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Epithelial tissues which line the body cavities and tubules typically face two 

environments that are biochemically and physically different firom each other. 

Consequently, these cells possess two structurally and functionally distinct plasma 

membrane domains; an apical domain facing the lumenal or the free slirface and a 

basolateral domain facing the basement membrane and the intercellular space. 

Furthermore, via processes such as domain selective absorption, secretion and 

transcytosis, epithelial cells not only maintain these trans-epithelial differences but also 

actively contribute to their generation. Therefore, maintenance of high fidelity in 

polarized protein sorting and membrane trafficking are of cardinal importance in all 

epithelia for their proper function. Although the central role membrane trafBcking plays 

in generation and maintenance of epithelial cell polarity is clear, nature of the endosomal 

compartment(s) involved and the molecular determinants employed in this process 

remains ill-defined. 

In this study, using a unique apical endosomal marker, endotubin, and a model 

polarized epithelial cell line, Madin-Darby canine kidney (MDCK), we characterize the 

endotubin-positive endosomes as a subset of ^ical early endosomes which can be 

reached with an endocytic marker only wiien it is internalized {^ically. Furthermore, we 

show that endotubin-positive endosomes do not contain basolaterally recycling transferrin 
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or the small GTPase rab 11 and therefore they are distinct from the previously described 

apical recycling endosomes (ARE) in MDCK cells. In addition, using a panel of 

endotubin mutants we characterize two cytoplasmic sorting signals, a hydrophobic cluster 

and a casein kinase II phosphorylation site, as the molecular determinants required for 

polarized sorting and endosomal targeting of this molecule. Also, using a panel of domain 

exchange chimeras we show that endotubin cytoplasmic domain is sufBcient to mediate 

apical sorting and early endosomal targeting of an unrelated protein m MDCK cells. 

Nevertheless, overexpression of these chimeras but not a mutant form defective in 

endosomal targeting results in missorting of the construct to the basolateral domain. 

These results indicate that, the endotubin-positive apical endosomes possess a saturable 

sorting machinery capable of recognizing the cytoplasmic sorting determinants here we 

characterize. 
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Chanter 1; Introduction 

Asymmetric organization of the plasma membrane and cytosolic organelles is 

fundamental to most, if not all cells, that form the human body [1]. Furtbennore, 

generation and maintenance of polarized distribution of plasma membrane components 

(both lipids and proteins) is central to the ability of cells to perform complex tasks such 

as cell-cell interactions, motility and cell migration, vectorial transport and secretion, 

cellular immunity as well as embryonic development and morphogenesis [2-6]. Studies to 

this date show that establishment of cell polarity is not a simple process and requires 

coordinated interaction of several cellular mechanisms such as the biosynthetic pathway, 

endocytic pathway and the cytoskeletoou Nevertheless, protein targeting and membrane 

trafficking is the first and the foremost requirement of them all. 

It is well established that any cellular process carried out with precision and 

fidelity must rely upon a molecular machmery. In this sense, protein targeting and 

membrane trafficking are not exceptions. Today we know that protein targeting is an 

active and highly regulated process which involves an elaborate array of components 

such as vesicle and target membrane specific SNARE molecules, a plethora of small G 

proteins as well as a variety of adapter proteins and coat pFoteins[7-12]. Nevertheless, it is 

apparent that this complex machinery must be able to recognize and sort out its cargo in 

order to achieve any degree of specificity. Therefore, it is logical to conclude that 
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provision of sorting signals on macromolecules and their recognition by the sorting 

machinery is the cardinal process in protein trafficking [13-17]. 

The crucial role protein sorting plays in eukaryotic cells is even more evident in 

polarized cells as these cells have to generate and maintain distinct plasma membrane 

domains which are fundamentally different not only in composition but also in function 

[18-22]. For example, epithelial linings of most body cavities and tubules, such as those 

of the gastrointestinal, genitourinary and respiratory tracts, face a lumenal (apical) and a 

stromal (basolateral) milieu which are biochemically, physically and functionally distinct. 

Furthermore, via processes such as domain selective secretion, absorption and/or 

transcytosis, these cells not only have to maintain but also actively contribute to the 

generation and maintenance of these trans-epithelial differences [23, 24], Therefore, in 

order to maintain homeostasis and fulfill their organ specific functional requirements 

epithelial cells must achieve a very high fidelity in membrane trafficking and polarized 

protein targeting. 

Studies in model polarized epithelial cells, such as the Madin-Darby canine 

kidney (MDCK) and the hepatic WIF-B cell lines, have shown that there are two basic 

routes by which proteins can reach the correct plasma membrane domain, either via the 

direct or the indirect route [25, 26]. In the direct route, proteins are sorted into discrete 

carrier vesicles at the trans-Golgi network before they leave the biosynthetic pathway and 

delivered directly to the target plasma membrane domain [27]. In the indirect route 
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however, all proteins that exit the biosynthetic pathway are sent to a common sur&ce 

(usually to the basolateral domain) from which they are internalized and delivered to the 

early endosomes [28, 29]. Within these endocytic compartments however, proteins 

destined to be delivered to opposite membrane domains are sorted and packed into 

transport vesicles which mediate their delivery to the appropriate target domain. 

However, for recycling and transcytosing integral membrane proteins which go through 

several cycles of endocytosis, indirect sorting within the endocytic pathway must be the 

predominant sorting event even if these proteins had been initially delivered to the correct 

membrane domain via the direct route. Therefore, the role endosomal protein sorting 

plays in generation and maintenance of epithelial cell polarity is indispensable. 

In order to understand protein sorting in the endocytic pathway, it is crucial to 

identify the polarized sorting signals and the endocytic compartment(s) mvolved m the 

recognition and sorting of integral plasma membrane proteins. In addressing this 

question, previous work from a number of research groups have clearly shown that 

cytoplasmic sorting motifs such as the tyrosine based tetra-peptide sequence YTRF of the 

human transferrin receptor, is both necessary and sufBcient for basolateral sorting and 

rapid internalization via clathrin-coated pits [30]. Nevertheless, the ^ical sorting 

signal(s) that operate within the endosomal system still remains elusive. Although work 

from a number of research groups suggest that apical targeting is mediated by 

glycosylation of the extracellular domain and through association of integral membrane 

proteins with glycolipid rafts or proteolipids [31-33], other groups have shown that apical 
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targeting of polytopic membrane proteins such as the gamma*aminobutyric acid 

transporter and rhodopsin is disrupted when their cytoplasmic domains are mutated [34, 

35]. Furthermore, other groups have suggested the trans-membrane portions of integral 

membrane proteins as the critical domain providing the apical sorting signal [36]. 

In fact, not only the nature of the apical sorting signal but also the endosomal 

compartment(s) involved in the polarized sorting event is not well understood. For 

example, in CaCo-2 cells an apical plasma membrane antigen, plOO, has been shown to 

colocalize with basolaterally internalized tracers in an ^ical compartment where the 

apical and basolateral tracers segregate into separate tubular extensions [37]. Also, studies 

in polarized MDCK cells have indicated that a basolaterally recycling early endosomal 

marker, transferrin receptor, and a basolateral to apical transcytosing molecule, polymeric 

IgA receptor (PIgR), colocalize in an apical endosomal compartment prior to being sorted 

for basolateral and apical delivery respectively [38, 39]. This sorting compartment has 

been called the apical recycling endosome (ARE) and has been implicated in the sorting 

of transcytotic and recycling cargo in a number of cell lines. Despite these studies 

showing the presence of a common apical sorting compartment, the relationship between 

the ARE and endosomes involved in sorting and recycling of macromolecules 

internalized from the apical pole remain unclear. For example, recent evidence from 

MDCK cells shows that ^ical recycling is inhibited by syntaxin-3 overexpression while 

basolateral recycling and basolateral to apical transcytosis remain unaffected [40], 

suggesting the involvement of a distinct endosomal compartment for apical recycling. In 
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addition, in WIF-B and MCK cells, the PI-3 kinase inhibitor wortmannin affects apical 

endocytosis and recycling without affecting basolateral endocytosis and transcytosis [41], 

Also the fungal metabolite brefeldin A (BFA) has been shown to inhibit sqncal delivery 

of basolaterally internalized IgA while basolateral recycling of transferrin renuuns 

unaffected [42,43]. 

Endotubin is an apical early endosomal maricer that is expressed in developing rat 

intestine [44], In a previous study, we showed that endotubin expressed in non-polarized 

NRK cells is targeted into an early endosomal compartment distinct firom the transferrin 

containing endosomes [45], suggesting the existence of distinct early endosomal 

populations similar to apical and basolateral early endosomes of epithelial cells. In this 

study, we will use this maricer to study the relationship between apical early endosomes 

and the ARE in a polarized epithelial model MDCK. Since endotubin is a marker for 

apical endosomes, it an invaluable tool not only to distinguish the apical endosomes from 

basolateral early endosomes but also to characterize distina sorting and/or recycling 

endosomes in polarized epithelia. 

Deduced amino acid sequence and hydrophobicity plot analysis indicates that, 

endotubin is a type I integral plasma membrane protein [46]. Given the specific targeting 

properties of endotubin within the complex endosomal system, we hypothesize that it 

must possess all the necessary signals to mediate targeting into distinct apical early 

endosomes. Therefore, in this study using partial domain deletion mutants and site 



17 

directed alanine scanning mutagenesis, we will investigate the unique targeting moti& 

that are required for apical endosomal targeting. Also, using chimeras of endotubin with 

another unrelated I integral membrane protein, the human mterleukin-2 receptor y-

chain (Tac antigen) [47], we will test if the targeting signals endotubin molecule 

possesses are necessary and sufBciem to mediate ^cal sorting and endosomal targeting. 

Identification of distinct endosomal compartments involved in polarized sorting 

and recycling events is critical for our understanding of how the endosonud system worics 

in polarized epithelia. Furthermore, characterization of the molecular signals which 

mediate polarized sorting and targeting into distina endosomal subsets will provide us 

with the tools necessary to study the molecular machinery involved in the these sorting 

events. Here we propose that the endotubin positive apical endosomal compartments 

represent the epical specific sorting and/or recycling endosomes where the s^ical specific 

sorting machinery resides. Therefore, endotubin provides us not only with an invaluable 

tool to identify and characterize the compattment(s) and the sorting signals operational in 

these distinct endosomes, but also to understand the molecular machinery involved in 

epithelial membrane trafGcking and polarity establishment 
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Chanter 2; Targeting of an apical cndosomal membrane protein to 

endosomes in MDCK ceUs requires two sorting moti& 

2.1 Abstract: 

The efficient sorting and targeting of endocytosed macromolecules is critical for 

epithelial function. However, the distribution of endosomal compartments in these cells 

remains controversial. In this study, we show that polarized Madin-Darby canine kidney 

(MDCK) cells target the apical endosomal protein endotubin into an apical early 

endosomal compartment that is distina from the apical recycling endosomes. 

Furthermore, through a panel of site-directed mutations we show that signals required for 

apical endosomal targeting of endotubin are composed of two distina motifs on die 

cytoplasmic domain, a hydrophobic motif and a consensus casein kinase II site. 

Endotubin-positive endosomes in MDCK cells do not label with basolaterally 

internalized transferrin or ricin, do not contain the small guanosine triphosphate-binding 

protein rabll, and do not tubulate in response to low concentrations of brefeldin A 

(BFA). Nevertheless, high concentrations of BFA reversibly inhibit the sorting of 

endotubin from transferrin and cause colocalization in tubular endosomes. These results 

indicate that, in polarized cells, endotubin targets into a distinct subset of apkai 

endosomes, and the targeting information required both for polarity and endosomal 

targeting is provided by the cytoplasmic portion of the molecule. 
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2.2 Introduction: 

Epithelial linings of most body cavities and tubules are composed of a monolayer 

of polarized cells that fimction to maintain two fundamentally difGsrent environments. 

The generation and maintenance of cell polarity is an active process M^ch requires 

polarized sorting and targeting within both the biosynthetic as well as endocytic pathways 

(for reviews, see [17, 23, 24] ). Despite continuous membrane trafficking between the 

apical and basolateral surfaces, epithelial cells maintain distinct membrane domains, 

partly as a result of efiGcient sorting at the level of early endosomes, where domain-

selective recycling of macromolecules and segregation of transcytotic cargo occurs [48]. 

However, toxins and pathogens can exploit these pathways to cross epithelial barriers, 

and the ability of epithelial cells to prevent opportunistic infection is central to the 

function of these cells. 

Although the central role the endocytic system plays in epithelial cell polarity is 

clear, the distribution and composition of endosomal compartments in epithelial cells 

remains controversial. In CaCo-2 cells, an apical plasma-membrane antigen, plOO, has 

been shown to colocalize with basolaterally internalized tracers in an apical compartment 

where the apical and basolateral tracers segregate into separate tubular extensions [37]. 

Also, studies in polarized Madin-Darby canine kidney (MDCK) cells have indicated that 

a basolaterally recycling, early endosomal maricer, transferrin receptor, and a basolateral-

to-apical transcytosing molecule, polymeric immunoglobulin A (IgA) receptor, colocalize 
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in an apical endosomal companmem prior to being sorted for basolaterai and apical 

delivery, respectively [38, 39]. This sorting compartment has been called the apical 

recycling endosome (ARE), and has been implicated in the sorting of transcytotic and 

recycling cargo in a number of cell lines. Despite these studies showing the presence of a 

common apical sorting compartmoit, the relationship between the ARE and endosomes 

involved in sorting and recycling of macromolecules internalized from the apical pole 

remains unclear. For example, recent evidence from MDCK cells shows that apical 

recycling is inhibited by syntaxin-3 overexpression, while basolaterai recycling and 

basolateral-to-apical transcytosis remam unaffected [40], suggesting the involvement of a 

distinct endosomal compartment for apical recycling. In addition, in WDF-B and MDCK 

cells, the PI-3 kinase inhibitor, wortmannin, affects {^ical endocytosis and recycling 

without affecting basolaterai endocytosis and transcytosis [41]. 

Endotubin is a unique, apical early endosomal maricer that is expressed in 

developing rat intestine [44, 46], In a previous study, we used this unique marker in 

nonpolarized normal rat kidney (NRK) cells to identify an early endosomal compartment 

distinct from the transferrin-containing endosomes [45]. In this study, we have used this 

marker to study the relationship between ^ical early endosomes and the ARE in 

polarized epithelia and to identify the sorting signal involved in ta^eting to this 

compartment. Recent studies have suggested that molecules targeted to the apical plasma 

membrane are sorted via interactions of N-linked glycosylation on the extracellular 

domain with glycolipid raits [31, 32, 49]. However, other studies have suggested that 
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transmembrane or cytoplasmic motifs may also mediate t^ical targeting [34, 36]. The 

lack of early endosomal proteins has made targeting signals for eariy endosomes difficult 

to define, although targeting of the invariant chain and the endoprotease fiirin [50-52] has 

been shown to be mediated by signals on the cytoplasmic tail. To study the targeting of 

endotubin in polarized cells, we have used transfected MDCK cells. MDCK cells provide 

an excellent model for these studies, as they form highly polarized monolayers when 

grown on permeable supports, and do not express endotubin endogenously. Here we 

report that, in transfected MDCK cells, endotubin is targeted to an apical endosomal 

compartment that receives internalized molecules from the apical domain and is disdnct 

from the ARE. This targeting is mediated by two sorting signals in the cytoplasmic 

domain which target endotubin both 2^)ically and to the endosomal compartment We 

propose that this compartment is involved in the earliest sorting and targeting of 

macromolecules internalized from the apical plasma membrane, and that targeting into 

this compartment requires machinery distinct from the molecules that regulate trafiScking 

through the ARE 
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23 Material and Methods: 

Reagents used 

All cell culture media and reagents were obtained from Gibco-BRL, Gaithersburg, 

MD. Fetal bovine serum was obtained from Gemini Bioproducts, Calabasas, CA. Goat 

anti-dog transferrin antibodies were obtained from Bethyl Laboratories, Montgomery, 

TX. Anti-phosphothreonine antibodies were obtained from Zymed Laboratories, South 

San Francisco, CA. Secondary antibodies for immunofluorescence were obtained from 

Jackson Immuno-Research Laboratories, West Grove, PA. All antibodies were used at 

2.5-5 ^g/ml final concentrations. ImmunoPure NHS-SS-Biotin, ImmunoPure 

immobilized streptavidin, and Super Signal substrate for Western blotting were obtained 

from Pierce Chemical Company, Rockford, O.. BFA was obtained from Epicentre 

Technologies, Madison, WI, dissolved in ethanol at I mg/ml, and stored at -20*'C. BuQnic 

acid was obtained from Aldrich Chemical Company, Milwaukee, WI. Ferric chloride was 

obtained from Fisher Scientific, Fair Lawn, NJ. All other chemicals and reagents used 

were obtained from Sigma Chemical Company, St Louis, MO. 

R26.4C hybridoma cells expressing a monoclonal rat IgG against ZO-1 antigen 

[53] were obtained from Developmental Studies Hybridoma Bank, University of Iowa, 

Iowa City, lA. 
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Cell Culture and Transfection 

MDCK type II cells were maintained in DMEM-High glucose (Gibco-BRL) 

supplemented with 1 mM sodium pyruvate, 292 mg/ml glutamine, 10% fetal bovine 

serum, 0.1 mM non-essential amino acids, 100 U/ml penicillin, and 10 mg/ml 

streptomycin under 5% CO2 at 37®C. The full-length cDNA encoding rat endotubin 

protein [46] was subcloned into the pCB6 mammalian expression vector [54], with an 

upstream cytomegalovirus immediate early promoter driving the expression and a 

downstream neomycin-resistance gene as the selectable maricer. Twenty micrograms of 

this plasmid DNA, referred to as pCB6/C7, were used to tiansfect MDCK cells by 

CaP04 precipitation under 3% CO2 at 'iTC [55]. Following transfection, cells were 

selected for 2 weeks in the presence of 300 mg/ml of G418 (Gibco-BRL) in complete 

medium. Stably transfected clones were pooled into a mixed culture and maintained in 

medium containing 300 mg/ml of G4I8 in all subsequem passages. Untransfected cells 

showed no labeling with the anti-endotubin antibody. 

For studies in non-polarized cells, transfected cells were plated onto sterilized 

coverslips. For smdies requiring polarized monolayers, transfected cells were plated at 

confluent density (2x10^ cells/cm^ ) onto Costar Transwell filters and cultured under 

selection, feeding daily for 3—5 days. 
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Generation of endotubin cytophanuc domain mutants 

For the partial cytoplasmic tail deletion mutant (STOP we used a PCR-based 

approach which amplified a 435 bp fragment of the endotubin cDNA using a 

complementary forward primer and a reverse primer which introduced a stop codon and a 

Cla I site into the PGR product. This PGR product was then sub-cloned into a pBluescript 

plasmid containing the endotubin cDNA insert. Following verification of the mutation by 

sequencing, the mutant endotubin cDNA was subcloned into the pGB6 vector. 

Site directed mutagenesis of individual amino acids were done using 

QuickGhange site directed mutagenesis kit from Stratagene Inc., La Jolla, GA. Briefly, 

pGB6 plasmid with wildtype endotubin cDNA was amplified using complementary 

primers that introduce the desired mutations. Following Dpn I digestion of the template 

plasmid, XL-1 Blue E. coli cells were transformed with the PGR produa. Plasmid DNA 

from resulting bacterial colonies was screened and the mutations were verified by 

sequencing prior to transfection. 

Immunofluorescent Labeiing 

Prior to all experiments, cells were treated overnight with 5 mM butyric acid to 

induce expression of endotubin and with 10 ng/tnl cycloheximide for 1 hour at 37''G to 

deplete endotubin from the biosynthetic pathway. Gells were fixed in fresh 3% 

paraformaldehyde in PBS for 20 minutes at room temperature. After fixation, cells were 

washed in PBS, quenched in 100 mM NH4GI/PBS and incubated in blocking bu£fer 
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containing O.OS % saponin and 10 % serum in PBS for 30 minutes. Cells were incubated 

with primary antibodies for 2 hours at room temperature, washed in PBS and incubated 

with appropriate fluorescently labeled antibodies for 30 minutes, washed and mounted 

either with Mowiol (Aldrich, Milwaukee, WI) or Vectashield (Vector Laboratories Inc., 

Burlingame, CA). 

Iron saturation of dog Apo-4ransferrin 

For transferrin uptake studies, dog apo-transferrin (Sigma) was saturated with iron 

using iron-nitrilotriacetate chelate as described by Bates and Wernicke [56], run twice 

through a G-2S Sephadex column and dialyzed at 4°C against 20 mM Hepes (pH7.0) 

buffer to a final concentration of 1.5 - 3 mg/ml. 

Uptake Studies 

Prior to ricin uptake, cells were rinsed twice in serum-free medium at and 

ricini2o-FITC was added to 30 ^g/ml into either the apical or basolateral chamber. 

Following incubation at 37°C for 5-40 min, cells were placed on ice, rinsed with 0.1 M 

laaose in PBS at 4°C to remove sur&ce bound ligand, fixed and processed for 

immunofluorescent labeling as outlined above. For transferrin uptake, cells were starved 

in serum-free medium at for 4 hours and incubated at 37**C in serum-free medium 

containing 0.6 % bovine serum albumin (Sigma) and 25 ^g/ml iron saturated dog 

transferrin in the basolateral chamber for 1 hour. For experiments that required BFA 
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treatment, after 1 hour transferrin uptake, BFA was added to the medium and incubated at 

37°C for 10 minutes. Cells were then rinsed in PBS, fixed and processed for 

immunofluorescent labeling. 

For quantitation of transferrin colocalization, cells plated on coverslips were 

incubated in serum-fi%e medium at 37^ for 1 hour followed by an incubation in serum-

&ee DME containing 0.6 % bovine serum albumin (Sigma) and 25 ng/tni iron saturated 

dog-transferrin at 4°C for 1 hour. Cells were then transferred into firesh serum-firee 

medium at 37°C for 2 to 20 minutes, transferred to ice, rinsed with PBS at 4°C and 

incubated in 25.5 mM citric acid, 24.S mM sodium citrate and 280 mM sucrose (pH 4.6) 

to remove surface bound transferrin. Cells were then fixed and processed for 

immunofluorescence as outlined above. For BFA experiments, cells were incubated with 

transferrin for 1 hour at 37°C, then BFA was added into the medium and incubated for 10 

minutes at 37°C. Cells were then washed twice and fixed or incubated for 2 to 10 minutes 

at 37°C in media lacking BFA, then fixed and processed for immunofluorescence as 

above. 

Domain-selective BioHnylation 

Filter-grown, polarized MDCK cells transfected with either wildtype endotubin or 

a mutant form of the molecule were incubated with l.S mg/ml ImmunoPure NHS-SS-

Biotin (Pierce) in buffer containing 10 mM tri-ethanolamine (pH 8.0), ISO mM NaCl, 
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and 2 mM CaCh at the apical or the basolateral sur&ces at 4''C, two times for 25 min 

each. Following several rinses in PBS containing 0.1 mM CaCh, 1 mM MgCh, and 100 

mM glycine, cells were incubated in lysis buffer containing 150 mM NaCl, 50 mM Tris 

(pH 7.5), 5 mM ethylenediaminetetraacetic acid, and 1% Triton X-100 and protease 

inhibitors for 1 h at 4°C. Lysates containing equal amounts of protein were adsorbed 

onto ImmunoPure Streptavidin beads (Pierce) overnight at 4°C and washed; biotinylated 

proteins were eluted into Laemmli protein sample buffer, separated by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), electroblotted onto 

nitrocellulose, and labeled with anti-endotubin antibody as described [45]. Bands were 

visualized using Ultra Signal enhanced chemiluminescence substrate mixture (Pierce) 

and exposed to Kodak BioMax film following manu&cturer's protocols. Bands obtained 

were quantitated using a GS-700 Imaging Densitometer and Quantity One software (Bio-

Rad Laboratories, Hercules, CA) and expressed as a percentage of the total biotinylated 

endotubin. 

Confocal Microscopy and Image Processing 

Fluorescence images were obtained using a Leica TCS 4D laser scanning confocal 

microscope (Arizona Research Laboratories, Division of Biotechnology, University of 

Arizona, Tucson, AZ) using a lOOx, NA 1.3 oil immersion objective. Simultaneous two 

channel recording utilizing a pinhole size of 80 ^m was performed using excitation 

wavelengths of 488/588 nm, a 510/580 nm double dichroic mirror and a 515-545 nm 
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band-pass filter together with a 590 nm long-pass filter. Unless noted in the figure legend 

all images were derived firom a single optical section estimated to be O.S ^m in thickness. 

Colocalization scores for correspondii^ simultaneous two channel recordings 

were computed using NIH Image/Scion Image software (based on original software by 

Wayne Rasband, National Institutes of Health, Bethesda, MD). Briefly, Fourier 

transforms of raw images in a 512 by 512 matrix were masked to fivquencies within an 

angle of 6=45 and a radius of r=2.5 and manually thresholded so that the weakest 

discernible signal was represented as a single pixel within the matrix. Resulting binary 

im^es were subtracted firom each other to yield an exclusion of colocalization unage. 

This image was subtracted firom the original binary inu^e to yield the colocalization 

image. This image as well as the parental binary images representing each channel were 

analyzed for particles in the range of I to 16 pixels to exclude particles larger than 16 

pixels that were assimied to represent conglomerated structures rather than discrete 

vesicles. A minimum of 8 images representing not less than 15 cells and an average of 

10,381 endosomes were analyzed for each time point. Following image analysis, 

resulting counts for endotubin channel, transferrin channel and colocalization were 

imported into Corel Quattro Pro software for statistical analysis and graphic 

representation. All other images were processed using Adobe Photoshop software, Adobe 

Systems Inc., Mountain View, CA and printed using ALPS MD-5000 micro-dry 2400 dpi 

printer, ALPS Electrical Co., J{4)an. 
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2.4 Results: 

Endotubin is targeted to an apkal con^artment in MDCK ceUs: 

Endotubin is an endosomal protein that was originally identified in developing rat 

intestine [44], The distribution of endotubin immunoreactivity in mtestine is restricted to 

a tubulo-vesicular endosomal compartment at the ^ical region of the cells. This 

endosomal compartment is distinct from the late endosomes and lysosomes that occupy 

the subapical space between the nucleus and the endotubin-positive apical endosomes 

[44]. Given this polarized subcellular expression pattem of endotubin, we wanted to test 

how this apical endosomal protein would be targeted in a model polarized epithelium, the 

MDCK cell line. Therefore, we first transfected MDCK cells with the cDNA encoding 

full-length endotubin, seeded the resulting transfectants onto Costar Transwell filters, and 

determined if endotubin was targeted to the apical portion of the cell. As shown in Figure 

1, in confluent monolayers grown on permeable supports, endotubin labeling was in a 

fine tubular vesicular pattern, concentrated at the apical pole of the cells, with some 

labeling present in the perinuclear region. The labeling was above the nuclei, which were 

visualized with propidium iodide; adjacent, untransfected cells exhibited no labeling. To 

verify that the apical labeling was in well-polarized cells, cells were double-labeled with 

an antibody against the tight junction protein ZO-1 [S3, 57], ^^liich serves as a landmark 

for the apical pole in polarized epithelia. As shown in Figure 1, the endotubin-containing 
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structures were concentrated at the level of the zonula occludens junction and were not 

detectable in the basal portion of the cell (Figure le). 

Endotubin is targeted io an early endosomal compartment: 

Since our results showed that polarized MDCK cells were able to sort endotubin 

into a compartment located at the apical pole of the cells, we next determined if these 

were endosomes that could receive intemalized cargo from either the apical or the 

basolateral surfaces. It has previously been shown in MDCK cells that ricin, intemalized 

for IS min from apical or basolateral surfaces, labels separate early endosomal 

populations, and that targeting to apical lysosomes or transcytosis requires 30-60 min 

incubation at 37°C [58]. As shown in Figure 2a-f, incubation for IS min with ricin 

resulted in abundant colocalization with endombin ^^en intemalized from the apical 

domain, indicating the presence of endotubin in apical endosomes. However, ^en ricin 

was intemalized from the basolateral domain for up to 60 min, there was no 

colocalization with endotubin, despite the presence of abundant ricin labeling in the 

basolateral portion of the cell. Under these basolateral uptake conditions, some ricin 

labeling of apical endosomes occurred, but these also fiuled to colocalize with endotubin 

(Figure 2). To determine whether these endotubin-positive apical endosomes belong to an 

early endosomal or late endosonud/lysosomal population, we labeled the cells with 

antibodies against the late endosomal/lysosomal maricer, LAMP-1, and endotubin. As 
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shown in Figiire 2g-i, endotubin labeling in polarized cells was distina from the LAMP-

1 labeling, indicating that endotubin is present in early endosomes. 

The ARE [38, 42] or subapical compartment [28] have been shown to contain 

both transferrin and polymeric IgA [38, 42] or transcytosing apical plasma-membrane 

proteins [28]. Since the endotubin-containing apical endosomal compartment shares the 

same cellular localization as the ARE, we next tested whether the endotubin-positive 

apical endosomal compartment could be reached by basolaterally internalized transferrin. 

As shown in Figure 3a-f, transferrin uptake for 60 min from the basolateral surface 

resulted in anti-transferrin labeling in the apical cytoplasm and the perinuclear area of the 

ceils. However, in the apical region, transferrin-containing structures were distinct from 

the endotubin-containing ^ical compartment, and there were only a few endotubin-

positive structures present in the perinuclear region. Another characteristic of the ARE is 

the presence of the small guanosine triphosphate (GTP>-binding protein, rabll, on the 

cytoplasmic surface [59]. To determine if the endotubin-positive endosomes also 

contained rabll, we double-labeled MDCK monolayers with antibodies against rabll 

and endotubin, followed by confocal microscopy. Imaging of these cells resulted m no 

rabi I staining on endotubin-positive endosomes (Figure 3j -1). These results suggest that 

the apical early endosomal compartment into which endotubin is targeted is distinct from 

the ARE. 
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Since endotubin is targeted to an early endosomal compartment that appears to be 

distinct from transfeirin-containing endosomes, we next quantified the degree of 

colocalization of transferrin and endotubin after different periods of transferrin uptake 

using cells grown on coverslips. Using digital image analysis, as described below in 

Methods, we quantitated the degree of colocalization of endotubin and transferrin at 

different time points. As shown in Figure 4, following 2 min of uptake, there was 

colocalization of transferrin and endotubin in 10.49 (± 4.4) % of the total structures 

counted. When the uptake period was extended, transferrin and endotubin colocalization 

increased to a maximum value of 19.69 (± 4.2) % at 10 min, which did not increase any 

further when uptake was allowed to proceed for longer. These experiments show that the 

endotubin-containing early endosomes are distina from transferrin>containing 

endosomes, and that these endosomes are not kinetically related. 

Differential affects of BFA on endotubin and transferrin containing endosomes in 

polarized cells: 

The fungal metabolite brefeldin A (BFA) has been shown to block vesicle 

formation both in vivo and in vitro, and causes tubulation of the Golgi e^jparatus, 

endosomes, and lysosomes [60, 61]. However, in NRK cells, endotubin and transferrin-

containing endosomes show differential sensitivity to the drug [45]. When grown on 

coverslips, endotubin-containing and transferrin-containing endosomes in MDCK cells 

co-tubulate, even at low concentrations of BFA (see below). However, >^en cells were 
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grown on permeable supports and incubated with BFA, a different pattern was found. 

When treated with 10 ^g/ml of BFA for 10 min, the endotubin-positive ^ical structures 

failed to tubulate and remained distinct from transferrin-containing endosomes (Figure 

5a-c). Nevertheless, in the same cells, tubulation of the basolateral transferrin-containing 

endosomes occurred (Figure Sd-f). Interestingly, the apical-most transferrin-containing 

endosomes did not tubulate (Figure Sa). Whether this reflects a difference in the GTP-

exchange factors on these membranes or is due to relocation of transferrin receptors to 

more basolateral endosomes is not clear. However, when the polarized monolayers were 

incubated with 20 ^g/ml of BFA for the same period, the endotubin-positive 

compartment formed tubules, and there was extensive colocalization with basolaterally 

internalized transferrin (Figure Sg-i). 

To further study the effects of BFA on membrane movement between these 

compartments, we performed washout experiments with cells on coverslips that had been 

treated with BFA. Cells were incubated with transferrin for 1 h and then treated with 10 

)ig/ml of BFA for 10 min. These cells were then washed and fixed, or further incubated 

for 2 and 10 min at 37°C prior to fixation and processing for immunofluorescence. Prior 

to washout, the endotubin and transferrin labeling colocalizes in extensive tubular 

structures (Figure 6a-c ). After 2 min of washout, tubules began to partition into either 

endotubin-positive or transferrin-positive fragments (Figure 6d-f), and after 10 min of 

washout, almost all tubules disintegrated and the endotubin and transferrin labeling 
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became distinct (Figure 6g-i ), although a small amount of colocalization persisted. 

These results show that these cells very efBciently sort endotubin and transferrin, and that 

the a£fects of BFA on the molecular machinery involved in trafBcking through these 

endosomal compartments is readily reversed. 

Effects of inhibitors of apicai endocytosis on the endotubin endosomal comportment: 

Apical endocytosis and postendocytic trafBcking have been shown to be affected 

by drugs such as the actin depolymerizing drug cytochalasin D and the phosphoinositide 

3-kiiiase inhibitor wortmannin [41, 62], In particular, wortmannin has been shown to 

cause vacuolation of an apical endocytic compartment distinct from the ARE [41]. 

Therefore, we next determined the effect of these drugs upon the distribution and 

morphology of the endotubin-containing endosomes in polarized MDCK cells. 

Endotubin-expressing cells were incubated with transferrin for 1 h at "iTC and then with 

either 25 mg/ml of cytochalasin D or 100 nM of wortmannin for IS min at 37**C, and 

labeled with antibodies against endotubin and transferrin. As shown in Figure 7, 

cytochalasm D treatment caused a redistribution of endotubin firom the fine reticular 

pattern seen in control cells into distinct, uniform vesicular structures. In contrast, 

wortmannin treatment caused the endotubin endosomes to coalesce into large, irregular 

vesicdar structures. However, with both of these treatments, the distribution of 

transferrin labeling appeared similar to that seen in control cells, and endotubin and 

transferrin labeling remained distinct 
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Signals for targeting of endotubm to the apical endosomal compartment are present 

on the cytoplasmic domain: 

Although subcellular targeting of some integral membrane proteins is achieved by 

targeting motifs present in their cytoplasmic domains, for others, it has been shown that 

these cues may reside in the lumenal or even the transmembrane domains (for reviews, 

see [14, 26]). In order to define the localization of the signals that mediate targeting of 

endotubin to the apical endosomal compartment, we first constructed a partial tail 

deletion mutant, STOP (Figure 8). We expressed this mutant in MDCK cells, plated 

the transfectants on filters, and stained the monolayers to visualize endotubin and the 

nuclei. As shown in Figure 9, in these cells, endotubin labeling was present mostly on the 

apical and basolateral plasma membrane, with little labeling of apical intracellular 

structures. To quantitate the cell surface expression of this deletion mutant, we 

performed domain-selective biotinylation and found that approximately 85 % of the 

biotinylated endotubin is present on the apical sur&ce, whereas 15 % is present on the 

basolateral domain (n=6) (Figure 10). This contrasts with the full-length molecule, 

which, under the same conditions, is not detectable on either the 2q>ical or basolateral 

plasma membrane (Figure 10), although long exposures can result in a fiiint ^ical signal 

(data not shown) indicating that, as in enterocytes [44], endotubin is present in small 

amounts on the apical plasma membrane. To further define the sorting signal(s) in the 

endotubin cytoplasmic domain, we generated a panel of site-directed mutations (Figure 



36 

8) and characterized targeting of these mutants in polarized ceils. As shown by domain-

selective biotinylation, apical ricin uptake, and immunofluorescence, the mutation of a 

threonine (T1186A) of a consensus casein kinase n (CKII) phosphorylation site 

(S/TXXE/DX) results in a phenotype very similar to that of the partial deletion mutant, 

STOP (Figures 9 and 10). Domain-selective biotinylation shows that this mutant 

targets to the apical and basolaterai plasma membranes (91 % apical, 9 % basolaterai; 

Figure 10), and partially into endosomes. Interestingly, when the glutamic acid 1189 of 

the same CKII site is mutated to alanine (El 189A), the mutant protein targeted to apical 

vesicular structures (Figures 9 and 10); however, it &iled to colocalize with apically 

internalized ricin (Figure 11). These results show that the CKII site contains information 

for both apical targeting and endosomal localization. 

Although the CKII site was clearly important for apical endosomal targeting, the 

cytoplasmic domain of endotubin also contains a FDNILF motif, which has some of the 

elements of both internalization and basolaterai targeting motifs [19, 63, 64]. Although 

this motif was conserved in the STOP deletion mutant, and therefore could not 

contain all the information necessary for apical endosomal targeting, we wished to 

determine if this motif had any role in the targeting of endotubin. Surprisingly, when the 

distal phenylalanine residue of this motif was mutated to alanine (F1180A), the mutant 

protein lost its polarized distribution, and localized to the basolaterai as well as apical 

membranes, and only partially uito apical endosomes (Figure 11). In contrast, when the 

isoleucine/leucine pair (I1178A/L1179A) in this hydrophobic cluster was mutated to 
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alanines the resulting mutant protein maintained apical targeting (Figures 9 and 10). 

However, ricin uptake studies showed that most of the protein is present on the apical 

plasma membrane and there is little localization to endosomes (data not shown). 

Interestingly, other mutations of the cytoplasmic domain, including several acidic 

residues and an unrelated threonine, had a phenotype similar to the wildtype protein, and 

therefore are not critical for either polarized or endosomal targeting. Together, these 

results show that proper sorting of endotubin into apical endosomes in polarized MDCK 

cells is mediated by multiple sorting motifs present on the cytoplasmic portion of the 

molecule. These signals provide the cues for both polarized targeting to the apical 

domain as well as targeting/retention in the endosomal compartment. 

Phosphorylation of endotubin cytoplasmic domain: 

The phosphorylation of cytoplasmic residues of some transmembrane proteins 

has been shown to be an important event mediating their intracellular targeting. Since 

mutation of the CKII site of the endotubin cytoplasmic tail caused missorting of 

endotubin to the basolateral membrane, we tested whether endotubin was phosphorylated 

and if the phosphorylation could be m^)ped to threonine 1186. Lysates from non-

transfected MDCK cells, wildtype endotubin expressing cells, cells expressing the 

STOP and T1186A mutants were immunoprecipitated using an anti-endotubin 

antibody and immunoblotted with an anti-phosphothreonine antibody. As shown m 

Figure 12, a 140-kDa band was detectable only in cells expressing the wildtype 
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endotubin. Control experiments showed that endotubin had been inununoprecipitated 

from each cell line (data not shown). The lack of anti-phosphothreonine reactivity in the 

Til86A mutant suggests that phosphorylation of this residue is important for the 

polarized apical endosomal targeting of endotubin. 
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Figure 2.1: Endotubin is targeted to an apical compartment in polarized MDCK 
cells. Filter-grown cells were double-labeled with antibodies against endotubin (green) 
and ZO-1 (red) (a) or labeled with anti-endotubin (green), followed by propidium iodide 
nuclear staining (red) (b-€). ZO-l labeling shows that endotubin is targeted into a 
compartment at the apical pole of the cells at the level of tight junctions (a). A z-section 
through the monolayer (b) and a series of confocal optical sections taken above the nuclei 
(c), at the nuclei (d), and below the nuclei (e) show that endotubin immunofluorescence is 
concentrated at the apical pole above the nuclei. (Scale bars = 2 ^m) 
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Figure 2.2: Endotubin is in early endosomes. Filter-grown cells were incubated with 
ricin-fluorescein isothiocyanate (FITC) in the apical chamber for 20 min at 37°C (a) and 
labeled with endotubin antibody (b). The merged im^e (c) shows abundant 
colocalization of ricin (arrowheads) with endotubin in apical endosomes (arrows). 
Incubation of the cells with ricin-FITC in the basolateral chamber for 30 min at 37°C (d), 
followed by endotubin immuno-labeling (e), results in some basolaterally internalized 
ricin reaching the apical endosomes (arrowheads); however, in the merged im^e (f). 
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these remain mostly distinct firom endotubin-positive endosomes (arrows). This optical 
section was taken deeper in the cell (but apical to the nucleus) to visualize internalized 
ricin. Double-immunolabeling with an anti-LAMP-1 antibo^ (g) and with an anti 
endotubin antibody (h) shows that endotubin-positive iq)ical endosomes are early 
endosomes and do not contain the late endosomal/lysosomal maricer LAMP-1 (i). (Scale 
bars = 2 ^m) 
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Figure 2.3: Endotubin positive apical endosomes are distinct from transferrin and 
rabll containing endosomes. Filter-gro>vn cells were incubated with transferrin in the 
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basolateral chamber for 60 min at 'iVC and double-labeled with antibodies against 
transferrin (a, d, and g) and endotubin (b, e, and h). The merged image (c) shows an 
optical section at the level of tight junctions. The majori^ of endotubin-containing 
(arrows) and transferrin-containing (arrowheads) endosomes remain distinct, (f) An 
optical section at the perinuclear region of the same cells shows abundant transfierrin-
containing endosomes (arrowheads), but only a few endotubin-positive structures 
(arrows). When imaged below the level of the nuclei (i), there are abundant transferrin-
positive endosomes (arrowheads), but no endotubin labeling, (j -1) Cells were double-
labeled with antibodies against rabl 1 (j) and endotubin (k). The merged image (1) firom a 
stacked series of optical sections shows that the iq)ical endotubin-positive endosomes 
(arrows) do not contain rabl 1 (arrowheads). (Scale bars = 2 ^m) 
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Figure 2.4: Quantitation of cndotubin and transferrin colocalization. 
Immunonuorescence data from two separate pulse-chase transferrin uptake experiments 
were analyzed by digital binary image subtraction, and mean colocalization scores for 
each time point were computed. The graph shows that although the colocalization scores 
increase slightly until 10 min. even at this time point transferrin and endotubin-containing 
endosomes remain largely distinct, and the degree of colocalization does not increase 
with longer incubation. 
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Figure 2.5: Differential BFA sensitivity of endotubin and transferrin endosomes. 
Filter-grown cells were incubated with transferrin in the basolateral chamber for 60 min 
and treated with 10 |ig/ml(a-f)or 20^g/ml (g-i) of BFA for 10 min at 37°C. (a -f) Optical 
sections of the same cells. Double-labeling with antibodies against transferrin (a, d) and 
endotubin (b, e) show that there is no tubulation of endotubin-positive endosomes, 
despite tubulation of transferrin-containing endosomes (arrowheads) in the sub-apical 
region (d, 0- However, when treated with higher doses of BFA, endotubin-containing 
apical endosomes (arrows) (h) tubulate with transferrin-containing endosomes 
(arrowheads) (g).Merged image (i). (Scale bars = 2.5 ^mi. Scale bar in (g-i) = 5 ^un) 
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Figure 2.6: Brefeldin A reversibly inhibits sorting of endotubin positive endosomcs 
from transferrin containing endosomes. MDCK cells grown on coverslips were 
incubated with transferrin for 60 min and treated with BFA for 10 min at 37°C. Double-
labeling with antibodies against transferrin (a) and endotubin (b) shows that BFA causes 
extensive tubulation and colocalization of the markers (arrows) (c). Following 2 min of 
washout (d-f), transferrin (arrowheads) (d, f) and endotubin (arrows) (e, 0 start to 
segregate into distinct sub-domains within these tubules. Ten minutes after washout (g-i), 
there remains no sign of tubulation, and endotubin (arrows) and transferrin (arrowheads) 
are located in distinct structures. (Scale bars = 5 jmi, scale bar in (a-c) = 2 ^m) 
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Figure 2.7: Effects of wortmanniii and cytochalasin D upon endotubin distribution. 
MDCK cells expressing wild-type endotubin were incubated with transferrin in the 
basolateral medium for 1 h and treated with either 100 nM wortmannin (a -c) or 25 |ig/ml 
cytochalasin D (d-0 for 15 min. Under these conditions, wortmannin caused the 
endotubin-positive apical endosomes to aggregate into larger vesicular structures (arrows; 
compare with Figure 1) (b, c) distinct from transferrin-containing endosomes (arrow 
heads) (a, c). Cytochalsin D caused endotubin-positive structures to cluster into uniformly 
sized small apical vesicles (arrows) (e, f) that remained distinct from transferrin-
containing endosomes, which were more basolateral. (Scale bars = 5 ^un.) 
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11S9 119S 

WUdtype KQHLPCQSTDAAASGFDNJLENADQVILPTSIISNP 
STOplIM KQHLPCQSTDAAASGFDNILF 
T1186A KQHLPCQSTDAAASGFDNILFNADQVALPESrrSNP 

E118dA KQHLPCQ.STDAAASGFDNILFNAOQ\mPASrrSNP 

ni78A,U179A KQHLPCQSTDAAASGFDNAAFNADQ\mj>ESrrSNP 
F1180A KQHLPCQSTDAAASGFDNILANADQVmPESrrSNP 

D1169A KQHLPCQSTAAAASGFDNILFNAOQVTLPESITSNP 

D1 t7QA KQHLPCQSTDAAASGFANILFNAOQVTLPESITSNP 

01183A KQHLPCQ.ST0AAASGFDNILFNAA:2yTLPESITSNP 

S1173A KQHLPCQSTDAAA^DNILFNADQVTLPESITSNP 
T1192A KQHLPCQSTDAAASGFONILFNADQVTLPESIA^NP 

Figure 2.8: Endotttbin mutants. The cDNA for endotubin encodes for a type I 
transmembrane glycoprotein with an amino terminal signal peptide (shaded region), a 
large limienal domain (ltoll28), a single transmembrane domain (shown in black) and a 
short cytoplasmic domain (1160 to 1195). We have generated ten different endotubin 
cytoplasmic domain mutants and expressed these mutants in MDCK cells. Mutated 
residues are underlined in each mutant cytoplasmic domain sequence and collectively in 
the wildtype sequence shown at the top. Targeting of the D1169A, D1176A, D1183A, 
S1173A and T1192A mutants were in<tistinguishable from the wildQrpe protein and are 
not illustrated. 
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Figure 2.9: Targeting of mutant endotubin in polarized MDCK cells. ME)CK cells 
expressing the STOP"*" (a-d), T1186A (e-h). El 189A (i-1) and the II178A / LI I79A (m-
p) mutant forms of endotubin were labeled with an antibody against endotubm (green) 
and the nuclei were stained with propidium iodide (red). Merged images of optical 
sections taken at the apical plane (a, e, i and m), at the level of the nuclei (b, f, j and n) 
and below the nuclei (c, g, k and o) as well as optical cross sections (d, h, 1 and p) are 
shown in each column. In II178A / LI I79A double mutant and the El I89A endotubin 
mutant immunolabeling is predominantly present at the apical-most sections, but there is 
also labeling at the lateral plasma membranes in cells expressing the STOP"*° and T1186 
A mutants. The F1180A mutant (Figure 10) had the same distribution as theTlI86A 
mutant. The remaining mutations were identical to the wildtype endotubin labeling 
(Figure I) and therefore not illustrated. (Scale bars = 5 ^m) 



50 

midtype STOPtm TII86A EII89A II178A/LII79A 

1 2 3 4  5 6  7 8  9  1 0  

200 -

Percent biotinylated 
ptotein 

BL A BL /\ BL BL A BL 
71% 29% 91% 9% 100% - 100% -

Figure 2.10: Domain selective biotinyiation of mutants. Filter growti MDCK cells 
expressing wildiypc endotubin (lanes 1 and 2), the STOP""" deletion mutant (lanes 3 and 
4). T1186A (lanes 5 and 6). El 189A (lanes 7 and 8) and the 11178A / LI 179A (lanes 9 
and 10) were biotinylated at the apical (odd numbered lanes) or the basolateral surface 
(even numbered lanes), adsorbed with immobilized streptavidin and immunoblotted with 
an anti-endotubin antibody. A band of approximately 120 kDa is present in the El 189A 
mutant (lane 7). The reason for this processing difference is not known. Densitometric 
quantitation (given as percent total biotinylated endotubin for each isoform) shows that 
although no biotinylated endotubin is detectable in cells expressing full length endotubin. 
there is variable but significant amounts of mutant endotubin detectable on the apical cell 
surface of all mutants shown, and missorting to the basolateral surface is evident in the 
stop'""' and T1186A mutants. 
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Figure 2.11: Mutation of the cytoplasmic domain of endotubin disrupts its targeting 
to apical early endosomes. MDCK ceils expressing the EI 189A (a-c) and F1180A (d-0 
forms of endotubin were allowed to internalize ricin from apical domain for IS minutes (a 
and d) and immunolabeled with an anti-endotubin antibody (b and e). Merged images 
show that in cells expressing the Ell89A mutant (c) there is no colocalization of 
endotubin (arrows) and ricin (arrowheads), bi cells expressing the F1180A mutant (f), 
there is some colocalization with ricin but the extent of colocalization is less than in 
wildtype endotubin expressing cells (Figure 2) and there is some lateral plasma 
membrane endotubin labeling. The STOP'**®, T1186A and I1178A / L1179A mutants 
were similar to the Fl 180A mutant but the remaining mutants were the same as wildtype 
endotubin labeling (Figure 2.2). (Scale bars = 10 |im) 
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Figure 2.12: Phosphorylation of cndotubia cytoplasmic tail Non-transfected MDCK 
cells (lane 1), cells expressing ^d-type endotubin Oane 2), STOP 1180 mutant (lane 3), 
and the T1186A mutant Oane 4) were immunoprecipitated with anti-endotubin antibody, 
separated by SDS-PAGE, and immunoblotted with anti-phosphothreonine antibody. A 
140-kDa phosphorylated band is detectable in cells expressing the wild-type endotubin, 
but not in the tail deletion (lane 3) or in the mutation tl^ eliminates the thmnine of the 
CKII site (lane 4). 
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Figure 2.13: Cover iUustration: MDCK cells expressing the apical early endosomal 
protein endotubin were incubated with brefeldin A (BFA) for 10 minutes at 3VC, 
washed, and incubated for 2 minutes at 37°C in absence of the drug. Cells were labeled to 
visualize endotubin (green) and internalized dog transferrin (red). Rapid separation of 
endotubin-positive apical early endosomal membranes from transferrin-positive 
basoiaterally recycling early endosomes is seen after this short BFA washout. {Traffic 
2000:1(5): 354). 
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2.5 Discussion: 

Endosomes are a heterogeneous population of highly plastic and dynamic 

organelles that are in constant interaction with each other as well as with the biosynthetic 

and lysosomal compartments [48]. This complex endosomal tra£Bcking plays a critical 

role in the maintenance of epithelial cell polarity [65]. In this study, we used MDCK cells 

as a model of polarized epithelia to express endotubin, an endosomal protein fix)m 

developing rat intestine, to define the endosomal compartment mto which this protein is 

targeted. Endotubin is thus ftr the only resident of the apical early endosomal 

compartment that has been identified, and it provides us with a valuable maricer of these 

specialized membranes. We show that in MDCK cells, as in developing enterocytes, 

endotubin is targeted in a polarized fashion into a population of iq)ical early endosomes. 

These endosomes are distinct firom the well-characterized AREs. In addition, we show 

that the signals for endosomal and apical targeting are present in distinct motife in the 

cytoplasmic domain of the molecule. 

Uptake studies in various epithelial cell types have shown that tracers internalized 

firom the apical and basolateral membranes eventually meet in an apical endosomal 

compartment, and it has been suggested that the apical and basolateral endocytic 

pathways are subserved by a single endosomal compartment. However, the data presented 

in this study are consistent with the idea that there is a distinct ^ical endosomal 

compartment that mediates the trafBcking of apically internalized macromolecules. 
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Specialized apical endosomes could also perform other functions, such as the regulated 

apical plasma-membrane insertion of water channels or ATPases [66, 67] or domain-

selective exo-endocytic recycling of synaptic vesicles and synaptic-like microvesicles 

[68, 69]. Other studies have suggested differences between ^ical and basolateral 

endocytic pathways in epithelial cells. For example, it has been shown that tracers 

internalized firom the basolateral domain do not enter the apical tubulo-vesicular system, 

and proteins internalized firom the apical and basolateral domains colocalize in late 

endosomes or multivesicular bodies [37, 70-72]. Furthermore, when MDCK cells are 

treated with microtubule-disrupting or actin-disrupting agents, both drugs inhibit 

transcytosis but do not interfere with the apical recycling and/or delivery process [73]. In 

addition, overexpression of syntaxin 3 causes vesicle accumulation in the apical pole and 

inhibits apical recycling, as well as biosynthetic transport to the q)ical pole, while the 

basolateral-to-apical transcytosis of IgA remains unaffected [40]; additionally, die 

expression of the influenza virus M2 protein, an acid-activated ion channel, slows the 

apical delivery of basolaterally internalized IgA, as well as the eq>ical recycling of IgA, 

with no apparent effects on basolateral recycling of transferrin [74]. 

The results reported here suggest that endotubin is targeted to a compartment 

distinct fix)m the well-described ARE. The ARE was originally identified as a way-station 

for transcytosing pIgA-R [38, 42]. The ARE is known to receive both basolaterally and 

apically internalized membrane-bound markers, mediate recycling of transferrin back to 

the basolateral domain, and effect the transcytosis of polymeric IgA to the apical domain 
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[39, 73, 75]. Also, in hepatic WIF-B cells, transcytosing apical plasma membrane 

markers travel through a similar apical compartment before being delivered to the e4>ical 

plasma membrane [28]. However, the majority of endotubin is targeted to a compartment 

that does not contain internalized transferrin, and incubation with drugs known to disrupt 

apical membrane trafficking causes a redistribution of endotubin-containing endosomes. 

These data suggest that cargo destined for apical recycling and/or immediate apical 

delivery traverses a separate apical endosomal compartment that is not accessible to 

molecules destined for basolateral recycling. Evidence for this type of apical 

compartment in WIF-B cells has recently emerged [41]. A similar segregation has been 

suggested for basolaterally recycling molecules, with rapid recycling occurring via early 

endosomes, and more complete sorting and transcytosis occurring via recycling 

endosomes [76]. 

Another feature of the ARE is the presence of distina small GTPases on these 

membranes. The small GTPases, rabll, rabl7, and rab25, associate with the recycling 

endosome and regulate membrane trafficking through this compartment [S9, 77, 78]. 

However, the endotubin-positive compartment does not contain rabl 1, further indicating 

that this compartment is distinct fix)m the ARE and is probably regulated by different 

mediators than those that regulate trafficking through the ARE. Additional evidence for 

this is provided by the differential sensitivity of this compartment to BFA. BFA, an 

inhibitor of ADP-ribosylation &ctor 1 (ARFl) guanine nucleotide exchange, causes the 

dissociation of ARFl &om membranes and prevents binding of an array of coat proteins 
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[75,79-81]. In MDCK monolayers, the endotubin-positive endosomal compartment has a 

differential sensitivity to BFA compared to transferrin-containing endosomes. This is 

consistent with other studies that showed that the exit of transcytosing cargo from the 

ARE is BFA-sensitive, while recycling of apically internalized ricin or pIgA-R is not 

[42]. Also, endosomes in the axons of neurons do not tubulate in the presence of BFA 

[82], and endotubin is targeted to a BFA-resistant compartment in NRK cells [45]. 

Therefore, the reduced sensitivity of the endotubin-containing compartment to BFA-

induced tubulation suggests the presence of distinct GTPase exchange factors on these 

membranes. Furthermore, BFA washout experiments show a rapid segregation of 

endotubin and transferrin into distinct membrane domains, indicating that the regulatory 

molecules that sort these proteins are extremely efficient. 

Targeting of proteins into distinct subcellular compartments is an active process, 

mostly mediated by targeting cues present on the molecule itself. However, the nature 

and intramolecular localization of these signals show a high degree of variability (for 

reviews, see [17, 26] ). Deletion of the carboxyl terminal 15 amino acids from the 

endotubin cytoplasmic domain results in the missorting of this protein to the apical and 

basolateral membranes, indicating that the signals on the cytoplasmic tail are critical both 

for polarized targeting as well as endosomal targeting. This contrasts with targeting 

motifs identified for several apical proteins, as apical targeting has been suggested to be 

mediated by the association of the extracellular or transmembrane domains with 

glycolipid rafts or proteolipids [31,49, 83-85]. The cytoplasmic domain has been shown 
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to mediate apical targeting of polytopic membrane proteins, such as the gamma-

aminobutyric acid transporter and rtiodopsin [34, 35]. However, the signals that mediate 

targeting of endotubin are distina from the apical targeting signals identified for those 

molecules. This likely reflects the &ct that endotubin must be targeted both to the apical 

domain and endosomes. 

The targeting signals on endotubin map to a hydrophobic cluster (FDNILF) and a 

CKII phosphorylation site (DQVTLPE) located in the cytoplasmic domain. However, the 

machinery responsible for binding to these sites is not clear. Leucine-based motifs have 

been shown to interact with the medium chains of clathrin adaptors, AP-1 and AP-2 [86], 

as well as AP-3 [87], and this type of motif has been shown to mediate the intemalizaton 

of several molecules [88-92]. However, dihydrophobic motifs have also been shown to 

mediate basolateral and lysosomal targeting [63, 87, 93-95], Since our results show that 

mutation of the IL pair in this motif results in compromised endosomal targeting, but not 

apical targeting, the IL motif likely mediates the internalization of endotubin. This result 

might suggest that endotubin is targeted first to the apical plasma membrane and then 

internalized to endosomes. However, biotinylation detected very small amounts of 

wildtype endotubin on the apical plasma membrane, and incubation with radiolabeled or 

unlabeled anti-endotubin antibody, followed by scintillation counting or 

immunofluorescence, resulted in no detectable uptake suggesting that the amount of 

wildtype endotubin cycling through the apical plasma membrane is extremely small 

(K.E.G. and J.M.W., unpublished observations). In contrast to the IL pair, F1180 is 
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required for both endosomal and apical targeting. The finding that F1180 is important for 

apical targeting is surprising. Tyrosine-based sorting signals have been shown to be 

critical for basolateral targeting, as well as endocytosis [17, 63, 96], and a related 

phenylalanine motif has been shown to mediate the internalization of the cation-

dependent mannose-6-phosphate receptor [97] but this molecule is also tai-geted 

basolateraily [98], independently of the phenylalanine motif [99]. To our knowledge, this 

is the first report of a phenylalanine-based motif mediating apical targeting, and the 

molecules involved in binding to this signal remain to be defined. 

The CKII site also appears to be critical for both the polarized as well as the 

endosomal targeting of endotubin. Although CKII phosphorylation sites have been shown 

to regulate intracellular trafficking of a number of proteins, including the cation-

dependent mannose 6-phosphate receptor [100], varicella-zoster virus glycoprotein I 

[101], and the endoprotease furin [52, 102], they have not previously been shown to 

direct apical targeting. Phosphorylated CKII sites have been shown to interact with AP-1 

[100, 103], as well as PACS-l [52, 102]. Interestingly, furin is located to transferrin-

contaioing endosomes [52] and is targeted basolateraily [95]. The CKII site is 

phosphorylated in endotubin, and the finding that this motif may also mediate apical 

endosomal targeting suggests that phosphorylation/dephosphorylation may regulate 

trafficking throughout the endosomal pathway, having important implications for control 

of membrane trafficking [104,105]. 
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Segregation of apical endosomes into sub-populations, ^ere some are accessible 

to basolaterally recycling molecules, while others are not, may have an important role in 

epithelial cell polarity and function. For example, such an arrangement may be required 

for differential regulation of apical recycling and delivery, independent of the basolateral 

recycling or basolateral-to-apical transcytosis. Also, this segregation may augment 

passive immunity at the epithelial barrier by limiting the access of apically internalized 

pathogens and toxins into compartments that participate in basolateral recycling. 
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Chanter 3: Cytoplasmic signab mediate apical earty endosomal targeting in 

polarized MDCK cells. 

3.1 Abstract: 

Endotubin is a integral membrane protein that is targeted to apical endosomes in 

epithelial cells. It is well established that cytoplasmic tai^eting signals mediate 

basolateral targeting and endocytosis whereas apical targeting has been suggested to be 

mediated by N-glycosylation of the ectoplasmic domain or partitioning into glycolipid-

rich rafts. However, we have previously shown that the cytoplasmic portion of endotubin 

possesses two distinct signals that mediate its proper sorting into apical early endosomes. 

To study additional targeting determinants of the endotubin molecule and to address 

adequacy of the cytoplasmic targeting signals to mediate apical endosomal targeting of an 

unrelated type I transmembrane protein, we generated a panel of endotubin and Tac-

antigen chimeras and expressed them in MDCK cells. We show that both the apically 

targeting wildtype endotubin and a basolaterally targeted cytoplasmic domain mutant do 

not associate with rafts and are completely TX-lOO soluble. Furtheimore, we show that 

chimeras with the endotubin cytoplasmic domain and Tac ectoplasmic domain are 

targeted to the transferrin depleted i^ical endosomal compartment. Also, we show that 

overexpression of these molecules results in their missorting to the basolateral domain, 

indicating that the iq)ical sorting process is a saturable event These results show that the 
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targeting signals present on the cytoplasmic portion of endotubin are both necessary and 

siifBcient for apical sorting and targeting into apical endosomes. 
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3.2 Introduction: 

Proper targeting in the biosynthetic and endocytic pathways is among the key 

requirements for many cellular processes such as cell-cell signaling, antigen processing 

and presentation, cell migration and maintenance of cellular homeostasis [3, 8, 25, 106, 

107]. Although the crucial role endocytic pathways play in protein targeting is well 

appreciated [13, 17, 48, 108], our understanding of die endosomal targeting process is 

still incomplete. For example, the molecular signals required and the machinery involved 

in polarized sorting of macromolecules into distinct membrane domains as well as the 

endosomal compartment(s) involved in this process remain unknown. 

Although our understanding of how cells accomplish polarized sorting of 

molecules to distinct plasma membrane domains is incomplete, it is generally agreed that 

cytoplasmic targeting signals are required to mediate efBcient basolateral sorting [14, 

109]. For example, the tyrosine based signals such as that found in the low density 

lipoprotein receptor [110], have been shown to be necessary and sufBcient to mediate 

basolateral targeting as well as rapid internalization via coated pits into basolateral early 

endosomes [63]. Furthermore, the basolateral targeting signals in general are proposed to 

be autonomous and dominant over the q)ical sorting signals [111,112]. 

Unlike the basolateral sortmg signals, apical targeting in most instances appears to 

be independent of a cytoplasmic targeting signal. In general, j^ical sorting is proposed to 
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be mediated by partitioning of molecues into Triton X-100 insoluble cholesterol rich 

glycolipid rafts [113-115] or via apical targeting signals generated by differential N-

linked or 0-linked glycosylation of the ectoplasmic domains of some integral membrane 

proteins which may or may not require raft association [31-33, 116, 117], Recent 

evidence also suggests that a raft associated protelipid, MALAIP 17, is necessary for the 

overall apical delivery of membrane proteins in the polarized MDCK cells and it is an 

integral element of the apical sorting machinery [118] . Nevertheless, because both raft 

association and glycosylation are events that take place within the biosynthetic pathway, 

it has been proposed that targeting of MAL to glycolipid-enriched membranes may 

require a pre-Golgi sorting event [84,119,120]. 

Although it is widely reported that either raft association or glycosylation is the 

determinant which mediates apical sorting, new evidence indicates that, the cytoplasmic 

domains may contain apical sorting signal(s) [34-36], Our group has previously identified 

and charaaerized an £q)ical endosomal glycoprotein, endotubin, expressed in the 

absorptive cells of suckling rat ileum [44, 46]. In a recent study we have shown that, in 

polarized MDCK cells, endotubin is sorted into a subset of apical endosomes and that 

cytoplasmic signals are required for its polarized sorting and endosomal targeting [121]. 

However, although we showed that the endotubin cytoplasmic domain is necessary for 

apical endosomal targeting, whether it was also sufficient to redirect an unrelated 

molecule to apical endosomes remained unresolved. In this study, using a panel of Tac-

endotubin chimeras, we show that the cytoplasmic domain of the endotubin is sufficient 
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for apical endosomal targeting of the chimera. Furthermore, we show that the endosomal 

compartment into which this chimera is targeted is the same as the endotubin positive 

apical early endosomes we previously characterized. These findings show that cells 

possess machinery for sorting of non-raft associated proteins in a polarized f^hion and 

targeting both apically and into early endosomes is based on cytoplasmic sorting 

determinants. 
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3 J Material and Methods: 

Reagents used: 

All cell culture media and reagents were obtained from Gibco-BRL (Gaithersburg, MD). 

Fetal bovine serum was obtained from Gemini Bio-Products, Inc. (Calabasas, CA). Goat 

anti-dog transferrin antibody was obtained from Bethyl Laboratories (Montgomery, TX). 

Secondary antibodies for immunofluorescence were obtained from Jackson Immuno 

Research Laboratories, Inc. (West Grove, PA). All antibodies were used at 2.5 - 5 ng/ml 

final concentration. ImmunoPure NHS-SS-Biotin, ImmunoPure immobilized streptavidin 

and SuperSignal substrate for Western blotting were obtained from Pierce Chemical 

Company (Rockford, IL). Brefeldin A (BFA) was obtained from Epicentre Technologies 

Inc. (Madison, WI), dissolved in ethanol at 1 mg/ml and stored at -20°C. Butyric acid 

was obtained from Aldrich Chemical Co. (Milwokee, WI). Ferric chloride was obtained 

from Fisher Scientific (Fair Lawn, NJ). All other chemicals and reagents used were 

obtained from Sigma Chemical Co. (St. Louis, MO). 2A3A1H hybridoma cells 

expressing a blocking monoclonal mouse IgG against the Tac antigen (human IL-2 

receptor y-chain) was obtained from American Type Culture Collection (Rockville, MD). 

Generation ofTac-Endotubin Chimeras: 

A plasmid construct, pCDM-Tac, with the cDNA for human interleukin-2 receptor y-

chain (Tac antigen) [47] was generously provided by Dr. Juan Bonifacino (National 
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Institutes of Health, Bethesda, MD). Using a PGR based approach the Tac cDNA insert 

was amplified while introducing a S' Mlu I and a 3' Xba I restriction endonuclease sites; 

Template: pCDM-Tac and primers 

F: CGTACGCGTGATGGATTCATACCTGC, 

R: CGCTCTAGACTAGATTGTTCTTCTACTC. The resulting PGR product was then 

sequentially digested with Mlu I and Xba I for subsequent subloning into the mammalian 

expresion vector pGB6 [S4] which was also digested with Mlu I and Xba I. The resulting 

construct is referred to as pGB6-Tac. Using this and the pGB6/G7 plasmid containing the 

wildtype endotubin cDNA [46] the follovdng Tac and endotubin domains were amplified 

and subcloned into pGB6 expression vector; 

Chimera 1. referred to as pGB6-Tac-ET-Gl (CI) was generated by subcloning the Tac 

ectoplasmic and transmembrane domains (Mlu I - Afl II) in frame with the endotubin 

cytoplasmic domain (Afl II - Xba I)- Fragments for this construct were amplified using 

the template pCB6-Tac with primers F: GCGTACGGGTGATGGATTGATAGGTGGTG, 

R: GCATCGATCTTAAGCGGAGTGAGGAGGAG and the template pGB6/G7 with 

primers F: GTATATGGTTAAGGAGGAGCTGGCGTG, 

R: GCGTCTAGACTATGGGTTAGTGGTGATTG. 

Chimera 2. referred to as pCB6-Tac-ET-C2 (G2) was generated by subcloning the Tac 

ectoplasmic domain (Mlu I - Sac II) in frame with the endotubin transmembrane and 

cytoplasmic domains (Sac II - Xba I). Fragments for this construct were amplified using 

the template pCB6-Tac with the primers F: CGTAGGGGTGATGGATTGATAGGTGG, 
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R: GTATACCGCGGCTACCTGGTACTCTG and the template pCB6/C7 with the 

primers F: GTATATCCGCGGCACCCGTGTCTGTG, 

R: GTCGCGTCTAGACTATGGGTTACTGGTGATTG 

Also a mutant form of the C2 chimera (referred to as C2-I1 ITSA '̂l 179A) was generated 

using a mutant form of the pCB6/C7 template containing the I1178A4'1179A mutation 

of the endotubin cDNA [121] with the above primers. 

Chimera 3. referred to as pCB6-TE-Tac-C4 (C3) was generated by subcloning the Tac 

ectoplasmic and endotubin transmembrane domains (Mlu I - Afl III) and the Tac 

cytoplasmic domain (Nco I - Xba I). Fragments for this construct were amplified using 

the template pCB6-Tac-ET-C2 with the primers 

F: CGTACGCGTGATGGATTCATACCTGC, 

R: CATATACATGTCTGCAGCCAGTGCC and the template pCB6-Tac with the 

primers F; GATATACCATGGCAGCGGAGACAGAGGAAG, 

R: CGCTCTAGACTAGATTGTTCTTCTACTC 

Chimera 4. referred to as pCB6-E-Tac-C3 (C4) was generated by subcloning the 

endotubin ectoplasmic domain (Bgl II - Mlu I) in frame with the Tac transmembrane and 

cytoplasmic domains (Mlu I - Xba I). Fragments for this construct were amplified using 

the template pCB6/C7 with the primers F: GCGTAGATCTATGTGCCTGCCTAGCTG, 

R: GATATACGCGTCCCTGGCTAGGTGTAG and the template pCB6-Tac with the 

primers F: GTATATACGCGTAGCAGTAGCAGGCTGTG, 

R: CGCGCTCTAGACTAGATTGTTCTTCTACTC 
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Cell Culture and Transfecthn: 

MDCK type II cells were maintained as described [121]. The full length cDNA encoding 

rat endotubin protein [46], human interleukin-2 receptor y-chain (Tac antigen) or one of 

the Tac-endotubin chimeras described above were subcloned into the pCB6 mammalian 

expression vector [54]. 20^g of plasmid DNA from each construct were used to transfect 

MDCK cells by CaPO* precipitation [55]. Following transfection, cells were selected for 

2 weeks in the presence of 300^g/ml of G418 (Gibco-BRL) in complete medium. Stably 

transfected clones were pooled into a mixed culture and maintained in medium containing 

300 |ag/ml G418. Untransfected cells showed no labeling with either the anti-entotubin 

antibody or the anti-Tac antibody. 

For studies in non-polarized cells, transfected cells were plated onto sterilized coverslips. 

For studies requiring polarized monolayers, transfected cells were plated at confluent 

density (2x10^ cells/cm^) onto Costar Transwell filters and cultured under selection, 

feeding daily for 3 to 5 days. 

TX-IOO extraction and Immunobtotting: 

MDCK cells expressing full length endotubin or a construa with the basolaterally 

targeted cytoplasmic domain mutation (F1180A,T1186A) were treated overnight with 10 

mM butyric acid in complete culture medium. The cells were solubilized with 0.5 ml of 
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TX-lOO extraction buffer containing 1 % TX-lOO, SOmM Tris-HCl, pH 7.4, ISOmM 

NaCl, 5mM EDTA, 1 ^g/ml q)rotinin, 1 ^g/ml leupeptin and 4mM Pe&bloc for 20 

minutes at 4°C, then scraped and spun at 10,000 g for 2 minutes at 4°C. The supematants 

representing the TX-lOO soluble portion were collected and the pellets were solubilized in 

ISO ^1 of buffer containing 1% sodium dodecyl sulfate, 50 mM Tris-HCl pH 8.8 and 5 

mM EDTA. Equal volumes of each fitiction were then separated by 7.5% SDS-PAGE 

and electroblotted to nitrocellulose. Blots were immimoblotted with anti-endotubin as 

described (33). 

Immunofluorescent Labeling, confoctd microscopy and image analysis: 

Indirect immunofluorescent staining was done as previously published [121]. 

Fluorescence images were obtained using a Leica TCS 4D laser scanning confocal 

microscope (Arizona Research laboratory. Division of Biotechnology, University of 

Arizona, Tucson, AZ) using a lOOx, NA 1.3 oil immersion objective. Unless otherwise 

noted, simultaneous two chaimel recording utilizing a pinhole size of 90 ^m was 

performed using excitation wavelengths of 488/588 nm, a 510/580 nm double dichioic 

mirror and a 515-545 nm band-pass filter together with a 590 nm long-pass filter. All 

images were derived from a single optical section estimated to be 0.35 ^m in thickness 

according to the parameters described above. 512 x 512 matrix images obtained were 

processed using Adobe Photoshop software (Adobe Systems Inc., Mountain View, CA) 
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and printed using an ALPS MD-5000 micro-dry 2400 dpi primer (ALPS Electrical Co., 

Japan). 

Uptake Studies: 

For uptake studies, cells were grown on coverslips and treated overnight with 5 mM 

butyric acid. For ricin uptake, cells were rinsed with serum-free DME medium at 4°C and 

incubated for 30 minutes on ice with 30 i^g/ml ricinao-FITC (Sigma) in serum-free 

medium. Cells were wanned to 37°C for 2 to IS minutes, placed back on ice, rinsed with 

0.1 M lactose in PBS at 4°C to remove surface bound ligand, fixed and processed for 

immunofluorescent labeling. For transferrin uptake, cells were incubated in serum-free 

medium at 37°C for 1 hour followed by an incubation in serum-free DME containing 

0.6% bovine serum albumin (Sigma) and 25^g/ml iron saturated dog-transferrin at 4''C 

for 1 hour. Cells were then either transferred into fresh serum-free medium at 37°C for 2 

to 30 minutes for pulse-chase uptake studies or warmed to 37*'C and incubated in 

presence of transferrin and BSA for 1 hour for transferrin uptake saturation. Cells were 

transferred to ice, rinsed at 4°C in stripping buffer containing 2S.S mM citric acid, 24.5 

mM sodium citrate and 280 mM sucrose (pH 4.6) to remove surfiace bound transferrin. 

Cells were then fixed and processed for immunofluorescent labeling. Prior to BFA 

treatment, cells were saturated with internalized transferrin as described above, then BFA 

was added into the uptake medium at 5 ^g/ml and incubated at 37°C for 10 minutes. 

Cells were washed, fixed and processed for indirect immunofluorescent labeling. 
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Domain selective Biotinylation: 

Domain selective biotinylation of filter grown polarized MDCK cells were carried out 

using 1.5 mg/ml EZ-Link Sulfo-NHS-Biotin (Pierce) as previously published [121]. 

However, since the anti-Tac antibody used in this study recognizes a discontinuous 

epitope, following biotinylation cell lysates were immunoprecipitated with the anti-Tac 

antibody, separated by 7.5 % SDS-PAGE and transferred to nitrocellulose. Blots were 

then incubated in blocking solution (5 % non-fat dry milk in tris buffered saline with 0.1 

% tween-20) for 30 minutes followed by incubation with l^g/ml Avidin-HRP (Pierce, 

Rockford, IL) for 30 minutes. Blots were then washed and processed using 

chemiluminescence (33). 

Recycling assay: 

Recycling studies were carried out using metabolically labeled anti-Tac antibody. 

2A3A1H mouse hybridoma cells were washed in cysteine and methionine free RPMI 

medium and resuspended (10^ cells/ml) in media with 2 % fetal bovine serum and 100 

)iCi of ^^S-Tran-S-Label (L-methionine/L-cysteine) (ICN radiochemicals) and incubated 

overnight at 37°C, 5% CO2. Labeled antibody was isolated using sepharose-protein G 

column (GammaBind Plus Sepharose, Amersham Pharmacia AB, Uppsala, Sweden). 
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Cells were incubated for 30 minutes at 37°C with labeled anti-Tac antibody. Following 

uptake, cells were washed twice at 4''C and stir&ce bound antibody was stripped with 

ISOmM NaCl and O.IM glycine (pH 3.6) at 4**C. Following cell sur&ce stripping, cells 

were either lysed directly for total uptake detennination or fed with serum free DMEM 

supplemented with 2 % BSA and 25 ^g/ml trypsin and incubated at 37°C for IS minutes 

to 2 hours. After the chase cells were washed twice in Ix PBS at 4°C and incubated in 

lysis buffer containing 50 mM Tris (pH 7.4), 5mM EDTA, 150 mM NaCl, 1% Triton X-

100 and protease inhibitors for 30 minutes on ice. Trichloroacetic acid (TCA) was added 

to chase media and cell lysates were pelleted at 14,000 rpm for 10 minutes at 4®C. TCA-

insoluble activity was counted using a 2200CA Tri-Carb Liquid Scintillation Analyzer 

(Packard Instrument Company, Downers Grove, IL). 



74 

3.4 Results: 

Endotubin caressed in MDCK ceUs partitions into TX-IOO solubie fraction of 

membrane proteins: 

It has been shown that association with cholesterol and glycolipid rich TX-lOO 

insoluble rafts mediates apical targeting of integral plasma membrane proteins, such as 

influenza virus neuraminidase and influenza virus hemagglutinin [US, 122]. 

Nevertheless, we have shown that targeting of endotubin, an apical endosomal antigen 

from developing rat intestine, requires cytoplasmic targeting signals for its proper apical 

endosomal sorting [121]. Because of the postulated role for raft domains in apical sorting 

we tested whether endotubin also partitioned into raft domains. Furthermore, by using a 

mutant form of endotubin (F1180A, T1186A), 93 % of which targets to the basolateral 

plasma membrane ([121], Gokay and Wilson unpublished data), we tested if the 

basolateral missorting of the cytoplasmic domain mutants were due to disruption of raft 

association. 

Oetergent soluble and insoluble '̂actions were generated by solubilizing MDCK 

cells expressing wild type endotubin or the cytoplasmic domain double mutant (F1180A, 

T1186A) in 1% TX-lOO at 4°C for 20 minutes. Following centrifiigation, soluble and 

insoluble fractions were analyzed by immunoblotting with the anti-endotubin antibody. 

As shown in Figure 1, both the wildtype protein and the basolaterally targeting 
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cytoplasmic domain mutant were detectable only in the detergent soluble fractions and 

there was no difference in TX-lOO solubility of ei^er form of the molecule. These 

results indicate that endotubin does not partition into raft domains and raft association is 

not critical for endosomal targeting or for apical sorting of endotubin in MDCK cells. 

Generation ofTac - Endotubin chimeras: 

Although it is clear that cytoplasmic signals are necessary for apical endosomal 

targeting of endotubin [121], it was necessary to determine if these signals are also 

sufficient to mediate £q)ical targeting of an unrelated integral plasma membrane protein 

with no known apical sorting determinants. Therefore, in order to address the relative 

contribution of each domain in targeting of endotubin to the ^ical endosomes, we 

generated a panel of endotubin domain exchange chimeras with an unrelated plasma 

membrane protein, Tac antigen (Figure 2). 

Like endotubin, Tac antigen [47, 123] is a Qi)e I integral plasma membrane 

protein. Tac has been successfully used as chimeras to elucidate targeting motifs present 

on molecules such as the TGN-38 [124] and furin [9S]. As represented in Figure 2, both 

molecules used to generate the chimeras have a relatively large and glycosylated 

ectoplasmic domain, a single hydrophobic transmembrane domain and a small 

cytoplasmic domain. Using a PCR based subcloning strategy we generated four chimeric 

constructs consisting of: CI; Tac ectoplasmic and transmembrane domains with 
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endotubin cytoplasmic domain, C2; Tac ectoplasmic domain with endotubin 

transmembrane and cytoplasmic domains, C3; Tac ectoplasmic and cytoplasmic domains 

with endotubin transmembrane domain and C4; Endotubin ectoplasmic domain with Tac 

transmembrane and cytoplasmic domains. These chimeras were designed without 

introduction of any mutations at the protein level. In addition, using an endotubin 

cytoplasmic domain mutant harboring the double mutation I1178A,L1179A as template, 

we generated a mutant form of the C2 chimera, C2-ni78A,L1179A . As we have 

previously reported, this mutation does not interfere with ^ical targeting but abolishes 

internalization and/or endosomal retention of endotubin causing accumulation of the 

molecule on the apical plasma membrane [121]. 

Unfortunately, overexpression of the C4 chimera, consisting of the endotubin 

ectoplasmic domain, resulted in induction of apoptotic cell death and in non-induced cells 

the chimera was not detectable via immunofluorescence or via domain selective 

biotinylation (Gokay and Wilson unpublished data). Therefore, contribution of the 

endotubin ectoplasmic domain in the polarized sorting process, if any, remains unknown. 

The cytoplasmic domain of emdotubm me^ata earfy endosomal targeting of the CI 

construct: 

We have previously reported that two cytoplasmic targeting signals, a 

hydrophobic motif and a consensus casein kinase II site, are critical for proper targeting 
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of endotubin [121]. In order to determine if these cytoplasmic signals are sufficient to 

mediate apical endosomal targeting, we first compared the expression patterns of the 

wildtype Tac antigen and the Tac-endotubin chimeras in non-polarized transfected cells. 

As shown in Figure 3a-c, in MDCK cells wildtype Tac antigen was targeted 

difEusely to the plasma membrane with limited intracellular staining. In contrast, the Tac-

endotubin chimera (CI), which contains the endotubin cytoplasmic domain, had a 

completely different distribution. In these cells, the CI construct was targeted into 

vesicular structures that clustered in the perinuclear region, a staining pattern very similar 

to that of the full length endotubin molecule we have previously observed both in MDCK 

cells and NRK cells [45,121]. 

Since the Tac-endotubin CI chimera was targeted into intracellular structures, we 

next determined if these structures were early endosomes [121], To test this, we labeled 

early endosomes by incubating the cells with ricin-FITC followed by fixation and 

immunolabeling with anti-Tac antibody. As shown in Figure 3j-l, in cells expressing the 

CI construct, there was extensive coiocaiization of the anti-Tac inununofiuorescence and 

the endocytic marker internalized for 15 minutes. However, in cells expressing the 

wildytpe Tac molecule, most of the anti-Tac antigen staining j^peared to be localized to 

the plasma membrane where it was most evident between adjacent cells (Figure 3g-i). 

Nevertheless, some cells had Tac antigen positive internal structures that colocalized with 

ricin, indicating that some internalization of Tac had occurred. These results show that. 
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compared to the wildtype Tac antigen, the Tac-endotubin (CI) chimera is targeted to 

early endosomes with high efficiency and that the targeting signals provided by 

endotubin cytoplasmic domain are sufficient to mediate early endosomal targeting of the 

Tac chimera. 

We have previously shown that wildtype endotubin targets to an i^ical early 

endosomal compartment that is distinct fix}m the transferrin-positive recycling endosomes 

[4S] and the apical recycling endosomes (ARE) in polarized cells [121]. Therefore, we 

next determined if the endosomal compartment into which the Tac-endotubin chimera 

(C1) targets is also transferrin depleted. To address this, we incubated cells expressing the 

CI construct with iron saturated dog-transferrin, fixed and labeled with anti-Tac and anti-

transferrin antibodies. By immunofluorescence the majority of endosomes labeled with 

anti-Tac antibody were distinct Gmm the transferrin positive endosomes. Furthermore, 

quantitative analysis of these experiments showed that the mean colocalization scores for 

Tac-endotubin-positive endosomes and transferrin-positive early endosomes were the 

same as previously reported for the full length endotubin. The maximum amount of 

colocalization occurred at 10 minutes and did not exceed 20 % (Figure 4) [121]. These 

results show that, like full length endotubin the CI construa is targeted to endosomes 

that are distinct from transferrin-positive early endosomes. 

Although endotubin and transferrin-positive endosomes are distinct in untreated 

cells, treatment with BFA causes these structures to tubulate and fuse [121]. Therefore, 
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we next tested if the Tac-endotubin (CI) positive endosomes would also respond to BFA 

in a similar manner. As shown in Figure Sd-f, treatment of the cells expressing the CI 

construct resulted in tubulation and fusion of transferrin and Tac-endotubin positive 

endosomes. However, in cells expressing full length Tac there was tubulation of only the 

transferrin positive endosomes and the distribution of Tac antigen remained unaffected 

(Figure 5a-c). These results show that sorting signals provided by the endotubin 

cytoplasmic domain are sufBcient to mediate targeting of integral plasma membrane 

proteins to the transferrin-depleted early endosomal compartment. 

Targeting of the chimera C2 containing the endotubin transmembrane and 

cytoplasmic domains was identical to the CI Tac-endotubin chimera (not shown). These 

results suggest that the contribution of the transmembrane domain to endotubin targeting 

is minimal (see below). 

The cytoplasmic donuun of the enthtubin molecule is sufficient for apical targeting: 

In polarized epithelia, expression of endotubin is restricted to the iq>ical cytoplasm 

above the nucleus. Nevertheless, mutations to the endotubin cytoplasmic domain disnq)ts 

this targeting and causes partial missorting of the molecule to the basolateral plasma 

membrane [121]. In order to fiirther characterize the determinant(s) involved in 

trafBcking of the endotubin molecule, we analyzed the targeting of the Tac-endotubin 
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chimeras in polarized MDCK cells using confocal microscopy and cell surface 

biotinylation. 

As shown in Figure 6, expression of chimeras that contain the endotubin 

cytoplsmic domain (chimeras CI and C2) resulted in polarized segregation and apical 

targeting. Meanwhile, in cells expressing the wildtype Tac antigen and the C3 chimera 

containing the endotubin transmembrane domam, the expression was either randomly 

distributed or predominantly basolateral. These results show that the apical sorting 

determinants are localized to the cytoplasmic domain of endotubin and the 

transmembrane domain alone is not sufBcient to mediate polarized sorting. 

In order to quantify sorting to the apical domain, we performed domain selective 

biotinylation, immunoprecipitation and biochemical analysis of cell surface expression of 

each chimera in polarized MDCK cells both at steady state and following overexpression 

induced by butyric acid treatment. As shown in Figure 7 (panels A and D), when ectopic 

expression of the transgene was induced we found that wild^rpe Tac antigen was 

expressed predominantly basolaterally (70 %) while expression of the chimeras CI, C2 

and C3 were evenly distributed with about SO-60 % apical and 40-50 % basolateral. 

Meanwhile, expression of the C2-I1178AJ-1179A chimera was exclusively apical with 

only marginal basolateral expression. Nevertheless, we noted that under these conditions 

there were unexpectedly high levels of expression of the C2 and C2-I1178A4-1179A 

chimeras (see the inmiunoblot in Figure 7B) and considered the possibility that 
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basolateral missorting of the C2 and CI chimeras could be due to saturation of the apical 

sorting machinery due to overexpression. Therefore, we repeated the experiment without 

butyric acid treatment Interestingly, as shown in Figure 7C, viien the transgene was not 

induced we were not able to detect any wildtype Tac antigen on the apical plasma 

membrane domain and expression was entirely basolateral. Surprisingly, expression of 

the C3 chimera appeared to be shifted slightly towards the apical domain with about 60 % 

apical targeting. Nevertheless, we found that at steady state, expression of all chimeras 

that contain the endotubin cytoplasmic domain (CI, C2 and C2-ni78A4^1189A) was 

almost exclusively restricted to the apical plasma membrane (98-99 %). These results 

show that the endotubin cytoplasmic domain is sufficient to mediate polarized sorting to 

the apical domain in MDCK cells. Nevertheless, it is also apparent that expression of the 

C3 construct with only the endotubin transmembrane domain does favor {q)ical 

expression. However this domain alone is not sufficient to mediate apical targeting and 

its contribution to apical targeting of the C2 construct is insignificant (compare apical 

targeting of CI versus C2). Most importantly, these results show that apical sorting is a 

saturable process and the overexpression of the molecules bearing these signals results in 

their missorting to the basolateral domain. 

The compartment into which the Tac-endotubin chimera is targeted is a recycling 

endosome with stow recycling kinetics: 
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Early endosomes are often defined as sorting endosomes, which can be reached by 

both fluid-phase and membrane bound endocytic markers recycling endosomes ^ch are 

enriched in membrane-phase markers but contain little fluid-phase content. Since the 

predominantly perinuclear expression pattern of endotubin and Tac-endotubin chimeras 

CI and C2 is reminiscent of the classical perinuclear recycling endosome, we next 

determined if the compartment into which Tac-endotubin chimera is targeted to was a 

recycling endosome. 

To determine the recycling properties from this endosomal compartment, MDCK 

cells expressing the C2 construct were incubated with metabolically labeled anti-Tac IgG 

for 30 minutes at 37°C. Following uptake, cell surface bound IgG was stripped and the 

labeled antibody recycled back to the culture media was determined after IS minutes to 2 

hours of chase at 37°C. As shown in Figure 7, cumulative recycling at 15 minutes was 4.8 

(± 0.2) % of total uptake and this rose to 20.9 (± 0.9) % at 2 hours. Nevertheless, by the 

end of the 2 hour chase period, 62.9 (± 8.4) % of total internalized antibody was retained 

intact in the cells, suggesting that internalized anti-Tac IgG was not being delivered to 

late endosomes/lysosomes but was retained in an early endosomal compartment These 

resets show that the targeting determinants provided by the endotubin cytoplasmic 

domain mediate targeting of the Tac-endotubin chimera into a subpopulation of recycling 

endosomes from which internalized molecules are delivered back to the plasma 

membrane at a slow rate. 
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Figure 3./: Apical targeting of endotubin does not require partitioning into Triton 
X-lOO insoluble domains. MDCK cells expressing either the basolaterally targeted 
F1180A.T1186A form or apically targeted wildtype endotubin were incubated in a lysis 
bulTer containing 1% Triton X-lOO at 4°C. Equal portions of the TX-lOO soluble proteins 
(lanes 2 and 4) and TX-lOO insoluble proteins (lanes 1 and 3) were separated by SDS-
PAGE and immunoblotted with anti-endotubin antibody. The 140 kDa endotubin band 
was detectable only in TX-lOO soluble fractions. 
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Chimera I: 

Tuc I'ciofilasmic- ilomain Tac TMD Endoiiihin 
c\iopla\mii- lUtmain 

Chimera 2: 

Tac nclopUismic thmain Endiiiiihin Endiuuhin 
TMD LXtoplusmic domain 
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Ttiv nctoplasmic ihmain Endoiuhin Tac 
TMD cyhipla.smic domain 
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Emhuuhin ccioplasmic domain Tac TMD Tac 
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Figure 3.2: Tac-Endotubin domain exchange chimeras. Endotubin (shown in green) 
and the Tac antigen (shown in red) are both type I integral plasma membrane proteins 
with relatively large N-terminal ectoplasmic domains, short C-terminal cytoplasmic 
domains and a single membrane spanning domain. Using a PGR based subcloning 
strategy we have generated four different Tac-endotubin chimeras. At the top wildtype 
endotubin molecule (in green) is shown where the cytoplasmic domain is expanded to 
single letter amino acid code with apical targeting motifs highlighted in magenta.Within 
each chimera corresponding endotubin domains are depicted in green and Tac domains in 
red. The shaded region in each molecule represents the transmembrane domain (TMD). 
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Figure 3.3: Endotubin cytoplasmic domain mediates early endosomal targeting. 
MDCK cells expressing wildtype Tac antigen (panels a-c and g-i) or the Tac-endotubin 
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chimera (CI) (panels d-f and j-1) were labeled with anti-Tac antibody (in green). In 
panels (a-f) the nuclei were stained with propidium iodide (red). Tlw wildtype Tac 
labeling (a, c)was present on the plasma memb^e. Tac-Endotubin chimera labeling (d, 
f) was restricted to punctate structures in the perinuclear region. In (g-1), early endosomes 
were labeled with ricin-FITC (shown in red) for IS minutes at 37''C. Internalized ricin 
(arrowheads, k, 1) colocalizes with the CI construct (arrows, j,l). Full length Tac (arrows, 
g, i) is concentrated at cellular junctions with limited colocalization with internalized 
ricin (arrowheads, h, i) (Scale bars, lO^m). 
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Figure 3.4: Tac-endotubin CI positive endosomes are distinct from transferrin 
positive early endosomes. Early endosomes in MDCK cells expressing the CI chimera 
were labeled with dog transferrin internalized for 2 to 20 minutes at 37°C and 
immunolabeled with antibodies against Tac antigen and dog transferrin. Top panel (a-c) 
shows immunofluorescence data from a 10 minute transferrin uptake experiment. As 
shown by arrows and arrowheads anti-Tac labeling (green) and anti-transferrin labeling 
(red) were mostly distinct. Digital subtractive image analysis of these experiments (d) 
showed that at any time point we looked at majority of transferrin positive endosomes 
were distinct from anti-Tac positive structures. Furthermore, maximum colocalization of 
the two markers occurred transiently following 10 minutes of internalization and 
colocalization ratio decreased with further chase. (Scale bar = l0^m) 
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Figure 3.5: Brefeldin-A causes tubulation and colocalization of Tac-endotubin 
positive endosomes with transferrin positive endosomes. MDCK ceils expressing 
either wildtype Tac-antigen (a-c) or the CI construct (d-f) were incubated with dog-
transferrin for 60 minutes and BFA was added to lO^g/ml during the last 10 minutes of 
incubation (d-i) and stained with antibodies against the Tac-antigen (green) or dog-
transferrin (red). BFA treatment causes the transferrin-positive endosomes to tubulate. 
However, the Tac antigen remains on the cell surface and is not incorporated into BFA 
induced tubules (a, c). Nevertheless, CI chimera cotubulates extensively with transferrin 
tubules (arrows in d-f) (Scale bars, 10^m). 
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Figure 3.6: Endotubin cytoplasmic domain but not the transmembrane domain is 
sufficient to mediate apical targeting. Polarized MDCK cells expressing wildtype Tac-
antigen (a-d), Tac-endotubin chimera CI (e-h), C2 (i-1) and C3 (m-p) were labeled with 
an anti-Tac antibody (green), nuclei were stained with propidium iodide (red) and 
analyzed using confocal microscopy. From top to bottom each row shows an optical 
section at the apical, pen-nuclear and basal level. Also, an x-z cross-section of each stack 
is shown at bottom. Full length Tac (a-d) was targeted in a non-polarized fashion and was 
present on both apical and basolateral membrane domains. The CI and C2 chimeras (e-1) 
were targeted with high fidelity to the apical pole of the cells. However, the C3 chimera 
containing the endotubin transmembrane domain alone was targeted in a non-polarized 
fashion (Scale bars, 5^m). 
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Figure 3.7: Overexpression of the Tac-endotubin chimeras but not the C2-
I1178A,L1179A results in basolateral missorting. MDCK cells expressing wildtype 
Tac-antigen (lanes 1 and 2) or CI (lanes 3 and 4), C2 (lanes 5 and 6), C2-I1178A,L1179A 
(lanes 7 and 8) and C3 construct (lanes 9 and 10) were either induced with butyric acid 
treatment (B,D) or left un-induced (A,C). Following biotinylation either at the apical 
domain (odd numbered lanes) or at the basolateral domain (even numbered lanes) at 4°C, 
cellular lysates were immunoprecipitated with an anti-Tac antibody, separated by SDS-
PAGE and probed with avidin-HRP. Resulting band intensities were then quantifi^ using 
a densitometer and expressed as percent of total biotinylated protein from both domains. 
Panels A and B show representative blots while quantitative analysis is shown in C and D. 
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Figure 3.8: Tac-endotubin (C2) chimera recyclcs between endosomes and the 
plasma membrane. MDCK cells expressing the C2 construct were incubated with 
metabolically labeled anti-Tac antibodies for 30 minutes at 37°C. Following uptake, 
surface bound antibody was stripped and cells were incubated with medium containing 
25|ig/ml trypsin for 15-120 minutes at 37°C. At the end of each chase period, media were 
collected, TCA precipitated and counted. Cumulative recycling for each time point is 
expressed as percent of average uptake at t=0. At the end of the experiment, the cells were 
solubilized, TCA precipitated and counted. As shown in the bar graph, in these cells 63 ± 
8 % of the internalized antibody remained intact. Antibody uptake in non-transfected 
MDCK cells was negligible (not shown). 
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3.5 Discussion: 

Much like the native tissue in M^ch the protein was first characterized, in MDCK 

cells endotubin is targeted in a polarized fashion into a distinct subset of apical early 

endosomes [44, 45]. In a recent study, we characterized the endotubin-positive apical 

endosomes in MDCK cells and reported that two cytoplasmic sorting motifs are critical 

not only for endosomal targeting but also for {^ical sorting of the molecule [121]. In this 

study, we determined whether these cytoplasmic signals were also stifBcient to mediate 

targeting of an unrelated type I integral membrane protein into the i^ical endosomal 

compartment Here we show that the cytoplasmic domain of endotubin is necessary and 

sufficient to mediate apical endosomal targeting and that this sorting process is 

independent of rait association. 

Unlike the basolateral sorting determinants which are universally present in a 

cytoplasmic domain, apical sorting determinants are less well characterized in terms of 

both structure and intra-molecular localization. For example, one model for apical sorting 

suggests that apical sorting is achieved through the partitioning of molecules into phase 

separated membrane rafts consisting of glycosphingolipids, cholesterol, 

glycosylphosphatidylinositol (GPI) anchored proteins and certain other proteins [115, 

125, 126], Indeed, one of the original findings to support the raft hypothesis was the 

finding that GPI-anchored proteins are targeted to the apical surfiice in MDCK cells [127-

129]. Despite the evidence siq>potting the raft hypothesis, the role of rafts in apical 
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sorting is not clear. For example, it has been shown that cholesterol depletion in MDCK 

cells does not affect polarized sorting of a model GPI-anchored protein gDl-DAF [130]. 

In addition, it has been demonstrated that a GPI anchor is not always sufficient to mediate 

targeting to the apical domain [116]. Moreover, in some epithelial cells like the Fisher rat 

thyroid (FRT) cells, GPI-anchored proteins are sorted to the basolateral domain [131]. 

Furthermore, gp80 (clusterin), an apically secreted glycoprotein, is not included in 

detergent-insoluble complexes in MDCK cells [132], indicating the presence of a non-raft 

dependent apical sorting mechanism in these cells. Here, we show that endotubin does 

not partition into raft domains. These results support the notion that the ^ical sorting of 

molecules may not be mediated exclusively by raft association. 

Apical sorting has also been si:own to be mediated by an itinerant plasma 

membrane protein (the MAL protelipid) that cycles between the trans-Golgi networic and 

the plasma membrane [84, 118-120]. Also, recently it has been reported that recycling 

endosomes in MDCK cells are enriched in the raft lipids sphingomyelin and cholesterol 

as well as in the raft-associated proteins caveolin-1 and flotillin-1, suggesting the 

presence of a Upid-based sorting mechanism in this endosomal population [133]. If lipid 

domains are critical for apical sorting, we might expect that the transmembrane domain of 

endotubin would mediate {^ical endosomal targeting. However, the transmembrane 

domain of the endotubin molecule is not sufficient to mediate effective apical targeting 

and does not increase apical targeting w^en co-expressed in a chimera containing the 

endotubin cytoplasmic domain. Therefore, our results suggest that there is an apical 
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sorting machinery that does not require raft association or a specialized transmembrane 

domain. 

As an alternate hypothesis to raft association, differential glycosylation (both N-

linked and O- Imked) has been suggested to act as the apical sorting signal [134]. It has 

been shown that addition of oligosaccharides to certain proteins, like growth hormone, 

can confer apical targeting to these molecules [31, 116], Conversely, it has also been 

reported that interference with glycosylation of extracellular domains of certain 

molecules like the neurotrophin receptor (p7S(NTR)) [32] or the intestinal brush border 

protein dipeptidyl peptidase IV (DPP IV) [117], substantially alters their apical targeting. 

Nevertheless, the exact structural conformation(s) reqtiired for apical targeting and how 

this is recognized is not clear. In this study, although we have not been able to directly 

rule out any contribution of the endotubin ectoplasmic domain in its apical sorting, the 

fact that endotubin cytoplasmic domain alone can confer an apical sorting efBciency of 

99% suggests that the contribution of glycosylation to apical targeting of endotubin and 

the Tac-endotubin chimeras is minimal. 

Although our understanding of the cytoplasmic sorting machinery is incomplete, 

recent evidence suggests that signals for polarized sorting could be detected by 

cytoplasmic coat proteins such as the AP-1 adt^r complex. Basolateral targeting and 

epithelial polari^ can be restored by stable expression of mulB in LLC-PKl kidney 

epithelial cells [135]. Also it has been shown that di-leucine based sorting motifs interact 
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with the AP-1 complex [136], Furthermore, it is known that assembly of several coat 

proteins proposed to be involved in protein sorting, such as COPl, AP-1 and AP-3 [17, 

137, 13S], are sensitive to BFA. In this study we show that endotubin cytoplasmic 

domain mediates targeting of a Tac-endotubin chimera mto an apical endosomal 

compartment depleted in transferrin. However, the sorting of transferrin positive 

endosomes and Tac-endotubin positive endosomes is sensitive to BFA suggesting that 

the endotubin cytoplasmic domain is interacting with a protein involved in apical sorting 

and segregation. 

Here, we also show that overexpression of Tac-endotubin chimeras containing the 

endotubin cytoplasmic domain (CI and C2) results m their partial missorting to the 

basolateral plasma membrane. However, a chimera that contains a I1178A4'1179A 

mutation of the cytoplasmic domain is targeted only apically. Since this mutation affects 

endosomal targeting but does not alter polarized sorting to the ^ical plasma membrane 

[121], these results suggest that basolateral missorting of the overexpressed CI and C2 

chimeras is due to saturation of an endosomal sorting machinery and does not reflect 

missorting in the biosynthetic pathway. 

Recycling endosomes are a heterogeneous group of endosomal compartments 

with difTerent recycling kinetics and different regulatory mechanisms. Recycling of 

transferrin to the basolateral domain is fast and unaffected by overexpression of the small 

GTPase rab25, while recycling of apically internalized IgA is slower and partially 
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blocked by rab25 overexpression [59, 139]. Furthermore, it has been shown that 

expression of the influenza virus M2 proton channel in polarized MDCK cells disrupts 

apical delivery of IgA without affecting basolateral transferrin recycling [74], Also, 

recycling of transferrin has been shown to occur from an acidic (common) endosomal 

compartment while IgA traverses through a more neutral endosomal population depleted 

in transferrin [140]. Here we show that recycling of endotubin occurs slowly from this 

apical compartment These results may indicate that endotubin is an extremely stable 

resident of these membranes. Alternatively, the slow recycling kinetics may be due to 

lack of stimulation of a regulated step in the membrane recycling process. For example, 

treatment of MDCK cells with forskolin has been shown to stimulate both {q)ical 

secretion and apically directed transcytosis [141]. 

In this study, using a panel of domain exchange chimeras, we show that cytoplasmic 

sorting determinants are both necessary and sufficient to mediate early endosomal 

targeting and apical sorting in polarized MDCK cells. Furthermore, we show that the 

endotubin-positive endosomes are q)ical recycling endosomes depleted of transferrin. 

These results indicate that apical endosomes in polarized epithelial cells possess a 

polarized sorting machinery amiable of recognizing cytoplasmic ^ical targeting signals 

and independent of raft domains. However characterization of this novel molecular 

sorting machinery awaits further study. 
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4.1 Introduction: 

Following internalization endocytic cargo composed of membrane bound 

particles and a minimal amount of extracellular fluid first enter to the early endosomes. 

However, pulse chase experiments using labeled fluid phase and membrane bound 

endocytic tracers show that the early endosomes consist of at least two physically 

separate compartments; sorting endosomes and recycling endosomes. Within the sorting 

endosomes many receptors and ligands dissociate upon exposure to a more acidic 

lumenal pH created by ATP-dependent proton pumps and the cargo is separated into two 

phases, a membrane associated phase and a fluid phase [142]. The phase separated cargo, 

however, follow different trafiBcking routes where a large proportion of the membrane 

bound molecules (such as the LDL receptors) are efTectively recycled back to the cell 

surface (usually via recycling endodomes) while the remaining bulk containing the 

dissociated ligands (like LDL) are delivered to late endosomes or prelysosomes [143]. 

(For a review see [48].) Adding another level of complexity, polarized ceils have been 

shown to contain distinct ^ical and basolateral early endosomal populations [70], 

Furthermore, it is well established that in polarized cells, recycling of the molecules occur 

in a highly regulated and polarized manner w^ere recycling to the opposite domain 
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(transcytosis) is allowed only for a select group of molecules in a signal dependent 

manner [144-146]. 

As discussed in the previous two chapters, expression of an apical endosomal 

antigen, endotubin [44], in MDCK cells results in polarized sorting of the molecule to the 

apical domain and targeting into a subset of early endosomes [121]. Furthermore, these 

endosomes can be reached with the ^ically internalized endocytic maricer ricin but not 

when it is internalized basolateraUy. Since ricin is a plant lectin with a potent galactose-

binding domain [147, 148] it predominantly binds to cell surf^e glycolipids and 

glycoproteins therefore acts as a membrane phase endocytic maricer which predominantly 

labels the recycling endosomes. Nevertheless, endotubin-positive apical early endosomes 

do not contain the small GTPase rabl 1 which has been reported to label the recycling 

endosomes [149, ISO]. Therefore, in this study we have also looked at the relationship 

between apical sorting endosomes, labeled with the fluid phase endocytic marker dextran-

Texas red, and the endotubin-positive apical endosomes in poarized MDCK cells. Here 

we show that endotubin-positive endosomes are distinct fiY>m the ^ical sorting 

endosomes with only minimal colocalization. 
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4.2 Materiab and methods: 

Reagents used 

All cell culture media and reagents were obtained fix)m Gibco-BRL, Gaithersburg, MD. 

Fetal bovine serum was obtained from Gemini Bioproducts, Calabasas, CA. Secondary 

antibodies for immunofluorescence were obtained from Jackson Immuno-Research 

Laboratories, West Grove, PA. All antibodies were used at 2.S - 5 ^g/ml final 

concentrations. Butyric acid was obtained from Aldrich Chemical Company, Milwaukee, 

WI. Dextran Texas red (3000 MW, lysine fixable) was obtained from Molecular Probes 

Inc.,Eugene, OR. All other chemicals and reagents used were obtained fix)m Sigma 

Chemical Company, St. Louis, MO. 

Cell Culture and TransfecHon: 

MDCK type II cells were maintained in DMEM-High glucose medium (Gibco-BRL) 

supplemented with 1 mM sodium pyruvate, 292 ^g/ml glutamine, 10% FBS, 0.1 mM 

non-essential amino acids, 100 U/ml penicillin and 10 ^g/ml streptomycin under 5 % 

CO2 at 37°C. Stably transfected MDCK cells expressing wildtype or mutant endotubin 

were generated using CaP04 precipitation under 3% CO2 at 37°C as described [121]. 
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Fluid phase uptake Stupes: 

For uptake studies, transfected cells were plated at confluent density (2x10^ cells/cm^) 

onto Costar Transwell filters, cultured feeding daily for 4 days and treated overnight with 

5 mM butyric acid. Prior to uptake, cells were rinsed with firesh culture medium and 

incubated for 10-30 minutes at IVC with 2 mg/ml dextran-Texas Red in serum-fi«e 

medium added to the apical chamber. Cells were then rinsed 3 times with Ix PBS, fixed 

in fresh 3 % paraformaldehyde in PBS for 20 minutes at room temperature, processed for 

inununofluorescent labeling with an anti-endotubin antibody as described [121] and 

mounted onto microscope slides using Vectashield mounting medium (Vector 

Laboratories Inc., Burlingame, CA). 

Confocal Microscopy and Image Anafysis 

Fluorescence images were obtained using a Leica ICS 4D laser scanning confocal 

microscope (Arizona Research Laboratories, Division of Biotechnology, University of 

Arizona, Tucson, AZ) using a lOOx, NA 1.3 oil immersion objective. Simultaneous two 

chaimel recording utilizing a pinhole size of 80 ^m was performed using excitation 

wavelengths of 488/588 nm, a S10/S80 nm double dichroic mirror and a S1S-S4S nm 

band-pass filter together with a 590 nm long-pass filter. All images were derived firom a 

single optical section estimated to be 0.5 ^m in thickness. Images were processed using 

Adobe Photoshop software, Adobe Systems Inc., Mountain View, CA and printed using 

an ALPS MD-5000 color printer (Alps Electrical Co., Jiq)an). 



101 

4^ Results: 

Endotubin-positive apical enthsomes are distinct from apical sorting endosomes: 

In polarized MDCK cells, endotubin targets into a subset of early endosomes that 

can be reached with the endocytic maiicer ricin within 10 minutes of uptake but these 

endotubin-positive endosomes do not contain the recycling endosome associated small 

GTPase rabll [121] suggesting the possibility that the apical endotubin-positive 

endosomes can be apical sorting endosomes. Therefore, to elucidate the relationship 

between the apical early sorting endosomes and the endotubin-positive endosomes, we 

incubated polarized MDCK cells expressing endotubin with the fluid-phase endocytic 

marker dextran-Texas red in the t^ical medium to label the early sorting endosomes, 

fixed and immunostained with an anti-endotubin antibody as outlined in materials and 

methods. As shown in Figiire 1, after 10 minutes of uptake there was only minimal 

colocalization of endotubin and dextran. Furthermore, the majority of the dextran-Texas 

red accumulated in much larger sub apical vesicles clearly different than the fine tubulo-

vesiciular staining pattern of endotubin-positive endosomes. These results suggest that 

the apical endosomal compartment is morphologically distinct from the apical sorting 

endosomes however, as shown by residual dextran-Texas red staining, these two early 

endosomes do commimicate. 
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Figure 4.1: Endotubin-positive apical endosomes are distinct from sorting 
endosomes. Polarized MDCK ceils expressing wildtype endotubin were incubated with 
the fluid-phase endocytic marker dextran-Texas red (red) in the apical chamber for 10 
minutes at 37°C and immunostained with an anti-endotubin antibody (green). As shown 
in panels B and C, under these conditions dextran accumulated in larger subapical sorting 
endosomes (arrowheads) and showed limited colocalization with endotubin (arrows). 
(Scale bar = 5}im) 
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4.4 Discussion: 

The functional polarity of epithelial cells not only depends upon the selective 

transport of proteins and lipids into distinct plasma membrane domains but also upon the 

maintenance of these specialized domains once they are established. Therefore, domain 

selective protein sorting, particularly within the early endosomes involved in recycling 

and transcytosis, is a critical task in epithelial cells. Although it has been shown that 

fluid-phase markers internalized firom opposite poles of polarized epithelial cells 

accumulate in distinct apical and basolateral early endosomes before meeting in late 

endosomes [70], it has been reported that that significant mixing of {^ically and 

basolaterally internalized membrane proteins occurs m a specialized apical endosomal 

compartments referred to as the common recycling compartment (CRC) or the apical 

recycling endosome (ARE) [38, 39]. Nevertheless, the relationship between these latter 

compartments and the fluid-labeled apical early endosome remains ill-defined. For 

example, in a recent study Leung et.al. has reported that ^en membrane-bound 

immunoglobulin A (IgA), and fluid-phase dextran are cointemalized firom the apical 

poles of MDCK cells, they initially enter a shared £q>ical early endosome but are then 

rapidly segregated from one another, while dextran remains in the large supranuclear 

EEAl-positive early endosomes, recycling polymeric inmiunoglobulin receptor-bound 

immimoglobulin A is delivered to a rabll-positive subapical recycling 

compartment[lSl]. However, the relationship of this apically recycling rabll positive 
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compartment to rabll positive transferrin containing endosomes (ARE) remains 

unresolved. 

In a previous study, we have shown that in polarized MDCK cells the apical 

endosomal antigen endotubin targets into an apical early endosomal compartment devoid 

of both transferrin and rabll (see Chapter 2) [121]. Here we show that these apical 

endosmes are also distinct fix>m the relatively large sorting endosomes labeled with 

apically internalized dextran. However, with continuous apical uptake, we report that 

there is some residual colocalization of dextran in endotubin-positive tubulo-vesicular 

structures. Therefore, we can not dismiss the possibility that these structures maintain 

some degree of conmiunication. However, since we have also shown that a Tac-

endotubin chimera recycles from endotubin-positive endosomes to the cell sur&ce with 

slow kinetics (see Chapter 3), we must conclude that this compartment is not the q)ical 

sorting endosome but a subpopulation of recycling endosomes distinct from the rabl 1 

positive recycling endosomes. 
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Chanter 5: Sorting signab present on endotnbin cytoplasmic domain are 

complementary but independent from each other. 

5.1 Introduction: 

Although it is well established that cytoplasmic sorting signals, such as the 

tyrosine based tetra-peptide motifs of transferrin receptor [152, 153] and low density 

lipoprotein receptor [63,154], are necessary and sufBcient to mediate basolateral sorting, 

the nature of the apical sorting determinants remams elusive . For example it has been 

suggested that the apical sorting determinants of integral membrane proteins can lie 

within the transmembrane domain [155], N-linked glycosylations of the ectoplasmic 

domain [31, 116], 0-linked glycosylations of the ectoplasmic domain [32, 156] or the 

cytoplasmic domain [34,35]. Nevertheless, using an apical endosomal antigen, endotubin 

[44], and a series of domain exchange chimeras we have shown that endotubin 

cytoplsmic domain is necessary and sufiBcient to mediate polarized sorting to the £^ical 

domain and endosomal targeting (see chapter 3). 

In a recent study, using site directed mutagenesis, we have been able to map the 

cytoplasmic sorting determinants of endotubin molecule into two distinct sorting motifs 

[121], a hydrophobic motif (FDNILF) and a consensus casein kinase n site (TLPE). In 

order to further characterize the relationship between these two sorting signals we 

generated additional endotubin mutants where we either introduced new mutations or 
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combined some of the mutations we have previously characterized. These additional 

mutagenesis experiments show that the two signals we identified function independently 

although they are complementary to each other. Therefore, we propose that each of these 

signals are recognized by a separate molecular sorting machinery 
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5.2 Materiab and methods: 

Reagents used 

All cell culture media and reagents were obtained from Gibco-BRL, Gaithersburg, MD. 

Fetal bovine serum was obtained from Gemini Bioproducts, Calabasas, CA. ImmunoPure 

NHS-SS-Biotin, ImmunoPure immobilized streptavidin, and Super Signal substrate for 

Western blotting were obtained from Pierce Chemical Company, Rockford, IL. Butyric 

acid was obtained from Aldrich Chemical Company, Milwaukee, WI. All other chemicals 

and reagents used were obtained from Sigma Chemical Company, St. Louis, MO. 

Cell Culture and Transfection: 

MDCK type 11 cells were maintained in DMEM-High glucose medium (Gibco-BRL) 

supplemented with 1 mM sodium pyruvate, 292 ^g/ml giutamine, 10% FBS, 0.1 mM 

non-essential amino acids, lOOU/ml penicillin and 10 ^g/ml streptomycin under S% CO2 

at 37°C. Stably transfected MDCK ceils expressing wildtype or mutant endotubin were 

generated using CaP04 precipitation under 3% CO2 at BT^C as described [121]. 

Generation of endotubin cytoplasmic domain mutants 

Site directed mutagenesis of individual amino acids were done using Quick Change site 

directed mutagenesis kit from Stratagene Inc., La Jolla, CA as described [121]. In order to 

generate the F1180A,T1186A double mutant a previously generated and sequence 
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verified F1180A mutant plasmid was used as a template with the primers designed to 

introduce the second mutation. Resulting plasmid with the double mutation was also 

verified by sequencing prior to transfection into MDCK cells. 

Domain-Selective BiotinylatioH 

Filter-grown, polarized MDCK. cells transfected with either wild-type endotubin or a 

mutant form of the molecule were incubated with 1.5 mg/ml ImmunoPure NHS-SS-

Biotin (Pierce) in buffer containing 10 mM tri-ethanolamine (pH 8.0), 150 mM NaCl, 

and 2 mM CaCU at the apical or the basolateral surfoces at 4°C, two times for 25 min 

each. Following several rinses in PBS containing 0.1 mM CaCU, 1 mM MgCh, and 100 

mM glycine, cells were incubated in lysis buffer containing 150 mM NaCl, 50 mM Tris 

(pH 7.5), 5 mM ethylenediaminetetraacetic acid, and 1 % Triton X-100 and protease 

inhibitors for 1 h at 4°C. Lysates containing equal amounts of protein were adsorbed 

onto ImmunoPure Streptavidin beads (Pierce) overnight at 4°C and washed; biotinylated 

proteins were eluted into Laemmli protein sample buffer, separated by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), electroblotted onto 

nitrocellulose, and labeled with anti-endotubin as described [45]. Bands were visualized 

using Ultra Signal enhanced chemiluminescence substrate mixture (Pierce) and exposed 

to Kodak BioMax film following manufacturer's protocols. Bands obtained were 

quantified using a GS-700 Tmaging Densitometer and Quantity One software (Bio-Rad 

Laboratories, Hercules, CA) and expressed as a percentage of the total biotinylated 

endotubin. 
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Results: 

The sorting signab present on the endotubin cytopUanuc domain are recognized by at 

least two separate molecular sorting machinery: 

Apical endosomal targeting of endotubin is mediated by cytoplasmic sorting 

signals that can be mapped into two motifs, a hydrophobic cluster (FDNILF) and a 

consensus casein kinase n phosphorylation site (TLPE). As we have reported earlier, 

mutations within either cluster results in partial missorting of the molecule to the 

basolateral plasma membrane. Nevertheless, as shown in Figure 2B, mutations restricted 

to a single signaling motif or a partial cytoplasmic domain deletion results in a partial 

phenotype x^^ere still a major proportion of the mutant protein still targets apically. 

Therefore, in order to address to the relationship between these two signals we generated 

additional endotubin cytoplasmic domain site directed alanine scanning mutants as shown 

in Figure 2A and expressed these mutant isoforms in polarized MDCK cells. 

Quantitative analysis of polarized distribution of the endotubin mutants via 

domain selective biotinylation and immunoblot analysis shows that (Figure 2), a 

combined mutation that affects both sorting motifs at the same time (F1180A,T1186A) 

results in 93% basolateral missorting of the molecules while mutation of each of these 

residues alone results in only 9 % and 18 % basolateral missorting respectively. 

Furthermore, mutation of the proximal phenylalanine residue (F117SA) results in a 
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phenotype identical to the F1180A mutation both by immunofluorescence and domain 

selective biotinylation (data not shown). Therefore, these results show that; 1) both 

flanking phenylalanine residues of the hydrophobic cluster are critical in providing the 

apical sorting signal, 2) the two sorting motifs present in the endotubin cytoplasmic 

domain are independent from each other and 3) these two apical signals are 

complementary to each other and each can partially compensate for the other when one 

motif is mutated at a time. 
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Figure 5.1: The two cytoplasmic sorting motifs of cndotubin cytoplasmic domain are 
complcmcntar>' to each other: Using site-directed muatagenesis we generated additional 
cndotubin cytoplasmic domain mutants as shown in panel A and expressed these mutant 
isolbrms in polarized MDCK cells. Panel B shows comparative analysis of polarized 
expression in cells expressing wildtype endotubin (lanes I and 2). the STOP"*" deletion 
mutant (lanes 3 and 4). TII86A (lanes 5 and 6). F1I80A (lanes 7 and 8) and 
F1180A.T1186A (lanes 9 and 10) site directed mutants where cells in odd numbered 
lanes were biotinylated apically and those in even numbered lanes were biotinylated 
basolaterally. Densitometric analysis (expressed as percent total biotinylated endotubin 
for each isofonn) shows that only the combined mutation PI I80A,TI 186A results in near 
complete loss of apical targeting while all remaining mutations including the STOP"*" 
deletion results in partial basolateral missorting. 
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5.4 Discussion 

Sorting of the cargo within the endocytic pathway requires the spatial segregation 

of distinct proteins and lipids into membrane subdomains which become integrated into 

budding transport vesicles. Consequently, these transport vesicles are directed towards 

and fuse with a specific intracellular target membrane delivering the pre-sorted cargo into 

a new compartment or to a plasma membrane domain [7, 12]. Therefore, not only the 

specificity of the fusion process with a target membrane but also the efBciency of the 

sorting process during assembly of a budding vesicle determines the fidelity of the 

endosomal protein sorting. 

Although the exact nature of apical sorting signals and the molecular machinery 

involved in polarized sorting is not fully understood, using site directed mutagenesis and 

domain exchange chimeras, we have shown that apical sorting and endosomal targeting 

of endotubin is mediated via two cytoplasmic signaling motifs [121]. Nevertheless, our 

data has indicated that although these signals are necessary and sufiBcient to mediate 

apical early endosomal targeting of an unrelated type I integral membrane protein (human 

interleukin-2 receptor y-chain), targeted disruption of one motif at a time or a partial 

deletion of the endotubin cytoplasmic domain is not sufficient to abolish epical targeting 

entirely. Therefore, in this study we generated a mutant form of the endotubin molecule 

in which one critical amino acid from both signaling moti& are mutated 

(F1180A,T1186A). Interestingly this mutation results in near complete abolition of {^ical 
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targeting, a pheno^rpe which is stronger than the additive missorting phenotypes of each 

mutation alone. These results show that the two sorting moti& are complementary but 

function independent from each other. Therefore, it is possible that the molecular 

machinery that recognizes each motif may be two separate entities. 
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Chanter 6: Present Study 

The methods, results and conclusions of this study are presented in the previous 

chapters of this thesis which are either published manuscripts or manuscripts pending 

publication. The following is a summary of the most important findings in these papers. 

6.1 Epithelial Cell polarity: 

The ability to generate biochemically and functionally distina plasma membrane 

domains is a vital task for eukaryotic organisms fit}m yeast to higher vertebrates [157, 

158]. Consequently, most cells that makeup the himian body exhibit cell polarity to some 

degree and therefore are capable of generating specialized membrane subdomains. For 

example, all cells that engage in a cell-cell or cell-extra cellular matrix interactions 

exhibit polarized rearrangement of their cytoskeletal elements and exhibit polarized 

membrane trafBcking [18,159-162]. Furthermore, polarized membrane trafficking is the 

hallmark event in a number of cellular processes such as cell migration and phagocytosis 

[5]. However, the degree to which cells polarize depends not only on their ability to 

create but rather to maintain morphologically and chemically distinct plasma membrane 

domains. Hence, in some cells like fibroblasts, cell polarity appears to be incomplete and 

transient while in other specialized cells, such as neurons and epithelial cells, the 

polarized phenotype is complete, permanent and mdispensable for proper fimction [13, 

146, 163]. 
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All cavities and free sur^ues of the body, such as the gastrointestinal, 

genitourinary and respiratory tracts, are lined with epithelial cells which form tightly 

bound cellular sheets that act as barriers between the lumenal (apical) and the interior 

(basolateral) milieu [164]. Furthermore, the potential of epithelial cells to perform 

vectorial functions such as absorption, secretion and trans-epithelial transport, depends 

upon the ability of individual cells to develop and maintain polarized surface domains 

with distinct protein and lipid compositions. For example, in all epithelial cells receptors 

for house keeping, such as the transferrin receptor (TfiiR) and low-density lipoprotein 

receptor (LDLR), are concentrated basolaterally while proteins with specialized functions 

such as hydrolases and certain ion channels £q)pear exclusively on the i^ical membranes. 

Nevertheless, biogenesis of cell polarity and the ability of the epithelial cells to maintain 

distina apical and basolateral plasma membrane domains is the net result of a multi-step 

and complex cellular process in which at least three different cellular systems are 

involved; 1) the biosynthetic pathway, 2) the endocytic pathway and 3) the cytoskeleton 

via cues generated by cell-cell and cell-matrix adhesion [1,165]. 

In epithelial cells, apical and basolateral plasma membrane domains are physically 

separated by subapical tight junctions that minimize lateral diffusion between these 

domains. Therefore, it is easy to envision that, combined with this structural barrier, it is 

possible to generate cell polarity via sorting and direct targeting of newly synthesized 

molecules to each plasma membrane domain via selective transport vesicles. In fiict, it 
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has been shown that, m most polarized cells sorting from the trans-Golgi networic (TGN) 

divides newly synthesized proteins into at least three distinct types of transport vesicles: 

one leading directly to the basolateral sur&ce, a second one to the ^ical surface and a 

third one to endosomes and lysosomes [166]. Therefore in polarized epithelia, at least in 

part, cell polarity is generated via direct sorting at the TGN [23]. Nevertheless, the degree 

to which this dkect biosynthetic sorting contributes in generation and maintenance of 

epithelial ceil polarity seems to vary from one type of epithelium to another. For 

example, in polarized Madin-Darby canine cells (MDCK) direct sorting seems to be 

employed to a greater extent while in the human colon carcinoma cell line CaCo-2, 

biosynthetic direct sorting seems to be more relaxed. Furthermore, in some epithelia like 

the polarized hepatic cell line, WIF-B, biosynthetic delivery has been shown to occur 

exclusively to the basolateral domain from which proteins are internalized and 

transported indirectly via an endocytic route to the apical (bile cannalicular) surface [28, 

167]. 

Although the contribution of tight junctions and direct sorting at the TGN level to 

the generation of epithelial cell polarity is well documented, like most other cell types 

epithelial cells also carry out a rapid turnover of plasma membrane proteins and maintain 

a continuos trans-epithelial traffic referred to as transcytosis. Furthermore, it has been 

reported that even in MDCK cells biosynthetic transport of certain molecules like the 

asialoglycoprotein receptor HI to the cell surface occurs via endosomes [29]. Taken 

together, it is evident that protein sorting within the endocytic pathway is complementary 
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and indispensible for generation and maintenance of epithelial cell polarity. (Also see 

below.) 

Besides protein sorting within the TGN and endocytic pathways, another 

mechanism by which cells can generate and maintain polarity has been reported using a 

variant MDCK cell line [168]. In this cell line it has been shown that newly synthesized 

ion pump, Na,K-ATPase, is targeted randomly to both plasma membrane domains instead 

of basolateral targeting as in the wildtype cells. However, in these cells apically targeted 

Na,K-ATPase molecules display a short residence time and are apparently degraded 

rapidly while basolaterally delivered molecules are selectively stabilized and retained. 

Therefore, these cells were shown to be able to generate polarized distribution of the 

Na,K-ATPase not via selective targeting but via selective surface domain stabilization. 

Furthermore, this retention process has been shown to involve interactions with the sub-

membranous ankyrin/spectrin cytoskeleton indicating the role of cytoskeletal elements m 

generation and maintenance of cell polarity [169]. 

As outlined above, it is clear that cells employ several mechanisms 

simultaneously to generate and maintain polariQr. However, irrespective of the modality 

being used, the first and foremost requirement for selective sorting and or retention of 

membrane proteins is their interaction with the sorting machinery either directly through 

a molecular determinant possessed by the molecule itself or indirectly via association 

with another molecule that provides the required determinant(s). Therefore, it is clear that 
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in order to understand the biogenesis of epithelial cell polarity and its implications both at 

the cellular and organismal level, it is imperative to characterize the compartment(s) 

involved in the sorting process, the exact nature of targeting signals required, and the 

outcome of the sorting event that particular signal mediates. 

In this work, using an apical endosomal antigen, endotubin [44], and MDCK cells 

as a model of polarized simple cuboidal epithelium, we have characterized a unique 

apical recycling compartment vtdiich is distinct from the previously reported apical 

recycling endosomes (ARE). Furthermore, using site directed mutagenesis and a panel of 

domain exchange chimeras between endotubin and the human interleukin-2 receptor y-

chain (Tac antigen) we map the determinants required for apical endosomal targeting at 

molecular level to the cytoplasmic domain of the endotubin molecule, more precisely to a 

hydrophobic cluster (FDNILF) and a consensus casein kinase n site (TLPE) [121]. Also, 

using a Tac-endotubin chimera we show that this endosomal compartment is an early 

recycling endosome firom which recycling back to the cell sur&ce occurs at a slow rate. 
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6.2 Endosomal compartments in polarized cpitheiia: 

Although it is evident that generation of epithelial cell polarity is a multi-fiaceted 

process requiring the involvement of a variety of cellular proteins and multiple 

intracellular compartments, the role endosomal system plays is the most critical. 

Endosomes are a heterogeneous population of membrane bound compartments dispersed 

throughout the cell and primarily involved in the movement and sorting of proteins along 

a branching pathway that usually starts at the plasma membrane and ends in a degradative 

compartment. Molecules internalized either by fluid phase uptake or via receptor 

mediated endocytosis first enter into the peripherally located early "sorting" endosomes. 

Interestingly, polarized epithelial cells have been shown to possess not one but two early 

sorting endosomes; one that receives ^ically internalized cargo and another that receives 

basolaterally internalized cargo. Furthermore, it has been shown that these early sorting 

endosomes undergo only homotypic (i.e. apical to apical or basolateral to basolateral but 

not apical to basolateral) fusion and thus prevent intermixing of domain selective cargo 

[70,170]. Cargo that enters into these sorting endosomes is shown to follow one of three 

possible outcomes: I) rq)id recycling back to the surface of origin, 2) delivery into a 

common late endosomal compartment lysosomal degradation pathway) or 3) segregation 

for recycling via a second population of endosomes referred to as the "recycling" 

endosomes [48]. 

In most cell types, compared to the sorting endosomes, recycling endosomes 

display a more tubular appearance and occupy a more central location usually in close 
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proximity to the nucleus and the microtubule organization center. Furthermore, delivery 

of cargo into the recycling endoscmes, but not the sorting endosomes has been shown to 

require intact microtubules [108], Also, it has been shown that recycling endosomes are 

virtually devoid of fluid phase endocytic tracers but are enriched in recycling plasma 

membrane proteins such as the transferrin receptor. Besides their morphologic 

differences, recycling endosomes are also known to be distinct from the sorting 

endosomes biochemically. For example ^^e the sorting endosomes are contain the 

regulatory small GTPase rabS (proposed to be involved in controlling heterotypic fusion 

events between early sorting endosomes and other endocytic vesicles) and rab4 (proposed 

to be involved in controlling homotypic fusion between early sorting endosomes and the 

plasma membrane), the recycling endosomes contain rabl 1 (proposed to be involved in 

controlling exit from the recycling endosomes) and several other rab proteins like rabl7 

and rab25 (whose functions are not well characterized) [108,171]. 

Although it is evident that the recycling endosomes represent a distinct endosomal 

population, the exact role they play in endosomal trafficking in polarized epithelia is not 

clear. For example, previous work with polarized MDCK cells have shown that there is a 

rab 11 positive common apical recycling endosomal compartment (ARE) where 

molecules such as {^ically internalized IgA and basolaterally recycling transferrin 

colocalize [39, 59]. However, recent evidence suggests that the recycling endosomes 

actually consist of functionally distinct subcompartments. For instance, in differentiated 

adipocytes, recycling of the glucose transporter GLUT-4, occurs from both a transferrin 
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receptor (TfiiR) positive recycling endosome and a recycling compartment that lacks the 

T&R [172, 173]. Also, in fibroblasts ADP-ribosylation factor 6 (ARF-6) has been shown 

to localize to a distinct subset of perinuclear recycling endosomes depleted of TfiiR [174]. 

Nevertheless, mounting evidence suggests that recycling endosomes are involved in 

trans-epithelial transport (transcytosis) of molecules such as the polymeric IgA receptor 

(PIgR) and therefore they must be involved in polarized sorting macromolecules within 

the endocytic pathway. Furthermore, recycling endosomes appear to mediate a number of 

regulated (and usually domain selective) recycling pathways such as insulin dependent 

recycling of the GLUT-4 in adipocytes [175]. 

One of the major obstacles in studying distina endosomal populations is the lack 

of compartment specific maricers for the endosomal population under study. However, 

endotubin is a unique maricer of the apical endosomes in enterocytes of the suckling rat 

intestinal epithelium. In this study using this maricer we show that in polarized MDCK 

cells ectopically expressed endotubin is targeted into a distinct subset of apical 

endosomes that can be reached with 2q)ically internalized endocytic marker ricin-FITC 

but not when the same maricer is internalized basolaterally. Furthermore, this 

compartment colocalizes only to a limited degree with the iq)ically internalized fluid 

phase endocytic maricer dextran-Texas red. Also, while the compartment localizes 

apically at the level of the tight junctions in fully polarized cells, it shows a perinuclear 

distribution reminiscent of the classical transferrin positive recycling endosomes in non

polarized cells. However, using pulse-chase double label immunofluorescence and digital 
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image analysis, we show that in non-polarized MDCK cells these endosomes are distinct 

from transferrin-positive recycling endosomes. Furthermore, in polarized MDCK cells 

the endotubin-positive apical endosomes remain distinct from the previously described 

transferrin-positive apical recycling endosomes (ARE). Also, using double label 

immunofluorescence and confocal laser scanning microscopy we show that die endotubin 

positive apical endosomes do not colocalize with maricers specific for late endosomes, the 

trans-Golgi network or with the ARE specific small GTPase rabll. Furthermore, vdien 

endotubin expressing cells are treated with the fungal metabolite brefeldin A (BFA), a 

compound known to interfere with recruitment of coat proteins, the endotubin positive 

compartment merges with the transferrin containing endosomes and forms long tubular 

structures that form perinuclear loops. However when the drug is washed out these 

tubular structures rapidly break down into separate vesicular structures containing either 

transferrin or endotubin, suggesting that the endosomal sorting process responsible of 

segregating the apical endosomal antigen endotuubin from basolaterally recycling 

transferrin involves assembly of coat proteins and is BFA sensitive. Since in polarized 

ceils endotubin is targeted into an apical compartment that resembles the recycling 

endosomes in terms of morphology and relative depletion of fluid phase maricers but does 

not contain transferrin and does not colocalize with the classical recycling endosome 

specific small GTPase rabl 1 we conclude that the endotubin-positive ^ical endosomes 

represent a novel endosomal compartment distinct firom the previously described 

transferrin positive apical recycling endosomes (ARE). 
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Endocytosis of interleukin 2 receptor alpha, beta and gamma chains is well 

studied [176,177]. In human T lymphocytes, while the alpha chain always appear in the 

transferrin-positive compartments and effectively recycles to the plasma membrane, the 

gamma chain (Tac antigen) is sorted towards the degradative pathway with a half-life of 

approximately 1 hour. In order to study the outcomes of uptake into endotubin-positive 

endosomes, we generated a chimera consisting of human interleukin-2 receptor y-chain 

(Tac antigen) ectoplasmic domain and endotubin transmembrane and cytoplasmic 

domains. Using metabolically labeled anti-Tac antibodies and MDCK cells expressing 

this chimera we show that, unlike the wildtype Tac antigen, internalized Tac-endotubin 

chimera is not delivered into a late endosomes because in these cells internalized anti-Tac 

antibodies largely remain intact even after long periods of chase. Furthermore, we show 

that during the chase period a fraction of internalized antibodies slowly recycle back to 

the cell surface (64.28 % retention and 20.94 % recycling after a chase period of 2 hours). 

These results further confirm that the apical early endosomal compartment we 

characterized is indeed a recycling compartment. Nevertheless, the recycling kinetics we 

observe is much slower than for those reported for the transferrin receptor (tl/2= 9 

minutes) and apically recycling polymeric IgA receptor (tl/2= 30minutes). This 

difference in recycling kinetics may simply reflect the fact that this compartment is a 

different sub-population of recycling endosomes or it may be indicative that recycling 

from this compartment is regulated by intracellular second messengers (like cyclic AMP) 

and in the absence of proper signaling the recycling rate is inherently low. 
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Two decades ago, utilizing cells infected with enveloped RNA viruses, Rodriguez-Boulan 

et. al. [178] have shown that MDCK cells are capable of sorting viral proteins in a 

polarized fashion. Furthermore, these classical experiments have shown that the 

molecular machinery employed in polarized trafiBcking is similar in most cells. Since 

then, understanding how cells establish and regulate cell polarity has been one of the 

most fundamental tasks in cell biology. Nevertheless, the emerging picture of the nature 

of polarized sorting determinants and the machinery that recognizes them is complex and 

far from being complete. 

The best characterized signals for polarized sorting are the cytoplasmic 

basolateral sorting signals in MDCK cells. Our current view of this sorting process 

suggests that basolateral targeting is mediated by cytoplasmic sorting signals belonging 

to one of two major classes: 1) either a tyrosine based [63, 110, 179>181] or leucine 

based [93, 182] cytoplasmic signal co-linear with a clathrin-coated pit internalization 

signal or 2) a tyrosine dependent [183, 184] or Qrosine-independent [185-189] 

cytoplasmic signal i^ch is unrelated to any known coated-pit internalization motifs. 

Although, our understanding of the basolateral targeting determinants is relatively 

firm, how apical targeting is achieved remains inconclusive. For example, it is has been 

suggested that association of GPI-linked plasma membrane proteins with glycolipid rafts 
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[129,190] and signals generated by differential glycosylation of ectoplasmic domains of 

integral membrane proteins [31, 32, 49, 134, 156, 191] may provide the major {Q>ical 

sorting determinants in polarized epithelia. Nevertheless, recent evidence suggests that, 

much like basolateral sorting of macromolecules, apical sorting of some integral 

membrane proteins requires an intact cytoplasmic domain [34,35,192]. 

In this study, using MDCK cells transfected with a panel of endotubin mutants 

and a panel of endombin-Tac chimeras we show that the molecular determinants that 

mediate polarized sorting to the apical plasma membrane and into the endotubin positive 

apical early endosomes resides within the cytoplasmic domain of the endotubin molecule. 

Also, here we show that this apical targeting process does not require association with 

gycolipid rich raft domains or differential glycosylation of the ectoplasmic domain. 

Therefore, our results clearly show that i^)ical early endosomes of polarized epithelial 

cells such as the MDCK cell line possess a previously uncharacterized apical sorting 

machinery capable of recognizing cytoplasmic apical sorting determinants. 

In this study using site directed mutagenesis we also nu^ the recognition sites of 

the endotubin cytoplasmic domain required for apical sorting and apical early endosomal 

targeting into two independent motifs; a hydrophobic cluster and a consensus casein 

kinase n site. Furthermore, using immunoprecipitation and anti-phospho threonine 

immunoblotting we show that in polarized cells a critical threonine within this the casein 

kinase II site is phosphorylated. These results suggest that the cytoplasmic apical sorting 
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signal may be subject to post-translational modification and therefore through a 

phosphorylation and dephosphorylation cascade cells may be able to regulate the 

recognition and apical targeting of certain cargo molecules utilizing this sorting 

machinery. Taken all together, this study shows that cytoplasmic sorting determinants we 

describe here may be used to elucidate the machinery involved in recognition of these 

signals and therefore forms a firm basis for further study and new research avenues. 
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