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In PC12 neuroendocrine cells, synaptic-like microvesicles (SLMV) are thought to be formed by
two pathways. One pathway sorts the proteins to SLMV directly from the plasma membrane (or
a specialized domain thereof) in an adaptor protein complex 2-dependent, brefeldin A (BFA)-
insensitive manner. Another pathway operates via an endosomal intermediate, involves adaptor
protein complex 3, and is BFA sensitive. We have previously shown that when expressed in PC12
cells, HRP-P-selectin chimeras are directed to SLMV mostly via the endosomal, BFA-sensitive
route. We have now found that two endosomal intermediates are involved in targeting of
HRP-P-selectin chimeras to SLMV. The first intermediate is the early, transferrin-positive, epider-
mal growth factor-positive endosome, from which exit to SLMV is controlled by the targeting
determinants YGVF and KCPL, located within the cytoplasmic domain of P-selectin. The second
intermediate is the late, transferrin-negative, epidermal growth factor-positive late endosome,
from where HRP-P-selectin chimeras are sorted to SLMV in a YGVF- and DPSP-dependent
manner. Both sorting steps, early endosomes to SLMV and late endosomes to SLMYV, are affected
by BFA. In addition, analysis of double mutants with alanine substitutions of KCPL and YGVF or
KCPL and DPSP indicated that chimeras pass sequentially through these intermediates en route
both to lysosomes and to SLMV. We conclude that a third site of formation for SLMYV, the late

endosomes, exists in PC12 cells.

INTRODUCTION

Neurons and neuroendocrine cells possess two types of
regulated secretory organelles (RSO): secretory granules and
synaptic vesicles (SV) in neurons and secretory granules and
synaptic-like microvesicles (SLMV) in neuroendocrine cells.
These organelles store and release their content upon exter-
nal stimulation (for review, see De Camilli and Jahn, 1990;
Kelly, 1991). After regulated exocytosis, membrane proteins
of both types undergo recycling, thereby maintaining the
integrity of RSO pools. In addition to regulated traffic, there
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are constitutive pathways for delivery of newly synthesized
RSO membrane proteins to the appropriate organelle. These
biosynthetic pathways are fundamentally different for secre-
tory granules and SV/SLMV. Whereas the secretory gran-
ules are well known to be formed from the trans-Golgi
network (TGN) (for review, see Arvan and Castle, 1998;
Tooze, 1998), the newly synthesized SV/SLMV membrane
proteins first reach the plasma membrane via the constitu-
tive pathway before being sorted to SV/SLMV (Cutler and
Cramer, 1990; Regnier-Vigouroux et al., 1991; Bauerfeind
and Huttner, 1993).

There is an accumulating body of evidence that SV/SLMV
can be generated by two pathways: directly from part of the
plasma membrane (or an invagination thereof) and/or via
an early endosomal intermediate. The first route was found
to be adaptor protein complex 2 (AP-2), clathrin, and dy-
namin dependent and brefeldin A (BFA) insensitive (Takei et
al., 1996; Shupliakov ef al., 1997; Schmidt and Huttner, 1998;
Shi et al., 1998). The second route requires AP-3 and the
small GTPase ADP ribosylation factor 1 (ARF1) (Faundez et
al., 1997; Faundez et al., 1998) as well as being BFA sensitive
(Shi et al., 1998). The two pathways of SV/SLMYV formation
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may coexist in the same cell (Shi et al., 1998; Zakharenko et
al., 1999). In addition, recent data have documented that at
least in neuroendocrine PC12 cells, different proteins use
these two pathways to SLMYV to differing extents (Shi et al.,
1998; Blagoveshchenskaya et al., 1999a,b; Zakharenko et al.,
1999).

As the pathways and cytoplasmic machinery involved in
formation of SV/SLMV are being characterized, so too are
the sequence determinants (often called targeting signals)
usually located within the cytoplasmic domains of trans-
membrane proteins, which direct them to SV/SLMYV, via
adaptor and coat protein binding to the appropriate target-
ing signal thereby triggering sorting steps in membrane
traffic (for review, see Marks ef al., 1997; Odorizzi et al., 1998;
Bonifacino and Dell’Angelica, 1999). The first characterized
SLMV targeting signal, which was identified within the
cytoplasmic tail of vesicle-associated membrane protein II
(VAMPII), forms an amphipathic a-helix and binds to AP-3
(Grote et al., 1995; Salem et al., 1998). However, mutations of
SLMYV targeting signals within VAMPII can also affect inter-
nalization of this protein from the plasma membrane (Grote
and Kelly, 1996). More recently, the tyrosine-based targeting
signal YGVF, Lys-768, and DPSP were all shown to mediate
SLMYV targeting, but not endocytosis, of HRP-P-selectin chi-
meras heterologously expressed in PC12 cells (Blagovesh-
chenskaya et al., 1999a). In addition, we have found that a
di-leucine signal that binds AP-3 in vitro (Honing et al., 1998)
and the related di-hydrophobic MetLeu signal are involved
in promoting BFA-sensitive SLMV targeting of tyrosinase
and synaptotagmin, respectively, in neuroendocrine PC12
cells (Blagoveshchenskaya et al., 1999a,b).

In addition to being localized to RSO, many synaptic
vesicle proteins are found within endocytic compartments in
both neurons and neuroendocrine cells (for review, see Han-
nah et al., 1999). In proteins in which SLMV targeting signals
and internalization signals are closely related, as exemplified
by VAMPI], it can be difficult to determine whether these
endosomes are intermediates en route to SLMV. This prob-
lem does not arise for proteins in which these signals are
separate; i.e., inactivation of the SLMV targeting signal leads
to accumulation in an endosomal compartment but does not
affect internalization from the plasma membrane. One good
model protein for studying the endosomal intermediates
involved in SLMV formation is therefore P-selectin, because
when expressed in PC12 cells, it is not only efficiently tar-
geted to SLMV via a BFA-sensitive route, but also the inter-
nalization and SLMV targeting signals within this protein
are distinct (Norcott ef al., 1996; Blagoveshchenskaya et al.,
1999a).

P-selectin is a type I membrane protein, which was orig-
inally found in the secretory granules of endothelial cells
and platelets (Bonfanti et al., 1989; McEver et al., 1989). It
functions as a receptor for leukocytes (Johnston et al., 1989).
When heterologously expressed in cells lacking RSO, P-
selectin is constitutively delivered to the cell surface, fol-
lowed by efficient endocytosis to degradative compartments
in a signal-mediated manner (Green et al., 1994; Blagovesh-
chenskaya et al., 1998a,b; Straley ef al., 1998). When ex-
pressed in cells with regulated secretory pathways, some
P-selectin is transported to secretory granules directly from
the TGN, whereas the rest, depending on the cell type, is
delivered to the plasma membrane before being internalized
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and sorted to SLMV or to endosomal and lysosomal com-
partments (Subramaniam et al., 1993; Norcott et al., 1996;
Blagoveshchenskaya ef al., 1999a).

By following HRP-P-selectin chimeras expressed in PC12
cells, we have previously found that the cytoplasmic tail of
P-selectin contains three SLMV targeting signals: KCPL,
YGVF, and DPSP, mutations of which lead not only to a
failure in SLMV delivery (Figure 1B) but also to differential
accumulation within the endosomal-lysosomal system
(Blagoveshchenskaya et al., 1999a). We have now character-
ized the endosomal intermediates through which HRP-P-
selectin chimeras are delivered to SLMV. We conclude that
sorting from the early transferrin (Trn)-positive, epidermal
growth factor (EGF)-positive endosomes to SLMV is depen-
dent on the cytoplasmic sequences KCPL and YGVF. Sorting
to SLMV from the late Trn-negative, EGF-positive endo-
somes is controlled by both DPSP and YGVF. In addition,
both routes are BFA sensitive.

MATERIALS AND METHODS
Materials and Reagents

Mouse receptor grade EGF and human iron-saturated Trn were
iodinated using the modified IODO-GEN (Sigma, St. Louis, MO)
procedure as described elsewhere (Wiley and Cunningham, 1982).
The specific activity of iodinated proteins was 80,000-100,000 cpm/
ng. Mouse monoclonal antibody against HRP (clone 2H11) was
purchased from Advanced Immunochemical (Luton Beds, United
Kingdom). Polyclonal affinity-purified antibody against the cyto-
plasmic tail of LAMP1 was a generous gift from Dr. C.R. Hopkins
and S. Muxwell (Medical Research Council Laboratory for Molecu-
lar Cell Biology). Polyclonal anti-human Trn was obtained from
Dako (High Wycombe, United Kingdom). Fluorescent conjugates of
secondary antibodies were from Jackson ImmunoResearch (Wemb-
ley, Middlesex, United Kingdom). Micro BCA protein assay kit was
purchased from Pierce. Other chemicals were purchased from
Sigma (Poole, United Kingdom).

Constructs

A chimeric cDNA comprising the human growth hormone signal
sequence followed by HRP and the transmembrane and cytoplas-
mic domains of P-selectin (see Figure 1) was constructed as de-
scribed previously (Norcott et al., 1996) as was a chimera with a
truncated cytoplasmic tail (ssHRPP-selectin763) The tetra-alanine sub-
stitutions and double mutants were made as described (Blagovesh-
chenskaya ef al., 1998a,b).

Cell Culture and Transfections

The rat pheochromocytoma cell line PC12 (CCL23; American Type
Culture Collection, Manassas, VA) was cultivated and transfected
as described previously (Norcott ef al., 1996), except 3 ug of DNA
were used per transfection unless indicated otherwise. Transfected
cells were analyzed 3 d after transfection. Where necessary, cells
were treated with 10 ug/ml BFA for 30 min at 37°C.

Endocytosis Assay of *°I-Trn and ?°I-EGF

Cells on 90-mm dishes were washed with binding media (Dul-
becco’s modified Eagle’s medium, 20 mM HEPES, and 0.1%
bovine serum albumin) and incubated with either 10 ng/ml
125I-EGF at 4°C for 1 h or 100 ng/ml '?°I-Trn at 37°C for 1 h.
Excess ligand was removed by three rinses with ice-cold Dulbec-
co’s modified Eagle’s medium. Those cells loaded with ?°I-Trn
were placed on ice and subsequently treated with 2-[N-morpho-
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lino]ethanesulfonic acid (MES) buffer I (25 mM MES, pH 4.0, 150
mM NaCl) and MES buffer II (25 mM MES, pH 7.5, 150 mM NacCl)
at 4°C for 10 min each to remove any cell surface-bound ligand.
The cells incubated with '?°I-EGF were transferred to 37°C for 2
or 20 min to label early or late endosomes, correspondingly.
Noninternalized ?°I-EGF was removed by a 2.5-min wash with
an acidic buffer (100 mM sodium acetate, pH 4.5, 500 mM NaCl)
at 4°C. In both cases, the cells were then thoroughly washed with
ice-cold binding medium and twice with homogenization buffer
(HB) (320 mM sucrose, 10 mM HEPES, pH 7.3) and subjected to
subcellular fractionation as detailed below.

Subcellular Fractionation and Quantitation of Data

Homogenization, preparation of postnuclear supernatant (PNS),
centrifugation on 1-16% Ficoll gradients, and fractionation were
performed essentially as described previously (Cramer and Cutler,
1992; Norcott ef al., 1996).

To further isolate early endosomes, fractions from the initial
gradients containing the peak of '°I-Trn radioactivity (fractions
5-10) were collected, diluted with HB, recentrifuged on 9-ml 3-16%
Ficoll velocity gradients for 50 min at 35,000 rpm in an SW40Ti rotor
(Beckman Instruments, Palo Alto, CA), and fractionated as above.
Targeting data were expressed as early endosome targeting index
(EE-TI), i.e., the amount of HRP activity present within the early
endosomal peak (fractions 5-10; see Figure 6 C) for each chimera
(HRP peak) divided by that for wild-type ssHRPF-s¢lectin and nor-
malized for interexperimental variations of expression level (HRP
hmg) and the recovery of early endosomes, as judged by the amount
of ?°I-Trn within the peak (**I-Trn peak) and by that in the ho-
mogenate ('°I-Trn hmg). After simplifying the original equation,
the EE-TI was determined as follows:

mutant HRP peak mutant '°I-Trn peak
mutant HRP hmg mutant '*I-Trn hmg
EE-TI =
WT HRP peak WT '#I-Trn peak
WT HRP hmg WT '»I-Trn hmg

To isolate late endosomes, the PNS from cells labeled with 2°I-
EGF was fractionated using a two-step procedure consisting of a
1-16% Ficoll velocity gradient followed by an 0.9-1.85 M Sucrose
equilibrium gradient as described previously (Blagoveshchenskaya
et al., 1999a). To estimate the efficiency of targeting of different
chimeras to late endosomal compartments, which sediment within
the lower-density peak on the sucrose gradients (Blagoveshchen-
skaya et al., 1999a), we have calculated targeting indexes (late en-
dosomal targeting index [LE-TI]) essentially as described above,
excepting only that the amount of N-acetyl-B-p-glucosaminidase
(NAGA) activity in the peak as well as that in the homogenate were
used to normalize for recovery of late endosomes.

Feeding Experiments and Immunofluorescent
Microscopy

PC12 cells transfected with HRP-P-selectin chimeras were plated on
poly-L-lysine-coated dishes containing glass coverslips and used for
experiments 3 d after transfection. To follow endocytic trafficking of
HRP-P-selectin chimeras or Trn from the cell surface, cells were
rinsed twice with serum-free growth medium containing 1% BSA
and then were loaded with 2H11 (5 pg/ml) and/or with human
iron-saturated Trn (50 pug/ml) in the same medium for 2 h at 37°C.
Cells on coverslips were then washed in PBS and fixed with 4%
paraformaldehyde in PBS for 20 min at room temperature. They
were then permeabilized with PBS containing 0.2% saponin and 3%
gelatin (permeabilization buffer) and incubated with primary anti-
bodies either against LAMP1 or against Trn in permeabilization
buffer for 45 min. After three washes with permeabilization buffer,
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primary antibodies were visualized with appropriate FITC- or
Texas Red-conjugated secondary antibodies and viewed in an MRC-
1000 confocal microscope (Bio-Rad, Hercules, CA).

Miscellaneous Methods

NAGA activity was measured as described elsewhere (Kornilova et
al., 1992). HRP activity in the samples was determined in triplicate
as previously described (Norcott ef al., 1996). To inhibit HRP activity
present on the plasma membrane, cells were treated three times
with buffered ascorbate (100 mM ascorbic acid, 20 mM HEPES, pH
7.0, 70 mM NaCl, 0.015% H,0,) on ice for 10 min each. Protein
concentration was determined using the Micro BCA protein assay
kit (Pierce) according to the manufacturer’s instructions.

RESULTS

Targeting of HRP-P-selectin Chimeras to Early
Endosomes at Steady State in PC12 Cells

We have previously found that alanine substitution of Leu-
768 or of a KCPL tetrapeptide within the C1 domain of the
cytoplasmic tail of P-selectin dramatically reduces targeting
both to SLMV and to lysosomes while causing accumulation
of HRP-P-selectin chimeras within early, Trn-positive endo-
somes (Blagoveshchenskaya et al., 1999a). However, inacti-
vation of other SLMV targeting signals, such as YGVF and
DPSP (and, to a lesser extent, TNAAF, all of which are
located within the C2 domain), resulted in rerouting of
mutant chimeras to degradative compartments (Blagovesh-
chenskaya et al., 1999a). These data suggest that more than
one endosomal compartment might be involved in SLMV
formation. To identify these endosomal intermediates, we
have quantitatively evaluated targeting to different endoso-
mal populations of those chimeras with the most pro-
nounced effects on SLMV and lysosomal targeting (Figure
1). We have previously established subcellular fractionation
protocols, which allow for accurate measurement of levels of
HRP chimeras in a variety of post-Golgi compartments
(Blagoveshchenskaya et al., 1999a; Strasser et al., 1999).

To determine the extent to which different HRP-P-selectin
chimeras accumulate within Trn-positive, EGF-positive
early endosomes, PC12 cells transiently expressing the chi-
meras shown in Figure 1A were fed with '>°I-Trn for 60 min,
and the early endosomes were then isolated by a two-step
subcellular fractionation procedure (see Figures 6 and 7). To
avoid the potential contamination of the early endosome
peak with plasma membrane (our unpublished data), the
HRP activity of chimeras present on the plasma membrane
was inhibited by treatment of cells with ascorbic acid in the
presence of H,O, as described in MATERIALS AND METH-
ODS. A typical distribution of '*°I-Trn and '?°I-EGF inter-
nalized for 2 min at 37°C on an initial 1-16% Ficoll gradient
as well as on the secondary 3-16% Ficoll gradient is shown
in Figure 6, A and C, —BFA. The efficiency of targeting of
each chimera to early endosomes was expressed as a target-
ing index (EE-TI), i.e., the amount of HRP activity present
within the early endosome peak divided by that in the
homogenate and then normalized for endosomal yield as
judged by recovery of '?5I-Trn. The EE-TI for wild-type
ssHRPF-selectin wag set at 1; the targeting indexes for other
chimeras were normalized by the wild-type EE-TI in each
experiment, to facilitate cross-comparisons.
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As shown in Figure 2, ssHRPY-selectinDPSP jg targeted to early
endosomes as efficiently as wild-type ssHRPF-selectin (EE-TT =
1)’ whereas SSHRPP—selectinKCPL and SSHRPP—seIectinYGVF accu-
mulated to significantly higher levels: 2.21 + 0.21 (mean * SE;
n = 3) and 1.75 * 0.05, respectively. These results suggest that
KCPL and YGVF are both necessary for exit of HRP-P-selectin
chimeras from early endosomes to SLMV, whereas DPSP pro-
motes SLMV targeting from elsewhere along the endocytic
pathway.

Delivery of HRP-P-selectin Chimeras to Late
Endosomes

According to the data of Schmidt et al. (1997), one possible
SLMYV precusor compartment could be a specialized plasma
membrane invagination devoid of Trn receptor. However,
although we have no data directly relating to this subcom-
partment, ssHRPP-selectinDFSP wag previously shown not to
accumulate on the plasma membrane but to be efficiently
internalized (Blagoveshchenskaya ef al., 1999a; see Figure 5;
current work). Another potential compartment from which
DPSP (and the other SLMV targeting signals, which function
as lysosome avoidance signals) might operate is the late
endosome. To ascertain whether this is the case, we quanti-
tated targeting to this compartment. PNS from PC12 cells
transiently expressing the chimera indicated (Figure 3) was
fractionated on 1-16% Ficoll gradients followed by recen-
trifugation of a peak containing both late endosomes and
dense-core granules (DCG) on 0.9-1.85 M sucrose gradients.
The latter step allows for a clear separation of late endo-
somes from DCG and early endosomes, as seen by the
distribution of HRP activity, of [’H]dopamine (a DCG mark-
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Figure 1. Schematic illustration of HRP-P-selectin
chimeras and localization of major targeting deter-
minants within the cytoplasmic tail of P-selectin. (A)
The top line shows the position of components used
for construction: hGH, human growth hormone sig-
nal sequence; P-selectin, transmembrane and cyto-
plasmic domain of P-selectin. The cytoplasmic do-
main of P-selectin was divided into the stop transfer
(ST), C1, and C2 subdomains according to exon—
intron boundaries (Johnston et al., 1989). The bottom
part shows the full amino acid sequences of the
cytoplasmic domains of the chimeras. The carboxyl-
terminal end of the transmembrane domain shown
is boxed. The amino acids substituted for alanine are
shown to the left of the diagram and included in
name of the chimera. ssHRP'-s¢lectin763 j5 3 chimera in
which both the C1 and C2 subdomains are removed.
(B) Localization of SLMV and lysosomal targeting
signals within the cytoplasmic domain of P-selectin.
The determinants inactivation of which reduces tar-
geting to the level of tailless ssHRPF-selectin7e3  are
shown within the + boxes. The determinants inacti-
vation of which increases targeting over the level of
wild-type ssHRPP-selectin, are shown within the —
boxes.

780 789

—

er), of 1?°I-EGF internalized for 20 min at 37°C and N-acetyl-
B-p-glucosaminidase (the late endosomal markers), as well
as of *°I-Trn (Blagoveshchenskaya et al., 1999a; see Figure 7,
—BFA,; this work).

The calculation of LE-TI was carried out as described
above for early endosomes, except that the amounts of
NAGA activity in the late endosomal peak and in the ho-
mogenates were used to normalize for organelle recovery.
LE-TI for tailless ssHRPY-selectin?e3 which was previously
found to be incapable of internalization and to be present on
the plasma membrane (Norcott et al., 1996; Blagoveshchen-
skaya et al., 1999a; see Figure 5; current work), was sub-
tracted from LE-TI for all chimeras tested. In agreement with
experiments measuring the amount of chimeras within the
protease-rich compartments (Blagoveshchenskaya et al.,
1999a), targeting to late endosomes of ssHRPF-selectinkCPL
was reduced by 70%, thereby supporting the inference that
KCPL mediates exit from the early Trn-positive, EGF-posi-
tive endosomes to later, degradative compartments (Figure
3) SSHRPP—selectinYGVF and SSHRPP—selectinDPSP, Wthh exhib-
ited increased targeting to lysosomes (Blagoveshchenskaya
et al., 1999a), are also present within late endosomal com-
partments in higher amounts than is the wild-type chimera:
1.57 = 0.1, 2.17 = 0.2, and 1, respectively (Figure 3), sug-
gesting that late endosomes might well be the second endo-
somal intermediate from which HRP-P-selectin chimeras are
transported to SLMV in a DPSP- and YGVF-mediated manner.
Interestingly, the amount of ssHRPY-selectinDPSP within Jate en-
dosomes is 1.4 times higher than that of ssHRPF-selectinYGVE jpy
agreement with the results described above, demonstrating the
partial retention of the latter chimera within the early endo-
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Figure 2. Quantitation of targeting of HRP-P-selectin chimeras to
early endosomes. PC12 cells expressing the chimera indicated were
labeled with 1?5I-Trn, treated with ascorbate to inhibit HRP activity
present on the plasma membrane, homogenized, and fractionated
using 1-16% Ficoll velocity gradients followed by 3-16% Ficoll
velocity gradients to isolate early endosomes. After fractionation,
targeting to early endosomes was measured by calculating a target-
ing index (EE-TI) for each chimera as the amount of HRP activity
within the peak of early endosomes normalized both by the expres-
sion level and by '?°I-Trn recovery. Each bar represents the mean +
SE of three independent experiments.

somes (Figure 2). Together these data show that alanine sub-
stitution of YGVF causes this chimera to accumulate in both
early and late endosomes, whereas substitution of KCPL and
DPSP causes differential accumulation within early and late
subcompartments, respectively.

Saturability of Endosomal Targeting of
HRP-P-selectin Chimeras

A large body of data indicates that signal-dependent sorting
of membrane proteins to various intracellular compartments
is a saturable process, which depends on both the levels of
expression of the protein of interest and those of the endoge-
nous membrane proteins (Grote and Kelly, 1996; Marks et al.,
1996, Warren et al., 1998). In all cases documented, expression
of proteins at very high levels caused a reduction in rates of
endocytosis, leading to an accumulation on the plasma mem-
brane. To ascertain whether saturation attributable to overex-
pression is affecting signal-mediated sorting of HRP-P-selectin
chimeras within the endosomal system of PC12 cells, we have
quantitated the efficiency of targeting to late endosomes of
those mutant HRP-P-selectin chimeras with the most pro-
foundly altered phenotypes, ie. ssHRPF-selecinDPSP gnd
sSHRPP-selectinKCPL (g0 gbove), at various expression levels.
An accumulating body of evidence shows a wide pheno-
typic variations, e.g., in terms of the presence of RSO and
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Figure 3. Quantitation of targeting of HRP-P-selectin chimeras to
late endosomes. PC12 cells expressing the chimeras indicated were
homogenized and fractionated on 1-16% Ficoll velocity gradients
followed by recentrifugation on 0.9-1.85 M sucrose equilibrium
gradients for separation of late endosomes. LE-TIs were then calcu-
lated by normalizing the amount of HRP activity within the endo-
somal peak both for organelle recovery as judged by NAGA activity
and for the expression level. Each bar represents the mean * SE of
three independent experiments.

individual proteins, between different clones obtained dur-
ing the making of stably expressing PC12 cell lines (Bor-
gonovo et al., 1998; Kasai et al., 1999; Pance et al., 1999). We
have therefore deliberately chosen to use transient expres-
sion to circumvent this problem. In addition, transiently
expressing cells transfected with varied amounts of cDNAs
have previously been used successfully by others to examine
the effects of expression levels on post-Golgi trafficking
(Grote and Kelly, 1996; Marks et al., 1996).

PC12 cells were transiently transfected with a range of in-
creasing amounts of cDNAs encoding the chimeras shown in
Figure 4 and assayed 3 d after transfection for total HRP
expression level, which was then normalized by amount of
protein. The data show that the increase in expression levels
was not proportionate to the increase in the amount of cDNA
used for each transfection (Figure 4A): a 2-fold increase in
cDNA levels at the low end of the range (0.5-1 ug) resulted in
a 5- to 6-fold increase in HRP expression level compared with
a <1.5-fold increase in expression seen for a 2.5-fold increase in
the amount of cDNA at the high end of the range (20-50 ug).
A previous study on saturation of protein targeting identified
a similar relationship between amounts of DNA and the level
of protein expression (Marks et al., 1996).

To evaluate the effect of expression level on the efficiency
of targeting of HRP-P-selectin chimeras to late endosomes,
we have quantitated the amount of HRP activity in late
endosomes normalized to that in the homogenates by sub-
cellular fractionation as described above. As shown in Fig-
ure 4B, the efficiency of late endosomal targeting of two
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Figure 4. Effect of different levels of expression
on targeting of HRP-P-selectin chimeras to late
endosomes. (A) Titration of HRP expression. PC12
cells were transiently transfected by electropora-
tion using increasing amounts of c¢DNA for
SsHRPP—selectin (WT)’ SSHRPPfselectinKCPL (KCPL)/ or
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ssHRPP-selectinDPSP (DPSP). Cells were washed with
HB, scraped, and homogenized. HRP activity
(shown in arbitrary units [A.U.]) was measured in
each homogenate and normalized to total protein
within the homogenate. The name of chimera and
the amount of DNA used (starting from 0.5 ug) are
shown along the abscissa. (B) Efficiency of late
endosomal targeting at different expression levels.
PC12 cells transiently expressing ssHRPF-selectin
SsHRPP—selectinKCPL’ or SSHRPPfselectinDPSP at differ-
ent levels were processed by subcellular fraction-
ation for isolation of late endosomes as described
in the legend for Figure 3. The amount of HRP
activity (shown in A.U. along the ordinate) within
the late endosomal peak was measured, divided
by that in the homogenate, and normalized for
NAGA recovery. The amount of DNA used is
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chimeras with an unaltered lysosomal targeting signal, i.e.,
ssHRPP-selectin. and  sgHRPP-selectinDPSP - declined with in-
creasing amounts of cDNA, as did the difference in targeting
efficiency between ssHRPF-selectin and ggHRPP-selectinDPSP,
Since under these same conditions, the total HRP expression
level continued to increase (Figure 4A), these data most
likely reflect the saturation of sorting machinery by overex-
pression. In agreement with this conclusion, the level of
sSHRPP-selectinKCPL (ywhich has a mutated lysosomal target-
ing signal) within the late endosomal population remained
unchanged irrespective of the amount of cDNA used.
However, even at the highest expression levels (20-50 ug
of DNA), which do affect sorting to the late endosomal-
lysosomal system to some extent, the targeting efficiency of
sSHRPP-selectinKCPL wag consistently lower, whereas that of
sSHRPF-selectinDPSP wag consistently higher than the corre-
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shown before the name of the chimera. Note that
the level of constitutive targeting of tailless
ssHRPP-selectin?63 tg Jate endosomes, which usually
comprises 25% of the level found for the wild-type
chimera, has not been subtracted from the values
of targeting efficiency for chimeras analyzed in
this experiment.

50-WT
50-KCPL
50-DPSP

sponding value for wild-type chimera. We therefore con-
clude that the differential targeting that we described above
to the late endosomal-lysosomal system is not an artifact
resulting from overexpression of chimeras by transient
transfection but is a signal-mediated process. Moreover, de-
spite some saturation of the sorting machinery, at even the
highest levels of expression our observations indicate only a
reduction in the differences between targeting efficiencies of
the chimeras but no changes in their respective relationship.

Differential Localization of Mutant HRP-P-selectin
Chimeras within the Late Endosomal-Lysosomal
System at the Light Microscopy Level

To provide independent evidence for the differential distri-
bution of the HRP-P-selectin chimeras with the most altered

Molecular Biology of the Cell



sorting within the endosomal system, we determined where
in the cell these chimeras are localized by indirect confocal
immunofluorescent microscopy. Transiently transfected
PC12 cells grown on coverslips were fed with cold Trn
and/or with 2H11, fixed, permeabilized, and stained, as
described in MATERIALS AND METHODS. The results of
these experiments are shown in Figure 5. In agreement with
our previous data (Norcott et al., 1996; Blagoveshchenskaya
et al., 1999a), tailless chimera ssHRPY-selectin763 ywag accumu-
lated at the plasma membrane and revealed no colocaliza-
tion with LAMP1, used as a late endosomal-lysosomal
marker (Figure 5, D-F). By contrast, ssHRPF-selectinDPSF (Ejg.
ure 5, G-I) and wild-type ssHRP-selectin (Figure 5, A-C)
were efficiently internalized into structures, of which some
are LAMP1-positive. ssHRPF-selectinKCPL “which is not tar-
geted to lysosomes as previously shown in PC12 cells by an
HRP-proteolysis assay (Blagoveshchenskaya et al., 1999a),
was not seen in LAMP1-positive vesicles (Figure 5, ]-L) but
instead was observed on the plasma membrane and in Trn-
positive puncta concentrated in the perinuclear region (Fig-
ure 5, M-0). These data indicate that ssHRPP-selectinkCPL jg
located in the Trn-containing early endosomal compartment
and continuously recycles to the plasma membrane rather
than being targeted to late endosomes and lysosomes as are
SSHRI)P—selectinDPSP and SSHRPP_SEIECtin.

DPSP and YGVF Operate Downstream of the KCPL
Determinant along the Endocytic Pathway

Our subcellular fractionation data showing that
SSHRPPfselectinKCPL and SSHRPPfselectinYGVF accumulate in
early endosomes, coupled to the observation that ssHRP™-
selectinDPsp and ssHRPP-selecinYGVE exhibit increased tar-
geting to late endosomes and lysosomes, indicate that
KCPL, YGVF, and DPSP are involved in distinct sorting
steps along the endocytic pathway. In principle, these
determinants could operate either at sequential sorting
steps along one route or on separate pathways.

To address this issue, we have constructed two double mu-
tants: SSHRPPfselecﬁnKCPL+DPSP and SSHRPPfselecﬁr\KCPLJrYGVF
(Figure 1). If both signals are operating sequentially on the
same pathway, the phenotype of any double mutant should
be that of the single mutant, which operates first, most likely
ssHRPP-selectinKCPL - On the other hand, if there are two
routes, then the efficiency of targeting to late compartments
of both double mutants, although dependent on the relative
strength of each signal, is likely to be higher than the basal
level of ssHRPP-selectinKCPL  Quantitation of late endosomal
targeting indicates that both ssHRPP-selectinKCPL+DPSP g dq
sSHRPP-selectinKCPL+YGVE exhibited phenotypes similar to
that for ssHRPP-selectinKCPL (Fioyre 3). In addition, all these
chimeras accumulate within the early, ?5I-Trn-positive endo-
somes in the same low amounts as seen for ssHRPT-selectinKCPL
(Figure 2). These data therefore support the hypothesis that
delivery to lysosomes requires two sequential sorting steps
after internalization.

Because alanine substitutions of KCPL, YGVF, and DPSP
on their own already dramatically abrogate SLMYV targeting,
we cannot use the same double-mutant approach as used
above in analyzing endocytic targeting to determine
whether two sequential signal-mediated steps are involved
in trafficking to SLMV. However, the very close relationship
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between endocytic and SLMV targeting strongly suggests
that those endosomal compartments through which HRP-P-
selectin is sequentially moving to lysosomes might be the
precusors of SLMV as well and that the same sequential
signal-mediated steps might operate en route to SLMV.

Effect of BFA on the Endocytic Trafficking of
1251-Trn and ?°I-EGF in PC12 Cells

We have previously documented that trafficking of HRP-P-
selectin chimeras to SLMYV via an endosomal intermediate is
a BFA-sensitive process (Blagoveshchenskaya et al., 1999a).
We have now extended this observation by determining
which endosomal compartments are affected by BFA. We
began by testing the effect of BFA on the distribution of the
endosomal markers Trn and EGF, used in this study to label
the endosomes, in PC12 cells. Cells transiently expressing
wild-type ssHRPF-selectin were allowed to endocytose either
125-Trn or '*’I-EGF in the presence or absence of 10 ug/ml
BFA as described in MATERIALS AND METHODS, and the
PNS from these cells was subjected to subcellular fraction-
ation on 1-16% Ficoll gradients.

After treatment with BFA, we observed an 18% fall of
125[-Trn radioactivity within the peak of early endosomes
(Figure 6A, fractions 5-10), whereas the distribution of *°I-
EGF within the late endosomes (Figure 6B, fractions 13-19;
Blagoveshchenskaya et al., 1999a) was not affected (Figure
6B). Similar results were obtained after recentrifugation of
the peaks corresponding to early or late endosomes on sec-
ondary gradients (specifically designed for further isolation
of these compartments to quantitate targeting of HRP chi-
meras; see above, Figure 6, C and D). These data therefore
indicate that BFA treatment has only a minor effect on the
endocytic trafficking of '?°I-Trn and does not affect that of
125[-EGF, as seen by subcellular fractionation, thus provid-
ing an appropriate context within which to determine those
BFA-sensitive endosomal populations through which HRP-
P-selectin chimeras are transported en route to SLMV.

BFA Treatment Leads to the Accumulation of
ssHRPP-selectin yyithin Both Early and Late
Endosomes

To determine whether BFA affects exit of P-selectin from
both early and late endosomes, PC12 cells transiently
expressing ssHRPT-selectin were incubated in the presence
or absence of 10 ug/ml BFA, and PNS obtained from these
cells was fractionated on 1-16% Ficoll gradients. As
shown in Figure 7A, the majority of HRP activity within
the SLMV peak (fractions 3-4; Norcott et al., 1996) is
redistributed into those denser fractions containing early
and late endosomes. To accurately determine the propor-
tion of chimera that accumulates within either endosomal
population after BFA treatment, the fractions enriched in
early endosomes (5-10), as seen by the distribution of
1251-Trn internalized for 60 min and of '?’I-EGF internal-
ized for 2 min at 37°C (Figure 6A), or in late endosomes
(13-19), as judged by the distribution of '*°I-EGF inter-
nalized for 20 min at 37°C (Figure 6B), were pooled and
then recentrifuged on secondary 3-16% Ficoll or 0.9-1.85
M sucrose gradients, respectively.
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Figure 7 shows that incubation of cells with BFA re-
sulted in a 1.5-fold increase of HRP activity within early
endosomes (Figure 7B) and in a 1.7-fold increase within
late endosomes (Figure 7C). These data therefore indicate
that abrogation of SLMV targeting of ssHRPT-selectin by
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Figure 5. Immunofluorescent localization of
internalized HRP-P-selectin chimeras and en-
dosomal markers in PCI2 cells. Cells tran-
siently expressing wild-type ssHRPF-selectin
( A _C), tailless ssHRPP—selecti.n763 (D_F),
ssHRPT’-solccﬁnDPSl” (GI)/ or SSHRPP-sc]cctinKCPL
(J-O) grown on poly-L-lysine-coated cover-
slips were washed with serum-free medium
containing 1% BSA and fed with 50 ug/ml
T (J-O) and/or with 5 pg/ml 2H11 (A-O)
for 2 h at 37°C. Cells were then fixed, perme-
abilized, and stained as described in MATE-
RIALS AND METHODS. 2H11 (A, D, G, J,
and M) was visualized with Texas Red-conju-
gated goat anti-mouse secondary antibody;
LAMP1 (B, E, H, and K) was immunodetected
with rabbit polyclonal anti-LAMP1 followed
by FITC-conjugated goat anti-rabbit second-
ary antibody; and Trn (N) was detected with
rabbit polyclonal anti-Trn followed by FITC-
conjugated goat anti-rabbit secondary anti-
body. Color images show the merger of both
channels.

BFA treatment causes the retention of this chimera within
both the early and late endosomes. This suggests that both
these compartments are most likely the ultimate precu-
sors of SLMV for HRP-P-selectin chimeras within PC12
cells.

Molecular Biology of the Cell



Endosomal Intermediates in SLMV Targeting

12500

10000

8000 -

6000

cpm

4000

Figure 6. Compartmentalization of in-
ternalized '?°I-Trn and '?°I-EGF in the

10000

7500

5000

125 I-EGF, cpm

presence or absence of BFA. PC12 cells
expressing wild-type ssHRPP-selectin were
fed with °I-Trn for 1 h at 37°C in the
presence (@) or absence (O) of 10 ug/ml
BFA added in the medium during last 30
min of incubation. Parallel dishes were
incubated with >°I-EGF for 1 h on ice in
the presence or absence of BFA for the last
10 min of incubation, washed, and trans-
ferred to 37°C for 20 min to label late

8000

endosomes in the presence (A) or absence 4000

(A) of BFA. One dish labeled with 2°I-
EGF for 1 h on ice was washed and al-
lowed to internalize ligand for 2 min at
37°C with no BFA added (A, *). After
removal of the noninternalized ligand,
cells were rinsed with HB and homoge-
nized, and a PNS was centrifuged on the
1-16% Ficoll velocity gradients (A and B).
After fractionation, the peak containing
125[-Trn (fractions 5-10; A) was collected
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125-EGF (fractions 13-19; B) was collected 0
and recentrifuged on a 0.9-1.85 M sucrose 0 5
equilibrium gradient (D) as described in

MATERIALS AND METHODS.

Effect of BFA on Endosomal Trafficking of
SsHRPP-selectinYGVF and ssHRPP-selectinKCPL

We have also analyzed the endosomal trafficking of the
mutant chimeras in the presence of BFA to establish
whether the endosomal compartments in which wild-type
ssHRPP-selectin accymulates after BFA treatment are those
in which the chimeras with mutated SLMV targeting sig-
nals are retained (Figures 2 and 3). If this is the case, then
the mutant chimeras should show no BFA-dependent in-
crease in the levels of HRP activity present within the
early or late endosomes. Accordingly, PC12 cells express-
il’lg either SSHRPP-selectinYGVF or SSHRPP—selectinKCPL were
incubated in the presence or absence of BFA and pro-
cessed by two-step subcellular fractionation as described
above. The results indicate that for both chimeras the
distribution of HRP activity in the presence of BFA was
identical to that in contol, untreated cells, as seen on the
initial 1-16% Ficoll gradients as well as on the secondary
gradients for isolation of early or late endosomes (Figure
8). These data therefore strongly support the notion that
those early and late endosomal populations from which
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HRP-P-selectin is sorted to SLMYV in a BEA-sensitive man-
ner are most likely those endosomes where the mutant
chimeras with inactivated SLMV targeting signals accu-
mulate and where these signals operate.

DISCUSSION

We have previously shown that SLMV targeting of HRP-P-
selectin chimeras expressed in PC12 cells is controlled by mul-
tiple targeting determinants located within the cytoplasmic
domain. Mutations of these sequences lead to differential ac-
cumulation of chimeras within the endosomal-lysosomal sys-
tem (Blagoveshchenskaya et al., 1999a). In the present study we
have used the HRP-P-selectin chimeras to investigate in detail
the signal dependence of endocytic traffic in PC12 cells and to
determine which endosomal intermediates are involved in
SLMYV formation. We have based this analysis on the assump-
tion that by determining the compartment in which a loss-of-
function targeting mutant that fails to reach the SLMV accu-
mulates we can identify SLMV precursors. In addition, because
the budding of SLMV from endosomes has been shown to be
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Figure 7. Effect of BFA on the distribution
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ary gradients used for isolation of early and
late endosomes. PC12 cells expressing wild-
type ssHRPP-selectin were fed with 12°I-Trn or
with 1?°I-EGF to monitor the position of
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gradients (B). Fractions corresponding to
late endosomes (13-19), as judged by distri-
bution of '?°I-EGF internalized for 20 min at
37°C (Figure 6B), were collected and recen-
trifuged on 0.9-1.85 M sucrose equilibrium
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BFA dependent (Faundez et al., 1997; Shi et al., 1998; Blagovesh-
chenskaya et al., 1999a), we have determined whether those
compartments identified as precursors by analyzing the SLMV
targeting mutants are identical to those as revealed by the
effects of this fungal metabolite.

Both by immunofluorescence microscopy and by quan-
titating the efficiency of targeting of chimeras with mu-
tated SLMV targeting signals to different endosomal com-
partments using subcellular fractionation, we have found
that alanine substitution of KCPL or of the tyrosine-based
signal YGVF resulted in a significant accumulation of
chimeras (SSHRPP-selectir\KCPL and SSHRPP—selectinYGVF)
within early Trn-positive, EGF-positive endosomes (Fig-
ures 2 and 5). However, substitution of YGVF or DPSP
caused the accumulation of chimeras (ssHRPT-selectinYGVF
and ssHRPF-selectinDFSP) within late endosomes (Figure 3).
This increased accumulation within late endosomes was
not a spillover induced by overexpression, because an
even more pronounced increase in the targeting efficiency
to late endosomes for ssHRPP-selectinDPSP compared with
that for wild-type chimera was observed at expression
levels well below (0.5 ug of DNA) saturating levels (Fig-
ure 4). It should be noted that although KCPL and DPSP
operate at distinct stages of the endocytic pathway, YGVF
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exerts its effects more broadly, causing an accumulation in
both early and late endosomes; albeit to a lesser extent at
either location than those mutants that act at a single site.
However, as we have previously established, mutation of
YGVEF, which acts at both putative SLMV budding sites,
gives a more dramatic reduction in SLMV targeting than
either of the two mutants that only block one route
(Blagoveshchenskaya ef al., 1999a).

One complication in interpreting the behavior of ssHRP™
selectinDPSP OF SSHRPF-selecinYGVE ariseg from the discovery
that these mutants do not solely accumulate within the late
endosome but also are found within the lysosomes in com-
parable amounts (Blagoveshchenskaya et al., 1999a). This
difference in the effects of ablating SLMV targeting from
early versus later stages of the endosomal system is in
agreement with the point of view that sorting from early
endosomes to late endosomes and lysosomes is a signal-
mediated step, whereas late endosome-to-lysosome traffick-
ing occurs by a default pathway (for review, see Mellman,
1996). One alternative interpretation of this phenomenon is
that lysosomes might also be SLMV precusors. However, we
would argue that despite increasing evidence that lyso-
somes are not simply a dead end within the cell, but rather
dynamic organelles, which can undergo fusion with other

Molecular Biology of the Cell
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and fractionated on the 1-16% Fi-
coll gradients. Fractions corre-
sponding to early or late endo-
somes for ssHRPF-selectinYGVE were
collected separately and recentri-
fuged on 3-16% Ficoll gradients (B)
or 0.9-1.85 M sucrose gradients (C),
respectively. The peak of early en-
dosomes for ssHRPP-selectinKCPL g
pooled (D) and recentrifuged on a
3-16% Ficoll gradient (E). In all
cases, HRP activity was measured
in each fraction across the gradient

and divided by that in the homog-
enate. One representative experi-

ment of two is shown. Fraction number

lysosomes (Ward et al., 1997) or with late endosomes (Futter
et al., 1996; Bright et al., 1997; Mullock et al., 1998), until now
there have been no available data to suggest that lysosomes
are the origin of any other organelles or are involved in
recycling to the cell surface in significant levels.

To provide independent evidence of whether the late
endosomes are involved in sorting of HRP-P-selectin chime-
ras to SLMV as well as early endosomes, we exploited the
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sensitivity of SLMV trafficking of ssHRPP-selectin to BFA. This
macrocyclic antibiotic had previously been shown to be an
inhibitor of the ARF1/AP-3-dependent formation of SLMV
from endosomes (Faundez et al., 1997; Faundez et al., 1998).
We have found that, although not causing a significant
redistribution of endosomal markers, BFA treatment re-
sulted in the redistribution of ssHRPF-selectin from the peak
corresponding to SLMV into those containing the early and
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late endosomes, as monitored by '?°I-Trn and '*°I-EGF on
1-16% Ficoll gradients, respectively (Figures 6 and 7). Quan-
tification revealed that the total increment of the amount of
HRP activity within both the early and late endosomal peaks
was 80% (Figure 7), which is in good agreement with the
88% reduction of that within the SLMV peak after BFA
treatment (Blagoveshchenskaya et al., 1999a).

Importantly, under these conditions no rise in the amount
of HRP activity was detected within the lysosomes (the last
five fractions on 1-16% Ficoll gradients; Figure 7). This
finding indicates that when SLMV biogenesis is reversibly
blocked for a short time, the accumulation of wild-type
chimera is restricted to the late endosomes and is not found
in the lysosomes, in contrast to the steady-state localization
of chimeras with inactivated SLMV targeting signals, found
both in late endosomes and lysosomes. This argues in favor
of the late endosomes alone rather than together with the
lysosomes as the SLMV precursor.

Taken together, our data on differential accumulation of
chimeras with inactivated SLMV targeting signals within
the two endosomal compartments, coupled with those on
targeting to these compartments in the presence of BFA,
lead us to conclude that both the early EGF-positive,
Trn-positive early endosomes and EGF-positive, Trn-neg-
ative late endosomes are the precusors of SLMV. Al-
though there is a large body of data, including those of the
current work, consistent with the view that the early
endosome is a site from which SLMV can bud (for review,
see Hannah ef al., 1999), the finding that SLMV can also
bud from the late endosomes is entirely novel. In addi-
tion, the analysis of targeting of the double mutants
SSHRPT’fse]ectinKCPLﬁ—YGVF and SSHRPPfselectinKCPL-FDPSP in-
dicated that these chimeras exhibited the same phenotype
as ssHRPP-selectinKCPL in terms of lysosomal targeting,
strongly suggesting that P-selectin travels both to SLMV
and to lysosomes via the same two subsequent endosomal
intermediates (Figure 9).

Sorting of HRP-P-selectin chimeras to SLMV from both
early and late endosomes is affected by BFA, suggesting a
possible involvement of coat proteins at both donor sites.
Apart from the already documented use of ARF1/AP-3 in
SLMV formation from the early endosomes (Faundez et al.,
1997; Faundez et al., 1998), other BFA-sensitive and endoso-
mally recruited coats might also be involved, thereby ac-
counting for how such different BEA-sensitive SLMV target-
ing signals are operating. One potential candidate may be
COPI, which is thought to be required for early-to-late en-
dosomal trafficking (Whitney et al., 1995; Aniento et al.,
1996). It is not yet known whether the machinery used for
SLMV budding from early endosomes is also used in bud-
ding from late endosomes. Given that the SLMV which bud
from late endosomes are presumably of similar (if not iden-
tical) composition to those from early endosomes, it is rea-
sonable to suggest that the same machinery might be in-
volved in both sorting steps. However, the finding that
SLMV budding from the plasma membrane requires differ-
ent, AP-2/clathrin-associated, machinery (Shi et al., 1998),
coupled with data indicating that different SLMV targeting
sequences are used in exit from the late as against the early
endosome (this work), suggests that the machinery operat-
ing at these two endosomal populations may be different.
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Figure 9. Schematic model for trafficking of HRP-P-selectin chime-
ras to SLMV in PC12 cells. HRP-P-selectin present on the plasma
membrane is internalized into early Trn-positive, EGF-positive en-
dosomes (EE) from which budding of SLMV occurs in a KCPL- and
YGVE-dependent and BFA-sensitive manner. From the same endo-
somes, the remaining chimera is sorted to late, Trn-negative, EGF-
positive endosomes (LE) in a KCPL-dependent, BFA-insensitive
manner. From this compartment, further trafficking of P-selectin can
occur in one of the two directions. One route leads to SLMV, a
process that is controlled by YGVF and DPSP and is BFA sensitive.
The remaining protein within LE is delivered to lysosomes (Lys) for
degradation. Another potential SLMV precusor, represented by in-
vaginations of the plasma membrane, from which budding of SLMV
is BFA insensitive (12% for HRP-P-selectin vs. 88% that is BFA
sensitive) and which does not involve an endosomal intermediate, is
shown in the inset.

The pathway of SLMV biogenesis via the early endosomal
intermediate is readily reconciled with models of membrane
traffic in which the bulk of internalized proteins are nonse-
lectively delivered to a common early endosome from which
sorting occurs to direct the proteins to a variety of destina-
tions (for review, see Mellman, 1996). By contrast, examples
of the late endosome as a sorting station (especially en route
to any final compartment) are few. These include recycling
of mannose 6-phosphate receptor and furin from the plasma
membrane via the early endosomes and then late endo-
somes to the TGN (Dahms et al., 1989; Mallet and Maxfield,
1999) and the formation of a-granules from mature multive-
sicular bodies in megakaryocytes and platelets (Heijnen et
al., 1998). Given the origin of P-selectin in hemopoietic cells,
the latter observation may be related to our current findings.

Glucose transporter 4 (GLUT4)-containing secretory vesi-
cles, which are transferred to the cell surface after insulin
stimulation, may also arise from two or more intracellular
pools in series, including that of late endosomes (Malide et
al., 1997), although which sorting signals within GLUT4
mediate this step remain so far unknown. However, it is not
yet resolved whether the early Trn-positive endosomes are
one of the multiple precusors for GLUT4-containing vesicles
(Aledo et al., 1997; Malide et al., 1997; Wei et al., 1998). Our
data showing the existence of two endosomal intermediates
en route to SLMV are in agreement with the model of
multiple intracellular pools responsible for GLUT4 seques-
tration (Holman et al., 1994; Verhey et al., 1995). The model
of a common sorting endosome as the sole precusor for
specialized organelles (Mellman, 1996) may therefore need
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to be modified to one in which endosomes of different
composition can function as donor compartments.

Lichtenstein et al. (1998) also observed two endosomal
intermediates, through which VAMP-tagged chimeras traffic
to SLMV. However, both populations of these endosomes
were found to contain Trn, implying that the SLMV precu-
sor was most likely to be the endosomal tubules (Lichten-
stein et al., 1998). These findings were later supported by
detailed electron microscopy study (de Wit et al., 1999). One
possible interpretation of these and our data is that different
sites along the endocytic pathway could be used for SLMV
budding, reflecting the gradual maturation and sorting pro-
cesses carried out by this complex and plastic organelle. If
so, then the presence of a strong lysosomal targeting signal
in the cytoplasmic tail of P-selectin (Green et al., 1994;
Blagoveshchenskaya et al., 1998a,b, 1999a) could lead to a
larger proportion of P-selectin entering SLMV from a later
compartment along the endocytic pathway than is the case
for VAMPII or synaptophysin, which have no such signal
and are not targeted to lysosomes in substantial amounts (de
Wit et al., 1999).

One of the intriguing results of the current study is that in
addition to individual signals that operate exclusively either
from early (KCPL) or from late endosomes (DPSP), P-selec-
tin uses the same signal, YGVF, to promote targeting to
SLMV from both endosomal populations. In principle,
YGVF could be needed for sorting of chimeras en route to
SLMYV from a postendosomal intermediate, e.g., that derived
by forming of endosomal tubules. However, if this were so,
we should have been able to monitor the appearance of
sSHRPP-selectinYGVE i djfferent fractions from those corre-
sponding to early or late endosomes; clearly this was not the
case (Figure 8). Alternatively, YGVF might facilitate the
lateral redistribution of P-selectin within the plane of the
perimeter endosomal membrane, allowing the concentration
of protein within the endosomal subdomain from which
SLMV bud in a KCPL- or DPSP-dependent manner. Valida-
tion or disproof of this hypothesis requires further investi-
gation, probably at the electron microscopic level.
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