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Paxillin is a focal adhesion-associated protein that
functions as a multi-domain adapter protein, binding
several structural and signaling molecules. a-Tubulin
was identified as an interacting protein in a two-hybrid
screen using the paxillin C-terminal LIM domain as a
bait. In vitro binding assays with glutathione S-transfer-
ase-paxillin demonstrated an interaction of a-tubulin
with the C terminus of paxillin. Another member of the
tubulin family, g-tubulin, bound to both the N and the C
terminus of paxillin. The interaction between paxillin
and both a- and g-tubulin in vivo was confirmed by co-
immunoprecipitation from human T lymphoblasts. Im-
munofluorescence studies revealed that, in adherent T
cells, paxillin localized to sites of cell-matrix interaction
as well as to a large perinuclear region. Confocal micros-
copy revealed that this region corresponds to the lym-
phocyte microtubule organizing center, where paxillin
colocalizes with a- and g-tubulin. The localization of
paxillin to this area was observed in cells in suspension
as well as during adhesion to integrin ligands. These
data constitute the first characterization of the interac-
tion of paxillin with the microtubule cytoskeleton, and
suggest that paxillin, in addition to its well established
role at focal adhesions, could also be associated with the
lymphocyte microtubule network.

Cell adhesion to the extracellular matrix (ECM)1 is mediated
predominantly by the integrin family of heterodimeric trans-
membrane glycoproteins, which are concentrated at discrete sites

of the plasma membrane known as focal adhesions (1). These
sites, in addition to mediating mechanical linkage between the
ECM and the actin cytoskeleton, are complex regulatory units
that integrate environmental information and intracellular sig-
naling pathways. Focal adhesion proteins customarily have been
categorized as either structural molecules, such as the actin-
binding proteins tensin, a-actinin and vinculin, or regulatory
molecules, including the focal adhesion tyrosine kinase (FAK)
and Src (2). Paxillin is a focal adhesion protein that serves as an
adapter molecule, providing docking sites for both structural and
regulatory proteins (3). The C-terminal half of paxillin, composed
of four LIM domains, mediates paxillin targeting to focal adhe-
sions (4, 5), whereas the N terminus contains binding sites for the
nonreceptor kinases FAK, Pyk2, Csk, Src, and the structural
protein vinculin (6–10). A leucine-rich motif that is repeated five
times within the N terminus of paxillin binds a protein complex
containing the p21 GTPase-activated kinase PAK, the adapter
protein Nck, the guanine nucleotide exchange factor PIX, and the
new multidomain ARF-GAP protein p95PKL (paxillin kinase
linker) (11).

Paxillin expression is not confined to adherent cells in orga-
nized tissues. Other cells, such as circulating leukocytes, also
express high levels of this protein (3). In these cells paxillin
phosphorylation and association with signaling molecules oc-
curs in response to a variety of stimuli. For example: (i) acti-
vation of T cells through CD3 or CD45 induces paxillin tyrosine
phosphorylation and association with Lck and Pyk2 (12), (ii)
integrin ligation of NK cells also induces paxillin phosphoryl-
ation and association with Pyk2 (13), (iii) tumor necrosis factor
stimulation of neutrophils induces paxillin phosphorylation
(14), and (iv) paxillin interacts directly with the cytoplasmic
tail of a4 integrin in Jurkat T cells (15).

The microtubule network of an interphase cell is a dynamic
polarized structure. The fast growing plus ends of the micro-
tubules extend toward the cell periphery, whereas relatively
stable minus ends are localized to the microtubule organizing
center (MTOC), which is typically located at a perinuclear
position in cultured cells. This organelle nucleates the assem-
bly and establishes the polarity of microtubules. g-Tubulin is a
specialized member of the tubulin family that localizes to the
MTOC and is involved in microtubule nucleation (16).

In this report, we have identified an interaction between
paxillin and the microtubule cytoskeleton in T lymphocytes.
We show that paxillin colocalizes with g-tubulin at the cell
MTOC, and interacts in vivo and in vitro with both a- and
g-tubulin. The association of paxillin with microtubule cy-
toskeletal components suggests a potential role for paxillin in
the regulation of microtubule network functions.
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EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Fibronectin (FN) and poly-L-lysine were
obtained from Sigma. ICAM-1-Fc was obtained as described (17). Anti-
g-tubulin polyclonal antibody, anti-vimentin (clone V9) mAb, anti-
mouse IgG peroxidase conjugate, and anti-rabbit immunoglobulin clone
RG-16 peroxidase conjugate were purchased from Sigma. Negative
controls P3X63 myeloma protein (IgG1, k), and normal rabbit serum
(Zymed Laboratories Inc., South San Francisco, CA). The two mAb
anti-paxillin (clones 349 and 165) were purchased from Transduction
Laboratories (Lexington, KY). Rabbit anti-talin N681 polyclonal anti-
body was kindly donated by Dr. K. Burridge (Department of Cell Biol-
ogy and Anatomy, University of North Carolina, Chapel Hill, NC).

Cells and Cell Culture—Human mononuclear cells were isolated
from heparinized blood of healthy adult volunteers by Ficoll-sodium
metrizoate (IsoPrep, Robbins Scientific Corp., Sunnyvale, CA) density
gradient centrifugation. Peripheral blood lymphocytes (were purified by
two rounds of plastic adherence to remove monocytes. Monocytes were
obtained by exhaustive negative selection using a mAb mixture and
immunomagnetics beads (Dynal, Oslo, Norway). Human T lympho-
blasts were obtained from peripheral blood lymphocytes by treatment
with phytohemagglutinin at 5 mg/ml for 48 h, and 50 units/ml interleu-
kin-2. T lymphoblasts cultured by 7–12 days were typically used in the
experiments (18).

Yeast Two-hybrid Assay—The LexA two-hybrid system was used to
identify proteins that interact with paxillin by screening a two-hybrid
library. Reagents were provided by Dr. R. Brent (The Molecular Sci-
ences Institute, Berkeley, CA) and Dr. R. Finley (Center For Molecular
Medicine & Genetics; Wayne State University School of Medicine,
Detroit, MI). The C-terminal domain of paxillin (encoding LIM do-
mains, amino acids 324–559) and the “nonspecific” protein bait, Bicoid,
were cloned into pEG202 as a C-terminal fusion to LexA. Full-length
(1–559) and paxillin N terminus (1–324) demonstrated transactivation
potential and therefore were not amenable for a two-hybrid hunt. A
HeLa cDNA library in pJG4–5, fused to the activation domain B42, was
used in the screen. Plasmids were sequentially transformed by lithium
acetate, into the yeast strain EGY48 harboring reporter genes LEU2
and lacZ (pSH18–34), that contain binding sites for LexA. Positive
pJG4–5 library/prey plasmids were isolated and a directed interaction
of the positive, isolated library/prey with nonspecific protein bait, Bi-
coid, was performed. A directed interaction with paxillin LIM domain
plasmid (pEG202LIMS) was also performed to confirm the association.
True-positive clones were sequenced at the BioResource Center of Cor-
nell University (Ithaca, NY).

GST-Paxillin Binding Assays—Epicurian coli XL2-Blue Ultracompe-
tent Cells (Stratagene, Cedar Creek, TX) transformed with the appro-
priate pGEX2T-paxillin construct were grown overnight, diluted 1:20,
and grown for an additional 4 h. Protein expression was induced for 3 h
by the addition of 0.3 mM isopropyl-b-D-thiogalactopyranose. Cells were
harvested and sonicated in Tris-buffered saline (50 mM Tris-HCl, pH
7.6, 150 mM NaCl), pH 7.6, containing protease inhibitors. Triton X-100
was added to 1%, and the cells were incubated on ice for 60 min. After
centrifugation at 12,000 rpm for 15 min, the fusion proteins were
recovered from the supernatant by incubation with glutathione-Sepha-
rose 4B (Amersham Pharmacia Biotech).

A lysate of T lymphoblasts (150 3 106 cells) was prepared in ice-cold
lysis buffer A (20 mM Hepes, pH 7.4, 5 mM EDTA, 150 mM NaCl, 1%
Triton X-100, 1 mM phenylmethylsulfonyl fluoride). After two pre-clear-
ings with GST-glutathione-Sepharose 4B, lysates were incubated over-
night with the various GST-paxillin fusion proteins coupled to the
glutathione-Sepharose 4B beads or with GST-glutathione-Sepharose
4B. Samples were then processed as in immunoprecipitation assays.
After electrophoresis in 10% SDS-PAGE, the proteins were transferred
to nitrocellulose and probed with the appropriate antibody.

Immunoprecipitation and Western Blot Analysis—Cells (100 3 106 T
lymphocytes) were lysed in 1 ml of ice-cold lysis buffer A. Total cell
lysates were clarified by centrifugation at 10,000 rpm for 30 min.
Supernatants were incubated overnight at 4 °C with different primary
antibodies. Immunoprecipitation was performed by incubation for 1 h
at 4 °C with protein G-Sepharose (Amersham Pharmacia Biotech). Af-
ter washing three times with lysis buffer B (20 mM Hepes, pH 7.4,
150 mM NaCl, 0.1% Triton X-100), and once with 50 mM Tris-HCl, pH
6.8, proteins were solubilized in 23 Laemmli’s buffer, separated on 10%
SDS-PAGE under reducing conditions and transferred to nitrocellulose
or polyvinylidene difluoride membranes (Bio-Rad). The membranes
were blocked with 5% nonfat milk protein and probed with primary
antibody for 2 h at room temperature. Immunoreactive bands were
visualized using horseradish peroxidase-conjugated secondary antibody

and the enhanced chemiluminescent system (Pierce).
Immunofluorescence Analysis—Immunofluorescence analysis was

performed essentially as described with slight changes (19). Briefly,
either 2 3 104 T lymphoblasts or monocytes were incubated at 37 °C for
1 h, on coverslips coated with 5 mg/ml ICAM-1Fc protein or 10 mg/ml FN
and blocked with 1% bovine serum albumin, or coated with 0.01%
poly-L-lysine or a suspension of peripheral blood lymphocytes was cy-
tocentrifuged onto glass slides. Cells were fixed and permeabilized (2%
formaldehyde, 0.2% Triton X-100 in PBS) for 10 min and rinsed in
Tris-buffered saline. Cells were stained with specific mAb or polyclonal
antibodies, and after washing, were incubated with Cy2-labeled rabbit
anti-mouse IgG and/or Cy3-labeled goat anti-rabbit IgG (Jackson Im-
munoresearch Laboratories, Inc., West Grove, PA). Cells were visual-
ized using a Nikon Eclipse E800 photomicroscope with 1003 oil immer-
sion objective, 1.4 numeric aperture. Preparations were photographed
on either Ektachrome or TMAX 400 ASA films (Eastman Kodak Co.).
Confocal microscopy was performed using an MRC-1024 confocal laser
scanning system (Bio-Rad) connected to a Zeiss Axiovert 135 inverted
microscope. Images of cellular sections were acquired every 0.5 mm.

RESULTS

C-terminal LIM Domains of Paxillin Interact with a-Tubu-
lin—The C-terminal half of paxillin (amino acids 313–559)
contains four contiguous double zinc finger LIM domains that
are essential for targeting the protein to focal adhesions (4). In
a search for molecules that interact with paxillin LIM domains,
a yeast two-hybrid screen was performed with the C-terminal
half of paxillin fused to LexA as a bait. Forty positive clones
were isolated from the screening of 2.85 3 108 recombinant
colonies. To confirm the observed interactions, selected clones
were subjected to an additional round of screening using either
a nonspecific protein bait, Bicoid, or the paxillin LIM domains.
Sixteen plasmids turned out to be positive for paxillin LIM
domain binding and simultaneously, negative for Bicoid asso-
ciation. The insert of one of the selected plasmids was isolated
and its sequence revealed 100% identity with human a-tubulin
sequence. The plasmid insert contained the entire coding re-
gion for a-tubulin (amino acids 1–451) as well as 172 nucleo-

FIG. 1. Interaction of paxillin with a- and g-tubulin. A, two-
hybrid interaction between the C-terminal domain of paxillin (LIM
domains) fused to LexA and a-tubulin fused to B42 transactivation
domain, was measured by standard methods. Symbols represent b-ga-
lactosidase activity. B and C, a-tubulin (B) and g-tubulin (C) binding to
different regions of GST-paxillin. The full-length (lane 2), C-terminal
(lane 3), or N-terminal (lane 4) regions were expressed as GST fusion
proteins. These were coupled to glutathione-Sepharose 4B beads and
incubated with a lymphoblast lysate. After extensive washing, the
protein complexes were electrophoresed and blotted with antibodies to
a- tubulin (B) or g-tubulin (C). The region of paxillin encoded by each
fusion protein is listed at the top of the figure. As a control, a cell lysate
was electrophoresed and blotted for a- and g-tubulin (lane 5). Note that
the C terminus of paxillin binds to both a- and g-tubulin (lane 3),
whereas the N terminus binds only to g-tubulin (lane 4).
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tides from the 39-untranslated region. The isolated a-tubulin
prey plasmid exhibited strong and specific interaction with
paxillin LIM domains (Fig. 1A).

Different Domains of Paxillin Interact with a- and g-Tubulin
in Vitro—To confirm the specificity of binding between the
C-terminal half of paxillin and a-tubulin, we used GST fusion
proteins, corresponding to full-length paxillin, the C terminus
(residues 325–559, composed of four LIM domains), or the N
terminus (residues 1–313, containing five leucine-rich motifs).
The ability of each fusion protein to bind to a-tubulin was
tested by precipitation binding assays using an unlabeled T
lymphoblast lysate, followed by Western blotting with antibod-
ies to a-tubulin. Consistent with the two-hybrid results, a-tu-
bulin was precipitated by the C-terminal half of paxillin as well
as by the full-length paxillin (Fig. 1B, lanes 2 and 3). In con-
trast, the N-terminal half of paxillin showed no affinity for
a-tubulin (Fig. 1B, lane 4). These results indicate that the
C-terminal LIM domains of paxillin interact in vitro with
a-tubulin.

Based on paxillin immunolocalization studies in T lympho-
cytes (see below), we also analyzed the interaction of paxillin
with g-tubulin, another member of the tubulin family that
localizes specifically to the MTOC (20). To this end, similar
GST-paxillin co-precipitation assays were performed and

probed by Western blotting with antibodies to g-tubulin. Inter-
estingly, both the C and N termini, as well as full-length
paxillin, bound to g-tubulin (Fig. 1C, lanes 2–4). Since g-tubu-
lin is a minor protein, present at less than 1% the level of a- and
b-tubulin (20), its association with paxillin appears to be very
strong. Moreover, the data suggest that paxillin contains re-
gions within both the C- and N terminus for binding g-tubulin.

Paxillin Associates with a- and g-Tubulin in Vivo—To dem-
onstrate the in vivo relevance of these interactions, a- or g-tu-
bulin were immunoprecipitated from a T lymphoblast lysate.
The precipitates were subsequently blotted with paxillin anti-
bodies. As shown in Fig. 2, a characteristic band of ;68 kDa,
which corresponds to paxillin, was co-immunoprecipitated with
either a- or g-tubulin (lanes 1 and 4, respectively). Conversely,
a-tubulin was co-precipitated in the paxillin immunoprecipi-

FIG. 2. Paxillin is associated in vivo with a- and g-tubulin. T lymphoblast lysate was immunoprecipitated with anti-a-tubulin mAb, rabbit
anti-g-tubulin polyclonal antibody, or anti-paxillin mAb (clone 349). The immunoprecipitates were electrophoresed on 10% SDS-PAGE, transferred
onto nitrocellulose membranes, and blotted with anti-paxillin (lanes 1, 4, and 7), anti-a-tubulin (lanes 2 and 8), anti-g-tubulin (lane 5), or mAb
P3X63 as negative control (lanes 3, 6, and 9). The negative control for the polyclonal antibody was also performed (data not shown). As shown,
paxillin co-precipitates with a-tubulin (lane 1) and g-tubulin (lane 4). a-Tubulin was also detected co-precipitating with paxillin (lane 8). The
arrows indicate the molecular sizes of paxillin (;68 kDa), a-tubulin (50 kDa), and g-tubulin (46 kDa). Molecular mass markers (in kilodaltons) are
shown on the left.

FIG. 3. Subcellular localization of paxillin in T lymphoblasts.
Cells were allowed to adhere to coverslips coated with ICAM-1-Fc, fixed,
and stained for paxillin as described under “Experimental Procedures.”
A, immunofluorescence (left) and its corresponding Nomarski field
(right) are shown. A diffuse pattern with a visible spot can be appreci-
ated. B, confocal laser scanning microscopy showing optical sections
corresponding to the plane of adhesion (0.0 mm), and 1.0 or 2.0 mm
above. Bar, 5 mm. FIG. 4. Paxillin colocalizes with g-tubulin at the MTOC. Lym-

phoblasts were allowed to adhere onto ICAM-1-Fc-coated coverslips.
Cells were fixed, permeabilized, and double-stained with monoclonal
antibody against paxillin (green fluorescence, shown in black and
white) (A and C), and with rabbit polyclonal antibodies either for
g-tubulin (B, red fluorescence), or for talin (D, red fluorescence). Then
confocal fluorescence microscopy analysis was performed. Optical sec-
tions corresponding to the plane of adhesion (D) or 2 mm above that
plane (A, B, and C) are shown. Note the colocalization of paxillin and
g-tubulin at the MTOC in the same optical section, whereas talin
staining was only observed concentrated at the leading edge in the
plane of cell adhesion. Bar, 5 mm.
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tate (Fig. 2, lane 8). As a control for specificity, paxillin was not
detected in the immunoprecipitates of the cytoskeletal protein
vimentin (data not shown). These data indicate that paxillin
associates specifically with a- and g-tubulin in T lymphoblasts.

Subcellular Localization of Paxillin in T Lymphoblasts—To
study the subcellular distribution of paxillin in T lymphoblasts,
cells were allowed to spread on ICAM-1-coated coverslips. Ad-
herent cells displayed both a round or an initial polarized
morphology (Fig. 3A). Immunofluorescence labeling revealed
that paxillin was localized to the area of cell contact with the
substratum, displaying a punctate distribution. Paxillin was
also concentrated in a large perinuclear spot that appeared to
be located in a different plane of focus (Fig. 3A). Immunofluo-
rescence labeling with an alternative anti-paxillin mAb yielded
an indistinguishable pattern of paxillin distribution, and stain-
ing with isotype-matched IgG or with secondary antibody alone
revealed virtually no detectable signal (data not shown). Con-
focal microscopy analysis of a polarized lymphocyte confirmed
that the large perinuclear spot of paxillin was at a distance of
2 mm above the substratum (Fig. 3B). This position of the
stained paxillin spot, at the base of the trailing edge of the
polarized lymphocyte, is also the predicted location for the
lymphocyte MTOC (21).

Paxillin Colocalizes with g-Tubulin at the Lymphocyte
MTOC—To verify that the perinuclear paxillin staining corre-
sponds to the MTOC, T lymphoblasts plated on ICAM-1 sub-
stratum were stained by double-label immunofluorescence
with antibodies against paxillin and g-tubulin (Fig. 4, A and B).

The colocalization of the two proteins within the same optical
section indicates that paxillin may be associated with g-tubulin
at the MTOC of T lymphoblasts. In addition, paxillin also
colocalized with a-tubulin at the MTOC, but did not label
cytoplasmic microtubules (Fig. 3 and data not shown). Similar
results were obtained when single immunofluorescence label-
ing for paxillin, a- and g-tubulin was performed, ruling out
cross-detection of fluorescence (data not shown).

Paxillin localizes primarily to focal adhesions in adherent
cell types (3). Although lymphocytes do not develop these com-
plex structures, several focal adhesion-associated proteins such
as talin, a-actinin, and vinculin have been observed at the
leading lamellipodium of these cells (18). To analyze the rela-
tion of paxillin with this structure, double-staining of T lym-
phoblasts with paxillin and talin was performed. A fraction of
paxillin was observed to colocalize with talin at the contact
area with the substratum (Fig. 4C). However, in contrast to the
clear relocalization of talin to the leading lamellipodium, pax-
illin was only occasionally seen to concentrate at this structure
(Fig. 4, C and D).

Next, we studied whether the localization of paxillin to the
MTOC could be detected during lymphocyte adhesion to fi-
bronectin or poly-L-lysine. The same pattern of perinuclear
staining of paxillin was observed when T lymphoblasts were
plated on coverslips coated with both substrata (Fig. 5, A and
B), indicating that paxillin localization to the MTOC was inde-
pendent of the cellular receptors mediating adhesion. The dis-
tribution of paxillin in non-polarized resting peripheral blood
lymphocytes was also studied using cytospin preparations.
Most resting lymphocytes displayed a perinuclear spot of pax-
illin (Fig. 5C) with no morphological correlation with the de-
gree of cell polarization (Fig. 5D). Finally, monocytes obtained
from peripheral blood and plated on fibronectin were double
stained for paxillin and g-tubulin to localize the MTOC. A
larger spot was differentiated from an additional paxillin stain-
ing pattern of small dots (Fig. 5E). This larger spot of paxillin
colocalized with g-tubulin staining (Fig. 5F), indicating that, in
monocytes, paxillin may also be associated with the MTOC.
The smaller dots of paxillin staining, located at the cell contact
area with the substratum, are probably small focal contacts or
focal complexes (Fig. 5E). Therefore, we conclude that a consti-
tutive localization of paxillin at the MTOC occurs in resting
lymphocytes, monocytes and T lymphoblasts, and it is also
present during the adhesion of these cells to various substrata.

DISCUSSION

Paxillin is a focal adhesion-associated protein that functions
as a multi-domain adapter molecule interacting with several
structural and signaling proteins associated with focal adhe-
sions and the actin cytoskeleton (3). Here, we report a novel
interaction of paxillin with components of the microtubule cy-
toskeleton in T lymphocytes, namely a- and g-tubulin. This
association is supported by: (i) the isolation of a-tubulin in a
yeast two-hybrid screen using the C-terminal LIM domains of
paxillin as a bait, (ii) the identification of both a- and g-tubulin
as proteins binding to GST fusion proteins containing different
domains of paxillin in precipitation binding assays, (iii) the
co-immunoprecipitation of paxillin with a- and g-tubulin in T
lymphoblasts, and (iv) the subcellular localization of paxillin to
the MTOC of T cells, where it colocalizes with a and g-tubulin.

The localization of paxillin to focal adhesions has been dem-
onstrated in a variety of adherent cell types, where it has
previously been implicated in the regulation of focal adhesion
assembly and in the modulation of the signal transduction
through these elements (3, 22). The LIM domains of paxillin
function in determining the subcellular localization of this pro-
tein, with LIM3 being required for targeting paxillin to focal

FIG. 5. Paxillin is constitutively concentrated at a perinuclear
region of leukocytes. T lymphoblasts were allowed to adhere to either
FN (A) or poly-L-lysine (B). Lymphocytes isolated from blood were
cytocentrifuged onto glass slides (C and D). Cells were fixed, permeabi-
lized, and stained for paxillin. The perinuclear concentration of paxillin
staining was observed independently of the adhesion substrata (A and
B), and also in cytocentrifuged resting lymphocytes (C). Nomarski im-
age shows the degree of morphological polarization of lymphocytes (D).
Peripheral blood monocytes attached to FN were double-stained with
anti-paxillin monoclonal antibody (E, green fluorescence, shown in
black and white) or anti-g-tubulin rabbit serum (F, red fluorescence).
Note the cytoplasmic pattern of paxillin and the colocalization of this
molecule with g-tubulin at the MTOC pointed out by arrows. Bar, 5 mm.
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adhesions (4). Similarly, in the present study a-tubulin was
isolated as a paxillin LIM domain-interacting protein. The in
vivo relevance of this interaction was explored in T lympho-
blasts, where we had previously demonstrated that the paxil-
lin-binding proteins FAK and Pyk2 localize to the MTOC (23).
In this cellular system, paxillin was found to co-immunopre-
cipitate with a-tubulin and to localize to the MTOC. Based on
this localization, another member of the tubulin family, g-tu-
bulin, which associates specifically with the MTOC, was in-
cluded in this study. The co-immunoprecipitation and the co-
localization of paxillin and g-tubulin suggest an in vivo
interaction of these proteins. g-Tubulin is believed to distribute
between cytoplasmic and MTOC-associated pools (24). The lo-
calization of paxillin to the centrosomal area suggests that an
interaction between paxillin and the MTOC-resident g-tubulin
can take place at this region. However, the interaction of pax-
illin with cytoplasmic g-tubulin complexes cannot be excluded.
The biochemical properties of centrosomal and cytoplasmic
g-tubulin appear to be similar, and, in both cases, the g-tubulin
exists in large complexes, whose exact composition remains to
be determined (25–29). It is of note that both the N- and
C-domains of paxillin bind to g-tubulin, suggesting that paxil-
lin could interact with more than one g-tubulin molecule. We
have observed the MTOC localization of paxillin in cells exhib-
iting both integrin- and non-integrin-mediated adhesions, in-
dicating that this distribution is not related to the nature of the
receptors mediating the cell attachment to the substratum.
Furthermore, we have shown that this perinuclear localization
is present in resting lymphocytes in suspension, indicating that
this pattern of paxillin distribution could be constitutive in
lymphoid cells.

Interestingly, the signaling molecules FAK, Pyk2, and the
isoenzymes of protein kinase C b(I) and protein kinase C d also
localize to the MTOC of T cells (23, 30). Since paxillin binds to
FAK and Pyk2 in a variety of cellular settings, our data indi-
cating the paxillin association with g-tubulin provide a poten-
tial mechanism for the attachment of these regulatory mole-
cules to the lymphocyte MTOC. Taken together, these data
strongly suggest that the lymphocyte MTOC could be another
important cellular area in which the compartmentalization of
kinases and their interaction with substrates may take place.
This confluence of signaling molecules could have a role in the
regulation of centrosomal functions, such as positioning of cyto-
plasmic organelles, during the immune response. For example,
during the interaction of lymphocytes with either target cells, or
antigen-presenting cells, the Golgi apparatus is rapidly posi-
tioned by the MTOC to face the bound cell (31, 32). In this regard,
recent reports implicate distinct and specific signaling pathways
in the regulation of MTOC reorientation in lymphocytes (33, 34).
Accordingly, we have recently described the translocation of
Pyk2 and the MTOC from the uropod to the cell-cell contact area
upon specific recognition of target cells by NK cell receptors
(35). Further studies will be required to ascertain the role of
paxillin and other regulatory molecules during this process.

The dynamic interactions between the actin and microtubule
systems appear to be critical for many cellular processes in-
cluding cell migration, organelle transport, and nuclear and
cleavage furrow positioning (36). Several molecules have been
implicated in linking microtubule and microfilament networks
in relation with each of these processes, but the functional
significance of these interactions remains to be elucidated (for
a review, see Refs. 37 and 38). Recent work indicates that
changes in microtubule dynamics affect microfilament assem-
bly at the leading edge of migrating cells (39). Interestingly,
during cell spreading and cell migration, the growing ends of
microtubules are targeted to and captured at early focal adhe-

sions (40). Furthermore, the targeting of microtubules to focal
adhesions correlates with instability of these structures, result-
ing in their disassembly and localized cell detachment from the
substratum. This suggests an important role for microtubules
in regulating cell motility and polarity through modulating the
interactions between the actin cytoskeleton and its associated
proteins (41). Our results, demonstrating a direct interaction
between the focal adhesion protein paxillin and a-tubulin, sug-
gest that paxillin could be responsible for this capture of mi-
crotubule ends at cortical actin foci.
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