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Abstract. We have studied the role of restrictions to 
lateral mobility in the segregation of proteins to apical 
and basolateral domains of MDCK epithelial cells. Ra- 
dioimmunoassay and semiquantitative video analysis of 
immunofluorescence on frozen sections showed that 
one apical and three basolateral glycoproteins, defined 
by monoclonal antibodies and binding of beta-2- 
microglobulin, were incompletely extracted with 0.5 % 
Triton X-100 in a buffer that preserves the cortical 
cytoskeleton (Fey, E. G., K. M. Wan, and S. Penman. 
1984. J. Cell Biol. 98:1973-1984; Nelson, W. T. and 
E J. Veshnock. 1986. J. Cell Biol. 103:1751-1766). 
The marker proteins were preferentially extracted from 
the "incorrect" domain (i.e., the apical domain for a 
basolateral marker), indicating that the cytoskeletal an- 
choring was most effective on the "correct" domain. 
The two basolateral markers were unpolarized and al- 
most completely extractable in cells prevented from 
establishing cell-cell contacts by incubation in low 
Ca ÷÷ medium, while an apical marker was only 

extracted from the basal surface under the same condi- 
tions. 

Procedures were developed to apply fluorescent 
probes to either the apical or the basolateral surface of 
live cells grown on native collagen gels. Fluorescence 
recovery after photobleaching of predominantly 
basolateral antigens showed a large percent of cells 
(28-52%) with no recoverable fluorescence on the 
basal domain but normal fluorescence recovery on the 
apical surface of most cells (92-100%). Diffusion 
coefficients in cells with normal fluorescence recovery 
were in the order of 1.1 x 10 -9 cm2/s in the apical 
domain and 0.6-0.9 x 10 -9 cm2/s in the basal surface, 
but the difference was not significant. The data from 
both techniques indicate (a) the existence of mobile 
and immobile protein fractions in both plasma mem- 
brane domains, and (b) that linkage to a domain 
specific submembrane cytoskeleton plays an important 
role in the maintenance of epithelial cell surface 
polarity. 

T 
hE polarization of plasma membrane proteins into 
apical and basolateral domains is key to vectorial 
function of epithelia (60, 70). Recent work with the 

MDCK cell system has demonstrated two mechanisms that 
contribute to this surface polarity: (a) sorting by the trans- 
Golgi into carrier vesicles which are then vectorially deliv- 
ered to the correct domain (10, 41, 45, 55, 58, 64), and (b) 
the tight junctional fence (16). It seems now quite clear that 
tight junctions may segregate lipids in the outer leaflet of the 
bilayer (17, 81) but the extent of their contribution to protein 
segregation is still unknown. Thus, although dissociation of 
tight junctions with calcium chelating agents results in the 
invasion of the apical and basolateral regions by markers pre- 
viously segregated (29, 56, 88), other Ca+÷-dependent cell 
adhesion molecules, junction adhesion molecules, and sub- 
strate adhesion molecules are also disrupted by the same 
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treatment (21, 52, 75). In addition, some apical membrane 
proteins are polarized in MDCK cells with incomplete tight 
junctions (82), which indicates that restrictions to lateral 
diffusion other than complete tight junctions are involved in 
the maintenance of epithelial surface polarity. This result 
raised the question of whether restrictions to lateral diffusion 
within the plane of the membrane or interdomain fences play 
a significant role in the maintenance of epithelial surface 
polarity. 

Recent work has highlighted the role of specific pro- 
tein-protein interactions in the retention of markers charac- 
teristic of the endoplasmic reticulum and Golgi apparatus 
(39, 53), raising the possibility that specific retention of 
membrane proteins at their correct domain may play a 
significant role in sorting mechanisms (62). Furthermore, 
components of the erythroid submembrane cytoskeleton, 
spectrin and ankyrin, which restrict the lateral mobility of 
red cell membrane proteins (5, 9), have been recently de- 
scribed in association with the basolateral surface of kidney 
tubules and MDCK cells (19, 48). In this work, we have 
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searched for domain-specific cytoskeletal anchorage of epi- 
thelial plasma membrane proteins using two independent ap- 
proaches: Triton X-100 (TX-100) t extractability (1, 2, 3, 6, 8, 
11, 67, 78) and fluorescence recovery after photobleaching 
(22, 23, 32). The results indicate that specific immobiliza- 
tion in their correct domain can account for the maintenance 
of polarity of important fractions (i.e., 30-90%) of one api- 
cal and three basolateral MDCK cell membrane proteins. 

Materials and Methods 

Antibodies and Probes 

Detailed procedures have been described elsewhere (82, 83). Briefly, mono- 
clonal antibodies against MDCK cell surface antigens were obtained by in- 
traperitoneal immunization of BALB/c mice with MDCK cell monolayers 
grown on beads, alternating fixed and live cells in bi-weekly successive in- 
jections. Then spleen lymphocytes were fused with NS-1 myeloma cells (35) 
and the supernatants from resulting hybridomas were tested for anti-MDCK 
cell surface binding activity. Monoclonal antibodies against apical and basal 
markers were characterized by immunofluorescence on semi-thin frozen 
sections and immunoblot. Their Ig subtype was analyzed by the agar im- 
munodiffusion test, using Ig subtype specific antibodies (Boehringer Mann- 
heim Biochemicals, Indianapolis, IN). 

Fab fragments were prepared from two monoclonal antibodies as de- 
scribed elsewhere (22). Briefly, the Igs were purified by precipitation with 
40% (NH4)2SO4 followed by DEAE-cellulose ion exchange chromatogra- 
phy and dialyzed against 0.15 M NaC1, 0.001 M Na2 EDTA, 0.1 M potas- 
sium phosphate, pH 8.0. Then, 5 mg Ig (2 ml) were incubated with 40 U 
of 2x  crystallized papain (Sigma Chemical Co., St. Louis, MO) previously 
activated for 15 min at room temperature in 0.1 M sodium acetate, 0.(31 M 
cysteine, and 0.001 M EDTA buffer. The digestion was stopped by adding 
solid iodoacetamide up to a final concentration of 0.05 M. The papain digest 
was dialyzed against 0.5 M sodium carbonate buffer, pH 9.0, conjugated 
with FITC (Research Organics, Inc., Cleveland, OH) for 2 h and further 
dialyzed against a large excess of PBS. Undigested Ig, Fab fragments, and 
free dye were separated by chromatography on a Sephadex G-100 column 
(1.5 x 50.0 cm). Fractions corresponding to the second peak, which con- 
tained most of Fab, as determined by SDS-PAGE, were collected and 
rechromatographed once to eliminate all undigested antibody. Conjugates 
with a fluorescein/protein ratio of ,x,l.0 were tested by indirect im- 
munofluorescence on formaldehyde-fixed MDCK monolayers, concentrated 
by dialysis against solid polyvinyl pyrrolidone (mol wt = 40,000; Sigma 
Chemical Co.) and stored at -20°C. 

FITC-conjngated human beta-2-microglobulin (B2-m) was prepared 
from urine (30) and substituted with 1 mol of fluorescein per mol of B-2m. 
This derivative readily exchanges with endogenous B2-m to label the 
basolateral surface of MDCK cells. The labeled B2-m is stable, bound with 
KD 10-8-10 -9 M. Less than 20% of bound B2-m dissociates after 60 min 
of incubation of labeled cells at conditions of "infinite dilution" (30). 

Cell Culture 

The general tissue culture conditions of MDCK cells have been described 
before in normal D-MEM (63) as well as the use of low calcium (,',,5 uM) 
medium (S-MEM) that results in confluent monolayers with minimal devel- 
opment of cell-cell contacts (27, 82). 

Ceil Fractionation and Membrane Protein Extraction 

Post nuclear supernatants of MDCK ceils were obtained from monolayers 
grown on square (24 x 24 cm) plastic dishes (Nunc Inc., Newbury Park, 
CA). The cells were scraped with a rubber policeman in PBS/distilled 
H20 (1:1) supplemented with 2 mM Na2 EDTA, 1 mM phenylmethylsul- 
fonyl fluoride (PMSF; Sigma Chemical Co.), 1 mM benzamidine (Sigma 
Chemical Co.), 1 mM pepstatin (Sigma Chemical Co.), and 0.1 mM aproti- 
nin (scraping buffer; Sigma), passed 50 times through the blue tip of an Ep- 

1. Abbreviations used in this paper: B2-m, beta-2-microglobulin; EB, ex- 
traction buffer; FRAP, fluorescence recovery after photobleaching; PFA, 
paraformaldehyde; TIE totally immobile fraction (percent of spots with no 
recovery after photobleaching); TX-100, Triton X-100. 

pendorf pipette at 0°C and the resultant homogenate spun at 10,000 g for 
10 min in a centrifuge (model RC5C; Sorvall Instruments Div., Wilming- 
ton, DE) to pellet the nuclei. 

To test for cytoskeletal attachment of membrane components, we used a 
modification of the buffer developed by Fey et al. (25). The monolayers were 
rinsed twice with extraction buffer (EB): 100 mM KC1, 2 mM MgCI2, 4 
mM Na2 EGTA, 60 mM Pipes (Research Organics, Inc.), pH 6.9; and ex- 
tracted for 10 min at room temperature with 0.5 % TX-100 (Sigma Chemical 
Co.) in EB, 1 mM PMSE We found that the addition of EGTA resulted in 
an excellent preservation of the membrane cytoskeleton. The cytoskeletal 
preparations were processed for RIA or imunofluorescence. Alternatively, 
they were removed in scraping buffer, treated with 0.1 mg/mi DNAase I 
(Sigma Chemical Co.) for 1 h at room temperature, homogenized with 50 
strokes of a glass homogenizer (Dounce, Vineland, N J), exposed to various 
extraction conditions (see Results), centrifuged at 215,000 g for 30 min at 
10°C, and processed for indirect RIA on the bottom of the ultracentrifuge 
tube. 

RIA and Immunofluorescence 

The procedures for RIA, immunofluorescence on semi-thin frozen sections, 
and electron microscopy have been described in detail elsewhere (61, 63, 
82, 83). Briefly, MDCK cells were plated at immediate confluency on 50- 
well detachable tissue culture dishes (,',,100,000 cells per well; Lux, Miles 
Laboratories, Inc., Naperville, IL) and fixed 24 h later with either 2 % form- 
aldehyde (freshly prepared from paraformaldehyde [PFAI) at room tempera- 
ture, or 96% methanol at -20°C. The monolayers were then sequentially 
treated with 50 mM NH4CI in PBS, 1% BSA (Sigma) in PBS sup- 
plemented with 50 o.g/ml preimmune goat IgG, mAb, and affinity-purified 
~25I-goat anti-mouse IgG. The wells were washed, dried, detached, and 
counted in a gamma counter (Hewlett-Packard Co., Palo Alto, CA). 

For labeling with B2-m, cells were incubated and washed as described 
below (see Fluorescence Recovery after Photobleaching section), fixed in 
2 % PFA, and processed with a rabbit anti-human B2-m and affinity-purified 
rhodamine-conjugated goat anti-rabbit lgG. 

For frozen sections, MDCK cells were plated on native type I collagen- 
coated glass coverslips. After fixation with 2% PFA, the monolayers were 
scraped with a razor blade, placed into 1 × 10-mm molds containing 10% 
gelatin in PBS at 40°C and transferred to 4°C to allow gelling. The gelatin 
blocks were infused overnight with 1.8 M sucrose, 0.2 % PFA in PBS, frozen 
in liquid N2, and sectioned at -85°C with an ultramicrotome (model 
MT5000; Sorvall Instruments Div.) equipped with an FS-1000 cryoattach- 
ment. The sections (,x,0.5 p.m) were collected on 1.8 M sucrose drops, 
bound to coverslips pretreated with poly-L-lysine (Sigma), and processed 
for immunofluorescence with mAbs as described above but using afffinity- 
purified rhodamine-conjngated goat anti-mouse IgG (Jackson lmmuno Re- 
search Laboratories, Avondale, PA). F-actin was labeled with 5 p.g/ml 
rhodamine phalloidin (Molecular Probes, Inc., Junction City, OR). The 
sections were mounted in polyvinyl alcohol (type Vinol; Air Products and 
Chemicals, Allentown, PA), observed under a Leitz Ortholux epifluores- 
cence microscope, and photographed with Tri-X 400 ASA film (East- 
man Kodak Co., Rochester, NY). For quantitation of fluorescence, the im- 
ages were collected with a silicon intensified video camera (SIT-66, 
Dage-MTI, Wabash, MI) and processed as discussed elsewhere (82). 

The antibody penetration in the gelatin sections was measured by in- 
cubating gelatin blocks (previously fixed in 0.2% PFA) in 1 mg/ml ferritin 
(Sigma) for 1 h. The blocks were rapidly rinsed in PBS, postfixed in 2 % 
glutaraldehyde, and processed for EM. Ferritin particles were observed to 
be evenly distributed at 1-5 l~m from the gelatin edge, indicating that anti- 
bodies, smaller than ferritin in molecular size, penetrate the full thickness 
of O.5-p.m-thick frozen sections. Therefore, for semi-quantitative measure- 
ments of fluorescence on semi-thin frozen sections from detergent-extracted 
and unextracted cells, the variability in section thickness was measured by 
the following experiment. 7 I.tCi of t25I-protein A were dried by vacuum 
evaporation and resuspended in 10 p.1 of 10% gelatin in PBS. The gelatin 
was placed in a 1-mm2-section mold, hardened in the cold, fixed in 2% 
PFA, infused in 1.8 M sucrose, and frozen sectioned as described above. 
Single sections of similar shape were picked up with the tips of wooden rods 
(one section per rod). Then, the rods were counted in a gamma-counter. 
21 consecutive sections showed 184 + 28 cpm above background. This 
represents a standard deviation of +15% in section thickness. To avoid a 
bias introduced by measuring fluorescence from sections of different thick- 
ness, this variability was statistically normalized in detergent extraction ex- 
periments: the images were collected from several different sections of both 
extracted and unextracted samples. 

The Journal of Cell Biology, Volume 107, 1988 2364 



The linearity of response was controlled by mixing 10% gelatin wl~ 
chromatographically pure mouse IgG (Organon Tecknika-Cappel, Mal- 
vern, PA) at final concentrations of either 1 or 10 mg/mi. Three layers of 
gelatin containing 0, 1, or 10 mg/ml mouse IgG were placed together in 
1-mm2-section molds .and processed for frozen sections as described 
above. Sections containing gelatin with the three IgG concentrations were 
processed for immunofluorescence with affinity-purified rhodamine-cou- 
pied goat anti-mouse IgG antibody. The images from these sections were 
collected as described before and showed levels of fluorescence similar to 
those observed on MDCK cell plasma membranes labeled with specific 
monoclonal antibodies. After subtracting the pixel values of the background 
(gelatin with no IgG) the ratio between the average fluorescence on 10 and 
1 mg/ml IgG gelatins was 9.65 indicating that the fluorescence intensities 
linearly correlate with antibody concentrations. 

Since the fluorescence was compared domain by domain (i.e., apical to 
apical) in unextracted and detergent extracted cells, it was assumed that de- 
tergent extraction does not modify the membrane folding and no correction 
for membrane folding was used. The validity of this assumption was 
confirmed at the EM level (see Fig. 1 C). 

Fluorescence Recovery after Photobleaching 

The principles and procedures of the fluorescence recovery afar  pho- 
tobleaching (FRAP) technique have been discussed before (22, 23, 33). 

In this work, FRAP measurements were performed on MDCK cells un- 
der three different conditions. (a) Adding the fluorescent probes to the apical 
domain of confluent monolayers. This set of measurements was carded out 
on cells grown either on glass coverslips or collagen/Nitex filters (see be- 
low). No differences were found between both conditions. (b) The fluores- 
cent probes were added to the free surface of sparse cells incubated in 
D-MEM or confluent monolayers prevented from establishing intercellular 
contacts by incubation in S-MEM on glass coverslips. (c) To allow access 
of probes to the basolateral surface, confluent MDCK monolayers were 
formed on 15-1~m mesh nylon filters (type Nitex; Tetko, Elmsford, NY), 
glued to acrylic plastic rings, and covered with native type I collagen gels 
(24). Previous studies (12, 63) have shown that filter grown MDCK cells 
display 200-300 O.cm 2 transmonolayer electrical resistance and are im- 
permeable to antibodies. The cells were plated on the internal chamber at 
immediate confluency (2-3 × 10 ~ cells/cm 2) in D-MEM 10% horse se- 
rum, which was changed 2 h later to protein-free, dye-free D-MEM and im- 
mediately before the experiment to Moscona's saline solution (140 mM 
NaCI, 2.7 mM KCI, 4 x 105 M, sodium phosphate, 11.9 mM NaHCO3, 
9.4 mM glucose) supplemented with 50 mM Hepes (pH 7.5), 0.1 mM 
CaC12, 1 mM MgC12, and 50 I~g/ml pre-immune, electrophoretically pure, 
mouse IgG (washing buffer). After 20 min on ice, fluorescein-conjugated 
Fab fragments were added to the same medium up to a final concentration 
of 30 lag/ml. Labeling by B2-m: subconfluem or confluem cells were in- 
cubated with 10 -7 M FITC-B2-m in medium containing 0.1% BSA for 
8-12 h and then washed free of excess B2-m. To enhance the fluorescent 
signal from fluorescent Fab fragment mAb, a fluorescein-conjugated Fab 
fragment from a goat anti-mouse IgG (Organon Tecnika-Cappel), was oc- 
casionally added. In this case, pre-immune mouse IgG was not present in 
the incubation medium. When the probes were added from the apical side, 
the total incubation time was 1 h, followed by four washes in washing 
buffer. When the fluorescent probes were added from the basolateral side, 
the incubation time was 3-7 h followed by 3 x 1-h washes in washing 
buffer. Previous studies indicate that the monolayers remain tight under 
these conditions. These long incubation periods were required to allow 
diffusion of the antibody through the unstirred layers trapped in the filter 
(45, 63). All these procedures were performed on ice to prevent endocyto- 
sis of the labeled probes. The nylon filters were detached from the plastic 
ring and the cells were mounted in washing buffer under a glass coverslip 
facing the microscope objective. FRAP measurements were performed 
usually at 190C, immediately after washing away free antibody. 

A control was performed labeling the cells with primary Ab and fluores- 
cem anti-mouse Ig Fab. The label was measured by flow cytometry in the 
presence of a large excess of unlabeled Fab. No significant dissociation was 
observed in 90 min. 

FRAP was performed with the laser beam perpendicular to the apical 
and basal domains. Most of the measurements of basolateral FRAP were 
carried out by focusing the laser beam on the center of the cell and therefore 
mainly estimate the mobility of the basal antigen, although the degree of 
contribution of lateral antigen cannot be determined. However, it has been 
shown that membrane folding parallel to the laser beam such as microvilli 
do not critically affect FRAP measurements (87). 

Results 

Plasma Membrane Proteins of  MDCK Cells 
Show Differential Extractions in TX- I O0 

In this work, we have used four monoclonal antibodies 
directed against cellular plasma membrane antigens of 
MDCK cells. The key features of these antibodies and their 
antigens are illustrated in Table I. Two of them react with api- 
cal membrane proteins ($8/1M13 and $2/2G1) and will be 
hereafter referred to as A1 and A2, respectively. The other 
two react with basolateral proteins ($2/3G2 and $7/5G23) 
and will be referred to as B1 and B2. The antigens for all four 
of them showed membrane associated fluorescence images 
in semi-thin frozen sections (see Figs. 3, 4, and 5). A1, B1, 
and B2 behaved as integral membrane proteins according to 
both of the following criteria: (a) <14% was extractable in 
0.1 M NaECO3, pH 11 (26), and (b) >70% partitioned with 
the detergent phase when the cells were extracted with Triton 
X-114 (reference 7). A2, the best polarized of all four anti- 
gens, although resistant to alkali extraction, partitioned pref- 
erentiaUy with the water phase during Triton X-114 phase 
separation. Other integral membrane proteins, including the 
acetylcholine receptor (40), uvomorulin (28), and the plate- 
let Ib glycoprotein (14) have been shown to behave like A2 
during Triton X-114 phase separation. On the other hand, 
mutants in the p62/E2 protein, an integral membrane protein 
of Semliki Forest virus have been shown to be an exception 
to the high pH criterion (15). 

The possible anchoring to the cytoskeleton of the four anti- 
gens was assayed by extraction of live cells with 0.5 % TX- 
100 in extraction buffer (EB; 100 mM KC1, 4 mM EGTA, 
2 mM MgCI2, 1 mM PMSE 60 mM Pipes, pH 6.9), which 
maximizes preservation of the MDCK suhmembrane cyto- 
skeleton. As described by Fey et al. (25), the extracted cells 

Table L Characterization of Monoclonal Antibodies 
against Cellular Plasma Membrane Antigens of 
MDCK Cells 

mAb 

Cellular antigen 

Antigen after extraction 

Periodate TX-114 phase pH 11 
Name Type Mr sensitivity (in percent) (in percent) 

kD 

$8/1M13 (A1) IgM 215 YES 74 98 
$2/2G1 (A2) IgG1 184 NO 20 87 
$2/3G2 (B1) IgG1 63 NO 70 92 
$7/5G23 (B2) IgG2b 49 NO 80 86 

The antibody type was determined by agar immunodiffusion assay against spe- 
cific antibodies. Mr was determined by immunoblots from SDS-PAGE of 
MDCK cell postnuclear supernatants. Some supernatants were treated with 50 
mM sodium periodate and then assayed by immunoblot. Triton X-114 extract- 
ability: MDCK cell monolayers were extracted at 0°C in 0.5% Triton X-114, 
the detergent phase was spun at 37"C, and resuspended/spun twice. The pro- 
teins in the detergent phase were assayed by SDS-PAGE and immunoblot. The 
specific bands were cut and counted. The 100% was calculated as the cpm in 
the specific band from an SDS extract obtained from the same number of cells. 
pH 11 extraction: MDCK cell posmuclear supernatants were incubated in ice- 
cold 0.1 M Na2CO3, pH 1 i .0, or in PBS, pH 7.5, (control) for 30 rain (26). 
The membranes were spun for 1 h at 100,000 g, and each membrane protein 
was determined by SDS-PAGE and immunoblot. The specific bands were cut 
and counted (100%: untreated membranes). 
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Figure 1. Morphology of MDCK cell submembrane cytoskeleton 
after extraction with TX-100. MDCK cells were plated at immediate 
confluency and incubated for 2 d. Some monolayers were extracted 
in 0.5% TX-100 in EB (B and D) and then fixed in 2% PFA (for 
fluorescence) or 2% glutaraldehyde (for EM). The semi-thin (0.5 
gm) frozen sections were processed with rhodamine-coupled phal- 
loidin. (A) Distribution of phalloidin binding sites in an unextracted 
monolayer. Large arrows, apical; small arrows, basal. (B) Phal- 
loidin binding sites after TX-100 extraction. (C) EM of the apical 
domain of TX-100-extracted cells. Bars: (A and B) 9.4 ltm; (C) 
0.15 ~tm. 
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Figure 2. RIA determination of MDCK plasma membrane proteins 
during Triton X-100 extraction. MDCK cells were plated at im- 
mediate confluency in 50-well detachable Petri dishes ('~105 cells 
per well) and incubated for 1 d. The cells were fixed at various times 
after addition of 0.5% TX-100. The monolayers were processed for 
indirect RIA with the monoclonal antibody markers and affinity- 
purified ~25I-goat anti-mouse IgG. The data are shown as mean + 
SD of five measurements considering the maximum value for each 
marker as 100% (typically 1-2 x 104 cpm per well above back- 
ground). (.4) Basolateral markers, B1 (o) and B2 (A). (B) Apical 
markers, AI (o) and A2 (zx). 

kept to a large extent the nonextracted cell shape at the phase 
contrast and EM levels. In agreement with previous observa- 
tions (18, 44), an actin-rich submembrane cytoskeleton was 
observed associated with both apical and basolateral surfaces 
of MDCK cells by rhodamine phalloidin fluorescence on 
semi-thin frozen sections; larger amounts of actin were de- 
tected on the apical surface due to the presence of microvilli 
(Fig. 1 A). As shown by other groups (25, 31, 43), TX-100 
in EB failed to extract F-actin (Fig. 1 B) and preserved the 
ultrastructural features of the cortical cytoskeleton including 
microvilli (Fig. 1 C). 

The time course of the extraction by TX-100-EB of the 
four MDCK antigens was studied in monolayers plated for 
24 h by RIA with monoclonal antibodies (Fig. 2). The bind- 

ing of both B1 and B2 monoclonals increased during the ini- 
tial 30 s, presumably due to increased antibody accessibility 
to the basolateral domain, followed by a 50% decrease, for 
B1, or a slight 5% decrease, for B2, during the next 10 min 
(Fig. 2 A). At this time a plateau was reached. The apical 
protein A1 displayed similar biphasic extraction kinetics, 
presumably due to some intracellular and basolateral local- 
ization (Fig. 2 B; see also Fig. 3 C); the maximum level of 
extraction, 40% of the peak value, was reached after 10 min. 
On the other hand, A2, which is exclusively distributed on 
the apical plasma membrane in confluent monolayers with 
normal cell-cell contacts (82, 83), was continuously ex- 
tracted to <10% of the initial signal (Fig. 2 B). Using the 
same protocol the total cellular extractability in TX-100 was 
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assayed in 4-d confluent MDCK monolayers. The TX- 
100-extractable fractions in steady-state were similar to 
those shown in Fig. 2: A1, 24%; A2, 90%; B1, 36%; and 
B2, 10%. 

Even though the total amount of basolaterally distributed 
antigens was underestimated in these experiments because 
antibodies did not reach the basolateral domain before deter- 
gent was added, these results indicate that significant frac- 
tions of A1, B1, and B2 remain attached to the MDCK 
cytoskeletal preparation after addition of 0.5% TX-100 in 
EB. 

Plasma Membrane Proteins Are Preferentially 
Extracted from the "Incorrect" Domain 

To study the distribution of the TX-100-insoluble and -sol- 
uble fractions, MDCK cell monolayers were extracted, fixed, 
frozen sectioned, and processed for immunofluorescence 
with A1 and BI monoclonals (Fig. 3). Both markers showed 
a relatively "imperfect" polarity with small but detectable 
levels of mAb binding to the "incorrect" surface (i.e., the 
basolateral surface for an apical marker; Fig. 3, A and C, ar- 
rows). The extraction with TX-100 resulted in the disappear- 
ance of B1 fluorescence from the apical surface and of A1 
fluorescence from the basolateral plasma membrane domain 
(Fig. 3, B and D, arrows). Strikingly, antigen in the correct 
domain was relatively unextracted, suggesting binding to the 
submembrane cytoskeleton. Similar results were observed 
for two more basolateral markers: B2 and B2-m, the physio- 
logical endogenous light chain of class I major histocompati- 
bility antigens, DLA (not shown). 

By counting positive lateral membranes, we found that B1 
and B2 mAbs labeled 100% of lateral plasma membranes be- 
fore detergent extraction. After TX-100 extraction of 24-h- 
old confluent monolayers, 90% of the cells' lateral mem- 
branes were positive with B1 and 100% with B2. This 
proportion was somewhat smaller for B2 in 4-d-old mono- 
layers: 90 and 79 %, respectively. This suggests some hetero- 
geneity in the cell population. Negative membranes were in- 

cluded in statistics for semi-quantitative determination (see 
below). 

These results were semi-quantitated by digital video analy- 
sis of fluorescent semi-thin frozen sections, as previously de- 
scribed (82), to avoid the bias introduced by nonlinearity in 
photographic reproduction. The gain of the video camera 
was fixed so that the values of the plasma membrane pixels 
from unextracted and extracted samples fell, for each anti- 
gen, within the linear range of sensitivity of the camera. 
Significant peaks of basal (incorrect domain) fluorescence 
were found with the A1 marker (Fig. 4 A, arrows) in ran- 
domly taken fluorescence profiles from nonextracted cells; 
these peaks were abolished in TX-100-extracted monolayers 
(Fig. 4 B, arrows). Likewise, basolateral antigens showed 
some apical fluorescence observed as apical peaks of fluores- 
cence (Fig. 4, C and E, black arrows). After detergent extrac- 
tion these peaks of fluorescence in the incorrect domain de- 
creased to a greater extent than the peaks in the "correct" 
domain (Fig. 4, D and F, black arrows). 

The size of the detergent-extractable population for each 
membrane protein in each domain was calculated by com- 
paring the size of fluorescence peaks in digitized images of 
frozen sections from detergent-extracted and control mono- 
layers. Since antibodies penetrate the full thickness of 0.5- 
~tm frozen sections, we determined the variability in section 
thickness and found that it was <15 %. This variability was 
statistically normalized by collecting images of several dif- 
ferent sections from control and detergent-extracted cells. 
The linear correlation between antibody concentration and 
fluorescence intensity was also assayed in parallel controls 
(see Materials and Methods). The size of the fluorescence 
peaks was calculated by subtracting the average extracellular 
fluorescence background (typically 50-90 pixel units; i.e., 
see Fig. 4, E and F, small white arrows). The extracellular 
fluorescence was not affected by detergent extraction. The 
resulting values of extractability in detergent are labeled E 
in Table II. Since this method cannot completely dis- 
criminate the contribution of cytoplasmic fluorescence, it 

Figure 3. Immunofluorescence localiza- 
tion of MDCK cell plasma membrane 
proteins in semi-thin frozen sections after 
TX-100 extraction. MDCK cells were 
plated at immediate confluency and incu- 
bated for 24 h. Some monolayers were ex- 
tracted in 0.5% TX-100 for 10 min before 
fixation (B and D). The monolayers were 
fixed in 2% PFA, frozen sectioned, and 
processed for immunofluorescence with 
the anti-MDCK cell membrane protein 
monoclonal antibodies B1 (A and B) and 
A1 (C and D). (,4) B1 MAb, unextracted; 
(B) B1, preextracted in TX-100; (C) A1 
MAb, unextracted; (D) A1, preextracted 
in TX-100. Note that D shows a fold of the 
monolayer with the apical domains of two 
adjacent areas facing each other. (Insets) 
Corresponding phase images. The arrow- 
heads show the fluorescence in the incor- 
rect domain (i.e., the basal fluorescence 
of a mostly apical marker). Bar, 20.7 lun. 
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Figure 4. Immunofluorescence localiza- 
tion and measurement by digitized video 
analysis of MDCK cell membrane pro- 
teins in semi-thin frozen sections after 
TX-100 extraction. MDCK cells were 
incubated, extracted in TX-100 (B, D, 
and F) and processed as described in 
Fig. 3. The fluorescence images were 
captured with a silicon-intensified video 
camera directly from the fluorescence 
microscope, digitized, and stored on the 
hard disk. Each section shows the dig- 
itized image (lower haljO and the corre- 
sponding fluorescence profile along the 
line (upper haljO in pixel units (0-255). 
In the profiles, a and b show the position 
of apical and basal membranes. The 
black arrowheads point the fluorescence 
peak in the incorrect domain (i.e., the 
basal fluorescence of a mostly apical 
marker). (A) AI MAb, unextracted. (B) 
A1 MAb, preextracted in TX-100. Note 
thatA and B show folds of the monolayer 
with the apical domains of two adjacent 
areas facing each other. (C) B1 MAb, 
unextracted. (D) B1, preextracted in TX- 
100. (E) B2 MAb, unextracted. (F) B2, 
preextracted. Small white arrows in E 
and F show extracellular fluorescence 
(background). Large white arrow (c) 
shows cytoplasmic fluorescence. Bars: 
(A and B) 18 I.tm; (C, D, E, and F) 
21 pan. 
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was measured within the cell (Fig. 4, E and F, central white 
arrows, c). Cytoplasmic fluorescence was 6-40 pixel units 
higher than the extracellular background. This relatively 
small fluorescence was very extractable in TX-100 (Table II, 
Cytoplasm). For A1, B1, and B2, the fluorescence on the 
plasma membrane was higher than the cytoplasmic fluores- 
cence ("peaks"), even in the case of the smaller peaks, 
namely those in the incorrect domain from detergent ex- 
tracted cells. Therefore, even these smaller peaks could be 
measured with no uncertainty. This was not the case for 
B2-m. For this marker, only the lateral domain showed clear 
peaks above the cytoplasmic fluorescence. The fluorescence 
profile did not show any apical or basal peak in nearly 60% 
of the cells. In those cases, the values were taken from the 
pixels on the corresponding domain as judged by parallel 
phase images. These values (apical and basal for B2-m) may 
contain a larger error due to the cytoplasmic fluorescence. 
The corresponding extractabilities are shown in Table II for 
comparison with the much lower extractability in the lateral 
domain. To determine the possible contribution of cytoplas- 
mic fluorescence, a parallel set of extractability values was 
obtained for all the markers by subtracting cytoplasmic 
fluorescence from peak values (Table II, C). Since extracel- 
lular background was not decreased by detergent extraction 
we considered E values as unbiased and will use them here- 
after. 

While only 6 % of AI was extracted from the apical sur- 

face, >70 % was extracted from the basal and lateral mem- 
brane domains (Table II, E). Conversely, B1 and B2 showed 
small apical (incorrect domain) fluorescence peaks in unex- 
tracted cells (Fig. 4, Cand E), which were decreased in size, 
although not completely abolished, by TX-100 (Fig. 4, D and 
F). Levels of B1 and B2 extractability were •50% in the api- 
cal surface and '~16% in the lateral surface (Table II, E). The 
other basolateral marker, B2-m, exhibited a similar pattern 
of extraction; like B2, it showed intermediate levels of ex- 
traction from the basal surface; like B1 and B2, the maxi- 
mum insolubility in TX-100 was observed on the lateral 
surface. 

Since the A1 mAb binding site might involve a carbohy- 
drate epitope (Table I) it was conceivable that the extractable 
fraction of A1 was composed of glycolipids carrying the 
same epitope as the 215-kD antigen. This possibility was 
ruled out by the following experiment: MDCK cell mono- 
layers were grown on glass coverslips for 1 d and fixed in ei- 
ther 2% PFA at 4°C or 96% methanol at -20°C. Some cov- 
erslips were further extracted in chloroform/methanol 2:1. 
The latter extraction did not result in significant decrease of 
A1 binding in any case as determined by indirect RIA. 

Basolateral Antigens Are Fully Extractable 
by TX-IO0 in Cells Prevented from Establishing 
Cell-Cell Contacts 

Previous work has shown that incubation in low calcium 

Table I1. Differential Extractability in TX-IO0 of MDCK Cell Membrane Antigens from the Apical, Lateral, and 
Basal Domains of the Plasma Membrane 

Extractable fraction (in percent) 

Probe BKG Apical Lateral Basal Cytoplasm n 

l d  
A1 E 6 + 30* 70 + 10 76 + 11 98 + 24 5 

C 10 + 14" 85 + 7 95 + 4 

B1 E 50 + 29* 17 + 12 16 + 12 83 + 12 3 
C 93 + 11" 27 + 8 27 + 7 

B2 E 55 _+ 13" 14 + 6 34 + 23 90 + 12 4 
C 64 + 7* 20 ± 4  38 4- 15 

B2-m E 66 4- 16" 4 ± 19 48 4- 30* 44 4- 18 5 
C 81 4- 14" 6 4- 15 58 4- 27* 

4 d  
A1 E 7 4- 10" 70 + 7 76 4- 8 92 4- 18 3 

C 14 4- 9* 83 + 3 91 4- 3* 

B1 E 55 + 3* 24 4- 16 23 + 17 85 4- 30 3 
C 84 + 12" 26 i l0 27 + 16 

B2 E 60 4- 28 23 -I- 18 45 5 :16  72 4- 18 3 
C 88 4- 16" 27 ± 15 53 + 14 

B2-m ND 

MDCK monolayers were plated at immediate confluency and incubated for 1 or 4 d in D-MEM. ARer fixation the cells were frozen sectioned taking care that 
the thickness was similar in all sections. The sections were incubated first with the mAb or B2-m and then with rhodamine-coupled affinity-purified goat anti-mouse 
IgG. For each marker the gain of the video camera was set so that the fluorescence from nonextraeted cells fell in the upper part of the linear range. The images 
from TX-100-extracted cells were acquired using the same gain. To compensate differences in section thickness, images from 18 to 30 cells in separate sections 
were used for both extracted and nonextracted conditions, and the fluorescence was averaged for each lot. The extractable fraction was obtained as the ratios between 
the averages of extracted/nonextracted fluorescence intensity (peak height after subtracting either extracellular fluorescence E [see Fig. 4, E and F, small white 
arrows] or cytoplasmic fluorescence C [see Fig. 4, E and F, central white arrow]) from n groups of six cells (three profiles per cell) for each plasma membrane 
domain. The data are presented as mean ± SD. 
* The difference between means (X - X~,~) is statistically significant by t test, p < 0.05. The test was not applied to cytoplasmic extractabilities. The 100% 
represents the average fluorescence for each domain in nonextracted cells. Therefore the percents of extractability in different domains cannot be added. 
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Figure 5. Immunofluorescence localiza- 
tion and measurement by digitized video 
analysis of membrane proteins in semi- 
thin frozen sections of MDCK cells kept 
in low calcium medium. MDCK cells 
were plated at immediate confluency 
and, after 2 h, the medium was replaced 
with serum-free S-MEM (',,5 ~tM cal- 
cium). After 24 h some monolayers 
were extracted in 0.5 % TX-100 and all 
the monolayers were fixed and pro- 
cessed as described in Fig. 4. (,4) A1 
MAb, unextracted. (B) A1 MAb, preex- 
tracted in TX-100. (C') B1 MAb, unex- 
tracted. (D) B1, preextracted in TX-100. 
(E) B2 MAb, unextracted. Note that E 
shows a fold of the monolayer with the 
apical domains of two adjacent areas 
facing each other. (F) B2, preextracted. 
Note that both basolateral markers are 
not polarized and are very extractable in 
TX-100. White arrows in D and F show 
position of the plasma membrane on the 
profile line. (Inset) Corresponding phase 
image. Bar, 19 ~tm. 
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medium (~5 laM) prevents MDCK cells from forming com- 
plete cell-cell contacts (27). Under these conditions A2 anti- 
gen (184 kD) was found completely polarized, while B1 (63 
kD) was not (82), and only very discontinuous tight junc- 
tional structures can be observed by ZO-1 monoclonal anti- 
body fluorescence (76, 84). In this work, those observations 
were confirmed and extended to two more membrane pro- 
teins: A1 was polarized in low calcium medium (Fig. 5 A) 
while B2 was not (Fig. 5 E). 

Strikingly, both basolateral markers were almost totally 
extracted in 0.5 % Triton X-100 from monolayers developed 
in low calcium medium. Only a small plateau of cytoplasmic 
fluorescence was left after detergent extraction (Fig. 5, D and 
F). This result was independently confirmed by RIA (not 
shown). On the other hand, the apical antigen A1 was resis- 
tant to TX-100 extraction in low calcium medium, and was 
preferentially removed from the basal (attached) surface 
(Fig. 5 B). Thus, the cytoskeletal linkage of A1 is not depen- 
dent on the establishment of normal cell-cell contacts, as is 
the case with the basolateral antigens B1 and B2. 

Recently, Nelson and Veshnock (48, 49) have shown that 
the development of an insoluble fodrin network on the 
basolateral membrane correlates with the polarization of the 
basolateral marker Na+-K + ATPase which forms a stable 
complex with ankyrin and fodrin (50). We found that 
destabilization of this network by 4 mM DTT significantly 
facilitated extraction of B1, but not A1 (Table HI). Thus, 
this result and the detergent extractability of B1 and B2 in 
cells prevented from forming cell-cell contacts, are compat- 
ible with a basolateral fodrin cytoskeleton (4, 73) anchoring 
B1 but not A1. 

Immobile Fractions of  Basolateral Antigens 
Are Larger in the Basolateral Domain than in 
the Apical Domain 

FRAP reports on the diffusion coefficient, D, of a labeled 
molecule of interest, on the fraction of label in a region of 
the cell that can diffuse at all, and on the fraction of cells in 
a population in which no diffusion can be measured (here- 
after referred to as totally immobile fraction [TIF]). We used 
FRAP to determine all of these parameters for fluorescent 
Fab fragments of A2 and B1 mAbs. We also labeled the class 
I major histocompatibility complex antigens, DLA, with 
fluorescent B2-m, a low molecular mass (~12 kD) monova- 
lent probe. No active Fab fragments of A1 mAb (an IgM) or 
B2 mAb could be obtained. The measurements were carried 
out on MDCK monolayers grown on nylon filter chambers 
similar to those described by Cereijido et al. (12), except that 
the filters were covered by native, instead of fixed, collagen. 
Fluorescent Fab fragments or B2-m were added to either the 
apical or the basal side of the monolayers to study the mobil- 
ity of the antigen in the apical and in the basolateral mem- 
brane. Comparative measurements of A2 in both membranes 
were, unfortunately, not possible, because this antigen is so 
intensely polarized that no specific signal can be detected on 
the basal membrane. The results are shown in Table IV. 

The (geometric) mean diffusion coefficients, D, for all 
labels applied to the apical surface were in the range 1.1-1.3 
× 10 -9 cm2/s -l. None differed significantly from any other. 
Similar D's were measured on the free surface of sparse cells 
(unpolarized for basolateral antigens). Diffusion coefficients 
for labels on the basal surface of confluent monolayers were 

Table IlL Extraction of the TX-lOO-insoluble Fraction of 
MDCK Cell Plasma Membrane Proteins from 
the Cytoskeletal Preparations 

Pellet associated protein 
Extraction medium mAb (in percent) 

None (control) A1 100 
B1 100 

4 mM diamide, --*6 M 
urea A1 87 + 3 

B1 100 + 9 

4 mM DTT, ~ 6  M urea A1 99 + 10 
B1 43 + 5* 

MDCK cell monolayers were extracted with 0.5% TX-100 in EB. The remain- 
ing cytoskeletal preparations were then treated with 0.1 mg/ml DNAase I for 
1 h in PBS supplemented with 1 mM Mg ++ and 2 mM EGTA. The cytoskele- 
tons were scraped with a rubber policeman in PBS, 1 mM EDTA, 0.5% 
TX-100, and homogenized with a glass homogenizer (Dounce; 50 strokes in 
the same buffer). The homogenates were supplemented with a concentrated 
stock solution of either diamide or DTr up to the final concentrations shown 
in the table for 30 min at room temperature. Urea was added as powder up to 
a final concentration of 6 M. The homogenates were spun at 215,000 g for 30 
min at 10*C, the pellets were washed in PBS, and processed for indirect RIA. 
The control values (100%: 10,963 + 2,775 cpm for A1, and 12,533 + 4,465 
cpm for B1) were obtained from untreated homogenates. The data are present- 
ed as mean + SD from three independent experiments. 
* A significant difference of means as compared with control values (t test, p 
< 0.05). 

~50% smaller, in the range 0.6-0.9 x 10 -9 cm2ts -t, but the 
difference was not statistically significant (Table IV). 

The mobile fraction, R, of diffusing molecules was esti- 
mated from the extent of recovery of fluorescence after pho- 
tobleaching. The apparent R were between 38 and 65 %. 
These values were an underestimate of the recovery of 
fluorescence, since the fluorescence from labeled cells was 
1.5-3.5 times the fluorescence from cell blanks (either unla- 
beled or treated with only the second Fab). The endogenous 
fluorescence from cell blanks did bleach but did not recover. 
Hence, we can make a better approximation to the actual 
fraction of mobile labels by correcting the apparent R for a 
significant fraction of fluorescence that was immobile. These 
corrected values, from experiments in which sufficient 
(6-12) blanks were measured to give a reliable estimate, 
were in the range of 64-84% (Table IV). They are high but 
do not reach 90-100%. No difference in R was observed be- 
tween the apical and the basal surface, for all antigens stud- 
ied. As shown in a previous work (86), R did not correlate 
with TX-100 extractability. The overall conclusion from 
measurements where recovery was observed is compatible 
with large mobile fractions behaving similarly in the apical 
or basolateral domains. 

D and R can only be determined if some recovery is found 
after photobleaching. In our experiments, we found a large 
percent of measurements in which no recovery of fluores- 
cence at all could be measured (TIF), even though the ceils 
appeared to be labeled to the same extent and in the same 
way (uniform faint fluorescence, rather than the coarse 
speckles indicating aggregation of label) as cells in which 
recovery of fluorescence was found. Since 100% of the cells 
have B1 epitopes, lack of recovery cannot be attributed to 
unspecific fluorescence in antigen negative ceils. TIF did not 
correlate with time after labeling (not shown) and were simi- 
lar at 10°C, therefore, TIF cannot be attributed to endocy- 
tosed antigen. Experience with FRAP in fibroblasts indicates 
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Table IV. FRAP Determinations of Monovalent Probes 
for MDCK Plasma Membrane Proteins 

TIF R TX- 100- 
Domain Probe (in percent) (in percent) D insoluble* n 

lO-~cmes i 

Apica l  A2 Fab 0 84 + 16 1.1 < ! 0  16 

(confluent) 

Apica l  B1 Fab 0 70 + 14 1.2 < 1 0  7 

(sparse) 
B2-m 8 72 + 16 1.3 ND 24 

Basal B1 Fab 28 64 + 10 0.6 84 16 
(confluent) 

B2-m 52 65 + 8 0.9 42 25 

Sparse MDCK cells were grown for ",,24 h on glass coverslips. Confluent 
MDCK cells were grown for the same period on nylon filters coated with native 
collagen gels separating two chambers. For this condition the probes were 
added from the medium and there was little or no diffusion to the basal side. 
The laser beam was focused to the apical domain. For the confluent condition, 
the probes were added from either the apical or basal chamber. TIF is the per- 
cent of measurements (cells) that showed <15% recovery (R). D and R are, 
respectively, the geometric diffusion coefficient and percent of recovery calcu- 
lated from measurements with R > 15 %. R is shown as average (corrected for 
nonrecoverable background) :k SD. The 95 % confidence intervals for D were 
0.6 × mean and 2.0 x mean. 
* TX-100-insoluble fractions are values from Table II (Basal BI and B2-m) 
and separate video analysis determinations for BI and A2 (apical) extractabili- 
ty on semi-thin frozen sections (not shown), n is the number of measurements 
(cells). 

that it reflects variation between cells (86), but in a confluent 
epithelial monolayer we cannot discriminate whether neigh- 
boring spots would reflect conditions in the same cell or in 
closely adjacent cells, specially for the basolateral domain 
where interdigitations are frequently observed. Hence, we 
do not have direct evidence in this system on whether TIF 
reports on heterogeneity in the cell population or micro- 
heterogeneity in the mobility of the proteins within the mem- 
brane surface of a given cell. 

A2 fluorescence recovered in all cells labeled with Fab 
(TIF = 0; Table IV). On the other hand, B1 and B2-m 
showed 28 and 52% of the cells, respectively, failing to re- 
cover any fluorescence at all on the basolateral membrane. 
Corresponding TIF values on the apical membrane were 
significantly lower (0-8%; Table IV). Therefore, when 
FRAP is measured with monovalent probes, TIF correlates 
roughly with the TX-100 insolubility of A2, B1, and B2-m 
from the basal, lateral, and apical domains (Tables II and 
IV). Altogether, these data are compatible with a model con- 
sisting of (a) highly mobile fractions for all the antigens, the 
size of which does not correlate with the degree of polarity, 
and (b) domain specific cytoskeleton anchored fractions for 
B1, B2, B2-m, and A1, but not for A2. 

Discussion 

Four MDCK Plasma Membrane Proteins Are 
Selectively Unextractable in a Domain-specific Fashion 

Previous work with epithelial cells in culture had shown that 
lectin receptors (17) might be significantly immobilized. The 
results of this report indicate the existence of domain specific 
cytoskeletal anchorage of one apical (A1) and three baso- 

lateral (B1, B2, and class I major histocompatibility anti- 
gens) integral plasma membrane proteins of MDCK cells. 
Extraction of MDCK cells with Triton X-100 under condi- 
tions that preserve the cell membrane skeleton detects two 
populations of these markers: an insoluble one, largely con- 
centrated in the correct domain, and a soluble one, that ac- 
counts for most of the antigen found in the incorrect domain. 

The Singer and Nicholson model (71) clearly predicts the 
solubilization of integral membrane proteins in detergents. 
The lack of solubility, on the other hand, has been explained 
by cytoskeletal associations in the case of band 3/ankyrin/ 
spectrin (67), T-lymphoma gpl80 glycoprotein/fodrin (8), 
the heparan sulfate proteoglycan in Schwann cells (11), and 
the 100-kD/actin in the microvillus (31, 43). Since fodrin 
is present in the submembrane cytoskeleton of the basolateral 
domain (48), some components of the microvillar system are 
present in kidney epithelia (59) and actin is present in the 
microvilli of MDCK cells (Fig. 1); cytoskeletal associations 
similar to those cited above may result in the insolubility of 
A1, B1, and B2 in TX-100. On the other hand, insolubility 
in TX-100 might not equate with association of membrane 
proteins to the cytoskeleton and may be generally reporting 
on immobilization of the proteins to other insoluble mole- 
cules as those composing the glycocalyx, the extracellular 
matrix, or simply to other membrane proteins indirectly an- 
chored by the cytoskeletal scaffold after detergent extraction. 

Each membrane antigen studied here showed a character- 
istic Triton X-100-insoluble fraction. This fraction was 
largely dependent on the existence of cell-cell contacts for 
B1 and B2: both antigens were totally extractable in cells 
with incomplete cell-cell contacts. Nelson and Veshnock 
(48) have recently reported that the development of an in- 
soluble network of fodrin in the basolateral membrane is de- 
pendent on the establishment of cell-cell contacts and there- 
fore can be blocked by incubation in 5 ~tM Ca ++. They have 
also presented evidence for a specific interaction between a 
basolateral marker of MDCK cells, Na+-K ÷ ATPase, and 
ankyrin (50), a protein known to form complexes with spec- 
trin in the red cell (5, 9). In this work, we have shown that 
the extractability of B1 and B2 is modified by conditions that 
affect the stability of the fodrin network (Table III). Thus, in 
combination with Nelson and Veshnock's results, our data 
suggest that the polarization of several basolateral markers 
is linked to the formation of a basolateral fodrin network, 
with which they appear to interact. Whether this interaction 
is direct, through the cytoplasmic domain of the basolateral 
proteins, or indirect, via an intermediate membrane protein, 
is still open to study. Because insoluble fodrin is much more 
stable (49), linkage to this network may result in a prolonged 
half-life for the membrane proteins that would contribute to 
their relative polarization to the basolateral membrane. 

From the two apical markers studied, one (A1) behaved 
like the basolateral markers in that it displayed large un- 
extractable fractions in the correct (apical) membrane and 
was almost completely extractable from the incorrect 
(basolateral) membrane. A main difference with the basal 
antigens, however, was that the insoluble pool of A1 did not 
show any dependence on cell-cell contacts. The nature of the 
apical membrane-specific cytoskeletal structures that bind 
A1 is still unclear; it may be speculated that they form part 
of the terminal web or the microvillar core structures (46). 
The second apical marker, A2, was completely extractable 
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under the conditions used in this work. Strikingly, it was also 
the most stringently polarized and it shared with A1 the abil- 
ity to polarize in low calcium medium (although A1 is less 
polarized than A2), in clear contradistinction with the 
basolateral markers B1 and B2 (Fig. 5; see also reference 
82). With these data, we cannot exclude the possibility that 
A2 is anchored via a "labile" cytoskeletal anchorage that may 
be broken under our experimental manipulations. On the 
other hand, the maintenance of A2 polarization may be de- 
pendent on a fence mechanism different from the tight junc- 
tion, or on some other restriction mechanism, perhaps com- 
plex aggregation or active exclusion from the basolateral 
domain. We have calculated that even high aggregation num- 
bers would have a low effect on D (Edidin, unpublished ob- 
servations). Aggregation of membrane proteins might be a 
significant factor if "filter"-like fences existed in the bilayer. 
Such a structure, perhaps incomplete tight junctional ele- 
ments, might permit the passage of single molecules (as 
would be the case for the mobile fraction of A1), but restrict 
the diffusion of aggregates (as in the case of fully polarized 
antigens like A2). Some indirect evidence suggests that 
filters may be operational even in confluent monolayers: A2 
is partially excluded from the boundaries of the apical do- 
main (83, 84), while A1 is not. If patching of A1 is induced 
by addition of a second complete antibody on living cells, on 
the other hand, the patches are excluded from the same 
boundary area (Salas, E J. I., unpublished observations). 
Such an incomplete fence or filter may be present in cells that 
lack complete tight junctions. 

Finally, the possibility should be considered that some of 
the cytoskeletal interactions described here may be covalent. 
Transglutaminase has been shown to cause cross-linking of 
erythrocyte proteins with the cytoskeleton, although at non- 
physiologically high Ca ++ levels (38, 69). The presence of 
EGTA in our extraction buffer rules out an artifact caused 
by this mechanism. However, in rat hepatocytes, trans- 
glutaminase activity is found associated with a large molecu- 
lar weight substrate comprising the lateral plasma membrane 
domain (72, 80), which suggests a possible physiological 
role for this enzyme in cross-linking surface and cytoskeletal 
components. The resistance of A1 and B1 cytoskeletal com- 
plexes to urea extraction (Table IH) suggests the possibility 
of covalent linkage. 

Correlation between TIF and Detergent-unextractable 
Fractions of Basolateral Antigens 

We studied by FRAP the diffusional parameters of antigens 
localized in the apical and basolateral membrane. The 
probes were added differentially to both domains in cells 
grown on collagen-coated nylon nets, similar to those origi- 
nally used by Cereijido et al. (12), except that in our case the 
collagen gels were native to allow diffusion of antibodies. We 
could use only three monovalent probes in FRAP measure- 
ments: B1 Fab, B2-m, and A2 Fab. A2 is a highly polarized 
antigen (polarity ratio >15:1; reference 82), so no signal 
could be detected on the basolateral domain. B1 and B2-m 
appear in the apical domain in large amounts when the ceils 
are prevented from forming cell-cell contacts (either in 
sparse cells or in cells incubated in low calcium medium). 
Upon establishment of a confluent monolayer, B1 (82) and 
B2 (unpublished observations) become polarized over a 4-d 

period. Significant amounts of B1 and B2 are still present in 
the apical (incorrect) domain 24 h after plating and are 
amenable for FRAP measurements, while A2 is already 
polarized and cannot be detected in the basolateral (incor- 
rect) domain. In the 4-d stage, on the other hand, only tracer 
amounts of B1 and B2 are present in the apical domain. 
These amounts could be determined as small peaks above 
background in the fluorescence profiles on semi-thin frozen 
sections, but we could not discriminate them from cellular 
autofluorescence in intact cells. Therefore FRAP could be 
measured in the incorrect domain only when significant 
amounts of the antigen were present. Under these technical 
restrictions, we found small differences in the diffusion 
coefficients and no differences in the recovery fractions be- 
tween apical and basolateral membranes for both basolateral 
markers. The values of these parameters reported here for B1 
and B2-m are in good agreement with similar values reported 
by Jesaitis and Yguerabide (34) for (Na÷-K +) ATPase on the 
free surface of subconfluent MDCK cells and in scraped 
confluent monolayers. The latter condition has been exten- 
sively used to load macromolecules in various cell types and 
is likely to increase cytoplasmic calcium levels that may 
affect the cytoskeletal functions. This basolateral marker of 
MDCK cells shows similar kinetics of polarization and simi- 
lar dependence on intercellular contacts as our B1 and B2 
markers (48, 74). 

If molecules anchored to the cytoskeleton are resistant to 
extraction by detergent, then we might expect the fraction of 
extractable molecules to correlate well with the fraction of 
molecules mobile in FRAP measurements on single cells. In 
fact, resistance to extraction correlates with the incidence of 
cells in which little or no recovery of fluorescence could be 
observed after photobleaching, the TIF of the population ex- 
amined. This correlation is in fact likely to reflect the mobile 
fraction of labeled molecules on each cell. If the values for 
detergent extractability and, by extension, mobile fraction 
are normally distributed, then we expect a large fraction of 
cells to have a lower extractability than average. These cells 
would not show detectable mobility of labeled membrane 
proteins in a FRAP experiment. For example, 48 + 30% of 
B2-m is extractable from the basal domain of cells plated at 
confluency for 24 h. With this standard deviation, 16% of 
cells must have <18 % extractable, and if this correlates with 
mobility, these cells would certainly be scored in the TIE 
No cells had TIF for A2, which was completely extracted by 
TX-100. On the other hand, 30-52% of the cells showed TIF 
for B1 and B2-m in the basolateral membrane (where they 
are poorly extractable), while only 0-8 % showed TIF on the 
apical membrane (where their extractability is higher). Like 
the extraction experiments, the FRAP data are consistent 
with the existence of domain-specific interactions of baso- 
lateral antigens with the submembrane cytoskeleton, and 
mobile fractions present in both apical and basolateral 
domains. 

These domain-specific phenomena are reminiscent of the 
lectin- or substrate-induced modulation of lateral diffusion 
reported for nonpolarized cells (20), so-called "global modu- 
lation: Such modulation of mobility was also observed for 
molecules of N-CAM upon differentiation of neuroblastoma 
cells (57). We were not able to find differences in total cellu- 
lar TX-100-extractable fractions of four membrane antigens 
between 1- and 4-d confluent monolayers. Nonetheless, two 
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of them are more polarized in the latter stage. These determi- 
nations may be partially masked by an intracellular pool of 
membrane antigens, presumably TX-100 soluble. However, 
they support the notion that there is a mobile and TX-100- 
soluble fraction of these antigens even in the fully polarized 
stage. We speculate that this fraction may be important for 
turnover of plasma membrane proteins. 

Using FRAP, it has been shown that Band III is consider- 
ably restricted in its ability to diffuse in the plane of the mem- 
brane. The restriction depends on interactions with the anky- 
rin spectrin submembrane cytoskeleton, since the diffusion 
coefficient, very low in normal erythrocytes (D = 4.5 x 
10 -tl) is increased 50-fold in spectrin-deficient spherocytes 
(68) and under conditions that favor spectrin dissociation 
(79). The interaction between a subpopulation (~40%) of 
Band III molecules and spectrin is mediated by ankyrin (5), 
while another subpopulation shows free rotational diffusion 
(13, 51), and seems to be confined within the spaces defined 
by the submembrane spectrin network (36, 79). It is not 
known whether the basolateral fodrin cytoskeleton forms a 
network in epithelial cells. However, if the epithelial spectrin 
was organized like its erythroid counterpart, it could be 
predicted that basolateral membrane proteins should have a 
detergent-extractable and -diffusible fraction as well as a 
cytoskeleton-anchored fraction. In that case the high D's that 
we measured in FRAP experiments are compatible with a 
coarse or incomplete fodrin network with free diffusion 
spaces in the order of the size of our laser spot (~1 lan). In 
this model, TIF would correspond either to cells with a 
denser network or to spots located on nodes of the network. 
On the other hand, it has been shown that the Na÷-K + ATP- 
ase/ankyrin/spectrin complex can be formed in vitro, with 
molecules in solution (50). Therefore, we cannot rule out the 
possibility that freely diffusive plasma membrane proteins 
located within the spaces of the fodrin network may bind to 
ankyrin/spectrin sites during the course of the Triton X-100 
extraction. In that case, the detergent insolubility may be 
reporting more on the number of binding sites available than 
on the number of molecules bound to the cytoskeleton at any 
given time. Even under this model that explains FRAP and 
detergent extraction together, the data presented in this work 
indicates that epithelial cells have a specialized submem- 
brane cytoskeleton capable of immobilizing subpopulations 
of plasma membrane proteins in a domain-specific fashion. 

Recent work has shown that signals for the retention of 
proteins in the ER may be localized in either luminal (47) 
or cytoplasmic (53) domains (see reference 62 for a review). 
Plasma membrane proteins lacking these signals would be 
carried by bulk flow to the Golgi apparatus and then to the 
cell surface. With the exception of Band III, there is no evi- 
dence for the localization of retention signals in plasma 
membrane proteins. It has recently been reported that major 
histocompatibility antigens or epidermal growth factor with 
truncated tails do not show increased lateral diffusion (23, 
37). A similar result has been reported for vesicular stomati- 
tis virus (VSV) G glycoprotein (66), suggesting the possi- 
bility that protein-protein interactions at the ectoplasmic 
domain may result in restrictions to lateral mobility of mem- 
brane proteins. 

Domain-specific Anchoring to the Submembrane 
Cytoskeleton and Epithelial Polarity 
Previous work has shown that epithelial surface polarity in 

MDCK cells is generated by intracellular sorting and vec- 
torial delivery of apical and basal proteins (10, 41, 45, 55, 58, 
64). The fence role of tight junctions has been often stressed 
(17, 34, 81). This report highlights the necessity of tight junc- 
tions to keep mobile fractions segregated and also the impor- 
tant contribution of intradomain restrictions to the lateral 
mobility for four of the five probes tested. These restrictions 
may be particularly effective by preventing recycling of the 
protein and, thus, its exposure to the lysosomal environment 
and degradation. Matlin and Simons (41) and Pesonen and 
Simons (54) have shown that VSV G protein incorporated via 
virus fusion to the apical surface is partially degraded and 
partially transcytosed to the basolateral membrane, its nor- 
mal target membrane in MDCK cells infected with VSV. It 
is a clear prediction of the work in this report that the half-life 
of anchored antigens will be increased as opposed to antigens 
in the incorrect surface. It is also expected that recycling 
receptors with very low fractions in the cell surface and large 
intracellular pools will not be anchored in significant 
amounts to the cytoskeleton. 
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