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Abstract. Extracellular Ca 2÷ triggers assembly and 
sealing of tight junctions (TJs) in MDCK cells. These 
events are modulated by G-proteins, phospholipase C, 
protein kinase C (PKC), and calmodulin. In the pres- 
ent work we observed that 1,2-dioctanoylglycerol 
(diC8) promotes the assembly of TJ in low extracellu- 
lar Ca 2÷, as evidenced by translocation of the TJ- 
associated protein ZO-1 to the plasma membrane, for- 
mation of junctional fibrils observed in freeze-fracture 
replicas, decreased permeability of the intercellular 
space to [3H]mannitol, and reorganization of actin illa- 
ments to the cell periphery, visualized by fluorescence 
microscopy using rhodamine-phalloidin. In contrast, 
diC8 in low Ca 2÷ did not induce redistribution of the 
Ca-dependent adhesion protein E-cadherin (uvomoru- 

lin). Extracellular antibodies to E-cadherin block junc- 
tion formation normally induced by adding Ca 2+. die8 
counteracted this inhibition, suggesting that PKC may 
be in the signaling pathway activated by E-cadherin- 
mediated cell-cell adhesion. 

In addition, we found a novel phosphoprotein of 130 
kD which coimmunoprecipitated with the ZO-1/ZO-2 
complex. Although the assembly and sealing of TJs 
may involve the activation of PKC, the level of phos- 
phorylation of ZO-1, ZO-2, and the 130-kD protein 
did not change after adding Ca 2+ or a PKC agonist. 
The complex of these three proteins was present even 
in low extracellular Ca 2+, suggesting that the addition 
of Ca 2+ or diC8 triggers the translocation and assem- 
bly of preformed TJ subcomplexes. 

T 
HE intercellular space between epithelial cells is 
bridged by a set of specialized structures: tight junc- 
tions (TJs) 1 or zonula occludens, the zonula ad- 

herens, desmosomes and gap junctions. TJs, the most apical 
structure of the junctional complex, act as a diffusion barrier 
regulating the passage of ions and molecules through the 
paracellular pathway and, in addition, prevent the intermix- 
ing of lipids and proteins between the outer leaflets of the 
apical and basolateral plasma membrane (reviewed by Cerei- 
jido et al., 1989; Stevenson et al., 1988; Schneeberger and 
Lynch, 1992). 

Two proteins in association with the cytoplasmic side of 
TJs have been identified: zonula occludens-one (ZO-I), a 
210-220-kD protein (Stevenson et al., 1986; Anderson et 
al., 1988) whose two isoforms (Willott et al., 1992) exhibit 
a differential cellular distribution (Kurihara et al., 1992; 
Balda and Anderson, I993), and cingulin, a 140-kD protein 
located farther from the plasma membrane than ZO-1 (Citi 
et al., 1988; Stevenson et al., 1989a). In addition, three 
other proteins have been identified but remain less well 
characterized: BG9.1 antigen, a 192-kD protein (Chapman 
and Eddy, 1989), ZO-2, a 160-kD protein which coim- 

1. Abbreviations used in this paper: diC8, 1,2-dioctanoylglycerol; LC, low 
calcium medium; NC, normal calcium medium; PKC, protein kinase C; 
TER, transepithelial electrical resistance; TJ, tight junction; ZO-1, zonula 
occludens-one. 

munoprecipitates with ZO-1 (Gumbiner et al., 1991), and 
7H6 antigen, a 175-kD protein (Zhong et al., 1993). 

The morphology and tightness of TJs vary among epithe- 
lia, and are modified in response to physiOlogical conditions 
and pharmacological challenge (reviewed by Cereijido et 
al., 1988; Bentzel et al., 1991; Scbeneeberger and Lynch, 
1992). Although the cause of these variations are far from 
being elucidated, several lines of evidence indicate they in- 
volve complex cellular signaling mechanisms. 

Extracellular Ca 2+ triggers the assembly and sealing of 
TJs in monolayers of MDCK cells that have been prein- 
cubated in the absence of this ion ("Ca-switch") (Gonzalez- 
Mariscal et al., 1985, 1990; Contreras et al., 1992). This 
suggests the existence of a mechanism for transducing the 
Ca 2+ signal from the extracellular to the cytoplasmic side 
where the changes associated with the assembly of TJs are 
known to occur; e.g., reorganization of actin filaments 
(Meza et al., 1980) and translocation of ZO-1 to the plasma 
membrane (Siliciano et al., 1988). It has been suggested that 
the initial requirement for Ca 2+ in junction assembly is in 
permitting homotypic intercellular binding of the Ca-depen- 
dent adhesion molecule E-cadherin (Gurnbiner, 1991). The 
Ca-induced assembly of TJs can be inhibited by blocking the 
formation of cell-cell adhesion with antibodies to the ex- 
tracellular domain of E-cadherin (Vestweber and Kernier, 
1985; Gumbiner et al., 1988) suggesting a role for E-cad- 
herin in the transduction of the Ca-signal across the plasma 
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membrane. How the signal propagates inside the cell is not 
clear but based on pharmacological studies seems to involve 
G-proteins, phospholipase C, protein kinase C (PKC), and 
calmodulin (Balda et al., 1991). The finding that protein ki- 
nase inhibitors prevent disassembly of TJs induced by low 
extracellular calcium (Citi, 1992) further supports the im- 
portance of protein kinases in the regulation of TJs. 

In the present work, we analyzed the effect of the PKC 
agonist 1,2-dioctanoylglycerol (diC8) on the assembly of TJs 
in monolayers of MDCK cells in low extracellular Ca 2÷. 
We present evidence that diC8 induces translocation of ZO-1 
from the cytoplasm to the plasm membrane, the reorganiza- 
tion of the actin cytoskeleton, the appearance of TJ fibrils, 
and that it reduces the permeability of the paracellular path- 
way to mannitol. Despite these effects, diC8 did not induce 
E-cadherin redistribution in low Ca 2+. The inhibition by 
anti-E-cadherin antibodies of the translocation of ZO-1 and 
of the formation of a tight monolayer could be counteracted 
by diCS, indicating that E-cadherin regulates the assembly 
of TJs via a pathway activated by a diacylglycerol analogue, 
possibly through PKC. We also found a new protein of 130 
kD which interacts with the ZO-1/ZO-2 complex. The 
stoichiometry within this complex is the same in low and 
normal extracellular Ca 2÷, suggesting that TJs are assem- 
bled from preformed subcomplexes. Furthermore, our 
results indicate that during both Ca 2+ and diC8-induced TJ 
assembly, the level of phosphorylation of these three proteins 
does not change. 

Materials and Methods 

Cell Culture 
Strain II MDCK cells were used. The culture conditions, Ca-switch pro- 
tocol and treatments with drugs were as described previously (Gonzalez- 
Mariscal et al., 1985; Gumbiner et al., 1988; Balda et al., 1991). 

lmmunofluorescence 

Cells were grown on round glass coverslips in multi-well plates. They were 
fixed with 3 % paraformaldehyde (10 min) and permeabilized with 0.5 % Tri- 
ton X-100 in PBS (5 min). Monolayers were washed with PBS, blocked with 
0.2% BSA and 20 mM glyeine in PBS for 30 rain, and incubated for 1 h 
with the primary antibody (t:100 of anti-ZO-1 rabbit polyclonal, 7445 [W'il- 
lott et al., 1992]; or 1:800 anti-E-cadherin rat monoclonal [DECMA-1; 
Sigma Chemical Co., St. Louis, MO] [Vestweber and Kemier, 1985]). Af- 
ter three washes with PBS, cells were incubated for 1 h with the secondary 
antibody (1:250; FITC anti-rabbit, or TRITC anti-rat; Sigma Chemical 
Co.) and, in some experiments with rhodamine-phalloidin (1:500, Molecu- 
lar probes, Inc., Eugene, OR). After washing three times, coverslips were 
mounted with Mowiol (Calbiochem Biochemical, San Diego, CA). 

Transepithelial Electrical Resistance and ParaceUular 
Permeability for Mannitol 
Cells were plated at confluent density on filter culture inserts (0.6 cm 2, Fal- 
con; Becton Dickinson, Lincoln Park, NJ) coated with rat tail collagen. The 
degree of sealing of the TJ was assessed by measuring transepithelial electri- 
cal resistance (TER) using an EVOM (World Precision Instruments, New 
Haven, CT). TER values were obtained by subtracting the contribution of 
the filter and bathing solution. 

Paracellular permeability for mannitol was determined as described else- 
where (Rocbat et al., 1988) byadding [3H]mannitol (1 #Ci/mi, 30 Ci/ 
retool; NEN-Dupont, Wilmington, DE) to the apical side of the monolayer. 
The unidirectional flux of tracer was determined by serially sampling the 
basal compartment. To normalize the results of different experiments, the 
paracellular permeability for mannitol of monolayers in low Ca 2+ was 
taken as 100%. 

Freeze-Fracture EM 

Freeze-fracture replicas were obtained and analyzed as described elsewhere 
(Gonzalez-Mariseal et al., 1985). 

Metabolic Labeling, Immunoprecipitation, 
and Protein Analysis 

Cells were plated at confluent density on filler culture inserts (4.9 cm 2, 
Falcon) coated with rat tail collagen. After 1 h the cells were washed three 
times with PBS without calcium (4504,300, GIBCO-BRL, Gaithersburg, 
MD) and transferred to S-MEM without calcium (430-2,300, GIBCO- 
BRL), referred to as low-calcium medium (LC) (<5 tiM), or DMEM 
(450-1,600, GIBCO-BRL), referred to as normal calcium medium (NC) 
(1.8 raM). 20 h later the experimental protocol was started by washing twice 
with 150 mM NaCI/10 mM "Iris, pH 7.4. Thereafter, the cells were in- 
cubated for 60 min in MEM without phosphate (300-9,050, MEM select 
amine kit, GIBCO-BRL). Labeling was done in the same medium sup- 
plemented with 100/,Ci/ml of [32p]orthopbospbate (acid free, 0.8 mCi/ml; 
Amersham Corp., Arlington Heights, IL) for 3 h at 37"C in a CO2 incuba- 
tor. Ca 2+ or drugs were added to the phosphate-free labeling medium, as 
indicated. 

In some experiments, cells were metabolically labeled overnight with 
[3SS]methionine and [35S]cysleine (tran35S-label; ICN Rndiochemicals, Ir- 
vine, CA) using 0.2 mCi/ml in methionine-eysleine free growth medium 
(300-%050; GIBCO BRL). 

After labeling, the cells were washed with PBS, scraped, and collected 
by centrifugation at 4"C. Cells from a filler insert (4.9 cm 2) were extracted 
with 1 ml of 1% Triton X-100, 0.5% sodium deoxycholale, 0.2% SDS, 150 
mM NaCl in 10 mM Hepes, pH 7.4 (Gumbiner et al., 1991). All buffers 
contained the following protease and phosphatase inhibitors: 1 mM PMSE 
0.5 mM iodoacetamide, 10/xg/ml antipain, 1/~g/ml pepstatin A, 0.5 mM 
benzamidine, 25 ttg/ml leupeptin, 10/~g/ml aprotinin, 1 mM diisopropyl- 
fluorophosphale, 10/~g/rnl trypsin-chymotrypsin inhibitor, 2 mM EDTA, 
0.4 mM Na3VO4, 10 mM NaF, and 5 mM of Nad~207. The cell extracts 
were passed 10 times through a 25-gange needle. In some experiments the 
extraction of ZO-I was done under more denaturing conditions by boiling 
for 15 min in 1% SDS as described elsewhere (Matter and Hanri, 1991). 
The insoluble material was removed by centrifugation at 15,000 rpm for 20 
min at 4"C and the supernatant was transferred to tubes containing im- 
munobeads and incubated on an end-over-end shaker at 4°C. The im- 
munoaflinity matrix was prepared as previously described (Matter and 
Hauri, 1991) using a rabbit polyclonal antibody anti-ZO-1 (7,445, Wtilott 
et al., 1992) bound to protein A-Sepharose (Pharmacia Fine Chemicals, 
Piscataway, NJ). After washing four times with extraction buffer, the im- 
munoprecipitales were analyzed on a 7 % polyacrylamide-SDS gel by the 
method of Laemmli (1970) and transferred to nitrocellulose (Towbin et al., 
1979). 

[32p]phospbate labeling of ZO-I was detected by autorndiography and 
total ZO-1 protein was determined in the same gel lane by immunoblotting 
using a polyclonal anti-ZO-1 antibody (7,445, W'fllott et al., 1992) and a 
chemiluminescence detection system (ECL, Amersham). Autoradiographs 
were quantified by computer-aided digitalization with a Kodak Visage 2000 
image processor (Easmum Kodak Co., Rochester, NY) supported by a Sun 
Mierosyslem Bioimage workstation (MilliGen/Bioseareh, Ann Arbor, MI). 
The ratio of 32p-zo-1/total ZO-1 protein represents the relative specific ac- 
tivity of ZO-1. 

Results 

diC8 Induces Translocation of ZO-1 
to the Plasma Membrane 
Induction of TJ formation by the addition of Ca 2+ seems to 
occur via signal transduction across the plasma membrane 
(Gonzalez-Mariscal et al., 1990) and can be potentiated by 
the diacylglycerol analogue diC8 (Balda et al., 1991). There- 
fore, we tested whether stimulating MDCK cells in low 
Ca 2+ with diC8 is able to mimic the Ca 2+ effect on translo- 
cation of ZO-1 from the cytoplasm to the plasma membrane. 

To probe the effect of diC8 on the intracellular location of 
ZO-1, we incubated MDCK monolayers in LC with the drug 
and studied the distribution of ZO-1 by immunofluorescence. 
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Figure L diC8 induces translocation of ZO-1 to the plasma membrane. MDCK cells were incubated in LC for 20 h, and then transferred 
to LC (A), NC (B), LC + 0.5 mM die8 (C), or LC + 50 nM staurosporine + diC8 (D) for 2 h. Indirect immunofluorescent of ZO-1 
was performed as described in Materials and Methods. Bar, 6 #m. 

Cells in LC showed only very occasional staining in areas 
of intercellular contact (Fig. 1 A). In contrast, 2 h after trans- 
ferring the cells to media containing 1.8 mM Ca ~+, staining 
of ZO-1 revealed a reticular pattern around all cells indicat- 
ing translocation to the plasma membrane at regions of cello 
cell contact (Fig. 1 B). After 2 h of incubation with diC8 
in LC medium, ZO-1 was found at the plasma membrane in 
most areas of intercellular contact although the staining was 
not as continuous as after the Ca-switch (Fig. 1 C). This 
effect was not enhanced by longer periods of stimulation with 
diC8 and was partially blocked by the protein kinase inhibi- 
tors staurosporine (50 riM, Fig. 1 D) and H7 (50/~M, not 
shown). Similar or higher concentrations of these kinase in- 
hibitors have been shown in vivo to block the effect of PKC 
agonists (Sheu et al., 1989; Linder et al., 1992). The effect 
of diC8 on the redistribution of ZO-1 could also be repro- 
duced with low concentration (0.1-1.0 ng/ml) of PMA (not 
shown). These results suggest diC8 may induce translocation 
of ZO-1 by activating PKC. 

diC8 Reorganizes Actin Filaments 

We next addressed the question of whether diC8 induces 
other structural changes known to occur during the Ca- 
switch. Cytochalasin B, a drug that affects f-actin organiza- 

tion, lowers the electrical resistance in established MDCK 
monolayers and completely prevents sealing of tight junc- 
tions during the Ca-switch (Meza et al., 1980, 1982). This 
suggests that microfilament integrity is essential for the 
maintenance and assembly of TJs. 

To test whether the effect of diC8 on ZO-1 redistribution 
correlates with changes in the actin cytoskdeton we studied 
the f-actin distribution using rhodamine-phalloidin. In LC, 
most of the actin appears concentrated around the nuclear 
area (Fig. 2 A). After 2 h in the presence of Ca 2+, most of 
the actin redistributed along the periphery of the cells, con- 
centrated at areas of ceil-cell contact (Fig. 2 B). If diC8 was 
added to cells kept in LC, cells spread and microfilaments 
redistributed along the periphery of the cells (Fig. 2 C). This 
effect was also seen with the PKC agonist PMA (0.1-1.0 
ng/ml, not shown). Neither drug induced cell spreading to 
the same degree as did Ca ~+, perhaps because of the ab- 
sence of Ca-dependent cell-cell adhesion. Thus, diC8 not 
only induces translocation of ZO-1, but also triggers the reor- 
ganization of actin filaments. 

diC8 Induces Tight Junction l~bril Formation 

A characteristic of TJ structure, observed by freeze-fracture 
EM, is a distinctive pattern of fibrils surrounding the cell at 
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Figure 2. diC8 stimulates reorganization of actin filaments. MDCK 
cells were incubated in LC for 20 h, and then transferred to LC (A), 
NC (B), or LC + 0.5 mM diC8 (C) for 2 h. Rhodamine-phalloidin 
was used to stain actin filaments as described in Materials and 
Methods. Bar, 6 #m. 

the zone of cell-cell contact. If cells in LC were treated for 
15 min with diC8 they acquired the typical pattern of con- 
tinuous fibrils (Fig. 3 A) similar to that observed 15 min after 
a Ca-switch (Gonzalez-Mariscal et al., 1985). In control 
cells in LC without diC8 continuous fibrils were not ob- 

served (Fig. 3 B), although an occasional knot of filaments 
was observed, as previously documented (Gonzalez-Mariscal 
et al., 1985). The observation that diC8 also triggers the as- 
sembly of typical TJ fibrils suggests that PKC stimulation in 
low extracellular Ca 2+ not only stimulates cytoplasmic rear- 
rangements but also intramembrane events. 

diC8 Decreases Paracellular Permeability 

In a previous study, we observed that diC8 potentiates the in- 
crease in TER normally observed following a Ca-switch 
(Balda et al., 1991). Therefore, we tested whether diC8 is 
able to stimulate the development of TER in MDCK cells re- 
maining in LC. There was no significant increase in the TER 
under these conditions (Fig. 4 A). Nevertheless, TER in- 
creased faster if Ca 2+ was added to cells pretreated with 
diC8 for 2 h (Fig. 4 A). This suggests that the pretreatment 
with diC8 induces a step toward the assembly, e.g., translo- 
cation of tight junction components to the plasma mem- 
brane. The development of TER, however, seems to require 
at least one additional step which could not be induced with 
diC8. 

TER is a very sensitive indicator of the paracellular bar- 
tier and a small defect in TJ sealing results in negligible 
values. For example, if only 2 % of all TJs of a monolayer 
are open, the value of TER is reduced by 95% (Gonzalez- 
Mariscal et al., 1990). In contrast, permeability for the non- 
transported tracer, mannitol, has been used to measure the 
integrity of TJs in epithelia of low TER. Therefore, we deter- 
mined whether diC8 in LC decreases the paracellular flux 
of [3H]mannitol from the apical to the basolateral side (Fig. 
4 B). For comparison, the permeability for mannitol of 
monolayers in LC is referred to as 100%. 26 h (NC) or 6 h 
calcium switch (CS) of incubation with Ca 2+ decreased 
mannltol permeability by 90 and 70%, respectively. After 
6 h of incubation with diC8 in LC permeability for mannitol 
was significantly (p < 0.05) reduced by 30%. The same re- 
duction could already be detected after 2 h (not shown). 
Thus, diC8 in LC induces a partial sealing of the intercellu- 
lar space. 

Stimulation with diC8 Induces ZO-1 
11"anslocation to the Plasma Membrane in an 
E-cadherin-independent Manner 

Antibodies against E-cadherin, a Ca-dependent adhesion 
molecule, inhibit the assembly and sealing of TJs when 
added to the extracellular medium before the Ca-switch. It 
has been proposed that interaction of cadherin molecules is 
a prerequisite for the formation of TJs (Gumbiner et al., 
1988), and that Ca-dependent cell-cell contact triggers the 
activation of PKC which in turn regulates the assembly and 
sealing of TJs (Balda et al., 1991). 

To test this hypothesis, we first asked whether diC8 treat- 
ment in LC induces E-cadherin to concentrate along the 
lateral plasma membrane. In LC, only diffuse staining for 
E-cadherin over the entire cell was observed as reported be- 
fore (data not shown). After 2 h in NC, E-cadherin was de- 
tected in areas of cell-cell contact (Fig. 5 A) colocalizing 
with ZO-1 (Fig. 5 C). No lateral plasma membrane staining 
by anti-E-cadherin antibodies was detected in cells treated 
with diC8 in LC (Fig. 5 B), in contrast to the redistribution 
of ZO-1 (Fig. 5 D). Thus, diC8 induces redistribution of 
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Figure 3. diC8 leads to the ap- 
pearance of tight junction 
fibrils. Freeze-fracture repli- 
cas of MDCK ceils in: LC + 
diC8 for 15 min (A), and LC 
(B). Notice that in B an occa- 
sional knot of filaments can 
be observed (arrows). Bar, 
0.1 /~m. 

ZO-1 without an obvious accumulation of  E-cadherin in the 
lateral plasma membrane.  

Translocation of ZO-1 to the plasma membrane during the 
Ca-switch can be blocked by pretreatment with ant i -E-  
cadherin antibodies (Gumbiner  et al . ,  1988). To confirm that 
the diC8 effect on the assembly of TJ is downstream of the 
E-cadherin step we studied whether, in the presence of 
ant i -E-cadherin  antibodies, diC8 treatment still induces 
translocation of ZO-1 to the p lasma membrane.  Fig. 6 A 
(ZO-I) and C (f-actin) confirms the inhibitory effects on TJ 
formation of  ant i -E-cadherin antibodies i f  applied before 
and during the Ca-switch. Staining for ZO-1 at sites of  
ce l l -ce l l  contacts was strongly reduced but not completely 
abolished in the presence of  ant i -E-cadherin antibodies. I f  

Figure 4. Effect of diC8 on the development of TER and on the per- 
meability for [3H]mannitol. (A) Kinetics of the development of 
TER in LC ( - ~ ) ,  LC + diC8 (--m-), Ca-switch (CS, -~-) or CS + 
diC8 (-4-). Preincubation with diC8 for 2 h was performed before 
the CS. Long incubations in diC8 were in the presence of an inhibi- 
tor of its metabolism, EGD, as described before (Balda et al., 
1991). Shown are mean values + SE of six determinations. *p < 
0.05. (B) Permeability for [3H]mannitol of MDCK cell monolay- 
ers incubated in LC, NC, CS, or LC + diC8, determined at the end 
of the TER determinations showed in A. Values are expressed as 
percent of flux measured in monolayers in LC. Shown are mean 
values + SE of six determinations, diC8 in LC significantly re- 
duced (p < 0.05) the permeability for mannitol. 

Balda et al. Regulation of Tight Junction Assembly 2 9 7  



Figure 5. diC8 does not induce redistribution of E-cadherin. MDCK cells were incubated in LC for 20 h and then transferred to NC for 
2 h (,4 and C) or LC + diC8 for 2 h (B and D). Shown are double-labeled immunofluorescence stainings for E-cadherin (A and B) and 
ZO-1 (C and D). Bar, 6/zm. 

diC8 was added together with Ca 2+ to cells pretreated with 
anti-E-cadherin antibodies, ZO-1 staining revealed a typical 
reticular pattern (Fig. 6 B) and f-actin could be detected 
along the lateral plasma membrane (Fig. 6 D) to a similar 
degree as in a control monolayer (Fig. 1 B: ZO-1; Fig. 2 B: 
f-actin). 

To quantify the inhibitory effect on TJ formation by anti- 
E-cadherin antibodies and the counteraction by diC8, we 
measured mannitol fluxes (Table I). The presence of anti- 
E-cadherin antibodies partially inhibited the decrease of 
mannitol flux during the Ca-switch. diC8 completely coun- 
teracted this inhibitory effect. These data indicate that diC8 
activates a pathway downstream or independent of E-cad- 
herin. We also found that anti-E-cadherin antibodies did not 
inhibit the diC8 induced translocation of ZO-1 and actin re- 
organization in LC, an observation that further supports this 
conclusion (data not shown). 

Phosphorylation of  ZO-1 Does Not Change during the 
Ca-switch or after diC8 Treatment 

ZO-1 is a phosphoprotein (Anderson et al., 1988), and con- 
tains twice as much phosphate in low-resistance MDCK 

cells as in the high-resistance strain (Stevenson et al., 
1989b). To test whether phosphorylation of ZO-1 is altered 
by the Ca-switch or diC8 treatment, we performed immuno- 
precipitation studies of ZO-1. MDCK cells were incubated 
for 20 h in NC or LC. After phosphate depletion, cells were 
metabolically labeled with p2p]orthophosphate for 3 h in 
NC or LC, and in the absence or presence of diC8. Cell ex- 
tracts were immunoprecipitated with an anti-ZO-1 antibody 
(7445; Willott et al., 1992). Upon analysis by SDS-PAGE 
and immunoblotting, the ratio 32P-ZO-1/total ZO-1 protein 
was determined. The data in Table II indicate that neither the 
addition of Ca 2÷ nor diC8 significantly changed the phos- 
phorylation of ZO-1. The antibody precipitated similar 
amounts of protein under all the different conditions and the 
same results were obtained if cells were extracted by boiling 
in SDS (data not shown). Additionally, similar results were 
obtained when the cells were directly transferred to LC 
medium after trypsinization, instead of 1 h in NC and then 
LC for 20 h, indicating that the 1-h attachment period in NC 
did not affect phosphorylation of ZO-1 (data not shown). 
Thus, ZO-1 does not significantly change its phosphorylation 
state during junction assembly induced by either Ca 2÷ or 
diC8. 
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Figure 6. diC8 induces ZO-1 and f-actin redistribution in an E-cadherin-independent manner. Cells in LC were incubated with anti-E- 
cadherin antibodies (5/d/250/~1) for 1 h, and then calcium was raised to 1.8 mM for another 2 h in the absence (A and C) or presence 
of  2.7 m M  diC8 (B and D ). Double labeling was performed for ZO-1 (A and B ) by immunofluorescence and f-actin (C and D ) with rhoda- 
mine-phalloidin.  The inhibitory effect of  ant i -E-cadherin antibodies was observed with 5 to 10 #1 of  ascites fluid in 250 #1 of  medium. 
Bar, 6 #m.  

Two Phosphoproteins Coimmunoprecipitate with ZO-1 

Recently, a 160-kD protein was found to coimmunoprecipi- 
tate with ZO-1 from [35S]methionine-labeled MDCK cell 
extracts and was subsequently called ZO-2 (Gumbiner et al., 
1991). To test whether ZO-2 is a substrate for PKC, we per- 
formed coimmunoprecipitation studies. MDCK cells were 
metabolically labeled with either [32P]orthophosphate or 

Table L Mannitol Flux in the Presence of 
Anti-E-Cadherin Antibodies and diC8 

Conditions Mannitol flux (percent of LC) 

LC 100 + 7 
CS 34 + 6 
CS + cx-E-cad 57 + 6 
CS + c~-E-cad + diC8 31 + 7 

Cells in LC were preincubated with or without anti-E-cadherin antibodies 
(a-E-cad, 7/250 #1 of medium) and/or diC8 (2.7 mM) for 1 h. Then ceils were 
switched to NC including the same ingredients. After 6 h of incubation 
mannitol flux was measured as described in Materials and Methods. Given 
are mean values 5: SE of six determinations, diC8 significantly counteracted 
(p < 0.05) the effect of c¢-E-cadherin on marmitol flux. 

[35S]methionine in NC, LC, during a Ca-switch or in the 
presence of diC8. Ceils were extracted and ZO-1 was immu- 
noprecipitated as described by Gumbiner et al. (1991). After 
gel electrophoresis, transfer to nitrocellulose, and autoradi- 

Table II. Phosphorylation of ZO-1 before and after 
Junction Assembly under Different Conditions 

Media n 32P/protein 

NC 4 I 

LC 4 0.94 + 0.10 
LC + diC8 2 0.99 + 0.20 

CS 3 1.00 + 0.45 
CS + diC8 2 0.97 + 0.11 

MDCK cells were plated in NC for 1 h after trypsinization and subsequently 
transferred to NC or LC. After 20 h, monolayers were phosphate depleted for 
l h and then metabolically labeled with ~2P]orthophosphate for 3 h, at the 
same time one group in LC was transferred to NC (Ca-switch). diC8 was used 
at 0.5 mM where indicated. The phosphorylation state of ZO-1 was determined 
as the ratio of 32P-ZO-1 and total ZO-I protein, as described in Materials and 
Methods. Phosphorylation at 24 h in NC was taken as 1 to normalize the results 
of different experiments. The results are expressed as means 5: SE of n 
experiments. There are no significant differences between the different 
conditions as determined by a t test. 
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Figure 7. Two phosphoproteins coimmunoprecipitate with ZO-I. 
(Left panel) Autoradiograph of immunoprecipitates of 3Sp-labeled 
MDCK cells in NC, LC, or CS. (Middle panel) Fluorograph of im- 
munoprecipitates of [35S]methionine labeled MDCK cells in NC, 
LC, or CS. (Right panel) Immunoblot of the nitrocellulose mem- 
brane shown in the left panel using anti-ZO-1 antibodies. Positions 
of molecular weight markers are indicated on the right. 

ography, three phosphoproteins were observed that migrated 
at ,,o210, ,,o160 and ~130 kD (Fig. 7, leflpanel). The same 
three bands could also be detected after [35S]methionine 
labeling (Fig. 7, middle panel). However, the relative inten- 
sity of the 130-kD compared to ZO-1 band was lower in cells 
labeled with [35S]methionine than [32P]orthophosphate (Ta- 
ble HI). The 210-kD protein was subsequently identified as 
ZO-1 by immunoblotting the same nitrocellulose membrane 
which had been used for autoradiography (Fig. 7, leflpanel) 
with the same anti-ZO-1 antibody used for the immunopre- 
cipitation (Fig. 7, right panel). Since the 160-and 130-kD 
bands could not be detected by immunoblotting with anti- 
ZO-1 antibodies, it is unlikely that their coimmunoprecipita- 
tion was due to cross-reactivity of the antibody. In addition, 
we obtained the same gel pattern using either a monoclonal 
anti-ZO-1 antibody (R40.76; Anderson et al., 1988) or a 
polyclonal antibody generated against a recombinant antigen 
containing only 54 amino acids of ZO-1 (8040; Willott et al., 
1992). Furthermore, only ZO-1 was immunoprecipitated 
when the samples were denatured by boiling in 1% SDS be- 
fore immunopurification with the same antibody as used in 
Fig. 7 (data not shown). 

The 160-kD band most likely represents ZO-2 which was 
not previously known to be a phosphoprotein. The 130-kD 
protein (p130) is strongly labeled with [32p]orthophosphate 
but only weakly with psS]methionine. This may explain 
why this band has not been observed by Gumbiner et al. 
(1991). Preliminary characterization by immunoblotting and 
immunoprecipitation showed that it is not cingulin, a tight 
junction protein of 140 kD (data not shown, anti-cingulin an- 
tibody kindly provided by S. Citi). 

Since there are no antibodies specific for ZO-2 or p130, 
we performed coimmunoprecipitation experiments to deter- 
mine whether these proteins change their phosphorylation 
state upon stimulation of TJ assembly. Analysis of several ex- 
periments analogous to the one shown in Fig. 7 revealed that 
the ratios of ZO-2/ZO-1 and pl30/ZO-1 of psS]methionine 
or [32p]orthophosphate-labeled proteins are similar in NC 
and LC. Additionally, they do not significantly change after 
diC8 treatment (Table III). This indicates that neither ZO-2 
nor the 130-kD protein change their phosphorylation state 
during the Ca-switch or upon diC8 treatment. We can not 
rule out the possibility that pools of ZO-2 or p130 exist 
which are not bound to ZO-1, thus can not be co-immunopre- 
cipitated, but which change their phosphorylation state in re- 
sponse to Ca 2÷ or diC8. 

The constant [32S]methionine ratios indicate that the 

Table III. Stoichiometry of the ZO-1 
Co-immunoprecipitated Proteins under 
Different Conditions 

Conditions n ZO-2/ZO- 1 p130/ZO- I 

32P-ratios 
NC 3 0.56 + 0.10 0.24 + 0.07 
LC 3 0.56 + 0.11 0.23 + 0.07 
LC + diC8 2 0.64 + 0.10 0.16 + 0.04 
CS 3 0.61 + 0.10 0.26 5:0.05 
CS + diC8 2 0.79 5:0.11 0.32 5:0.06 

35S-ratios 
NC 3 0.45 5:0.10 0.12 5:0.04 
LC 3 0.55 5:0.09 0.14 5:0.05 
LC + diC8 3 0.61 5:0.07 0.15 5:0.05 
CS 3 0.62 5:0.04 0.14 + 0.07 
CS + diC8 3 0.55 + 0.05 0.14 5: 0.04 

see Table I and Materials and Methods for further details. 

stoichiometry of the immunoprecipitated complex is the 
same under all conditions. Thus, even in the absence of 
cell-cell contact, at least three of the tight junctional compo- 
nents are associated. This suggests that Ca 2+ induces the 
translocation of preexisting subcomplexes to the plasma 
membrane which subsequently become integrated into the 
forming TJ. 

Discussion 

In the present study, we analyzed the effect of die8, a stimu- 
lator of PKC, on the assembly and sealing of TJs. We have 
demonstrated that stimulation of cells with diC8 in low 
Ca 2+ can induce the translocation of ZO-1 to the plasma 
membrane, the reorganization of actin filaments, the appear- 
ance of TJ fibrils and a partial sealing of the intercellular 
space. The diC8 target, presumably PKC, seems to be down- 
stream of E-cadherin in the signaling pathway for TJ assem- 
bly, since diC8 treatment in LC does not induce E-cadherin 
redistribution and is able to counteract the effect of anti-E- 
cadherin antibodies. Furthermore, ZO-1, ZO-2, and a novel 
130-kD protein seem to form a subcomplex that is pres- 
ent even in low Ca 2+. None of these proteins changes its 
phosphorylation state during the Ca-switch or after diC8 
treatment. 

Regulation of Tight Junction Assembly 
Previous observations on the role of PKC in regulation of TJs 
have been inconsistent. Activation of PKC with PMA has 
been reported to decrease TER of established monolayers of 
MDCK (Ojakian, 1981) and LLC-PK~ cells (Mullin et al., 
1990). However, PMA has been shown to have opposite 
effects on TER in different clones of LLC-PK cells (Ellis et 
al., 1992). We found that diC8, another stimulator of PKC, 
does not reduce TER in established MDCK monolayers but 
actually increases this parameter during the Ca-switch 
(Balda et al., 1991). PMA is a powerful activator of PKC and 
can even lead to downregulation of the enzyme (Huang et al., 
1989). If we added PMA at concentrations similar to those 
used in the studies mentioned above (6-60 ng/ml) to MDCK 
cells in LC, ZO-1 translocated to the cell periphery but was 
found in dots, and f-actin staining revealed the induction of 
extensive membrane ruffling (data not shown). In contrast, 
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PMA at low concentrations (1.0-0.1 ng/ml) induced the same 
effects as diCS. 

In addition to activating PKC, diC8 may act via other path- 
ways (Hockberger et al., 1989; Shariff and Luna, 1992). It 
was recently shown by eDNA sequence homology and bio- 
chemical observations that diacylglycerol binds non-PKC 
proteins involved in signal transduction, such as diacyl- 
glycerol kinase of Drosophila and the unc-13 gene product 
of C. elegans (Masai et al., 1992; Maruyama and Brenner, 
1991). Furthermore, the ilneq 3 gene product and the human 
brain n-chimaerin were identified as PMA receptors (Ah- 
med et al., 1990, 1992). Thus, there are neither specific PKC 
agonlsts nor inhibitors. Therefore, it is not possible to make 
final conclusions about the mechanisms by which diC8 stim- 
ulates assembly of TJ. 

The effect of Ca 2+ on the assembly and sealing of TJ 
could only be partially mimicked by diC8. Even though addi- 
tion of the drug led to numerous structural changes and a 
reduction of paracellular diffusion of mannitol, it did not in- 
duce the formation of an electrically tight monolayer. One 
possible reason for this might be that the stimulation of some 
PKC isoforms by diacylglycerol depends on Ca 2+ (Kikkawa 
et al., 1989) and intracellular Ca 2+ in MDCK cells plated in 
LC is only 20 riM, while in NC it is 100 nM (Gonzalez- 
Mariscal et al., 1990). Our results suggest that additional in- 
tracellular signaling pathways, for example, calmodulin- 
mediated effects (Balda et al., 1991) may be involved in the 
assembly and sealing of TJs. In addition, extraceUular com- 
ponents of the TJ may also require Ca 2+ to create a tight 
paracellular seal. 

E-cadherin, a Ca-dependent cell-cell adhesion protein, 
seems to play a central role in the assembly of epithelial cell 
junctions. The binding of antibodies specific for E-cadherin 
to MDCK cells before a Ca-switch not only blocks the for- 
marion of adherens junctions but also the assembly of TJ, 
desmosomes, and gap junctions (Behrens et ai., 1985; Gum- 
biner et al., 1988; for review see Gumbiner, 1991). When 
we stimulated MDCK cells in LC with diC8, E-cadherin did 
not change its distribution, suggesting that diC8 can bypass 
the Ca-induced formation of E-cadherin-dependent cell-cell 
adhesion. It has previously been demonstrated that Ca 2+ en- 
try during the Ca-switch is not required in order to induce 
the formation of a tight monolayer (Contreras et al., 1992). 
Thus, we propose that the Ca-induced cell-cell adhesion act- 
ing initially at an extracellular site leads to the activation of 
PKC which in turn activates the assembly of TJ. Consistent 
with this hypothesis, the inhibitory effect of anti-E-cadherin 
antibodies on TJ formation could be counteracted with diC8 
during a Ca-switch, and diC8-induced assembly in low ex- 
tracellular Ca z÷ was not inhibited by anti-E-cadherin anti- 
bodies. ZO-I movement to the plasma membrane requires 
cell-cell contact since neither Ca 2+ nor diC8 clearly in- 
duced this translocation in single cells (data not shown). 
Since fibril formation is a rapid event during assembly it is 
also possible that cell-cell contact via TJ transmembrane 
components is required for localization of ZO-1 at the plasma 
membrane. 

The acrin cytoskeleton is required for TJ structure and 
function. Some actin microfilaments terminate at or near TJs 
and disruption of actin filaments causes a decrease in TER 
(Meza et al., 1980, 1982; review by Madara, 1991). We ob- 
served that diC8 induced reorganization of the actin cyto- 

skeleton in the absence of Ca-mediated cell-cell adhesion 
and, as observed previously (Gumbiner et al., 1988), anti- 
E-cadherin antibodies inhibited the reorganization of actin 
filaments along the lateral membrane upon the addition of 
Ca 2÷. The inhibition of actin and ZO-1 redistribution as 
well as barrier formation could be counteracted by stimula- 
tion with diC8. Thus, the reorganization of the actin cyto- 
skeleton upon induction of Ca-dependent cell-cell contact 
may be regulated by PKC. If one considers the importance 
of the acrin-based cytoskeleton for epithelial cell polarity 
(Nelson, 1992), it is tempting to speculate that PKC is an 
important regulator of the Ca-induced polarization of 
MDCK cells. It will be interesting to examine the regulatory 
effect of PKC on the distribution of other proteins associated 
with the actin cytoskeleton and intercellular junctions (Luna 
and Hitt, 1992). 

It is unclear how diC8 stimulates the assembly of TJs. We 
analyzed the phosphorylation state of two proteins known to 
be associated with TJs as possible substrates for PKC. In ad- 
dition, a third phosphoprotein was studied which was found 
to co-immunoprecipitate with ZO-1 and is, therefore, likely 
to be associated with TJs. The incorporation of [32P]phos- 
phate into these proteins, however, was not affected by stimu- 
lation of PKC or by the addition of Ca 2+. Thus, none of 
these phosphoproteins appears to be a target of PKC. 

Structure and Assembly of Itght Junctions 
In addition to ZO-2, a previously unknown 130-kD pro- 
tein coimmunoprecipitated with ZO-1. Since ZO-2 and the 
130-kD protein were found with ZO-1 in immunoprecipi- 
tares generated with different antibodies, and only when the 
samples had not been denatured by boiling in SDS, the co- 
immunopurification of these three proteins most likely rep- 
resents native protein-protein interaction and not antibody 
cross-reactivity. It is unlikely that the 130-kD band arises by 
proteolysis of either ZO-1 or ZO-2 since a cocktail of inhibi- 
tors was used, specific for a wide variety of proteases. Addi- 
tionally, the ratios ofpl30 to ZO-1 and ZO-2 did not change 
in the absence of protease inhibitors. It has been previously 
suggested that the absence of labeled ZO-2 in immunopre- 
cipitates after a short pulse-labeling period indicates that its 
co-immunoprecipitation with ZO-1 does not result from deg- 
radation of ZO-1 or artificial binding during its isolation. 
The appearance of labeled ZO-2 in an immunoprecipitable 
pool over time probably reflects the kinetics of its intracellu- 
lar association with ZO-1 (Gumbiner et al., 1991). Prelimi- 
nary pulse-chase labeling experiments showed that labeled 
p130 can be detected with ZO-1 after 60 min of chase but 
not at earlier times (our own unpublished data). In contrast, 
labeled ZO-2 was found only after 120 min of chase, as de- 
scribed previously (Gumbiner et al., 1991). These results 
suggest that p130 is not a degradation product of ZO-1 or 
ZO-2, and the appearance of p130 in immunoprecipitates 
may result from its association with ZO-1. In addition, im- 
munoblotting and immunoprecipitation experiments indi- 
cated that the 130-kD protein is not cingulin (our own un- 
published data), a TJ protein of 140 kD (Citi et al., 1988) 
and may represent a novel TJ-associated protein. 

Co-immunoprecipitates derived from [3~S]methionine- 
labeled cells revealed that the stoichiometry of the ZO-1/ 
ZO-2/p130 complex was the same regardless of whether cells 
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were in low or normal Ca 2÷, or whether assembly of TJ was 
stimulated by the addition of Ca 2+ or diC8. This indicates 
that the stimulation of TJ formation in the Ca-switch model 
appears to induce the translocation and assembly of pre- 
existing junctional subcomplexes. 
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