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Abstract. All basolateral sorting signals described to
date reside in the cytoplasmic domain of proteins,
whereas apical targeting motifs have been found to be
lumenal. In this report, we demonstrate that wild-type
rhodopsin is targeted to the apical plasma membrane
via the TGN upon expression in polarized epithelial
MDCK cells. Truncated rhodopsin with a deletion of 32
COOH-terminal residues shows a nonpolar steady-
state distribution. Addition of the COOH-terminal 39
residues of rhodopsin redirects the basolateral mem-
brane protein CD7 to the apical membrane. Fusion of
rhodopsin’s cytoplasmic tail to a cytosolic protein glu-
tathione S-transferase (GST) also targets this fusion
protein (GST-Rho39Tr) to the apical membrane. The
targeting of GST-Rho39Tr requires both the terminal
39 amino acids and the palmitoylation membrane an-

chor signal provided by the rhodopsin sequence. The
apical transport of GST-Rho39Tr can be reversibly
blocked at the Golgi complex by low temperature and
can be altered by brefeldin A treatment. This indicates
that the membrane-associated GST-Rho39Tr protein
may be sorted along a yet unidentified pathway that is
similar to the secretory pathway in polarized MDCK
cells. We conclude that the COOH-terminal tail of
rhodopsin contains a novel cytoplasmic apical sorting
determinant. This finding further indicates that cyto-
plasmic sorting machinery may exist in MDCK cells for
some apically targeted proteins, analogous to that de-
scribed for basolaterally targeted proteins.
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lipids is critical in generating and maintaining the

plasma membrane asymmetry of polarized neu-
ronal and epithelial cells. Renal epithelial MDCK cells,
which form polarized monolayers with distinct apical and
basolateral surfaces, provide a useful model for studying
vectorial membrane trafficking. Proteins in the secretory
pathway are sorted into distinct transport vesicles during
transit through the TGN before they are recruited to ei-
ther the apical or basolateral plasma membrane in MDCK
cells (Wandinger-Ness et al., 1990). The fidelity of this in-
tracellular sorting in MDCK cells is very high, suggesting
that it is tightly regulated via recognition of specific sorting
signals. All basolateral sorting signals described to date re-
side in the cytoplasmic domain of proteins (for review see
Rodriguez-Boulan and Powell, 1992). In contrast, apical
targeting motifs have been found to be in the lumenal do-
main of proteins. For example, cytoplasmic tail-truncated
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Address all correspondence to Dr. Ching-Hwa Sung, Dyson Vision Re-
search Institute, Cornell University Medical College, 1300 York Avenue,
New York, NY 10021. Tel.: (212) 746-2291. Fax: (212) 746-8101. E-mail:
chsung@mail.med.cornell.edu

O The Rockefeller University Press, 0021-9525/98/09/1245/12 $2.00

The Journal of Cell Biology, Volume 142, Number 5, September 7, 1998 1245-1256

http://www.jcb.org

mutants of normally basolateral membrane proteins are
targeted to the apical membrane in polarized MDCK cells
(Mostov et al., 1986; Hunziker et al., 1991; Prill et al.,
1993). Membrane anchor-minus, soluble forms of both
apical and basolateral membrane proteins are secreted
apically (Mostov et al., 1987; Roth et al., 1987; Lisanti et
al., 1989b; Prill et al., 1993). Finally, a chimeric protein
containing the lumenal domain of apical viral protein hem-
agglutinin and the transmembrane/cytoplasmic domains of
basolateral vesicular stomatitis virus G protein is targeted
apically in monkey kidney cells (Roth et al., 1987). Lipid
and carbohydrate modifications of proteins also act as
apical targeting signals. A glycosyl phosphatidylinositol
(GPI)! membrane anchor can redirect nonpolar or baso-
lateral proteins to be sorted apically (Brown et al., 1989;
Lisanti et al., 1989b). The interactions between the GPI-
anchored protein and glycosphingolipids in the TGN are
thought to result in a clustering of proteins to be sorted to-
gether into patches. This process subsequently induces
vesicle formation and budding from the TGN membrane

1. Abbreviations used in this paper: BFA, brefeldin A; GPI, glycosyl phos-
phatidylinositol; GST, glutathione S-transferase; PFA, paraformaldehyde.
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(Simons and Wandinger-Ness, 1990). Both N- and O-gly-
cans have been suggested to play a role in the apical pro-
tein sorting. Removal of N-glycans by tunicamycin treat-
ment or site-directed mutagenesis from several apical
glycoproteins results in the randomization of sorting (for
review see Fiedler and Simons, 1995). Deletion of a region
containing O-linked glycosylation signals effectively re-
verses the sorting of nerve growth factor receptor p75 to
the basolateral membrane (Yeaman et al., 1997).

Rhodopsin, a seven-transmembrane G-protein—coupled
receptor, is the light absorbing protein in rod photorecep-
tors. In photoreceptors, rhodopsin is synthesized and pro-
cessed through the ER-Golgi pathway before it is sorted
at the TGN (Schmied and Holtzman, 1989). Post-Golgi
rhodopsin-bearing vesicles are then transported vectori-
ally to a specialized, cilium-derived compartment—the outer
segment—in which phototransduction occurs. Rhodopsin
is targeted to the outer segment with nearly perfect fidelity
(Papermaster and Schneider, 1982); more than 90% of
rhodopsin is accumulated in this region of photoreceptor
at steady state (Sung et al., 1994). Nevertheless, the mech-
anism underlying the sorting and targeting of rhodopsin in
rod cells remains largely unclear. Recently, it has been
demonstrated that in a cell-free system, an antibody
against rhodopsin’s COOH terminus can arrest the exit of
newly synthesized rhodopsin-bearing vesicles from the
TGN isolated from frog photoreceptors (Deretic et al.,
1996), suggesting that this region of protein may be in-
volved in its trafficking. The physiological importance of
the COOH-terminal region of rhodopsin is suggested by
its highly conserved amino acid sequences among different
species and the nonrandom clustering of mutations associ-
ated with autosomal dominant retinitis pigmentosa. Reti-
nitis pigmentosa is a hereditary degenerative disease of
photoreceptor cells that ultimately leads to blindness.
More than a dozen of the known autosomal dominant
retinitis pigmentosa mutations are found near the COOH
terminus of rhodopsin (for review see Sullivan and Daiger,
1996).

In the present report, we demonstrate that newly syn-
thesized rhodopsin is predominantly delivered directly
from the TGN to the apical plasma membrane in MDCK
cells. Removal of 32 amino acids from the cytoplasmic tail
of rhodopsin results in a randomization of its membrane
localization. Moreover, the addition of rhodopsin’s cyto-
plasmic tail can redirect the sorting of other proteins to the
apical side of polarized MDCK cells. We propose that the
cytoplasmic amino acid sequences of rhodopsin act as an
apical sorting signal in MDCK cells.

Materials and Methods

Reagents

DME was purchased from Mediatech (Herndon, VA). Lipofectamine and
other cell culture reagents were obtained from Life Technologies (Grand
Island, NY). EXPRE¥S*S protein labeling mix was purchased from
NEN™ Life Science Products (Boston, MA). Protein A-Sepharose was
purchased from Pharmacia Biotech (Piscataway, NJ). Affinity-purified
rabbit anti-mouse IgG was purchased from Cappell Laboratories (Mal-
vern, PA). Biotin-LC-hydrazide and streptavidin agarose were from Pierce
Chemical Co. (Rockville, IL). Anti—y-adaptin antibody was purchased
from Transduction Laboratories (Lexington, KY). Biotinylated secondary
antibodies were purchased from Vector Laboratories (Burlingame, CA).
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FITC-streptavidin was from Amersham Corp. (Arlington Heights, IL).
FITC anti-rabbit IgG and Texas red anti-mouse IgG were from Jackson
ImmunoResearch Laboratories (West Grove, PA). Brefeldin A (BFA)
was purchased from Epicentre Technologies Co. (Madison, WI) and
stored frozen as a 5 mg/ml stock in ethanol. PNGase F was purchased
from Boehringer-Mannheim Biochemical (Mannheim, Germany). Anti—
glutathione S-transferase (GST) antibody and all other chemical products
were obtained from Sigma Chemical Co. (St. Louis, MO).

Constructs

Rhodopsin mutant constructs used in this report are illustrated in Fig. 1.
Stop codons or amino acid changes were introduced into human rhodop-
sin cDNA by site-directed mutagenesis (Sung et al., 1991) using the oli-
gos 5'-GGCCACCTAGCTCGTCT-3' (A5), 5'-TCACCCAGTTAG-
TTCTTGCC-3' (A22), 5'-GTGGTGAGCTAGCAGTTCCG-3' (A32),
and 5-AGTGGGTTCTTGCCGGAGGAGATGGTGGTGAGCA-3’
(Cys2Cys®® - Ser’Ser’?) priming on single-stranded template DNA.
In each case, the mutated region was recloned into pCB6, a cytomegalovi-
rus-driven expression vector that had not undergone mutagenesis, and the
entire inserted coding region was sequenced.

For the CD7-Rho39 construct, the COOH-terminal 39 amino acids of
human rhodopsin (amino acids 310-348) were PCR amplified using the
forward primer 5'-CGACCTCGAGAACAAGCAGTTCCGGAACT-
GCATGC and the reverse primer 5'-ATGCTCTAGAAGTCCTAG-
GCAGGTCTTAGGC. For the CD7-Rho7 construct, a stop codon was
created in the forward PCR primer 5'-CGACCTCGAGAACAAG-
CAGTTCCGGAACTGCTAGC, and the same reverse primer was used
for PCR amplification using wild-type rhodopsin as a template. The PCR
products were digested with Xhol/Xbal and inserted into Xhol/Xbal-
digested CD7BB plasmid. Plasmid CD7BB is a cytomegalovirus expres-
sion vector (pCDMS; Invitrogen, Carlsbad, CA) that contains an Xhol
site immediately 3’ to the CD7 coding sequence. The resulting CD7—
Rho39 and CD7-Rho7 fusions contain the intact CD7 sequence, two junc-
tional residues (Leu-Glu), and the COOH-terminal sequences of human
rhodopsin.

For the GST-Rho39Tr fusion construct, a yeast expression plasmid
pDB-Rho39Tr? containing the coding sequence of a triple repeat of the
terminal 39 residues of rhodopsin was digested with Xbal and Ndel and
inserted into Xbal- and Ndel-digested pBC vector. pBC is a eukaryotic
GST fusion vector containing an SV-40 enhancer/promoter followed by
the open reading frame of GST (Chatton et al., 1995). The resulting fusion
contains 50 irrelevant amino acids between the GST and the first rhodop-
sin sequence and 28 amino acids in between each tandem repeat of the
rhodopsin COOH-terminal sequence. In the GST-Rho39pal Tr con-
struct, the rhodopsin sequences in the GST-Rho39Tr construct were re-
placed by PCR fragments generated from the Cys’??Cys®? -, Ser*?’Ser’?
mutant.

2. Multiple-step constructions were carried out to generate the plasmid
pDB-Rho39Tr. First, the coding sequence for rhodopsin’s terminal 39
amino acids was PCR amplified from human rhodopsin cDNA (forward:
5S'CGGAATTCCGACGAGCATCAGTTGAGAAGCGACGAGCAT-
CAGTTGAGTTCAACAAGCAGTTCCGGAACTGCATGC; reverse:
5'-ATGCTCTAGAAGTCCTAGGCAGGTCTTAGGC), digested with
EcoRI/Xbal, and subcloned into EcoRI/Xbal-digested pMAL-cRI (NEB,
Beverly, MA) to generate a maltose binding protein—-Rho39 fusion con-
struct. The rhodopsin sequence and its flanking restriction sites were then
amplified from the maltose binding protein-Rho39 fusion construct (for-
ward: 5'-GGTCGTCAGACTGTCGATGAAGCC; reverse: 5'-AATG-
TACAGCCGGGGCCACCTGGCTCG), digested with Sacl/BsrGlI, and
ligated into Sacl/Acc651-digested maltose binding protein-Rho39 to gen-
erate a maltose binding protein-Rho39Di construct. This procedure was
repeated once more to transfer another rhodopsin PCR fragment into
Sacl/Acc651-digested maltose binding protein—-Rho39Di construct to gen-
erate maltose binding protein-Rho39Tr construct. Finally, a PCR frag-
ment containing the coding sequences for a triple repeat of rhodopsin’s
terminal 39 residues was amplified using maltose binding protein—
Rho39Tr as a template (forward: 5'-CATGCCATGGCCAGCGGTCGT-
CAGACTGTCG; reverse: 5'-GTTGTAAAACGACGGCCAGTGCC)
and subcloned into a Ncol/Sall-digested pAS2 vector (CLONTECH
Labs, Palo Alto, CA) to obtain pDB-Rho39Tr. All inserts generated by
PCR reactions were sequenced to confirm.
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Figure 1. Rhodopsin topology showing COOH-terminal mutant
constructs used to characterize the apical sorting domains.
Rhodopsin is a seven-transmembrane protein with its COOH ter-
minus facing the cytoplasmic side and its NH, terminus facing the
extracellular side of the lipid membrane. The zigzags indicate the
palmitoyl membrane anchor sites. All mutants used in this study
were generated using site-directed in vitro mutagenesis. AS, A22,
and A32 are COOH-terminal deletion mutants in which the last 5,
22, and 32 amino acid residues are missing, respectively. In the
Cys*?Cys®? _ Ser’?2Ser’” (pal™) mutant, the cysteines at posi-
tions 322 and 323 were replaced with serines. The residues be-
tween amino acids 310 and 348 are labeled with single-letter
amino acid designations.

Cell Culture and Transfection

MDCK cells (type II) were maintained in DME supplemented with 5%
fetal bovine serum, penicillin (50 U/ml), and streptomycin (50 pg/ml).
Transfection of MDCK cells was performed using lipofection following
the manufacturer’s instructions. Stable cell lines were obtained by G418
(500 pg/ml) selection, and positive clones were screened by immunofluo-
rescent staining. MDCK stable transfectants were seeded at high density
(1.5 X 10° cells/24-mm filter or equivalent density) in Costar™ (Cam-
bridge, MA) polyester clear Transwells for 5-7 d to allow the develop-
ment of a tight monolayer. For each construct, at least two independent
clonal lines were selected and used for the experiments.

In the temperature blocking experiments, MDCK cultures were incu-
bated at 20°C for the indicated time followed by immunofluorescent label-
ing as described below. To release the proteins blocked in the TGN during
the low-temperature incubation, the cells were shifted back from 20°C
block to 37°C for different periods of time as indicated in the text. 20 pg/
ml of cycloheximide was added to the culture at the beginning of the 37°C
incubation to suppress protein synthesis.

Immunofluorescent Staining

For surface immunofluorescent staining, filter-grown MDCK monolayers
were washed with ice-cold phosphate buffered saline containing 2 mM
MgCl, and 0.2 mM CaCl, (PBS-C/M) and incubated with mAb B6-30 (an-
tirhodopsin NH, terminus) (Adamus et al., 1988) or T3-3A1 (anti-CD7
NH, terminus; American Type Culture Collection, Rockville, MD) from
both sides for 30 min at 4°C. After extensive washing with cold PBS-C/M,
cells were fixed with 2% paraformaldehyde (PFA) for 30 min, quenched
with 50 mM ammonium chloride for 10 min, rinsed, and then incubated
with biotinylated goat anti-mouse antibody (1:200) and FITC-streptavidin
(1:25).

For temperature shift experiments, cells were immediately washed with
ice-cold PBS-C/M and fixed with 2% PFA after different incubation con-
ditions. Fixed cells were quenched and then permeabilized with 0.075%
saponin, 0.5% BSA in PBS-C/M for 30 min. Permeabilized cells were in-
cubated with primary antibody (1:1,000 for anti-GST antibody; 1:100 for
anti—y-adaptin antibody) for 1 h followed by fluorophore-conjugated sec-
ondary antibodies (1:50) in permeabilization buffer for an additional 1 h.
In some experiments, biotinylated anti—rabbit antibody (1:200) followed
by FITC-streptavidin was used to visualize GST proteins. For nuclear
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staining, cells were treated with DNase-free RNase (1:100; 5 prime — 3
Prime, Boulder, CO) during secondary antibody incubation and then in-
cubated with propidium iodide (10 pg/ml) for an additional 15 min. The
immunostaining was examined using a laser scanning confocal microscope
(Molecular Dynamics, Sunnyvale, CA).

Domain Selective Biotinylation/Membrane
Targeting Assay

To quantitate the steady-state protein distribution on the apical and baso-
lateral sides of MDCK cells, a domain-selective biotinylation/immunopre-
cipitation assay was performed as described (Lisanti et al., 1989a). In
brief, filter-grown MDCK cells expressing rhodopsin were surface labeled
either apically or basolaterally using biotin-LC-hydrazide. Membrane-
impermeant biotin-LC-hydrazide biotinylates the carbohydrate located at
the extracellular domains of rhodopsin or CD7. After biotinylation, the
filters were washed with cold PBS-C/M and excised. Cells were then solu-
bilized in lysis buffer (1% Triton X-100, 50 mM Tris, pH 7.5, 150 mM
NaCl, and 2 mM EDTA) containing protease inhibitor cocktail (1 pm
PMSF, 2 pg/ml aprotinin, 2 pg/ml leupeptin, and 0.7 pg/ml pepstatin) at
4°C for 1 h, and the cell lysates were centrifuged at 13,000 rpm for 20 min.
Our preliminary results have shown that rhodopsin was almost completely
solubilized in Triton X-100 under these extraction conditions. The super-
natant was immunoprecipitated with protein A—Sepharose precoated with
rabbit anti-mouse antibody plus mAb B6-30 or mAb T3-3A1. The eluted
immunocomplexes were electrophoresed on SDS-PAGE, transferred to
nitrocellulose, and blotted with '>I-streptavidin (Amersham Corp.) as de-
scribed. Quantitation of biotinylated rhodopsin recovered from the apical
and basolateral domains was determined by a PhosphorImager (Molecu-
lar Dynamics).

A membrane targeting assay (Le Bivic et al., 1989) was carried out to
follow the delivery of newly synthesized rhodopsin to the membrane.
MDCK monolayers expressing rhodopsin were pulse labeled with
EXPRE®S¥S protein labeling mix from the basolateral side for 20 min.
At varying time points during the chase, cells were chilled to 4°C and bi-
otinylated from the apical or basolateral surface using biotin-LC-hydra-
zide. After biotinylation, cells were lysed and immunoprecipitated as de-
scribed above. The immunoprecipitates were dissociated from the
Sepharose beads by boiling the samples in 40 pl 5% SDS for 5 min and
then diluting them with 460 wl of lysis buffer. A 50-ul fraction was directly
analyzed on SDS-PAGE to demonstrate that equal amounts of radiola-
beled protein were precipitated from each sample. The remainder of the
samples was subsequently reprecipitated with immobilized streptavidin
agarose. This immunoprecipitate was separated by SDS-PAGE and visu-
alized by fluorography. Fractions of biotinylated, radiolabeled immuno-
precipitates were digested by PNGase F as described (Sung et al., 1991)
followed by SDS-PAGE analysis.

Subcellular Fractionation

Fractionation of cytosol (S100) and total membrane (P100) was carried
out according to a protocol described previously (van’t Hof and Resh,
1997) with minor modifications. In brief, cells were washed and scraped
from Transwell filters in ice-cold buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, and 2 mM EDTA) and spun for 5 min at 2,000 rpm. Cells were re-
suspended in isotonic buffer (10 mM Tris, pH 7.2, 0.2 mM MgCl,, 250 mM
sucrose, | mM EDTA, plus protease inhibitors), sheared by 22-gauge nee-
dles, and homogenized with a Balch homogenizer (Balch et al., 1984).
Postnuclear supernatants, prepared by spinning the cell homogenates at
3,000 g for 10 min, were then centrifuged for 45 min at 100,000 g (model
TLA 100.3 rotor; Beckman Instruments, Fullerton, CA). The resulting su-
pernatant (S100) was supplemented with 0.2 vol of 5X concentrated lysis
buffer, and the pellet (P100) was resuspended in an equal volume of 1X
lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% NP-40,
0.5% deoxycholate, plus protease inhibitors). Samples were then lysed on
ice for 15 min and cleared by centrifugation at 100,000 g for 15 min. Equal
volumes of P100 and S100 were subjected to SDS-PAGE followed by im-
munoblotting analysis.

Results

Rhodopsin’s COOH Terminus Is Necessary for Its
Apical Sorting in MDCK Cells

The membrane distribution of native rhodopsin in polar-
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Figure 2. Tmmunolocalization of wild-type (W¢) and mutant rhodopsins in stably transfected MDCK cells. Rhodopsin was detected by
surface immunofluorescent labeling using mAb B6-30 as described in Materials and Methods. The immunofluorescent staining was ana-
lyzed by laser scanning confocal microscopy. Optical sections horizontal (X-Y, top) and perpendicular (Z, bottom) to the monolayer are
shown. Note that the clear Transwell filter itself generates a weak background. Bar, 5 pm.

ized MDCK cells was first determined by surface immuno-
fluorescent staining. Monolayers of MDCK cells stably ex-
pressing rhodopsin were incubated from both sides with
mAD B6-30, which recognizes the extracellular NH, termi-
nus of rhodopsin at 4°C for 30 min. The cells were then
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Figure 3. The steady-state surface distribution of rhodopsins ex-
pressed in stably transfected MDCK cells. The immunoprecipi-
tated, biotinylated rhodopsin proteins were electrophoresed on
12% SDS-PAGE, transferred to a nitrocellulose filter, and
probed with '>I-streptavidin as described in Materials and Meth-
ods. Note that rhodopsin is prone to forming higher-order aggre-
gates (Sung et al., 1991). The arrow indicates the monomeric
form. Blots were analyzed with a Molecular Dynamics Phosphor-
Imager. The total rhodopsin expressed on the cell surface was
taken to be 100%. Bars represent the mean * SD of multiple
determinations from more than three independent experiments
(n=15,5,6,and 4 for Wt, A22, A32, and pal ™, respectively). Sig-
nals derived from multimers were also taken into consideration in
quantitation. pal~ = Cys’??Cys*?® - Ser®’Ser*?* mutant.
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washed and fixed, and rhodopsin was visualized by incu-
bating with biotinylated anti-mouse IgG followed by
FITC-conjugated streptavidin. En face images of confocal
microscopic analysis revealed a characteristic tile-like, api-
cal labeling of rhodopsin (Fig. 2, top panel). The vertical
scan confirmed that rhodopsin is almost exclusively local-
ized on the apical membrane (Fig. 2, bottom panel).

To confirm and quantify the steady-state distribution of
rhodopsin, we used a domain-selective biotinylation/im-
munoprecipitation assay in which MDCK monolayers
were selectively biotinylated from either surface. The cell
lysates were immunoprecipitated by mAb B6-30, electro-
phoresed, and transferred onto nitrocellulose membrane.
The biotinylated rhodopsin was then detected and quanti-
fied by the amount of bound '*I-streptavidin. In agree-
ment with the immunofluorescent labeling, the majority of
the wild-type rhodopsin (~84%) was found to be ex-
pressed apically (Fig. 3).

To test whether the cytoplasmic tail of rhodopsin con-
tains apical sorting information, a nested set of COOH-
terminal deleted mutant rhodopsins was constructed, and
these rhodopsins were stably expressed in MDCK cells
(Fig. 1). Using both surface immunofluorescent labeling
(Fig. 2) and the domain-selective biotinylation/immuno-
precipitation assay (Fig. 3), we found that a deletion of the
terminal five residues (A5, ~80% apical, data not shown)
or 22 residues (A22, ~81% apical) did not affect the apical
sorting pattern of rhodopsin. However, a deletion of 32
amino acids resulted in the loss of apical polarity, with the
truncated mutant rhodopsin (A32) expressed on both the
apical and basolateral surfaces at similar levels. These re-
sults suggest that the terminal 32 residues of rhodopsin’s
cytoplasmic tail contain the necessary information re-
quired for its apical targeting.

Palmitoylation Is Not Required for the Apical Targeting
of Rhodopsin

Fatty acylation, such as palmitoylation, is a feature of sev-
eral membrane-associated proteins, including neuromodu-
lin (Zuber et al., 1989), the Src family of protein tyrosine
kinases (Shenoy-Scaria et al., 1994), vaccinia viral protein
(Grosenbach et al., 1997), and heterotrimeric G proteins
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(Wedegaertner et al., 1995). Fatty acylation not only pro-
vides membrane anchoring for these otherwise cytosolic
proteins but also mediates their proper cellular targeting
(Liu et al.,, 1994; Shenoy-Scaria et al., 1994; Garcia-
Cardena et al., 1996). Two highly conserved cysteine resi-
dues, Cys*?? and Cys®%, located in the cytoplasmic tail of
rhodopsin, are known to be palmitoylated and membrane
anchored (Applebury and Hargrave, 1986; Papac et al.,
1992). So far, no signal transduction function has been as-
signed to this palmitoyl modification of rhodopsin (Karnik
et al., 1988; Osawa and Weiss, 1994). These palmitoylation
signals are deleted in the A32 mutant rhodopsin, as de-
scribed above, which has altered domain expression in
MDCK cells. We therefore examined whether the pal-
mitoyl moiety of rhodopsin plays a role in its sorting.
A nonpalmitoylated, site-directed mutant rhodopsin
Cys*2Cys®? - Ser’??Ser’? (Fig. 1, Karnik et al., 1988) was
stably transfected into MDCK cells, and its expression was
examined by both immunostaining (Fig. 2) and domain-
selective membrane targeting assay (Fig. 3). We concluded
that the Cys*?2Cys®? - Ser*?2Ser®?® mutant exhibits apical
expression in MDCK cells (~82% apical), indistinguish-
able from the wild-type rhodopsin. This result suggests
that neither the Cys’??Cys®? residues nor their resulting
palmitoylation is essential for rhodopsin’s apical sorting.

Rhodopsin’s COOH Terminus Is Sufficient to Redirect
CD7 to the Apical Surface of MDCK Cells

To address whether the cytoplasmic tail of rhodopsin is

C
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sufficient for apical sorting, a single transmembrane do-
main protein CD7 was chosen as a reporter protein. CD7
has been reported to be a “bulk-flow” membrane marker
in MDCK cells and appears on both the apical and the ba-
solateral surfaces in a nonpolar manner (Haller and Alper,
1993). Nevertheless, to our surprise, in three independent
MDCK stable clones we examined, CD7 was detected ba-
solaterally (~82%) in the biotinylation/immunoprecipita-
tion assay (Fig. 4 C). Indirect immunofluorescence and
laser scanning confocal microscopy of cells stained with
antibodies against CD7 showed that immunofluorescent
CD7 signal was observed predominantly on the basolat-
eral surface, although some of the signal can also be de-
tected on the apical surface at variable levels (Fig. 4 B).
We later confirmed that CD7 is primarily sorted to the ba-
solateral surface of MDCK cells through a direct pathway
from the TGN (see below). Similar results were also ob-
served by another group (Chen, Y.-T., personal communi-
cation). This discrepancy regarding the targeting of CD7
likely reflects variability in the sorting patterns of MDCK
sublines. This phenomenon has also been observed for
other proteins (Ojakian et al., 1987; Mays et al., 1995). In
contrast to CD7, we found that the fusion protein CD7-
Rho39, produced by fusion of the entire rhodopsin’s cyto-
plasmic tail 39 amino acids to the COOH terminus of CD7
(Fig. 4 A), was apically sorted in MDCK cells assayed by
surface immunofluorescent labeling using anti-CD7 anti-
body (Fig. 4 B). Identical staining of CD7-Rho39 was ob-
served upon immunolabeling permeabilized cells with
mAb 1D4, an antibody which recognizes the COOH ter-

Figure 4. Apical targeting of
CD7 by rhodopsin’s COOH
terminus. (A) Schematic dia-
grams of CD7, CD7-Rho7,
and CD7-Rho39. CD7-Rho7
is a fusion protein in which
the proximal seven residues
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tail (N310-C319) is fused to the

- - i 3 .
: - »EB;EEE},‘; COOH terminus of CD7

CD7

CD7-Rho7

D7

(open box). CD7-Rho39 is a
CD7 fusion protein contain-
ing rhodopsin’s COOH-ter-
minal 39 residues (N310-A348),
TM, transmembrane domain;
zigzag, palmitoyl membrane
anchor; black box, rhodop-
sin sequence. (B) Polarized
MDCK monolayers stably ex-
pressing CD7, CD7-Rho7,
and CD7-Rho39 after surface
immunofluorescent labeling
with mAb T3-3A1, which rec-
ognizes the extracellular do-
main of CD7. Vertical optical
sections obtained from confo-
cal microscopic analysis are
shown. (C) The levels of
steady-state surface distribu-

CD7-Rho39

tion of CD7 (~40 kD), CD7-Rho7 (~41 kD), and CD7-Rho39 (~44 kD) were determined by the domain-selective biotinylation/immu-
noprecipitation assay. As was shown previously (Haller and Alper, 1993), an endogenous MDCK protein that migrates slightly slower
than CD7-Rho7 and CD7-Rho39 on SDS-PAGE is also precipitated by mAb T3-3A1. Results shown are from a representative experi-
ment chosen between four trials using more than two independent stable lines. Bar, 5 pm.

Chuang and Sung Novel Apical Sorting Signal in Rhodopsin’s Cytoplasmic Tail

1249



minus of rhodopsin (Hodges et al., 1988) (data not shown).
Little or no specific basolateral staining was detected in
these cells. In agreement with the immunostaining results,
~89% of CD7-Rho39 fusion proteins were detected on
the apical surface biochemically (Fig. 4 C). The apical lo-
calization of the CD7-Rho39 fusion demonstrates that
rhodopsin’s COOH-terminal sequence is able to provide
sufficient apical-sorting information to function indepen-
dently on another membrane protein.

To test whether the palmitoylation is involved in the
apical targeting of CD7-Rho39, the surface distribution of
palmitoylation-negative CD7-Rho39pal™ in MDCK stable
lines was examined immunochemically and biochemically.
We found that CD7-Rho39pal™ was sorted predominantly
to the apical surface (~72% at steady state, data not
shown). This finding reinforces the notion that the palmi-
toylation may not play a critical role in the apical targeting
activity.

To demonstrate that the apical targeting of CD7-Rho39
was due to the rhodopsin sequences rather than inactiva-
tion of a putative basolateral targeting signal of CD7, we
examined the distribution of CD7-Rho7 (a truncated form
of CD7-Rho39 in which the distal 32 residues of rhodop-
sin’s cytoplasmic tail were deleted [Fig. 4 A]) in MDCK
cells. The immunofluorescent staining pattern of CD7-
Rho7 was indistinguishable from that of CD7 itself (Fig. 4
B). The membrane targeting assay suggested that, at
steady state, CD7-Rho7 was predominantly sorted baso-
laterally (~74% basolateral, Fig. 4 C). This result argues
that the addition of extra nonspecific sequences to CD7’s
COOH terminus has little or no effect on its membrane lo-
calization. Therefore, the apical transport of CD7-Rho39
is due to the positive apical sorting signal conveyed by
the rhodopsin sequences rather than to masking of any
putative CD7 COOH-terminal basolateral sorting signal.
Moreover, this result further supports the previous data
showing that the last 32 residues of rhodopsin contain crit-
ical information for the apical sorting activity.

Rhodopsin and CD7-Rho39 Are Directly Targeted from
the TGN to the Apical Surface

To investigate the intracellular routing of wild-type
rhodopsin in MDCK cells, we traced the cell surface deliv-
ery of newly synthesized rhodopsin using a pulse-chase/
membrane targeting assay. Confluent MDCK monolayers
were pulse labeled with [3S]methionine/cysteine, chased
for different times, biotinylated from either the apical or
basolateral surface, lysed, and immunoprecipitated by
mAb B6-30. The precipitated rhodopsin molecules were
subsequently precipitated by streptavidin-agarose, so that
only the radiolabeled rhodopsin that had reached the cell
surface by the time of biotinylation was detected by auto-
radiography. After 30 min of chase, no rhodopsin was de-
tected on either surface (Fig. 5 B). At this time point, we
found that the majority of the newly synthesized rhodop-
sin was in an immature, endo H-sensitive (data not
shown) glycosylated form, which migrates slightly faster
than the mature form (Fig. 5 A). After 1 h of chase,
rhodopsin began to appear on the apical surface as indi-
cated by a smear of bands on SDS-PAGE analysis (Fig. 5
B). This appearance is typical for proteins that have un-
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Figure 5. Targeting of wild-type rhodopsin from TGN to the api-
cal surface. Vectorial delivery of wild-type rhodopsin to the cell
surface was analyzed by a membrane targeting assay (see Materi-
als and Methods). At various time points during the chase as indi-
cated, S metabolically labeled, rhodopsin-expressing MDCK
cells were biotinylated from either the apical (Ap) or basolateral
(BI) surface and immunoprecipitated with antirhodopsin mAb
B6-30 as described. (A) A fraction of each immunoprecipitated
sample was analyzed by 4-20% SDS-PAGE and is shown as total
immunoprecipitate. (B) Biotinylated, radiolabeled immunopre-
cipitates were obtained by a subsequent reprecipitation with
streptavidin agarose. (C) For quantitation, biotinylated, radiola-
beled immunoprecipitates were treated with PNGase F, sepa-
rated by SDS-PAGE, and visualized by autoradiography. No la-
beled material is precipitated from control MDCK cell lysates.

dergone heterogeneous Golgi sugar processing. In this
state, they are characterized by their resistance to endo H
cleavage (Sung et al., 1991; data not shown). These smear
bands can be trimmed to a core polypeptide of ~38 kD by
treating the immunoprecipitates with PNGase F (Fig. 5 C).
It is evident that newly synthesized rhodopsin was deliv-
ered predominantly to the apical plasma membrane at all
time points tested, suggesting that rhodopsin follows a di-
rect route from the TGN to the apical membrane.

The intracellular transport of CD7-Rho39 fusion pro-
tein was also examined using the same membrane target-
ing assays. We found that after 30 min, 1 h, and 2 h of
chase, ~65, 75, and 78%, respectively, of CD7-Rho39 fu-
sion proteins were detected on the apical surface (Fig. 6
A), whereas CD7 alone was predominantly targeted to the
basolateral side at all chase time points tested (Fig. 6 C).
In both cases, equal amounts of total radiolabeled protein
were immunoprecipitated from each sample (Fig. 6, B and
D). These results are consistent with the steady-state sur-
face distribution of these two proteins. The direct apical
targeting of CD7-Rho39 fusion protein suggests that simi-
lar mechanisms may be used for the sorting/targeting of
both CD7-Rho39 and wild-type rhodopsin in MDCK cells.

The Palmitoylated Rhodopsin Cytoplasmic Tail
Enables a Cytosolic Protein to Be Delivered to the
Apical Surface

To confirm that there is no recessive information present
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Figure 6. Targeting of CD7-Rho39 directly from the TGN to the
apical surface. Targeting of CD7-Rho39 and CD7 was analyzed
by the membrane targeting assay described in Fig. 5. In this ex-
periment, the CD7-Rho39 fusion protein was precipitated by an-
tirhodopsin COOH terminus mAb 1D4, and CD7 was precipi-
tated by anti-CD7 mAb T3-3A1. (A and C) Autoradiograms of
biotinylated, radiolabeled immunoprecipitates, which were ana-
lyzed by 12% SDS-PAGE. (B and D) Before the second strepta-
vidin-agarose precipitation, fractions of total radiolabeled 1D4 or
T3-3A1 immunoprecipitates were analyzed on SDS-PAGE to
demonstrate that equal amounts of radiolabeled proteins were
immunoprecipitated from each sample. Ap, apically biotinylated;
Bl, basolaterally biotinylated.

A &

| emizr———— | GST
|:|—L—L—L GST-Rho39Tr

—— e s wsem GST-Rho39palTr

GST

GST-Rho39Tr

[~ | GST-Rho39palTr

in the lumenal or transmembrane domains of rhodopsin or
CD7, which is necessary for the apical targeting activity,
we tested whether the cytoplasmic tail of rhodopsin can be
recognized in the absence of any transmembrane or lume-
nal domains. We made a fusion protein GST-Rho39Tr, in
which the cytosolic protein GST was fused to a triple-
repeat of the COOH-terminal 39 residues of rhodopsin
(Fig. 7 A). A triple repeat was chosen because the place-
ment of the putative signal at varying distances from GST
minimizes any steric hindrance of the signal by GST. We
reasoned that the GST-Rho39Tr would likely be mem-
brane anchored via the palmitoylation signal provided by
the rhodopsin sequences. A nonpalmitoylated GST fusion
(GST-Rho39pal Tr) was also generated by replacing the
wild-type rhodopsin sequence with the Cys*?2Cys® -
Ser’??Ser®?3 mutant sequence for comparison (Fig. 7 A).
MDCK cells stably expressing control GST protein, GST-
Rho39Tr, or GST-Rho39pal~Tr were PFA fixed, perme-
abilized, and immunolabeled with anti-GST antibody.
GST-Rho39Tr protein in MDCK cells grown on cover-
slips was found to be primarily associated with the plasma
membrane (see below). In filter-grown polarized cells, we
found that the GST-Rho39Tr fusion protein was detected
almost exclusively on the apical plasma membrane (Fig. 7
B, middle). Likewise, the subcellular fractionation assay
showed that the GST-Rho39Tr fusion protein was pre-
dominantly localized in the membrane fraction (P100)

Figure 7. The apical target-
ing of GST by addition of
rhodopsin’s COOH terminus.

® S (A) Schematic diagrams of
P

GST, GST-Rho39Tr, and

‘ GST-Rho39Tr GST-Rho39pal Tr.  GST-

Rho39Tr is a fusion protein
in which a triple-repeat of the
terminal 39 amino acids of
rhodopsin (black boxes) was
fused to the COOH terminus
of GST (open box). GST-
Rho39pal Tr is a similar fu-
sion protein except that the
39 rhodopsin residues were
derived from the Cys*?Cys®?
- Ser*Ser’? mutant so that
the palmitoylation signal
(zigzag) was removed. (B)
Immunolocalization of GST,
GST-Rho39Tr, and GST-
Rho39pal Tr in MDCK cells.
Permeabilized MDCK mono-
layers were labeled with anti-
GST antibody followed by
biotinylated anti-rabbit anti-
body and FITC-streptavidin.

GST-Rho39pal Tr

Optical sections perpendicular to the monolayer are shown. Both GST and GST-Rho39pal~Tr show diffuse, nucleus-excluded cytoplas-
mic staining. (C) Subcellular distributions of GST-Rho39Tr and GST-Rho39pal Tr in MDCK cells. MDCK cell homogenates were
fractionated into cytosolic (S700) and total cellular membrane (P100) fractions by centrifugation at 100,000 g for 45 min. Equal fractions
of S100 and P100 were electrophoresed on SDS-PAGE and immunoblotted with mAb 1D4 followed by alkaline phosphatase anti—
mouse IgG. NBT/BCIP substrates were used for color development. Bar, 5 wm.

Chuang and Sung Novel Apical Sorting Signal in Rhodopsin’s Cytoplasmic Tail

1251



(Fig. 7 C). More recently, we found that a single repeat of
rhodopsin’s cytoplasmic tail containing the GST fusion
protein is also targeted to the apical plasma membrane in
polarized MDCK cells (data not shown). Conversely, the
GST-Rho39pal Tr protein was associated with the cyto-
solic (S100) fraction (Fig. 7 C) and exhibited a uniform,
diffuse cytoplasmic staining (Fig. 7 B, right). This staining
was indistinguishable from that of the control GST protein
(Fig. 7 B, left). Since neither the cysteine residues nor the
palmitoylation signal is essential for rhodopsin’s transport,
we predict that the palmitoylation itself of GST-Rho39Tr
does not encode specific apical targeting information (see
Discussion). However, this result suggests to us that recog-
nition of the apical sorting signal contained in the rhodop-
sin terminal 39 residues requires membrane anchorage,
which can be provided by palmitoylation and/or trans-
membrane domains.

Little is known about how membrane-associated pro-
teins are targeted to their destined membrane domains.
How is the GST-Rho39Tr fusion protein, presumably syn-
thesized by free ribosomes, targeted to the apical plasma
membrane: is GST-Rho39Tr recognized and sorted by the
similar pathway used for rhodopsin? Or is GST-Rho39Tr
directly targeted to the apical membrane from the site of
synthesis? We have noted that in subconfluent MDCK
cultures, GST-Rho39Tr protein can be detected in a peri-
nuclear, Golgi-like distribution in addition to the plasma
membrane (Fig. 8, a and b). Subcellular membrane frac-
tionation also revealed that GST-Rho39Tr was con-
centrated in the fractions containing the peak activities of
a-mannosidase II and alkaline phosphatase, markers
for Golgi and plasma membrane, respectively (data not
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shown). To gain further insight into the possible transport
pathway of GST-Rho39Tr, we studied the effect of a 20°C
temperature block on the distribution of GST-Rho39Tr.
This low-temperature block is known to inhibit the classi-
cal secretory pathway by preventing secreted proteins
from exiting the Golgi apparatus (Matlin and Simons,
1983). The distribution of GST-Rho39Tr protein in low
temperature-blocked MDCK cells was examined by im-
munofluorescent staining. In the first part of our analyses,
we used subconfluent cells grown on coverslips for opti-
mum resolution of detection of the fluorescent markers.
We found that upon 20°C incubation, GST-Rho39Tr accu-
mulated quantitatively in a Golgi-like distribution, which
largely overlapped with the TGN marker y-adaptin (Fig.
8, c and d). A 2-h 20°C block was effective, whereas a pro-
longed low-temperature block (6-14 h) not only increased
the GST-Rho39Tr levels in the TGN but also gradually
depleted the GST-Rho39Tr plasma membrane popula-
tion. In contrast, this low-temperature incubation had no
effect on the diffuse, cytoplasmic staining of GST-
Rho39pal Tr (data not shown), indicating that the Golgi
localization of the GST-Rho39Tr fusion protein is depen-
dent on palmitoylation.

We then examined the effect of 20°C incubation in po-
larized MDCK monolayers and tested whether the surface
transport of GST-Rho39Tr could be resumed by shifting
cells back to 37°C. MDCK monolayers expressing GST-
Rho39Tr were incubated at 20°C for 6 h and then trans-
ferred to medium containing cycloheximide and incubated
at 37°C for different periods of time before the cells were
fixed, permeabilized, and immunolabeled. After the low-
temperature block, GST-Rho39Tr was found to be pre-

Figure 8. TGN accumulation of GST-
Rho39Tr in MDCK cells during a low-
temperature block. MDCK cultures grown
on coverslips were maintained either at
37°C (a and b) or removed to 20°C for 6 h
(c and d) before PFA fixation. Fixed cells
were permeabilized and double-labeled
with anti-GST antibody (a and c) and anti—
y-adaptin antibody (b and d). Correspond-
ing fluorescent-conjugated secondary an-
tibodies were used for visualization.
Confocal images of the xy plane are
shown. Arrows indicate the perinuclear,
Golgi-like staining. Bar, 5 um.
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Figure 9. Return of the api-
cal surface localization of
GST-Rho39Tr after release
from low-temperature block.
Monolayers of MDCK cells
were incubated at 20°C for
6 h to accumulate newly syn-
thesized GST-Rho39Tr in
the Golgi complex. Cells were
either immediately fixed by
PFA (a and d) or transferred
to medium containing cyclo-
heximide (20 pg/ml) (b and e)
for an additional 30 min at
37°C before fixation. For
BFA treatment experiments,
1 wg/ml BFA was added to
the cells in the last 15 min of
the 20°C incubation and re-

mained during the 37°C release (¢ and f). Fixed cells were permeabilized and then immunolabeled with anti-GST antibody, biotinylated
anti-rabbit IgG, and streptavidin-FITC. Propidium iodide was included in the staining to show the nuclei in the z section (shown in gray
in d—f). After the 20°C block, GST-Rho39Tr is concentrated in the Golgi complex, which is localized above the nucleus in the subapical
membrane cytoplasm (d). Prominent labeling of GST-Rho39Tr is readily detectable on the apical surface 30 min after 37°C release in
control cells (b and e). However, GST-Rho39Tr accumulates on the basolateral membrane as well as the apical membrane in the cells
treated with BFA. Some punctate, intracellular staining of GST-Rho39Tr is also observed (c and f). The focal plane of ¢ was set near the
apical surface. Confocal images of both xy (top row) and z (bottom row) planes are shown. Bar, 5 pm.

dominantly concentrated in a region above the nucleus
and in close proximity to the apical membrane (Fig. 9, a
and d), where the Golgi complex is located in polarized
MDCK cells (Bacallao et al., 1989). This GST-Rho39Tr
localization appears quite distinct from the fluid-phase
marker labeled endosomal compartments (Bomsel et al.,
1989). Viewed in the z-plane by confocal microscopy, only
low residual levels of GST-Rho39Tr could be detected on
the apical surface after this prolonged temperature block.
Because there is little or no decrease of surface GST-
Rho39Tr during a short 20°C incubation, the significant in-
crease of GST-Rho39Tr at the Golgi complex is unlikely
to be the result of recycling from the apical surface (data
not shown). Within 30 min of the 37°C release, the major-
ity of GST-Rho39Tr labeling has moved onto the apical
surface. This increasing apical GST-Rho39Tr labeling is
accompanied by a decreasing Golgi-like, GST-Rho39Tr
labeling (Fig. 9, b and e). The intensity of apical surface la-
beling of GST-Rho39Tr peaks at 1 h release and is not no-
ticeably increased after 1 h (data not shown). This fast re-
lease occurred in the presence of cycloheximide, indicating
that the rapidly released GST-Rho39Tr proteins detected
on the apical surface had just exited from the Golgi appa-
ratus and were not newly synthesized.

BFA is a fungal metabolite known to effectively block
ER-Golgi surface secretion of various proteins in several
cell lines. In MDCK cells, low concentrations of BFA (1
wg/ml) have been shown to alter the TGN to surface trans-
port of apical membrane protein dipeptidyl peptidase IV
(Low et al., 1992). To assess the effect of BFA on the sur-
face transport of GST-Rho39Tr, MDCK monolayers were
treated with BFA during the last 15 min of the low-tem-
perature block and during the 37°C incubation. We found
that GST-Rho39Tr protein was distributed to both apical
and basolateral membranes in an apparently nonpolar
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fashion in the presence of BFA (Fig. 9, ¢ and f). Some
bright, punctate staining of GST-Rho39Tr was also found
to be distributed throughout the cytoplasm in the cells
treated with BFA. The alteration of the apical distribution
of GST-Rho39Tr by BFA is similar to the behavior of
other apically secreted proteins (Low et al., 1992; Arreaza
and Brown, 1995). The effects of low-temperature block
and BFA treatment both support the possibility that the
apical transport pathway of GST-Rho39Tr shares com-
mon mechanisms with the classic secretory pathway in po-
larized epithelial cells.

Discussion

In the present report, we demonstrate that wild-type
rhodopsin is predominantly targeted to the apical surface
in polarized MDCK cells. Removal of the terminal 32
amino acids from the cytoplasmic tail of rhodopsin abol-
ished this vectorial targeting. The truncated protein was
sent to both the apical and the basolateral membranes at
roughly equivalent levels, presumably because of the lack
of any sorting information. To confirm that the sorting de-
terminants are present in the cytoplasmic tail of rhodop-
sin, we show that the COOH-terminal 39 residues of
rhodopsin can redirect apical targeting of two heterolo-
gous proteins, CD7 and GST. The result of the CD7-Rho7
experiment suggests that additional irrelevant sequences
fused to the CD7’s COOH terminus are unable to alter its
membrane localization, indicating that the apical sorting
of CD7-Rho39 is caused by a bona fide sorting activity
provided by rhodopsin’s sequences. Another reporter pro-
tein used in this report is the cytosolic GST protein, which
presumably contains no sorting signal. To our knowledge,
this is the first time that sorting of an apical protein was
found to be mediated by cytoplasmic amino acids.
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Possible Mechanisms of Apical Targeting of Rhodopsin

We surmise that the mechanism for the sorting of rhodop-
sin must be distinct from that used for the recognition of
previously described apical sorting signals, such as lumenal
ectodomains, GPI anchors, or glycans. We have found no
significant homology between the COOH terminus of
rhodopsin and any previously described domain or sorting
signal. It is unclear how these sequences direct its apical
transport, but two models are proposed. First, the cyto-
plasmic determinant may be recognized by a cytosolic fac-
tor(s) that is responsible for forming apically targeted
transport vesicles. This scenario has been proposed to be
the mechanism underlying the sorting of several basolat-
eral proteins. Interactions between basolateral sorting sig-
nals and cytosolic adaptor proteins result in a clustering of
these membrane proteins in the TGN, which subsequently
initiates the formation and the budding of the vesicles
from the TGN (for review see Nelson, 1992). Second, the
cytoplasmic tail of rhodopsin could be transported as a re-
sult of interacting with other apically targeted proteins.
Further analysis is required to address this issue and dis-
tinguish these possibilities.

Our results suggest that rhodopsin is routed from the
TGN to the apical surface via a direct pathway. Although
a “retention” mechanism at the apical membrane is un-
likely to be the primary cause of the apical localization of
rhodopsin, whether it functions as an additional force to
stabilize rhodopsin on the apical membrane is unclear. In-
teractions with the membrane cytoskeleton, for example,
have been described in other systems as a means of an-
choring proteins to a particular subcellular domain (Nel-
son and Veshnock, 1987; Hammerton et al., 1991).

Apical Targeting of Membrane-associated Protein
GST-Rho39Tr in MDCK Cells

The trafficking of peripheral membrane-associated pro-
teins is not understood as well as that of proteins proceed-
ing through the ER-Golgi-TGN secretory pathway. Our
observations that 20°C incubation reversibly blocks GST-
Rho39Tr in a TGN-like compartment and that BFA treat-
ment effectively alters GST-Rho39Tr transport indicate
that this protein may be transported to the apical plasma
membrane via the TGN along a similar pathway to that
used for secretory or membrane proteins. A reversible
20°C block at the TGN and BFA effects have also been
demonstrated in rhodopsin transport in MDCK cells using
biochemical assays (Sung, C.-H., and J.-Z. Chuang, unpub-
lished results).

The nonpalmitoylated GST-Rho39pal™Tr was not
found in the Golgi region, suggesting that the Golgi local-
ization of GST-Rho39Tr is dependent on the palmitoyla-
tion signal and/or its resulting membrane anchor. Prece-
dent examples have shown that acylation is required for
targeting several membrane-associated proteins to their
destined membrane domains, such as the Golgi apparatus.
Moreover, such proper Golgi targeting appears to corre-
late with their subsequent correct subcellular targeting.
For example, neuromodulin (GAP-43) is found to be asso-
ciated with the Golgi apparatus (Van Hooff et al., 1989;
Goslin et al., 1990) in addition to its growth cone localiza-
tion (Zuber et al., 1989). Disruption of the palmitoylation
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signal at NH, terminus of GAP-43 abolishes its Golgi lo-
calization as well as its growth cone accumulation (Liu et
al., 1997).

In order for GST-Rho39Tr to be effectively delivered to
the apical surface of MDCK cells, the protein is likely to
be processed and incorporated into membrane vesicles
budding off the TGN through recognition of effector do-
mains, presumably rhodopsin’s cytoplasmic sequences.
The data in the present study support this proposal. It is
conceivable that GST-Rho39Tr is targeted to the cyto-
plasmic face of the Golgi membrane by affinity for palmi-
toyltransferase. Various palmitoyltransferase activities
have been detected in several subcellular compartments,
including the Golgi apparatus (Gutierrez and Magee,
1991). Alternatively, GST-Rho39Tr is palmitoylated be-
fore its Golgi targeting and subsequently interacts with the
Golgi membrane via lipid-lipid or lipid—-protein interac-
tions.

If the palmitoylation signal simply acted as a Golgi-tar-
geting signal, this would help to explain why the palmitoy-
lation is not critical for the apical transport of the native
rhodopsin protein, which already contains a signal se-
quence for transit through the ER-Golgi pathway. How-
ever, it is equally possible that the palmitoylation itself
serves as a bona fide apical sorting signal on GST-
Rho39Tr but is functionally redundant on rhodopsin. Fur-
ther mutational analyses of rhodopsin are needed to dis-
tinguish these possibilities. Furthermore, we predict that
either the palmitoyl moiety and/or rhodopsin’s cytoplas-
mic sequences on GST-Rho39Tr further interact with the
apical plasma membrane after its arrival, through lipid—
lipid, lipid—protein, and/or protein—protein interactions.
These interactions would stabilize GST-Rho39Tr on the
apical membrane by preventing the lateral diffusion that is
known to occur within the cytoplasmic plasma membrane
leaflet (van Meer and Simons, 1986).

The Physiological Relevance of the Apical Targeting of
Rhodopsin in MDCK Cells and in Photoreceptors

Dotti and Simons (1990) suggested that similar mecha-
nisms are used in sorting proteins to the apical/basolateral
surface of MDCK cells and to the axonal/dendritic regions
of neuronal cells. However, a photoreceptor is more com-
plicated in morphology and more compartmentalized than
a conventional neuron, which has no counterpart to the ci-
lium-derived outer segment. The topographic correlation
between the apical membrane localization of rhodopsin in
polarized MDCK cells and the initial “apical” inner seg-
ment plasma membrane targeting of rhodopsin (Paper-
master and Schneider, 1982; Defoe and Besharse, 1985) is
intriguing. Coincidentally, Na*/K* ATPase, a molecule
that accumulates basolaterally in most epithelia (Ham-
merton et al., 1991; Gottardi and Caplan, 1993), appears to
be exclusively expressed in the “lateral plasma mem-
brane” of the photoreceptor inner segment (Schneider
and Kraig, 1990). Nevertheless, the question of whether
studies of rhodopsin sorting in MDCK cells can be directly
extrapolated to the photoreceptor remains open.

In summary, MDCK cells have proven be a useful
model in studying the intracellular trafficking of many ex-
ogenously introduced proteins. In this report, we demon-

1254



strate that the cytoplasmic amino acids of rhodopsin are
able to act as an apical sorting signal in polarized MDCK
cells. It is tempting to speculate that in MDCK cells a
counterpart of the sorting mechanism used for basolateral
proteins also exists for sorting some apical proteins, and
our finding should provide a valuable resource to help
identify essential components of the apical sorting re-
ceptor.
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