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Abstract. Prior studies on receptor recycling through
late endosomes and the TGN have suggested that such
traffic may be largely limited to specialized proteins
that reside in these organelles. We present evidence
that efficient recycling along this pathway is function-
ally important for nonresident proteins. P-selectin, a
transmembrane cell adhesion protein involved in in-
flammation, is sorted from recycling cell surface recep-
tors (e.g., low density lipoprotein [LDL] receptor) in
endosomes, and is transported from the cell surface to
the TGN with a half-time of 20-25 min, six to seven
times faster than LDL receptor. Native P-selectin colo-
calizes with LDL, which is efficiently transported to ly-
sosomes, for 20 min after internalization, but a deletion
mutant deficient in endosomal sorting activity rapidly

separates from the LDL pathway. Thus, P-selectin is
sorted from LDL receptor in early endosomes, driving
P-selectin rapidly into late endosomes. P-selectin then
recycles to the TGN as efficiently as other receptors.
Thus, the primary effect of early endosomal sorting of
P-selectin is its rapid delivery to the TGN, with rapid
turnover in lysosomes a secondary effect of frequent
passage through late endosomes. This endosomal sort-
ing event provides a mechanism for efficiently recycling
secretory granule membrane proteins and, more gener-
ally, for downregulating cell surface receptors.
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Introduction

Mammalian cells internalize a large quantity of plasma
membrane-associated and soluble molecules, and sort
these molecules into recycling or lysosomal pathways. A
great deal of this sorting occurs in early sorting endo-
somes, which segregate most of the membrane lipids and
proteins, and a small fraction of the soluble contents, into
tubular extensions that give rise to recycling endosomes
(Gruenberg and Maxfield, 1995; Mellman, 1996). In non-
polarized cells, the contents of recycling endosomes then
return to the cell surface. Most of the soluble contents of
sorting endosomes, and a small fraction of the membrane,
are collected into endosomal carrier vesicles (Aniento et
al., 1993; maturing endosomes; Dunn et al., 1989), which
are transported to, and fuse with, late endosomes (Gruen-
berg and Maxfield, 1995; Mellman, 1996).

Virtually all of the soluble contents of late endosomes
are delivered to lysosomes for degradation. However, a
number of membrane proteins recycle to the TGN (Snider
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and Rogers, 1985; Duncan and Kornfeld, 1988; Jin et al.,
1989; Green and Kelly, 1992; Bos et al., 1995; Mallet and
Maxfield, 1999). This allows receptors that fail to recycle to
the cell surface from early endosomes to recycle to the cell
surface instead via late endosomes, the TGN, and the
secretory pathway. This process increases the overall recy-
cling efficiency for cell surface receptors significantly
(Green and Kelly, 1992; Fig. 1 A). Recycling from late en-
dosomes to the TGN plays a particularly important role in
the trafficking of mannose 6-phosphate receptors (MPR)!.
The cation-independent (CI) and cation-dependent MPR
carry nascent lysosomal enzymes from the TGN to late en-
dosomes. The enzymes dissociate from the receptors at the
low pH of late endosomes, and the receptors are then recy-
cled efficiently to the TGN to mediate additional rounds of
enzyme sorting (Goda and Pfeffer, 1988; Lombardi et al.,
1993). The high efficiency of MPR recycling from late en-
dosomes is due at least in part to a cytoplasmic sorting de-
terminant (Schweizer et al., 1997) recognized by a sorting
protein, TIP47 (Diaz and Pfeffer, 1998), in late endosomes.

LAbbreviations used in this paper: CI, cation-independent; LDL, low den-
sity lipoprotein; MPR, mannose 6-phosphate receptor.
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A different endosomal sorting phenotype was identified
through studies of P-selectin, a member of a family of
cell adhesion proteins expressed in the vascular system
(McEver et al., 1995). Whereas expression of the cell ad-
hesion protein E-cadherin at the cell surface is regulated
by internalization of those molecules not bound to sub-
strates (Le et al., 1999), P-selectin is stored in secretory
granules in platelets and endothelial cells. Stimulation of
granule exocytosis in these cells transfers P-selectin rap-
idly to the plasma membrane, allowing binding of circulat-
ing neutrophils and monocytes expressing the P-selectin
ligand (McEver and Cummings, 1997). This interaction
contributes to extravasation of the leukocytes, an early
event in the inflammatory response. P-selectin is rapidly
internalized at rates similar to other recycling receptors.
However, in addition to cytoplasmic sorting determinants
that mediate targeting to secretory granules and rapid in-
ternalization from the cell surface (Disdier et al., 1992; Se-
tiadi et al., 1995; Modderman et al., 1998), P-selectin con-
tains a sorting determinant that mediates sorting of
internalized P-selectin away from typical recycling recep-
tors, such as low density lipoprotein (LDL) receptor and
transferrin receptor, leading to rapid delivery of P-selectin
to lysosomes (Green et al., 1994; Blagoveshchenskaya et
al., 1998; Straley et al., 1998). Its half-life of 2.3-3 h in
transfected cell lines (Green et al., 1994; Straley et al.,
1998) is several times shorter than the half-lives of the
LDL receptor or transferrin receptor. This sorting event
affords temporal regulation of the adhesive activity of
P-selectin after stimulation of granule exocytosis.

Whereas it is clear that sorting of P-selectin from effi-
ciently recycled receptors (e.g., LDL receptor) occurs in
endosomes (Green et al., 1994), it is not possible to deter-
mine from the existing data whether this sorting occurs in
early endosomes, in late endosomes, or a combination of
the two. If sorting of P-selectin occurs only in early endo-
somes, it would reach late endosomes faster than LDL re-
ceptor, and could then recycle from late endosomes to the
TGN with the same efficiency as LDL receptor (Green
and Kelly, 1992; Green et al., 1994; Fig. 1 B). This hypoth-
esis predicts rapid transport of P-selectin from the cell sur-
face through the TGN, which would enable the protein to
recycle efficiently into nascent secretory granules. Indeed,
internalized anti—P-selectin antibodies can reach Weibel-
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Palade bodies (secretory granules) in cultured endothelial
cells (Subramaniam et al., 1993; Kobayashi et al., 2000), al-
though with unknown efficiency. In this model, rapid turn-
over of P-selectin would be due to frequent trips through
late endosomes, but with the same low probability as LDL
receptor of entering lysosomes on each trip. Alternatively,
if P-selectin recycles from sorting endosomes to the cell
surface as efficiently as LDL receptor, the short half-life of
P-selectin would require selective delivery of P-selectin
from late endosomes to lysosomes, which would preclude
extensive recycling to the TGN (Fig. 1 C).

To determine the location and consequences of endoso-
mal sorting of P-selectin, we have measured transport of
P-selectin in PC12 cells, where we previously measured
transport of LDL receptor, cation-independent mannose
6-phosphate receptor (CI-MPR), the synaptic vesicle pro-
tein synaptophysin (Green and Kelly, 1992), and in CHO
cells, where we have characterized endosomal sorting mu-
tants of P-selectin (Green et al., 1994). Our results strongly
support the hypothesis that constitutive endosomal sorting
of P-selectin from recycling receptors occurs only in early
sorting endosomes, and not in late endosomes. The impli-
cations of these findings for sorting of membrane proteins
in endosomes, and for trafficking of secretory granule
membrane proteins, are discussed.

Materials and Methods
Cells

Ricin-resistant PC12 A1 cells and transfected clones derived from them
were grown as originally described (Green and Kelly, 1990), and were
plated for most experiments on dishes precoated with poly-p-lysine. Secre-
tory granule exocytosis was stimulated by adding KCl to a final concentra-
tion of 50 mM to cells in complete growth medium. CHO cells expressing
P-selectin or P-selectin —AC1 (a deletion of the 11-amino acid residue Cl1
region of the cytoplasmic domain, previously denoted P-selectin AD762-
S772; Setiadi et al., 1995; or P-selectin-C2 (Green et al., 1994) were main-
tained in normal or LDL-depleted medium as described (Green et al., 1994).

Expression of Human P-Selectin in PC12 A1 Cells

PC12 Al cells in 6-cm plates were transfected with 6 wg of the plasmid
pCDL-SRa containing the human P-selectin cDNA (Straley et al., 1998)
and 0.1 pg pSV2neo, using the lipofection protocol of Muller et al. (1990).
Cells were passaged into medium containing 0.4 mg/ml G418 (GIBCO-
BRL) 2 d after transfection. Drug-resistant clones were picked, expanded,

Figure 1. Trafficking of internalized
LDL receptor in PC12 cells, and mod-
els for trafficking of internalized
P-selectin. A, Trafficking of LDL re-
ceptor. Numbers denote the probabili-
ties that internalized LDL receptors
will enter each pathway, and are de-
rived from the measured rates of
transport to sorting endosomes (t, =
3-4 min), to the TGN via late endo-
somes (t;, = 2.5-3 h), and to lyso-
somes (t;, = 20 h; Green and Kelly,
1992). S.E., sorting endosome; L.E.,

* 0.97

/r/
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late endosome; TGN, trans Golgi Network; Lys., lysosome; P.M., plasma membrane (recycling endosomes and endosomal carrier vesicles are
not shown). B and C, Models for P-selectin traffic. The observation that P-selectin reaches lysosomes six to seven times faster (t;, = 3 h) than
LDL receptor in PC12 cells (Green et al., 1994) can be accounted for either by sorting of P-selectin from LDL receptor only in early sorting
endosomes (B), or by sorting of P-selectin from LDL receptor only in late endosomes (C). Large arrows indicate the selective step in each
model. Early sorting (B) predicts rapid recycling of P-selectin through the TGN, whereas late sorting (C) precludes extensive recycling

through the TGN.
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and screened for expression of P-selectin by immunofluorescence micros-
copy (see below) using mixed monoclonal anti-P-selectin antibodies
(Straley et al., 1998).

Radioisotopes

UDP[’H]galactose was purchased from Amersham Pharmacia Biotech
and from American Radiochemical Corporation. ['*I]sodium iodide and
ExpreSS label [*S]amino acid mixture were from New England Biolabs.
[*H]glucosamine was purchased from American Radiochemical Corpora-
tion. Na*SO, was from NEN Life Sciences.

Enzymes

Recombinant Flavobacterium meningosepticum peptide:N glycosidase F
produced in E. coli (N-Glycanase) was purchased from Roche or from
Glyko, Inc. Streptococcus pneumoniae B-galactosidase was purchased
from Roche or from Prozyme. Bovine milk galactosyltransferase was from
Sigma-Aldrich.

Antibodies

mAbs S12, G1, GS, and 2B8 recognizing P-selectin, and goat polyclonal
antiserum recognizing P-selectin, were generously supplied by Rodger
McEver (University of Oklahoma, Oklahoma City, OK). Antipeptide an-
tiserum recognizing the COOH terminus of P-selectin was affinity-puri-
fied as described (Green et al., 1994). Purified antipeptide antibody was
biotinylated by reaction with a 10-fold molar excess of sulfosuccinimidyl
6-(biotinamido) hexanoate (Pierce Chemical Co) for 30 min in PBS, fol-
lowed by addition of a 20-fold molar excess of glycine to quench remain-
ing reactive groups. S12 antibody was labeled with Alexa 488 (Molecular
Probes) according to the manufacturer’s protocol. Polyclonal rabbit anti-
serum was generated by a commercial service (Covance) against soluble
P-selectin (Ushiyama et al., 1993), and showed specificity in immunofluo-
rescence and immunoprecipitation experiments identical to that obtained
with the mAbs. Polyclonal rabbit antibodies against rat or bovine CI-
MPR were from William Brown (Cornell University, Ithaca, NY). Rabbit
antiserum recognizing synaptophysin was from Regis Kelly (University of
California, San Francisco, CA). Rabbit antiserum recognizing chromogra-
nin A was from John Hutton (University of Colorado, Denver, CO). mAb
H68.4 recognizing transferrin receptor was provided by Ian Trowbridge
(Scripps, La Jolla, CA). Goat anti-rabbit IgG, rabbit anti-mouse IgG,
Texas red-conjugated goat anti-rabbit IgG and FITC-conjugated goat
anti-mouse IgG were from Cappel. Oregon green- and Texas red-conju-
gated deglycosylated egg avidin (Neutralite) were from Molecular Probes.

Immunofluorescence Labeling

Immunofluorescence labeling was performed as previously described
(Straley et al., 1998). For screening, cells were incubated for 1 h with a
mixture of ascites fluid containing mAbs S12, G5, and 2B8. For double-
labeling experiments, primary antibodies recognizing chromogranin A,
synaptophysin, CI-MPR, and transferrin receptor were applied, followed
by the appropriate secondary antibody. After labeling endogenous pro-
teins, cells were incubated in preimmune rabbit serum (1:50) for 15 min,
and were then labeled with biotinylated anti—P-selectin COOH-terminal
peptide antibody diluted 1:200 in buffer containing rabbit preimmune se-
rum 1:50. After washing, samples were labeled with Oregon green or
Texas red avidin 1:300 and washed again, with 10 pg/ml free biotin in-
cluded in the last IF buffer wash. Cells were then washed three times in
PBS, rinsed in distilled water, and mounted in ProLong (Molecular
Probes). As a positive control for colocalization, cells were labeled only
with biotinylated anti-P-selectin COOH-terminal peptide antibody, fol-
lowed by a mixture of Oregon green and Texas red avidin.

Image Collection and Analysis

Immunofluorescence images were collected using a Zeiss Axioplan 2 mi-
croscope equipped with a 63X Apochromat objective lens, n.a. 1.4, a
Hamamatsu C4742-95 CCD camera, in some cases fitted with a Zeiss 4X
magnifying adapter (final pixel size, 0.0266 um) and OpenLab (Improvi-
sion) software. For PC12 cells, 30 conventional images were collected at
0.2-um intervals, in the Texas red and fluorescein channels sequentially,
using an automation to drive the microscope controls. Digital deconvolu-
tion of one image near the middle of each series was performed using the
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OpenLab constrained iteration (confocal) algorithm, using 10-12 neigh-
bors (20-24 images) to deconvolve each image. Grayscale matching and
merging of deconvolved images was performed using Adobe Photoshop.
Several cells were analyzed for each labeling condition, and representative
results are presented.

Uptake of LDL and S12 Antibody

CHO cells expressing native P-selectin or P-selectin—AC1 were passaged
onto coverslips and grown overnight. The medium was replaced with
LDL-depleted medium and the cells were grown for an additional 16-18 h
to increase surface expression of LDL receptor. After incubation for 10
min at 37°C in PBS containing 1 mg/ml glucose and 0.2% BSA (PBS/
BSA), cells were incubated for 5 min at 37°C in PBS/BSA containing 10
wg/ml AlexaFluor 488-labeled S12 antibody and 5 pg/ml Dil-LDL (Mo-
lecular Probes). Cells were rapidly rinsed in PBS/BSA and recultured in
PBS/BSA for 5-60 min. Cells were then rinsed in PBS and fixed in 3%
formaldehyde; 100 mM NaPO,, pH 7.4, for 20 min at room temperature.
Fixed cells were washed three times for a total of 5 min in PBS, rinsed
once in distilled water, and were then mounted in FluorMount G (Fisher
Scientific) containing 2.5 mg/ml n-propyl gallate (Sigma-Aldrich). Images
were collected using FITC and Cy3 filter sets for Alexa 488 and Dil, re-
spectively. Four or five fields, containing a total of 15-21 cells, were ana-
lyzed for each data point. In each field, 13 images, beginning at a focal
plane 0.6-1.0 pm beneath the base of the cells, were collected at 0.2-pwm
intervals using a 63X objective lens (final pixel size, 0.1064 wm). Six or
seven sequential images, starting from the base of the cell and comprising
80-90% of the LDL-labeled structures in each cell, were deconvolved us-
ing 2 neighbors (above and below) in each channel. The deconvolved im-
ages from each channel were merged, and transferred to Photoshop to
compress the grayscales and overlay the two channels. To quantitate the
fraction of LDL-labeled vesicles that contained both labels, prints were
made of the red channel (LDL) images and total LDL-positive vesicles
were counted. The red channel image was then compared with the merged
image to identify vesicles that also contained S12 antibody, and double-
labeled structures were counted. An average of 926 LDL-positive vesicles
were counted for each sample, and the data are expressed as the percent-
age of these vesicles that also contained S12 antibody. The entire experi-
ment was performed twice, with similar results.

Metabolic Labeling

Metabolic labeling with [*H]glucosamine or [**S]amino acids was carried
out for 1-16 h as previously described (Green and Kelly, 1992; Straley et
al., 1998).

Exogalactosylation

Exogalactosylation of cells was carried out as described (Green and Kelly,
1992; Duncan and Kornfeld, 1988), with minor modifications. Cells on
polylysine-coated 15- or 10-cm tissue culture plates were labeled at 80—
90% confluence, usually 1-2 d after plating. Cells were cooled to 4°C and
washed twice with cold exogalactosylation buffer (Green and Kelly, 1992;
MEM without glucose or bicarbonate containing 0.2% BSA, 6 mM
MnCl,, pH 6.8). The labeling medium contained exogalactosylation buffer
with the following additions: 1.7 U/ml galactosyltransferase, and 80-100
wCi/ml UDP[*H]galactose. Cells were labeled with 3 ml/15-cm dish for 60
min. At the end of the labeling, cells were washed twice with PBS, 1 mg/ml
glucose, and were then recultured in complete culture medium at 37°C.
Cells were then washed twice with PBS lacking divalent cations before
harvesting in PBS containing 5 mM EDTA by trituration.

Lysis and Immunoprecipitation

Cells were lysed, and proteins were immunoprecipitated as previously de-
scribed (Green et al., 1994; Straley et al., 1998). For biotinylated cells, 5
mg/ml iodoacetamide was included in the lysis buffer. Immune complexes
were recovered using protein A-Sepharose or protein G-Sepharose (Am-
ersham Pharmacia Biotech), and were eluted by heating in a boiling water
bath for 3 min into either 25 pl N-glycanase buffer (1% octylglucopyrano-
side, 0.2% SDS, 40 mM Tris, pH 8.0, 5 mM EDTA, 1% B-mercaptoetha-
nol) or 40 pl gel sample buffer (4% SDS, 125 mM Tris pH 6.95, 10 mM
EDTA, 15% sucrose, 40 mM dithiothreitol). Immunoprecipitations with
each of the antibodies and cell lines used were titrated to recover 90-95%
of antigen, as assessed by second round precipitations.
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Analysis of N-linked Oligosaccharides
after Exogalactosylation

N-linked oligosaccharides were analyzed using a minor modification
(Green and Kelly, 1990, 1992) of the method of Duncan and Kornfeld
(1988), except that B-galactosidase digestion of oligosaccharides was car-
ried out in 50 pl 50 mM MES, pH 6.0, or 50 mM NaH,PO,, pH 6. The di-

Figure 2. Immunofluorescence localization of organelle markers
in PC12 A1-PS cells. A-C, As a control for colocalization using
digital deconvolution, PC12 A1-PS cells were fixed and labeled
with biotinylated anti-P-selectin COOH-terminal peptide anti-
body, followed by a mixture of Oregon green-avidin (A) and
Texas red-avidin (B). Digital deconvolution was performed on a
25 X 0.2 pm step Z-series for each label and the images were
merged (C). D-O, PC12 A1-PS cells were processed for indirect
immunofluorescence microscopy and labeled with antibodies rec-
ognizing chromogranin A (E and F), synaptophysin (H and I),
transferrin receptor (K and L), or CI-MPR (N and O), followed
by the appropriate secondary antibody. Cells were then labeled
with biotinylated anti-P-selectin COOH-terminal peptide anti-
body, followed by labeled avidin (D, G, J, and M). For clarity,
P-selectin localization (D, G, J, and M) is shown in the green
channel, whereas the endogenous proteins (E, H, K, and N) are
shown in the red channel of the merged images (F, I, L, and O).
Colocalization appears yellow. Bar, 2 pm.
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gested samples were analyzed by gel filtration chromatography on Sepha-
dex G25. 350-pl fractions were counted in 4 ml ReadySafe (Beckman)
scintillation fluid.

Electrophoresis, Fluorography, and Quantitation of
Radioactivity in Gel Bands

Proteins were analyzed on SDS polyacrylamide gels containing 7.5% acryl-
amide for P-selectin, or a gradient for analysis of multiple proteins. For
fluorography, gels were fixed in 30% methanol/5% acetic acid, rinsed with
water and impregnated with 0.5 M sodium salicylate. The dried gels were
exposed to Fuji X ray film at —70°C.

Supplemental Material

Control experiments and descriptions of the relevant methods demon-
strating that P-selectin resides in functional secretory granules, is rapidly
internalized, and is rapidly degraded in PC12 A1-PS cells, and evidence
that binding of mAb S12 to P-selectin is stable at low pH can be found at
http//:www.jcb.org/cgi/content/full/151/1/107/DC1.

Results

Immunofluorescence Localization of Antigens in PC12
A1I-PS Cells

Preliminary experiments indicated that the original clones
used to study P-selectin traffic in PC12 cells (Green et al.,
1994) did not have sufficiently high cell surface expression
levels for these experiments. Therefore, a clone of PC12
A1 cells stably expressing higher levels of P-selectin was
generated and designated PC12 A1-PS. Indirect immuno-
fluorescence labeling of PC12 A1-PS cells was performed
to determine the distribution of P-selectin with respect to
other relevant organelle marker proteins. Epifluorescence
and confocal microscopy show extensive apparent overlap
of almost all markers in these cells, so digital deconvolu-
tion was used. As a control for spatial resolution and
Z-axis registration, cells were labeled with biotinylated
anti-P-selectin antibody and a combination of Oregon
green- and Texas red-labeled avidin. After digital decon-
volution, the Oregon green label (Fig. 2 A) and the Texas
red label (Fig. 2 B) show nearly identical patterns, as dem-
onstrated in the overlay (Fig. 2 C). In double-label experi-
ments, P-selectin (Fig. 2 D) and chromogranin A (Fig. 2 E),
a soluble content marker of regulated secretory granules in
neuroendocrine cells, showed significant overlap (Fig. 2 F).
Many structures contained both labels, but with different
relative intensities in the two channels (Fig. 2, D and E).
Synaptophysin was localized to punctate structures in the
cell periphery (Fig. 2 H). There was little colocalization be-
tween P-selectin and synaptophysin (Fig. 2, G-I), and in ar-
eas where there was apparent overlap (Fig. 2 I), the size
and shape of the structures appeared different (Fig. 2, G
and H). Transferrin receptor was found in peripheral struc-
tures, and in a concentration of structures in the juxtanu-
clear region (Fig. 2 K). P-selectin was rarely detected in
structures enriched in transferrin receptor (Fig. 2, J-L). CI-
MPR antibodies labeled less numerous structures with a
distinct juxtanuclear accumulation (Fig. 2 N) typical of late
endosomes. There was little overlap in the distributions of
P-selectin and CI-MPR (Fig. 2, M-O). These experiments
show that P-selectin is primarily concentrated in secretory
granules in PC12 cells at steady state.
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Figure 3. Immunoprecipitation of metabolically labeled proteins
from PC12 A1-L14 cells. PC12 A1-PS cells were labeled with
[*H]glucosamine (A) or [*S]amino acids (B) for 20 h before de-
tergent lysis. P-selectin (PS), CI-MPR (MPR), and synaptophysin
(p38) were sequentially immunoprecipitated from the lysates, re-
solved by electrophoresis on 7-15% SDS-polyacrylamide gels,
and visualized by fluorography. Numbers indicate the position of
molecular mass markers in kilodaltons. Virtually all of the radio-
activity immunoprecipitated by each antibody migrated as a sin-
gle band of the appropriate mobility.

Immunoprecipitation of P-Selectin, Synaptophysin,
and CI-MPR

The selectivity of each of the antibodies was assessed by
immunoprecipitation of labeled proteins. PC12 A1-PS
cells were labeled metabolically with [*H]glucosamine
(Fig. 3 A) or [*S]amino acids (Fig. 3 B). P-selectin, CI-
MPR, and synaptophysin were sequentially immunopre-
cipitated from the cell lysates, and the immunoprecipitates
analyzed by SDS-PAGE and fluorography. The bulk of
the radioactivity in each immunoprecipitate migrated as a
single band of the appropriate mobility.

Sorting of P-Selectin in PC12 A1-PS Cells

Control experiments were performed to insure that sort-
ing of P-selectin in PC12 A1-PS cells occurred as described
previously (Green et al., 1994), and can be seen at http//:
www.jcb.org/cgi/content/full/151/1/107/DC1.  Stimulation
of granule exocytosis for two minutes increased the frac-
tion of P-selectin accessible to biotin labeling at the cell
surface, whereas this fraction decreased after four minutes
of stimulation (see online supplemental Figure S1, http//:
www.jcb.org/cgi/content/full/151/1/107/DC1). The tran-
sient increase in cell surface expression confirms sorting of
P-selectin to functional secretory granules, and the subse-
quent rapid decrease suggests that internalization of gran-
ule membrane-derived P-selectin is rapid. Similar results
have been obtained in primary cultures of endothelial cells
(Hattori et al., 1989). Since ~25% of the P-selectin synthe-
sized in PC12 cells is packaged into secretory granules
(Green et al., 1994), and these cells rapidly release only
15% of their granule pool upon stimulation (Lowe et al.,
1988), the amount of P-selectin delivered to the cell sur-
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Figure 4. Transport of cell surface glycoproteins to the Golgi ap-
paratus. Cell surface glycoproteins on PC12 A1-PS cells were la-
beled with galactosyltransferase and UDP[*H]galactose at 4°C
and recultured for the indicated intervals at 37°C. P-selectin, syn-
aptophysin, and CI-MPR were immunoprecipitated from the cell
lysates, and oligosaccharides from the immunoprecipitates were
analyzed as described in the text to determine the fraction of ga-
lactose that had acquired resistance to 3-galactosidase, reflecting
addition of terminal sugars in the TGN, during reculture. After a
lag period estimated to be ~25-30 min, the percentage of galac-
tose resistant to B-galactosidase on oligosaccharides from
P-selectin increased with a half-time of ~20-25 min. Each point
represents the mean * SD of three independent experiments for
P-selectin and synaptophysin, and the mean of two experiments
for CI-MPR, except 20-min chase (n = 1), and 6-h chase (n = 2).

face by granule exocytosis was expected to be ~4% of the
total. Although it was not possible to measure internaliza-
tion of this small pool specifically, we measured internal-
ization of the total steady state cell surface P-selectin pool,
which includes protein delivered to the cell surface contin-
uously via the constitutive secretory pathway and by recy-
cling from early endosomes (Green et al., 1994; and this
study). The rate of internalization was found to be equal to
the rate measured in transfected NRK fibroblasts (see on-
line supplemental Figure S2, http//:www.jcb.org/cgi/content/
full/151/1/107/DC1). Degradation of metabolically labeled
P-selectin occurred with a half-time of 3.8 h, similar to its
turnover in other transfected cells (see online supple-
mental Figure S3, http//:www.jcb.org/cgi/content/full/151/
1/107/DC1).

Rapid Transport of P-Selectin from the Cell Surface to
the Golgi Apparatus

The rate of P-selectin transport from the cell surface to the
TGN was measured using an assay that is a minor modifi-
cation (Green and Kelly, 1992) of the method of Duncan
and Kornfeld (1988). PC12 A1-PS cells, which are defi-
cient in the incorporation of galactose into glycoproteins
(Green and Kelly, 1990), were exogalactosylated with
UDP[*H]galactose and galactosyltransferase at 4°C to la-
bel cell surface glycoproteins. After reculture at 37°C for
varying times, cells were lysed, and specific glycoproteins
were immunoprecipitated and digested exhaustively with
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N-glycosidase F to release N-linked oligosaccharide chains.
Released oligosaccharides were isolated by acid precipita-
tion of the proteins, followed by gel filtration chromatog-
raphy of the supernatant, and were then digested exhaus-
tively with B-galactosidase. The free galactose liberated by
B-galactosidase was separated from intact oligosaccha-
rides by gel filtration chromatography, and the radioactiv-
ity in the two peaks was quantitated. Only terminal galac-
tose residues are sensitive to B-galactosidase, so additional
glycosylation of these residues by any of several Golgi gly-
cosyltransferases that act on terminal galactose (Green
and Kelly, 1990) renders the labeled galactose resistant to
removal from the oligosaccharides. The readout of the as-
say is the percentage of galactose that has acquired resis-
tance to B-galactosidase digestion, reflecting its passage
through the TGN.

Previous studies of synaptophysin, CI-MPR, and LDL
receptor showed that the fraction of galactose resistant to
B-galactosidase reached a plateau by four hours of recul-
ture for all three proteins (Green and Kelly, 1992). The
plateau levels for P-selectin were determined by recultur-
ing the cells for four or six hours, to provide a basis for
subsequent measurement of the rate of transport (Fig. 4).
The fractions of galactose resistant to B-galactosidase at
four hours of reculture were: P-selectin, 53 = 11%; synap-
tophysin, 36 * 3.7%; and CI-MPR, 35% (n = 2; Fig. 4),
and were defined as the maximum signal for each protein
for the purpose of determining rates of transport.

Preliminary experiments indicated that P-selectin ac-
quired resistance to B-galactosidase much more rapidly
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Figure 5. Localization of internalized Alexa488-
S12 antibody and Dil-LDL. CHO cells expressing
native P-selectin (A, C, and E) or P-selectin-AC1
(B, D, and F) were incubated in PBS/BSA contain-
ing 10 pg/ml Alexa488-S12 antibody (green chan-
nel) and 5 pg/ml Dil-LDL (red channel) for 5 min
at 37°C, then in PBS/BSA for 5 min (A and B), 20
min (C and D), or 40 min (E and F). Cells were
fixed and mounted for fluorescence microscopy.
Stacked images were collected separately using
FITC and Cy3 filters. Layers comprising 1.2-1.4-
pm beginning at the base of the cells were pro-
cessed by digital deconvolution and were merged
(see Materials and Methods). Vesicles containing
both labels appear yellow. Bar, 2 pm.

than synaptophysin and CI-MPR, so the analysis focussed
on short reculture periods. For all three proteins, the frac-
tion of galactose resistance to B-galactosidase at 20 min of
chase was similar to that measured in cells that were not
recultured at all (t = 0), indicating a lag period preceding
any significant transport of the labeled proteins to the
TGN (Fig. 4). By 40 and 60 min of chase, the signals for
synaptophysin and CI-MPR had increased, but the signal
for P-selectin had increased to a greater extent. The 40-
and 60-min measurements were extrapolated back to esti-
mate a lag period of ~25-30 min before acquisition of re-
sistance to (-galactosidase, similar to the lag period for
transport from the cell surface to the TGN observed using
a different assay (Snider and Rogers, 1985; Jin et al., 1989).

After this lag, P-selectin oligosaccharides acquired resis-
tance to (B-galactosidase rapidly, reaching 60% of the pla-
teau level by 60 min of chase. In contrast, synaptophysin
and CI-MPR oligosaccharides had reached only 35 and 25%
of maximum levels, respectively, by 60 min (Fig. 4). Since
the fraction of galactose resistant to B-galactosidase exceeds
the half-maximal value for P-selectin by 60 min of chase,
these data provide an estimate of the half-time for transport
of the P-selectin pool labeled at the cell surface. We calcu-
lated this half-time to be ~20-25 min for P-selectin, after
correcting for the 25-30 min lag. Correcting for the lag pe-
riod identified in the current study, we refine the value re-
ported previously (Green and Kelly, 1992) for the half-time
for transport of synaptophysin, CI-MPR, and LDL receptor
from the cell surface to the TGN to 2-2.5 h, which is slower
than transport of P-selectin by a factor of six to seven.
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Figure 6. Quantitation of S12 antibody and LDL colocalization.
Images such as those shown in Fig. 5 were used to determine the
number of LDL-containing structures that also contained S12 an-
tibody. Images containing a total of 15-21 cells, with an average
of 926 LDL-positive vesicles, were analyzed for each data point.
Numbers represent the percentage of all LDL-positive vesicles
that also contained S12 antibody for the entire sample. Similar
results were obtained in two independent experiments.

Internalized LDL and Anti—-P-Selectin Antibodies
Follow the Same Pathway

To determine whether P-selectin was delivered to the
TGN via late endosomes or directly from early endo-
somes, the transport pathway of internalized P-selectin
was compared with that of internalized LDL, using mAb
S12 to track internalized P-selectin. This antibody dissoci-
ated from P-selectin with a half-time of 156 min at 37°C
and pH 5.5, conditions typical of late endosomes (Mell-
man, 1996; and see online supplemental Figure S4, http//:
www.jcb.org/cgi/content/full/151/1/107/DC1). CHO cells
expressing P-selectin, or P-selectin-AC1, which is deficient
in endosomal sorting (Green et al., 1994), were incubated
for 5 min with Dil-LDL and Alexa 488-labeled mAb S12.
Cells were recultured for up to 60 min before fixation. Epi-
fluorescence images were collected and analyzed after dig-
ital deconvolution (see Materials and Methods). In both
cell lines, S12 antibody was observed in numerous punc-
tate structures throughout the cytoplasm, and in a concen-
tration of structures at one pole of the nucleus, visible in
epifluorescence, but not in the deconvolved images (our
unpublished observation). The juxtanuclear staining was
not prominent after 5 min of chase, but the pattern of S12
labeling did not change or diminish significantly between
10 and 60 min of chase. At early chase times, LDL was ob-
served in a smaller number of structures, many of which
contained S12 antibody, in both native P-selectin (Fig. 5
A) and P-selectin-ACl1 cells (Fig. 5 B). After 20 min of re-
culture, few LDL-labeled structures in P-selectin-AC1
cells contained detectable levels of S12 antibody (Fig. 5
D), whereas in cells expressing native P-selectin, double-
labeled structures persisted (Fig. 5 C). After 40 min of re-
culture, few double-labeled structures were seen in either
cell line (Fig. 5, E and F). Quantitation of double labeling
on deconvolved images showed that LDL separated rap-
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idly from S12 antibody in P-selectin-ACl1 cells, whereas lit-
tle separation occurred in cells expressing native P-selectin
for 20 min (Fig. 6). The clear difference between the two
cell lines indicates that binding of S12 antibody does not
divert P-selectin-ACl1 to the lysosomal pathway, which can
occur when using cross-linking antibodies (Mellman and
Plutner, 1984; Gartung et al., 1985). This result indicates
that native P-selectin, unlike the efficiently recycled P-selec-
tin-AC1 mutant, becomes concentrated in LDL-containing
carrier vesicles (maturing endosomes) with relatively high
efficiency soon after internalization, indicating selective
sorting in early endosomes for efficient delivery to late en-
dosomes en route to the TGN.

Discussion

P-Selectin Traffic

We show here that P-selectin is sorted from long-lived re-
cycling receptors in early sorting endosomes, and not in
late endosomes: P-selectin, synaptophysin, CI-MPR, and
LDL receptor are all rapidly internalized (this study, and
Green and Kelly, 1992), reflecting rapid delivery to sorting
endosomes. Sorting into cell surface recycling or late en-
docytic pathways at this stage is reflected in the rates of
transport from the cell surface to the TGN, since access of
these proteins to the TGN recycling pathway is most likely
through late endosomes (see below). Transport of P-selec-
tin from the cell surface to the TGN is six to seven times
faster than the long-lived proteins (e.g., LDL receptor),
showing that the P-selectin pool in sorting endosomes in
PC12 cells must enter endosomal carrier vesicles (matur-
ing endosomes) to reach late endosomes six to seven times
more efficiently than LDL receptor (Figs. 1, A and B, and
7). Direct evidence that P-selectin does enter carrier vesi-
cles efficiently is provided by the observation that inter-
nalized anti-P-selectin antibodies colocalized with inter-
nalized LDL for 20 min after internalization.

P-selectin is not sorted from LDL receptor in late endo-
somes. P-selectin is transported to the TGN approximately
eight to nine times faster than it is delivered to lysosomes
in PC12 cells (20-25 min vs. 3-3.8 h), showing that P-selec-
tin molecules entering late endosomes are eight to nine
times more likely to recycle to the TGN than to go directly
to lysosomes. The ratio of these two transport rates is simi-
lar for LDL receptor (t;, = 2-2.5 h to the TGN vs. 20 h to
lysosomes; Green and Kelly, 1992). The simplest explana-
tion for these observations is that both proteins have the
same sorting phenotype in late endosomes (Fig. 1, A and
B). Therefore, the short half-life of P-selectin is most likely
not due to its selective targeting to lysosomes, as has been
suggested (Blagoveshchenskaya et al., 1998), but is due to
its selective delivery from sorting endosomes to late endo-
somes. One significant consequence of this sorting event is
rapid recycling of P-selectin through the TGN. Rapid turn-
over of P-selectin can be considered a secondary conse-
quence of its frequent passage through late endosomes.
Consistent with this conclusion, a recent report demon-
strates transport of internalized anti—P-selectin antibodies
from the cell surface to Weibel-Palade bodies (secretory
granules) in endothelial cells by way of lysobisphosphatidic
acid-enriched late endosomes (Kobayashi et al., 2000).
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Figure 7. Selective and nonselective steps in post-Golgi traffic.
Post-Golgi trafficking pathways between the TGN, secretory
granules (S.G.), plasma membrane (P.M.), sorting endosomes
(S.E.), recycling endosomes (R.E.), late endosomes (L.E.), and
lysosomes (Lys.) are shown. Solid arrows indicate pathways re-
quiring sorting information for efficient transport; proteins dis-
cussed in the text that are recognized in those pathways are
named. Dashed arrows indicate nonselective sorting pathways (in
nonpolarized cells). MPR appear to be transported selectively
from late endosomes to the TGN, whereas this pathway is appar-
ently nonselective for many proteins (see text). Furin and TGN38
are selectively retained in the TGN, accounting in part for their
steady state concentration at that site.

P-selectin has cytoplasmic sorting determinants that me-
diate rapid internalization (Setiadi et al., 1995) and deliv-
ery to regulated secretory granules (Modderman et al.,
1998; Blagoveshchenskaya et al., 1999), in addition to the
endosomal sorting determinant (Straley et al., 1998). Dis-
ruption of any of the three sorting activities would be ex-
pected to result in a significant change in the steady state
distribution of the protein. Recent mutagenesis studies
(Modderman et al., 1998; Blagoveshchenskaya et al., 1999)
found that alanine substitution of L768, which abrogates
endosomal sorting (Straley et al., 1998), reduces the steady
state concentration of P-selectin in secretory granules, and
increases the fraction at the cell surface. Whereas L768
may well be required for sorting to secretory granules, the
altered steady state distribution could be due to a block in
endosomal sorting (Straley et al., 1998), combined with a
partial impairment of internalization activity in the L768A
mutant (Setiadi et al., 1995). A direct biosynthetic sorting
assay, as opposed to a steady state measurement, would be
required to distinguish between these possibilities.

Based on cell fractionation studies in PC12 cells tran-
siently expressing HRP/P-selectin chimeric proteins, it has
been proposed that the cytoplasmic domain of P-selectin
mediates sorting to synaptic-like vesicles, with sequence
dependence similar to that required for sorting into dense
core secretory granules (Blagoveshchenskaya et al., 1999;
Blagoveshchenskaya and Cutler, 2000). The HRP/P-selec-
tin chimera, but not synaptophysin, is rapidly depleted
from a small vesicle fraction in the presence of brefeldin A
(Blagoveshchenskaya et al., 1999; Blagoveshchenskaya
and Cutler, 2000), which was interpreted as evidence that
P-selectin and synaptophysin reach the same small vesicles
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via two or three different pathways. However, our finding
that P-selectin did not colocalize with synaptophysin in
PC12 cells (Fig. 2) demonstrates that there is little or no
native P-selectin in synaptic-like vesicles, even at high ex-
pression levels. Indeed, colocalization of the HRP-chi-
meric protein with synaptophysin has not been addressed.
An alternative interpretation of the fractionation data is
that the small vesicles enriched in the HRP/P-selectin chi-
mera represent constitutive-like vesicles forming from ma-
turing secretory granules, a pathway that can be blocked
by brefeldin A treatment (De Lisle and Bansal, 1996;
Fernandez et al., 1997), and not synaptic-like vesicles.

P-selectin is a secretory granule membrane protein in
endothelial cells (McEver et al., 1989). Selective sorting of
P-selectin from early to late endosomes has a number of
consequences that bear on the function of P-selectin in in-
flammation, and possibly more generally on the trafficking
of secretory granule membrane proteins. It is likely that
sorting of secretory granule proteins into granules in en-
dothelial cells is not perfectly efficient, and/or that granule
maturation may include removal of some membrane to a
constitutive-like pathway (Arvan and Castle, 1998). In
both cases, some P-selectin would be delivered to the cell
surface in the absence of a secretory stimulus (which ap-
pears to be the case, at least in cultured endothelial cells;
Kobayashi et al., 2000). Rapid internalization followed by
endosomal sorting would prevent any significant accumu-
lation of P-selectin at the cell surface under these condi-
tions (Figs. 1 A and 7). After stimulated granule exocyto-
sis, cell surface P-selectin levels are transiently high, and
mediate binding of leukocytes expressing the P-selectin
ligand (McEver et al., 1995; McEver and Cummings,
1997). If P-selectin recycled to the cell surface as effi-
ciently as LDL receptor, it would be cleared from the cell
surface with kinetics similar to turnover of the LDL recep-
tor (0.5-1 d). Endosomal sorting provides a mechanism to
reduce cell surface P-selectin levels significantly within a
few hours, providing temporal regulation of its binding ac-
tivity. Finally, endosomal sorting of P-selectin results in its
rapid transport to the TGN, where it can be reincorpo-
rated into nascent secretory granules, both before and af-
ter regulated exocytosis (Subramaniam et al., 1993; Koba-
yashi et al., 2000). Thus, early endosomal sorting may
represent a general mechanism mediating efficient recy-
cling of granule membrane proteins to the TGN for re-
packaging into nascent granules.

The TGN Recycling Pathway

Recently, it has been shown that TGN38 (Ghosh et al.,
1998) and Shiga toxin B chain (Mallard et al., 1998), are
rapidly transported to the TGN from sorting and/or recy-
cling endosomes, and not via late endosomes (Fig. 7). In
contrast, the TGN resident protein furin follows the LDL
pathway shortly after internalization, indicating transport
to maturing and/or late endosomes, then rapidly accumu-
lates in the TGN (Mallet and Maxfield, 1999). Our results
show that P-selectin, like furin, recycles to the TGN via
late endosomes and not from sorting or recycling endo-
somes. It should be noted that P-selectin, like furin (Mallet
and Maxfield, 1999), is not readily detected in CI-MPR-
enriched late endosomes (Green et al., 1994; Straley et al.,
1998, and this study), despite the fact that P-selectin is rap-
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idly delivered to lysosomes, presumably after passing
through late endosomes. We interpret this to mean that
exit of P-selectin from CI-MPR-enriched late endosomes
is rapid, precluding accumulation of the protein to levels
that are detectable by morphological means. As noted
above, internalized anti-P-selectin antibodies pass through
late endosomes en route to recycling to Weibel-Palade
bodies (secretory granules) in endothelial cells (Kobayashi
et al., 2000). One important implication of our study of
P-selectin is that selective transport of membrane proteins
from early endosomes to late endosomes, resulting in rapid
delivery to the TGN, is not specific to TGN resident pro-
teins. Rather, this may represent a more general sorting
pathway used by many different types of proteins.

Several lines of evidence indicate that recycling of CI-
MPR through the TGN also occurs primarily (or exclu-
sively) from late endosomes, and not directly from early
endosomes (Goda and Pfeffer, 1988; Green and Kelly,
1992; Lombardi et al., 1993; Diaz and Pfeffer, 1998). The
available evidence strongly suggests that LDL and trans-
ferrin receptors, which undergo transport from the cell
surface to the TGN at the same rate as CI-MPR (see
Green and Kelly, 1992), also follow the same pathway.
These receptors reach the TGN after internalization at
rates far slower than either TGN38 (Ghosh et al., 1998),
which is targeted from sorting/recycling endosomes, or fu-
rin and P-selectin, which recycle via late endosomes (Mal-
let and Maxfield, 1999; Kobayashi et al., 2000; and this
study). The slow rates of transport to the TGN for LDL
and transferrin receptors are readily explained by ineffi-
cient, nonselective transport (mis-sorting) from sorting to
late endosomes, followed by recycling from late endo-
somes to the TGN with the same efficiency observed for
P-selectin (Fig. 1 A). In contrast, direct transport of these
molecules from sorting/recycling endosomes to the TGN,
bypassing late endosomes, is difficult to reconcile with
their relative rates of transport to the TGN and to lyso-
somes.

The Function of Early Endosomal Sorting

The observation that endosomal sorting of P-selectin oc-
curs in several cell types that do not normally express it
(Green et al., 1994; Blagoveshchenskaya et al., 1998; Stra-
ley et al., 1998) suggests that the endosomal sorting ma-
chinery recognizing P-selectin is ubiquitous, and serves
more general functions in the endocytic pathway than re-
cycling of granule membrane proteins. These may include
endosomal sorting of resident lysosomal membrane pro-
teins that pass through the cell surface. More generally,
this sorting activity may function to limit exposure of cer-
tain membrane proteins at the cell surface, either to mini-
mize activities that are not useful or are detrimental when
expressed on the surface (e.g., furin), or to provide critical
temporal regulation of the activity, as we propose for P-selec-
tin. In addition, sorting of receptors that undergo ligand-
dependent degradation, such as epidermal growth factor
receptor, is controlled both at the level of internalization
and by endosomal sorting (French et al., 1994; Kornilova
et al., 1996). Downregulation of growth factor receptors
may also be mediated in part by the same endosomal sort-
ing mechanism that recognizes P-selectin.
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