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Abstract. Zyxin is an 82-kD protein first identified as
a component of adhesion plaques and the termini of
stress fibers near where they associate with the cyto-
plasmic face of the adhesive membrane. We report
here that zyxin interacts with the actin cross-linking
protein a-actinin . Zyxin cosediments with filamentous
actin in an a-actinin-dependent manner and an associa-
tion between zyxin and a-actinin is observed in solu-
tion by analytical gel filtration . The specificity of the
interaction between zyxin and a-actinin was demon-
strated by blot overlay experiments in which 125 I-zyxin
recognizes most prominently a-actinin among a com-
plex mixture of proteins extracted from avian smooth
muscle . By these blot overlay binding studies, we de-
termined that zyxin interacts with the NH2-terminal

CELLS can adhere to extracellular matrix and each
other through specializations in the plasma mem-
brane termed adherens junctions . These membrane-

associatedjunctional complexes are associated with bundles
ofactin filaments that impinge on the cytoplasmic face ofthe
plasma membrane (Singer, 1979) . In cultured fibroblasts,
these actin arrays are often organized into structures called
stress fibers that terminate at adhesion plaques, areas ofclose
membrane-substratum apposition that can be visualized
directly by interference reflection microscopy (Heath and
Dunn, 1978 ; Wehland et al ., 1979) . One of the principal
proteins believed to be involved in organizing individual ac-
tin filaments into stress fibers is the actin-binding protein,
a-actinin. a-Actinin forms antiparallel homodimers (Wall-
raffetal ., 1986 ; Imamura et al ., 1988) that have the capacity
to cross-link actin filaments in vitro (Maruyama and Ebashi,
1965; Podlubnaya et al ., 1975) . By immunofluorescence,
«-actinin is found periodically along stress fibers as they tra-
verse the cytoplasm and is also located at the termini ofthese
actin filament bundles in the adhesion plaque itself (Laza-
rides and Burridge, 1975) . Because of its presence at sites
where cells contact the extracellular matrix, a-actinin has
been postulated to be involved in the attachment of the cyto-
skeletal framework to the plasma membrane (Lazarides and
Burridge, 1975) and the ability of a-actinin to interact with
other known adhesion plaque proteins has been investigated
extensively.

In addition to binding actin, «-actinin has been shown to
interact with other proteins involved in membrane-cyto-
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27-kD domain of a-actinin, a region that also contains
the actin binding site. Solid phase binding assays were
performed to evaluate further the specificity of the
binding and to determine the affinity of the zyxin-
a-actinin interaction . By these approaches we have
demonstrated a specific, saturable, moderate-affinity
interaction between zyxin and a-actinin . Furthermore,
double-label immunofluorescence reveals that zyxin
and a-actinin exhibit extensive overlap in their subcel-
lular distributions in both chicken embryo fibroblasts
and pigmented retinal epithelial cells . The significant
colocalization of the two proteins is consistent with
the possibility that the interaction between zyxin and
a-actinin has a biologically relevant role in coordinat-
ing membrane-cytoskeletal interactions .

skeleton interaction . An association between a-actinin and
vinculin, a 116-kD cytoplasmic component of adhesion
plaques (Geiger, 1979; Burridge and Feramisco, 1980), was
demonstrated by blot overlay techniques using ' 251-a-
actinin (Belkin and Koteliansky, 1987) and by solution bind-
ing assays (Wachsstock et al ., 1987) . Subsequently (Otey et
al ., 1990), it was shown by solid phase binding assays that
a-actinin can also interact with the cytoplasmic domain of
the ß l subunit of integrin, a heterodimeric transmembrane
receptor for extracellular matrix molecules found at sites
of cell-substratum interaction (Damsky et al ., 1985 ; Chen
et al ., 1985) . Thus a-actinin may contribute to mem-
brane-cytoskeletal interactions by more than one mecha-
nism . In one scheme, stress fibers may be tethered directly
to the membrane by a-actinin molecules bound to the cyto-
plasmic domain of ß,-integrins . Alternatively, stress fibers
may be attached to the membrane in a less-direct manner
through a complex linkage ofproteins assembled at adhesion
plaques . Consistent with this multiprotein model, the adhe-
sion plaque protein, talin (Burridge and Connell, 1983 ;
Beckerle and Yeh, 1990), has been shown to interact with
both integrin (Horwitz et al ., 1986) and vinculin (Burridge
and Mangeat, 1984) . Based on a number ofin vitro biochem-
ical studies, it has been proposed that associations among
a-actinin, vinculin, talin, and integrin could also contribute
to anchoring actin filaments at sites of adhesion (for reviews
see Burridge et al ., 1988 ; Crawford and Beckerle, 1990) .
Our understanding of the molecular complexity of adhesion
plaques continues to increase as more components and pro-
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tein-protein interactions are discovered . It now appears that
cells have several mechanisms for establishing and maintain-
ing transmembrane connections between extracellular sub-
stratum and the cytoskeleton .
In addition to the above-mentioned proteins, there are a

number of adherens junction components that have been
identified immunochemically, but have not yet been well
characterized . Studies ofthese proteins are likely to contrib-
ute to our understanding of the mechanism by which cells
interact with their underlying substratum . One such protein
is zyxin, an 82-kD protein first characterized as an adhesion
plaque component of chicken embryo fibroblasts by analysis
of a nonimmune rabbit serum (Beckerle, 1986) . Zyxin is
now known to reside at other types of adherens junctions as
well, including the dense plaques of smooth muscle cells and
the apical cell-cell contacts of pigmented retinal epithelial
cells (Crawford and Beckerle, 1991) . The protein has been
purified from avian smooth muscle, and is present at sub-
stoichiometric levels relative to many adherens junction
components, including vinculin, talin, and a-actinin . Many
of the biochemical and biophysical properties of zyxin have
been characterized, revealing that it is an asymmetric, mono-
meric protein that is phosphorylated on multiple sites in vivo
(Crawford and Beckerle, 1991 ; and our unpublished results) .
We have investigated the ability ofzyxin to associate with

other components of adherens junctions and report here that
zyxin can interact in vitro with the actin-binding protein,
a-actinin . The interaction between zyxin and a-actinin is
specific and of moderate affinity. Moreover, the two proteins
display overlapping subcellular distributions in vivo . Zyxin's
association with a-actinin may thus provide a molecular
mechanism for targeting zyxin to particular regions of the
cell .

Materials and Methods

Protein Purification and Iodination
Actin was purified from rabbit skeletal muscle acetone powder using a
modification (Pardee and Spudich, 1982) of the procedure of Spudich and
Watt (1971) . The resulting monomeric actin (G-actin) in buffer E (2 mM
Tris-HCI, pH 8.0, at 25°C, 0.2 mM ATP, 0 .2 mM CaC12 , 0.1% 2-mercap-
toethanol) was polymerized by the addition of 50 mM KCI, 1 mM ATP, and
1 MM MgC12 with stirring for 2 h at 4°C. The filamentous actin (F-actin)
was stored at 4°C in the presence of 0.02% NaN3 before further purifica-
tion . To maximize the purity of the actin used in these studies, F-actin was
depolymerized by dialysis against buffer E at 4°C, clarified by centrifuga-
tion, and the resulting G-actin fraction was subjected to gel filtration chro-
matography (MacLean-Fletcher and Pollard, 1980) on a Sephadex G-150
column equilibrated in buffer E . Fractions containing G-actin were pooled
and the actin was polymerized at 4°C as described above . Zyxin was
purified from fresh avian smooth muscle as described previously (Crawford
and Beckerle, 1991) . For the sedimentation and gel filtration binding
studies, it was necessary touse partially purified zyxin to have enough mate-
rial to monitor the behavior of the protein in the assay ; in these cases the
zyxin isolation protocol was followed through the first anion exchange
column step in our standard procedure and the resulting pool of zyxin-
containing fractions is referred to as DE52-zyxin . A typical polypeptide
profile of DE52-zyxin is shown in Fig . 1 B, lane 1 or can be found in our
original report (Crawford and Beckerle, 1991) ; zyxin is detected in this frac-
tion by Western immunoblot. DE52-zyxin fractions were dialyzed against
buffer B (20 mM Tris-acetate, pH 7 .6, 20 mM NaCl, 0.1 mM EDTA, 0.1
2-mercaptoethanol) before use . cr-Actinin and vinculin were also purified
from avian smooth muscle using the procedure of Feramisco and Burridge
(1980) with an additional anion exchange chromatography step on a Mono
Q HR 5/5 column (Pharmacia Fine Chemicals, Piscataway, NJ) for a-actinin
(Otey et al ., 1990) . Cleavage of a-actinin by the proteolytic enzyme, ther-
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molysin (Sigma Chemical Co., St . Louis, MO) was performed in buffer B
for4 h at 22-24°C with an enzyme-to-substrate ratio of 1 :20. The resulting
27- and 53-kD proteolytic products were purified by ion exchange chroma-
tography as described previously (Otey et al ., 1990) . Except in the case of
actin, protein concentrations were determined using the method ofBradford
(1976) with BSA as a standard . BSA and ovalbumin used in these studies
were obtained from Sigma Chemical Co . The concentration of actin was
determined by measuring UV absorbance at 290 nm using an extinction
coefficient of 0.62 cm2 x mg- ' (Tseng et al ., 1984) .

Purified protein to be iodinated was dialyzed into 150 mM NaCl, 50 mM
Tris-HCI, pH 7.6, for 4-6 h (zyxin) or overnight (a-actinin) . 401l of lodo-
gen (Pierce Chemical Co., Rockford, IL ; 1 mg/ml in chloroform) was dis-
pensed into an Eppendorf tube (Brinkman Instruments Inc ., Westbury, NY)
and was dried down onto the wall of the tube by overnight evaporation in
a fume hood . For radioiodination, 100-150 Al of purified protein was placed
in an Iodogen-coated tube, followed by the addition of 1 mCi Na-' 25 I (car-
rier free ; ICN Biomedicals, Inc., Irvine, CA) andthe mixture was incubated
on ice for 5 («-actinin) or 7 (zyxin) min . Labeled protein was separated
from free iodine by chromatography on sephadex G-50 (0.7 x 15 cm) and
samples were stored in the elution/equilibration buffer (150 mM NaCl, 50
mM Tris-HCI, pH 7.6, 0.1% sodium azide, 0 .2% gelatin, 1 mM EDTA, and
0.1% 2-mercaptoethanol) . The purity of the labeled proteins was ascer-
tained by SDS-PAGE followed by autoradiography . For the binding studies,
radioiodinated protein was used within 2-3 d of labeling .

Gel Electrophoresis and ImmunoblotAnalysis
Proteins were resolved on 10% SDS-polyacrylamide gels (Laemmli, 1970)
using 0.13% bisacrylamide . Molecular mass markers were obtained from
Bio-Rad Laboratories (Richmond, CA) . Western immunoblot analysis
using 1251-protein A (ICN Biomedicals, Inc .) as a second reagent was per-
formed according to a previously described modification (Beckerle, 1986)
of the method developed by Towbin et al . (1979) .

Antibodies and Immunocytochemistry
A monospecific, polyclonal anti-zyxin antibody (M2) was prepared by im-
munizing a mouse with electrophoretically isolated zyxin and has been
characterized previously (Crawford and Beckerle, 1991) . Antibody raised
against chicken gizzard a-actinin was a generous gift of Dr. John Singer
(University of California, San Diego, CA) . This rabbit polyclonal antiserum
recognized a-actinin specifically by Western immunoblot and has been de-
scribed previously (Geiger and Singer, 1979) . Indirect immunofluorescence
was performed as described previously (Beckerle, 1984) except cells were
prepermeabilized in 0.5% Triton X-100 in 100 mM Pipes, pH 7.3, 1 mM
MgC12 , 1 mM EGTA for 2-5 s before fixation . For chicken embryo fibro-
blasts, fluorescein-conjugated goat anti-mouse IgG and rhodamine-con-
jugated goat anti-rabbit IgG were used, and the cells were examined on a
Zeiss axiophot microscope (Carl Zeiss, Inc ., Thornwood, NY) . For pig-
mented retinal epithelial cells, an affinity-purified Texas red-conjugated
goat anti-rabbit IgG was used in lieu of the rhodamine probe and the labeled
cells were viewed on a confocal laser scanning microscope (Bio-Rad
Laboratories) with an optical section height of 2 um . All fluorochrome-
labeled second antibodies were obtained from Cappel Laboratories (Mal-
vern, PA) or from Jackson ImmunoResearch Laboratory (West Grove, PA) .

Sedimentation Assay
Actin cosedimentation studies were performed according to the method de-
scribed previously by Cooper and Pollard (1982) . Specifically, 80 Al F-actin
(0.3 mg/ml) was mixed with 20 Wl IOx polymerization buffer (500 mM
KCI, 100 mM Tris-HCI, pH 7.6), 90 11 DE52-zyxin (described above) or
buffer B, and 10 l,l purified a-actinin (1.7 mg/ml) or buffer B . The fractions
containing zyxin and a-actinin were dialyzed into buffer B before use in the
sedimentation assays . The protein mixtures (200 A1 total vol) were mixed
for 5 s and were then placed atop a 60 pl sucrose cushion (30% sucrose
in a buffer equivalent to the sample) in an 8 x 20-mm ultraclear centrifuge
tube (Beckman Instruments, Inc ., Fullerton, CA) . The samples were in-
cubated for 30 min at 25°C and were then centrifuged for 10 min at 23 psi
using an A-95 rotor in an airfuge (Beckman Instruments, Inc .) . After cen-
trifugation, 1001I of supernatant wascarefully removed and mixed 1 :1 with
2x Laemmli sample buffer (Laemmli, 1970) . The pellet was resuspended
in 200 II lx Laemmli sample buffer. After boiling, the samples were ana-
lyzed by SDS-PAGE and Western immunoblot using anti-zyxin antibody.
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Figure 1. «-Actinin-dependent cosedimentation of zyxin with F-actin. (A) Coomassie blue-stained gel of sedimentation assays with
ot-actinin and F-actin . Upon centrifugation, purified ci-actinin (lanes 1 and 2) remains primarily in the supernatant (S, lane 1) ; however,
when centrifuged in the presence of F-actin (lanes 3 and 4), -50% of the a-actinin is found in the pellet (P, lane 4) with the majority
of the F-actin. (B and C) Coomassie blue-stained gel (B) and the 82-kD region of the corresponding Western immunoblot probed with
anti-zyxin antibodies (C). The arrow marks the location of zyxin determined from examination of corresponding Western immunoblots ;
in the Coomassie blue-stained gel shown here, zyxin is not unambiguously detected because of its low abundance and the presence of
numerous other polypeptides that migrate with similar apparent molecular mass . (Lanes 1 and 2) When partially purified zyxin is cen-
trifuged, nearly all detectable zyxin is contained in the supernatant fraction (C, lane l') . (Lanes 3and 4) When zyxin is centrifuged in
the presence of F-actin, the majority of the zyxin is retained in the supernatant fraction (C, lane 3') . (Lanes S and 6) Inclusion of purified
ci-actinin in the sedimentation assay results in a significant enhancement of zyxin accumulation in the pellet with F-actin (C, lane 6') .
ctA, a-actinin .

Gel Filtration Binding Studies
Zyxin (225 Al DE52-zyxin, 60 A1 buffer B, 15 Al 20X KCl-ATP), a-actinin
(225 /Al buffer B, 60141 a-actinin, 15,u120x KCl-ATP), ora mixture of the
two protein preparations (225 pl DE52-zyxin, 60 pl a-actinin, 15 pl 20x
KCI--ATP) was placed into a 8 x 20 mm ultraclear centrifuge tube and in-
cubated for 30 min at 25°C. The proteins were dialyzed against buffer B
before use; 20x KCl-ATP = 1 MKCI, 2 mM ATP, 0.4% NaN3 . The sam-
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pie was precleared by centrifugation in an airfuge (Beckman Instruments,
Inc.) for 10 min at 23 psi in an A-95 rotor and a 200-p1 aliquot of the sample
was then chromatographed on a Superase 6 HR 10/30 gel filtration column
(Pharmacia Fine Chemicals) . Gel filtration was performed at 4°C on a
Waters 600 HPLC (Millipore Corporation, Bedford, MA) . (300-gl) Frac-
tions were collected and the elution profiles of the proteins were analyzed
by SDS-PAGE and Western immunoblot using anti-zyxin antibody.
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Blot Overlay Binding Studies
For detection of the binding of radioiodinated probe to proteins immobilized
on nitrocellulose, a modification of the procedure developed previously by
Otto (1983) was used . Briefly, protein to be overlaid with "5 I-labeled
probes was separated by SDS-PAGE, transferred to nitrocellulose, and
blocked overnight with 2% BSA in 50 mM Tris-HCI, 150 mM NaCl, 0.1%
NaN3 . 125 1_labeled protein was used at a concentration of 250,000 cpm/ml
of overlay buffer (0.5% BSA, 0.25% gelatin, 1% NP-40, 1 mM EDTA, 0.1%
2-mercaptoethanol, 10 mM NaCl, 20 mM Hepes, pH 7.5) . (The inclusion
of NP-40 in the overlay buffer significantly reduces the overall background
on the resulting autoradiogram but does not affect the specific binding ob-
served .) The nitrocellulose strips were incubated with sufficient radiola-
beled probe to cover the strip (x+10 ml), were placed on an orbital shaker
at room temperature for 4 h, and were washed 4 x 5 min to release
nonspecifically bound counts . Autoradiography was performed at -80°C
with film (X-GMAT; Eastman Kodak Co.,Rochester, NY) with an in-
tensification screen . For control experiments using heat-denatured probe,
the radiolabeled protein was heated at ti95°C for 10 min before use. For
the gel overlay experiment in which we examined the binding of radioiodi-
nated zyxin to proteins eluting from a DEAE-cellulose column, we pre-
pared a smooth muscle protein extract from chicken gizzard (Crawford and
Beckerle, 1991), precipitated a subset of these proteins using 26-34% satu-
rated ammonium sulfate, and fractionated the precipitated proteins on a
DEAE-cellulose column eluted with a linear salt gradient (0-370 mM
NaCl) in buffer B .

Solid Phase BindingAssay
Purified zyxin or2 % BSA (50 pl) wasdispensed into removeable microtiter
wells (Dynatech Laboratories, Inc ., Chantilly, VA) and the protein was al-
lowed to bind to the microliter wells for 60 min at 37°C. At least 80% of
the zyxin bound to the wells during this period as determined by quantita-
tive, densitometric analysis of stained SDS-polyacrylamide gels . (Because
of the low abundance of zyxin, it is not possible to estimate accurately the
absolute concentration of zyxin in the purified protein preparation .) The
wells were washed briefly (3 x) with Hepes binding buffer (HBB) 1 (20 mM
Hepes, pH 7.4, 10 mM NaCl, 0.1 mM EGTA, and 0.1 % 2-mercaptoethanol)
and were subsequently blocked with 350 ul 2 % BSA in HBB. After a 60-
min incubation at 37°C, the blocking solution was removed and the wells
were washed briefly with HBB containing 0.2 % BSA . The wells were next
incubated for 2 .5 h at 37°C with 10 wl 1251-a-actinin (50,000-100,000
cpm) plus 100 141 competing protein in HBB plus 0.2% BSA . The radiola-
beled protein was mixed with the unlabeled protein samples before addition
to the microtiter wells . At the end of the incubation period, the radioactive
material was removed from the wells and the wells were washed thoroughly
(six to seven times) with HBB plus 0.2% BSA with a final rinse in HBB.
The wells were air dried and bound counts weredetermined using a Packard
Multi-Prias 1 gamma counter (Packard Instruments Co ., Inc ., Meriden,
CT) . For controls, 125 1-a-actinin was heat denatured for 10 min at 65°C
or 95°C ; these two heat treatment protocols yielded similar results. For
these solid phase binding studies, the a-actinin was radioiodinated to a
specific activity between 2 .0 x 10 5 and 1 .3 x 106 cpm/1g . Four indepen-
dent experiments were performed using three different preparations of
125 1-a-actinin .

Results
The distribution of zyxin in cultured chicken embryo fibro-
blasts was examined previously by indirect immunofluores-
cence, revealing that zyxin is concentrated at areas of mem-
brane-substratum adhesion (Beckerle, 1986 ; Crawford and
Beckerle, 1991) . Interestingly, in contrast with many other
adhesion plaque components, it was observed that zyxin is
not strictly confined to the domain of the adhesion plaque
defined by interference reflection microscopy, but is also
present along actin filament bundles near where they termi-
nate at sites of membrane-substratum interaction . Because
zyxin is colocalized with membrane-associated actin fila-

1 . Abbreviation used in this paper: HBB, Hepes binding buffer.
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ments, we examined the possibility that zyxin could interact
directly with filamentous actin . We approached this possibil-
ity by using a cosedimentation assay that has been used by
others to identify proteins that bind F-actin . This assay takes
advantage ofthe fact that F-actin sediments upon centrifuga-
tion (Cooper and Pollard, 1982) ; the sedimentation of actin-
binding proteins is dependent on the presence of F-actin . For
example, the purified actin-binding protein, a-actinin, fails
to sediment to a significant extent upon centrifugation (Fig .
1 A, lanes 1 and 2), but is found in the pellet fraction when
incubated with F-actin before centrifugation (Fig . 1 A, lanes
3 and 4) . To examine the possibility that zyxin behaves as
an actin-binding protein in such a sedimentation assay, we
prepared a smooth muscle extract from chicken gizzard and
fractionated the extract by anion exchange chromatography
to enrich for zyxin (DE52-zyxin ; Fig . 1 B, lane 1) . Because
zyxin is a low abundance protein that is difficult to detect by
SDS-PAGE (and consequently is not visible in the Coomas-
sie blue-stained gel in Fig . 1 B), we used Western immuno-
blot analysis to monitor the behavior of the protein in the
sedimentation assays . When DE52-zyxin is centrifuged
alone, zyxin is found almost exclusively in the supernatant
fraction (Fig . 1, B and C, lanes 1 and 1~ . When centrifuged
in the presence of filamentous actin, the majority of the
zyxin also remains in the supernatant (Fig . 1, B and C, lanes
3 and 3') though a small amount cosediments with the
filamentous actin and is recovered in the actin-rich pellet
(Fig . l, B and C, lanes 4 and 4) ; the significance (if any) of
this limited cosedimentation ofzyxin with the actin filaments
is not clear at this point . Interestingly, however, when the
actin-binding protein, a-actinin, is added to the mixture of
actin and DE52-zyxin, a significantly larger proportion of
zyxin is contained within the pellet after centrifugation (Fig .
1, B and C, lanes 6 and 6') . The amount of actin in the pellets
is not significantly affected by the inclusion of a-actinin in
the assay. The increased sedimentation ofzyxin with F-actin
in the presence ofthe actin-binding protein, o-actinin, raises
the possibility that zyxin is sedimenting with the actin via an
association with «-actinin . In control experiments in which
zyxin and a-actinin are mixed and centrifuged in the absence
of F-actin, very little zyxin or a-actinin is contained in the
pelleted material (data not shown) . Therefore, F-actin, while
not sufficient to support extensive sedimentation of zyxin, is
required for the sedimentation of zyxin we observe in the
presence of a-actinin .
We explored the possibility that zyxin can interact with

a-actinin in the absence of actin by performing gel filtration
binding studies as shown in Fig . 2 . Zyxin is an asymmetric,
monomeric protein having a Stokes radius of 5.6 nm (Craw-
ford and Beckerle, 1991) and it consistently elutes from an
HPLC gel filtration column with the profile shown in the
Western immunoblot in Fig . 2 A. When preincubated with
purified a-actinin before chromatography, the elution profile
of zyxin shifts toward the void volume, and a portion of the
zyxin coelutes with a-actinin (Fig. 2 B) . By this technique,
only a fraction of the total zyxin coelutes with a-actinin, al-
though the entire zyxin profile is shifted toward the void vol-
ume in the presence ofa-actinin . The elution profile of «-ac-
tinin alone is shown in the Coomassie blue-stained gel in
Fig . 2 C. A variety of other proteins including vinculin, oval-
bumin, and IgG (Crawford and Beckerle, 1991 ; and data not
shown) have no effect on the apparent Stokes radius of zyxin .
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The result of this study suggests that zyxin can interact
directly or indirectly with a-actinin; we were unable to dem-
onstrate a direct interaction between a-actinin and zyxin by
this method as it was necessary to use zyxin from an early
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Figure 2. An interaction between zyxin and
a-actinin detected by analytical gel filtration .
Western immunoblot showing the elution
profile ofzyxin when chromatographed in the
absence (A) and presence (B) of purified
a-actinin. In the presence of a-actinin, the
elution profile of zyxin is shifted toward the
void volume of the column and some zyxin
now coelutes from the column with a-ac-
tinin . ACoomassieblue-stained gel showing
the elution profile of a-actinin is shown in C.
aA, a-actinin .

stage in its purification (DE52-zyxin) to have sufficient ma-
terial to detect the protein after gel filtration .

In an effort to examine whether zyxin can interact directly
with a-actinin, we used a modification of a sensitive gel-

Figure 3. A direct interaction
between l 25 í-zyxin and «-acti-
nin is observed by a blot over-
lay assay. (A) A Coomassie
blue-stained gel showingpuri-
fied a-actinin (lane 1) and the
53- and27-kD proteolyticprod-
ucts of a-actinin generated by
thermolysin cleavage (lane 2) .
Proteins from a parallel gel
were transferred to nitrocellu-
lose and the nitrocellulose strip
was probed with 1251-zyxin .
The resulting autoradiograph
is shown in B and illustrates
1251-zyxin binding to a-actinin
and its 27-kD proteolytic frag-
ment . C is an autoradiogram
demonstrating the purity of the
radioiodinated zyxin; 750,000
cpm were loaded on the gel
and the dried gel was exposed
to film for 10 minbefore devel-
opment . aA, a-actinin.



overlay assay that has been described previously (Otto,
1983) and has been used successfully by a number ofinvesti-
gators to study protein-protein interactions (Belkin and
Koteliansky, 1987; Burridge and Mangeat, 1984 ; O'Halloran
et al ., 1985 ; Fowler, 1987 ; Turner et al ., 1990) . Purified
zyxin was radioiodinated and used as a probe to examine its
ability to interact with purified a-actinin immobilized on
nitrocellulose . As can be seen in Fig . 3 B, lane P, radioiodi-
nated zyxin interacts with a-actinin purified from avian
smooth muscle. a-Actinin can be separated into two major
fragments by cleavage with the proteolytic enzyme, ther-
molysin (Mimura and Asano, 1986) : a 27-kD globular frag-
ment which contains the actin-binding domain, and a 53-kD
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fragment which is essential for dimerization of the intact
molecule (Mimura and Asano, 1987) . By this blot overlay
approach, zyxin associates exclusively with the 27-kD actin-
binding domain of a-actinin, with no detectable radiolabel
bound to the DAD fragment (Fig . 3 B, lane 2) . Heat-
denatured, radioiodinated zyxin exhibits a significantly re-
duced ability to bind to a-actinin and its 27-kD thermolysin
cleavage product (datanot shown) . Thepurity ofthe radioio-
dinated zyxin was determined by SDS-PAGE followed by au-
toradiography, by which 'ZSI-zyxin appeared to be a homo-
geneous preparation (Fig . 3 C) ; the faint signal present at 55
kD is derived from a breakdown product of zyxin .
To examine the specificity ofthe interaction between zyxin
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Figure 4. Characterization of the spec-
ificity of the interaction between 1251-

zyxin and a-actinin by blot overlay. A
shows a Coomassie blue-stained gel of
a subset of proteins extracted from avian
smooth muscle and fractionated by chro-
matography on DEAF-cellulose . The
position of a-actinin is marked by the
arrow. The corresponding blot over-
lay probed with 1251-zyxin is shown in
B . The radioiodinated probe recognizes
a-actinin most prominently among this
complex mixture of proteins. Note that
a number ofother abundant proteins, in-
cluding filamin (250,000 M) fail to bind
radioiodinated zyxin . a-A, a-actinin .



and a-actinin, we used radioiodinated zyxin to probe a more
complex mixture of proteins. Fig . 4 A shows a Coomassie
blue-stained gel of proteins extracted from avian smooth
muscle and fractionated by ammonium sulfate precipitation
and chromatography on DEAE-cellulose . A large number of
proteins associated with the actin cytoskeleton, including
a-actinin, vinculin, filamin, talin, and caldesmon, are repre-
sented in the elution profile. Proteins from a parallel gel were
transferred to nitrocellulose and incubated with radioiodi-
nated zyxin . As can be seen in Fig . 4 B, the radiolabeled
zyxin recognizes a-actinin most prominently among this
complex mixture of proteins and is observed to bind a-actinin
over its entire elution profile . The gel and corresponding blot
shown in Fig . 4 were heavily loaded to enable detection of
potential zyxin-binding proteins that are present at relatively
low levels . Although the major zyxin-binding protein de-
tected by this method is a-actinin, other proteins that associ-
ate with radiolabeled zyxin are also visible in the autoradio-
gram . For example, in the subset of smooth muscle proteins
examined here, we observe some association of zyxin with
polypeptides of -50-55 and 65-70 kD . These proteins may
be bonafide zyxin-binding proteins that are less readily de-
tected because they are present at lower abundance in these
cell extracts than is a-actinin .
We have also performed the reciprocal blot overlay experi-

ment to examine the ability of radioiodinated a-actinin to in-

teract with purified zyxin . As shown in Fig . 5, purified zyxin
is recognized by radioiodinated a-actinin (Fig . 5 B) but not
by heat-denatured, radioiodinated a-actinin (Fig . 5 C) . The
purity of the radioiodinated a-actinin was confirmed by
SDS-PAGE followed by autoradiography (Fig. 5 D) . In pre-
viously published work, 125 1-labeled a-actinin has been
used to probe human platelet extract by a similar blot-overlay
method (Belkin and Koteliansky, 1987) and no interaction
with an 82-kD cytoskeletal protein was detected by this anal-
ysis . This lack of interaction may be accounted for by the low
abundance of zyxin relative to other proteins that interact
with ' 25 1-labeled a-actinin or, alternatively, zyxin may not
have been present in the cytoskeletal preparations used by
these investigators . We have also failed to detect a significant
signal at zyxin's molecular mass when we have probed total
chicken embryo fibroblast protein with radiolabeled a-actinin
(data not shown) . We suspect that this is because of the rela-
tively low levels of zyxin in cells since we do observe a
specific interaction when more highly concentrated zyxin
preparations are probed . The blot overlay assay, while a very
powerful method for examining interactions between rela-
tively abundant or purified proteins, may not be as useful for
detecting specific interactions involving proteins present at
low levels .
The affinity of the association between a-actinin and zyxin

was characterized by solid phase binding assays . Purified

Figure S 1 Z5 í-a-actinin binds zyxin . (A) Coomassie blue-stained gel showing molecular mass markers and purified zyxin . (B) 1 Z 5í-a-ac-
tinin interacts with purified zyxin in a blot overlay assay. (C) Heat-denatured 1251-a-actinin fails to bind zyxin in the blot overlay assay.
(D) Autoradiogram illustrating the purity of the radioiodinated a-actinin ; 250,000 cpm were loaded and the dried gel was exposed to film
for 30 min before development . a-A, a-actinin .
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Figure 6. Binding of a-actinin to zyxin in a solid phase assay. (A)
Binding of 125I-a-actinin to microliter wells coated with zyxin (0)
or BSA (o) in the presence of increasing amounts of unlabeled
a-actinin . The data are expressed as a percentage ofthe maximum
counts bound . Each point represents the average value obtained
from two duplicate trials within a single experiment . (B) The data
from the experiment in Fig . 6 A were adjusted by subtracting the
nonspecific counts bound to BSA from the total counts bound to
zyxin and the moles of a-actinin bound to zyxin were plotted as
a function of the free a-actinin concentration (gM) . Our experi-
mental data fit closely (r2 = 0.99) the predicted curve (solid line)
derived from the equation for a single site interaction between two
proteins : y = (ymax * x)l(Kd + x) where y = the moles of a-actinin
bound, ymax = the maximum number of moles of a-actinin bound
(total sites), x = the concentration of unbound (free) a-actinin
(pM), and Kd = the dissociation constant (/AM). In this particular
experiment, the a-actinin was radioiodinated to a specific activity
of 4.1 x 105 cpm/pg and 3,569 cpm were bound specifically to
zyxin when no competing unlabeled a-actinin was added . Assum-
ing a molecular weight of200,000 g/mol for a-actinin, the extrapo-
lated value for ymax = 12 x 10 -" mol a-actinin and the resulting
apparent Kd = 0.41 AM . As noted in the text, the mean Kd deter-
mined from four independent experiments is 1.07 f0.32,M (mean
t SEM) . The stoichiometry of binding cannot be estimated using
this assay since it is not possible to determine accurately the num-
ber of functional zyxin molecules adsorbed to the wells.

zyxin was adsorbed to microtiter wells, unoccupied sites on
the plastic dishes were blocked with BSA, and the immobi-
lized protein was incubated with a constant amount of radio-
iodinated a-actinin in the presence of increasing amounts of
unlabeled a-actinin . By this approach, we detected an as-
sociation between zyxin and 125 1-a-actinin that was com-

petitively inhibited by unlabeled a-actinin (Fig. 6 A) . Radio-
iodinated a-actinin failed to associate with control protein
(BSA) under the same conditions (Fig. 6 A) . Moreover, heat-
denatured, radioiodinated a-actinin did not exhibit specific
binding to zyxin in this assay (Fig . 7 A), an indication that
an intact a-actinin tertiary structure is required for the
zyxin-a-actinin interaction . Plotting the moles of a-actinin
bound to zyxin vs . the concentration of free a-actinin (Fig .
6 B), we obtain the typical hyperbolic curve expected for a
simple binding reaction : Z + a-A t+ Z - a-A . Our data for
the zyxin-a-actinin interaction fit very closely the curve
predicted from the binding equation that describes the inter-
action between two proteins at a single binding site (see leg-
end, Fig. 6 B) . Half-maximal binding in this particular ex-
periment occurs at 0.41 AM free ligand . We obtained an
average Kd of 1.07 t 0.32 /AM (mean t SEM) from analy-
sis ofthe results of four independent experiments . We are un-
able to estimate the number ofbinding sites per molecule be-
cause we do not know the fraction of zyxin molecules that
adsorb to microliter wells in a conformation that allows them
to bind a-actinin .
The specificity of the interaction between zyxin and

a-actinin was examined further by determining whether a
number of other proteins were able to compete with radioio-
dinated a-actinin for binding to zyxin in solid phase binding
assays (Fig . 7 B) . Specifically, we compared the ability of
equivalent molar amounts ofvinculin, ovalbumin, a-actinin,
and the 53- and 27-kD thermolysin cleavage products of
a-actinin to compete with radioiodinated a-actinin for bind-
ing to zyxin . Only intact a-actinin successfully competed
with radioiodinated a-actinin forzyxin binding . The fact that
a number of other proteins fail to compete illustrates the
specificity of this interaction . Somewhat surprisingly to
us, the 27-kD thermolysin-generated cleavage product of
a-actinin failed to compete with intact radioiodinated
a-actinin for binding to zyxin, although we did observe
an association between zyxin and the 27-kD fragment of
a-actinin by blot overlay methods . It may be that the specific
zyxin-binding site is masked upon proteolytic cleavage ofna-
tive a-actinin and revealed once again when more denaturing
procedures, such as the blot overlay methods, are used . Al-
ternatively, intact zyxin may exhibit a significantly higher
affinity for a-actinin than for its 27-kD fragment and conse-
quently, the protein fragment may be ineffective at compet-
ing with intact a-actinin for zyxin binding . It is intriguing
that in the presence of vinculin, the binding of a-actinin
to zyxin appears to be slightly enhanced . We have not ob-
served any direct interaction between zyxin and vinculin
that might contribute to this result ; however, a-actinin has
been reported to associate with vinculin (Belkin and
Koteliansky, 1987; Wachsstock et al ., 1987), and it is there-
fore possible that vinculin binding to a-actinin might facili-
tate the a-actinin-zyxin interaction . Further experiments are
required to resolve whether or not this is the case .
By a variety of biochemical approaches, we have demon-

strated a specific, saturable, and moderate-affinity interac-
tion between zyxin and a-actinin in vitro. If zyxin and
a-actinin associate with each other in vivo as well, one might
expect them to be colocalized in cells . To examine this possi-
bility, we used double-label indirect immunofluorescence to
compare the subcellular distributions of zyxin and a-actinin .
As we reported previously, in chicken embryo fibroblasts
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zyxin is typically localized at focal contacts as well as along
actin filaments that associate with the membrane at sites of
adhesion (Fig . 8 b) ; in some cells a faint periodic staining
along stress fibers is also observed (see for example Fig . 8
h) . aActinin is also found distinctly at some adhesion
plaques (Fig. 8 c) but is more prominently concentrated at
the ends of F-actin bundles where they attach at the mem-
brane . In addition we observe a-actinin in a periodic distri-
bution along actin filaments as has been reported previously
(Lazarides and Burridge, 1975) . There is a striking overlap
in the subcellular distribution of zyxin and a-actinin in
fibroblasts as can be seen in the representative selection of
cells shown in Fig . 8. Interestingly, however, in many cases
zyxin appears to be more prominent in the focal contact
proper, whereas a-actinin staining is most striking along the
actin filament bundles proximal to the adhesion plaques and
extends further from these sites . From our examination of a
large number of double-labeled chicken embryo fibroblasts,
we conclude that the distributions of zyxin and a-actinin are
substantially overlapping ; however, they are not strictly
identical by this technique. Control experiments illustrate
that there is no transmission of the rhodamine signal in the
fluorescein channel (Fig. 8, h and i) or vice versa (Fig . 8,

ComDedna Protein:
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Ovalbumin
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Figure 7. Specificity of the associa-
tion between zyxin and a-actinin .
(A) Comparison of the binding of
untreated (A) and heat-denatured
1251-a-actinin (o) to zyxin immobil-
ized on microliter wells . The data are
expressed as a percentage ofthe max-
imal binding obtained . (B) Binding
of 121-a-actinin to immobilized zyxin
in the presence of increasing amounts
of competing protein . Only intact
a-actinin effectively competes with
radioiodinated a-actinin for zyxin
binding . The data are expressed as a
ratio of the specific counts bound at
each concentration ofcompeting pro-
tein to the specific counts bound in
the absence of competing protein .
Each point represents the average
value obtained from duplicate wells
in multiple experiments . a-Actinin :
n = 4 ; ovalbumin : n = 3 ; 55-kD do-
main : n = 4 ; 27413 domain : n = 5 ;
vinculin : n = 4 . aA, a-actinin .

j and k) . Furthermore our fluorochrome-labeled secondary
antibodies exhibited no cross-species reactivity (data not
shown) .
We have also examined the extent of zyxin and a-actinin

codistribution in pigmented retinal epithelial cells using con-
focal microscopy to compare precisely the relationship be-
tween the location of the two proteins . By this technique we
find that zyxin and a-actinin are both present in a circum-
ferential ring in an optical section that corresponds to the
apical portion of the cell (Fig . 9) . a-Actinin has previously
been shown to be a component of the zonulae adherens of
epithelial cells (Geiger et al ., 1979) . The demonstration of
colocalization of zyxin with a-actinin at sites of cell-cell
contact suggests that zyxin is a component of the zonulae
adherens as well, though we have not yet demonstrated this
conclusively by electron microscopic studies .

Discussion
In this paper, we report the results of solution and solid phase
binding studies that demonstrate an interaction between
zyxin and a-actinin in vitro. We have used four types ofbind-
ing assays to demonstrate and characterize the association
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Figure 9. Zyxin and a-actinin are colocalized at sites of cell-cell
adhesion in pigmented retinal epithelial cells . Confocal microscopy
reveals that zyxin (a) and a-actinin (b) are colocalized at the apical
junctional complexes of epithelial cells . Bar, 20 gym.

between zyxin and a-actinin : an F-actin-based sedimenta-
tion assay, a gel filtration approach, blot overlay experi-
ments, and a microtiter plate solid phase binding assay. By
these approaches we have shown a direct and specific inter-
action between zyxin and a-actinin . The binding appears to
occur at a single site with a Kd of 1.07 uM. In addition, we
have demonstrated that zyxin and a-actinin exhibit overlap-
ping subcellular distributions in vivo : both proteins are
found at cell-substratum adherens junctions and along stress
fibers in fibroblasts and at cell-cell adherens junctions in
retinal epithelial cells . Cumulatively, our findings from in
vitro biochemical studies and immunocytochemistry suggest
that the zyxin-a-actinin interaction at the membrane-
cytoskeleton interface is biologically meaningful, although
the physiological function of the zyxin-a-actinin complex
remains to be determined .

The association between zyxin and a-actinin that we ob-
serve is specific based on a number ofcriteria . First, we have
shown that unlabeled a-actinin competes effectively with
radioiodinated a-actinin for zyxin binding whereas a variety
ofother proteins fail to prohibit the zyxin-a-actinin interac-
tion . Second, if either zyxin or a-actinin is heat denatured
before use in a binding study, we observe an extensive reduc-
tion in the interaction between the two proteins . Third, when
radioiodinated zyxin is used to probe a blot containing a
large number of smooth muscle proteins, a-actinin most
prominently binds zyxin whereas a number of other abun-
dant proteins present on the blot fail to interact with the ra-
diolabeled probe .
We have demonstrated that the association between zyxin

and a-actinin is direct and does not require any accessory
proteins and that it is a saturable interaction . From our solid
phase binding studies, we estimate a Kd of til pM for the
zyxin-a-actinin interaction . The fraction of zyxin bound to
a-actinin {[Z - a-A]/([Z] + [Z - a-A])} would equal 1/2 when
[Z] = [Z - a-A] . Based on our estimated Kd for the zyxin-
a-actinin interaction {Kd = ([ZJ[cYA])/[Z - a-A] = 1 JAM},
we would expect 50% of the available zyxin to be bound
to a-actinin when the free a-actinin concentration ([aA])
equals 1 uM . The actual concentration of a-actinin in fibro-
blasts has been estimated to be between 1.5 and 7.5 /AM (Pa-
valko and Burridge, 1991.) Consequently, although zyxin
does not bind a-actinin with particularly high affinity, if we
assume that the two proteins are available to interact freely
with each other in vivo, a significant proportion of the cellu-
lar zyxin would be expected to be bound to a-actinin since
a-actinin is present in vivo at concentrations equal to or
greater than the Kd .
As pointed out previously (Crawford and Beckerle, 1991),

all evidence gathered to date suggests that zyxin is present
in cells at substoichiometric levels with respect to a-actinin .
The relative abundance of the two proteins constrains how
we can envision the interaction of the proteins in vivo . For
example, it is clear that only a subset of the a-actinin mole-
cules present in a cell will be associated with zyxin at any
given point in time . Thus, if stoichiometric binding of zyxin
to a-actinin affected the interaction between actin and
a-actinin, for example, zyxin could simultaneously affect
only a fraction of the a-actinin molecules in the cytoplasm .
One could envision a more wide-reaching effect of zyxin on
«-actinin function if zyxin were found to have some catalytic
activity ; however, to date we have not detected any enzy-
matic activity associated with zyxin . Nevertheless, the fact
that the level ofzyxin in cells appears significantly lower than
the amount of a number of presumed structural components
of adhesion plaques, including talin, vinculin, or a-actinin,
raises the possibility that zyxin has a regulatory function .
We have shown here that a-actinin and zyxin are colocal-

ized at both cell-cell and cell-substratum adherens func-
tional complexes . Although the distributions of zyxin and
a-actinin in cells are significantly overlapping, at the light

Figure 8. Comparison ofthedistribution ofzyxin and a-actinin in chicken embryo fibroblasts by double-label immunofluorescence. Interfer-
ence reflectionmicroscopy (a) reveals the location offocal contacts which appear blackand are labeled with anti-zyxin (b) andanti-a-actinin
(c) antibodies . There is also substantial overlap in the distribution of zyxin and a-actinin along the stress fibers (compare d with e and
fwith g) . Control experiments illustrate that no fluorescein signal derived from the anti-zyxin-labeled cell in h isdetected in the rhodamine
channel (i), or vice versa (j and k) . Bar, 20 Am .
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microscopic level at least, it appears that the two proteins also
exhibit some differences in their relative local concentra-
tions . For example, while both zyxin and a-actinin are pres-
ent in focal contacts as well as along stress fibers, zyxin
staining is relatively stronger at the adhesion plaques where-
as a-actinin staining is more pronounced along the actin fila-
ments than it is at focal contacts . By indirect immunofluores-
cence, zyxin staining at the adhesion plaque appears to
extend beyond the region where a-actinin is detected . The
differences in the staining of a-actinin and zyxin at adhesion
plaques may simply reflect the degree ofantigen accessibility
at these sites . An alternative interpretation of this staining
pattern is that zyxin is truly capable of associating with
regions of adhesion plaques that lack detectable a-actinin,
an observation that implies that zyxin is bound to another
adhesion plaque protein . Indeed, we have identified other
zyxin-binding proteins in smooth muscle cell extracts using
the blot overlay approach . We are currently developing
procedures for isolating these proteins and are particularly
interested in whether these putative zyxin-binding proteins
also reside at sites of actin-membrane interaction .
The recently deduced amino acid sequence of a-actinin

(Noegel et al ., 1987 ; Baron et al ., 1987) reveals that three
distinct domains exist within the molecule : an NH2 -
terminal actin-binding domain, a central region containing
four repeating units apparently involved in dimerization of
the molecule (Mimura and Asano, 1987), and a 000H-
terminal region composed of two EF-hand motifs which may
coordinate Ca2+ binding by some a-actinin isoforms (Noe-
gel et al ., 1987 ; Baron et al ., 1987) . Thus far, a-actinin
has been shown to interact with four proteins associated
with adhesion plaques : integrin, vinculin, zyxin, and actin .
Binding studies using the thermolysin cleavage products of
a-actinin have aided in clarifying the gross domains of the
a-actinin molecule with which these adhesion plaque pro-
teins interact . For example, the 53-kD rodlike region con-
taining the central repeats associates with integrin (Otey et
al ., 1990), while the 27-kD NH2-terminal thermolysin frag-
ment of a-actinin binds vinculin (Pavalko and Burridge,
1991), zyxin (shown here), and actin (Mimura and Asano,
1986) . The 27-kD domain of a-actinin contains a short se-
quence (27 amino acids in length) that is conserved in a num-
ber ofactin-binding proteins and has been shown to be essen-
tial for the interaction between the Dictyostelium actin
cross-linking protein, ABP-120, and actin (Bresnick et al .,
1990) . Although more detailed analysis is required to define
the zyxin-binding sequence on the 27-kD fragment of «-ac-
tinin, it is likely that zyxin recognizes some sequence other
than the conserved actin-binding motif since we did not ob-
serve an association between zyxin and filamin, a protein
that also exhibits this sequence motif . It is interesting to note
that recent work (Pavalko andBurridge, 1991) has shown that
microinjection of a molar excess of the 27-kD thermolysin
cleavage product of a-actinin into fibroblasts causes disrup-
tion of stress fibers ; this effect may be mediated, at least in
part, by futile binding of endogenous zyxin to the 27-kD
fragment of a-actinin, leading ultimately to a loss of zyxin
or zyxin-a-actinin function .
a-Actinin is present in many nonmuscle cells and has

been postulated to play an integral role in actin organization
and membrane attachment . Interestingly, however, recent
genetic and molecular genetic data have suggested that cells
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can perform many actin-dependent functions in the absence
of a-actinin . For example, it was recently demonstrated that
Dictyostelium cells that express defective a-actinin gene
products exhibit unimpaired chemotaxis and motility and ex-
hibit normal changes in cell shape (Schleicher et al ., 1988) .
In addition, although Drosophila a-actinin is essential late
in development, it does not appear to be necessary during
early embryogenesis (Fyrberg et al ., 1990) . These findings
have prompted the suggestion that the function of a-actinin
can be replaced by other a-actinin-like proteins (Schleicher
et al ., 1988 ; Fyrberg et al ., 1990) . a-Actinin has significant
homology with spectrin (Wasenius et al ., 1989) and dystro-
phin (Hammonds, 1987 ; Davison and Critchley, 1988 ; Koe-
nig et al ., 1988), proteins which are now considered to be
members of the a-actinin superfamily. Given the significant
sequence similarities between a-actinin, dystrophin, and
spectrin, it will be important to address whether zyxin inter-
acts with other members of the a-actinin superfamily .

In conclusion, we have demonstrated an interaction be-
tween the 82-kD adherens junction protein, zyxin, and the
actin-binding protein, c -actinin . Adherens junctions are
sites ofmembrane-cytoskeeeool interaction and cell adhesion
that are dynamic, physiologically responsive structures. The
organization and elaboration of adherens junctions has been
postulated to be important in morphogenesis, control of cell
growth and differentiation, and signal transduction in re-
sponse to extracellular ligand binding . Although the results
of many experiments illustrate the physiological importance
of these sites of transmembrane connection between the ex-
tracellular matrix and the cytoskeleton, the molecular orga-
nization and regulation of these assemblages is only now be-
ing clarified . The results presented here demonstrate a new
protein-protein interaction at adherens junctions . The re-
ported association between zyxin and a-actinin may be im-
portant for the localization of zyxin within cells or may con-
tribute to the biological activities of the proteins in vivo .
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