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Abstract. An 82-kD protein has been purified from
the undercoat of the adherens junction isolated from
the rat liver. The purification scheme includes low salt
extraction followed by DEAE-cellulose ion exchange,
DNase I-actin affinity, and carboxyl methyl-cellulose
ion exchange chromatographies. The purified 82-kD
protein was essentially free of contaminants as judged
by SDS-PAGE combined with silver staining. The sub-
stoichiometric 82-kD protein largely inhibited the actin
filament assembly; when the molar ratio of the 82-kD
protein to G-actin was 1:1,000, the viscosity was re-
duced to 28% of the control value. Direct electron mi-
croscopic studies revealed that the 82-kD protein

selectively inhibited monomer addition at the barbed
ends of actin filaments. By use of the antibody raised
against the 82-kD protein, this protein was shown by
immunofluorescence microscopy to be localized at the
cell-to-cell adherens junction in various types of cells.
In contrast, the 82-kD protein was not concentrated at
the cell-to-substrate adherens junctions (focal con-
tacts). These findings have led us to conclude that the
82-kD protein is a barbed end-capping protein which
is associated with the undercoat of the cell-to-cell
adherens junction. Hence, we have tentatively desig-
nated the 82-kD protein as radixin (from the Latin
word radix meaning root).

contacts in which actin filaments are associated with

the plasma membrane through its well-developed
undercoat (9, 12, 20, 38). To understand how the association
between membranes and actin filaments is regulated, special
interest has been focused on the molecular organization of
the undercoat of adherens junctions. This junction was sub-
classified into two types: cell-to-cell and cell-to-substrate
(16). Intensive studies, mainly by the use of immunological
methods, have revealed that some unique proteins are local-
ized in the undercoat of adherens junctions. For example,
vinculin (12, 14-16), a-actinin (12, 14, 15, 25), pp60+~ (36),
and plakoglobin (6, 10) are localized in the cell-to-cell adher-
ens junction; and vinculin (11, 12, 14-16), «-actinin (12, 14,
15), pp60= (36), and talin (4) are localized in the cell-to-
substrate adherens junction. However, our knowledge of the
molecular organization of the undercoat is still fragmentary,
partly because the biochemical enrichment procedure for
this junction has not been available thus far.

Recently, we have succeeded in developing a new isolation
procedure for the cell-to-cell adherens junction using rat
liver, and in identifying 10 polypeptides including vinculin,
a-actinin, and actin as major constituents of its undercoat
(41). Our next step is to analyze the chemical nature of each

QDHERENS junctions are defined as one of the typical cell
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constituent. Considering that actin filaments are associated
with plasma membranes through the undercoat, it appears to
be reasonable to search for the actin-binding proteins among
the major constituents of the undercoat. Our preliminary ex-
periments using DNase I affinity chromatography have re-
vealed that the polypeptide with the molecular mass of 82
kD shows a rather strong G-actin-binding ability. Therefore,
as a first step to systematically analyze the chemical proper-
ties of each constituent of the undercoat of adherens junc-
tions, we have chosen to focus on this 82-kD protein. In this
paper, we describe the purification of the 82-kD.protein, its
biochemical properties in vitro, and its localization in vivo.
The results obtained have indicated that this 82-kD protein
is the barbed end-capping protein localized in the cell-to-cell
adherens junction.

Materials and Methods

Purification of the 82-kD Protein

All procedures were performed at 4°C. The 82-kD protein was purified
from the low salt extract of the adherens junction fraction. The adherens
junction was prepared from rat liver by the combination of homogenization,
sucrose density-gradient centrifugation, and Nonidet treatment described
previously (41). The first low salt extract (30 mi of 0.2 mg/ml) was obtained
by dialysis of the adherens junction fraction from 12 rat livers against the
extraction solution (1 mM EGTA, 0.5 mM PMSEF, | ug/ml leupeptin, 2 mM
Tris-HCI, pH 9.2), followed by centrifugation at 100,000 g for 60 min. The
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pellet was resuspended in 20 mi of the extraction solution and dialyzed again
against the same solution. The second extract (0.1 mg/ml) was obtained by
centrifugation at 100,000 g for 60 min.

Preswollen DEAE-cellulose was packed into a column (1 X 5 ¢m) and
equilibrated with buffer A composed of 10 mM Hepes, 1 mM EGTA, 0.1
mM DTT, 1 pg/ml leupeptin, 1 mM PMSF (pH 7.5). The first and second
low salt extracts were sequentially applied onto the DEAE—-cellulose col-
umn. The column was washed with 100 ml of buffer A before eluting with
60 mM KCl/buffer A (pH 7.5), 150 mM KCl/buffer A (pH 7.5), and 300
mM KCl/buffer A (pH 7.5), sequentially. When fractions were assayed for
the 82-kD protein by SDS-PAGE, the 82-kD protein was enriched in the 60
mM KCl/buffer A elute. The 60-mM KClI elute was then mixed with an
equal volume of buffer B (2 mM Hepes, 0.2 mM ATP, 0.2 mM DTT, 1 mM
p-Toluenesulfonyl-L-arginine methyl ester hydrochloride [Tame], 1 mM
PMSEF, 1 ug/ml leupeptin, pH 7.5) and loaded on the DNase I-actin affinity
column (1 X 1.5 cm). This column was prepared by mixing gel-filtrated
G-actin (5 mg) with DNase I-coupled Affi-Gel 10 (see references 19, 27),
followed by thoroughly washing with buffer B, 400 mM KCl/buffer B, and
buffer B, sequentially. After applying the sample, the DNase I-actin affinity
column was washed with 30 mM KCl/buffer C (the 1:1 mixture of buffer
A and buffer B, pH 7.5) and then the 82-kD protein was eluted from the
column with 160 mM KCl/buffer C (pH 7.5). In a final step, the fraction
enriched in the 82-kD protein was passed through carboxyl methyl (CM)'-
cellulose column {equilibrated with 160 mM KCl/buffer C, pH 7.5), and the
purified 82-kD protein was recovered in the fractions that were slightly
retarded from the void volume fractions.

Preparation of G-Actin

Rabbit skeletal muscle G-actin was prepared by the method of Spudich and
Watt (37) and further purified by gel filtration on a Sephadex G-100 column
equilibrated with buffer G (2 mM Tris, 0.2 mM ATP, 0.5 mM DTT, pH 7.5)
(19, 35).

Assay for the Effects of 82-kD Protein on Actin
Polymerization

Falling Bail Viscometry Assay. 100 ul of the purified 82-kD protein (0-0.5
ug/ml) in 160 mM KCl/buffer C was mixed with 210 ul of buffer G and
warmed for 5 min at 25°C. Actin polymerization was induced by addition
of 90 ul of gel-filtrated G-actin which was prewarmed for 5 min at 25°C.
The mixture was immediately drawn into 10 capillary tubes (50-ul micro-
pipettes; Clay-Adams, Inc., Parsippany, NJ). A stainless steel ball of 0.5 mm
diam was inserted into each micropipette. The time for the ball to fall a dis-
tance of 1 cm at a declination of angle & (tan 6 = 1/3) was recorded at 25°C
(29, 30). Annealing rates were measured as the rate of viscosity recovery
after fragmenting a steady-state mixture of actin filaments into short seg-
ments by pipetting. After pipetting, 100 ul of the actin filament solution
(3 mM MgCl,, 0.5 mg/ml) was added into the mixture of the 82-kD pro-
tein solution (100 ul of 160 mM KCl/buffer C; 0 or 0.25 ug/ml) and buffer
G (100 pl). The final mixture was immediately drawn into the micropipettes.
The recovery of viscosity was estimated by recording the time for the stain-
less steel ball to roll a distance of 1 cm of the micropipettes.

Electron Microscopy. The effect of the 82-kD protein on the actin poly-
merization was examined by using the acrosomal processes to nucleate fila-
ment assembly or by using the polystyrene beads. Limulus sperm acrosomal
processes were prepared according to the procedure of Tilney (39), and
stored in 50% glycerin, 15 mM Tris-HCI, 1.5 mM MgCl;, 50 M EDTA
(pH 7.5) at —20°C (2, 3, 26). 50 pl of the acrosomal processes was mixed
with 200 pl of distilled water at 4°C and fragmented into short pieces by
sonication (10 W x 10 s). After centrifugation at 15,000 g for 10 min, the
lowest one-third of the solution was used as the final acrosomal process
preparation. For the actin polymerization experiment, 35 ul of the 82-kD
protein (0 or 1 ug/ml) in 160 mM KCl/buffer C was mixed with 70 ul of
acrosomal process solution and 70 1 of distilled water, and preincubated
at 4°C for 15 min. Actin polymerization was initiated by addition of 50 ul
of gel-filtrated G-actin (0.5 mg/ml) in buffer G. After polymerization of ac-
tin in the presence or absence of the 82-kD protein at room temperature for
40 s or 10 min, the samples were mounted on the collodion-coated copper
grids. The sample was negatively stained with 4% aqueous uranyl acetate,
and examined in the JEOL 1200-EX electron microscope operated at 100 kV.
Some samples were incubated on the grid with some drops of heavy mero-

1. Abbreviations used in this paper: CM, carboxyl methyl; HMM, heavy
meromyosin; MDBK, Madin-Darby bovine kidney.
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myosin (HMM) solution (2 mg/ml in 30 mM KCl/buffer A) at room temper-
ature for 1 min before negative staining.

For the polymerization experiment of G-actin on polystyrene beads (21),
10 ul of the 82-kD protein (1 ug/ml) in 160 mM KCl/buffer C was prein-
cubated at 4°C for 10 min with 30 ul of buffer G containing polystyrene
beads (PSI-68; Rhone-Poulenc, Ltd., France). 5 ul of gel-filtrated G-actin
(0.5 mg/ml) was added and incubated at room temperature for 10 min. The
samples were negatively stained and examined in the electron microscope.

Immunological Methods

Anti-82-kD Protein Antibody. Antisera to the 82-kD protein purified by
SDS-PAGE were elicited in rabbits, and IgG was purified from the sera, ac-
cording to the methods described previously (41). Antivinculin antibody
was also obtained in the same procedure (41). Mouse monoclonal antibody
directed against plakoglobin was purchased from Progen Biotechnics (Hei-
delberg, FRG). Antidesmoplakin polyclonal antibody raised in guinea pigs
was a generous gift from Dr. A. Kusumi (University of Tokyo, Tokyo, Japan).

Immunoblotting and Indirect Immunofluorescence Microscopy. For
immune blotting, the samples were electroblotted onto nitrocellulose mem-
branes after SDS-PAGE (42). The strips of the nitroceilulose membranes
were incubated with first antibody and then treated with the second horse-
radish peroxidase-labeled antibody (Bio-Rad Laboratories, Richmond, CA).
The peroxidase was detected by the reaction using diaminobenzidine in the
presence of Ni and Co ions (8). For indirect immunofluorescence micros-
copy of cultured cells, Madin-Darby bovine kidney (MDBK) epithelial
cells and primary rat epidermal keratinocytes (prepared as described previ-
ously [17, 33]) were fixed with 1% formaldehyde in PBS for 15 min at room
temperature, treated with 0.2% Triton X-100 in PBS in 15 min, and washed
three times with PBS. After being soaked in PBS/1% BSA for 10 min, the
cells were treated with first antibody diluted with PBS/1% BSA. They were
washed with PBS/1% BSA and incubated with second antibody coupled with
FITC or rhodamine for 30 min. The sample was washed with PBS three
times and examined with an Olympus Corp. (New Hyde Park, NY) Vanox-S
microscope. For indirect immunofluorescence microscopy of frozen sec-
tions, samples were frozen by liquid N; and ~10-um-thick frozen sections
were fixed in 95% ethanol at —20°C for 30 min and in 100% acetone at
room temperature for 5 min (40).

Immunoelectron Microscopy. The fraction rich in bile canaliculi was ob-
tained as described in the preceding paper (41). The bile canaliculi were sus-
pended in 1% BSA/TBS (150 mM NaCl, 10 mM Tris, pH 7.5) containing
1/50 vol of anti-82-kD protein IgG or antivinculin IgG. After a 90-min incu-
bation at room temperature, samples were washed three times by centrifuga-
tion at 10,000 g for 10 min in TBS/1% BSA. The final pellet was incubated
with goat anti-rabbit IgG coupled to 10-nm gold (GAR G-10; Janssen Life
Sciences Products, Piscataway, NJ) which was diluted tenfold with TBS/1%
BSA. The samples were washed twice with TBS/1% BSA and once with
PBS (150 mM NaCl, 10 mM NaPO,, pH 7.4) by centrifugation at 10,000 g
for 10 min. The pellets obtained were fixed in 0.1% tannic acid, 2.5%
glutaraldehyde, 0.1 M sodium cacodylate, pH 7.4, fixed afterward in 1%
0s0y4, 0.1 M sodium cacodylate (pH 7.4), washed in distilled water, stained
en bloc with 0.5% aqueous uranyl acetate, and embedded in Epon 812. Sec-
tions were stained doubly with uranyl acetate and lead citrate before being
viewed in a JEOL 1200-EX electron microscope.

SDS-PAGE

SDS-PAGE was based on the discontinuous Tris-glycine system of Laemmli
(24). The stain Coomassie brilliant blue R-250 or the silver stain (Wako sil-
ver staining kit) was used.

Results

Purification of 82-kD Protein from Adherens
Junction-rich Fraction

A number of analyses using DNase I affinity column chro-
matograpy have shown that four types of actin-modulating
proteins are trapped by this column through the specific
affinity with G-actin: profilin-type (5), depactin-type (27),
cofilin-type (32), and barbed end-capping protein-type (7,
18, 19, 23, 28, 43). Among them, cofilin and the barbed end-
capping protein types can bind to F-actin as well as to G-ac-
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Figure 1. SDS-polyacrylamide gels showing the protein profiles
during the purification of the 82-kD protein by silver staining.
(Lane A) Low ionic strength extract of the adherens junction. The
extract shows the typical electrophoretic pattern of the major con-
stituents including vinculin (vin),c~actinin (an), the 82-kD protein
(82kd), actin (ac), and several other proteins (arrows) (see refer-
ence 41). (Lane B) DEAE-cellulose column elute (60 mM KCl) en-
riched in vinculin, 82-kD protein, and 55-kD protein. (Lane C)
The 82-kD protein eluted from DNase I-actin affinity column.
(Lane D) The 82-kD protein purified by the CM—cellulose column
chromatography.

tin. When the low salt extract of adherens junction was ap-
plied to the DNase I affinity column, the polypeptide with
the molecular mass of 82 kD was the main component that
was trapped and released by washing the column with 600
mM KCI solution (data not shown); the 82-kD protein com-
prised ~80% of the trapped proteins as estimated on the
SDS-polyacrylamide gels. Considering that the isolated ad-
herens junction fraction contains F-actin, but not G-actin, it
is reasonable to assume that this 82-kD protein may be cate-
gorized into the cofilin or barbed end-capping protein type.
To determine to which type this 82-kD protein belongs, we
have attempted to purify this 82-kD protein from the adher-
ens junction-rich fraction.

The purification scheme of the 82-kD protein includes low
ionic strength extraction of the adherens junction fraction,
and the DEAE-cellulose ion exchange, DNase I-actin affin-
ity, and CM-cellulose ion exchange chromatographies, as
described in detail in Materials and Methods. The protein
compositions at each step of the purification are displayed on
SDS-polyacrylamide gels in Fig. 1. Vinculin and the 82-kD
protein were copurified by DEAE-cellulose chromatogra-
phy, and separated on a DNase I-actin affinity column. The
resultant preparation of the 82-kD protein was essentially
free of contaminants as judged by SDS-PAGE combined with
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silver staining. Upon storage, some bands on SDS-poly-
acrylamide gels with molecular masses of 80 kD and 30-35
kD often were seen to appear. The increase of these bands
with time suggested that they were probably proteolytic
degradation products. The amount of the 82-kD protein in
the adherens junction was rather small, and only 1 ug of the
82-kD protein was purified from 8 mg protein of low salt ex-
tract of the adherens junction fraction (which was prepared
from 12 rats, 150 g of liver).

Interaction of the 82-kD Protein with Actin

Falling Ball Viscometry Assay. The effects of 82-kD protein
on the initial rate of actin polymerization and the final vis-
cosity level of the polymerized actin were examined by the
falling ball viscometry assay. The initial rate of viscosity in-
crease was accelerated by the substoichiometric concentra-
tions of the 82-kD protein (Fig. 2 A). The final steady-state
viscosity was reduced prominently with substoichiometric
concentrations of the 82-kD protein; when the molar ratio
of the 82-kD protein to actin monomer was 1:3,000, 1:2,000,
and 1:1,000, the steady-state viscosities were reduced to 78,
60, and 28 %, respectively, of the control viscosity (obtained
by the G-actin polymerization in the absence of 82-kD pro-
tein). These effects of 82-kD protein on actin polymerization
were not influenced by Ca?* in the polymerization solution.
Next, we examined the effects of the 82-kD protein on an-
nealing of actin filaments; actin filaments at steady state were
passed through a micropipette several times in the presence
or absence of 82-kD protein, and then the recovery of vis-
cosity was monitored using falling ball viscometry assay. In
the absence of 82-kD protein, the viscosity returned to the
original level within 60 min. However, in the presence of
substoichiometric concentration of 82-kD protein (the molar
ratio of the 82-kD protein to actin is 1:2,000), the recovery
of viscosity was inhibited to 60% (data not shown).

When these findings are taken together, it is reasonable to
speculate that the 82-kD protein is a kind of capping protein.
To evaluate this speculation, and, if so, to determine the end
to which the 82-kD protein binds, we have examined the ef-
fects of 82-kD protein on the actin filament growth on barbed
and pointed ends of actin filaments by direct electron micro-
scopic observations.

Electron Microscopy. By the use of short segments of ac-
tin bundles of isolated Limulus acrosomal processes (re-
ferred to here as acrosomal processes) as nuclei of actin po-
lymerization, it is possible to directly examine the nucleated
polymerization of G-actin at both ends of actin filaments of
acrosomal processes by negative-staining electron micros-
copy (2, 3, 26, 35). Using this method, we examined the
nucleated polymerization of actin filaments in the presence
or absence of the 82-kD protein (Figs. 2-4).

When the acrosomal processes were incubated with G-ac-
tin for a short time period (40 s) in the absence of the 82-kD
protein, actin was polymerized into 0.5-pm-long filaments at
only one end of 81% of the processes (Fig. 2, B-D). As
judged by the recent kinetic studies (30, 35), these active
ends can be regarded as the barbed ends. In contrast, when
the processes were preincubated with the 82-kD protein (1
pg/ml) followed by incubation with G-actin in the presence
of 82-kD protein (the molar ratio of 82-kD protein to G-actin
was nearly 1:1,400), no actin filaments were associated with
75% of processes (Fig. 2 E). These results favored the idea
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Figure 2. (A) Falling ball viscometry in the absence (x) or presence of increasing concentrations of the 82-kD protein at the molar ratio
of 1:3,000 (e), 1:2,000 (a), and 1:1,000 (w) of 82-kD protein to actin. (B-E) Negative staining electron micrographs showing the effect
of the 82-kD protein on the actin polymerization by the use of acrosomal processes. (B-D) When the acrosomal processes are incubated
with G-actin in the absence of the 82-kD protein for a short time period (40 s), short actin filaments are associated with only one end
of 81% of the acrosomal processes (arrows). (E) In contrast, no filament growth is observed on 75% of the processes when the processes
are preincubated with the 82-kD protein followed by the incubation with G-actin in the presence of the 82-kD protein. Bar, 0.5 um.

that the 82-kD protein inhibited the barbed end growth of ac-
tin filaments. To further confirm this point, we took advan-
tage of HMM decoration at the next step.

When the acrosomal processes were incubated with G-ac-
tin in the absence of 82-kD protein for a relatively long time
period (10 min) to allow polymerization at both barbed and
pointed ends, actin filaments elongated bidirectionally with
a prominent bias of the elongation rate for the barbed end,
as judged by HMM decoration (Fig. 3 A). In contrast, when
the acrosomal processes were preincubated with the 82-kD
protein (1 ug/ml) followed by incubation with G-actin in the
presence of the 82-kD protein (the molar ratio of the 82-kD
protein to G-actin is 1:1,400), the actin polymerization at
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barbed ends was largely inhibited, while the polymerization
at pointed ends was not influenced (Fig. 3, B and C). The
statistical results are shown in Fig. 4 A. Next, we examined
the polarized polymerization of G-actin on the carboxyl-rich
polystyrene beads in the presence or absence of 82-kD pro-
tein (Fig. 4, B and C). In the absence of the 82-kD protein
as a control experiment, actin monomers were polymerized
with 7:3 bias for the barbed ends. In contrast, when the beads
were incubated with 82-kD protein and then with G-actin in
the presence of 82-kD protein, the growing filaments were
directed with 7:3 bias for the pointed ends. These results in-
dicated that the pointed ends were much favored for poly-
merization in the presence of the 82-kD protein.
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Figure 3. Negative-stained acrosomal processes after incubation with G-actin in the absence (A4) or presence (B and C) of the 82-kD protein
followed by HMM decoration. (4) Both barbed and pointed ends of the actin bundles of acrosomal processes nucleate for actin filament
elongation. The directionality of growing actin filaments is shown by the HMM decoration method (arrowheads). (B and C) The 82-kD
protein selectively inhibits the polymerization of actin filaments at the barbed ends of the actin bundles of acrosomal processes, while

it does not influence the polymerization at the pointed ends. As a result, most actin filaments are directed with arrowheads of HMM pointing
away from the acrosomal processes. Bar, 0.1 um.
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Figure 4. (A and B) Quantification of the effect of a sub-
stoichiometric amount of radixin (the 82-kD protein) on
the polymerization of actin filaments at both barbed and
pointed ends. 50 acrosomal processes were examined
by negative-staining electron microscopy. The percen-
tages given are derived from the number of actin fila-
ments grown from the barbed or pointed ends of the
nuclei (acrosomal processes in A or beads in B). Note
that radixin (the 82-kD protein) dramatically inhibits
the polymerization of actin at the barbed ends. (C)
Negative-staining electron microscopy of the growing
actin filaments from the beads (asterisk) in the presence
of radixin. The polarity of the actin filaments are largely
biased for the pointed ends (arrowheads), resulting in
the filaments depicted with arrowheads of HMM point-
ing away from the bead. The portion around the bead
is printed lighter to reveal the attachment of actin fila-
ments. Bar, 0.1 um.

Figure 5. Antiradixin immunoblotting of rat tissues.
Coomassie blue-stained gels (4) and the corre-
sponding immunoblot profiles with the antiradixin
antibody (B). (Lanes /) Extract of adherens junc-
tion which is mainly composed of vinculin (vin),
o-actinin (atn), radixin (rad), actin (ac), and sev-
eral other polypeptides (arrows). (Lanes 2) Cardiac
muscle; (lanes 3) liver; (lanes 4) small intestine.
The immunoblot profiles show cross-reactivity of
radixin (the 82-kD protein) in cardiac muscle, liver,
and small intestine (arrowheads).



In summary, these results have led us to conclude that the
82-kD protein is a kind of a barbed end-capping protein. Ac-
cordingly, this protein is tentatively designated as “radixin”
(from the Latin word radix meaning root) in this paper.

Immunochemical Characterization of Radixin
by Immunoblot

Radixin was purified electrophoretically from the low salt
extract of adherens junction, and antisera to this protein were
raised in rabbits. IgG was purified from the serum using am-
monium sulfate precipitation and DEAE-cellulose column
chromatography. By the immunoblotting procedure, it be-
came clear that this IgG specifically reacted with radixin in
the adherens junction extract (Fig. 5) and with the purified
radixin (data not shown). This antibody also recognized a
single band of identical value (82 kD) in homogenate from
all adherens junction-bearing cells studied, such as rat liver,
heart, intestine, and MDBK cells (Fig. 5).

Localization of Radixin in Frozen Sections
of Various Tissues

Since, by immunoblotting assays, radixin was detected in the
adherens junction-bearing tissues such as rat liver, heart,
and intestine, the localization of radixin was examined by im-
munofluorescence microscopy on frozen sections of these
tissues. For comparison, the frozen sections were also
stained by anti-rat vinculin antibody (41).

In the liver, both antiradixin and antivinculin antibodies
stained the junctional complex region of the liver cells (Fig.
6). When frozen sections were stained for vinculin in cross
section, a pair of dots on both sides of the bile canaliculi were
observed, while in longitudinal section a pair of parallel lines
running along the lateral cell surface were visible (Fig. 6 C).
In the frozen sections immunofluorescently stained for ra-
dixin, similar staining patterns were obtained (Fig. 6 A).
Close inspection, however, has revealed that the linear stain-
ing patterns differ in appearance between radixin and vincu-
lin stainings; i.e., rough and smooth lines, respectively (Fig.
6, B and D). Furthermore, in the case of radixin distribution,
the spotted staining was seen to be scattered in the cytoplasm,
in addition to the linear staining. Similar staining was also
observed in other types of cells (see Figs. 8 B and 9 D), but
it remained to be clarified what this staining reflected. To
confirm that these linear stainings correspond to the belt-like
adherens junctions, an isolated bile canaliculi-enriched frac-
tion was used to immunolocalize radixin and vinculin at the
electron microscopic level (Fig. 6, E and F). Both anti-
radixin and antivinculin antibodies specifically labeled the
cytoplasmic side of the adherens junctions. No labeling was
detected on nonjunctional membranes. The distances between
the antigens and membranes could not have been discussed
in these preparations, partly because the undercoats of ad-
herens junctions might be disorganized during treatments
with antibodies and partly because antibodies might not eas-
ily reach the antigens which were embedded within the un-
dercoat. In the intestinal epithelial cells, the antiradixin anti-
body strongly stained their terminal web (Fig. 7, A and B),
similarly to the vinculin staining (data not shown, see refer-
ence 15). Taken together, it is safe to say that radixin is local-
ized in the cell-to-cell adherens junction.

When frozen sections of rat cardiac muscle were examined
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by the immunofluorescence microscopy using both antivin-
culin and antiradixin antibodies, the staining patterns of these
antibodies were distinct (Fig. 7, C and D). In both cases ex-
tensive labeling of the intercalated discs was observed, but
only in the case of vinculin was the patchy labeling detected
periodically along the lateral borders of the cells (“costa-
mere” pattern) (34). These observations led us to speculate
that, in contrast to vinculin, radixin was localized only in the
cell-to-cell adherens junction, but not in the cell-to-substrate
adherens junction. To confirm this speculation, the distribu-
tion of radixin was further examined in cultured cells.

Localization of Radixin in Cultured Cells

The distributions of vinculin and radixin were compared by
double immunofluorescence microscopy in MDBK epithe-
lial cells (Fig. 8, A and B). As shown previously (references
11-15), vinculin staining was found at both cell-to-cell and
cell-to-substrate adherens junctions, aithough the staining of
the cell-to-cell adherens junction was found on the focus
plane above the substrate (Fig. 8 A). Radixin staining was
localized specifically at the cell-to-cell adherens junction,
while it did not appear to be associated with the cell-to-
substrate junctions (Fig. 8 B). Careful observation has re-
vealed again that the linear stainings at the cell-to-cell adhe-
rens junction were different in appearance between vinculin
and radixin staining; i.e., smooth and rough, respectively.
Radixin showed additional dotted stainings in the cytoplasm
of MDBK cells, similar in situation to the liver cells in frozen
sections (see Fig. 6 A). To clearly demonstrate the absence
of radixin from the cell-to-substrate adherens junction, the
rat fibroblasts (3Y1) were stained with antivinculin and an-
tiradixin antibodies (Fig. 8, C and D). Intensive vinculin
staining was detected at the cell-to-substrate adherens junc-
tions (focal contacts) (Fig. 8 C), while these junctions were
by no means labeled by antiradixin antibody (Fig. 8 D). Fur-
thermore, we have examined the distribution of vinculin and
radixin in rat keratinocytes cultured under low and normal
calcium conditions (Fig. 9). Under the low calcium condi-
tion, the cell-to-cell adherens junctions were not formed; the
cell-to-substrate junctions were clearly stained by antivincu-
lin antibody (Fig. 9 A), but not by antiradixin antibody (Fig.
9 B). When the cells were cultured under normal calcium
condition, the cell-to-cell adherens junctions were induced.
These junctions were strongly stained with antiradixin as
well as with antivinculin antibody (Fig. 9, C and D).

Radixin and Desmosomes

Recently, it has been reported that “plakoglobin” or “band 5
protein” with a molecular mass of 83 kD, one of the major
constituents of the desmosomes isolated from bovine muzzle
epidermis, is also immunofluorescently localized in the ad-
herens junction (7). When radixin was coelectrophoresed
with the crude extract of the desmosomes, radixin comi-
grated with the unidentified minor band just beneath band 5
(plakoglobin) and above band 6 (Fig. 10, 4 and B) (6, 10,
22). To study the distinction between radixin and plakoglo-
bin unequivocally, the immunological approach was used.
The adherens junction extract (41) and desmosome extract
(40) were electrophoresed and transferred to nitrocellulose
membranes. Each membrane was divided into three strips,
which were incubated with antiradixin antibody, antiplako-
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Figure 7. Localization of radixin in rat intestine (4 and B) and localization of radixin (C) and vinculin (D) in rat heart. Inmunofluorescence
(A, C, and D) and phase-contrast (B) micrographs. Antiradixin antibodies (4 and B) strongly stain the terminal web of the epithelial cells
(large arrows) around the lumen (L) of the intestine. In tangential views, the radixin staining is localized in the cell-to-cell boundary (small
arrows). Extensive staining of both antiradixin (C) and antivinculin (D) antibodies is detected in the intercalated disks (d). Only antivinculin
represents the specific staining along the lateral side of the muscle cells in a “costamere” pattern (arrows). Bars, 10 um.

Figure 6. Localization of radixin and vinculin in rat liver cells. (4-D) Immunofluorescence micrographs of frozen-sectioned liver cells
for radixin (4 and B) and vinculin (C and D). (4 and C) Intense fluorescence appears on both sides of the bile canaliculi, resulting in
a pair of parallel lines (arrows). Between 4 and C, the linear staining differs in appearance; i.e., it is rough and smooth, respectively,
as revealed more clearly at higher magnification (B and D). Note the radixin-specific, cytoplasmic, spotted staining fairly deep within the
cytoplasm (4). (E and F) Immunoelectron micrographs of the isolated bile canaliculi (asterisks)-enriched fraction with antiradixin (E)
and antivinculin (F) antibodies, followed by labeling with colloidal gold-conjugated second antibodies. Radixin labeling (E) is associated
with the undercoat of adherens junction (arrows), in similar distribution to vinculin staining (F). The distances between antigens and mem-
branes could not be discussed in these preparations. Bars: (4-D) 10 um; (E and F) 0.2 pm.
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Figure 8. Immunofluorescence staining of vinculin (A and C) and radixin (B and D) in cultured cells. (4 and B) MDBK cells. Both vinculin
and radixin stainings were detected in the cell-to-cell adherens junction. Note that the linear stainings differ in appearance between 4 and
B; they are smooth and rough, respectively. The cell-to-substrate adherens junctions are only stained in A (arrows), though at this focal
plane they are out of focus. Radixin shows additional staining in the cytoplasm (B). (C and D) 3Y1 fibroblast cells. Intensive vinculin staining
is detected at the cell-to-substrate adherens junctions (focal contacts) (C), but these junctions are by no means labeled by the antiradixin

antibody (D). Bars, 10 um.

globin antibody, or the mixture of these antibodies. As shown
inFig. 10, Cand D, radixin and plakoglobin were recognized
as distinct bands in both adherens junction extract and des-
mosome extract. These results have led us to conclude that
radixin is distinct from plakoglobin.

The above morphological and biochemical studies have
persuaded us to speculate that radixin occurs not only in
adherens junctions but also in desmosomes. However, the
following careful observations did not favor this speculation.
As previously described (33), when the keratinocytes cul-
tured under normal calcium conditions were doubly stained
with antivinculin and antidesmoplakin antibodies, the vincu-
lin staining on the cell-to-cell boundary was exclusive from
desmoplakin staining, while these stainings were partly su-
perimposed (Fig. 11, A [a—c] and B). Similar exclusive dis-
tributions were detected between radixin and desmoplakin in
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the cultured keratinocytes, indicating that radixin was not
localized in desmosomes (Fig. 11, C [a-c] and D). The
discrepancy between these biochemical and morphological
studies remained to be studied, but the most likely explana-
tion was that radixin in the desmosome extract might be at-
tributed to adherens junctional or cytoplasmic radixin con-
taminating the desmosome fraction (17, 33).

Discussion

A new protein with a molecular mass of 82 kD has been
purified from cell-to-cell adherens junctions isolated from
rat liver. This purified protein appeared to act in vitro on ac-
tin in a manner similar to the so-called barbed end-capping
protein. Using the polyclonal antibody specific: to this pro-
tein, it has been immunologically shown that this protein is
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Figure 9. Localization of vinculin (4 and C) and radixin (B and D) in rat keratinocytes, cultured at low (4 and B) and normal (C and
D) calcium concentrations. (4 and B) The cell-to-substrate adherens junctions (focal contacts) are clearly stained with antivinculin antibody
(A), but not with antiradixin antibody (B). (C and D) When the cell-to-cell adherens junctions are formed, vinculin is associated with
both cell-to-cell and cell-to-substrate adherens junctions (C), whereas radixin is localized only in the cell-to-cell adherens junction (D).
Note the radixin-specific, spotted staining in the cytoplasm in B and D. Bars, 10 um.

localized in the undercoat of the cell-to-cell adherens junc-
tion in various types of cells. Thus, we refer to the protein
as radixin.

It is now widely accepted that the undercoat of the adhe-
rens junctions play crucial roles in maintaining and organiz-
ing the actin filament bundles in nonmuscle cells. In this
respect, it appears to be of great value to search for actin-
modulating proteins in the undercoat of this type of junction.
Actually, some actin filament cross-linking proteins, such as
c-actinin (12-15, 31) and filamin (13), have been shown to
localize at the undercoat. The occurrence of the barbed end-
capping protein in the undercoat has been a subject of hot de-
bate. Although vinculin was orginally reported to have a
barbed end-capping activity, at present this ostensible activ-
ity is widely attributed to contaminants, and it is thought that
highly purified vinculin does not cap the barbed end of actin
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filaments (44). Lin and colleagues (45) have intensively
studied this contaminated protein mainly using immunologi-
cal methods, and they recently reported that the contami-
nated proteins may arise from proteolysis of high molecular
mass molecules. Radixin purified here is not a degradation
product of this high molecular mass protein, since the anti-
body specific to radixin has never recognized the high molec-
ular mass proteins in immunoblotting. The relationship be-
tween these two proteins remains to be clarified.

The studies of the capping activity of vinculin have per-
suaded us to consider the possibility that a minor contam-
inant in the radixin fraction may work as a barbed end—cap-
ping protein. However, the results obtained here do not favor
this possibility. (@) Purified radixin was essentially free of
contaminants as judged by SDS-PAGE combined with silver
staining. Supposing that the barbed end-capping activity of
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Figure 10. Coelectrophoresis of the extract of rat adherens junction
with bovine desmosome extracts. Coomassie brilliant blue—-stained
polyacrylamide gels (4 and B) and immunoblots (C and D). (4,
lane 1) Purified radixin (rad). (B, lane I) Extract of adherens junc-
tion, including vinculin (vin), -actinin (atn), radixin {rad), actin
(ac), and several other major components (arrows). (B, lane 2)
Mixture of the adherens junction and desmosome extracts. (B, lane
3) The extract of isolated desmosome, including band 1 (bl; com-
posed of desmoplakin I and desmocalmin), band 2 (b2; des-
moplakin II), band S (b5 ; plakoglobin), and band 6 (b6). Radixin
comigrates with the minor band just beneath band 5 and above band
6. (C and D) Immunoblots of the extract of adherens junction (C)
or desmosomes (D). The nitrocellulose strips are reacted with anti-
radixin (C and D, lanes 1), with the mixture of antiradixin and an-
tiplakoglobin (C and D, lanes 2), or with antiplakoglobin (C and
D, lanes 3). In both C and D, only band 5 (arrows) is specifically
recognized by antiplakoglobin, and antiradixin labels a band (aster-
isks) with a molecular mass slightly smaller than band 5.

the purified radixin fraction was attributed to a minor con-
taminant, and that the molar ratio of this contaminant to
radixin was 1:50, a very low concentration of this contam-
inant (contaminant/actin = 1:100,000) might reduce the final
steady-state viscosity of actin solution to 60% of control vis-
cosity {see Fig. 2 A). This appears to be unlikely. (b) Any
fractions without radixin from DEAE~-cellulose, DNase I-
actin, and CM-cellulose columns did not effectively lower
the viscosity of solutions containing actin (data not shown).
(c) Radixin itself was trapped by the DNase I-actin column.
Radixin could account for ~80% of the DNase I-binding
ability of the low ionic strength extract (which included actin
endogenously).

The antibody against radixin used in this study did not
stain the cell-to-substrate adherens junction (focal contact) of
cultured rat fibroblasts (3Y1 cells). In cultured MDBK cells
and rat keratinocytes, intensive labeling was detected at the
cell-to-cell adherens junctions, while there was no labeling
at the cell-to-substrate junctions. Furthermore, the costa-
mere-like staining pattern was not obtained in the cardiac
muscle cells. Taken together, we can conclude that radixin
was concentrated in the cell-to-cell junction, but not in the
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cell-to-substrate junction. Recently, by analysis of a nonim-
mune rabbit serum, Beckerle (1) has identified a new protein
with the molecular mass of 82 kD which is localized at both
cell-to-substrate and cell-to-cell adherens junctions. Since
this protein was not purified and not characterized in vitro,
at present it is difficult to compare it with radixin.

Another point we must discuss here is the relationship be-
tween radixin and plakoglobin. Recently, plakoglobin (with
the molecular mass of 83 kD) was reported to be localized
not only in desmosomes but also in the cell-to-cell adherens
junctions (6, 10), though the manner of interaction between
this protein and actin has not yet been clarified. The coelec-
trophoresis experiment has demonstrated that radixin shows
slightly faster electrophoretic mobility than plakoglobin, and
slower mobility than the desmosomal “band 6” protein (10,
22). The immunoblot analysis by the use of antiradixin and/
or antiplakoglobin antibodies has clearly revealed that ra-
dixin and plakoglobin are distinct with each other. Further-
more, judging from the results from double immunostaining
analyses, radixin is not localized in desmosomes. Taken al-
together, radixin is a unique barbed end-capping protein
which is specifically associated with the cell-to-cell adherens
junction.

At present, it is premature to discuss the physiological
functions of radixin in the cell-to-cell adherens junctions. In
the previous study, we have succeeded in isolating the cell-
to-cell adherens junctions from rat liver and in identifying
10 major constituents of the undercoat of the adherens junc-
tion (41). For a better understanding of the functions of ra-
dixin, our next step is to analyze the following problems.
Which constituent of the undercoat or the membrane can in-
teract with radixin? How far from the membrane is radixin
localized in situ? Is radixin really associated in situ with the
barbed end of actin filaments in the undercoat? And what are
the chemical properties of the other constituents of the un-
dercoat? Studies along these lines are currently being con-
ducted in our laboratory.
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