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Abstract. We have characterized the polarity of the 
transferrin receptor in the epithelial Madin-Darby ca- 
nine kidney (MDCK) cell line. The receptor is present 
in ~165,000 copies per cell, migrates as a diffuse band 
upon SDS gel electrophoresis with Mr 90,000, displays 
a dissociation constant for diferritransferrin at neutral 
pH of ~ 2  nM, and is active in essentially all of the 
cells of the population. 

Transferrin-mediated 55Fe uptake was used to mea- 
sure the polarity of active transferrin receptors in 
filter-grown MDCK cells. The ratio of basolateral to 
apical receptors was ~800:1 for the high resistance 
strain I MDCK cells (typically >2,000 ohm.cm 2) and 
--300:1 for the lower resistance strain II cells (<350 
ohm.cm~). In combination with morphometric data 

this shows that a difference in resistance between these 
two strains is not reflected in a significant difference in 
cell surface polarity. 

We used the recycling of transferrin receptor in 
filter-grown MDCK cells to evaluate the accuracy of 
the sorting of a basolateral protein during endocytosis. 
Monitoring the amount of apically released 125I-labeled 
transferrin after application of 55Fe- and '25I-labeled 
transferrin to the basolateral surface provided a sensi- 
tive assay of the accuracy of sorting during recycling 
of the receptor from endosomes to the plasma mem- 
brane. The accuracy of transferrin receptor sorting 
(>99.88%) during a single cycle of transit between the 
endosome and the plasma membrane is sufficient to 
maintain the high level of polarity of the cell. 

T 
HE cells of a transporting epithelium accomplish their 
vectorial functions as a consequence of the asymmet- 
ric distribution of plasma membrane components (for 

a review see Simons and Fuller, 1985). The transporting 
function is also dependent on the selective permeability bar- 
rier of the tight junction which seals the epithelial cells into 
a continuous electrically resistant sheet that separates the lu- 
minal from the serosal space. The tight junction also defines 
and separates the two domains of the plasma membrane: the 
apical domain, which lines the luminal side of the epithe- 
lium, and the basolateral, which faces the basal lamina and 
the blood supply. 

Relatively little is known concerning the mechanisms that 
allow the epithelial cell to generate and maintain the polarity 
of its plasma membrane components. Recent progress has in- 
volved the use of model systems that display the polar fea- 
tures of in vivo transporting epithelia as well as the conve- 
nience of in vitro systems. The most widely used of these 
systems is the Madin-Darby canine kidney (MDCK) cell 
system. This system has long been used for studies of epithe- 
lial transport by physiologists and has more recently been 
adapted to the study of the generation and maintenance of 
polarity by an increasing number of cell biologists (for 
reviews see Rodriguez-Boulan, 1983; Simons and Fuller, 
1985). 

Cell surface polarity is a quantitative property of the cell. 
In this paper we present a characterization of the transferrin 

receptor in polarized MDCK cells and then use it to obtain 
quantitative answers to three questions concerning the polar- 
ity of the cell surface. First, we quantitate polarity of the 
receptor on the cell surface and ask how this polarity is 
affected by the growth conditions (growth on plastic versus 
growth on filters). Second, we ask how the polarity of this 
cell surface marker varies with the maximal electrical resis- 
tance of the cellular tight junction in two strains of the 
MDCK cell line: MDCK strain I cells which have a trans- 
epithelial resistance of >2,000 ohrn.cm z, and strain II cells 
which typically exhibit a resistance of 100-200 ohm.cm 2 
(Richardson et al., 1981; Balcarova-St~inder et al., 1984). Fi- 
nally, we address the mechanism of the maintenance of 
polarity by measuring the accuracy of sorting during a single 
cycle of endocytosis to see whether this is sufficient to main- 
tain the observed polarity of the cell. 

Our assays of sorting accuracy utilize the pH dependence 
of the surface polarity and the iron-transferrin-transferrin 
receptor interaction. This interaction has been well charac- 
terized in human cells where the transferrin receptor is a 
disulfide-linked homodimer of 90-kD subunits (Schneider et 
al., 1982; Newman et al., 1982). The ligand, transferrin, is 
a soluble monomeric protein of 80 kD. The function of the 
transferrin-transferrin receptor system is to provide iron for 
the cell. Each transferrin binds two ferric irons with very 
high affinity (>1022) at neutral pH and very much lower 
affinity at low pH (Aisen and Listowsky, 1980). Diferritrans- 
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ferrin binds with high affinity (Ks '~nM) to cell surface 
transferrin receptor at neutral pH and is endocytosed. Upon 
reaching the low pH of the endosome, the transferrin releases 
its iron, which is then taken across the endosomal membrane 
and used or stored in ferritin. The affinity between apotrans- 
ferrin and the transferrin receptor is high at acid pH so that 
the complex remains intact and is recycled to the cell surface. 
Upon the return of the transferrin receptor to the cell surface 
and to neutral pH, the apotransferrin is displaced by the 
tighter binding diferritransferrin and the cycle is repeated 
(Klausner et al., 1983b; Dautry-Varsat et al., 1983). 

We show here that the transferrin receptor in MDCK cells 
resembles that in previously studied human cell systems with 
respect to apparent molecular weight and pH-dependent 
affinity for transferrin. We present a very sensitive assay for 
the polarity of the receptor in filter-grown cells and use this 
assay to demonstrate that the difference in tight junction re- 
sistance between strain I and strain II cells is not reflected 
in a difference in the degree of cell surface polarity of the 
transferrin receptor. We also measure the accuracy of trans- 
ferrin receptor sorting during a single cycle of transit from 
the basolateral plasma membrane through endosomes and 
back to the cell surface to find out whether this is sufficient 
to maintain the measured surface polarity of the receptor. 

Materials and Methods 

Growth of Cells 
MDCK strain I and strain II cells were grown on 0.45-1am pore size nitrocel- 
lulose-cellulose acetate mixed fiber filters (HATE Millipore France S.A., 
Molsheim, France) in mini-Marbrook chambers (MMCs) ~ for 4 d, as de- 
scribed in Fuller et al. (1984), for most of the experiments in this paper. 
For the transcytosis experiments, strain I cells were grown on 0.22-I.tm pore 
size nitrocellulose-cellulose acetate mixed fiber filters (GSTE Millipore 
France S.A.). Only monolayers that displayed transepithelial electrical 
resistances of >4,000 ohm.cm 2 were selected for use in transcytosis ex- 
periments. Plastic-grown cells were as described in Fuller et al. (1985a) and 
used 2 d after seeding when the monolayer was confluent but not blistering. 
A431 cells were a cloned line obtained from Dr. R. Bravo (European Molec- 
ular Biology Laboratory [EMBL]) and were grown in Dulbecco's modified 
Eagle's (DME)/F12 medium supplemented with 10% fetal calf serum, 10 
mM Hepes, 100 U/ml penicillin, and 100 ~g/ml streptomycin. A431 cells 
were seeded at a density of 5 × 104 cells/cm 2 and used after 2 d of growth 
when they were still subconfluent. 

Preparation of Labeled Transferrin 
Before labeling with ~25I, transferrin (Sigma Chemical Co., St. Louis, 
MO) was loaded with iron by the nitriloacetate-catalyzed procedure de- 
scribed by Klausner et al. (1983a). Diferritransferrin was labeled with t25I 
using Iodo-Beads (Pierce Chemical Co., Rockford, IL) by a modification 
of the method suggested by the supplier. 0.5-3 mCi of Nat25I (Amersham 
Buchler GmbH, Braunschweig, FRG) was incubated with one bead for 5 
min in a volume of 0.4 ml of Dulbecco's phosphate-buffered saline lacking 
Ca ++ and M g  ++ (PBS-) on ice. 10 I.tl of 100 mg/ml diferritransferrin was 
then added to the solution, mixed, and allowed to stand on ice for 20 min. 
The reaction mixture was then removed from the bead, and 10 Ixl of 20 
mg/ml KI as well as 10 Ixl of 0.1 mM tyrosine were added. The non- 
incorporated iodine was removed by chromatography on a 25 × 0.5-cm 
Sephadex G50 column (Pharmacia Fine Chemicals, Piscataway, NJ) 

1. Abbreviations used in this paper: BSS/BSA, Hanks' basal salt solution 
with 0.6% bovine serum albumin, 10 mM Hepes; EGE epidermal growth 
factor; EMEM, minimum essential medium with 0.2% (wt/vol) bovine se- 
rum albumin, 10 mM Hepes (for the transcytosis experiments, 0.6% 
[wt/vol] was used); MMC, mini-Marbrook chamber; PBS ÷, PBS-, Dul- 
becco's phosphate-buffered saline with or without Ca ++ and Mg +÷, respec- 
tively; TXI14, Triton X-114. 

equilibrated with PBS- containing 0.2% wt/vol bovine serum albumin 
(BSA). The labeled transferrin was stored at - 80°C  and used within 1 mo. 

Transferrin was labeled with 55Fe by a modification of the method of 
Klausner et al. (1983a). 2 mCi of 5~Fe(UI) chloride in 0.1 M HCI (IES Q 
5853, Amersham Buchler GmbH) was lyophilized in a 5-ml plastic tube and 
resuspended in 0.25 ml of 0.1 M sodium nitriloacetate in H20. 20 mg 
apotransferrin in 0.25 ml 0.5 M TrisC1, 10 mM NaHCO3 was added to 
this, and the mixture was incubated at room temperature for 4 h. Excess 
iron was separated from the transferrin by desalting on a Sephadex G-50 
column pre-equilibrated with 20 mM Tris pH 7.6, 250 mM NaCI. Incorpo- 
ration of iron in transferrin was >80% so that the specific activity of the 
product exceeded 100 cpm/ng. The ferritransferrin is stable when stored at 
-80°C  for at least 6 mo. 

Transferrin-binding Assays with 
Plastic-grown Cells 
MDCK cell monolayers were grown in 35-mm diam dishes as described 
above. For binding to the apical surface, monolayers were washed twice 
with PBS containing Ca ++ and Mg ++ (PBS +) at 37°C and transferred to 
Hanks' balanced salt solution with 0.6% bovine serum albumin, 10 mM 
Hepes (BSS/BSA) containing Ca ++ and Mg ++ on ice. For binding to both 
the apical and basolateral surfaces, the tight junctions of the monolayers 
were opened by washing twice with PBS- at 37°C followed by incubation 
with 1 mM EGTA in PBS- for 3 min at 37°C (Pesonen and Simons, 1983; 
Martinez-Palomo et al., 1980). These monolayers were then transferred 
to BSS/BSA lacking Ca ++ and Mg ++ on ice. To begin the binding, this 
medium was removed from the cells and replaced with 0,52 ml of BSS/BSA 
(either lacking or containing Ca ++ and Mg ++ as appropriate) that contained 
350,000 cpm ~25I-labeled transferrin and nonlabeled transferrin in concen- 
trations between 0 and 10 ~tM. Binding was allowed to proceed for 1 h at 
0°C with tilting. The binding was stopped by adding 2 ml of ice-cold 
BSS/BSA ( + / - )  to each monolayer and then rinsing the monolayers with 
six 5-rain washes of 2 ml of BSS/BSA ( + / - ) .  All medium was then removed 
and the monolayers solubilized with 70°C 2% wt/vol SDS and counted in 
a gamma counter (Nuclear Enterprises Ltd., Sighthill, Edinburgh, UK). 

Transferrin-mediated JS Fe Uptake 
by Filter-grown Cells 
After measurement of transepithelial electrical resistance, filter-grown 
MDCK monolayers were rinsed in two changes of 37°C PBS +, removed 
from their MMCs, and incubated in three changes of 10 ml of minimum es- 
sential medium with 0.2% (wt/vol) BSA, 10 mM Hepes (EMEM) for 45 
rain, each at 37°C in a 5% CO2 incubator. The monolayers were then 
rinsed with 37°C BSS/BSA and laid atop a BSS/BSA soaked 3MM What- 
man paper filter to which 50 p.l of newborn calf serum had been added in 
a 12-well plexiglass filter holder (Fuller et al., 1985b). This holder is formed 
from two pieces, one a solid piece of plexiglass with 12 1-mm deep, 25-mm 
diam indentations, and the other containing 12 corresponding 2-cm deep, 
18-mm diam holes terminated with Neoprene O-rings. When clamped to- 
gether one side of each MDCK monolayer forms the bottom of each well 
and can be accessed while the other is held against the serum and BSS/BSA 
containing paper filter. The O-rings prevent leakage between wells. 

Uptake was begun by rinsing each well with 1 ml of BSS/BSA and then 
adding 5SFe-labeled transferrin (typically 9 x 105 cpm) in 0.3 ml BSS/BSA. 
Controls for nonspecific uptake were performed by adding 25 I.tl of 100 
mg/ml transferrin to the well before the addition of labeled transferrin. After 
addition of label, the plexiglass holder was sealed with Parafilm (American 
Can Co., Greenwich, CN) and placed on a tilting shaker for 90 rnin at 37°C. 
The plexiglass holder was then placed on ice in a 4°C room where all subse- 
quent washing steps were performed. 1 ml of ice-cold BSS/BSA containing 
10% vol/vol newborn calf serum was added to each well to stop incorpora- 
tion. The medium was aspirated from the wells, the holder unclamped, and 
the cell monolayers transferred to separate dishes containing 5 ml each of 
PBS- at pH 5.0 containing 10% vol/vol newborn calf serum. After 15 min 
of vigorous shaking the pH 5.0 medium was aspirated and replaced with 5 
ml of PBS- at pH 8.0 containing 10% vol/vol newborn calf serum. The 
filters were shaken in this pH 8.0 medium for 15 min. After a further four 
cycles of pH 5.0-8.0 washing, the filters were given a final 15-min pH 5.0 
wash, blotted from the basal surface to remove excess fluid, and counted 
with 10 ml of Rotiszint 22 (Carl Roth, Karlruhe, FRG) in a Searle Mark 
III, 6800 Liquid Scintillation counter (Searle Analytic Systems, High- 
wycombe, UK). 
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Purification of Transferrin Receptor 
from MDCK Cells 
The procedure used was based on the Triton X-114 (TXll4) phase partition- 
ing method of Bordier (1981) and the transferrin affinity column method of 
receptor purification described by Enns and Sussman (1981). 

Four 175-cm 2 tissue culture flasks containing a total of l0 s plastic-grown 
MDCK strain II cells were incubated with 5 ml each of 200 ~tCi/ml 
[35S]methionine in growth medium containing 1/10th the normal amount of 
methionine for 24 h to label cellular protein. The cells were rinsed three 
times for 10 min each with PBS- and then removed from the plastic by an 
incubation for 1 h with PBS- containing 1 mM EDTA at 37°C followed by 
scraping. Unless specified, all further operations were performed on ice or 
at 4°C. The ceils were spun down at low speed, and the cell pellet was lysed 
with 10 ml of 2% wt/vol TXU4 in PBS- containing 1 mM phenylmethyl- 
sulfonyl fluoride (PMSF) and 100,000 cpm of ~25I-labeled transferrin. The 
lysate was centrifuged at 8,000 g to remove nuclei, and the supernatant was 
subjected to three cycles of phase partitioning. The hydrophobic lower phase 
was retained and adjusted to the initial volume with PBS- for each cycle. 
The final hydrophobic phase was resuspended in 10 mi of 0.1 M sodium ace- 
tate, 0.5 M sodium chloride, 1% wt/vol TXll4, pH 5.5 and mixed with 
2 ml of transferrin Sepharose (10 mg transferrin/ml coupled to CNBr 
Sepharose 2B; Pharmacia) and left mixing overnight. The transferrin 
Sepharose-lysate mixture was poured into a column (0.7-cm diam) and, after 
settling, washed with 100 ml of 0.1 M sodium acetate, 0.5 M sodium chlo- 
ride, pH 5.5 over a period of 6 h. The column was then eluted with 0.1 M 
glycine, 1.0% wt/vol TXI14, 0.5 M sodium chloride, pH 10.0. 25-gl aliquots 
of each fraction were TCA precipitated and analyzed by electrophoresis. 

Assay of Transferrin Binding to Solubilized Receptor 
An assay for the binding of transferrin to solubilized receptor was developed 
by modifying the method of Fernandez-Pol and Klos (1980) to include the 
use of glass fiber filters as used by Dunn and Hubbard (1984) for the assay 
of epidermal growth factor receptor. Cells were solubilized in 2% wt/vol 
TXll4 in PBS- containing 1 mM PMSF (0.5 ml per 106 cells) by several 
passes through a 1-mi Eppendorf pipette and then left on ice for 10 min with 
shaking. The nuclei were spun out at low speed at 4°C and the supernatant 
subjected to two cycles of phase partitioning. The hydrophobic phase was 
then resuspended to the original volume with PBS- and stored on ice for 
up to 24 h. For the binding assay, 50-100 gl of TXll4 lysate was brought 
to 0.5 ml with 0.2% wt/vol Triton X-100, 0.1% BSA in 50 mM TrisCl, pH 
7.4. A mixture of 105 cpm of ~2~I-labeled transferfin and the appropriate 
amount of cold diferritransferrin to give the desired final concentration was 
added and the sample incubated at 25°C for 30 min. After the incubation 
0.5 ml of 0.1% wt/vol rabbit IgG (Sigma Chemical Co.) in 100 mM sodium 
phosphate pH 7.4 was added to each sample and the samples mixed and 
placed on ice. The receptor was precipitated by addition of 1 ml of 25 % 
wt/vol polyethylene glycol (PEG) 6000 (Sigma Chemical Co.) in 100 mM 
sodium phosphate pH 7.4. Then the samples were mixed vigorously and set 
on ice for 30 min. The precipitate was collected by filtration through What- 
man GFC filters that had been prewashed with 0.1% wt/vol rabbit IgG under 
vacuum. The sample tubes and filters were washed three times with ice-cold 
12.5% wt/vol PEG 6000 in 100 mM sodium phosphate pH 7.4, and the 
filters were dried and counted in a gamma counter. 

SJFe Autoradiography of Filter-grown Cells 
4-d-old filter-grown monolayers were removed from their MMCs and in- 
cubated with three changes of 10 ml of EMEM for 45 min each at 37°C in 
a 5 % CO2 incubator. The monolayers were then rinsed twice more with 
EMEM and then each was incubated for 6 h with 1 x 106 cpm of 55Fe 
transferrin in 2 ml of EMEM at 37°C in a 5% CO2 incubator. A control 
for nonspecific labeling was performed by including 1 mg/ml diferritrans- 
ferrin in the incubation medium. After the incubation the monolayers were 
washed with alternating pH 5.0 and 8.0 solutions as described above and 
then washed for 1 h on ice with PBS +. The monolayers were then fixed for 
20 min in 2 % wt/vol glutaraldehyde in Hanks' basal salt solution on ice and 
then for a further 10 rain at room temperature with fresh fixative. The 
monolayers were then washed with PBS- on ice and the fixation quenched 
with 50 mM ammonium chloride in PBS- on ice for 1 h. The filters were 
then quartered with a scalpel and dried under a heat lamp for 2 h. The pieces 
of filter were affixed to glass slides by laying them on a 25-~1 drop of propy- 
lene oxide, cell side up, and storing the slides and filters overnight in an 
atmosphere of propylene oxide. The slides were then processed for autoradi- 
ography using Kodak stripping film following the suppliers instructions and 

using an exposure of 4 d. After development the samples were stained with 
Farbel6sung II Blau (Merz and Dade, Dedingen, Schweitz) and pho- 
tographed. 

Cross-reactivity of the MDCK Transferrin 
Receptor with Anti-human Transferrin Receptor 
Antibodies 
Four anti-human transferrin receptor antibodies were tested: a rabbit poly- 
clonal antibody raised against native human transferrin receptor obtained 
from Drs. J. D. Bleil and M. S. Bretscher (Medical Research Council Labo- 
ratory of Molecular Biology, Cambridge, England), a rabbit polyclonal anti- 
body raised against SDS-denatured human transferrin receptor obtained 
from Dr. C. Schneider (EMBL), a goat polyclonal antibody raised against 
denatured human transferrin receptor obtained from Dr. R. Klausner (Na- 
tional Institutes of Health, Bethesda, MD), and a mouse monoclonal against 
human transferrin receptor obtained from Dr. I. Trowbridge (Department 
for Cancer Biology, Salk Institute for Biological Studies, San Diego, CA) 
by both immunofluorescenee and immunoblotting against plastic-grown 
A431 cells and MDCK cells. All four were positive for the human receptor 
in A431 cells and negative for the canine receptor in MDCK cells. 

Polarity of Recycling of Transferrin Receptor 
J:SI-labeled transferrin (typically 1,400 cpm/ng) and 55Fe-labeled transfer- 
rin (160 cpm/ng) were prepared as described above. The binding activity 
of 12SI-labeled transferrin was assayed by the PEG 6000 precipitation 
method using TXU4 lysates of plastic-grown MDCK cells. More than 85% 
of the ~2~I-labeled transferrin was active in this assay. 

After resistance measurement, filter-grown MDCK cell monolayers in 
MMCs were rinsed in three changes of EMEM (with 0.6% wt/vol BSA), 
and placed into 13.5-cm diam petri dishes containing 100 ml of 37°C 
EMEM. The MMC was always inserted into the liquid edge first and then 
turned right side up to minimize hydrostatic pressure on the monolayer. Six 
monolayers were placed around the circumference of each dish which was 
then centered on a magnetic stirring motor in a 37°C 5% CO2 incubator. 
10 ml of EMEM (bringing the total volume to 110 ml) was added to each 
dish and the levels of liquid inside each MMC were adjusted to be roughly 
2 mm above the reservoir level. This resulted in an apical volume between 
2.0 and 1.6 ml. A 1.5-cm Teflon-coated stirring bar was placed in the center 
of the dish and the reservoir gently stirred for 10 min. The transcytosis ex- 
periment was begun by adding labeled transferrin to the reservoir in a 0.5-ml 
vol of EMEM. The additions were as follows (see Fig. 6): (A) 55Fe-labeled 
transferrin; (B) 5~Fe transferrin and 125I-labeled transferrin; (C) first 100 
mg of unlabeled transferrin and, after this was dispersed, 55Fe transferrin 
and J25I-labeled transferrin; (D) 20 I.tl of 100 mg/ml nonlabeled transferrin 
into the apical volume and then 55Fe transferrin and 125I-labeled transferrin 
into the reservoir. The amount of 55Fe added to each dish was ",,5 × 106 
cpm and the amount of ~2~I varied between 1 × 107 cpm and 1 × 109 cpm 
in different experiments. After all additions the dishes were covered and left 
stirring for times between 4 and 6 h. At the end of this time, 50 ml of the 
reservoir was removed with a pipette, the dish was taken from the incubator, 
and then the apical solution was removed from each MMC. The filters and 
MMCs were then rinsed in PBS + and the transepithelial resistance deter- 
mined. The monolayer-bearing filters were removed from the MMCs and 
transferred to PBS + on ice. When all filters had been removed they were 
washed with alternating pH 5.0 and pH 8.0 PBS- solutions containing 10% 
fetal calf serum as described above, blotted, and then counted. The apical 
volume for each sample was determined gravimetrically. 

Double Isotope Counting 
The overlap of the 55Fe and ~25I spectra is extensive and so particular care 
was taken to equalize quenching in all samples. Counts of 55Fe and 1251- 
labeled samples were done using a Searle Mark III 6800 liquid scintillation 
counter (Searle Analytic Systems, Highwycombe, UK) in double isotope 
mode. The amount of each isotope was determined from a linear least 
squares fit to the overlap of standard samples and checked by separate count- 
ing of the ~zsI samples with a gamma counter. These independent determi- 
nations agreed to within 5 % for all samples. Counts of medium were per- 
formed on 1.5-ml samples mixed with 20 ml of Rotiscint 22 (Carl Roth, 
Karlsruhe, FRG) and all samples were brought to 1.5-ml volume with 
EMEM before mixing with scintillation cocktail. Counts of cell incorpo- 
rated iron were performed on the whole filter and cells in 20 ml of Rotiscint 
22 using standards that contained a filter with cells that had been passed 
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through the same washing protocol as the samples. Counting was continued 
for up to 20 min on all samples so that the largest counting error for any 
sample including the backgrounds was <2 %. 

Other Methods 
Resistance measurements and immunofluorescence were performed as de- 
scribed previously (Fuller et al., 1984; Perkins and Handler, 1981). PAGE 
and immunoblotting were performed as described in Fuller et al. (1985a). 
TXll4 was purified as described in Bordier (1981) and stored as a 10% solu- 
tion in PBS- at 4°C. 

Results 

uq Transferrin Binding to Plastic-grown MDCK Cells 
Four antibodies against the human transferrin receptor 
showed no cross-reactivity with the canine receptor in 
MDCK cells (see Materials and Methods). Hence, we used 
the binding of 12SI-labeled transferrin to plastic-grown 
MDCK cells to assay the cell surface expression of the recep- 
tor. Confluent MDCK monolayers were incubated in several 
changes of serum-free medium (EMEM) for several hours to 
deplete the cells of transferrin. The monolayers were in- 
cubated with various concentrations of 12SI-labeled transfer- 
tin for 2 h on ice, and the number of counts bound as a func- 
tion of total transferrin concentration was determined (Fig. 
1). The control monolayers in which only the apical surface 
of the cells were exposed showed 32,000 low-affinity binding 
sites per cell (Ko '~0.3 ~M). The monolayers that had been 
treated with EGTA to open the tight functions and expose 
both the apical and the basolateral surfaces showed this low- 
affinity binding as well as 35,000 high-affinity (Ko = 2 riM) 

3 

500 1000 
Tf/calL/nM 

Figure 1. Binding of tESI transferrin to plastic-grown MDCK ceils. 
A Scatchard plot of transferrin binding to plastic-grown MDCK 
strain II cells at 4°C. e, binding to the apical surface of the cells; 
o, binding to the apical and basolateral surfaces of the cells that 
have been treated with EGTA to open tight junctions. Each point 
is the mean of three measurements, and the standard deviation of 
the values is shown when this is larger than the size of the symbol. 
Nonspecific background binding was determined from the number 
of counts bound in the presence of 10 IxM diferritransferrin and has 
been subtracted from the values shown. The apparent dissociation 
constant (Kd) for the binding is shown above each line. The 
low-affinity binding has been subtracted from the basolateral curve. 
The high-affinity binding is clearly present primarily on the basal 
surface. 

2 

- . t  o 

binding sites per cell. We interpreted the high-affinity bind- 
ing to the cells as binding of transferrin to its normal cell sur- 
face receptor, since transferrin-transferrin receptor binding 
displays a similar affinity in other cells. The fact that the 
majority of the high-affinity sites is observed only when the 
cell junctions are opened to expose the basolateral surface in- 
dicates that the receptor is predominantly basolateral. The 
ratio of the basolateral to apical binding sites is probably an 
underestimate, since EGTA treatment may not have exposed 
the entire cell surface to the ligand. 

Purification and Properties of the MDCK 
Transferrin Receptor 
We compared the biochemical properties of the MDCK 
transferrin receptor to those of the human transferrin recep- 
tor as expressed in A431 cells. A useful property of the 
receptor was its behavior during TXll4 phase partitioning. 
Fig. 2 shows an immunoblot of TX114-extracted A431 cells. 
The receptor is seen as a 90-kD immunoreactive band in the 
whole cell lysate. After phase partitioning the immunoreac- 
tive band is found exclusively in the detergent-rich lower 
phase and not in the detergent-poor supernatant. ~2sI Trans- 
ferrin, which is bound to the receptor before lysis, is not con- 
centrated in the hydrophobic phase so that >90 % of the 125I 
counts remain in the supernatant. Several cycles of TXll4 
partitioning effect the complete removal of the labeled trans- 
ferrin from the hydrophobic phase while retaining the trans- 
ferrin receptor. Since the receptor binds transferrin in the 
presence of TXl14 (see below), we presume that the transfer- 
rin receptor-transferrin interaction is broken when the com- 
plex enters the hydrophobic TXl14 phase. Whatever the 
mechanism, TXll4 partitioning provides a convenient means 
of concentrating the transferrin receptor and simultaneously 
stripping it of endogenous transferrin. 

We used a combination of TXll4 phase partitioning and 
transferrin-Sepharose chromatography to determine the char- 
acteristics of the MDCK transferrin receptor from [3SS]me- 
thionine-labeled plastic grown MDCK cells (see Materials 
and Methods). Elution of the transferrin-Sepharose column 
at high pH released one major protein species that migrated 
on a polyacrylamide SDS gel as a diffuse band with M~ 
90,000 under reducing conditions (Fig. 3). These results 
show that the MDCK transferrin receptor has approximately 
the same molecular weight as the human receptor and be- 
haves similarly with respect to pH-dependent transferrin 
affinity and TXll4 phase partitioning. 

We also used TXll4 phase partitioning to strip endogenous 
transferrin from the receptor so that we could compare the 
binding affinity for transferrin of the MDCK transferrin 
receptor with that of the human receptor. The concentration 
dependence of ~sI transferrin binding to TX100-solubilized 
receptor was assayed by PEG 6000 precipitation of the recep- 
tor-ligand complex. Scatchard analysis of the results showed 
the presence of a single class of high affinity binding sites in 
each case. Lysate from plastic-grown strain I cells contains 
165,000 transferrin binding sites per cell with an affinity of 
2.5 nM. A431 cell lysate was assayed in parallel and gave 
468,000 binding sites per cell with an affinity of 2 nM. 
Hence, the binding characteristics of the MDCK receptors 
match those of the A431 receptor although the number of 
receptors is fewer. Treatment with deferroxamine or with 
picolinic acid has been reported to induce the expression of 
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Figure 2. Immunoblot of A431 transferrin receptor after TXll4 par- 
titioning. The TXU4 lysate from 105 A431 cells was phase parti- 
tioned, subjected to electrophoresis on a SDS 10% polyacrylamide 
gel, and transferred electrophoretically to nitrocellulose. On the left 
is shown the Ponceau S staining of a strip from the nitrocellulose 
indicating the distribution of protein. On the right is the im- 
munoperoxidase staining of the same strip with the monoclonal 
antibody B3/25 obtained from Dr. I. Trowbridge and a rabbit 
anti-mouse peroxidase conjugate. The 90-kD band corresponding 
to the human transferrin receptor is found exclusively in the 
hydrophobic phase (P), although the majority of the cellular pro- 
tein is found in the detergent-poor supernatant (S). In the same ex- 
periment >90% of 10,000 cpm of 125I-labeled transferrin, which 
was included in the original lysate, partitioned into the supernatant. 

transferrin receptors in other cells (Mattia et al., 1984; 
Fernandez-Pol, 1979) but caused only a small increase to 
230,000 receptors per cell when applied to confluent plastic- 
grown MDCK monolayers. Assays of TXll4 lysates of  filter- 
grown strain I ceils showed essentially the same total number 
of  receptors (170,000 per cell) with the same binding constant 
as plastic-grown strain I cells. 

Transferrin-mediated JSFe Uptake in Filter-grown 
M D C K  Cells 

We used transferrin-mediated 55Fe uptake as a sensitive 
measure of  the polarity of transferrin receptor in filter-grown 

Figure 3. Purification of the MDCK transferrin receptor. TXll4 ly- 
sate from [35S]methionine-labeled plastic-grown MDCK cells was 
subjected to four rounds of phase partitioning to concentrate the 
receptor and to strip it of endogenous transferrin. The detergent 
phase was then brought to low pH and applied to a transferrin- 
Sepharose column which was then washed extensively with low pH 
buffer. SDS PAGE of fractions from transferrin affinity chromatog- 
raphy of TXll4 lysate of MDCK cells is shown. The lanes in the 
autoradiograph show: M~, molecular weight standards; 5.0, mate- 
rial released by a pH 5.0 wash of the column; and 10.0, the material 
released by a subsequent pH 10.0 wash of the column. The dominant 
species released by the pH 10.0 wash is ~90 kD, similar to that of 
the human transferrin receptor. 

MDCK cells. 55Fe-labeled transferrin was incubated with 
the cells for various periods at 37°C, the incorporation 
stopped by transferring the cells to 0°C, the surface of  the 
cells washed with a series of  pH 5.0 and pH 8.0 buffers and 
the cells counted. The uptake in the presence of  a high con- 
centration of  nonlabeled diferritransferrin was subtracted 
from the total uptake to yield the receptor-dependent uptake. 
This assay of  receptor distribution offers two primary advan- 
tages over binding studies. First, the ability to measure the 
total incorporation of  iron over a period of hours allows an 
amplification of the signal while binding can only determine 
the number of receptors on the cell surface at a single time. 
Second, although the sensitivity of either method is limited 
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Figure 4. Transferrin uptake with filter-grown cells. The time 
course of transferrin mediated 55Fe uptake by filter-grown MDCK 
strain I monolayers at a transferrin concentration of 5 nM is shown 
in a. Each point is the mean of two values and the range is shown 
when it is greater than the size of the symbol. A background corre- 
sponding to the SSFe counts found associated with the cells at the 
end of the same time period in the presence of 12.5 I.tM unlabeled 
transferrin has been subtracted. An Eadie-Scatchard plot of the con- 
centration dependence of the 55Fe uptake by filter-grown MDCK 
strain I cells is shown in b. Each point represents the mean of three 
measurements and the standard error of the mean is shown. Several 
experiments have been combined to give these data. Incorporation 
was for 90 min at 37°C. The nonlinear nature of the plot probably 
reflects the effect of the filter in reducing the effective transferrin 
concentration at the basolateral surface of the cells. 

by nonspecific binding of labeled transferrin particularly by 
the filter, the uptake method measures only the intracellular 
55Fe. Rinsing the filter and cells with low pH releases the 
55Fe from the extraceUular transferrin leaving only the in- 
tracellular 5SFe to be counted. The apotransferrin itself re- 
mains bound to the filter. It is this background of filter-bound 
transferrin that makes direct transferrin binding experiments 
on filter-grown cells impractical. 

Fig. 4 shows the kinetics and concentration dependence of 
transferrin-mediated 55Fe uptake through the basal surface 

of filter-grown MDCK strain I cells. Uptake was essentially 
linear with time before 60 min and displayed a rate of 100 
transferrins/min per cell at a transferrin concentration of 5 
nM (Fig. 4 a). The specific uptake, although relatively small, 
can be very precisely determined because the background is 
much lower and very reproducible. The rate of 5SFe uptake 
increases with increasing transferrin concentration even 
at concentrations significantly above the K0. The Eadie- 
Scatchard plot of this data (Fig. 4 b) is curvilinear, which in- 
dicates that this behavior is not explained by simple, single 
site binding kinetics. Such behavior has not been seen in 
previous studies of transferrin uptake (Klausner et al., 
1983a; Karin and Mintz, 1981) and was also not observed in 
our studies of transferrin uptake by plastic-grown cells (see 
below). We believe that it reflects the influence of either 
transferrin binding to the filter or of the gradual release of 
unlabeled transferrin from the filter during the uptake. Either 
of these phenomena would decrease the effective transferrin 
concentration at the basal surface of the cell and could result 
in the concentration dependence observed. The maximal up- 
take rate reached by the cells was ,~2,600 transferrins/min 
per cell. 

The polarity of transferrin-mediated 55Fe uptake is shown 
in Table I. Application of label to the basolateral surface 
resulted in uptake that was more than two orders of magni- 
tude greater than that through the apical surface. The mean 
ratio in five experiments was 770:1 (basolateral to apical) 
with a range from 260:1 to 2,012:1. The variation between the 
lowest observed value and the highest is more apparent than 
real since a high value of the polarity is dramatically affected 
by the apical background level, which is a relatively small 
number. Under the conditions of the assay the basolateral up- 
take corresponded to ~100 transferrins/min per cell. When 
higher concentrations of labeled transferrin were used, the 
uptake rate increased although the measured polarity of up- 
take was somewhat lower due to leakage and an increased 
basolateral background. The monolayers used in the assay 
all had resistances between 2,000 ohm.cm 2 and 4,000 
ohm.cm 2. Increases in resistance above the 2,000 ohm.cm z 
level caused no significant change in the measured polarity 
of uptake. Monolayers with significantly lower resistances 
often displayed a lower polarity of uptake. 

Transferrin and transferrin-mediated 55Fe uptake was also 
studied in plastic-grown MDCK cells (not shown). Applica- 
tion of labeled transferrin to the apical surface resulted in an 
uptake that was ~,20% of that seen through the basolateral 
surface of filter-grown cells. However, the opening of cells 
with EGTA to examine uptake through the basolateral sur- 
face caused a dramatic decrease in the total uptake by the 
cells. Although it is known that transferrin binding to its 
receptor is not dependent on the presence of Ca ++ (Ander- 
son and Kaplan, 1983), it appears that EGTA treatment of the 
cells is somewhat toxic since the total iron uptake decreased. 

Table I. Transferrin Uptake Polarity for Filter-grown Strain I MDCK Cells 

Apical Apical + cold Basal Basal + cold Ratio 

Highes t  26 .2  (6.1) 24 .5  (6.5) 4 , 2 5 0  (364) 225 .8  (27.9)  (4 ,250  - 225 .8 ) / (26 .2  - 24 .5)  = 2 ,012:1  
Lowes t  39.5 (9.0) 24 .0  (6.1) 4 ,293  (128) 270.2  (29.4)  (4 ,293 - 270 .2) / (39 .5  - 24 .0)  = 260:1 

The average polarity found in five experiments was 770:1 (basolateral/apical). The results for the two experiments which gave the highest and lowest polarities 
for transferrin receptor observed in filter-grown Strain I cells are shown in the table. Each value represents the mean of at least three samples and is given in 
cpm. The standard error of the mean is shown in parentheses. 
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Figure 5. Autoradiographs of transferrin-mediated 55Fe uptake by filter-grown MDCK monolayers, a shows the total incorporation in the 
monolayer, while b shows the nonspecific incorporation of 55Fe in the presence of excess unlabeled diferritransferrin. The autoradiograph 
of the edge of a cell monolayer (c) shows that the only significant contribution to the 55Fe uptake is from cell-associated label. 

Table II. Transferrin Uptake Polarity for Filter-grown Strain H MDCK Cells 

ohm.cm 2 Apical Apical + cold Basal Basal + cold Ratio 

300-350 58.3 (20.5) 28.9 (8.2) 9171.7 (2168) 1066 (77) 276:1 
200-100 331.0 (197.2) 63.7 (30.0) 9076 (239.4) 249 (28.9) 33:1 

Each value represents the mean of at least three samples and is given in cpm. The standard error of the mean is shown in parentheses. The values for higher 
resistance and lower resistance samples are tabulated separately. 

We did not find transferrin-mediated 5SFe uptake a useful in- 
dicator of the polarity of plastic-grown monolayers for this 
reason. 

Transferrin Uptake Is Not Restricted to a 
Subpopulation of  Filter-grown Cells 

An autoradiographic approach was used to investigate 
whether all the cells of the population internalized transfer- 
rin. Filter-grown strain I MDCK monolayers were incubated 
with 55Fe-labeled transferrin for several hours, rinsed as de- 
scribed for the uptake polarity experiments, dehydrated, and 
covered with stripping film for autoradiography. After sever- 
al days exposure the autoradiograph was developed and the 
cells stained with methylene blue. Fig. 5 shows autora- 
diographs of cells incubated in labeled transferrin (Fig. 5, a 
and c) and of cells incubated in the presence of a high con- 
centration of unlabeled transferrin (Fig. 5 b). The transferrin 
uptake is distributed throughout the population and not 
confined to a few cells (Fig. 5 a). The average grain density 
is 14.5 __ 3.65 grains/cell for the incubations in labeled trans- 
ferrin and 2.52 _ 0.15 grains/cell for the incubations in ex- 
cess unlabeled transferrin. Fig. 5 c shows a detail of a field 
from a labeled incubation in which an edge of the filter is ex- 
posed. All of the label in the field is clearly confined to the 
cells showing that nonspecific binding of label to the filter 
does not affect our results. 

Transferrin Uptake Polarity in "Leaky" Strain H Cells 

We repeated the uptake experiments with filter-grown strain 
II cells (Table II). Using only the highest resistance mono- 
layers (between 300 and 350 ohm.cm2), an uptake polarity 
of more than 250:1 was observed. These results show that 

the •10-fold increase in the resistance of the tight junctions 
of the strain I cells is not accompanied by a corresponding 
increase in the polarity of the transferrin receptor. Two ob- 
servations made during these experiments are of importance 
in interpreting this result and applying it to other work. First, 
the high polarity was only obtained when the highest resis- 
tance monolayers were used. When somewhat lower resis- 
tance monolayers were used the polarity of uptake was 
significantly worse (Table II). Second, the monolayer to 
monolayer variability was much greater with the strain II 
cells than in the strain I cells. These two observations almost 
certainly reflect the fact that a hole in a low resistance 
monolayer changes its resistance much less than a similar 
sized hole in a high resistance monolayer. 2 

2. This is a simple consequence of the addition formula for resistances in 
parallel. A monolayer with holes covering a fractionfof its area will have 
a net resistance R = 1/(f/RO + (1-f) /RC),  where RC is the resistance of 
a completely closed monolayer and RO is the resistance of a completely 
open monolayer. For our measuring system RO corresponds to 10-15 ohms, 
essentially the resistance of the solution between the ends of the salt bridges. 
RC is <100 ohms for a 3.14-cm 2 monolayer of strain II cells and more than 
1,000 ohms for the same sized monolayer of strain I cells. The dependence 
of the net resistance on hole size is then 

Hole area Strain I Strain II 

none 1,000 ohms 100 ohms 
0.5 % 753 ohms 97 ohms 
1.0% 603 ohms 95 ohms 
5.0% 233 ohms 78 ohms 

10.0% 132 ohms 63 ohms. 

Resistance is only a sensitive measure of leakiness for a high resistance 
monolayer. This calculation is only valid for relatively large holes where 
the flow of current through the hole can be considered separately from the 
flow through the monolayer. This concept has recently been used to validate 
the relationship proposed by Claude (1978) between strand number and re- 
sistance in epithelial T84 cells by Madara and Dharmsathaphorn (1985). 
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Principle of the Receptor Recycling Accuracy Assay 
Our assay for accuracy of receptor recycling is based on the 
characteristics of the transferrin receptor which we have es- 
tablished in the earlier portion of this paper. We measure 
missorting during membrane recycling as the fraction of the 
transferrin that has passed through the low pH of the endo- 
some and is then routed to the apical surface rather than be- 
ing returned to the basolateral surface. To evaluate this frac- 
tion we follow the fate of ~SFe and 125I-labeled transferrin 
which has been applied to the basal surface. Exposure to the 
low pH of the endosome causes loss of iron so that the total 
amount of iron taken up by the cell reflects the number of 
transferrins that have passed through the endosome. The 
amount of apotransferrin, detectable by its ~25I label found 
on the apical surface, is the total number of missorted trans- 
ferrins. The pH dependence of the binding of the ligand en- 
sures that apotransferrin will be found on the side at which 
the receptor-apotransferrin complex first emerged and en- 
countered neutral pH. The disposition of the ligand reflects 
the accuracy of the sorting of the receptor. 

Accuracy of Transferrin Receptor Recycling 
Fig. 6 presents a schematic of the implementation of our 
scheme for the measurement of transferrin recycling ac- 
curacy using filter-grown MDCK cells. The filter grown cells 
were incubated in several changes of EMEM to deplete the 
internal stores of the cell as well as to remove transferrin 
loosely bound to the filter and holder and then the electrical 
resistance of the monolayer was measured. Each monolayer 
in its MMC was gently placed in a dish and, after equilibra- 
tion, labeled transferrin was added to the basal medium. The 
whole dish was then placed in a 37°C 5 % CO2 incubator for 
several hours. The basal medium was kept well mixed by 
gentle stirring with a magnetic stirring bar. At the end of the 
experiment, samples of the upper (apical) and lower (basal) 
reservoirs were taken, the resistance of the filters was mea- 
sured, and the filters themselves washed with a series of high 
and low pH solutions to remove extracellular transferrin- 
bound iron. All samples were counted so that the amount of 
55Fe incorporated by the cells and the amount of ~25I-labeled 
transferrin that had crossed to the apical surface were deter- 
mined. 

Three factors needed to be controlled to ensure the validity 
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Figure 6. Schematic diagram of the transferrin recycling polarity 
experiment. 

of the measurements: the integrity of the monolayer during 
the experiment, the activity of the ~25I-labeled transferrin, 
and the accuracy of the double-labeled counting. Several fac- 
tors were found to be important in keeping the monolayers 
intact during the several hour course of the experiment. 
These included the use of 0.6% BSA in the medium and 0.22- 
Ixm pore size filters. This smaller pore size enabled us to 
grow monolayers routinely with resistances >4,000 ohm.cm 2. 
The resistance provided a useful check for leakage, and con- 
ditions were optimized so that the decrease in resistance dur- 
ing the experiment was <100 ohms. Values from monolayers 
with greater losses in resistance were not included in the 
calculations. The activity of the ~25I-labeled transferrin is 
particularly important because the native 55Fe transferrin 
would compete with denatured ~25I transferrin. The number 
of internalized 55Fe counts would then represent a much 
larger amount of ~zsI transferrin than was actually endocy- 
tosed. This would yield an overestimate of the accuracy of 
the recycling. Using the soluble binding assay (see Material 
and Methods) we could show that >85 % of the ~25I-labeled 
transferrin was bound to solubilized receptor with an '~2 nM 
dissociation constant. Finally, the reliability of the double la- 
bel counting was controlled by recounting the samples with 
a gamma counter. After correction for efficiency, the ac- 
curacy of the ~25I scintillation counts was seen to be >95 %. 

The aim of the experiment was the determination of the 
fraction of the transferrin, internalized by the cell, which was 
released at the apical surface rather than returned to the 
basolateral. This missorting of endocytosed transferrin must 
be distinguished from leakage of labeled transferrin across 
the monolayer. The amount of this leakage and the reliability 
with which it can be determined set the experimental limit 
for the detection of missorting. Table III shows numbers 
from one experiment. Four sets of six filters were used for 
each experiment. Set A received only 55Fe-labeled transfer- 
rin from the basal side. Set B received both 55Fe-labeled 
transferrin and ~zSI-labeled transferrin. Set C received both 
55Fe-labeled and t25I-labeled transferrin as well as 12.5 ~tM 
unlabeled transferrin in the basal medium. Set D was identi- 
cal to B but contained 12.5 IxM unlabeled transferrin in the 
apical medium. Since iron is released from the transferrin by 
the low endosomal pH and stored by the cell, transferrin- 
dependent iron uptake measures the total transferrin endocy- 
tosis. Hence, the difference between the monolayer as- 
sociated 55Fe counts in A (12,356 cpm) and those in C 
(3,286 cpm) represents the total specific (i.e., transferrin 
receptor-mediated) transferrin uptake by the cell (9,070 cpm 
or 210,000 transferrins/cell during a 4-h period). This num- 
ber of 55Fe-labeled transferrins is equivalent to a certain 
number of 12SI-labeled transferrin counts (5.7 ~25I cpmPSFe 
cpm in Table III but similar results were obtained using 
different ratios in other experiments), and hence the number 
of t25I counts found apically can be expressed as a fraction 
of the total transferrins internalized. The number of ~25I 
counts found apically in C represent transferrins that have 
passed to the apical surface in a non-transferrin receptor- 
dependent manner, i.e., via a hole in the monolayer (unde- 
tectable in the experiment described in Table III; highest 
value obtained in five experiments was 0.20%). This control 
also provides a measure of the effect of fluid phase transcyto- 
sis on the result. A calculation based on our previous mea- 
surements of the amount of fluid phase transcytosis in 
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Table IlL Transferrin Recycling Accuracy 

A B C D 

Reservoir 
5SFe 234,143 cpm/ml 198,271 cpm/ml 
~25I - 1,129,625 cpm/ml 

Apical 
55Fe 42 (17) cpm/ml 48 (14) cpm/ml 
1z5I - 90 (20) cpm/ml 

Monolayer 
55Fe 12,356 (2,808) cpm 12,431 (2,119) cpm 
125I - 1,272 (197) cpm 

Specific incorporated 
55Fe 9,070 cpm 9,145 cpm 
lZSI equiv. - 52,102 cpm 

Apical as % of specific incorporated 
SSFe 0.31% 0.37% 
t25I - 0.086 % 

191,034 cpm/ml 
1,209,207 cpm/ml 

214,120 cpm/ml 
1,156,238 cpm/rrd 

14 (6) cpm/ml 40 (16) cpm/ml 
45 (15) cpm/ml 85 (21) cpm/ml 

3,286 (569) cpm 10,464 (1,703) cpm 
924 (147) cpm 1,077 (81) cpm 

m 

7,178 cpm 
39,296 cpm 

0.36% 
0.10% 

Each point is the mean of measurements from at least five filter-grown monolayers and is accompanied by its standard error in parentheses. 

MDCK cell (von Bonsdorff et al., 1985) indicates that its 
contribution will be negligible. The difference between the 
~5I counts found apically in B and in C represents the trans- 
ferrin receptor-dependent passage to the apical surface or 
the missorting after endocytosis (mean 0.12%; range 0.16- 
0.08 %). A final control (D) was needed to rule out the possi- 
bility that transferrin was being carried from the basal sur- 
face to the apical surface and picking up iron so rapidly from 
the medium that it could remain bound to the receptor and 
be re-internalized and directed to the basal surface. The high 
excess of apical unlabeled transferrin would compete for the 
receptor with the bound apotransferrin and block re-internal- 
ization. The amount of apical 125I label in D was virtually 
identical to that seen in B, showing that re-internalization 
from the apical surface was not a significant factor in the ex- 
periment. 

The ratio of apical apotransferrin to incorporated iron is 
the fraction of the receptor that was endocytosed from the 
basolateral surface and routed to the incorrect surface, the 
apical. The conditions of the experiment are such that the ra- 
tio represents the rate of missorting of the receptor during 
a single cycle of endocytosis and return to the plasma mem- 
brane. This is true even though many such cycles occur dur- 
ing the several hour course of the measurement. The ac- 
cumulation of transferrin within the cell is very small so that 
essentially all of it can be assumed to be returned to the 
plasma membrane. This has been shown in a variety of hu- 
man cell lines (Klausner et al., 1983a, b; Dautry-Varsat et 
al., 1983; Hopkins and Trowbridge, 1983) as well as in 
MDCK cells (see above) and validates our assumption that 
the amount of iron incorporated during the experiment 
reflects the total number of cycles between the plasma mem- 
brane and the endosome. The large volume of the basal res- 
ervoir makes it unlikely that a single transferrin was internal- 
ized more than once from the basal surface. Each missorting 
event during the course of the experiment must have pro- 
duced an apically localized apotransferrin that remained api- 
cal. Since both the apical apotransferrin and the incorporated 
iron arise from events that occur during one cycle between 
the plasma membrane and the endosome, their ratio repre- 

sents the probability of an error, the error rate, during a sin- 
gle cycle. 

One seemingly paradoxical observation is that more 55Fe 
was found in the apical medium in A and B than in C. This 
cannot represent increased leakage of transferrin under low 
transferrin conditions since it is not accompanied by a corre- 
sponding number of ~25I counts. Tests suggested that this ap- 
ical 55Fe was no longer transferrin associated and was com- 
pletely dependent on the amount of 55Fe taken up by the 
cell. It presumably represents a small leakage of the internal- 
ized iron from the cell. A release of this magnitude would 
not have been observed in previous studies (Klausner et al., 
1983a; Karin and Mintz, 1981). Precipitation of the protein 
from the apical medium with 20% TCA resulted in recovery 
of more than half of the 1251 counts, showing that the 
majority of these counts remain bound to protein. 

Our results showed that the amount of apically localized 
transferrin under conditions where it represents missorting 
during the recycling of its receptor ranged between 0.16 and 
0.08 % in six experiments. We believe that this level of error 
is a real phenomenon that reflects the precision of sorting by 
the cell since our limit of detection for missorted transferrin 
is less than a quarter of this under our experimental condi- 
tions. 

D i s c u s s i o n  

This paper presents the first quantitative study of the polarity 
of the transferrin receptor in a polarized epithelial cell. We 
showed that the MDCK transferrin receptor is very similar 
to the receptor in nonpolarized cells in terms of its molecular 
weight and pH-dependent affinity for transferrin. Our best 
determined K~ at neutral pH for diferritransferrin was 2.5 
nM, a value that lies well within the range of Kd 6.7 nM 
reported for mouse teratocarcinoma cells (Karin and Mintz, 
1981), 4.4 nM for HepG2 cells (Ciechanover et al., 1983), 
and 0.9 nM for erythroleukemia K562 cells (Klausner et 
al., 1983a), although it is significantly less than the 27 nM 
reported for HeLa cells (Ward et al., 1982). 

One difference between the MDCK cell and the other sys- 
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tems in which the transferrin receptor has been previously 
described is the total number of receptors per cell. Filter- 
grown MDCK cells express fewer total receptors and, judg- 
ing from the rate of transferrin uptake, a smaller fraction of 
these receptors appears to be on the cell surface. The soluble 
receptor assay showed 170,000 transferrin receptors/cell. Al- 
though binding studies to determine the surface receptor 
number can only be performed on plastic-grown ceils, the 
maximal rate of ~SFe uptake (2,600 transferrins/min/cell) 
can be combined with data from other systems to give an esti- 
mate of this number in filter-grown ceils. ~gFe uptake has 
been used to measure the receptor activity in two other sys- 
tems. In the human erythroleukemia cell line, K562, Klaus- 
ner et al. (1983a) determined the total receptor number of 
500,000/cell of which 160,000 are on the cell surface, and 
these internalize iron with a rate constant of 0.13/min or 
20,800 transferrins/cell per min. Karin and Mintz (1981) 
showed that cultured mouse teratocarcinoma cells have only 
5,700 cell surface receptors but take up iron with a rate corre- 
sponding to 1,800 transferrins/cell per min. Ciechanover et 
al. (1983) measured the internalization rate of 125I-labeled 
transferrin in HepG2 hepatoma cells which contain 51,000 
surface receptors and found a rate constant of 0.7/6 min or 
5,950 transferrin/min per cell. Bleil and Bretscher (1982) re- 
port a half time for internalization of transferrin receptor in 
HeLa cells of ~,5 min or a rate constant of 0.1/min. In sum- 
mary, the rate constant for transferrin receptor internaliza- 
tion lies between 0.1/min and 0.3/min in several systems 
whose levels of receptor are very different. If this holds true 
for our system our uptake rates would yield a value between 
26,000 and 8,000 for the number of receptors on the MDCK 
basolateral surface. Our measured number of high affinity 
transferrin binding sites on plastic-grown strain II cells lies 
within this range. These estimates for the number of recep- 
tors expressed on the cell surface probably represent lower 
limits because in both the plastic-grown and filter-grown sys- 
tems the substrate may interfere with access to the receptor. 

This low number of surface receptors in the filter-grown 
cells raises the question of whether the receptor is only active 
in a small fraction of our population. We used an autoradio- 
graphic approach to show that the transferrin was taken up 
by essentially all the cells in a filter-grown monolayer. This 
is true even though the presence of a significant number of 
cell surface receptors has been described as a characteristic 
of rapidly proliferating or transformed cells (Gatter et al., 
1983; Omary et al., 1980; Trowbridge and Omary, 1981). 
Only the number of active receptors in MDCK cells distin- 
guishes this terminally differentiated and static population 
from the more active cells previously described. 

Our primary interest in these studies is cell surface polarity. 
The transferrin receptor is a basolateral protein in MDCK 
cells and its polarity is as high as that of any of the other 
markers reported for any system (see Simons and Fuller, 
1985). The basolateral localization of the receptor was ex- 
pected since this surface corresponds to the one that faces the 
blood in vivo and hence should be involved in the uptake of 
plasma proteins such as transferrin. This consideration sug- 
gested to us that the growth of MDCK ceils on a permeable 
support would not only make the study of the polarity of the 
cell more convenient but might also result in an increase 
in the polarity of the cell. A plastic-grown monolayer that 
kept its transferrin receptors exclusively confined to the 

basolateral surface would not be able to incorporate any iron. 
In fact, plastic-grown strain II monolayers do incorporate 
transferrin when it is applied to the apical surface, showing 
that such monolayers are less polar or at least more leaky 
than their filter-grown counterparts. The fact that the polarity 
of the receptor is so high is an important constraint for any 
model of the mechanism of the generation and maintenance 
of polarity. It also shows that the high polarities seen for vi- 
rus receptors (Fuller et al., 1984; Fuller et al., 1985b) are 
not artificially high due to special characteristics of those 
systems. They reflect the sorting ability of the cell. 

The second portion of the paper addresses the relationship 
between cell surface polarity and the electrical resistance of 
the cellular tight junction. The MDCK cell lines provide a 
good system for testing this relationship since the two strains 
have very different resistances but are similar by most other 
criteria. It is unlikely that transcellular ion fluxes cause the 
low electrical resistance of monolayers of MDCK strain II 
cells. The paracellular route seems to determine the "leaki- 
ness" of the monolayers (Cereijido et al., 1981). The observa- 
tion that epithelia in vivo have widely varying transepithelial 
resistances but all fulfill vectorial functions suggests that the 
polarity of the cell and the resistance of the junctions are in- 
dependent. This could remain true even if the tight junction 
acts as a lateral diffusion barrier for plasma membrane com- 
ponents. A single junctional strand may serve as a complete 
barrier to large, relatively slowly moving surface compo- 
nents and yet be an inefficient barrier to rapidly diffusing 
small ions (U et al., 1979). Indeed, in proposing a logarith- 
mic relationship between resistance and number of junc- 
tional strands, Claude (1978) suggested that the strands were 
dynamic. Rapid rearrangements of strands would result in 
this discrimination between rapidly moving and slowly mov- 
ing components. Our results with the two lines of MDCK 
cells support this view. If diffusion through the tight junction 
limited the polarity of the cell this would be reflected in the 
gradient of receptor concentration between the apical and 
basolateral surfaces. A model in which the electrical resis- 
tance of the tight junctions is directly reflected in the polarity 
of the cell, would predict that the difference in receptor con- 
centration between the apical and the basolateral surfaces 
would be "~10-fold lower in strain II cells than in strain I 
cells. Alternatively, if the number of strands were the factor 
limiting polarity, a roughly threefold difference in the gra- 
dient of concentration would be predicted by the logarithmic 
relationship of Claude (1978). 

One of the advantages of working with the well character- 
ized MDCK system is that we can use the morphometric 
results for filter-grown cells (von Bonsdorff et al., 1985) to 
express the roughly twofold difference in the polarity of the 
total number of receptors in terms of the surface concentra- 
tion of receptors. Filter-grown strain I ceils have a ratio of 
apical to basolateral surface area of 1:7.6 so that a receptor 
polarity of'x,l: 800 results in a ratio of concentrations of 1:99, 
while strain II cells with a surface area ratio of 1:4 and a 
receptor polarity of ~1:300 yields a surface concentration 
ratio of 1:75. Although we cannot say that the polarity of the 
strain I cells is identical to that of the strain II cells, we can 
exclude the possibility that the difference in polarity is as 
great as 10-fold as would be expected from the resistance or 
even threefold as would be suggested from the number of 
strands. 
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The third portion of the paper addresses the mechanism 
by which polarity is maintained in the face of continual en- 
docytosis. If the receptor is being internalized with a rate 
constant of 0.1/min, very precise sorting must occur to main- 
tain the high polarity of total receptors described above. We 
examined the recycling of the transferrin receptor to evaluate 
the error rate during sorting after endocytosis. The special 
nature of the interaction between the transferrin receptor and 
transferrin made this possible and allowed us to monitor the 
sorting of the receptor by following the ligand. Application 
of a mixture of 55Fe transferrin and t25I-labeled transferrin to 
the basolateral surface of the cell gave two complementary 
pieces of information. The amount of 55Fe incorporated by 
the cell measures the amount of transferrin that had been in- 
ternalized by the cell and exposed to the low pH of the endo- 
some. The amount of t25I-labeled transferrin released at the 
apical surface is a direct measure of the error rate in sorting 
of the receptor after endocytosis. We found that the error rate 
averaged 0.12 %. 

Two fundamentally different models have been advanced 
for the sorting mechanisms that establish and maintain the 
surface polarity of an epithelial cell (for a review see Simons 
and Fuller, 1985). The first is that sorting is accomplished 
intracellularly so that newly synthesized proteins are sent 
directly to the appropriate cell surface and that endocytosed 
proteins are returned directly to that surface. In this model 
the pathways of transport to the two surfaces diverge inter- 
nally and have equal priority. The second model differs in 
giving one surface priority over the other. All newly synthe- 
sized proteins would emerge first at one plasma membrane 
domain and are then sorted by further transport of the pro- 
teins which should be localized on the other surface. The 
transport pathways in this model diverge after the proteins 
have arrived at the cell surface. One of the attractions of this 
model is that a single mechanism would be responsible for 
the establishment of polarity and its maintenance. All com- 
ponents are sorted at the cell surface by recognizing and 
relocalizing improperly localized components. Implantation 
experiments have shown that such correction of improperly 
localized components does occur (Pesonen and Simons, 
1983) and cell fractionation studies suggested that microvil- 
lar proteins appear first on the basolateral surface before they 
appear on the apical (Hauri et al., 1979; Quaroni et al., 1979). 

Several groups have invested a great deal of effort over the 
last several years in attempting to demonstrate one of these 
types of mechanisms for newly synthesized proteins in epi- 
thelial cells. The clearest results have been obtained for the 
transport of newly synthesized viral proteins in the filter- 
grown MDCK cells. Most workers now agree that apically 
directed proteins and basolaterally directed ones are trans- 
ported through the Golgi complex together (Fuller et al., 
1985a; Rindler et al., 1983) and are then separated and trans- 
ported directly to the appropriate surface domain (Matlin 
and Simons, 1984; Misek et al., 1984; Pfeiffer et al., 1985). 
Newly synthesized apical proteins emerge first at the apical 
surface, whereas newly synthesized basolateral ones appear 
first on the basolateral. Relatively little work has been done 
on the question of the maintenance of polarity. Recent evi- 
dence suggests that there is relatively little overlap between 
the endocytotic pathway and that followed by newly synthe- 
sized proteins to the cell surface in non-epithelial cells 
(Snider and Rogers, 1985; Griffiths et al., 1985). A separate, 

correction type mechanism could be responsible for main- 
taining the polarity of the cell surface. 

Measurements of the accuracy of recycling of receptors af- 
ter endocytosis address this question. If  the accuracy of a sin- 
gle cycle of endocytosis and return to the plasma membrane 
is sufficiently high to maintain the polarity of a surface com- 
ponent this obviates the need for a special correction mecha- 
nism to remove improperly localized protein. Of course such 
a correction mechanism could still exist in epithelial cells but 
it would not be the primary mechanism for maintaining the 
polarity of the cell. The work with perfused liver systems has 
provided a measure of the accuracy of sorting of internalized 
ligands for the asialoglycoprotein receptor (Schiff et al., 
1984) and for the epidermal growth factor (EGF) receptor 
(Burwen et al., 1984). Both of these studies show relatively 
high levels of error (up to 4%) in the sorting of these compo- 
nents. The observation that the missorting of epidermal 
growth factor is not affected by chloroquine treatment (Bur- 
wen et al., 1984) indicates that this error rate also applies to 
the receptor. If the mechanism involved is the same for en- 
docytosis from the apical and the basolateral surfaces, the 
maximum polarity that these receptors could achieve would 
be 25:1 (or 3.7:1 in terms of concentration using the morpho- 
metric results of Weibel, 1976). Estimates of the receptor 
polarity in the hepatocyte are significantly higher than this 
(Hubbard et al., 1983; Matsuura et al., 1982) so that a fur- 
ther sorting step would be needed to correct the localization 
of the receptor. 

Our studies on the recycling of the transferrin receptor in 
polarized MDCK strain I cells reveal a very different picture. 
The error rate lies between 0.16 and 0.08% and would allow 
the cell to maintain a transferrin receptor polarity of greater 
than the 770:1 which is observed. These results show that no 
continuous correction mechanism is needed for the main- 
tenance of transferrin receptor polarity in this system. 

The discrepancy between the high error rate in the liver 
system and the low rate observed in MDCK cells is puzzling. 
We do not believe that it reflects the absence of transcellular 
traffic in MDCK cells such as exists for the IgA receptor and 
the haptoglobin-hemoglobin receptor in the hepatocyte 
(Mullock and Hinton, 1981). Previous work has shown that 
transcytosis of fluid phase markers (von Bonsdorff et al., 
1985) and of membrane proteins (Pesonen and Simons, 
1983) occurs in MDCK cells, proving that some connection 
between the apical and basolateral endocytotic pathways ex- 
ists. Another explanation of the discrepancy may lie in the 
difference between the proteins studied rather than in a 
difference between the two systems. The recycling of trans- 
ferrin receptor and its ligand may be quite different from the 
asialoglycoprotein receptor and EGF receptor which carry 
ligands to the lysosomes. One possibility is that asialoglyco- 
proteins and EGF might bind nonspecifically to the mem- 
brane and be transcytosed as a result. Transcytosis of horse- 
radish peroxidase was observed to occur via this mechanism 
in the hepatocyte system (Lowe et al., 1985). This hypothesis 
also accommodates the observation that EGF and asialogly- 
coprotein missorting could be blocked by excess ligand since 
a limited number of the membrane-binding sites would make 
this a saturable route, although not one mediated by the 
specific physiological receptor for these ligands. 

Our conclusion that a single cycle of endocytosis can sort 
membrane proteins with very high accuracy has implications 
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for an understanding of membrane protein sorting in general. 
If this degree of accuracy is typical of other sorting events 
in the cell, then the specificity of the recognition event in- 
volved rather than the organization of those events is respon- 
sible for the precision with which the cell organizes its com- 
ponents. This issue has arisen previously in the context of the 
organization of the stack of Golgi cisternae. It was proposed 
(Rothman, 1981) that the separation of Golgi proteins from 
endoplasmic reticulum proteins could not occur in a single 
step but rather occurred in multiple steps. The multicisternal 
organization of the Golgi complex, likened to the plates of 
a distillation device, was seen as a consequence of this. Later 
work showed that the quantitative arguments used to moti- 
vate this hypothesis did not reflect the situation in the cell 
(Griffiths et al., 1984; Quinn et al., 1984). Further, examina- 
tion of the carbohydrates of endoplasmic reticulum proteins 
shows that they have not undergone Golgi processing and 
makes it unlikely that they ever entered the Golgi complex 
(Lewis et al., 1985; Rosenfeld et al., 1984; Yamamoto et al., 
1985). This aspect of the model has recently been deempha- 
sized (Brands et al., 1985). The high accuracy of single step 
sorting of membrane proteins presents a telling argument 
against such mechanisms. High accuracy of protein localiza- 
tion can be achieved without them. 
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