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Summary

Cingulin, a protein component associated with the
tight junctions of chicken intestinal epithelium, has
been purified to homogeneity by a new procedure
and characterized. Purified cingulin is a heat-stable
elongated dimer, composed of two polypeptides of
Mr 108000 (cingulin-108), with a Stokes' radius of
~15nm, and a molecular length of 130 nm ± 32 nm.
Monoclonal antibodies were used to determine the
tissue distribution and subcellular localization of
cingulin in a variety of avian tissues and cultured
cells. Indirect immunofluorescence analysis of
semi-thin frozen sections demonstrated that
cingulin is localized in the junctional complex of
various polarized epithelia and in the endothelium,
whereas it is essentially absent from mesenchymal
and myogenic cells. In permeabilized and fixed
cultured chick embryo kidney cells, the antibodies
stained solely the regions of contacts between the
epithelial cells. Double immunofluorescent label-

ing of these cells with anti-cingulin and anti-vinculin antibodies showed that cingulin is localized
close to the vinculin-rich cytoskeletal belt associated with adherens junctions, but is absent from
focal contacts and stress fibers. In cultured kidney
cells, actin was detected mainly in stress fibers and
in the peripheral junctional regions, where it
showed a distribution similar to that of cingulin,
suggesting that actin filaments may be part of the
submembrane cytoskeleton at the level of the tight
junction. Indirect immunoelectron microscopic
labeling of ultrathin frozen sections of chicken
intestine showed that cingulin is localized along the
endofacial surfaces of the tight junction (zonula
occludens), and is apparently excluded from the
more basal zonula adhaerens, and from the desmosomes.

Introduction

not clear (Balcarova-Stander et al. 1984; RodriguezBoulan et al. 1983; Simons & Fuller, 1985; Vega-Salas
etal. 1987).
The classical studies on tight junctions have been
focused on their morphology, as visualized in electron
micrographs. Freeze-fractured junctional membranes
show meshworks of branching ridges and complementary
grooves, which presumably contribute to the intercellular
adhesion and barrier capacity at this junction (Staehelin
etal. 1969; Staehelin, 1973; Friend & Gilula, 1972; van
Deurs & Koehler, 1979; Pinto da Silva & Kachar, 1982).
Tight junctions from different tissues and species show
some heterogeneity in their morphology; for example, in
the number of junctional strands (Claude &
Goodenough, 1973; Martinez-Palomo & Erlji, 1975;
Claude, 1978). The fibrils visible in fractured tight
junctions correspond to the focal sites of apparent fusion
between the outer membrane leaflets of neighboring cells
(Goodenough & Revel, 1970; Friend & Gilula, 1972;
Staehelin, 1973; Pinto da Silva & Kachar, 1982). It has
not been conclusively established whether these mem-

The junctional complex of polarized epithelia consists of
several components, displaying distinct structural
characteristics and functional properties (Farquhar &
Palade, 1963; Staehelin, 1974). The most apical unit of
the tripartite complex present in epithelial cells is the
tight junction, or zonula occludens, which is believed to
play a primary role as a selective barrier to the passage of
ions and small molecules across the paracellular space
(Schneeberger & Lynch, 1984; Gumbiner, 1987;
Cereijido et al. 1988), and thus regulates transepithelial
resistance (Diamond, 1977; Madara & Dharmsthaporn,
1985). Tight junctions have also been implicated in the
maintenance of differences in the lipid and protein
composition between the apical and basolateral domains
of the plasma membrane (Parr & Kirby, 1979; Louvard,
1980; Martinez-Palomo et al. 1980; van Meer & Simons,
1982; Roman & Hubbard, 1984; Hubbard et al. 1985;
Bartles et al. 1985; van Meer & Simons, 1986), but their
specific role in the generation of epithelial cell polarity is
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brane specializations represent sites where the membrane
lipids are in a inverted cylindrical micelle configuration or
whether they contain specific integral junctional proteins
(Wade & Karnovsky, 1974; Pinto da Silva & Kachar,
1982; Kachar & Reese, 1982; Griepp et al. 1983; Stevenson & Goodenough, 1984). A number of studies have
shown that events leading to perturbation of the microfilament-based cytoskeleton' and inhibition of zonula
adhaerens formation can affect tight junction-dependent
transepithelial resistance (Meldolesi et al. 1978; Bentzel
etal. 1980; Meza et al. 1980, 1982; Madara et al. 1986).
In view of these and other findings (Griepp et al. 1983;
Gumbiner & Simons, 1986; van Meer etal. 1986;
Stevenson & Goodenough, 1984) it is not unreasonable to
postulate that tight junctions may contain protein constituents contributing to their unique structural and
functional properties. The recent identification in vertebrate tissues of two tight junction-associated components, ZO-1 (Stevenson et al. 1986) and cingulin (Citi
etal. 1988), offers an opportunity of investigating the
role of protein components in tight junction structure and
function.
In this paper a new, rapid procedure for the purification of cingulin from brush border cells, and some of its
molecular properties, are described. The distribution of
cingulin in a wide variety of epithelial tissues both in situ
and in culture has been determined by immunofluorescence and immunoelectron microscopy. Cingulin is
largely localized near the vinculin-rich cytoskeletal
bundle present at the level of the zonula adhaerens, but
is absent from focal contacts and stress fibers. Actin
showed similar localization to that of cingulin at the level
of the zonula occludens in double-labeled cells. Immunoelectron microscopic labeling of ultrathin frozen sections
of chicken intestine indicates that cingulin-specific labeling was found in positions that were clearly apical to the
vinculin-rich zonula adhaerens, and strictly associated
with the cytoplasmic aspects of tight junctions.
Materials and methods
Materials
Fresh chicken intestines were obtained from G. W. Padley Ltd,
Bury St Edmunds, UK. Enzyme grade chemical reagents were
obtained from BDH, Sigma, Calbiochem and Boehringer.
Purification of cingulin
Cingulin was prepared from chicken epithelial brush border
cells by an improved procedure compared to that described
(Citi et al. 1988), which allowed us to purify both cingulin and
myosin from the same preparation, and with higher yields. All
steps were performed at 4°C, unless otherwise stated, and all
the solutions in the initial stages contained a cocktail of a broad
spectrum of protease inhibitors (Citi & Kendrick-Jones, 1986).
Brush border cells were prepared by incubating chicken intestines in 0-1 M-sucrose, 140mM-NaCl, lOmM-sodium phosphate,
pH7-0, lOmM-EDTA, 1 mM-NaN3 and protease inhibitors,
and collected by centrifugation at 2000 #. The cells were washed
as described by Citi & Kendrick-Jones (1986), and extracted by
homogenization with three volumes of 0-6M-NaCl, 0-3 Msucrose, 5 mM-EGTA, 25 mM-Tris-HCl, pH7-5, 10 mMsodium phosphate, p H 7 5 , 0 1 mM-dithiothreitol (DTT), and
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protease inhibitors, and in addition 5 mM-MgATP (to extract
the myosin). The homogenate (Fig. 1, lane 1) was centnfuged
at lOOOOO^for 45 min. The extract supernatant (Fig. 1, lane 2)
was fractionated with ammonium sulfate and the 28 % to 65 %
ammonium sulfate fraction was dialyzed overnight against
20mM-NaCl, 25 mM-imidazole, pH6-5, 10mM-MgCl2, 1 mMEGTA, 0-1 mM-DTT and protease inhibitors to precipitate the
crude actomyosin. The precipitate was collected by centrifugation, dissolved by homogenization in 0-6M-NaCl, 25 mMTris-HCl, pH7-5, 1 mM-EGTA, 0-1 mM-DTT, 5mMMgATP, clarified at 100 000 £ for 2 h and chromatographed on a
Sepharose CL-4B (95 cm X 5 cm) column under the conditions
described for myosin purification (Citi & Kendrick-Jones,
1986). To detect the fractions containing cingulin, the following
ELISA assay was used: 50 ji\ of each fraction were incubated in
wells of a 96-well plastic plate (Falcon 3912) at 37°C for 30min,
and then removed by aspiration. Non-specific protein binding
sites were blocked by incubation with 200//I of 2 % bovine
serum albumin (BSA) in phosphate-buffered saline (PBS) (1 h,
37 °C). This was followed by incubation with primary antibody
(monoclonal Ci6, diluted 1:500 in PBS containing 2 % BSA),
and secondary antibody (horseradish peroxidase (HRP)-conjugated rabbit anti-mouse Ig, Dako-Patts), using the protocol
described previously (Citi & Kendrick-Jones, 1987), and Ophenylenediamine as a chromogenic substrate. The cingulin
immunoreactivity was thus determined by measuring the absorption at A = 492nm of each well in a Titertek Multiscanner
(see Fig. 2). The elution profile of the myosin was determined
similarly, using anti-myosin monoclonal antibodies. The
cingulin-containing fractions were pooled (Fig. 1, lane 3),
concentrated by dialysis against solid sucrose followed by
ammonium sulfate precipitation (70% saturation), and the
pellet was dissolved and dialyzed against lOOmM-NaCl, 5 mMsodium phosphate, pH7-5, 10mM-Tris-HCl, pH7-5, 3 mMD T T , lmM-MgCl2, lniM-NaN 3 (buffer C) (Fig. 1, lane 4).
The dialysate was heated at ~95°C for 5 min, cooled in ice and
centrifuged at 28 000 g for 15 min (at 4°C). The pellet was
discarded (Fig. 1, lane 6) and the supernatant (containing
> 9 0 % of the cingulin, see Fig. 1, lane 5) was adjusted to pH 3-5
by addition of 1 M-citric acid to 15 niM final concentration. The
precipitated protein was collected by centrifugation, dissolved
in buffer C (with pH adjusted to 7-5 with 1 M-Tris-HCl) and
centnfuged at 50 000 £ for 30min (Fig. 1, lane 8). To the
clarified supernatant was added an equal volume of saturated
ammonium sulfate solution (final 50% saturation), stirred on
ice for 30 min, and pelleted at 28 000 # for 15 min. The pellet
was resuspended in buffer C (Fig. 1, lane 9), dialyzed extensively against the same solution and clarified at 100 000 # for
60 min (Fig. 1, lane 10). The yield was typically in the range of
1-3 mg of pure cingulin per 200 g of brush border cells (wet
weight). We estimate that cingulin represents ~0 - 025 % of total
cell protein, as determined by comparison with the yields of
brush border myosin (which constitutes ~ 0 6 % of total cell
protein). On the basis of these values, and assuming a cell
volume of ~ 3 x l 0 ~ /il, the calculated number of cingulin
molecules per cell is ~ 150 000.
Biochemical methods
Polyacrylamide mini slab gels were run as described by Matsudaira & Burgess (1978); 7-5% to 20% gradient gels were
calibrated with the following proteins: myosin (MT 200000),
phosphorylase B (Mr 95 000), serum albumin (Mr 68000), actin
(Mr 42000), skeletal muscle myosin LC, (MT 25 000), and
skeletal muscle myosin LC 3 (Mt 16000). 5% to 15% acrylamide gradient gels were calibrated with chicken skeletal muscle
myosin heavy chain under reducing (MT 200000) and nonreducing (Mr 400000) conditions. The proteins separated on
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Fig. 1. SDS-PAGE ( 7 5 % to 20% acrylamide gradient) and Western blot analyses of cingulin-containing fractions from
chicken intestinal cells with polyclonal (lanes 1-2) and monoclonal (lanes 3-10) antibodies. Lanes 1-12, Coomassie Blue-stained
samples; lanes 1 ' — 10', immunoperoxidase-labeled Western blots of corresponding samples; lane 1, whole brush border cell
extract; lane 2, extract supernatant afterlOOOOO g centrifugation. Note that polypeptides in the Mr range 15000 to 20000
(probably histones) are non-specifically labeled in l ' - 2 ' ; lane 3, pooled cingulin-containing fractions, from the Sepharose CL-4B
gel filtration column; lane 4, pooled cingulin-containing fractions, after concentration by solid sucrose and ammonium sulfate
dialysis; lane 5, supernatant after heat treatment of the cingulin-containing fraction and centrifugation at 50000g1 for 30min;
lane 6, corresponding pellet; lane 7, supernatant after isoelectric precipitation of cingulin-containing fraction (pH3-5) and
centrifugation at 50 000g for 20min; lane 8, precipitate after isoelectric precipitation. The weakly reactive band at Mr > 200000
is probably due to trace amounts of oxidized cingulin in this particular sample. Lane 9, cingulin-containing fraction after 50%
ammonium sulfate precipitation. Lane 10, purified cingulin. SDS-PAGE ( 5 % to 15% acrylamide gradient) Coomassie Bluestained gels. Lanes 11 and 12, relative migrations of cingulin under reducing (lane 11) and non-reducing (lane 12) conditions.
These gels were calibrated with chicken skeletal muscle myosin heavy chains under reducing (200000) and non-reducing
conditions (400000).

the gels were transferred electrophoretically onto nitrocellulose
(0-45 jtm pore size) by the method of Burnette (1981). The
efficiency of transfer (12 h at 4°C at a constant current of
0-22 A) was checked by staining the nitrocellulose sheets with
Amido Black (0-1% in 10% acetic acid, 10% methanol in
water, v/v).
The hydrodynamic properties of cingulin were determined
by gel filtration on either Superose 6 FPLC or Sepharose CL4B columns, equilibrated in lOOmM-NaCl, 5 mM-sodium phosphate, lOmM-Tris-HCl, pH7-2, 1 mM-MgCl2, 1 mM-EGTA,
0-25 mM-DTT, or in 0 9 M-NaCl, 2 mM-EDTA, 0-5 mM-EGTA,
25mM-Tris-HCl, pH 7-5, 0-5 mM-DTT, 1 mM-NaN3. The
molecular properties of cingulin were the same in the high-salt
and low-salt solutions. The Sepharose CL-4B column was
calibrated with proteins with known Stokes' radii: myosin (6S
conformation, 16-2 nm; 10 S conformation, ll-5nm) (Smith,
1985), and thyroglobulin (8-5 nm), ferritin (6-1 nm), aldolase
(4-8nm), bovine serum albumin (3-6nm) (Pharmacia gel
filtration calibration kit). Cingulin eluted as a symmetrical peak
with a partition coefficient KBV = 0-24, and a Stokes' radius of
15-0 nm. The Superose 6 FPLC column was calibrated with
elongated proteins of known molecular weights (R. Cross,
personal communication): smooth muscle myosin rod fragment
(250000), light meromyosin (LMM) (180000), subfragment 2
(80000), tropomyosin (72000), calmodulin (17 000), cytochrome c (14500). Cingulin eluted in a position corresponding

to an elongated protein with a molecular weight of ~225 000.
The length of cingulin molecules was determined by rotary
shadowing and electron microscopy (Citi et al. 1988).
The isoelectric point range of cingulin was determined by a
semi-quantitative solid-phase assay, using monoclonal antibodies, to measure the amount of cingulin in the soluble and
insoluble fraction after centrifugation at 10 000 £ of samples of
purified protein (at 0-1-1 m g m P 1 in buffer C) adjusted to
p H 3 0 , 3-5, 4-0, 4-5 and 5-0 with 1 M-citric acid. Maximal
precipitation of cingulin was observed at pH 3-5-4-0.
Protein concentrations were determined by the method of
Lowry et al. (1951), using bovine serum albumin as a standard.

Cells and tissues
Primary cultures of chicken kidney epithelium were prepared
from 15-day-old chick embryos. The cells were suspended in
trypsin-versene and plated on either glass coverslips or tissue
culture dishes, and cultured in Dulbecco's Modified Eagles'
Medium (DMEM, GIBCO, USA) containing 10% fetal calf
serum. Microscopic examination indicated that the cultures
were dominated by epithelial monolayers, which were occasionally underlaid by fibroblasts. The presence of fibroblasts in
these cultures had no effect on the experiments described here
and therefore no attempts were made to avoid them. For
immunochemical labeling different chicken tissues were freshly
excised and rapidly frozen in liquid N2-cooled isopentane.
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Fig. 2. Elution profile of the crude actomyosin/cingulin-containing extract (after ammonium sulfate fractionation) on a
Sepharose CL-4B gel filtration column. ( • ) The absorbance of the eluate at A = 280 nm; ( • ) absorbance at 492 nm, showing the
cingulin immunoreactivity as determined by ELISA assay using monoclonal antibodies (see Materials and methods). The
excluded and included volumes are indicated by Vo and V,, respectively, and the positions where myosin (M) and actin (A) elute
are marked. ATP elutes with fraction numbers 135-155.
Tissue blocks were cut in the frozen state in a Frigocut 2800
Cryostat (Jung-Reichert, FRG). The sections (4-8fan) were
recovered on clean glass slides, permeabilized in acetone at
—20°C, briefly dried and immunolabeled. Immunogold labeling of ultrathin (~100nm) frozen sections of chicken intestine
was carried out essentially as described (Geiger et al. 1980,
1981; Volk & Geiger, 1986a).
Immunochemical reagents
Anti-cingulin monoclonal antibodies were obtained while
screening for anti-brush border myosin antibodies (Citi et al.
1988). Anti-cingulin polyclonal antiserum was produced in a
rabbit (Citi et al. 1988). The four monoclonal antibodies used
in this study (Ci6, Ci7, Cil2 and Cil4) and the polyclonal
antiserum give similar immunofluorescent (and immunoblot)
staining patterns (S. Citi, unpublished observations). Monoclonal anti-cingulin antibodies were purified by affinity chromatography on protein A-Sepharose (Goding, 1983). Anti-vinculin antibodies used here were prepared in rabbit, and affinity
purified on chicken gizzard vinculin (Geiger, 1979). Actin was
localized by either rhodamine-labeled phalloidin, or by NBD
phallacidine (Molecular Probes, USA).
For immunoblots, monoclonal antibodies (ascites fluid) and
polyclonal antiserum were used at dilutions between 1: 100 and
1: 1000, in PBS containing 2 % BSA. Secondary antibody was
HRP-labeled rabbit anti-mouse, or HRP-labeled goat antirabbit antibody (Dako-Patts, Copenhagen, Denmark), diluted
1:400 (for conditions, see Citi & Kendrick-Jones, 1987). For
immunofluorescence, monoclonal anti-cingulin antibodies
(ascites fluids) were used at a dilution of 1:20 to 1:200,
polyclonal anti-vinculin at a dilution of 1:50. Secondary antibodies were goat anti-mouse Fab or goat anti-rabbit IgG,
labeled either with lissamine rhodamine sulfonyl chloride
(Brandtzaeg, 1983) or with dichlorotriazinyl-amino fluorescein
(DTAF, Research Organics, USA). All fluorescent conjugates
contained an average of three to five fluorophores per antibody
molecule. For immunoelectron microscopy, purified mono110

S. Citi et al.

clonal anti-cingulin and/or polyclonal anti-vinculin antibodies
were used at a concentration of 40-100figm\~ . Secondary
reagents for immunoelectron microscopy were: (1) single labeling: 10 nm gold-labeled protein A; (2) double labeling: a
mixture of 5 nm gold-goat anti-rabbit IgG and 15-nm goldgoat anti-mouse Fab (Janssen Pharmaceutica, Belgium).
Fluorescence microscopy was carried out using a Zeiss
photomicroscope III or an Axiophot microscope, equipped for
single and double (fluorescein-rhodamine) observations. Electron microscopy was carried out with a Philips EM 410
microscope, operated at 80 kV.

Results
Purification and characterization of cingulin
All the anti-cingulin monoclonal and polyclonal antibodies recognize two polypeptides in immunoblots of
crude brush border cell extracts run on SDS-containing
gels (Fig. 1, lanes 1 and 2). The higher molecular weight
polypeptide (Mr 140000, cingulin-140) was only detected
by immunoblot in crude samples of intestine and other
tissues (Citi et al. 1988), and in the initial steps during
purification. The lower molecular weight polypeptide
(Mr 108000, cingulin-108) was purified to >95 % homogeneity from brush border cells by a procedure involving ammonium sulfate fractionation and gel filtration,
followed by heat treatment and isoelectric precipitation.
As suggested previously, one possibility to account for
the observed heterogeneity in molecular weight of
cingulin as observed by SDS-PAGE and blot analysis is
proteolytic degradation (Citi et al. 1988). The protein
purified by this new procedure is identical to that purified
by our previous method (Citi et al. 1988), on the basis of
biochemical
and
immunochemical
criteria
(mo-

Fig. 3. Immunofluorescent labeling of frozen sections of chicken intestine (A and B) or isolated cell and brush borders (C-E)
with anti-cingulin, and (E') phalloidin. In A the villi are sectioned longitudinally; in B a cross-section of the crypt area is
shown. C (corresponding Nomarski image in C ) . Brush borders observed en face. D (see matched arrows in corresponding
Nomarski in D'). A side view of one isolated intestinal cell. Double labeling for cingulin and actin (brush borders labeled with:
E, anti-cingulin; E', phalloidin; E", corresponding Nomarski image) shows that cingulin is absent from the microvilli and
enriched only along the periphery of the terminal web. The borders of the cingulin-containing areas are marked with a broken
line on the actin image in E' and indicated with an arrow. Bars, 25^m.
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Fig. 4. Immunofluorescent labeling with anti-cingulin antibodies of chicken liver (A-C), pancreas (D) and kidney (E). In the
liver intense labeling is detected along the bile canaliculi. In high-power micrographs of longitudinal (B) or cross-sections (C) of
liver, labeling is detected along the junctional complexes on both sides of the canaliculus (see arrows in B and C). In the
exocrine pancreas, labeling is detected along the subluminal cell borders both in the acini (arrow in D) and ducts (arrowhead in
D). Tangential section through kidney tubules reveals a continuous belt-like staining pattern. Bars, 25 fun.

lecular weight, amino acid composition, molecular shape,
reactivity with antibodies). The procedure described
here differs from the one previously outlined (Citi et al.
1988), in that anion exchange chromatography was replaced by molecular-sieve chromatography and isoelectric precipitation as major purification steps. However,
the yield of cingulin by this new protocol was increased
112
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~ 10-fold. SDS-PAGE/immunoblot analysis of the various steps during the purification using anti-myosin and
anti-cingulin antibodies and comparison of the final
yields of these two proteins indicates that cingulin
constitutes ~0-025 % of the total protein in cell extracts
(see the low levels of cingulin present in the initial
extract; Fig. 1, lanes 1 and 2). Therefore, assuming that

Fig. 5. Immunofluorescent labeling for cingulin of chicken cornea (A), esophagus (B), retina (C-E), gizzard smooth muscle
(F) and cardiac muscle (G). In the stratified epithelia of cornea and esophagus, labeling is detected along the cell borders (A
and B). In the cornea the labeling is most intense in the outermost layers. In the neural retina cingulin is detected along the
area corresponding to the outer limiting membrane (C) as well as along the pigmented epithelium, shown in en face section in
D. In E the bright field image of pigmented cells in the same area as D is shown (see matched arrows). In both smooth and
cardiac muscles the labeling is mostly concentrated along the vascular endotheliuni (arrows in F and G). Bars, 25 /*m.
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Fig. 6. Double fluorescent labeling of cultured chicken kidney cells for cingulin (A and C) and actin (B and D). The
micrographs (shown in A and B) were taken in areas close to the margins of epithelial islands, disclosing flat cells with many
actin cables (B). In the same micrograph the out-of-focus images of actin stress fibers in underlying fibroblasts may be seen. In
more central regions of the epithelial sheet (C and D) actin is predominantly associated with the intercellular junction. In both
locations the cingulin labeling seems to be closely related to the junction-associated actin bundle (arrows). Bar,

cingulin is a dimer, of M r ~225 000 (see below), we
estimate that there are ~ 150 000 copies of cingulin
molecules per cell.
Cingulin-108 was readily extractable from brush border cell9 in the absence of detergents, under similar
conditions to those used for myosin (although MgATP is
not an absolute requirement for cingulin extraction).
Although purified cingulin is soluble under physiological
ionic strength conditions, it co-pellets with the precipitated actomyosin fraction when the initial high-salt extract is dialyzed against low salt (20mM-NaCl). This is
presumably due to the interaction of cingulin with the
proteins in the crude actomyosin extract (see Dis114
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cussion). Cingulin elutes from the gel filtration column as
a symmetric peak (Fig. 2), with a Kav of ~0'24 and a
calculated Stokes' radius of 15-0 nm. The cingulin peak
overlaps the trailing edge of the myosin peak (Fig. 2),
thus the pooled fractions also contain myosin (Fig. 1,
lanes 3 and 4). Purification of cingulin-108 was achieved
by exploiting its heat-stability properties and low isoelectric point, which selectively removed the myosin heavy
chains and other contaminants, and by ammonium sulfate fractionation (Fig. 1, lanes 5 to 10).
The biophysical properties of the purified cingulin-108
protein are summarized in Table 1. When cingulin is run
on a Superose 6 FPLC column, calibrated with elongated

Table 1. Purified cingulin: molecular parameters
Molecular size
SDS-PAGE (reducing conditions)
(non-reducing conditions)
Gel filtration
Stokes' radius (gel filtration)
Isoelectric point
Stability to: heat, ethanol treatment

108000
Mt -230000
225 000
15 nm
Range pH 3-5-4-0

+++

proteins of known molecular weight, it elutes in a position
corresponding to a protein of molecular weight ~225 000
(Table 1), close to that of the myosin rod (Mr 250000).
Interestingly, in non-reducing SDS-containing gels,
cingulin migrates with a relative mobility (Mr) of
~230000 (Fig. 1, lane 12), whereas in the presence of
excess reducing agent or when performic acid oxidized,
cingulin migrates with a M r of 108000 (Fig. 1, lane 11).
This observation indicates that cingulin monomers are
very susceptible to intramolecular thiol crosslinking, and
exist as dimers in solution in vitro. Conclusive evidence
that cingulin is an asymmetric protein comes from
electron microscopy studies on rotary-shadowed molecules, which demonstrate that cingulin has a fibrillar,
elongated shape, with a mean contour length of ~130 nm
(Ciuetal. 1988).
Cingulin distribution in chicken epithelia
The distribution of cingulin in a variety of epithelia was
analyzed using the indirect immunofluorescence technique on frozen tissue sections. Small intestine was
extensively labeled at the subapical borders of the epithelial cells, corresponding to the terminal web area
(Fig. 3A,B). Depending on the angle of sectioning and
section thickness, the cingulin-containing structures
could be viewed as bars, polygons or, in brush borders
observed en face, as a honeycomb-like array of continuous belts at the cell periphery. The latter pattern was
most prominent in regions along the sections where the
villi were cut at the level of the terminal webs, parallel to
the plane of the epithelial sheet (Fig. 3A,B). Another
view of cingulin distribution in the intestinal epithelium
was obtained from labeling of isolated epithelial cells or
brush borders (Fig. 3C-E). Close examination of these
preparations clearly indicated that cingulin is associated
with the junctional complex of epithelial cells, forming
apparently continuous belts along their peripheries
(Fig. 3C, compare with the Nomarski images in
Fig. 3 C ) . In fact, side view of isolated intestinal cells
reveals intense fluorescence at the terminal web area,
below the microvilli (see matched arrows in D and
corresponding Nomarski in D'). Double labeling for
cingulin and actin showed that the labeled region was
located basal to the actin-rich microvilli, and in the plane
of the terminal web (Fig. 3E,E').
Immunohistochemical labeling with anti-cingulin antibodies revealed prominent labeling of a wide variety of
polar epithelia. In liver the hepatocytes were intensely
labeled, mostly along the bile canaliculi and the apical
junctions of the bile ducts (Fig. 4A-C). In the pancreas
staining was detected both in belt-shaped structures

along the secretory exocrine lobules and throughout the
conducting system (Fig. 4D). In kidney, a similar pattern of labeling was associated with the tubules, concentrated on their sublumenal aspects (Fig. 4E). In the
stratified epithelium of the cornea, continuous labeling
was detected along the borders of the suprabasal epithelial cells (Fig. 5A). Interestingly, a dot-like pattern of
labeling was also detected in neighboring cells. In the
neural retina an extensive, honeycomb-like pattern of
labeling was apparently associated with the outer limiting
membrane area (Fig. 5C). In addition, fine labeling was
detected throughout the retinal pigmented epithelium,
which could best be visualized in tangential sections
(Fig. 5D,E). In the stratified, non-keratinizing epithelium of the esophagus, positive labeling was detected
along the cell borders (Fig. 5B). Labeling of smooth or
cardiac muscle showed only faint staining of the myocytes
and surrounding mesenchyme, while the vascular endothelial cells present were positive (Fig. SF,G).
Further evidence that cingulin is confined to tight
junctions, and not to all junctional complexes, was given
by the observation that lens cells, which are rich sources
of gap- and adherens-type junctions (but not of tight
junctions), were almost negative, and in cardiac muscle
cells there was essentially no labeling along the intercalated disc9 (not shown).
Spatial relationships between cingulin and components
of adherens junctions at the light and electron
microscope levels
Our results indicate that cingulin is associated in polar
epithelia and endothelia with a sub-apical, belt-shaped
junctional structure, a configuration characteristic of
adherens junctions in these cells (Geiger et al. 1981). To
define the spatial relationships between cingulin and
components of adherens junctions, we carried out double
immunofluorescent and immunoelectron microscopic
labeling of the same cells for cingulin, vinculin and actin.
Immunofluorescent labeling of permeabilized and
fixed cultured chicken kidney cells for cingulin revealed
intense fluorescence along their intercellular contacts
(Fig. 6A,C). No immunolabeling was obtained with
viable cells or with fixed, but not permeabilized, cells in
both the presence and absence of the Ca 2+ chelator
EGTA, which dissociates intercellular contacts (Volberg
et al. 1986; Volk & Geiger, 19866), indicating that the
epitopes recognized by the anti-cingulin antibodies are
not exposed on the cell surface and are thus unavailable
for immunolabeling (not shown). The staining was not
detected in the neighborhood of the ventral contacts
formed with the underlying substratum. In freshly plated
cells, cultured for one day or less, as well as at the
periphery of epithelial islands, the cingulin staining
varied from small focal patches to extended belt-like
configurations. This latter type of staining was most
prominent at the center of epithelial colonies (Fig. 6C).
Fibroblasts, which were often detected in the neighborhood of the epithelial sheets, contained conspicuous actin
stress fibers, but were essentially devoid of cingulin
labeling (Fig. 6B). In more central regions of the epithelial islands, actin was primarily associated with the
Cingulin: characterization and localization
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Fig. 7. Double immunofluorescent labeling of cultured
chicken kidney cells for cingulin (anti-cingulin: A,C and E)
and vinculin (anti-vinculin: B,D,D' and F, respectively).
The vinculin pattern in D' was photographed at a ventral
level, close to the glass substratum, showing focal contactassociated labeling. Notice the absence of cingulin labeling
from focal contacts (thick arrow in B) and the close spatial
relationship along the intercellular junctions (thin matched
arrows in A and B). Comparison of the staining patterns for
the two proteins discloses many differences, some of which
are indicated by the arrowheads in C-F. Open arrowheads
point to vinculin-containing sites apparently devoid of
overlapping cingulin, and filled arrowheads point to cingulincontaining sites devoid of overlapping vinculin. Bar, 10 fim.

junctional belts, and was not typically found in stress
fibers. Thus, the phalloidin-labeled actin filaments in
these regions were apparently closely related to the
cingulin-rich belts (see, for comparison, arrow in
Fig. 6C,D).
Double labeling of the cultured kidney cells for
cingulin and vinculin revealed partial colocalization of the
two proteins (thin arrows in Fig. 7A,B); several
examples depicting the relative locations of the two
proteins are presented in Fig. 7. Careful examination of
the labeling patterns along the intercellular interfaces,
where the two proteins displayed a grossly similar pattern, disclosed numerous locations where cingulin was
present, and vinculin absent, and vice versa (see arrowheads in Fig. 7). In addition, cingulin was consistently
absent from the vinculin-rich focal contacts (thick arrow
in Fig. 7B).
A more precise view of the relative location of cingulin
and the zonula adhaerens was obtained by indirect
immunogold labeling of ultrathin frozen sections of
chicken small intestine for cingulin, or for cingulin and
vinculin together. As shown in Fig. 8A, the anti-cingulin
labeling was consistently concentrated along the cytoplasmic faces of the membrane, at positions that were
apparently apical to the zonula adhaerens. This was most
clearly observed in samples where the junctional regions
were cut obliquely (Fig. 8B) or nearly parallel to the
plane of the terminal web (Fig. 8C-F). Notably, the
labeling was concentrated along a membrane-bound
plaque of a variable electron density, apparently restricted to the tight junction region (see Fig. 8A). The
junctional membrane along the labeled areas often revealed focal points of apparent fusion between the
external leaflets of the plasma membranes, typical of tight
junctions. These patterns may best be seen in Fig. 8E,
part of which is enlarged in Fig. 8D. The labeling with
anti-cingulin was apparent not only near the tight junctions between neighboring columnar epithelial cells
(Fig. 8A,B) but also in the junctions formed with mucussecreting goblet cells (Fig. 8C). Quantitative analysis of
the anti-cingulin antibody label as a function of the
distance from the membrane (5000 gold particles scored)
indicated a mean distance of ~40 nm between the immunogold particles and the plasma membrane. For comparison, similar ultrathin sections of chicken small intestine

were also immunogold-labeled for vinculin, and the
labeling was apparently confined to the zonula adhaerens, as previously shown (Geiger et al. 1980, 1981). In
the same intestinal sections the dense plaques of smooth
muscle cells present in the muscularis mucosa were
intensely labeled for vinculin but not with anti-cingulin
(not shown).
Further conclusive information on the relative locations of cingulin and vinculin was obtained by double
immunoelectron microscopic localization of the two proteins in the same sections. Fig. 9A shows a panoramic
view of an oblique section through the apical part of the
intestinal mucosa. In these sections the 15 nm and 5 nm
gold particles represent cingulin and vinculin, respectively. Though the specific labeling for each protein was
somewhat lower than that obtained by single labeling, it
was apparent that cingulin and vinculin were localized at
clearly distinct structural domains along the junctional
complex. As evident from the high-power micrographs in
Fig. 9B,C, the cingulin-specific labeling was associated
with the most luminal aspect of the junction and essentially excluded from the neighboring, vinculin-rich
zonula adhaerens.
Discussion
The usefulness of cingulin as a molecular marker for tight
junctions depends on the unequivocal demonstration of
its subcellular localization relative to structurally defined
junctions in situ. Several lines of evidence support the
localization of cingulin in the zonula occludens domain.
In immunoelectron micrographs of labeled intestinal
epithelial cells, typical tight-junctional structures, showing focal points of membrane contacts, could clearly be
detected near the cingulin-labeled zone (Fig. 8). Double
labeling of the same sections with anti-cingulin and antivinculin antibodies indicated that these proteins were
located at mutually exclusive sites along the junctional
complex (Fig. 9). In addition, the results at the light
microscope level showed that cingulin-containing structures were closely associated, but not overlapping, with
the intracellular, junction-associated vinculin (Fig. 7).
Thus the data presented here and immunolabeling experiments using antibodies to the plaque components of
adherens junctions (vinculin) and desmosomes (desmoplakins) clearly show that these proteins are confined to
their respective junctions and are apparently absent from
the putative tight junction-specific cytoplasmic plaque
(Geiger et al. 1980, 1981, 1983; Mueller & Franke,
1983).
The broad occurrence of cingulin observed in chicken
epithelial and endothelial tissues (Figs 3-5), and preliminary studies on the distribution of cingulin homologs in
mammalian species (S.C., unpublished results), suggests
that this molecule is a common component of tight
junctions in vertebrate tissues. Positive labeling for
cingulin was observed in essentially all cellular sites
where, using freeze-fracture or transmission electron
microscopy, tight junctions have been described (Farquhar & Palade, 1963, 1965). In simple epithelia, where
Cingulin: characterization and localization
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Fig. 8. Immunoelectron microscopic labeling for cingulin of
chicken small intestine. Ultrathin frozen sections were
indirectly immunolabeled using 10 nm gold-conjugated
protein A. Positive labeling is detected along the apical tight
junctions (tj) and absent from the zonula adhaerens area (za)
and desmosomes (d). The labeling is visualized both in crosssections (A), tangential sections (B), or nearly horizontal
sections (C-F). The orientation may be appreciated by
relating the junction associated cingulin to the adjacent
microvilli and microvillar rootlets (see B,C,F). In C an apical
junction with goblet cell (g) is seen positively labeled for
cingulin. In the junctions shown in E and in the enlarged
frame in D, loop-like configurations characteristic of tight
junctions are observed. The arrowheads (and asterisk) point
to the same region in D and E. Bars, 0-2

tight junctions form belt-like structures, which serve as a
barrier across the luminal and basolateral compartments,
cingulin labeling was detected as a continuous reticular
network throughout the subapical plane of the singlelayered epithelial sheets. In addition, it was intriguing
that cingulin labeling was detected in the multilayered
epithelia of the esophagus (Fig. 5) and tongue (not
shown), where, to our knowledge, the morphology of
tight junctions at the electron microscope level has not yet
been described. However, junctions observed throughout
all the layers of the stratified epithelium of the epidermis
show the characteristic structural features of zonulae
occludentes, as determined by electron microscopy (Farquhar & Palade, 1965), suggesting that typical tight
junctions may be present in stratified epithelia. It has
been proposed that the zonulae occludentes in the
epidermis are assembled in anticipation of desquamation,
and may be involved in maintenance of electrochemical
gradients and mechanical resistance of the tissue (Farquhar & Palade, 1965). Further studies will be required to
define the cingulin-rich structures in multilayered epithelia, and determine their physiological significance.
An important question is the spatial relationship of
cingulin to the membrane domain of the junction and to
the microfilament-associated cytoskeleton. The apparent
close vicinity between cingulin and actin in doublelabeled cultured cells suggests that actin filaments may be
present near to the cytoplasmic aspects of the tight
junction (Fig. 6). In fact, Gumbiner & Simons (1986)
using anti-uvomorulin antibodies have shown that the
actin-containing adherens junctions may be functionally
related to the tight junctions, since inhibition of zonula
adhaerens formation resulted in the loss of transepithelial
resistance. These and other observations (Meldolesi et al.
1978; Bentzelet al. 1980; Mezaei al. 1980, 1982; Madara
et al. 1986) point to possible roles of actin and actinbinding proteins in tight junction structure and function.
Although preliminary results indicate a lack of interaction
between cingulin-108 and purified rabbit skeletal muscle
actin in vitro (Citi & Kendrick-Jones, unpublished results), we observed that during its preparation cingulin
co-pelleted with the crude actomyosin extract. Since
purified cingulin-108 does not precipitate under conditions similar to those used to precipitate the crude

actomyosin, we believe that some interaction occurs,
directly or indirectly, between cingulin and some actinor myosin-binding protein. The identity of the binding
protein(s) and the physiological relevance in vivo of such
interactions remains to be established.
The relationship between cingulin and the junctional
membrane has been investigated at the morphological
and biochemical levels. Quantitative analysis of the
distribution of label in electron micrographs suggests that
cingulin is a peripheral component, and not intercalated
in the membrane. In addition, cingulin can be extracted
from brush border cells at physiological ionic strength,
and in the absence of detergents, and thus it does not
exhibit properties typical of intrinsic membrane molecules. The extractability of cingulin from isolated chicken
brush borders is not significantly affected by increasing
the ionic strength of the extraction solution to 0'6MNaCl, or by the presence of MgATP (Citi & KendrickJones, unpublished results). Taken together, these
findings strongly suggest that cingulin is not embedded in
the membrane but, rather, peripherally associated with
membrane constituents or with additional peripheral
interconnecting proteins.
Although the distribution of cingulin in chicken tissues
is similar to that observed for ZO-1 in mammalian tissues
(Stevenson et al. 1986; Anderson et al. 1988), the fine
patterns of localization of the two proteins appear to be
different. Stevenson et al. (1986) reported that ZO-1 was
particularly localized in the vicinity of the points of
cell-cell contact, whereas we have not observed such a
specific association in our anti-cingulin-labeled ultrathin
frozen sections. This could reflect differences in the
distribution of the two molecules, in the techniques used
for immunoelectron microscopy, or in the species and cell
types examined. Cingulin appears to be more abundant
than ZO-1, since, on the basis of our yields, we estimate
~150000 cingulin molecules per brush border cell, as
opposed to 30 000 molecules of ZO-1 per MDCK cell, as
estimated by antibody binding studies (Anderson et al.
1988). Thus, despite their largely similar subcellular
location, cingulin and ZO-1 are distinct molecules. Their
molecular weights are very different (140000/108000 for
cingulin versus 225 000/210000 for ZO-1), and comparative immunoblot assays with anti-cingulin and anti-ZO-1
antibodies show no cross-reactivity (B. Stevenson & S.
Citi, unpublished observations). Further comparison of
the two molecules awaits studies in vittv with the purified
proteins and elucidation of their molecular structures.
Purified cingulin is a highly elongated, heat-stable,
rod-like molecule (Citi et al. 1988). Thus in its shape and
physicochemical properties (Table 1) it resembles a number of cytoskeletal proteins and fragments, such as
myosin rod (Lowey et al. 1969) caldesmon (Bretscher,
1984; Furst et al. 1986), tropomyosin (Caspar et al.
1969), and spectrin (Glenney et al. 1983). Although
studies using monoclonal antibodies indicate that
cingulin is immunologically distinguishable from these
proteins (Citi et al. 1988; S. Citi & J. Kendrick-Jones,
unpublished results), it is possible that structural homologies at least at a primary level may exist between these
proteins.
Cingulin: characterization and localization
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Fig. 9. Double immunoelectron microscopic labeling of chicken small intestine for both cingulin (15 nm gold) and vinculin
(5 nm gold), at low (A), and high (B and C) magnification. In A, a number of tangentially cut junctional complexes can be
seen, one of which is enlarged in B (the asterisk marks identical positions). The arrowheads in A-C mark the approximate
borders between tight junctions and adhaerens junction areas (labelled with tj and za, respectively). N.B. Close examination,
especially of the low-power micrograph, is necessary to locate the 5 nm gold particles. Bar, 0-2/im.

Previous work on the structure of tight junctions has
been focused largely on the specific lipid or intrinsic
protein components of the membrane bilayer that may be
responsible for the characteristic morphology of tight
junction membranes as observed in freeze-fractured
specimens (Wade & Karnovsky, 1974; Pinto da Silva &
Kachar, 1982; Kachar & Reese, 1982; Griepp et al.
1983). The recent discovery and characterization of two
proteins peripherally associated with these junctions has
thrown some light on the molecular properties of the
submembraneous dense fibrillar material previously de120
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scribed at the endofacial junctional surface (Farquhar &
Palade, 1963; Stevenson & Goodenough, 1984). Future
studies should address the question of the relative positions of cingulin and ZO-1 in situ and in membrane
preparations, and their role in the structure, dynamics
and function of tight junctions. The ability to obtain
cingulin in a purified form, and in amounts amenable to
detailed biochemical studies will also allow us to dissect
its structural domains further and identify possible molecular interactions with tight junction-specific or other
cellular components.
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