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SUMMARY

Localization of ion channels and transporters to the correct importance of a PDZ-binding motif D-T-R-L> for apical
membrane of polarized epithelia is important for vectorial  localization. However, two other C-terminal regions,
ion movement. Prior studies have shown that the encompassing amino acids 1370-1394 and 1404-1425 of
cytoplasmic carboxyl terminus of the cystic fibrosis human CFTR, are also required for localizing to the apical
transmembrane conductance regulator (CFTR) is involved plasma membrane. Based on these results, we propose a
in the apical localization of this protein. Here we show that model of polarized distribution of CFTR, which includes a
the C-terminal tail alone, or when fused to the green mechanism of selective retention of this protein in the
fluorescent protein (GFP), can localize to the apical plasma apical plasma membrane and stresses the requirement for
membrane, despite the absence of transmembrane other C-terminal sequences in addition to a PDZ-binding
domains. Co-expression of the C terminus with full-length  motif.

CFTR results in redistribution of CFTR from apical to

basolateral membranes, indicating that both proteins

interact with the same target at the apical membrane. Key words: Apical polarization, CFTR, PDZ domain, Localization
Amino acid substitution and deletion analysis confirms the signal, Cystic fibrosis

INTRODUCTION CFTR fused to GFP revealed that the very C-terminal sequence
of CFTR is involved in its apical localization in polarized
Achieving the correct cellular location of ion channels andkidney epithelial cells (Moyer et al., 1999). In contrast to the
transporters is essential for ion movement across epitheliapically located normal CFTR, the protein with a truncated C
cells. Elucidation of the mechanism of polarized proteinterminus showed both basolateral and apical localization in
distribution is difficult without identification of signals MDCK cells. The presence of a PDZ-binding motif in the very
required for targeting and/or retention of these proteins i€ terminus of CFTR suggests that confinement to the apical
specific subdomains of the plasma membrane. Cystic fibrosieembrane is dependent on interaction with proteins containing
(CF), a common lethal genetic disorder characterized blDZ domains (Wang et al., 1998; Short et al., 1998; Hall et al.,
abnormal transepithelial ion transport (Welsh et al., 1995]1998). However, whether this sequence constitutes the only
Cutting, 1997), is caused by mutations in an apical membrarsgnal required for preferential apical localization of CFTR
protein called CFTR (cystic fibrosis transmembraneremains unknown.
conductance regulator) (Kerem et al., 1989). The apical The accepted view is that epithelial cell polarity is a result
localization of CFTR is critical for its channel and regulatoryof protein sorting in the trans-Golgi network and endosomes
function. However, the mechanism of creating and maintaininMlostov and Cardone, 1995; Zegers and Hoekstra, 1998;
the polarized distribution of this protein remains unknown. Yeaman et al., 1999; Matter, 2000). However, there are a
CFTR belongs to a superfamily of ABC TR-Binding  growing number of known integral membrane proteins that
Cassette) transporters that share a common structunadaintain their polarized distribution by selective retention in
organization consisting of two nucleotide-binding domainsspecific domains of plasma membrane rather than by sorting
(NBD) and two membrane-spanning domains (MSD) (Hyde eto specific transport vesicles. Examples of such mechanism
al., 1990). The region of CFTR extending from the seconéhclude basolateral stabilization @fintegrin (Gut et al., 1998)
nucleotide binding domain (NBD2) to the C terminus is uniqueand y-aminobutyric acid transporter BGT1 (Perego et al.,
among ABC transporters, and contains a region rich i1999), with the latter involving PDZ-based interactions. These
positively charged amino acids followed by a short stretch dfwo general strategies of polarized protein distribution are
negatively charged residues (Riordan et al., 1989). The charggkily to utilize different localization signals. Thus, defining the
amino acids, as well as a very C-terminal motif T-R/K-L>, areminimal CFTR sequence required for polarized distribution
highly conserved across species. Studies of the distribution ahd characterizing the sequences responsible for apical
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localization should bring us closer to the understanding of hoWEK293 cells) glass coverslips, and transiently transfected using the
the polarized distribution of CFTR is established. Lipofectin reagent (Life Technologies). To increase the transfection
Many deletions and point mutations in the CFTR gene leathtes for polarized epithelial cells (MDCK, LLC-EK the

to the synthesis of a misfolded protein that is unable to readPNA/lipofectin mixture was adde_d _|mmed|ately_after the cells were

the cell surface (Cheng et al., 1990; Rich et al., 1993; Gentzséﬁeded og the coversll?s. Remaining transfecltlonhsteps Weref carried
: . | L e ' t according to manufacturer’s instructions. In the co-transfection

and Rlordan, 2(.)00)' Th'.s mf’:lkes .th.e identification of sequencg periments, a 5:1 ratio was used for plasmids encoding the HA-

rgquwed for apical localization difficult. Therefore, we tqok Aiagged C-terminal constructs and GFP-tagged full-length CFTR,

different approach that focused on one particular portion Qlspectively. 48-72 hours after transfection, the cells were fixed with

CFTR suspected by us of containing signals required fofo, PFA for 20 minutes and, if not immunostained, mounted in

localization to the apical membrane. Indeed, we were able ®lowFade (Molecular Probes) containing 0.1 mg/ml of DAPI (Sigma).

demonstrate that the CFTR C-terminal region alone was ) o

capable of acquiring apical localization in polarized MDCKAntibodies and immunofluorescent staining

cells. This discovery enabled the characterization of sequencéstibodies for ZO-1 (Zymed) and N&K* ATPase (Upstate

distribution of CFTR. plasma membrane, respectively. HA-tagged proteins were detected by

immunostaining with an anti-HA 12CA5 antibody (Boehringer
Mannheim). Prior to immunostaining, the cells were fixed with 4%
PFA, permeabilized with 0.1% Triton X-100 for 5 minutes, and
washed with PBS. Non-specific binding sites were blocked with 2.5%
] ) goat serum in PBS. Staining was performed by two sequential
Plasmid constructions incubation steps. Cells were first incubated with the primary antibody
The GFP-CFTR 1370-1480 chimera was created by PCRanti-ZO-1, anti-N&K* ATPase or anti-HA) for 1.5 hours, and then
amplification using the ‘band-aid’ method (Rubin et al., 1992). Thewith appropriate secondary antibody conjugated to Cy3 fluorescent
CFTR-containing vector pBQ4.7 (gift from J. Rommens and L.-Cdye (Sigma) for 30 minutes. After staining, the coverslips with cells
Tsui) and the pTR-UF5 plasmid containing ‘humanized’ GFP cDNAwere washed in PBS and mounted in SlowFade with DAPI.

(gift from N. Muzyczka) were used as templates for PCR reactions. ) )

TA cloning was used to clone the PCR product into pCR2.1 vectof/estern blotting analysis

(Invitrogen). The insert was sequenced and subcloned into thEhe MDCK Il cells transiently transfected with DNA constructs
mammalian expression vector pAvS6 containing a Rous sarconencoding GFP fusion proteins of different length were lysed overnight
virus (RSV) promoter (Mittereder et al., 1994). A similar procedurein 0.1% NP-40, 150 mM NacCl, 1 mM EDTA, 20 mM Hepes, pH 7.0.
was used to create control plasmid containing the GFP cDNA. ThEhe lysates were spun at 20,@pr 3 minutes to pellet the insoluble
correct size of GFP fusion proteins encoded by these DNA construatsaterial, and the proteins from supernatant were separated by the
was examined by western blotting analysis. To obtain betteBDS-PAGE (12%) and electrophoretically transferred to PVDF
transfection rates and higher expression level in mammalian cells, tmeembranes (Amersham Pharmacia Biotech). The probing with
inserts were also subcloned into a cytomegalovirus (CMV) promotemonoclonal anti-GFP antibody (Clontech) and subsequent detection
driven vector pRK5-SK. These constructs in CMV promoter-driverwith ECL+plus system (Amersham Pharmacia Biotech) was
vector were used to obtain the localization data presented henmgerformed according to the manufacturers’ instructions.

although very similar results were observed when constructs in RSV )

promoter-driven vectors were used. The construction of mammaliagonfocal laser microscopy

expression plasmid containing full-length CFTR fused to GFP wa3he fluorescence label was examined with laser scanning confocal

MATERIALS AND METHODS

described elsewhere (Moyer et al., 1998). imaging system (LSM Carl Zeiss). Images were generated using 16-
o ) fold line averaging. Contrast and brightness settings were chosen to
Site-directed mutagenesis ensure that all pixels were within the linear range. The xz cross-

The mutant versions of the GFP-CFTR C-ter were created usingections were produced using a Q&) motor step. For protein
the site-directed mutagenesis system ‘Transformer’ (Clontech)ocalization analysis, at least 20 transfected cells were tested for each
‘Transformer’ mutagenesis system was also used to create the CFT3FP or HA-tagged construct. The results were considered conclusive
C-terminal constructs tagged with influenza hemagglutinin (HA)only if 90% or more cells showed specific (apical or cytoplasmic)
epitope. The sequences of selection primers and mutagenic primgrattern of distribution. For co-expression analysis, the semi-
used to create point mutations, deletions and insertions in the GFRuantitative confocal microscopy was used to examine the relative
CFTR C-ter construct and in its derivatives are available upon requesilistribution of GFP-CFTR in the apical and basolateral membranes,
) as described elsewhere (Moyer et al., 1999). Images were prepared
Cell cultures and transfection for publication with LSM Carl Zeiss Software and Adobe Photoshop.
All cell lines were grown in tissue culture treated polystyrene flasks )
in 5% CQ-balanced air at 3C. Madin-Darby canine kidney Electron microscopy
(MDCK) cells type Il were a generous gift of A. Hubbard. The cellsFor transmission electron microscopy, transfected cells were grown
were grown in DMEM containing 10% FBS (Biofluids) and 0.37% on etched grid glass coverslips (Bellco). The grid coordinates were
sodium bicarbonate. Human embyonic kidney cells HEK293used to determine the precise position of selected cells showing
epithelioid cervix carcinoma cells HeLa, and MDCK cells type I, allintracellular accumulations of GFP fusion protein, as seen in standard
obtained from American Type Tissue Collection, were grown inepifluorescent microscopy. The cells were fixed at room temperature
EMEM supplemented with 10% FBS. Porcine kidney epithelial cellfor 30 minutes in 2% glutaraldehyde, 0.1 M sodium cacodylate buffer
LLC-PK;1 cells (gift from M. Li) were grown in Medium 199 (Life (pH 7.4). They were then rinsed in 0.1 M sodium cacodylate buffer,
Technologies) containing 10% FBS. IB3-1 bronchial epithelial cellspostfixed in reduced osmium (1% QsQ% KFeCN) in the same
derived from a CF patient, were cultured as described (Zeitlin et alpuffer for 1 hour, incubated in 2% aqueous uranyl acetate for 30
1991). minutes, rinsed in distilled water, dehydrated in a graded series of
For protein localization analysis, cells were grown on non-coatedthanol, and embedded in Eponate 12 (Ted Pella). Polymerization was
(MDCK, HelLa and LLC-PK1 cells) or collagen-coated (IB3-1, carried out overnight at 86. The coverslips were separated from
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embedded cells by immersing in liquid nitrogen. The grid trac
imprinted on the surface of the Eponate block, were used to locate
previously selected cells. Ultra-thin sections were cut, mounted
nickel grids, and examined at 60 kV in a Zeiss TEM 10A electr
microscope.

a

RESULTS

GFP-CFTR 1370-1480

Intracellular aggregation of the C terminus of CFTR

To identify specific localization signals in the C terminus
CFTR, the carboxyl terminus of GFP was fused in-frame to"
last 111 amino acids (a.a.) of human CFTR, starting from
last amino acid of the conserved Walker B motif in the secc
nucleotide binding domain (NBD2) at position 1370. Tt
subcellular distribution of this chimeric protein was examini
in transiently transfected IB3-1 cells. In contrast to the diffu
cytoplasmic and nuclear localization of GFP protein, the G
fused to a.a. 1370-1480 of CFTR accumulated in discr GFP CFTR C-terminus a
intracellular aggregates, usually in a perinuclear distributi : 1480
(Fig. 1a). Transmission electron microscopy of selected c
expressing the fusion protein revealed that the accumulati
were large electron-dense bodies (Fig. 1b) that were
observed in non-transfected cells (data not shown). 1
ultrastructure of the accumulations resembled aggresol
(Johnston et al., 1998), indicating that they were aggregate
misfolded fusion protein.

Since aggregation of the fusion protein may have interfe
with its targeting to specific subcellular locations, we sou
to identify the CFTR region that facilitated intracellule
accumulation. A series of C-terminal truncations and deletic
were created to determine whether a specific protein seque
was responsible for aggregation of fusion protein. T
truncated fusion protein containing a.a 1370-1425 of CF
accumulated in aggregates, whereas no intracellt
accumulation was observed for a construct with a.a. 1370-1
(Fig. 1c, the upper panel). This suggested that the 40 an
acids region between residues 1386 and 1425 contai
sequence responsible for aggregation. A series of ne!
deletions were made to further define the region caus
protein aggregation (Fig. 1c, the lower panel). Deletion of ¢
1395-1403 fag) eliminated intracellular accumulation o
indicating that this nine amino acid region facilitated prote 9a.a.
aggregation. Aag
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CFTR C terminus can target GFP to the apical Fig. 1. Intracellular aggregation of the C terminus of CFTR fused to
membrane GFP. (a) Confocal microscope analysis of IB3-1 cells transfected

To test whether the CFTR C terminus, devoid of sequencegth GFP (green) or GFP-CFTR 1370-1480 (green). Cell nuclei were
responsible for protein aggregation, contains specifi§tained blue with DAPI. Bar, 4m. (b) Ultrastructure of
localization signals, we examined the subcellular distributiorfftracellular aggregates formed by GFP-CFTR 1370-1480 in an IB3-
of the GFP-CFTR 1370-148Bag fusion protein in two 1hcell., as seen by transmission electron microscopy. Selection of cells
different cell lines. The IB3-1 cells were used as an exampl owing fluorescent intracellular accumulations was performed as

. . ) . escribed in Materials and Methods. ag — aggregates, n — nucleus, m
of non-polarized cells of epithelial origin, and the MDCK cell _ mitochondria. Bar, 0.@m. (c) CFTR C-terminal constructs created

line, a commonly used model of polarized epithelia, wago identify the sequence responsible for protein aggregation (ag). The
chosen to study the subcellular localization of the fusiomsFp portion of fusion protein is shown in green and the CFTR C-
protein in polarized cells. The polarization status of MDCKterminal portion is shown in yellow. Numbering of CFTR amino

cells growing on glass coverslips was assessed bacids was used according to published sequence (Riordan et al.,
immunolocalization of endogenous ZO-1 and /K& ATPase,  1989). The construct with deletion of a.a. 1395-14Q8)f that

markers for tight junctions and basolateral plasma membran@liminated intracellular aggregation was utilised in subsequent
respectively (Fig. 2a,b). The apical membrane localization dixPeriments.

full-length CFTR fused to GFP was another indicator of cell
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membrane polarity (Moyer et al., 1998) (Fig. 2c). TheA PDZ-binding motif is required for apical targeting
subcellular localization of GFP-CFTR did not differ betweenTo determine the role of the C-terminal PDZ-binding motif in
polarized MDCK type | and polarized MDCK type Il cells apical localization of the CFTR C terminus, we examined the
(data not shown). Since transfection rates were significantigubcellular distribution of GFP fusion proteins lacking the very
higher for the MDCK I cells, this cell line was used for mostC-terminal amino acids. Truncation of the GFP fusion protein
of our experiments on polarized protein distribution. by 26 amino acids abolished its apical localization (Fig. 3a).
Confocal microscope analysis of non-polarized IB3-1 cellsThis truncation corresponds to the naturally occurring CFTR
transiently transfected with the GFP fusion protein containingnutation S1455X that was associated with sweat gland
the Aag deletion showed diffuse cytoplasmic distribution ofdysfunction (Mickle et al., 1998). Also, deletion of the C-
fluorescence signal (Fig. 2d). In contrast to full-length CFTRterminal three amino acidATRL) or their substitution with
the C-terminal construct lacks transmembrane domains, sdanines (TRL->AAA) resulted in diffuse cytoplasmic
the protein should not associate with the plasma membramgstribution of the fusion protein. This suggested that the very
unless other signals for membrane localization are preser@-terminal amino acids forming a PDZ-binding domain (Wang
Thus, the diffuse cytoplasmic distribution of GFP fusionet al., 1998; Short et al., 1998; Hall et al., 1998) are required
protein in IB3-1 cells suggested that the C-terminal portiorfor apical localization of the fusion protein.
of CFTR did not contain an active membrane localization To identify the amino acids within the PDZ-binding
signal. However, in polarized MDCK cells, this
fusion protein localized to the apical plast
membrane (Fig. 2e). Since the GFP alone sho a b
cytoplasmic and nuclear distribution in MDC tight junctions nuclei
cells, this result suggested that the C terminu
CFTR contains a signal that can alter
subcellular distribution of attached protein
polarized cells. The polarization-specific nature
this localization signal was further confirmed
apical localization of the fusion protein in anott
polarized epithelial cell line LLC-PKand by

diffuse cytoplasmic distribution of the san -Ap -Ap
protein in non-polarized HEK293 and Hela ce -BI -BI
(data not shown).

The horizontal sections through the api PO-Y. S0 REDE ATES0N PR
membrane of MDCK cells showed that protein v
not evenly distributed on the cell surface but it v c
rather concentrated in discrete regions (Fig.
This pattern resembled the distribution of fu
length CFTR in this cell line and might correspc
to clustering, perhaps within microvilli.

nuclei

GFP-CFTR Na‘/K*ATPase

Fig. 2. Subcellular distribution of the GFP-tagged
CFTR C terminus, devoid of the sequence
responsible for aggregation, in non-polarized and
polarized epithelial cells. (a-b) Analysis of
polarization status of MDCK type Il cells.
Horizontal sections through tight junctions or
through nuclei, and vertical reconstructions
(below) are shown. Nuclei were stained blue with
DAPI. Ap — apical surface, Bl — basal surface.

(a) Tight junctions stained red with ZO-1
antibody. (b) Basolateral membranes stained red
with Nat/K* ATPase antibody. (c) Vertical
reconstruction of MDCK I cells transiently
expressing full-length CFTR fused to GFP
(green). GFP-CFTR demonstrated apical plasma
membrane localization that did not overlap with
the basolateral localization of NK* ATPase.

(d) Cytoplasmic distribution of GFP-CFTR 1370-
1480Aag (green) in non-polarized I1B3-1 cells.

e, Apical membrane localization of GFP-CFTR
1370-148\ag (green) in polarized MDCK I
cells. Tight junctions were stained with ZO-1
antibody (red). Bars, 10m. Cell nuclei were
stained blue with DAPI.

d e
-Ap
-Bl

GFP-CFTR 1370-1480 sag DAPI GFP-CFTR 1370-1480 Aag ZO-1 DAPI
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QATRL

b
QDTRA
-Ap
QDARL
-Ap

ADTRL

Bl

Ap
Bl

Fig. 3. Requirement for PDZ-binding motif in apical localization of

the CFTR C terminus in polarized MDCK Il cells. (a) Loss of apical

localization of GFP-CFTR 1370-14&@&g construct (green) after

truncation of last 26 amino acids (S1455X), truncation of last three

amino acids&TRL), or substitution of last three amino acids with
alanines (TRL- AAA). (b) Effect of alanine substitutions of single
amino acids in the very C-terminal region on apical localization of
GFP-CFTR 1370-1480ag (green). Substitution of amino acids at
position 0 and-3, but not at positionsl, -2 and-4, resulted in loss

of apical localization. Bars, J@m. Cell nuclei were stained
with DAPI.

blue
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position —4, threonine at position —2, or arginine at position
—1 with alanine had no significant effect on apical localization
of the GFP fusion protein. These results demonstrated that
sequence specificity of the putative PDZ protein responsible
for apical localization of the CFTR C-terminal fusion protein
was similar to that shown previously for the full-length
protein (Moyer et al., 2000). The only difference was
observed at position -3, that was not critical for apical
localization of full-length CFTR but seemed important for
distribution of the CFTR C terminus

C terminus and full-length protein compete for the
same target

Similar subcellular localization of the C terminus of CFTR and
the full-length protein in polarized MDCK cells suggested that
both proteins recognize the same target at the apical plasma
membrane. However, their slightly different preferences
toward the most efficient amino acid composition of a PDZ-
binding motif raised the question whether apical localization
of these two proteins is really a result of interaction with the
same putative PDZ protein. To test whether the full-length
CFTR and the C terminus of this protein can compete for the
same target at the apical membrane, we co-expressed the two
proteins in MDCK cells. To distinguish between the two
constructs, the GFP tag in the C-terminal construct was
replaced with an HA (hemagglutinin) epitope. When expressed
alone in MDCK cells, the HA-tagged C terminus of CFTR
(HA-CFTR 1370-1480 Aag) showed apical membrane
localization similar to that observed for GFP-tagged full-length
CFTR. Deletion of the last three amino acids from this HA-
tagged protein resulted in loss of polarized distribution,
indicating that HA-CFTR 1370-1480Aag, like the
corresponding GFP-tagged construct, required the PDZ-
binding motif for apical localization (Fig. 4a).

If the C terminus of CFTR competed with the full-length
protein for an apically located target, over-expression of the C-

domain that are essential for apical localization, we examineig@rminal construct should result in subcellular redistribution of
the impact of single amino acid substitutions in this regiorthe full-length CFTR. Indeed, when co-expressed with HA-

(Fig. 3b). Substitution of the highly conserved

leucine, located at position 0 (amino acid 14
with alanine resulted in complete loss of ap
localization. Also, the substitution of aspartic ¢
at position -3 with alanine led to substar
redistribution of the fusion protein from the apl
membrane to the cytoplasm, although in this

a
GFP-CFTR

HA-CFTR 1370-1480 Aag
ATRL

HA-CFTR 1370-1480 Aag

the loss of polarized distribution was not comp

with some cells (4/25) showing a model
fluorescence signal at the apical membrane
not shown). Similar substitutions of glutamate

Fig. 4. Partial redistribution of full-length CFTR caused
by co-expression with HA-tagged C terminus of CFTR.
(a) Apical localization of full-length CFTR fused to GFP
(green) and HA-CFTR 1370-148&@&g (red), and
cytoplasmic distribution of HA-CFTR 1370-148@g
ATRL (red), expressed separately in polarized MDCK 11
cells. (b) Apical and basolateral distribution of GFP-
CFTR (green), when co-expressed with HA-CFTR 1370+
1480Aag (red). (c) Apical localization of GFP-CFTR
(green), when co-expressed with HA-CFTR 1370-1480
AagATRL (red). Bars, 1um. Cell nuclei were stained

blue with DAPI.

HA-CFTR 1370-1480 Aag

GFP-CFTR

HA-CFTR 1370-1480 Aag ATRL
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CFTR 1370-148@ag, the full-length CFTR was redistributed was not properly exposed in the GFP fusion protein and
from the apical to the lateral domain of plasma membrane (Figherefore it could not interact with the apically located target,
4b). However, some full-length protein remained in the apicalve examined the distribution of HA-tagged C terminus of
membrane, which resembled the situation observed when ti@&TR containing the last 55 amino acids of CFTR. This peptide
PDZ-binding motif was removed from GFP-tagged full-lengthshowed only cytoplasmic distribution (Fig. 5b) and was not able
CFTR (Moyer et al., 1999). The semi-quantitative fluorescenc® compete with the full-length CFTR for apical localization
analysis showed that the apical/basolateral ratio in this cagdata not shown). These results supported our hypothesis that
was significantly lower (0.90.52) than for GFP-CFTR the PDZ-binding motif is not the only C-terminal signal
expressed alone (7.28.12,P<0.005). Importantly, no protein involved in localization to the apical membrane.

redistribution was observed when full-length CFTR was co- A series of deletions in the GFP fusion protein was created
expressed with the truncated HA-tagged C terminus that wde identify the regions of the C terminus that contribute to
unable to localize to the apical membrane (Fig. 4c). In thigpical membrane localization (Fig. 5¢). The minimal construct
case, the apical/basolateral ratio for GFP-CFTR @6l(®D) that localized to the apical membrane of MDCK cells
was not significantly different from that in control experimentcontained 52 amino acids of CFTR located in three separate

(P>0.5). regions of the C terminus, including amino acids 1370-1394,
. . ] 1404-1425 and 1476-1480 of full-length CFTR. The amino

More than one sequence is required for apical acids 1370-1394 and 1404-1425 showed some similarity to the

localization corresponding sequences of other ABC transporters (Riordan

To determine whether the C-terminal PDZ-binding motif waset al., 1989), although no obvious conserved motifs were
the only signal required for targeting proteins to the apicgbresent in these regions. Taken together, our results indicated
membrane, we examined the subcellular distribution of théhat, in addition to the PDZ-binding motif, at least two other
fusion proteins containing smaller portions of the CFTR GCFTR sequences are required for localizing to the apical
terminus fused to GFP. The western blotting analysis showgalasma membrane. In context of the full-length protein, it is
that these shorter constructs encode GFP fusion proteins wbrth noting that large deletions in this particular region
expected size (data not shown). Surprisingly, GFP fused to thesually result in misfolding of CFTR (Rich et al., 1993; Haardt
last 26 or 55 amino acids of CFTR did not localize to the apicadt al., 1999). However, results of the competition experiment,
plasma membrane (Fig. 5a), suggesting that the PDZ-bindirghown above, suggested that the sequences in question were
motif alone is not able to target GFP to the apical membraneequired for preferential apical localization of the full-length
To exclude the possibility that the shorter C terminus of CFTRrotein.

a c
GFP
== GFP CFTR C-terminus
G ———————
Aag 1455-1475
GFP
/s
1370 Aag 1480 — ——
Aag 1426-1454
GFP
E——
1426 1480 -
1395-1475
GFP
- £
185,480 Aag  1426-1475
b HA 1395-1454 B
e
1370 Aag 1480
- — —
HA 1370-1403 1426-1454
[ —
1426 1480

Fig. 5. Subcellular distribution of modified CFTR C-terminal constructs in polarized MDCK Il cells. (a) Effect of different lenditb TR

C terminus on the localization of GFP-CFTR C-ter fusion protein (green). In contrast to apically located GFP-CFTR 18@0;1480usion
proteins containing only amino acids 1426-1480 or 1455-1480 of CFTR showed cytoplasmic distribution, similar to that afeGFP alo

(b) Subcellular localization of HA-tagged CFTR C-termini of different length (red). HA-CFTR 1370AB4B@calized to the apical

membrane, whereas the HA-tagged CFTR C terminus containing amino acids 1426-1480 showed diffuse cytoplasmic distrilfigibref (c) E
internal deletions within the C terminus of CFTR on subcellular localization of GFP-CFTR C-ter fusion protein (green). &feanuwal

acids 1395-1403Nag) and 1425-1475 did not affect apical localization, whereas further deletions led to loss of polarized distribution. Bars:
10 um. Cell nuclei were stained blue with DAPI.



PDZ-binding motif and CFTR apical localization 725

DISCUSSION default pathway. According to the second model of polarized
distribution of CFTR, the protein is randomly transported to
In this study, we demonstrate that the cytoplasmic C-terminalifferent domains of plasma membrane and then selectively
tail of CFTR contains signals sufficient for its localization to thestabilized in the apical membrane. This selective retention
apical plasma membrane in polarized epithelial cells. Thougmodel may be based solely on the protein-protein interactions,
our results confirm the involvement of the PDZ-interactingincluding PDZ-mediated protein binding, and therefore should
sequence in polarized distribution of CFTR, they also show théte favored in view of our results demonstrating that apical
this C-terminal motif is not the only signal required for proteinlocalization signal of CFTR may function in absence of
localization to the apical membrane. The carboxyl-terminatransmembrane domains. A combination of both models is also
amino acids of several other integral membrane proteins apossible, in which CFTR is selectively targeted to the apical
suspected of being an essential part of a multi-component sigrmlrface, and its retention requires interaction with apically
that mediates apical or basolateral localization in epithelial celldocated PDZ protein.
For example, the information contributed by the C-terminal Besides the role in apical localization, the C terminus of
PDZ-interacting domain-like sequence of apicaminobutyric  CFTR appears also to be involved in CFTR processing. Reported
acid transporter GAT3 or by the carboxyl-terminal motif F-T-S-here is the identification of a sequence responsible for
L> of basolateral membrane cofactor protein MCP is critical buaggregation (ag) of the C-terminal constructs, which suggests
not sufficient to mediate polarized distribution of these proteinghat the C terminus of CFTR is a part of larger folding domain.
(Muth et al., 1998; Teuchert et al., 1999). The participation of the C-terminal sequences in protein
Some polarization signals are functional only when presengrocessing has also been recently suggested by others (Haardt et
on membrane-associated proteins. For example, the C-termiradl, 1999; Gentzsch and Riordan, 2000). The role of the ag region
motif Q-V-S/A-P-A>, that regulates sorting and post-Golgi(a.a. 1395-1403) in folding of full-length CFTR and other related
trafficking of rhodopsin by interaction with the light chain of ABC transporters is a subject of ongoing studies in our labs.
cytoplasmic dynein (Tai et al., 1999), is able to redirecAnother group of functional motifs present in the C terminus of
basolateral membrane protein CD7 to the apical membrane, BOETR includes endocytosis signals. The role of the tyrosine-
cannot target the cytosolic protein, glutathione S-transferadgsed motif Y-D-S-I in the regulation of CFTR internalization
(GST), to the apical membrane, unless the palmitoylatiohas been recently demonstrated by two independent studies
membrane anchor signal is provided by the rhodopsin sequen(@@rince et al., 1999; Weixel and Bradbury, 2000). The di-leucine
(Chuang and Sung, 1998). The C-terminal region of CFTRnotif present in the C-terminal region of CFTR (amino acids
does not contain any predicted hydrophabigelical structure 1430 and 1431 of human CFTR) may also play a role in protein
that could serve as a transmembrane domain. Furthermore, tredocytosis. Additionally, the C-terminal amino acids 1420-
diffuse cytoplasmic distribution of the CFTR C-terminal 1457, a region that includes these two putative endocytosis
constructs lacking the PDZ-binding motif suggests that thsignals, have also been found to mediate interaction anlith
remaining part of the C-terminal sequence does not associaebunit of AMPK (AMP-activated protein kinase) (Hallows
with the membrane. et al., 2000). The proximity of internalization and apical
CFTR lacking the PDZ-binding motif localizes to both localization signals in the C terminus of CFTR (Fig. 6) suggests
basolateral and apical plasma membranes. Co-expression apossible regulatory relationship between both processes.
CFTR with competing C terminus produces the same result. In summary, a number of PDZ proteins have been recently
This indicates that inactivation of apical localization signalshown to interact with the carboxyl-terminal amino acids of
does not prevent CFTR from leaving the Golgi compartmen€FTR (Wang et al., 1998; Short et al., 1998; Hall et al., 1998;
but instead leads to random distribution of CFTR in differenMoyer et al., 1999; Cheng et al., 1999; Wang et al., 2000).
domains of the plasma membrane. Since two differentlowever, none of these proteins have been shown to be
mechanisms are generally considered to contribute to polarizeesponsible for CFTR apical localization. Our study
expression of plasma membrane proteins in epithelial celldemonstrates that the PDZ-binding motif alone is not sufficient
(Matter, 2000), two hypothetical models can be proposed tfwr apical localization and that additional sequences in the C
explain selective apical localization of CFTR.
The first model assumes that apical steady
localization of CFTR is a result of direct api YDSI LL DTRL
targeting that involves efficient protein sort .
in the trans-Golgi network and may a 1364 1480
include a mechanism that controls ves
docking and fusion at the apical plas
membrane. A characteristic feature of
model is its association with vesicle transy
which implies that the efficiency of a putat
apical localization signal may depend on
association of the transported protein with
membrane. To explain the basolateral
apical localization of CFTR after disruption
apical localization signal, this model must ¢
include a possibility of non-specific CF
transport to the plasma membrane thrc  Fig. 6.Known motifs and functional regions in the C terminus of CFTR.

Walker B motif
Regions required for apical localization

Sequence responsible for aggregation of the C-terminus (involved in processing?)

Endocytosis signals

Sequence of unknown function
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terminus mediate the process. This information will be criticaMoyer, B. D., Loffing, J., Schwiebert, E. M., Loffing-Cueni, D., Halpin, P.
in the identification of the binding partners of CFTR at the A.. Karlson, K., Ismailoy, I. I., Guggino, W. B., Langford, G. M. and
apical Stanton, B. A.(1998). Membrane trafficking of the cystic fibrosis gene
pical membrane. N IYO) .
product, cystic fibrosis transmembrane conductance regulator, tagged with

. . .., green fluorescent protein in Madin-Darby canine kidney cklBiol. Chem.
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