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Furin is a subtilisin-related endoprotease which processes a wide range of bioactive proteins. Furin is
concentrated in the trans-Golgi network (TGN), where proteolytic activation of many precursor proteins takes
place. A significant fraction of furin, however, cycles among the TGN, the plasma membrane, and endosomes,
indicating that the accumulation in the TGN reflects a dynamic localization process. The cytosolic domain of
furin is necessary and sufficient for TGN localization, and two signals are responsible for retrieval of furin to
the TGN. A tyrosine-based (YKGL) motif mediates internalization of furin from the cell surface into endo-
somes. An acidic cluster that is part of two casein kinase II phosphorylation sites (SDSEEDE) is then
responsible for retrieval of furin from endosomes to the TGN. In addition, the acidic EEDE sequence also
mediates endocytic activity. Here, we analyzed the sorting of furin in polarized epithelial cells. We show that
furin is delivered to the basolateral surface of MDCK cells, from where a significant fraction of the protein can
return to the TGN. A phenylalanine-isoleucine motif together with the acidic EEDE cluster is required for
basolateral sorting and constitutes a novel signal regulating intracellular traffic of furin.

Furin, a member of a family of mammalian enzymes related
to the yeast Kex2p and the bacterial subtilisins, is a calcium-
dependent serine endoprotease that cleaves proproteins at the
C terminus of multibasic sites (reviewed in references 28 and
35).

Although furin is concentrated in the trans-Golgi network
(TGN) in the steady state, a significant fraction of the protease
cycles among the plasma membrane, endosomes, and the TGN
(2, 26). Rat furin is a type I integral membrane glycoprotein
composed of a 714-residue luminal domain, a 21-residue trans-
membrane region, and a 58-amino-acid cytosolic tail (8, 23).
The cytosolic tail of furin is necessary and sufficient for TGN
localization (2, 5, 26, 33, 40). Several signals that control traf-
ficking of furin have been identified in the cytosolic domain
(see Fig. 2). Internalization from the cell surface involves a
classical tyrosine-based signal (YKGL) and an acidic amino
acid cluster (SDSEEDE) (33, 39, 40). The serine residues in
the acidic cluster are subject to phosphorylation by casein
kinase II (CKII) (12), and phosphorylation regulates the re-
trieval of the endoprotease from endosomes to the TGN (12,
25, 39). In PC12 cells, inactivation of the CKII site results in
the transfer of furin into mature secretory granules from which
the protease is normally excluded (6). The furin tail interacts
with the TGN-enriched clathrin adapter AP-1, probably via the
connector protein PACS-1 (41). Since the interaction with
AP-1 is dependent on the phosphorylation state of the serines
in the CKII site (6), removal of furin from mature secretory
granules may be mediated by AP-1 and clathrin.

Little is known about trafficking of furin in epithelial cells,
where the protease may be delivered from the TGN to the
apical or the basolateral plasma membrane domain, or to both

domains. In the present study we analyzed the routing of furin
in polarized MDCK cell monolayers. Furin was found to be
preferentially delivered to the basolateral domain of trans-
fected MDCK cells. Using chimeras combining the ecto- and
transmembrane domains of human Tac (interleukin 2 receptor
a-chain, or CD25) (18) and the cytosolic domain of furin, we
show that the tail of furin is necessary and sufficient for baso-
lateral sorting. Interestingly, basolateral sorting of furin does
not rely on the tyrosine signal but requires a novel determinant
consisting of an FI motif in conjunction with the nearby acidic
amino acid cluster EEDE.

MATERIALS AND METHODS

Materials. Anti-human furin and anti-rat TGN38 tail antibodies were kindly
provided by J.-W. van der Loo (Inter-University of Leuven, Leuven, Belgium)
and G. Banting (University of Bristol, Bristol, United Kingdom), respectively.
The monoclonal antibodies 7G7 (32) or H93 (31) (the latter was kindly provided
by D. Rimoldi, Ludwig Institute for Cancer Research, Epalinges, Switzerland)
were used to detect the Tac ectodomain in the chimera. H93 was radioiodinated
to specific activities of 2 3 106 to 7 3 106 cpm/mg by using Iodogen (Pierce,
Rockford, Ill.), and unincorporated 125I was removed by ion-exchange chroma-
tography on Dowex-1 (Sigma Chemical Co., Buchs, Switzerland) as described
previously (22). Protease inhibitor cocktail contained 10 mg each of chymostatin,
antipain, leupeptin, and pepstatin A (all from Sigma Chemical Co.) per ml in
dimethyl sulfoxide and was used at a 1:1,000 dilution. 125I-labeled NaI was
obtained from Amersham Corp., Little Chalfont, Buckinghamshire, United
Kingdom. Protein G-Sepharose was from Sigma Chemical Co. and was washed
with phosphate-buffered saline (PBS) containing 0.5% Triton X-100 before use.
Mowiol 4-88 was from Calbiochem-Novabiochem Corp., La Jolla, Calif., and was
used at a 0.1-g/ml concentration supplemented with 0.2% (wt/vol)
diazabicyclo(2.2.2)octane (Sigma Chemical Co.).

Cell culture and transfection of MDCK cells. MDCK cells of strain II were
cultured on plastic or, to obtain polarized cell monolayers, on Transwell poly-
carbonate filter units (Costar Corp., Cambridge, Mass.) as described (11). Units
of 6-, 12-, or 24-mm diameter and 0.4-mm pore size were used. To increase
expression levels, cells were treated overnight with 10 mM butyrate (20), but
similar results were obtained with untreated and treated cells. Cells were trans-
fected by the calcium-phosphate method and selected in medium supplemented
with G418 (Calbiochem-Novabiochem Corp.) as detailed elsewhere (11). Resis-
tant clones were analyzed for expression by immunofluorescence, and at least
three clones expressing different levels of the particular protein were selected for
further analysis. Cells expressing similar levels of the different constructs were
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compared, and no differences due to expression level were observed. Intactness
of cell monolayers grown on Transwell units was verified by measuring the
transepithelial electrical resistance.

Construction of Tac-furin tail chimeras. Recombinant DNA techniques were
carried out according to standard procedures. The human furin cDNA in the
pCDNA3 expression vector was kindly provided by N. Seidah (University of
Montreal, Montreal, Quebec, Canada) via G. van der Goot (University of Ge-
neva, Geneva, Switzerland) and directly used for transfections. The construction
of Tac-furin tail chimeras encoding the membrane proximal or distal part of the
furin tail as well as truncation mutants has been described elsewhere (40); these
constructs were subcloned into the expression vector pCB6. Additional con-
structs carrying point mutations or deletions were generated by PCR. Native tail
sequences were thereby replaced with the mutated tails by using a unique StuI
site in the furin tail and a BamHI site present in the polylinker of the vectors.
Alternatively, mutations were generated by a single-step PCR-based method
employing two complementary mutagenic primers (42). All fragments synthe-
sized by PCR were verified by sequencing. The sequences of the different primers
are available upon request.

Steady-state distribution and surface appearance of furin. To determine the
steady-state distribution of expressed proteins, cells grown on coverslips were
washed with PBS containing 0.9 mM CaCl2 and 0.5 mM MgCl2 (PBS1) and fixed
for 20 min in 2% paraformaldehyde. After quenching with 50 mM NH4Cl in
PBS1 (10 min) and permeabilization of cells with saponin (0.1% in PBS1),
nonspecific binding sites were blocked for 30 min with 10% goat serum in PBS1.
Cells were then incubated with the antifurin or anti-Tac monoclonal antibodies
(dilution, 1:100 in 10% goat serum in PBS1) and then with a labeled goat
anti-mouse antibody (dilution, 1:250 in 10% goat serum in PBS). For colocal-
ization experiments, TGN38 was labeled with a rabbit anti-TGN38 antibody
followed by a labeled goat anti-rabbit antibody. To analyze the surface appear-
ance of transfected proteins, cells were incubated at 37°C for 30 min in the
presence of the monoclonal antibodies. For cells grown on Transwell filters, the
antibodies were added either to the apical chamber or the basolateral chamber.
Cells were then washed, fixed, permeabilized, and stained with a labeled second
antibody. After being washed with PBS1, cells were mounted in Mowiol and
viewed in a Zeiss Axiophot fluorescence microscope with a 633 Apachromat oil
immersion lens. Pictures were acquired with a Color Cool View camera (Pho-
tonic Science) and Image Pro Plus version 3.0 software (Media Cybernetics,
Silver Spring, Md.) and processed with Photoshop version 5.0 software (Adobe
Systems, Inc.). Identical parameters for image acquisition and processing were
used after addition of apical and basolateral antibodies.

To quantitate surface distribution of the proteins generated by the chimeras,
125I-labeled H89 (1 mg/ml) were allowed to bind to cell monolayers from the
apical or basolateral compartment for 60 min on ice. Unbound antibody was
removed by washing, filters were cut out of the holder, and bound radioactivity
was measured. Specific binding (2,000 to 30,000 cpm, depending on whether the
construct produced impaired TGN retention and/or endocytosis) was calculated
by subtracting background counts (50 to 300 cpm) obtained from filters with
untransfected cells.

RESULTS

Furin is delivered to the basolateral surface of MDCK cells.
Since it is not known if furin is sorted to the apical or baso-
lateral surface in epithelial cells, we first analyzed the intracel-
lular routing of the protein in MDCK cells transfected with a
human furin cDNA. Cells stably expressing furin were identi-
fied by immunofluorescence by using a monoclonal antibody
specific for a luminal epitope in the human protein.

To characterize the steady-state distribution of furin,
MDCK cells grown on coverslips were fixed, permeabilized,
and stained with the antifurin antibody. As expected, furin
localized to a perinuclear compartment, which was morpho-
logically similar to the TGN (Fig. 1a). Labeling for furin was
specific since the antibody did not stain untransfected cells
(Fig. 1a to c, insets). Even though furin and TGN38 (19) utilize
different signals for retrieval to the TGN (1, 16), the two
proteins showed extensive colocalization (Fig. 1b and c). Little
if any specific labeling for furin was observed on nonperme-
abilized cells (data not shown), indicating that few furin mol-
ecules were present on the cell surface at any given time.
However, if transfected cells were incubated for 60 min at 37°C
in medium containing antifurin antibodies (1 mg/ml) prior to
fixation and permeabilization, the antibodies were internalized
and delivered to a perinuclear compartment (Fig. 1), showing
that a detectable fraction of furin is delivered to the cell sur-

face, where it can bind and internalize the antibody. No uptake
of antibody was observed in untransfected control cells (Fig. 1d
to f, insets), indicating that antibody uptake requires binding to
furin molecules that reach the cell surface and is not due to
internalization of antibodies in the fluid phase. Interestingly, if
cells that had internalized antifurin antibodies were stained for
TGN38 (Fig. 1), only a small amount of the internalized anti-
furin antibodies colocalized with the TGN marker (Fig. 1f,
yellow color). Since the luminal domain of furin plays a role in
lysosomal transport of aggregated molecules (43), antibody-
induced cross-linking may divert internalized furin to lyso-
somes; this interpretation is consistent with the observation
that the Tac-furin tail chimera, which lacks the luminal domain
of furin implicated in lysosomal transport, was efficiently re-
trieved to the TGN (see below, Fig. 3).

To determine if furin molecules appear on the apical or
basolateral surface of polarized MDCK cells, monolayers
grown on Transwell units were incubated in the presence of
antifurin antibodies added to the apical or basolateral com-
partment at 37°C. As shown in Fig. 1g, little uptake of anti-
bodies from the apical compartment was detected. In contrast,
antibodies present in the basolateral chamber were readily
internalized (Fig. 1h). As already shown for cells grown on
glass coverslips (Fig. 1d to f), untransfected MDCK cell mono-
layers grown on Transwell filters did not internalize detectable
amounts of antibody from either surface (not shown).

These experiments show that in polarized MDCK cells furin
is sorted to the basolateral plasma membrane.

Basolateral sorting is mediated by determinants in the
membrane distal half of the cytosolic domain of furin. We next
analyzed whether the cytosolic domain of furin is necessary
and sufficient for basolateral transport. For this purpose, we
took advantage of chimeras combining the ecto- and trans-
membrane domains of human Tac (interleukin 2 receptor
a-chain, or CD25) and the wild-type or mutant cytosolic do-
mains of rat furin (TTF or Tac F; Fig. 2). At least three MDCK
cell clones stably expressing each construct were selected for
further analysis. TGN retention and endocytosis of the differ-
ent constructs expressed in MDCK cells were very similar to
those of the same constructs expressed in NRK cells (data not
shown [40]).

Tac chimeras containing the intact cytosolic tail of furin
(TTF) displayed a TGN-like steady-state distribution (Fig. 3a)
and were able to internalize anti-Tac antibodies added to the
medium at 37°C (Fig. 3d). Colocalization experiments with
TGN38 (Fig. 3b and e) confirmed the predominant localization
of the chimeras to the TGN under steady-state conditions (Fig.
3c). Furthermore, a significant fraction of the internalized chi-
mera was retrieved from the cell surface to the TGN (Fig. 3f),
similar to the behavior of TTF expressed in NRK cells (40).
Vesicles that stain for internalized anti-Tac antibody but lack
TGN38 may constitute endosomal compartments involved in
the uptake and transfer of TTF to the TGN. Untransfected
control cells were not stained (Fig. 3a to c) and also failed to
take up antibody (Fig. 3d to f, insets), showing that antibody
uptake was specific and required binding to the chimera. Thus,
while furin and TTF localized to the TGN at equilibrium,
antibodies internalized by furin accumulated in an endosomal
compartment whereas those internalized by TTF were re-
trieved to the TGN.

Like wild-type furin, TTF was delivered to the basolateral
surface of polarized MDCK cell monolayers since antibody
uptake occurred preferentially from the basolateral as com-
pared to the apical compartment (Fig. 4a and b). Detection of
antibodies taken up from the basolateral compartment via TTF
(Fig. 3g) and TGN38 (Fig. 3h) revealed extensive colocaliza-
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tion (Fig. 3i), indicating that a significant fraction of basolat-
erally internalized TTF was retrieved to the TGN. In contrast,
an internalization-defective tailless TTF chimera containing
only the 10 amino acids of the membrane proximal portion of
the furin tail (TTF D746) (Fig. 2) (40) was delivered to the
apical cell surface, as evidenced by the punctate staining pat-
tern characteristic of the apical plasma membrane, which has
numerous microvilli (Fig. 4c and d). Since Tac itself and the
chimera combining Tac and the transmembrane domain of
furin were delivered to the apical surface (see below, Fig. 8),

the results show that the cytosolic tail of furin is both necessary
and sufficient for basolateral sorting.

To further define the region in the cytosolic domain of furin
required for basolateral sorting, we analyzed chimeras contain-
ing either the membrane proximal (TTF D765) or membrane
distal (Tac F766-793) half of the furin tail (Fig. 2). While Tac
F766-793 preferentially internalized anti-Tac antibodies from
the basolateral compartment (Fig. 4e and f), antibodies were
internalized from the apical chamber by cells expressing TTF
D765 (Fig. 4g and h). These results thus indicate that the

FIG. 1. Furin is sorted to the basolateral cell surface in MDCK cells. MDCK cells expressing human furin were grown on coverslips, fixed, and stained with an
antifurin antibody (a) or with an anti-TGN38 antibody (b). Furin is enriched in a perinuclear compartment that resembles the compartment carrying TGN38, and
superposition of the two panels indicates extensive colocalization (c, yellow color). Cells not expressing furin do not stain with antifurin (panels a to c, insets). For panels
d, e, and f, cells were incubated with antifurin antibody present in the medium for 60 min at 37°C prior to fixation, permeabilization, and staining with a labeled
secondary antibody (d) or with anti-TGN38 (e). Merging of the two images reveals little colocalization of internalized antifurin antibodies and endogenous TGN38 (f),
probably reflecting lysosomal delivery of cross-linked furin. Untransfected cells do not internalize the antifurin antibodies (panels d, e, and f, insets), indicating that
antibody uptake did not occur by fluid-phase endocytosis. For panels g and h, polarized MDCK cell monolayers were incubated at 37°C in the presence of antifurin
antibodies added to the apical (g) or basolateral (h) compartment. Antibodies are selectively internalized from the basolateral surface. Bars: 10 mm.
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membrane distal part of the furin tail carries information re-
quired for basolateral sorting.

In conclusion, the above data show that the cytosolic domain
of furin is necessary and sufficient for basolateral transport and
that basolateral sorting information is carried by the mem-
brane distal part of the furin tail.

Basolateral sorting requires a phenylalanine-isoleucine mo-
tif. To identify amino acids required for basolateral sorting, we
next analyzed several deletion and point mutants in the context
of the membrane distal part of the furin tail (Fig. 2). C-termi-
nal truncations in the context of Tac F766-793 revealed an
important role for the FI at positions 785 and 786 in basolat-
eral sorting. While Tac F766-787 was still delivered to the
basolateral cell surface (Fig. 5a and b), deletion of the FI in
Tac F766-785 interfered with basolateral sorting (Fig. 5c and
d). As expected, both constructs still internalized anti-Tac an-
tibodies (40). Also, C-terminal deletions in the context of the
complete furin tail (i.e., TTF D787) did not affect basolateral
sorting but removal of the FI in TTF D785 resulted in apical
delivery (Fig. 2; data not shown).

Similarly, mutants bearing N-terminal deletions in the con-
text of the membrane distal half of the furin tail containing the
FI motif (i.e., Tac F780-793) were delivered to the basolateral
cell surface (Fig. 5e and f). Even Tac F780-787, which encodes
only an eight-amino-acid short tail containing the FI, was
sorted basolaterally (Fig. 5g and h). As expected, the deletions
of the acidic amino acid cluster in Tac F780-793 and Tac F
780-787 affected the ability of the chimeras to internalize anti-
Tac antibodies (40).

Taken together, these experiments identify the FI motif as a
critical element for basolateral sorting of furin.

The basolateral sorting activity of the FI requires the acidic
amino acid cluster. To confirm the role of the FI for basolat-
eral sorting, we generated point mutations affecting the differ-
ent signals in the context of chimera containing the membrane
distal half of the furin tail (Tac F766-793) (Fig. 2). As expected,

replacement of the FI by alanines in the context of the C-
terminal half of the tail (Tac F766-793 FI3AA) led to apical
delivery of the protein (Fig. 6a and b). Surprisingly, however,
while deletion of the acidic amino acid cluster in Tac F780-793
or Tac F780-787 did not affect basolateral sorting (see above,
Fig. 5e–h), the alanine substitutions for the EEDE motif in Tac
F766-793 EEDE3AAAA interfered with basolateral sorting
(Fig. 6c and d). This observation indicated that although the FI
was able to independently mediate basolateral sorting in short
truncations, the acidic amino acid cluster was also required in
the context of a larger furin tail. We therefore extended our
analysis to point mutants generated in the context of the com-
plete furin tail (see Fig. 2).

As shown in Fig. 7a and b, the FI was critical for basolateral
sorting in the context of the complete furin tail, since the
replacement of the FI by alanines in TTF FI3AA (Fig. 2)
affected basolateral sorting. Analysis of mutations affecting
either the F or the I individually indicated that each of the two
hydrophobic residues was independently important for baso-
lateral sorting (Fig. 2; data not shown). TTF Y758A, carrying
the inactivated tyrosine-based endocytosis signal (Fig. 2), was
still transported basolaterally (Fig. 7c and d). However, the
replacement of the acidic amino acid cluster in TTF
EEDE3AAAA (Fig. 2) resulted in apical transport (Fig. 7e
and f), confirming the importance of the EEDE motif already
observed for the Tac F766-793 EEDE3AAAA construct.
Likewise, the replacement of both the tyrosine and the acidic
amino acid cluster in TTF Y7853A, EEDE3AAAA led to
the expression of the protein on the apical surface (Fig. 7g and
h).

These results thus identify the FI and the acidic amino acid
cluster as important determinants for basolateral sorting, in
the context of both the membrane distal half and the complete
tail of furin.

Serine phosphorylation is not required for basolateral sort-
ing of furin. The acidic amino acid cluster required for baso-

FIG. 2. Amino acid sequences of the cytosolic domains of wild-type furin tail and mutant Tac-furin tail chimeras and their polarized distribution. Amino acid
sequences are shown in the single-letter code, and known sorting signals in the furin tail are underlined. Residues are numbered from left to right, with position 1
corresponding to the presumed initiation methionine. The nomenclature of the mutants is according to that of Voorhees et al. (40); TFT is a chimera combining the
luminal and cytosolic domains of Tac and the transmembrane domain of furin; TTF and Tac F are chimeras combining the cytosolic tail of furin and the ecto- and
transmembrane domains or complete Tac, respectively. Alanine substitutions in the wild-type sequence are shown in boldface. The polarized distribution of the different
constructs is summarized to the right, and the number(s) of the figure(s) showing the data for the corresponding construct is given. Where no data is shown in the text,
it is indicated whether the distribution was determined by immunofluorescence (IF) and/or radioactive antibody binding (bdg).
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lateral sorting of furin is part of a CKII phosphorylation site
including serines S772 and S774. Thus, the effect of mutating
the EEDE motif could be indirect and reflect an inactivation of
the CKII phosphorylation consensus sequence. We therefore
directly analyzed whether serine phosphorylation plays a role
in basolateral targeting of furin by substituting for the two
serines either alanines (TTF SS3AA) or, to mimic the nega-
tive charge of phosphoserine, aspartic acids (TTF SS3DD)
(Fig. 2). As shown in Fig. 6e through h, TTF SS3AA and TTF
SS3DD were delivered to the basolateral surface, indicating
that serine phosphorylation does not play a role in basolateral
sorting.

Quantitation of the polarized surface distribution of differ-
ent constructs. To confirm the polarized surface transport of
the different chimeras observed in the immunofluorescence
assay, we quantitated the steady-state distribution of key con-
structs to the apical and basolateral surfaces by using radioio-
dinated anti-Tac antibodies. For this purpose, cells grown as
polarized monolayers were cooled on ice and radioiodinated
antibodies were added to the apical or basolateral chamber.

After unbound antibodies were washed off, the radioactivity
bound to the filters was determined.

Tac alone, a tailless Tac construct (TTFD746), and a Tac
construct carrying the furin transmembrane domain (TFT)
were predominantly found on the apical domain. In the case of
the furin tail chimera containing intact FI and EEDE deter-
minants, 60 to 80% of the surface molecules were localized to
the basolateral domain (Fig. 8). Mutation of either the FI or
the EEDE signals resulted in a relocalization of the constructs
from the basolateral to the apical surface, confirming the crit-
ical role of the FI and EEDE in basolateral sorting. With the
exception of Tac F766-793 FI3AA, the apical or basolateral
distribution of the clones was significantly different from a
nonpolarized (i.e., 50% apical and 50% basolateral) distribu-
tion. Furthermore, the analysis of the insertion of a cohort of
newly synthesized molecules labeled with [35S]methionine and
[35S]cysteine into the apical and basolateral surfaces was con-
sistent with a role for the FI and EEDE motifs in basolateral
sorting, but the low fraction of labeled protein reaching the cell
surface led to relatively large standard deviations (not shown).

FIG. 3. Localization and endocytosis of the Tac-furin tail chimera TTF. MDCK cells expressing TTF grown on coverslips were fixed and stained with an anti-Tac
antibody (a) or an anti-TGN38 antibody (b). TTF is enriched in a perinuclear compartment that resembles the compartment carrying TGN38, and superposition of
the two panels indicates extensive colocalization (c, yellow color). Cells not expressing TTF do not stain with anti-Tac (panels a, b, and c, arrows). For panels d and
e, cells were incubated for 60 min at 37°C in the presence of anti-Tac antibodies to allow for the internalization of antibody and then fixed, permeabilized, and stained
with a labeled secondary antibody (d) or with anti-TGN38 (e). Merging the two images reveals significant colocalization of internalized anti-Tac antibodies and
endogenous TGN38 (f). Untransfected cells do not internalize anti-Tac (panels d, e, and f, arrows in insets), indicating that anti-Tac uptake did not occur by fluid-phase
endocytosis. For panels g, h, and i, polarized MDCK cell monolayers were incubated at 37°C in the presence of anti-Tac antibodies added to the basolateral
compartment. Fixed cells were then incubated with a labeled secondary antibody to detect the anti-Tac antibody (g) or stained with an anti-TGN38 antibody (h).
Superposition of the two panels indicates extensive colocalization (i, yellow color), indicating that a significant fraction of anti-Tac antibodies internalized from the
basolateral surface was retrieved to the TGN. Bars, 10 mm.
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The polarized distribution of several additional constructs was
analyzed (data not shown) and the results, summarized in Fig.
2, were consistent with the established importance of the FI
and EEDE motifs in basolateral sorting.

In support of the antibody uptake experiments, the biochem-
ical binding data thus confirm the critical role for the FI and
EEDE motifs in basolateral sorting of the Tac-furin tail chi-
mera.

DISCUSSION

Furin is selectively concentrated in the TGN, but a signifi-
cant fraction of the enzyme cycles among the plasma mem-
brane, endosomes, and the TGN, indicating that the accumu-
lation in the TGN reflects a kinetically favored location in a
dynamic process. The intracellular routing of furin and the

signals involved have been characterized in detail (12, 33, 39,
40). In contrast to endocytosis and TGN retrieval, little is
known concerning the pathway by which furin exits the TGN.
Here, we show that furin is delivered to the basolateral surface
of epithelial MDCK cells and that basolateral sorting involves
an FI motif together with the acidic amino acid cluster.

Concentration of furin in the TGN does not require the
ecto- or transmembrane domains, but the cytosolic tail is both
necessary and sufficient for TGN localization (2, 5, 26, 33, 40).
Interestingly, while both furin and the Tac-furin tail chimera
were concentrated in the TGN at equilibrium, antibodies in-
ternalized via furin were less efficiently transferred to the TGN
than those internalized via TTF. Since the luminal domain of
furin plays a role in lysosomal transport of aggregated furin
molecules (43), antibody-induced cross-linking may also be
responsible for lysosomal delivery of cross-linked furin mole-
cules in the endocytic pathway.

Two signals in the cytosolic domain of furin control the

FIG. 4. The cytosolic domain of furin is necessary and sufficient for basolat-
eral sorting and requires a signal in the membrane distal half of the tail. MDCK
cells expressing TTF (a and b), TTFD746 (c and d), Tac F766-793 (e and f), or
TTFD765 (g and h) were grown as polarized cell monolayers and incubated at
37°C for 30 min with anti-Tac antibody added to the upper (panels a, c, e, and g)
or lower (panels b, d, f, and h) compartment. Cells were then washed on ice,
fixed, and permeabilized, and anti-Tac antibodies were visualized by using a
labeled second antibody. The chimera containing the wild-type tail (TTF) is
transported to the basolateral surface (panels a and b), and the deletion of the
tail in TTFD746 abolishes basolateral delivery (panels c and d). A chimera
containing the membrane distal part of the furin tail (Tac F766-793) is expressed
on the basolateral surface (panels e and f), whereas TTF D765, encoding the
membrane proximal half of the tail, is transported apically (panels g and h). Bar,
10 mm.

FIG. 5. Basolateral sorting requires a membrane-distal phenylalanine-isoleu-
cine motif. MDCK cells expressing Tac F766-787 (a and b), Tac F766-785 (c and
d), Tac F780-793 (e and f), or Tac F780-787 (g and h) were grown as polarized
cell monolayers and incubated at 37°C for 30 min with anti-Tac antibody added
to the upper (panels a, c, e, and g) or lower (panels b, d, f, and h) compartment.
Cells were then washed on ice, fixed, and permeabilized, and anti-Tac antibodies
were visualized by using a labeled second antibody. Tac F766-787, a truncation
mutant that carries the FI, is sorted basolaterally (panels a and b), but removal
of the FI in Tac F766-785 abolishes basolateral transport (panels c and d).
N-terminal truncation mutants containing the FI, Tac F780-793 or Tac F780-787,
are delivered basolaterally (panels e through h). Bars, 10 mm.
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intracellular routing of the enzyme (12, 33, 39, 40). A tyrosine-
based signal of the YXXØ (where Ø stands for a bulky hydro-
phobic amino acid) type (YKGL) and an acidic amino acid
cluster contribute to the internalization of the protein (12, 33,
39, 40). TGN localization, in contrast, requires only the acidic
amino acid cluster (SDSEEDE) (12, 33, 39, 40) and phosphor-
ylation of the serines in the two overlapping CKII phosphor-
ylation sites modulates retrieval to the TGN (6, 41). Since
epithelial and nonepithelial cells transport “apical” and “ba-
solateral” membrane proteins from the TGN to the cell surface
via two distinct routes (27, 44), our results showing that furin is
sorted to the basolateral cell surface in MDCK cells may be
relevant for the exocytic transport of furin in general. It is
unclear whether furin reaches the cell surface directly from the
TGN or indirectly via endosomes and whether particular sig-
nals direct furin into one pathway or the other. Newly synthe-
sized transferrin receptor has been shown to reach endosomes
prior to its appearance on the plasma membrane of HEp-2
cells (7), and the asialoglycoprotein receptor also reaches en-
dosomes prior to its appearance on the basolateral cell surface

of MDCK cells (17). However, it remains to be shown whether
transit through endosomes in polarized cells is a general fea-
ture of basolateral transport.

While most substrates of furin are processed late during
their biosynthesis in the TGN, several precursor proteins are
processed outside the exocytic pathway. Cleavage of the pro-
tective antigen of anthrax toxin occurs at the plasma mem-
brane, and processing of the Pseudomonas exotoxin requires
internalization into endosomes (15, 24). In polarized cells,
asymmetric recycling of furin may be of physiological relevance
for the polarized secretion of processed bioactive compounds
(3). Alternatively, a polarized surface expression of furin may
allow the domain-selective processing of extracellular or inter-
nalized substrates. In LC-PK1 cells expressing the furin sub-
strate prosomatostatin, for example, the unprocessed form is
secreted in an unpolarized fashion whereas processed soma-
tostatin is exclusively released into the basolateral medium (3).

FIG. 6. The acidic amino acid cluster EEDE and the FI motif but not serine
phosphorylation are required for basolateral sorting. MDCK cells expressing Tac
F766-793 FI3AA (a and b), Tac F766-793 EEDE3AAAA (c and d), TTF
SS3AA (e and f) or TTF SS3DD (g and h) were grown as polarized cell
monolayers and incubated at 37°C for 30 min with anti-Tac antibody added to the
upper (panels a, c, e, and g) or lower (panels b, d, f, and h) compartment. Cells
were then washed on ice, fixed, and permeabilized, and anti-Tac antibodies were
visualized by using a labeled second antibody. Mutation of the FI and EEDE but
not that of the serines subject to phosphorylation by CKII affects basolateral
transport. Bar, 10 mm.

FIG. 7. The EEDE cluster and the FI motif are required for basolateral
sorting in the context of the complete furin tail. MDCK cells expressing TTF
FI3AA (a and b), TTF Y758A (c and d), TTF EEDE3AAAA (e and f), or TTF
Y758A, EEDE3AAAA (g and h) were grown as polarized cell monolayers and
incubated at 37°C for 30 min with anti-Tac antibody added to the upper (panels
a, c, e, and g) or lower (panels b, d, f, and h) compartment. Cells were then
washed on ice, fixed, and permeabilized, and anti-Tac antibodies were visualized
by using a labeled second antibody. Mutations affecting either the FI motif or the
EEDE motif in TTF FI3AA, TTF EEDE3AAAA, or TTF Y758A,
EEDE3AAAA lead to impaired basolateral sorting (panels a, b, and e through
h); inactivating the tyrosine-based endocytosis signal in TTF Y758A has no effect
on basolateral transport (panels c and d). Bar, 10 mm.
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This finding suggests that prosomatostatin is selectively pro-
cessed by furin in the basolateral exocytic route.

The cytosolic domain of furin is necessary and sufficient for
basolateral sorting. In several proteins, tyrosine-based basolat-
eral sorting signals which in many cases also mediate endocytic
activity have been identified. Despite the overall similarities,
however, the sequence requirements for endocytosis and ba-
solateral sorting are in most cases not identical (13). The lack
of basolateral sorting activity of the YKGL endocytosis signal
of furin may reflect its location in a structural context which
allows recognition by the endocytic but not by the basolateral
sorting machinery. The importance of dihydrophobic signals in
basolateral sorting, on the other hand, is not unprecedented,
and related motifs (i.e., LL, LI, ML, and LV) mediate baso-
lateral sorting in other proteins, including FcgRIIb2 (mediated
by LL) (9), invariant chain (mediated by LI and ML) (29, 37,
38), and CD44 (mediated by LV) (36). Despite the precedent
for dileucine-based signals in basolateral targeting, phenylala-
nine has not been shown to be active in combination with
isoleucine. Although the FI motif was sufficient for basolateral
sorting in constructs having short cytosolic tails, a second de-
terminant, EEDE, was as important as the FI in the context of
the membrane distal half or the complete furin tail. Mutation
of the two serines which, together with the EEDE sequence,
form the two overlapping CKII sites did not affect basolateral
sorting, indicating that serine phosphorylation does not play a
role in basolateral sorting. Acidic amino acid clusters play a
role in basolateral sorting of other proteins. In the low-density
lipoprotein receptor (LDL-R), acidic amino acid clusters sim-
ilar to the one in furin are critical for the basolateral sorting
activity of the membrane distal and proximal tyrosine-based
determinants (10, 20, 21). In contrast to furin, however, the
acidic sequences in the LDL-R tail are unimportant for endo-
cytosis. Furthermore, the combination of an acidic amino acid

cluster upstream of a putative dileucine signal is a novel ar-
rangement of sorting signals, although membrane proximal
acidic amino acids are also important in the LI signal in in-
variant chain (29, 37). While the FI and EEDE play a critical
role in basolateral sorting of furin, we cannot exclude the
possibility that additional amino acids contribute to this sorting
activity.

Several possibilities may explain the requirement for both of
the FI and EEDE motifs for basolateral sorting. The FI motif
and the EEDE motif may be independent but weak basolateral
signals which by themselves cannot override a putative apical
sorting signal in the ecto- and/or transmembrane domain of
Tac and, presumably, furin. Alternatively, the two motifs to-
gether may be required to interact with the basolateral sorting
machinery. The EEDE motif may also be important in confer-
ring a particular secondary structure to the furin tail so that it
presents the FI motif. Underscoring their importance in furin
function, the acidic amino acids and the downstream FI are
conserved in the orthologs from human, cow, rat, mouse, ham-
ster, chick, and Xenopus. In the latter organism, the FI se-
quence is replaced by a dihydrophobic FL.

Cytosolic sorting signals in receptors and transmembrane
proteins interact with adapter complexes which in turn recruit
clathrin or other coats, thereby leading to the clustering of
cargo molecules in pits and transport vesicles (for a review, see
reference 34). While AP-1 and AP-3 are implicated in sorting
events at the TGN and endosomes, AP-2 acts during endocy-
tosis from the plasma membrane. Tyrosine- and dileucine-
based signals can interact with AP-1, AP-2, and AP-3, and
while tyrosine signals bind to the m subunit of APs, an inter-
action of dileucine-based signals has been observed with the m
subunit and the b subunit of certain adapters (4, 30) (reviewed
in reference 14). For furin, in vitro binding studies have shown
that the phosphorylated CKII consensus site is able to bind to
AP-1 (6), probably via the connector protein PACS-1 (41).
However, it is not clear what role, if any, the EEDE cluster and
the FI motif play in PACS-1 or AP-1 binding, nor is it clear if
these determinants also interact with other adapters.

A question central to understanding the mechanisms of ba-
solateral sorting is the identification of the molecular machin-
ery mediating this sorting event. The similarities between sig-
nals required for clathrin-coated pit localization and
basolateral sorting implicate adapter-like complexes (10). A
role for any of the known adapters in basolateral sorting has
neither been proven nor strictly been ruled out and adapters as
yet to be characterized may be candidates for this sorting
event. Comparison of the requirements of sequences in the
furin tail for the different sorting steps to those for binding to
particular adapters might yield additional insights.
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