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Abstract. To investigate the mechanisms of membrane 
protein localization to the Golgi complex, we have ex- 
amined the intracellular trafficking of epitope-tagged 
forms of the mammalian endopeptidase, furin, in stably 
transformed rat basophilic leukemia cells. Our studies 
show that furin is predominantly localized to the 
trans-Golgi network (TGN) at steady state, with 
smaller amounts present in intracellular vesicles. Bio- 
chemical and morphological analyses reveal that furin 
is progressively delivered to a lysosomal compart- 
ment, where it is degraded. Analyses of furin deletion 
mutants and chimeric proteins show that the cytoplas- 
mic domain is both necessary and sufficient for local- 

ization to the TGN in various cell types. Interestingly, 
deletion of most of the cytoplasmic domain of furin 
results in a molecule that is predominantly localized to 
intracellular vesicles, some of which display character- 
istics of lysosomes. To a lesser extent, the cytoplasmi- 
cally deleted molecule is also localized to the plasma 
membrane. These observations suggest the existence of 
an additional determinant for targeting to the en- 
dosomal/lysosomal system within the lumenal and/or 
transmembrane domains of furin. Thus, the overall 
pattern of trafficking and steady state localization of 
furin are determined by targeting information con- 
tained within more than one region of the molecule. 

T 
HE TGN is a compartment of the secretory pathway 
situated next to the trans face of the Golgi stack (re- 
viewed by Griffiths and Simons, 1986; Geuze and 

MorrO, 1991; Mellman and Simons, 1992). In mammalian 
cells, the TGN appears as a collection of tubules, cisternae, 
and vesicles, some of which are covered with clathrin coats 
(Geuze et al., 1984; Roth et al., 1985; Rambourg and Cler- 
mont, 1990). Within the TGN, newly synthesized proteins 
undergo terminal modification of their polypeptide and/or 
carbohydrate chains, including proteolytic cleavage and ad- 
dition of sialic acid and sulfate groups (reviewed by Mellman 
and Simons, 1992). The TGN is also believed to be a major 
site of protein sorting within the secretory pathway. Newly 
synthesized proteins delivered to the TGN from the Golgi 
stack are sorted to various cellular compartments, including 
different domains of the plasma membrane, lysosomes, en- 
dosomes, and regulated secretory granules. The TGN also 
receives an influx of proteins from the plasma membrane and 
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endosomal compartments, which are sorted along the same 
mutes followed by newly synthesized proteins. 

How the TGN is capable of performing all of these com- 
plex functions while maintaining its characteristic pro- 
tein composition and structure is poorly understood. We 
have been particularly interested in the mechanisms by 
which certain proteins become predominantly localized to 
the TGN. One set of proteins found in the TGN includes 
carbohydrate-modifying enzymes, such as c~2,6-sialyltrans- 
ferase, which are also typical components of the Golgi stack 
(Roth et al., 1985). The presence of these proteins within the 
TGN probably reflects a gradual transition from the stack en- 
vironment to that of the TGN. The primary determinant for 
Golgi localization of these proteins is found within the trans- 
membrane domains (reviewed by Machamer, 1993). More 
recent observations have suggested that the TGN harbors an- 
other set of proteins that, while predominantly concentrated 
in the TGN, can also travel to more distal compartments of 
the secretory pathway. To date, the only well-characterized 
member of this set is the glycoprotein, TGN38/41 (Luzio et 
al., 1990; Reaves et al., 1992). 

TGN38/41 is a type I integral membrane glycoprotein that 
exists as two isoforms, the sequences of which diverge near 
the carboxy terminus (Luzio et al., 1990; Reaves et al., 
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1992). At steady state, the majority of TGN38/41 is found 
within the TGN, although smaller amounts are also present 
at the plasma membrane and in endosomal vesicles (Ladin- 
sky and Howell, 1992; Bos et al., 1993). This distribution 
pattern is unusual among transmembrane proteins and 
reflects the existence of a cycling pathway between the TGN 
and the plasma membrane (Ladinsky and Howell, 1992; 
Reaves et al., 1993; Bos et al., 1993). Molecular dissection 
of TGN38 has implicated the cytoplasmic domain of the pro- 
tein in mediating localization to the TGN (Luzio et al., 1990; 
Humphrey et al., 1993; Bos et al., 1993; Wong and Hong, 
1993). Several groups have identified a tyrosine-containing 
segment of the TGN38 cytoplasmic domain that can confer 
TGN localization when placed within the cytoplasmic do- 
main of various plasma membrane proteins (Humphrey et 
al., 1993; Bos et al., 1993; Wong and Hong, 1993). While 
the mechanism by which this sequence can confer TGN lo- 
calization is unknown, its similarity to endocytosis signals 
(Trowbridge et al., 1993) has suggested a possible role in re- 
trieval from a POst-TGN compartment such as the plasma 
membrane or endosomes (Humphrey et al., 1993; Luzio and 
Banting, 1993; Stanley and Howell, 1993). To what extent 
the distribution, trafficking, and targeting information of 
TGN38/41 are characteristic of other TGN proteins remains 
to be established. 

To further investigate the mechanisms of protein localiza- 
tion to the TGN, we decided to extend our studies to the 
intracellular trafficking of the mammalian endopeptidase, 
furin. Furin is a membrane-bound, dibasic endopeptidase 
predominantly localized to a late compartment of the Golgi 
system; this compartment has recently been identified as the 
TGN by Molloy et al. (1994). Furin is largely responsible for 
the proteolytic processing function that has long been known 
to exist within the Golgi complex (Bresnahan et al., 1990; 
Hatsuzawa et al., 1992; Misumi et al., 1991; Rehemtulla et 
al., 1992; Xu and Shields, 1993). On the basis of its mem- 
brane topology, furin is classified as a type I integral mem- 
brane glycoprotein having a large amino-terminal lumenal 
domain, a single membrane-spanning sequence, and a car- 
boxy-terminal cytoplasmic domain (see Fig. 1, scheme). 

In the present study, we have examined the intracellular lo- 
calization, trafficking and fate of epitope-tagged furin con- 
structs in stably transfected rat basophilic leukemia (RBL)~ 
cells. The results of our studies show that while furin is pre- 
dominantly localized to the TGN, a fraction of the molecules 
localizes to a vesicular compartment in these cells. Treat- 
ment with lysosomotropic agents increases detection of furin 
in vesicles that also contain the lysosomal integral mem- 
brane protein, lgpl20. Pulse-chase analyses show that furin 
has a relatively short half-life in these cells and that its half- 
life is prolonged by treatment with inhibitors of lysosomal 
degradation. Taken together, these observations suggest that 
furin localization to the TGN in these cells is the result of 
a dynamic process that allows steady egress towards a pre- 
lysosomal or lysosomal compartment. Analyses of the intra- 
cellular localization of furin mutants and chimeric proteins 
show that the furin cytoplasmic domain is both necessary 
and sufficient for TGN localization. Interestingly, deletion of 

1. Abbreviations used in this paper: MME, methionine methyl ester; 
NEPHGE, nonequilibrium pH gel electrophoresis; NRK, normal rat kid- 
ney; RBL, rat basophilic leukemia. 

the cytoplasmic domain of furin results in increased delivery 
to lysosomal vesicles, in addition to a slight increase in ex- 
pression at the plasma membrane. This observation suggests 
that an additional determinant present within the lumenal 
and/or transmembrane domains of the molecule mediates its 
transport to the endosomal/lysosomal system. Furin may 
thus be an example of a protein for which a combination of 
targeting signals determines its overall pattern of localization 
and trafficking within the late secretory pathway. 

Materials and Methods 

Recombinant DNA Procedures 
A eDNA clone encoding mouse furin (Hatsuzawa et al., 1990) was kindly 
provided by Dr. Cornelia German (Genentech, South San Francisco, CA). 
Sequences encoding the FLAG (Hoppet al., 1988) and HA (Wilson et al., 
1984) epitopes (see Table I for sequences) were fused in frame to the 3' end 
of furin coding sequences, using the PCR (Saiki et al., 1988). The resulting 
furin-FLAG and furin-HA constructs (see Fig. 1, scheme) were cloned into 
a modified version of the mammalian expression vector pCDL-SRa (Takebe 
et al., 1988). Constructs encoding the Tac antigen (Leonard et al., 1984) 
with either the FLAG or HA epitopes at the carboxy terminus (see Fig. 7 
for Tac-HA scheme) were also made by PCR and cloned into the mam- 
malian expression vector, pCDM8 (Seed, 1987). DNA sequences encoding 
the lumenal and transmembrane domains of the Tac antigen (residues 1-262 
of the primary translation product) were fused in frame to either the 57 
carboxy-terminal residues (737-793) or the 10-membrane proximal residues 
(737-746) of the furin cytoplasmic domain, using the double PCR method 
of Higuchi et al. (1988). These constructs, respectively named T-T-F and 
T-T-FA746 (see Fig. 9, scheme), were cloned into pCDMS. Versions of 
T-T-F and T-T-FA746 with an HA epitope at the carboxy terminus were also 
made by PCR and cloned into pCDM8. The sequence of all the recombinant 
constructs was confirmed by the dideoxy chain-termination method. 

Cells 

RBL cells (clone 2H3) were kindly provided by Dr. Henry Metzger (Na- 
tional Institutes of Health, Bethesda, MD). Normal rat kidney (NRK) and 
HeLa cells were obtained from the American Type Culture Collection 
(Roclcville, MD). Cells were cultured in DME (Biofluids, Rockville, MD) 
containing 10% FBS, 100 U/ml penicillin, and 100 #g/ml streptomycin 
(complete medium). Stable transfection of RBL and NRK cells and tran- 
sient transfection of NRK and HeLa cells were done essentially as described 
by Humphrey et al. (1993). Single cell clones of stably ttansfected RBL and 
NRK cells were isolated by limiting dilution, and screened by immunofluo- 
rescence microscopy. Only clones that expressed moderate levels of the 
transfected constructs were used in our studies. RBL lines expressing Tac 
or a Tac-DKQTLL construct (Letourneur and Klausner, 1992) were the 
kind gift of Dr. Richard Klausner (National Institutes of Health, Be- 
thesda, MD). 

Specific Antibodies 
The primary antibodies used in our studies and their sources are described 
in Table I. 

Immunofluorescence Microscopy 
Stably or transiently transfected cells were grown to 70-80% confluence 
on glass coverslips. Cells were fixed for 15 min at room temperature with 
2 % formaldehyde in PBS. After washing in PBS, the cells were incubated 
for 1 h with primary antibodies in PBS containing 0.2% saponin. Unbound 
antibodies were removed by rinsing in PBS, after which cells were further 
incubated for 30 rain with fluorescenfly labeled secondary antibodies (ob- 
tained from Jackson ImmunoResearch, West Grove, PA) in 0.2% sapo- 
nin/PBS. After rinsing once more in PBS, the coverslips were mounted onto 
glass slides with Fluoromount G (Southern Biotechnology Associates, Bir- 
mingham, AL). Samples were examined with a Zeiss inverted microscope 
equipped with a 63 x lens (Carl Zeiss, Oberkochen, Germany). In some ex- 
periments (see Fig. 3), fluorescenfly stained cells were examined using a 
BioRad MRC-600 laser-scanning confocal microscope. The 488- and 568- 
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Table L Antibodies 

Name Antigen Antigenic sequence Antibody type Source 

DC16 Furin DDGIEKNHPDLAGNY (153-167) Rabbit polyelonal R. Angeletti 
(Albert Einstein College 
of Medicine, Bronx, /flY) 

fur2 Furin TQMNDNRHGTRC (187-198) Rabbit polyelonal Made in our laboratory 
furl Furin NQNEKQIVTTDLRQKC (345-360) Rabbit polyclonal Made in our laboratory 
Cfur Furin SDSEEDEGRRGERIAFIKDQSAL (772-793) Rabbit polyclonal R. Angeletti 
M2 FLAG DYKDDDDK Mouse monoclonai IBI (New Haven, CT) 
12CA5 HA YPYDVPDYA Mouse monoclonal Berkeley Antibody Company 

(Richmond, CA) 
HA-11 HA YPYDVPDYA Rabbit polyelonal Berkeley Antibody Company 
JH4 TGN38 KTNRPTDQRLESDKEC (156-169) Rabbit polyelonal Made in our laboratory 
LY1C6d lgpl20 - Mouse monoclonal I. Mellman (Yale University, 

New Haven, CT) 
Anti-LAMP-1 LAMP-1 - Rabbit polyclonal M. Fukuda (La Jolla Cancer 

Research Foundation, 
La Jolla, CA) 

7G7 Tac - Mouse monoclonal American Type 
Culture Collection 
(Rockvine, MD) 

R3134 Tac - Rabbit polyclonal W. Leonard (NIH, 
Bethesda, MD) 

nm lines of a Krypton/Argon laser were used for excitation of fluorescein- 
and Texas red-labeled cells, respectively. 

Electron Microscopy 
Electron microscopy of ultrathin frozen sections of stably transfected RBL 
cells expressing furin-HA or furin-FLAG was performed essentially as de- 
scribed previously (Peters et al., 1991; Humphrey et al., 1993). Furin- 
HA--expressing ceils were fixed in 2% glutaraldehyde/0.1 M phosphate 
buffer (pH 7.4) and furin-FLAG-expressing cells were fixed in 4% formal- 
dehyde, 0.2 M Hepes buffer (pH 7.4) for 2 h at 37"C. Cells were then rinsed 
in PBS containing 0.15 M glyeine, and embedded in 10% gelatin. Gelatin 
blocks were incubated for 16 h in 2.3 M sucrose at 4°C, and frozen in liquid 
nitrogen. 80-nm-thin cryosections were made with a cryo-ultramicrotome 
(Reichert Ultraeut S). Sections were incubated at room temperature with 
either a polyelonal antibody to the HA epitope (HA-II; see Table I) or a 
monoelonal antibody to the FLAG epitope (M2; see Table 1), respectively. 
Antibodies to HA were detected by incubation with protein A conjugated 
to 10-urn gold particles. Antibodies to FLAG, on the other hand, were de- 
tected with goat anti-mouse IgG conjugated to 5-urn gold particles (Amer- 
sham Corp., Arlington Heights, IL). Stably transfecl~l RBL or NRK cells 
expressing the chimeric protein, T-T-F, were similarly immunostained using 
a polyelonal antibody to Tac (R3134; see Table D and 10-nm gold-conju- 
gated protein A. Sections were examined with a Phillips CM 10 transmis- 
sion electron microscope. 

Metabolic Labeling 
Stable RBL transfectants plated on 100-ram culture plates were washed 
twice with PBS and incubated for 30 rain at 370C in methionine-free DME 
containing 2% dialyzed FBS, 100 U/ml penicillin, and 100 t~g/rnl stre W 
tomycin (labeling medium). Cells were then pulse labeled for 30 rain at 

o 35 35q 37 C with 0.5 mCi/mi [ S]methionine (Tran S-Label, ICN Radiochemi- 
cals, Irvine, CA) in labeling medium and chased in complete medium for 
various times. At each time point, the culture media were removed from 
the plates and frozen at -20°C. Cells were scraped off the culture dishes 
in 10 mi ice-cold PBS, after which they were collected by centrifugation 
at 1,500 g for 5 rain and frozen at -20"C. 

Immunoprecipitation and Electrophoresis 
Cells were thawed at 4°C and lysed by treatment for 15 rain at 4°C in 1% 
Triton X-100, 0.5% sodium deoxycholate, 0.3 M NaCI, 50 mM Tris-HC1, 

pH 7.4 (regular lysis buffer). Lysates were cleared by centrifugation for 15 
rain at 15,000 g at 40C. In some experiments, cells were lysed for 10 rain 
at room temperature in 1% of the denaturing detergents SDS or Sarcosyl 
(N-Lauroyl Sarcosine; Sigma Chemical Co., St. Louis, MO), plus 0.3 M 
NaCI, 50 mM Tris-HCl, pH 7.4, 20 t~g/ml DNAse I (Bethesda Research 
Laboratories, Galthersburg, MD). After faltering through 0.45-#m Millex- 
HA filters (Millipore Corp., Bedford, MA), the lysates were diluted with 
regular lysis buffer to a final concentration of 0.1% SDS or Sarcosyl. The 
cleared lysates were incubated for 2 h at 4"C with antibodies bound to pro- 
tein A-Sepbarose, except for M2 which was bound to protein G-Sepharose. 
The Sepharose beads were washed three times with 0.1% Triton X-100, 
0.3 M NaCI, 50 mM Tris-HC1, pH 7.4, and three times with PBS, after 
which they were boiled for 5 rain in reducing SDS-PAGE sample buffer. Im- 
munopreeipitated proteins were separated by SDS-PAGE on 8 or 10% 
aerylarnide gels, and gels were processed for flunrngraphy with I M sodium 
salieylate. For endo H treatment, the washed beads were incubated for 16 h 
at 37°C with 1,000 NEB U of endo Hf (New England Biolabs, Boston, 
MA) in 0.1 M sodium citrate, pH 6.0, containing 0.1% SDS. The reaction 
was stopped by adding an equal volume of 2X SDS-PAGE sample buffer 
and boiling for 5 rain. For neuraminida~ treatm~t, the beads were in- 
cubated for 16 h at 37"C with 20 mU neuraminidase from Clostridiumper- 
fringens (Sigma Chemical Co.) in 50 mM sodium acetate buffer, pH 
5.5, containing 80 mM CaCI2. The immunoprecipitates were boiled for 
5 rain, dried, and processed for nonequilibrium pH gradient electrophoresis 
(NEPHGE)/SDS-PAGE, as described by O'Farrell et al. (1977). 

Cell Homogenization and Sodium 
Carbonate Extraction 
RBL cells expressing furin-FLAG were metabolically labeled for 30 min 
with [3~S]methinnine and chased for 4 h in the presence of 50 mM ammo- 
ninm chloride. Cells were then harvested, resuspended in 0.28 M sucrose, 
50 mM Tris-HCI, pH 7.4, and disrupted by 30 strokes with a tight-fitting 
Dounce homogenizer. Homogenates were centrifuged for 5 min at 1,500 g 
and supernatants were further centrifuged for 10 rain at 230,000 g. The su- 
pernatants of this last centrifugation were saved and the pellets resuspended 
in 0.1 M sodium carbonate, pH 11.3, as described by Fujiki et al. (1982) 
and Howell and Palade (1982). The suspensions were again spun for 10 rain 
at 230,000 g. The extraction was repeated and both supernatants were com- 
bined and neutralized to pH 7 by addition of 1 M HC1. The pellets were 
rinsed with PBS and solubilized in regular lysis buffer. The supernatants 
and solubilized pellets were subjected to irnmanoprecipitation with antibod- 
ies to furin, as described above. 
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Resu l t s  

Carboxy Terminally Tagged Forms of  Furin Are 
Predominantly Localized to the TGN 

Endogenous furin is normally expressed at very low levels 
in most cultured cells (van Duijnhoven et al., 1992), so that 
the protein is difficult to detect by immunochemical tech- 
niques. To study the intracellular localization, trafficking 
and fate of furin, it was therefore necessary to express it by 
transfection of cDNA clones into cultured cells. To facilitate 
immunochemical detection of furin in various assays, recom- 
binant DNA procedures were used to append either one of 
two short epitopic sequences, known as "FLAG" (Hopp et 
al., 1988) and "HA" (Wilson et al., 1984), to the cytoplasmic 
carboxy terminus of the protein (Fig. 1, scheme). These epi- 
topes do not encode any known targeting signal and, in prac- 
tice, we have found that they have no effect on the distribution 
of the plasma membrane protein, Tac, when fused to the cy- 
toplasmic end of the protein (for example see Fig. 7 G). 
The resulting furin-FLAG and furin-HA constructs were ex- 

pressed by stable transfection into RBL cells or by transient 
transfection into various other cell lines. In addition to anti- 
bodies to the FLAG and HA epitopes, we used four other 
anti-peptide polyclonal antibodies to various lumenal and cy- 
toplasmic sequences of furin (see Fig. 1, scheme). These 
polyclonal antibodies to furin were effective at immunopre- 
cipitating the protein, but proved less suitable than the anti- 
tag antibodies for techniques involving immunostaining of 
fixed cells. 

Immunofluorescence microscopy of stably transfected RBL 
cells showed staining of a juxtanuclear structure characteris- 
tic of the Golgi complex for both furin-FLAG (Fig. 1 A) and 
furin-HA (Fig. 1 C). A similar pattern of staining was ob- 
served for the TGN-localized protein, TGN38 (Fig. 1, B and 
D), confirming the identity of this juxtanuclear structure as 
the Golgi complex. The localization of the two epitope- 
tagged furins was thus similar to that reported for untagged 
furin (Bresnahan et al., 1990, Misumi et al., 1991, van 
Duijnhoven et al., 1992), suggesting that fusion of either epi- 
tope at the carboxy terminus had no effect on the distribution 
of the molecule. Essentially the same pattern of staining was 

M2 
DC16 fur2 furl N-linked glycans Cfur 12CA5, HA-11 

- -  " "  

NH2"I I [ I I  II-cOO" 
(24) (690) (21) (58) ~g .  

Signal ~ Lumenal TM Cytoplasmic FLAG o r  

Peptide HA Epitope 
Proregion (8 or 9) 

Figure 1. (Top) Schematic representation of epitope-tagged furin constructs used in this study. The scheme represents the primary translation 
products, before any pmteolytic processing events. The number of amino acid residues in each portion of the molecule is indicated in 
parenthesis. The figure also depicts the approximate positions of the three sites of N-glycan addition and the locations of peptide sequences 
recognized by antibodies to furin (DC16, fur2, furl, and Cfur), FLAG (M2), and HA (12CA5 or HA-11) (see Table I). (Bottom) Im- 
munofluorescence microscopy localization of furin-FLAG and furin-HA in stably transfected RBL cells. RBL cells expressing furin-FLAG 
(.4 and B) or furin-HA (C and D) were fixed, permeabilized and stained simultaneously with: (,4 and B) a mouse antibody to the FLAG 
epitope (M2) and a rabbit antibody to TGN38 (JH4), or (C and D) a mouse antibody to the HA epitope (12CA5) and a rabbit antibody 
to TGN38 (JH4). The primary antibodies were revealed by incubation with a mixture of fluorescein-conjugated donkey antibodies to mouse 
IgG and Texas red-conjugated donkey antibodies to rabbit IgG. (A and C) Fluorescein channel; (B and D) Texas red channel. Control 
experiments showed no staining for FLAG or HA in untransfected RBL cells (not shown). Bar, 10 #m. 
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Figure 2. Immunoelectron microscopy localization of epitope-tagged furins in stably transfected RBL cells. Thin frozen sections of fixed 
RBL cells expressing either furin HA (A) or furin-FLAG (B and C) were stained with antibodies to the HA (HA-11) or FLAG (M2) epitopes, 
respectively, as described in the Materials and Methods section. The bound primary antibodies were detected with either 10-nm gold- 
conjugated protein A (A) or 5-nm gold-conjugated antibodies to mouse immunoglobulins (B and C). For both furin-HA (A) and furin-FLAG 
(not shown), most of the gold particles were found to be concentrated on tubules and vesicles in an area adjacent to the Golgi stack (g). 
Some of the positively stained structures in this area were found to be coated by an electron dense material characteristic of clathrin coats 
(B, arrowheads). The location and morphology of these structures are characteristic of the TGN. Some gold particles were detected inside 
vesicular structures (v) with the morphology of multivesicular bodies, such as the one shown in C. There was no significant staining of 
the Golgi stack or the plasma membrane (p). Bars: (A) 0.2/~m; (B and C) 0.1 pm. 
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observed upon transient expression of the proteins in NRK 
cells (for example see Fig. 7 A) and HeLa cells (not shown). 
Interestingly, some of the stably transfected RBL cells dis- 
played additional staining of cytoplasmic vesicles, which could 
be best resolved by confocal microscopy (see Fig. 3 A). 

The distribution of furin-HA and furin-FLAG in RBL 
cells was further analyzed by quantitative immunogold elec- 
tron microscopy (Fig. 2). Both proteins were found to be 
predominantly localized to tubules and vesicles on one side 
of the Golgi stack (~75 % of gold particles; see Fig. 2 A for 
example). This region of the cell was characterized by the 
presence of coated vesicles or coated buds, some of which 
contained epitope-tagged furin (Fig. 2 B). The characteris- 
tics of this structure clearly correspond to those described 
previously for the TGN (Grifliths and Simons, 1986; Ram- 
bourg and Clermont, 1990). These observations are in agree- 

ment with those of Molloy et al. (1994), who recently re- 
ported a similar localization for a lumenaUy tagged furin 
construct expressed using a vaccinia infection system. Taken 
together, these observations argue that furin resides predom- 
inantly within the TGN, and that its ability to localize to this 
compartment is unaffected by the addition of epitope tags at 
either end of the polypeptide chain. 

Our immunoelectron microscopy analyses also revealed 
the presence of approximately 10 % of furin-FLAG in vesicu- 
lar structures, some of which had the appearance of mul- 
tivesicular bodies (v, Fig. 2 C). Multivesicular bodies have 
been previously shown to correspond to late endosomal or 
prelysosomal compartments (Tougard et al., 1985; Jost-Vu et 
ai., 1986; Gritiiths et al., 1990). No significant deposition 
of gold particles was evident at the plasma membrane (Fig. 
2 A), although more sensitive, flow cytofluorometry analyses 

Figure 3. Effect of MME on the distribution of furin-FLAG in stably transfected BRL cells. RBL cells expressing furin-FLAG (.4 and 
B) or furin-HA (C and D) were incubated for 4 h in regular culture medium, in the absence (A) or presence (B-D) of 20 mM MME. 
Cells were then fixed, permeabilized, and prepared for immunofluorescence microscopy. Cells shown in A and B were stained with antibod- 
ies to the FLAG epitope (M2) and Texas red-conjugated donkey antibodies to mouse IgG. Cells in C and D were double-stained with 
rabbit antibodies to the HA epitope (HAll) and mouse antibodies to lgpl20 CLY1C6d), followed by Texas red-conjugated donkey antibodies 
to rabbit IgG and fluorescein-conjugated donkey antibodies to mouse IgG. Slides were examined by confocal microscopy. C and D show 
the colocalization of furin-HA and lgpl20, respectively, in a region of an MME-treated cell. The degree of colocalization in other cells 
was also significant, but less extreme than in the example shown in C and D. 
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of furin-HA transfectants revealed the presence of a small 
but significant amount of furin at the cell surface (data not 
shown). 

Treatment with Lysosomotropic Agents 
Causes Accumulation of Epitope-tagged Furin 
in Lysosomal Vesicles 
The presence of some epitope-tagged furin molecules in 
what appeared to be endosomal or prelysosomal structures 
prompted us to investigate whether furin-FLAG was capable 
of leaving the TGN and moving into a post-TGN, potentially 
degradative compazianent. To address this possibility, we ex- 
amined the effect of the lysosomal inhibitor, methionine 
methyl ester (MME) (Reeves et al., 1981), on the distribu- 
tion of epitope-tagged furin within cells. Treatment with 
MME led to a substantial increase in the number and inten- 
sity of cytoplasmic vesicles containing immunoreactive fu- 
tin (Fig. 3 B). In these vesicles, furin was found to colocalize 
partially with the lysosomal integral membrane protein, 
lgpl20 (Fig. 3, C and D). This protein has been previously 
shown to be enriched within prelysosomal and lysosomal 
structures (Griffiths et al., 1988; Geuze et al., 1988). RBL 
cells have been shown to have an additional population of 
regulated secretory vesicles that contain both soluble and 
membrane-bound lysosomal proteins (Bonifacino et al., 
1989). The vesicles stained in MME-treated cells could thus 
correspond to any or all of these lgpl20-contalning struc- 
tures. Since in this study we have attempted to distinguish 
between these different structures, we refer to them through- 
out the paper as "lysosomal vesicles" or, more generally, as 
a "lysosomal compartment: Other vesicles containing epi- 
tope-tagged furin but not lgpl20 could correspond to endo- 
somes. The results of this experiment suggested that a sig- 
nificant amount of furin-FLAG could undergo transport 
from the TGN to lysosomal vesicles over the 4-h span of the 
experiment. We could not ascertain, however, whether the 
detection of furin in lysosomal vesicles was a manifestation 
of a normal transport process or whether it was caused by 
perturbation of the TGN or of membrane trafficking path- 
ways by MME. 

Biosynthesis and Processing of Epitope-tagged 
Furins in RBL Cells 

To corroborate the results of the morphological analyses, and 
to obtain additional information on the trafficking and fate 
of furin within cells, we conducted a series of pulse-chase, 
metabolic labeling experiments. After a 30-min pulse with 
[35S]methionine, furin-FLAG appeared as an endo H-sen- 
sitive doublet of ,~105,000 and ,x,95,000 M~ (Fig. 4 A, lanes 
1 and 2). The higher relative molecular mass species proba- 
bly corresponds to the newly synthesized zymogen form of 
the molecule, whereas the the lower relative molecular mass 
species represents a proteolytically processed form lacking 
an amino terminal proregion sequence (Misumi et al., 1991; 
Molloy et al., 1994; Rehemtulla et al., 1992; l.e, duc et al., 
1992). The rapid conversion of the zymogen to the processed 
form and the endo H-sensitive nature of both species are 
consistent with this cleavage occurring within the ER. 
Within 1 h of chase, most of the proteolytically processed fu- 
rin shifted up in molecular weight (~100,000 Mr) and be- 
came resistant to endo H (Fig. 4 A, lanes 3 and 4). After a 
2-h chase, virtually all of the labeled furin-FLAG was resis- 

Figure 4. Processing of furin-FLAG carbohydrates examined by 
metabolic labeling, pulse-chase analysis, and treatment with glyco- 
lytic enzymes. (A) RBL cells expressing furin-FLAG were meta- 
bolically labeled for 30 rain with [35S]methionine, as described in 
the Materials and Methods section. Labeled cells were chased for 
0, 1, or 2 h and furin-FLAG was isolated from detergent-extracted 
ceils with antibodies to the FLAG epitope (M2). Immunoprecipi- 
tates were incubated without ( - )  or with endo H (+) and resolved 
by SDS-PAGE under reducing conditions on 8 % acrylamide gels. 
The positions of molecular weight markers (expressed as 10 -3 x 
Mr) are shown at left. (B) RBL cells expressing furin-FLAG were 
labeled for 30 min with [35S]methionine and chased for 2 h in 
regular culture medium. Furin was isolated by immunoprecipita- 
tion with antibodies to the FLAG epitope (M2) and incubated with- 
out (-Neur.) or with (+Neut.) neuramim'dase. Samples were re- 
solved by two-dimensional NEPHGE/SDS-PAGE. The origin of 
the NEPHGE gel is indicated by the dashed line. The positions of 
the more acidic, sialylated form and the less acidic, desialylated 
form of furin-FLAG are indicated by arrowheads. 

tant to endo H (Fig. 4 A, lanes 5 and 6) (meaning that it has 
passed through the medial Golgi cisternae) but became sen- 
sitive to neuraminidase (Fig. 4 B) (indicating transport of the 
trans-Golgi cisternae and TGN). It is worth mentioning that 
the efficiency of processing of newly synthesized furin ob- 
served in our experiments with stably transfected RBL cells 
was markedly higher than that reported previously in tran- 
siently transfected COS cells (Misumi et al., 1991). Our ob- 
servations thus demonstrated that furin-FLAG rapidly exited 
the ER and traversed the entire Golgi complex in RBL cells, 
in accordance with its localization to the TGN revealed by 
the immunoelectron microscopy studies. 

Evidence for Lysosomal Degradation of 
Epitope-tagged Furins 

More extended pulse-chase analyses showed that furin- 
FLAG disappeared from stably transfected RBL cells with- 
out being quantitatively recovered in the culture medium 
(Fig. 5). The half-time of disappearance of the protein was 
~2  h in the experiment shown in Fig. 5, although it was 
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Figure 5. Analysis of the turnover of furin-FLAG. RBL ceils ex- 
pressing furin-FLAG were metabolically labeled for 30 min with 
[35S]methionine and chased for the periods indicated in the figure, 
in the absence (Untreated) or presence (+LPEM) of a mixture of 
lysosomal inhibitors containing 20 mM MME and 100 #g/ml each 
of leupeptin, pepstatin A, and E64. Furin was isolated from both 
detergent-extracted cells and culture media, using antibodies to a 
lumenal epitope (DC16). Immunoprecipitates were resolved by 
SDS-PAGE under reducing conditions on 8 % acrylamide gels. The 
lower two panels (Medium, 30X) show a 30 times longer exposure 
of the middle panels (Medium). The positions of molecular weight 
markers (expressed as 10 -3 x Mr) are shown at left. 

closer to 4 h in most other experiments. Prolonged exposure 
of autoradiograms revealed a small amount of furin (<2 % 
at 8 h of chase) that was released into the medium as a 
"080,000-M~ soluble form (Fig. 5). The intracellular disap- 
pearance of furin-FLAG was observed even when cells were 
extracted with denaturing detergents, and the protein immu- 
noprecipitated with five different antibodies directed to vari- 
ous regions of the polypeptide chain (data not shown). The 
results of these experiments indicated that the loss of furin- 
FLAG was largely due to a degradative process occurring af- 
ter residence of the protein within the TGN. 

The immunofluorescence microscopy experiment shown 
in Fig. 3 pointed to a lysosomal compartment as the likely 
site for the degradation of furin-FLAG. To examine this pos- 
sibility, similar pulse-chase analyses were performed on cells 
treated with a mixture of lysosornal inhibitors, including 
MME, leupeptin, pepstatin A, and E64 (Fig. 5, +LPEM). 
This treatment decreased the rate of loss of furin-FLAG and 

led to the intracellular accumulation of a "080,000-Mr frag- 
ment (Fig. 5). Similar results were obtained in cells treated 
with 50 mM ammonium chloride (data not shown). Like 
furin-FLAG, furin-HA was also found to be degraded by a 
process sensitive to lysosomotropic agents (data not shown 
and see Fig. 8), suggesting that the fate of furin is indepen- 
dent of the sequence of the epitope tag. All of these observa- 
tions were consistent with degradation of epitope-tagged fu- 
rins occurring within a lysosomal compartment. 

Generation of  a Soluble, Lumenal Intermediate 
in the Degradation of  Epitope-tagged Furin 

The "080,000-Mr fragment generated intracellulady in am- 
monium chloride-treated cells could be immunoprecipitated 
with antibodies to lumenal (e.g., Fig. 6, lane l fur2) but not 
cytoplasmic epitopes (e.g., Fig. 6, lane 2 M2). This observa- 
tion indicated that the fragment lacked the carboxyl-termi- 
nal, cytoplasmic end. To examine whether the "080,000-Mr 
fragment was membrane-bound or soluble, ammonium 
chloride-treated cells were mechanically disrupted under 
conditions that cause breakage of lysosomes. Soluble and 
membrane-bound protein fractions were then analyzed for 
the presence of furin. As shown in Fig. 6 B, the '080,000- 
M~ species was almost completely released into the super- 
natant during the initial homogenization (lane 3), in contrast 
to the "0100,000-M~ species which remained bound to 
membranes even after treatment of the pellet with sodium 
carbonate (lanes 4 and 5). These observations suggest that 
furin undergoes a proteolytic cleavage that produces a solu- 
ble fragment comprising most of the lumenal domain. This 
fragment may correspond to a transient intermediate in the 
normal degradation process and may also be similar to the 
soluble fragment that is normally released into the medium 
in small amounts. 

The Cytoplasmic Domain of  Furin Is Necessary 
for Localization of  the Protein to the TGN: Delivery 
of  the Cytoplasmically Deleted Protein to a 
Lysosomal Compartment 

Having established that furin is predominantly localized 
to the TGN at steady state and eventually delivered to a 
lysosomal compartment for degradation, we decided to ex- 
amine what topologic domains of the protein were involved 
in determining its localization and fate. Because of previous 
studies that implicated the cytoplasmic domain of TGN38 in 
TGN localization (Bos et al., 1993; Humphrey et al., 1993; 
Luzio et al., 1990; Wong and Hong, 1993), we focused on 
the same domain of furin. Recombinant constructs (Fig. 7, 
scheme) were expressed by transfection into RBL, NRK, 
and HeLa cells with similar results. Fig. 7 shows only the 
results obtained in NRK and HeLa ceils, because these were 
easier to reproduce photographically. Removal of a 47- 
amino acid segment (residues 746-793) from the carboxy 
terminus of furin, in the context of furin-HA, resulted in a 
protein (furinA746-HA) that no longer localized to the TGN, 
but was instead predominantly found within a vesicular com- 
partment in RBL (not shown), NRK (Fig. 7 C) and HeLa 
cells (Fig. 7 E). In all of these different cell types, we also 
noticed occasional staining of the cells' edges (Fig. 7 C, ar- 
rowheads), which suggests that a fraction of the truncated 
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Figure 6. The Mr ,,080,000 furin species generated in ammonium 
chloride-treated cells corresponds to a soluble, lumenal fragment. 
(A) RBL ceils stably expressing furin-FLAG were metabolically la- 
beled for 30 min with [35S]methionine and chased for 4 h in the 
presence 50 mM ammonium chloride. Furin species were isolated 
from detergent-solubilized ceils using antibodies (Ab.) to either a 
lumenal ffur2) or a cytoplasmic (M2) epitope. (B) Cells labeled as 
in A were homogenized and separated into 230,000 g supernatant 
(S) and pellet (P) fractions, as described in the Materials and 
Methods section. The pellet was subsequently fractionated into a 
sodium carbonate-insoluble membrane fraction (M) and a sodium 
carbonate-extractable membrane fraction (E). Furin species were 
isolated with antibodies to a lumenal epitope (fur2). Immunopre- 
cipitates were analyzed by SDS-PAGE under reducing conditions 
on 8 % acrylamide gels. The positions of molecular weight markers 
(expressed as 10 -3 × Mr) are shown to the left. 

protein was transported to the plasma membrane. The trun- 
cated furin present in vesicles was partially colocalized 
with a lysosomal membrane protein (Fig. 7, E and F, ar- 
rowheads), indicating that at least some of the vesicles 
correspond to lysosomal structures. Other vesicles may 
correspond to intermediates in the endosomal/lysosomal 
system. From these observations, we concluded that the cy- 
toplasmic domain of furin is necessary for localization of the 
protein to the TGN. 

The partial localization of furinA746-HA to lysosomal 
vesicles suggested that, in the absence of the TGN localiza- 
tion determinant, the protein might be directly or indirectly 
transported to a lysosomal compartment. If this were the 
case, one would expect to observe a more rapid degradation 
of the cytoplasmically deleted furin as compared to the full 
length protein. Indeed, pulse-chase analyses of stably trans- 
fected RBL cells showed that furinA746-HA had a shorter 
half life than furin-HA (Fig. 8). Degradation of furinA746- 
HA was inhibited by ammonium chloride (data not shown), 

indicating that it also took place in a lysosomal compart- 
ment. These findings suggest the possible existence of a de- 
terminant for lysosomal delivery within furin, that is distinct 
from cytoplasmic sequences involved in TGN localization. 

The Cytoplasmic Domain of Furin Contains SuJJicient 
Information for TGN Localization 
To assess whether all the information required for TGN lo- 
calization was contained within the cytoplasmic domain of 
furin, we constructed a chimeric protein having the lumenal 
and transmembrane domains of the plasma membrane pro- 
tein, Tac (Leonard et al., 1984), and the cytoplasmic domain 
of furin. This construct, denoted T-T-E was found to co- 
localize with TGN38 in both transiently transfected NRK 
cells (Fig. 9, C and D) and stably transfected RBL cells (not 
shown), unlike the normal Tac antigen which was expressed 
at the plasma membrane (Fig. 9 A). Immunoelectron micros- 
copy of stably transfected NRK cells expressing T-T-F con- 
firmed that the chimeric protein was predominantly found in 
the region of the TGN (Fig. 10, A-C), including numerous 
coated membrane structures (Fig. 10, arrowheads). Smaller 
amounts of the chimeric protein were observed in vesicular 
structures resembling endosomes or multivesicular bodies 
(Fig. 10 C). Similar observations were made in stably trans- 
fected RBL cells (not shown). Deletion from T-T-F of the 
same 47-amino acid segment previously examined in the 
context of furin, caused the truncated protein (T-T-FA746) 
to be transported to the plasma membrane, as observed by 
immunofluorescence microscopy (Fig. 9 E). This experi- 
ment demonstrated that the ,10 membrane proximal amino 
acids of the furin cytoplasnu~domain that remained in this 
construct have no additional sorting information. Place- 
ment of the HA epitope at the carboxy-termini of T-T-F and 
T-T-FA746 had no effect on the localization of either chi- 
meric protein (data not shown), thus demonstrating that no 
targeting signals are generated by fusion of the HA epitope 
to furin cytoplasmic sequences. On the basis of these obser- 
vations, we concluded that the carboxy-terminal 47 amino 
acids of furin contain sufficient information for protein local- 
ization to the TGN. 

To corroborate that the cytoplasmic domain of furin was 
not responsible for the lysosomal turnover of the protein, we 
also examined the stability of the T-T-F construct in stably 
transfected RBL cells. We observed that the chimera was only 
minimally degraded over a 4-h period, in contrast to a Tac 
construct having a lysosomal-targeting, di-leucine motif (Le- 
tourneur and Klausner, 1992), which was rapidly degraded 
in an ammonium chloride-dependent fashion (Fig. 11). 

Taken together, the above findings suggest that the TGN 
localization of furin is mediated by a signal within its cyto- 
plasmic domain, whereas its delivery to intracellular vesi- 
cles and eventual lysosomal degradation are directed by 
a determinant within the lumenal and/or transmembrane 
domains. 

Discussion 

IntraceUular Localization and Turnover of Furin 
Our morphological and biochemical analyses of stably trans- 
fected RBL cells have revealed two salient features of the 
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Figure 7. The cytoplasmic domain of furin contains information necessary for protein localization to the TGN. (Top) Schematic representa- 
tion of furin-HA, furinA746-HA, and Tac-HA. The number of amino acid residues in each region of the molecules are indicated in parenthe- 
sis. The lumenal domain of furin-HA and fufinA746-HA corresponds to that of the zymogen form, after cleavage of the signal peptidc 
but prior to removal of the amino terminal pro-region. Residues in the lumenal domain of Tac are counted from the initiating methionine. 
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Figure 8. Comparison of the turnover of furin-HA and furinA746- 
HA in stably transfected RBL cells. RBL cells expressing furin-HA 
or furinA746-HA were metabolically labeled for 30 min with 
[3SS]methionine and chased in complete medium for the times 
indicated in the figure. Furin was then isolated form detergent- 
solubilized cells and from culture media using a mixture of poly- 
clonal antibodies (DC16, fur2, furl, and HAll). Immunoprecipi- 
tates were resolved by SDS-PAGE under reducing conditions on 
8 % acrylamide gels. The positions of molecular weight markers 
(expressed as 10 -3 x Mr) are shown to the left. 

trafficking of carboxy-terminally tagged forms of furin: (a) 
that the proteins are predominantly localized to the TGN at 
steady state; and (b) that they undergo a relatively rapid turn- 
over involving delivery to a lysosomal compartment. These 
observations suggest that furin may reside within the TGN 
for a limited period of time, after which the protein is pro- 
gressively targeted for lysosomal degradation. 

While the fact that furin localizes to the TGN has been 
demonstrated in various cell types by us and others (Molloy 
et al., 1994), it is not yet known whether its rapid lysosomal 
turnover is a general phenomenon in all cells. This question 
is particularly relevant because of the fact that RBL cells 
have a population of hybrid organelles with characteristics 
of both regulated secretory vesicles and lysosomes (Boni- 
facino et al., 1989). It is thus conceivable that the lysosomal 
degradation of epitope-tagged furins in these cells is a fortui- 

tous consequence of targeting to the regulated secretory 
pathway. It is also unclear to what extent the rate of 
lysosomal delivery is dependent on expression levels. De- 
spite these uncertainties, we think that the tendency of furin 
to be delivered to a lysosomal compartment is likely to 
reflect an intrinsic property of the molecule. This idea is 
based on the observation that furin constructs lacking the cy- 
toplasmic TGN localization determinant (e.g., furinA746- 
HA) do not accumulate at the cell surface but are predomi- 
nantly localized to intracellular vesicles in various cell types. 
In HeLa cells, which do not have regulated secretory vesi- 
cles, furinA746-HA was also found in vesicles, some of which 
contained the lysosomal membrane protein, LAMP-1. Other 
vesicles that contained furinA746-HA but were negative for 
LAMP-1 could correspond to endosomal structures. Molloy 
et al. (1994) also observed localization of a cytoplasmically 
truncated furin to intracellular vesicles in BSC-40 cells, al- 
though the identity of such vesicles was not established. 

Another caveat regarding the lysosomal targeting of furin 
constructs is to what extent the carboxy-terminal tags affect 
the trafficking of the molecules. It is indeed possible that the 
epitope tags reduce the efficiency with which furin is main- 
tained in the TGN and/or cause increased delivery to the en- 
dosomal/lysosomal system. However, we think that it is 
unlikely that the tags are responsible for the eventual local- 
ization of cytoplasmically truncated furin to intracellular 
vesicles. This idea is based on the observations that neither 
the HA nor the FLAG tags affect the localization of the Tac 
antigen to the plasma membrane when placed at the carboxy 
terminus of the molecule. In addition, placement of the HA 
tag at the carboxy termini of T-T-F and T-T-FA746 has no 
effect on the localization of those constructs to the TGN and 
the plasma membrane, respectively. 

Dynamic Nature of  l~ r in  Localization within Cells 

The observed steady state localization of epitope-tagged fu- 
rins to the TGN appears to be the result of a dynamic process 
involving transient maintenance in the TGN and then pro- 
gressive delivery to intracellular vesicular compartments, 
including lysosomes. These features have been incorporated 
into a working model for furin trafficking depicted in Fig. 
12 A. According to this model, newly synthesized furin rap- 
idly traverses the Golgi stack and reaches the TGN. The pro- 
tein is then either transiently retained within the TGN or en- 
gages in cycling between the TGN and a more distal 
compartment (e.g., an endosomal/pre-lysosomal compart- 
ment or the plasma membrane). A fraction of the furin mole- 
cules may be either released from TGN retention or diverted 
from the cycling pathway, and delivered to a lysosomal 
compartment for degradation. Routing of furin to a lyso- 

(Bottom) (A and B) Double immunofluorescence microscopy localization of furin-HA and TGN38 in transiently transfected NRK cells. 
(C and D) Double immunofluorescence microscopy localization of furinA746-HA and TGN38 in transiently transfected NRK cells. (E 
and F) Double immunofluorescence microscopy localization of furinA746-HA and LAMP-I in transiently transfected HeLa cells. (G and 
H) Double immunofluorescence microscopy localization of Tat-HA and TGN38 in transiently transfected NRK ceils. Cells were fixed, 
permeabilized, and stained simultaneously with a mouse antibody to the HA epitope (12CA5) (A, C, E, and G) and rabbit antibodies 
to endogenous TGN38 (B, D, and H) or LAMP-1 (F), followed by Texas red-conjugated donkey antibodies to mouse IgG and fluorescein- 
conjugated donkey antibodies to rabbit IgG. Notice the colocalization of furin-HA (A) with endogenous TGN38 (B) and the presence of 
furinA746-HA in vesicles (C). The arrowheads in C point to a cell expressing some furinA746-HA at the plasma membrane. Arrowheads 
in E and F indicate vesicles that contain both furinA746-HA and LAMP-I. Bar, 10/xm. 
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Figure 9. The cytoplasmic domain of furin has sufficient information for protein localization to the TGN. (Top) Schematic representation 
of Tac and the Tac-furin chimeric proteins, T-T-F, and T-T-FA746. The number of amino acid residues in each topologic domain is indicated 
in parenthesis. Residues in the lumenal domain of Tac are counted from the initiating methionine. (Bottom) Immunofluorescence localization 
of Tac and Tac-furin chimeric proteins in transiently transfected NRK cells. Transiently transfected NRK cells expressing Tac (A and B), 
T-T-F (C and D), or T-T-FA746 (E and F)  were fixed, permeabilized and stained simultaneously with a mouse antibody to Tac (7G7) and 
rabbit antibodies to endogenous TGN38 (JH4), followed by Texas red-conjugated donkey antibodies to mouse IgG and fluorescein- 
conjugated donkey antibodies to rabbit IgG. (A, C, and E): Texas red channel, Tac staining; (B, D, and F): fluorescein channel, TGN38 
staining. Notice the presence of normal Tac (A) and T-T-FA746 (E) at the plasma membrane and the colocalization of T-T-F (C) with endoge- 
nous TGN38 (D). Bar, 10/zm. 
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Figure 10. Immunoelectron microscopy localization of T-T-F in stably transfected NRK cells. Thin frozen sections of fixed NRK ceils ex- 
pressing T-T-F were incubated with a rabbit polyclonal antibody to Tac (R3134) and 10-nm gold-conjugated protein A, as described in 
the Materials and Methods section. Notice the deposition of most of the gold particles in the area of the TGN (A-C), including numerous 
coated membrane structures (B, arrowheads). A smaller fraction of the gold particles were observed in vesicular organelles (C). Bar, 
0.2/~m. 



Figure 11. The cytoplasmic domain of furin does not mediate rapid 
lysosomal degradation. RBL cells stably expressing the chimeric 
proteins T-T-F or Tac-DKQTLL (Letourneur and Klausner, 1992) 
were metabolically labeled for 30 rain with [35S]methionine and 
chased for 4 h in the absence or presence of 50 mM ammonium 
chloride. Tac proteins were isolated from detergent-solubilized 
cells and culture media using antibodies to a Tac lumenal epitope 
(7G7). Immunoprecipitates were analyzed by reducing SDS-PAGE 
on 10% acrylamide gels. The positions of molecular weight mark- 
ers (expressed as 10 -3 x Mr) are shown to the left. 

somal degradative compartment could occur directly from 
an internal site or could involve a round of transport through 
the cell surface; this issue is still debated for lysosomal inte- 
gral membrane proteins (Braun et al., 1989; Nabi et al., 

1991; Vega et al., 1991; Harter and Mellman, 1992; Mathews 
et al., 1992). 

Consistent with the latter hypothesis is the finding that a 
still undetermined but appreciable amount of furin is ex- 
pressed at the cell surface (MoUoy et al., 1994). As shown 
by our electron microscopy studies, the amount of furin pres- 
ent on the cell surface at any given time is likely to be small, 
although it can be detected by antibody binding followed by 
flow cytofluorometry (data not shown) or by antibody uptake 
(MoUoy et al., 1994). Increased levels of surface staining 
were observed in ceils treated with MME or ammonium 
chloride (data not shown) or upon deletion of part of the cy- 
toplasmic domain (Fig. 7 C). These observations raise the 
possibility that, analogous to the trafficking of TGN38 
(Bos et al., 1993; Reaves et al., 1993; Ladinsky and Howell, 
1992), some or all of the furin molecules transit through the 
cell surface during their lifetime. Trafficking through the cell 
surface may be a requisite step for steady state localization 
to the TGN or for lysosomal delivery. In addition, cycling 
through the cell surface may fulfill a physiological require- 
ment for furin activity in compartments of the secretory 
pathway other than the TGN, as previously suggested (Mi- 
sumi et al., 1991; Smeekens et al., 1992; Klimpel et al., 
1993; Tsuneoka et al., 1993; Moehring et al., 1993). 

Role of the Cytoplasmic Domain of Furin in 
TG N Localization 

Our studies, and those of Molloy et al. (1994), have shown 
that deletion of the furin cytoplasmic domain causes a dra- 
matic change in the steady state distribution of furin. The 
truncated furin no longer localizes to the TGN, but is deliv- 
ered primarily to a vesicular compartment, and to a lesser 
extent to the plasma membrane (see model in Fig. 12 B). 
Like the cytoplasmic domain of TGN38 (Bos et al., 1993; 
Humphrey et al., 1993; Luzio et al., 1990; Wong and Hong, 
1993), the cytoplasmic domain of furin thus plays a preemi- 
nent role in protein localization to the TGN. As previously 
hypothesized for TGN38 (Humphrey et al., 1993), the cyto- 

Figure 12. Models for the in- 
tracellular trafficking of furin 
(,4) and a cytoplasmically de- 
leted furin construct (B). See 
Discussion for details. 
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plasmic domain of furin could be involved in causing tran- 
sient retention within the TGN, or participate in retrieval 
from a post-TGN compartment. 

Our studies also show that the furin cytoplasmic domain 
is not only necessary for furin localization to the TGN, but 
is also sufficient to confer such localization on two plasma 
membrane proteins, Tac (Figs. 9 and 10) and CD4 (not 
shown). This finding suggests the existence of an autono- 
mous TGN localization signal within this domain, the nature 
of which remains to be established. In this regard, it is worth 
noting that there are several aromatic amino acid (tyrosine 
and phenylalanine) residues within this sequence (Hat- 
suzawa et al., 1990); this type of amino acid has been previ- 
ously implicated in the localization of other proteins to late 
compartments of the Golgi system in both mammalian and 
yeast cells (Wilcox et al., 1992; Nothwehr et ai., 1993; 
Humphrey et ai., 1993; Bos et al., 1993; Wong and Hong, 
1993). Aromatic amino acid-based sequences are the likely 
binding site of cytosolic proteins or protein complexes that 
participate in the mechanism of localization to the TGN. 
Since a cytoplasmically truncated furin is mostly retained in- 
tracellularly, albeit not in the TGN, it is likely that other 
regions of the molecule assist in determining the overall pat- 
tern of furin localization and movement within cells. 

Similarities in the Trafficking of Mammalian Furin 
and Its Yeast Homologue, Kex2p 

In many respects, mammalian furin behaves similarly to its 
yeast homologue, Kex2p. Like furin, Kex2p localizes to a 
late compartment of the Golgi complex, which is probably 
a functional equivalent of the mammalian TGN (Redding et 
al., 1991). Deletion of the cytoplasmic tail of Kex2p results 
in loss of late Golgi localization and direct transport to the 
vacuole for degradation (Wilcox et al., 1992). Two other late 
Golgi integral membrane proteins, the exopeptidases Kexlp 
and DPAP-A, have also been shown to be transported to the 
vacuole upon deletion of their cytoplasmic domains (Cooper 
and Bussey, 1992; Roberts et al., 1992). These observations, 
together with the finding that no particular topologic domain 
of the vacuolar integral membrane protein DPAP-B is neces- 
sary for targeting to the vacuole (Roberts et al., 1992), have 
led to the notion that transport to the vacuole is the default 
pathway for membrane-bound proteins in yeast cells. 

Yeast cells thus stand in contrast to mammalian cells, for 
which there is considerable evidence that the default pathway 
for membrane protein transport leads to the plasma mem- 
brane. For instance, deletion of cytoplasmic ER retention sig- 
nais ( l ~ b o  et al., 1987), lysosomal targeting signals (Wil- 
liams and Fukuda, 1990; Mathews et ai., 1992), and even the 
TGN38 tail (Bos et ai., 1993; Luzio et ai., 1990) results in 
accumulation of the truncated proteins at the plasma mem- 
brane. In light of these contrasting views of default pathways 
in mammalian and yeast cells, the obvious similarities in the 
trafficking of cytoplasmically truncated furin and Kex2p are 
intriguing. The interpretation that is most consistent with 
our data, and with the body of literature on protein traffick- 
ing in mammalian cells, is that furin must have additional in- 
formation within its lumenal and/or transmembrane domains 
that directs transport of the cytoplasmicaUy deleted protein 
to the endosomal/lysosomal system. This targeting informa- 
tion could exist in the form of a discrete structural motif or 
of a general physicochemical property of the protein. The ex- 

istence of sorting information within topologic domains 
other than cytoplasmic domains has precedent in studies of 
the mannose 6-phosphate receptor, for which the lumenal 
domain was shown to detain the recel~or within the endo- 
somal system (Dintzis et al., 1994). 

Concluding Remarks 

In summary, our experiments have demonstrated that two 
prominent features of furin trafficking within cells, TGN lo- 
calization and lysosomal turnover, are mediated by informa- 
tion contained within different regions of the molecule. The 
cytoplasmic domain acts to maintain furin within the TGN, 
a finding that reaffirms the existence of a mechanism for 
TGN localization dependent upon recognition of cytoplas- 
mic determinants. The tendency of furin to move into a 
lysosomai compartment, on the other hand, must be directed 
by a determinant encoded within the lumenal and/or trans- 
membrane domains of the molecule. Experiments are now 
underway to identify the nature of both types of structural 
determinants. 

We thank Drs. R. Angaletti, M. Fukuda, C. Gorman, W. Leonard, I. 
Mellman and H. Metzger for their gifts of  reagents used in this study. We 
are also grateful to Drs. R. Klausner, M. Delahunty, J. Donaldson, J. 
Lippincott-Schwartz, V. Hsu and M. Marks for valuable discussions and 
critical review of the manuscript. 

H. Bosshart was the recipient of  fellowships from the Schweizerischer 
Nationalfonds and from Ciba-Geigy. E. Deigan was supported by the Na- 
tional Institutes of  Health Howard Hughes Medical Institute Scholars 
Program. 

Received for publication 6 April 1994 and in revised form 21 June 1994. 

References 

Bonifacino, J. S., L. Ynan, and I. V. Sandoval. 1989. Internalization and recy- 
cling to serotonin-containing granules of the 80K integral membrane protein 
exposed on the surface of secreting rat basophilic leukemia cells. Z Cell Sci. 
92:701-712. 

Bos, K., C. Wraight, and K. K. Stanley. 1993. TGN38 is maintained in the 
trans-Golgi network by a tyrosine-contuining motif in the cytoplasmic do. 
n~n. EMBO (Fur. Mol. Biol. Organ.) J. 12:2219-2228. 

Braun, M., A. Wahecd, and K. yon Figura. 1989. Lysosomal acid phosphatase 
is transported to lysosomes via the cell surface. EMBO (Fur. Mol. Biol. Or- 
gan.) J. 8:3633-3640. 

Bresnahan, P. A., R. Leduc, L. Thomas, J. Thorner, H. L. Gibson, A. J. 
Brake, P. J. Barr, and G. Thomas. 1990. Human fur gene encodes a yeast 
KEX2-1ike endoprotease that cleaves pro-beta-NGF in vivo. J. Cell Biol. 
111:2851-2859. 

Cooper, A., and H. Bussey. 1992. Yeast Kexlp is a Golgi-associated membrane 
protein: deletions in a cytoplasmic targeting domain result in mislocalization 
to the vacuolar membrane. J. Cell Biol. 119:1459-1468. 

DintTis, S. M., V. E. Velculescu, and S. R. Pfeffer. 1994. Receptor extracellu- 
lar domains may contain trafficking information. Studies of the 300-kDa 
mannose 6-phosphate receptor. J. Biol. Chem. 269:12159-12166. 

Fujiki, Y., A. L. Hubbard, S. Fowler, and P. B. Lazarow. 1982. Isolation of 
intracellular membranes by means of sodium carbonate treatment: applica- 
tion to endoplasmic reticulum. J. Cell Biol. 93:97-102. 

Geuze, H. J., and D. J. Morrt. 1991. Trans-Golgi reticulum. J. Electron 
Microsc. 17:24-34. 

Gueze, H. J., J. W. Slot, G. J. Strous, A. Hasilik, and K. yon Figura. 1984. 
Ultrastructural localization of the mannose 6-phosphate receptor in rat liver. 
J. Cell Biol. 98:2047-2054. 

Geuze, H. J., W. Stoorvogel, G. J. Strous, J. W. Slot, J. E. Bleekemolen, and 
I. Mellman. 1988. Sorting of mannose 6-phosphate receptors and lysosomal 
membrane proteins in endocytic vesicles. J. Cell Biol. 107:2491-2501. 

Griffiths, G., and K. Simons. 1986. The trans Golgi network: sorting at the exit 
site of the Golgi complex. Science (Wash. DC). 234:438-443. 

Griffiths, G., B. Hoflack, K. Simons, I. MeUman, and S. Kornfeld. 1988. The 
mannose 6-phosphate receptor and the biogenesis of lysosomes. Cell. 
52:329-341. 

Griffiths, G., G. Matteoni, R. Back, and B. Hoflack. 1990. Characterization 
of the cation-independent mannose 6-phosphate receptor-enriched prelyso- 

Bosshart et al. Determinants of Furin Localization and Turnover 1171 



somal compartment in NRK cells. J. Cell Sci. 95:441-461. 
Harter, C., and I. Mellman. 1992. Transport of the lysosomal membrane glyco- 

protein lgpl20 (lgp-A) to lysosomes does not require appearance on the 
plasma membrane. J. Cell Biol. 117:311-325. 

Hatsuzawa, K., M. Hosaka, T. Nakagawa, M. Nagase, A. Shoda, K. 
Murakami, and K. Nakayama. 1990. Structure and expression of mouse fu- 
rin, a yeast Kex2-related protease. Lack of processing of coexpressed prore- 
nin in GH4C1 cells. J. Biol. Chem. 265:22075-22078. 

Hatsuzawa, K., K. Murakami, and K. Nakayama. 1992. Molecular and enzy- 
matic properties of furin, a Kex2-1ike endoprotease involved in precursor 
cleavage at Arg-X-Lys/Arg-Arg sites. J. Biochem. (Tokyo). 111:296-301. 

Higuchi, R., B. Krummel, and R. K. Saiki. 1988. A general method of in vitro 
preparation and specific mutagenesis of DNA fragments: study of protein and 
DNA interactions. Nucleic Acid Res. 16:7351-7367. 

Hopp, T. P., K. S. PrickeR, V. Price, R. T. Libby, C. J. March, P. Cerretti, 
D. L. Urdal, and P. J. Conlon. 1988. A short polypeptide marker sequence 
useful for recombinant protein identification and purification. Biotechnol- 

• ogy. 6:1205-1210. 
Howell, K. E., and G. E. Palade. 1982. Hepatic Golgi fractions resolved into 

membrane and content subfractions. J. Cell Biol. 92:822-832. 
Humphrey, J. S., P. J. Peters, L. C. Yuan, and J. S. Bonifacino. 1993. Local- 

ization of TGN38 to the trans-Golgi network: involvement of a cytoplasmic 
tyrosine-containing sequence. J. Cell Biol. 120:1123-1135. 

Jost-Vu, E., R. L. Hamilton, C. A. Hornick, J. D. Belcher, and R. J. Havel. 
1986. Multivesicular bodies isolated from rat hepatoeytes. Cytochemical 
evidence for transformation into secondary lysosomes by fusion with pri- 
mary lysosomes. Histochemistry. 85:457--466. 

Klimpel, K. R., S. S. Moiloy, G. Thomas, and S. H. Leppla. 1992. Anthrax 
toxin protective antigen is activated by a cell surface protease with the se- 
quence specificity and catalytic properties of furin. Proc. Natl. Acad. Sci. 
USA. 89:10277-10281. 

Ladinsky, M. S., and K. E. Howell. 1992. The trans-Golgi network can be dis- 
sected structurally and functionally from the cisternae of the Golgi complex 
by brefeldin A. Fur. J. Cell Biol. 59:92-105. 

Leduc, R., S. S. Molloy, B. A. Tborne, and G. Thomas. 1992. Activation of 
human furin precursor processing endoprotease occurs by an intramolecular 
autoproteolytic cleavage. J. Biol. Chem. 267:14304-14308. 

Leonard, W. J., J. M. Depper, G. R. Crabtree, S. Rudikoff, J. Pumphrey, R. J. 
Robb, M. Kr6nke, P. B. Svetlik, N. J. Peffer, T. A. Waldmann, and W. C. 
Greene. 1984. Molecular cloning and expression of cDNAs for the human 
interleukin-2 receptor. Nature (Lond.). 311:626-63 I. 

Letourneur, F., and R. D. Klansner. 1992. A novel di-leacine motif and a 
tyrosine-based motif independently mediate lysosomal targeting and endocy- 
tosis of CD3 chains. Cell. 69:1143-1157. 

Luzio, J. P., and G. Banting. 1993. Eukaryotic membrane traffic: retrieval and 
retention mechanisms to achieve organelle residence. Trends Biochem. Sci. 
18:395-398. 

Luzio, J. P., B. Brake, G. Banting, K. E. Howell, P. Braghetta, and K. K. Stan- 
ley. 1990. Identification, sequencing and expression of an integral membrane 
protein of the trans-Golgi network (TGN38). Biochem. J. 270:97-102. 

Machamer, C. E. 1993. Targeting and retention of Golgi membrane proteins. 
Curr. Opin. Cell Biol. 5:606-612. 

Mathews, P. M., J. B. Martinie, and D. M. Fambrough. 1992. The pathway 
and targeting signal for delivery of the integral membrane glycoprotein 
LEP100 to lysosomes. J. Cell Biol. 118:1027-1040. 

Mellman, I., and K. Simons. 1992. The Golgi complex: in vitro veritas? Cell. 
68:829-840. 

Misumi, Y., K. Oda, T. Fujiwara, N. Takami, K. Tashiro, and Y. Ikehara. 
1991. Functional expression of furin demonstrating its intracellular localiza- 
tion and endoprotease activity for processing of proalbumin and complement 
pro-C3. J. Biol. Chem. 266:16954-16959. 

Moebring, J. M., N. M. Inocencio, B. J. Robertson, and T. J. Moehring. 1993. 
Expression of mouse furin in a Chinese hamster cell resistant to Pseudomonas 
exotoxin A and viruses complements the genetic lesion. J. Biol. Chem. 
5:2590-2594. 

Molloy, S. S., L. Thomas, J. K. VanSlyke, P. E. Stenberg, and G. Thomas. 
1994. Intracellular trafficking and activation of furin proprotein convertase'. 
localization to the TGN and recycling from the cell surface. EMBO (Eur. 
Mol. Biol. Organ.)J. 13:18-33. 

Nabi, I. R., A. LeBivic, D. Fambrough, and E. Rodriguez-Boulan. 1991. An 
endogenous MDCK lysosomal membrane glycoprotein is targeted basolater- 
ally before delivery to lysosomes. J. Cell Biol. 115:1573-1584. 

Nothwehr, S. F., C. J. Roberts, and T. H. Stevens. 1993. Membrane protein 
retention in the yeast Golgi apparatus: dipeptidyl aminopeptidase A is re- 
tained by a cytoplasmic signal containing aromatic residues. J. Cell Biol. 
121:1197-1209. 

O'Farrell, P. Z., H. M. Goodman, and P. H. O'Farrell. 1977. High resolution 
two-dimensional electrophoresis of basic as well as acidic proteins. Cell. 
12:1133-1141. 

P/i~bo, S., B. M. Bhat, W. S. Wold, and P. A. Peterson. 1987. A short sequence 
in the COOH-terminus makes an adenovirus membrane glycoprotein a resi- 
dent of the endoplasmic reticulum. Cell. 50:311-317. 

Peters, P. J., J. Borst, V. Oorschot, M. Fukuda, O. Kriihenbiihl, J. Tschopp, 
J. W. Slot, and H. J. Geuze. 1991. Cytotoxic T lymphocyte granules are 
secretory lysosomes, containing both perforin and granzymes. J. Exp. Med. 
173:1099-1109. 

Rambourg, A., and Y. Clermont. 1990. Three-dimensional electron micros- 
copy: structure of the Golgi apparatus. Eur. J. Cell Biol. 51:189-200. 

Reaves, B., A. Wilde, and G. Banting. 1992. Identification, molecular charac- 
terization and immunolocalization of an isoform of the trans-Golgi-network 
(TGN)-specific integral membrane protein TGN38. Biochem. J. 283:313- 
316. 

Reaves~ B., M. Horn, and G. Banting. 1993. TGN38/41 recycles between the 
cell surface and the TGN: Brefeldin A affects its rate of return to the TGN. 
Mol. Biol. Cell. 4:93-105. 

Redding, K., C. Holcomb, and R. S. Fuller. 1991. Immunolocalization of Kex2 
protease identifies a putative late Golgi compartment in the yeast Sac- 
charomyces cerevisiae. J. Cell Biol. 113:527-538. 

Reeves, J. P., R. S. Decker, J. S. Crie, and K. Wildenthal. 1981. Intracellular 
disruption of rat heart lysosomes by leucine methyl ester: effects on protein 
degradation. Proc. Natl. Acad. Sci. USA. 78:4426--4429. 

Rehemtulla, A., A. J. Dorner, and R. J. Kaufman. 1992. Regulation of PACE 
propeptide-processing activity: requirement for a post-endoplasmic reticu- 
lum compartment and autoproteolytic activation. Proc. Natl. Acad. Sci. 
USA. 89:8235-8239. 

Roberts, C. J., S. F. Nothwehr, and T. H. Stevens. 1992. Membrane protein 
sorting in the yeast secretory pathway: evidence that the vacuole may be the 
default compartment. J. Cell Biol. 119:69-83. 

Roth, J., D. J. Taatjes, J. M. Lucocq, J. Weinstein, and J. C. Paulson. 1985. 
Demonstration of an extensive trans-tubular network continuous with the 
Golgi apparatus stack that may function in glyeosylation. Cell. 43:287-295. 

Saiki, R. K., D. H. Gelfand, S. Stoffel, S. J. Scharf, R. Higuchi, G. T. Horn, 
K. B. Mullis, and H. A. Erlich. 1988. Primer-directed enzymatic amplifica- 
tion of DNA with a thermostable DNA polymerase. Science (Wash. DC). 
239:487-491. 

Seed, B. 1987. An LFA-3 cDNA encodes a phospholipid-linked membrane pro- 
tein homologous to its receptor CD2. Nature (Lond.). 329:840-842. 

Smeekens, S. P., A. G. Montag, G. Thomas, C. Albiges-Rizo, R. Carroll, M. 
Benig, L. A. Phillips, S. Martin, S. Ohagi, P. Gardner, H. H. Swift, and 
D. F. Steiner. 1992. Proinsulin processing by the subtilisin-related propro- 
tein convertases furin, PC2, and PC3. Proc. Natl. Acad. Sci. USA. 89: 
8822-8826. 

Stanley, K. K., and K. E. Howell. 1993. TGN38/41: a molecule on the move. 
Trends Cell Biol. 3:252-255. 

Takebe, Y., M. Seiki, J. Fujisawa, P. Hoy, K. Yokota, K. Arai, M. Yoshida, 
and N. Arai. 1988. SR alpha promoter: an efficient and versatile mammalian 
cDNA expression system composed of the simian virus 40 early promoter 
and the R-U5 segment of human T-cell leukemia virus type 1 long terminal 
repeat. MoL Cell Biol. 8:466-472. 

Tougard, C., D. Louvard, R. Picart, and A. Tixier Vidal. 1985. Antibodies 
against a lysosomal membrane antigen recognize a prelysosomal compart- 
ment involved in the endocytic pathway in cultured prolactin cells. J. Cell 
Biol. 100:786-793. 

Trowbridge, I. S., J. F. Collawn, and C. R. Hopkins. 1993. Signal-dependent 
membrane protein trafficking in the endocytic pathway, dnnu. Rev. Cell 
Biol. 9:129-161. 

Tsuneoka, M., K. Nakayama, K. Hatsuzawa, M. Komada, N. Kitamura, and 
E. Mekada. 1993. Evidence for involvement of furin in cleavage and activa- 
tion of diphtheria toxin. J. Biol. Chem. 268:26461-26465. 

van Duijnboven, H. L. P., J. W. M. Creemers, M. G. C. Kranenborg, E. D. J. 
Timmer, A. Groeneveld, A. M. W. van den Ouweland, A. J. M. Roebroek, 
and W. J. M. van de Ven. 1992. Development and characterization of a panel 
of monoclonal antibodies against the novel subtilisin-like proprotein process- 
ing enzyme furin. Hybridoma. 11:71-86. 

Vega, M. A., F. Rodrfguez, B. Seguf, C. Caits, J. Alcalde, and I. V. Sandoval. 
1991. Targeting of lysosomal integral membrane protein LIMP II. The 
tyrosine-laeking carboxyl cytoplasmic tail of LIMP H is sufficient for direct 
targeting to lysosomes. J. Biol. Chem. 266:16269-16272. 

Wilcox, C. A., K. Redding, R. Wright, and R. S. Fuller. 1992. Mutation of 
a tyrosine localization signal in the cytosolic tail of yeast Kex2 protease dis- 
rupts Golgi retention and results in default transport to the vacuole, biol. 
Biol. Cell. 3:1353-1371. 

Williams, M. A., and M. Fukuda. 1990. Accumulation of membrane glycopro- 
teins in lysosomes requires a tyrosine residue at a particular position in the 
cytoplasmic tail. J. Cell Biol. 111:955-966. 

Wilson, I. A., H. L. Niman, R. A. Houghten, A. R. Cherenson, M. L. Con- 
nolly, and R. A. Lerner. 1984. The structure of an antigenic determinant in 
a protein. Cell. 37:767-778. 

Wong, S. H., and W. Hong. 1993. The SXYQRL sequence in the cytoplasmic 
domain of TGN38 plays a major role in trans-Golgi network localization. 
J. Biol. Chem. 268:22853-22862. 

Xu, H., and D. Shields. 1993. Prohormone processing in the trans-Golgi net- 
work: endoproteolytic cleavage of prosomatostatin and formation of nascent 
secretory vesicles in permeabilized cells. J. Cell Biol. 122:1169-1184. 

The Journal of Cell Biology, Volume 126, 1994 1172 


