillin-PABP1 interac-
tion in focal adhesion turnover. The fact that this interaction
appears to be correlated with paxillin ubiquitinylation is of
interest in this regard. Whether this reveals a novel function
for PABP1 or whether this, too, is linked to the well-estab-
lished role of PABP1 in binding mRNAs remains to be estab-
lished.
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