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von Willebrand factor (vWF) is a large, multimeric protein secreted by endothelial cells and
involved in hemostasis. When expressed in AtT-20 cells, vWF leads to the de novo formation
of cigar-shaped organelles similar in appearance to the Weibel-Palade bodies of endothelial
cells in which vWF is normally stored before regulated secretion. The membranes of this
vWEF-induced organelle, termed the pseudogranule, are uncharacterized. We have examined
the ability of these pseudogranules, which we show are secretagogue responsive, to recruit
membrane proteins. Coexpression experiments show that the Weibel-Palade body proteins
P-selectin and CD63, as well as the secretory organelle membrane proteins vesicle-associated
membrane protein-2 and synaptotagmin I are diverted away from the endogenous adreno-
corticotropic hormone-containing secretory granules to the vWF-containing pseudogranules.
However, transferrin receptor, lysosomal-associated membrane protein 1, and sialyl trans-
ferase are not recruited. The recruitment of P-selectin is dependent on a tyrosine-based motif
within its cytoplasmic domain. Our data show that vVWF pseudogranules specifically recruit
a subset of membrane proteins, and that in a process explicitly driven by the pseudogranule
content (i.e.,, vVWEF), the active recruitment of at least one component of the pseudogranule
membrane (i.e., P-selectin) is dependent on residues of P-selectin that are cytosolic and
therefore unable to directly interact with vWF.

INTRODUCTION network (TGN) and the immature DCG (iDCG). In the TGN,
there is a calcium- and pH-dependent aggregation of certain
regulated secretory proteins. This ultimately leads to forma-
tion of the dense core and serves to both concentrate and
segregate the soluble proteins destined for regulated secre-
tion from those of the constitutive pathway. This newly
formed protein core buds from the TGN as an iDCG, from
which residual miss-sorted proteins can be subsequently
removed.

How the forming granule acquires its distinct set of mem-
brane proteins is less clear. This is a particularly interesting
DOL: 10.1091/mbc.01-09-0462. issue, because conventional sorting of membrane proteins
§ Corresppqding author. E-mail address:.d.cutler@ucl.ac.uk. into the budding granule via the activity of specific adap-
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The mechanisms of dense-cored secretory granule (DCG)
formation have long been of interest, and recent progress
has been made toward solving this problem such that there
is now an emerging consensus as to those processes in-
volved (reviewed in Thiele et al., 1997; Arvan and Castle,
1998; Tooze, 1998; Dannies, 1999; Glombik and Gerdes,
2000). Sorting of secretory proteins between regulated and
constitutive pathways is thought to occur in the trans-Golgi
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Two nonmutually exclusive mechanisms for sorting of
membrane proteins into regulated secretory granules have
been proposed, both of which are consistent with the obser-
vation that many regulated secretory proteins can be found
in a form that is tightly associated with the lipid bilayer
(Pimplikar and Huttner, 1992) (reviewed in Thiele and Hutt-
ner, 1998). In the first mechanism both this membrane asso-
ciation and also the sorting are due to direct physical inter-
action (possibly even coaggregation) between the proteins of
the forming core and the lumenal domains of secretory
granule membrane proteins (Colomer et al., 1996; Rindler,
1998). In the second, the association of regulated secretory
proteins with the inner leaflet of the lipid bilayer results in a
distinct lipid composition of the membrane surrounding the
newly forming core. This distinct lipid composition then
facilitates selection of the appropriate membrane proteins
through lateral protein-lipid and protein—protein interac-
tions within the plane of the lipid bilayer (Thiele and Hutt-
ner, 1998; Blazquez et al., 2000).

However, the mechanisms outlined above may not be able
to account for the sorting of all DCG membrane proteins.
Heterologously expressed P-selectin is found both within
the immature as well as the mature neuroendocrine granule,
implying that it enters the DCG at the level of the TGN
(Blagoveshchenskaya et al., 1999). However, DCG-targeting
information is present within its cytoplasmic domain; the
lumenal domain makes no contribution in sorting to DCG
(Modderman et al., 1998; Blagoveshchenskaya et al., 1999).
This is also the case for synaptobrevin 2 (vesicle-associated
membrane protein-2, VAMP2) (Regazzi et al., 1996). The
question thus arises, when a protein is targeted to a forming
granule via its cytoplasmic domain, is the granule core still
involved in its recruitment?

To answer this question, we have exploited the discovery
that when von Willebrand factor (vVWF) is expressed in
neuroendocrine AtT-20 cells, this content protein of endo-
thelial Weibel-Palade bodies (WPBs) and of platelet a-gran-
ules (Jaffe et al., 1973; Nachman et al., 1977) is excluded from
the endogenous DCG and instead forms cigar-shaped struc-
tures reminiscent of WPBs (Wagner et al., 1991). Thus, by
expressing vVWF alone, a “core” can be introduced into cells,
allowing independent manipulation of this component of
granule formation. Because P-selectin is normally found
within WPBs, this should provide an excellent system for
examination of the sorting of this protein to granules. In-
deed, Hop et al. (2000) show that in T24 cells vWF can
influence the behavior of P-selectin. Whether this occurs by
altering trafficking is as yet unclear. Moreover, whether
other proteins are affected has not been addressed, nor the
targeting signals involved. Finally, although the origin of
T24 cells is obscure, they exhibit some endothelial charac-
teristics (Brown et al., 2000). We have therefore examined
targeting of P-selectin and other membrane proteins to vVWEF-
containing structures in the mouse pituitary neuroendocrine
cell-line AtT-20, where no endothelial-specific factors can
influence their targeting.

MATERIALS AND METHODS

Antibodies and Reagents

Rabbit polyclonal anti-human vWEF, anti-human vWF conjugated
with horseradish peroxidase (HRP), and anti-HRP were purchased
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from DAKO (Cambridgeshire, United Kingdom). Sheep polyclonal
and mouse monoclonal anti-human vWFs were from Serotec (Ox-
ford, United Kingdom). Rabbit polyclonal anti-human adrenocorti-
cotropic hormone (ACTH) was obtained from Sigma-Aldrich (St.
Louis, MO). Mouse monoclonal (clone 2H11) was purchased from
Insight Biotechnology (Middlesex, United Kingdom). Mouse mono-
clonal antibody (mAb) against the lumenal domain of human P-
selectin (clone AK-6) was from AMS Biotechnology (Oxon, United
Kingdom). Mouse monoclonal anti-synaptotagmin I was purchased
from Synaptic Systems (Gottingen, Germany). Affinity-purified rab-
bit polyclonal antibody against the cytoplasmic domain of lysoso-
mal-associated membrane protein-1 (LAMP1) was generously pro-
vided by CR. Hopkins (Imperial College, London, United
Kingdom). Mouse mAb (219.6) to rat chromogranin B (CgB) was
generously provided by W.B. Huttner (Max Planck Institute of
Molecular Cell Biology and Genetics, Dresden, Germany). Rabbit
polyclonal serum raised against the peptide GTYGVFTNAAFDP-
SPC from the cytoplasmic domain of P-selectin was obtained from
S. Maxwell (Imperial College, London, United Kingdom) and affin-
ity purified using Affi-Gel 10 gel (Bio-Rad, Hemel Hempstead,
United Kingdom) coupled with the peptide. Secondary antibodies
conjugated either with fluorescein-isothiocyanate or with Texas-Red
were from Stratech Scientific (Luton, Beds, United Kingdom).

[*H]Acetic anhydride (50 mCi/mmol) was purchased from
PerkinElmer Life Sciences (Boston, MA). Affinity-purified *I-pro-
tein A was from Amersham Biosciences UK (Little Chalfont, Buck-
inghamshire, United Kingdom). Other reagents unless otherwise
specified were from Sigma-Aldrich.

Constructs

Human full-length vWF in pSV7D (Wagner et al., 1991) was cut with
EcoRI and subcloned into pCIneo (Promega, Southampton, United
Kingdom). ssHRP-s¢lectin and a chimera with a deletion of the entire
cytoplasmic domain, ssHRPF-selectin763 were described previously
(Norcott et al., 1996). The HRP-P-selectin chimera with a tetra-
alanine substitution of YGVF within the cytoplasmic domain was
constructed as described previously (Blagoveshchenskaya et al.,
1998). HRP-transferrin receptor (TrnR) and HRP-sialyl transferase
(ST) were described previously (Stinchcombe et al., 1995; Hopkins et
al., 2000). cDNA encoding HRP-LAMP1 was kindly provided by
C.R. Hopkins (Imperial College). cDNA encoding enhanced green
fluorescent protein (EGFP)-CD63 was kindly provided by P. Luzio
(Wellcome Trust Center for Molecular Mechanisms in Disease,
Cambridge, United Kingdom). cDNA encoding green fluorescent
protein (GFP)-VAMP2 was a generous gift from N. Thompson and
R. Solari (GlaxoSmithKline, Uxbridge, Middlesex, United King-
dom).

Cell Lines and Transfections

Mouse pituitary neuroendocrine AtT-20 cells were generously pro-
vided by S. Tooze (ICRF, London, United Kingdom) and by M.
Shipston (University of Edinburgh, Edinburgh, United Kingdom)
and were maintained in DMEM supplemented with 10% fetal bo-
vine serum and 50 ug/ml gentamicin (Invitrogen, Carlsbad, CA).
The cells were grown at 5% CO,. Eighteen hours before transfection,
cells were plated to 70% confluence. Transfections were performed
using either fuGENE 6 (Roche Applied Science, Indianapolis, IN) or
TransFast (Promega) according to the manufacturers” instructions.
The following ratios of DNA /transfection reagent were found to be
optimal (scale up for 35-mm dish): 97 ul of serum-free medium + 3
wl of fuGENE 6 + 2 ul of DNA (1 mg/ml) or 840 ul of serum-free
medium + 3.2 ul of DNA (1 mg/ml) + 9.7 ul of TransFast. The
DNA in this mix included either two vectors containing cDNA in a
1:1 ratio for coexpression experiments, or an empty vector and a
vector encoding ¢cDNA in the same ratio used when only one
protein was to be expressed.
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Subcellular Fractionation

Cells growing on 90-mm dishes were rinsed twice with homogeni-
zation buffer (HB) (0.25 M sucrose, 1 mM EDTA, 10 mM HEPES-
KOH, pH 7.3), scraped in 1.5 ml of HB, and homogenized by 10
passages through a ball-bearing homogenizer with a 0.009-mm
clearance (EMBL, Heidelberg, Germany). The cell homogenate was
centrifuged at 800 X g for 10 min and 1.3 ml of post-nuclear
supernatant (PNS) layered on top of a 12-ml preformed 0.7-1.75 M
sucrose gradient made in 10 mM HEPES-KOH, pH 7.3. The gradi-
ents were centrifuged for 24 h at 35000 rpm in a SW40Ti rotor
(Beckman Coulter, Fullerton, CA) and collected in 0.5-ml fractions
from the top of the tube.

Stimulated vWF Release

Cells expressing vVWF were rinsed with phosphate-buffered saline
(PBS) and then incubated for 1 h at 37°C in Ca?"-free Hanks’
balanced salt solution (125 mM NaCl, 4.75 mM KCl, 1.4 mM MgCl,,
10 mM glucose, 0.07% bovine serum albumin, 25 mM HEPES-
NaOH, pH 7.3) in the absence or presence of 3 mM BaCl,. The
incubation medium was then collected, centrifuged for 5 min at 1500
rpm, and immunoreactive material in the media and cell lysates
quantitated by enzyme-linked immunosorbent assay (ELISA).

vWF ELISA

vWEF in releasates, cell lysates, and gradient fractions was measured
by a solid-phase sandwich ELISA. Briefly, polystyrene 96-well
plates were coated overnight with 200 ul/well of rabbit polyclonal
anti-vWF diluted in PBS (9.7 pug/ml) at room temperature. The
antibody solution was removed and the plates were then incubated
for 1 h at room temperature to block nonspecific binding by using
300 ul/well of 1X TEB (1% Triton X-100, 0.2% gelatin, 1 mM EDTA
in PBS). The 1X TEB was removed, each well was filled with 100 ul
of 2X TEB plus 100 ul of sample, and the plates were incubated
while rotating for 1 h. The plates were washed three times with 250
wl of 1X TEB and incubated (200 ul/well) with rabbit polyclonal
anti-vWF conjugated with HRP diluted in 1X TEB to 1.3 ug/ml for
1 h with rotation. After three washes with 250 ul/well of 1X TEB
and one rinse with PBS, HRP activity was visualized using a stan-
dard o-phenylenediamine assay (see below).

Confocal Immunofluorescence Microscopy

AtT-20 cells plated on glass coverslips were transfected as described
above and used for experiments 2—-4 d after transfection. Cells were
washed with PBS and fixed with 4% paraformaldehyde in PBS for
15 min at room temperature, washed with PBS, and quenched with
50 mM NH,Cl in PBS for 10 min. Cells were then permeabilized
with 0.2% saponin, 3% gelatin in PBS for 30 min and incubated with
primary antibodies in permeabilization buffer for 45 min. Primary
antibodies were detected with appropriate fluorophore-conjugated
secondary antibodies and viewed in an MRC-1000 confocal micro-
scope (Bio-Rad, Hercules, CA).

Enzyme Assays

N-Acetyl-B-p-glucosaminidase (NAGA) and HRP activities were
determined as described previously [Kornilova et al. (1992) and
Norcott et al. (1996), respectively].

The activity of cathepsin D was evaluated by the degradation of
[*H]acetyl-hemoglobin used as a substrate. [*H]Acetyl-hemoglobin
was synthesized in a substitution reaction between bovine hemo-
globin and [*H]acetic anhydride. Then 2 mCi of [*H]acetic anhy-
dride was added to 3 ml of 20 mg/ml hemoglobin solution in PBS
and allowed to incubate for 1 h at 0°C. Free anhydride was removed
by gel filtration on Sephadex G-50 (Pharmacia, Peapack, NJ) by
using 50 mM sodium acetate, pH 3.5, containing 1% NaCl as an
equilibrating and eluating buffer. [PH]Acetyl-hemoglobin was then
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precipitated with 3% trichloroacetic acid at 4°C for 1 h, resuspended
in 1 ml of 0.1 M sodium borate pH 8.5, and dialyzed against PBS.
Dialyzed [*H]acetyl-hemoglobin was aliquoted and stored at
—20°C. Measurement of cathepsin D activity was performed accord-
ing to a modified method described previously (Dingle et al., 1977).
Briefly, to 0.15 ml of subcellular fraction was added 5 ul of
[*H]Jacetyl-hemoglobin, 250 ul of 0.2 M acetate buffer pH 3.5, and 0.1
ml of subcellular fraction buffer (1 mM NaHCO,;, 1 mM EDTA,
0.01% Triton X-100). The mix was incubated for 30—60 min at 37°C
and the reaction halted by adding 0.25 ml of ice-cold 30% trichlo-
roacetic acid. Precipitation was carried out for 20 min on ice fol-
lowed by centrifugation at 5000 X g for 20 min. The activity of
cathepsin D was estimated by the amount of ®H radioactivity
present in the supernatant.

Quantitation of ACTH Immunoreactivity

The distribution of ACTH across gradients was determined by
dot-blot analysis. Gradient fractions were solubilized by boiling for
3 min in reducing sample buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS,
5% B-mercaptoethanol, 0.001% bromphenol blue) and 20 ul of each
fraction in quadruplicate was then immobilized on nitrocellulose
membrane by using a Bio-Dot apparatus (Bio-Rad). The membranes
were blocked with 5% skimmed milk in TBS (20 mM Tris-HCI pH
7.6, 50 mM NaCl) for 1 h and subsequently incubated with rabbit
polyclonal anti-ACTH (diluted 1:1000 in TBS) followed by detection
with '?5I-protein A (diluted 1:1000 in TBS). ACTH immunoreactivity
was quantitated using Phosphorlmager exposure and Molecular
Analyst software (Bio-Rad).

RESULTS

Pseudogranules Containing vWF Are Secretagogue-
responsive Organelles Separate from ACTH-
containing Endogenous Granules

In some cell lines, heterologously expressed vWF is found
within rod/cigar-shaped organelles resembling endothelial
WPBs (Wagner et al., 1991; Voorberg et al., 1993). However,
to provide a model system with which to analyze secretory
granule biogenesis, it is important to establish that these
vWE-containing organelles, which we called pseudogran-
ules, are secretagogue responsive. Previously, Wagner et al.
(1991) had concluded that the heterologously expressed
vWF was not secretagogue responsive, whereas Hop et al.
(1997) have reported stimulated release from Madin-Darby
canine kidney cells. We therefore analyzed the secretion of
vWF from AtT-20 cells transiently expressing vVWF. We have
based our choice of transient over stable expression on find-
ings from the Wagner group (Wagner et al., 1991) and our
own unpublished observations that the level of vWF and the
number of cigar-shaped organelles decrease rapidly in stable
cell lines over a few passages. We took advantage of new
lipid-based transfection reagents, such as TransFast or fu-
GENE 6, which allowed us to get 30-50% of AtT-20 cells
transiently expressing the protein of interest with ~70%
coexpression of two proteins in the same cell after double
transfections (see below).

To assay for secretagogue sensitivity, AtT-20 cells tran-
siently expressing vWF at 2-3 d posttransfection were
treated with BaCl, for 1 h at 37°C. The incubation medium
was then collected and the amount of vVWF both in the
medium and in the cell lysates was determined by ELISA.
Treatment with BaCl, led to a near doubling in vVWF secre-
tion compared with that from the control cells (Figure 1A).
This pattern of release of heterologously expressed vWF
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Figure 1. Effects of secretagogue stimulation on secretion (A) and
intracellular distribution (B) of vWF in AtT-20 cells. (A) vWF secre-
tion. Duplicate dishes of AtT-20 cells transiently expressing vWF
incubated in the presence or absence of 3 mM BaCl, for 1 h at 37°C.
The incubation medium was then collected and the amounts of vWF
both in the medium and in the cell lysates were determined by an
ELISA. The extent of stimulated vVWF release was calculated as the
amount of VWF released divided by cell-associated plus released
vWF and expressed as a percentage. Each bar represents the mean +
SE of three independent experiments. (B) Intracellular distribution
of VWE. AtT-20 cells expressing vVWF were incubated in the pres-
ence or absence of 3 mM BaCl, as described in A, rinsed with HB,
homogenized, and a PNS obtained. The PNS was centrifuged on
linear 0.7-1.75 M sucrose gradients to equilibrium in an SW40Ti
rotor (Beckman Coulter) for 24 h at 35000 rpm, which was then
collected in 0.5-ml fractions. The distribution of vVWF across the
gradients from control cells ([J) or from cells treated with BaCl, (*)
was monitored by ELISA (see MATERIALS AND METHODS). The
distribution of NAGA activity across the same gradients was deter-
mined as described in MATERIALS AND METHODS and is shown
for control cells (A) and those treated with BaCl, (A). The data from
one representative experiment out of two are shown.

from AtT20 cells is very similar to the difference between
stimulated and unstimulated release of endogenous vWF
from human umbilical vein endothelial cells (HUVECSs) as
measured in our laboratory (our unpublished data).

We also examined the effects of secretagogue action on the
intracellular distribution of vWF by subcellular fraction-
ation. Transfected cells, treated with secretagogue as de-
scribed above, were washed with HB, homogenized, and the
PNS centrifuged to equilibrium on 0.7-1.75 M sucrose gra-
dients. After fractionation, the distribution of vWF across
the gradient was determined by ELISA. As seen in Figure
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1B, vWF was localized to two distinct peaks (fractions 7-8
and fractions 12-17), the relative proportions of which were
variable between experiments (Figures 4, A-C; 7B; and 8, B
and C). Of these two, only the denser peak comprising
fractions 12-17 diminished after secretagogue treatment of
the cells. The denser peak thus contains the secretagogue-
responsive population of vWF-positive secretory granules,
whereas the more buoyant (i.e., less dense) material (peak-
ing in fraction 7) probably corresponds to vVWF within the
early secretory pathway. This seems likely because a very
similar distribution of vVIWF on density gradients has been
demonstrated in HUVECs (Ewenstein et al.,, 1987). In
HUVECs, electron microscopy analysis of the subcellular
fractions revealed that the more buoyant peak of vWF in-
cludes the components of rough endoplasmic reticulum,
plasma membrane, and Golgi apparatus, whereas the denser
peak is comprised of elongated structures filled with longi-
tudinally arranged dense filaments characteristic of WPBs
(Ewenstein ef al., 1987).

In the AtT-20 cells, the dense peak of vVWF was not ho-
mogenous with respect to secretagogue responsiveness:
vWF present within denser fractions of this broad peak was
more BaCl, responsive, whereas the lighter fractions were
less affected (Figure 1B). Given that secretory granules, in-
cluding WPBs (Vischer and Wagner, 1994) generally in-
crease in density as they mature, this phenomenon is in
agreement with recent findings from AtT-20 cells that newly
formed immature granules are less secretagogue responsive
(Eaton et al., 2000) and with documented evidence that BaCl,
stimulates Ca®"-triggered exocytosis of mature granules
(von Ruden et al., 1993; von Ruden and Neher, 1993). Im-
portantly, treatment of AtT-20 cells expressing vVWF with
BaCl, did not cause any fall in amounts of a lysosomal
marker NAGA, which sedimented within fractions 4-6,
thus indicating the specificity of the secretagogue action on
exocytic organelles (Figure 1B).

A second critical aspect of the system was whether vWF
was forming organelles separate from the endogenous se-
cretory granules as originally described (Wagner et al., 1991).
We therefore examined the distribution of vVWF relative to
both ACTH (to confirm the observations of Wagner et al.,
1991) and to CgB as markers for the endogenously regulated
secretory granules. Our data (Figure 2) show that there is no
staining of either of these two markers within the vWEF-
positive structures, confirming that the vWF is indeed dif-
ferentially packaged from endogenous granule content
markers.

Specific Subset of Membrane Proteins Is Sorted into
Pseudogranules

For the pseudogranules to become secretagogue responsive,
they must have acquired membrane proteins that confer this
function. The pseudogranules could either have acquired a
highly specific subset or a random sample of the membrane
proteins produced in AtT-20 cells. We have examined the
intracellular location of representative membrane proteins
to determine whether they colocalize with vVWF expressed in
AtT-20 cells. Although many of the membrane proteins de-
scribed below are endogenously expressed in AtT-20 cells, in
this work we evaluated the effect of vVWF on their localiza-
tion by using transient double transfections. This was de-
signed to match the kinetics of expression of the two pro-
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Figure 2. vWF pseudogranules do not contain endogenous ACTH
or CgB. AtT-20 cells transiently expressing vWF (3 d posttransfec-
tion) were double labeled with either rabbit anti-vWF (A and C) and
mouse monoclonal anti-CgB (B and C) or mouse monoclonal anti-
vWEF (D and F) and rabbit anti-ACTH (E and F). Fixation, perme-
abilization, and immunofluorescent labeling were performed as
described in MATERIALS AND METHODS. The images shown in
C and F represent the two channels merged. Bar, 5 um.

teins, thereby reducing the possibility of underestimating
the diversion of membrane proteins to pseudogranules.

To determine whether membrane proteins likely to be
involved in generating the secretagogue responsiveness of
the pseudogranules could be diverted to vWF-containing
structures, we have examined the sorting behavior of
VAMP2 and synaptotagmin I when coexpressed with vVWF
in AtT-20 cells. These two proteins, both closely involved in
regulated exocytosis, are found on secretagogue-responsive
mature secretory granules of AtT-20 cells (Eaton et al., 2000)
as well as in other well-studied cell types such as PC12 cells.
They are therefore likely candidates for recruitment to the
secretagogue-responsive pseudogranules. At present, the
WPBs in endothelial cells are poorly characterized; and ex-
actly which membrane proteins are present within these
organelles, including those likely to be involved in exocyto-
sis, has yet to be established.
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Figure 3. vWF alters the localization of GFP-VAMP and synapto-
tagmin I in AtT-20 cells. Fixation and permeabilization of cells were
carried out as described in MATERIALS AND METHODS. Cells
transfected with corresponding cDNAs to transiently express GFP-
VAMP (A-C) or full-length synaptotagmin I (G-I) on their own
were labeled with rabbit polyclonal anti-ACTH (B and C and E and
F) plus mouse monoclonal anti-synaptotagmin I (G and I). Cells
coexpressing VWF plus GFP-VAMP (D-F) or vWF plus synaptotag-
min I (J-L) were stained with rabbit polyclonal anti-vWF (E and F
and K and L) plus mouse monoclonal anti-synaptotagmin I (J and
L). C, F I, and L show merges of the two channels. Bar, 5 um.

When exogenously expressed in AtT-20 cells, GFP-VAMP
is colocalized with ACTH at the process tips (Figure 3, A-C).
However, when coexpressed together with vWF, GFP-
VAMP codistributes with vVWF to the rod-shaped WPB-like
granules and is no longer seen at the tips of processes where
ACTH-containing DCGs are concentrated (Figure 3, D-F).
Similarly, in the absence of vWF, a significant proportion of
expressed full-length synaptotagmin I colocalized with
ACTH at the tips of processes extending from the cell body
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of AtT-20 cells (Figure 3, G-I, plus inset), although some
immunoreactivity was also seen associated with the plasma
membrane. This latter phenomenon has been previously
described for synaptotagmin, which is particularly prone to
surface accumulation after overexpression (Feany and Buck-
ley, 1993).

In cells overexpressing either synaptotagmin I or GFP-
VAMP alone, there is some ACTH staining that is not du-
plicated by the membrane protein. The ACTH-positive/
synaptotagmin I-negative or ACTH-positive/GFP-VAMP-
negative structures could result from the transient
expression used, i.e., this is ACTH made before or after the
wave of heterologous expression. Alternatively, they could
result from the likely ability of the anti-ACTH to recognize
proopiomelanocortin, which is mainly secreted constitu-
tively. There is a small peak of ACTH immunoreactivity
copurifying on our gradients with the vWF that we believe
to be biosynthetic (Figure 7B), which this may represent. We
were easily able to distinguish those cells overexpressing the
untagged synaptotagmin I by the intensity of immunofluo-
rescence (Figure 3, G and J). In the presence of vWF, a
significant proportion of expressed synaptotagmin I was
found within WPB-like organelles containing vVWF (Figure 3,
J-L). Thus, VAMP2 and synaptotagmin I redistribute with
vWF in pseudogranules in AtT-20 cells.

To demonstrate the specificity of the effect of vVWF on the
redistribution of membrane proteins, we have determined
whether membrane proteins of the TGN, endosomes, or
lysosomes are also found within pseudogranules. We ana-
lyzed the subcellular distribution of HRP-ST, HRP-TrnR,
and HRP-LAMP1 when expressed on their own or in com-
bination with vWEFE. After subcellular fractionation on 0.7-
1.75 M sucrose gradients, most of the HRP-ST sedimented
within the top fractions (2-4) in the absence of vVWF and did
not move to pseudogranules in cells cotransfected with
vWFEF, as monitored by the distribution of HRP activity and
an ELISA for vWF across the gradient (Figure 4A). Likewise,
HRP-TrnR, which accumulated within fractions 5-8, was
not diverted to vVWF-containing pseudogranules (Figure 4C).

The HRP-LAMP1 chimera when expressed alone was
found within two compartments: the lysosomes (fractions
4-6), the distribution of which coincided with that of NAGA
and cathepsin D; and the late endosomes, as seen by the
distribution of the second peak of cathepsin D (fractions
9-12) (Figure 4B). Such a differential accumulation of NAGA
and cathepsin D within lysosomes and late endosomes has
been described previously (Blagoveshchenskaia et al., 1995).
No shift of HRP-LAMP1 to pseudogranules from either
compartment was seen in the cells expressing vWF (Figure
4B). We have also confirmed these data by immunofluores-
cence double labeling of cells coexpressing HRP-LAMP1
and vWE. As shown in Figure 4D, HRP-LAMP1 was found
in a variety of structures distributed throughout the cyto-
plasm and did not appear in rod-shaped WPB-like granules.
Together, these findings demonstrate that the pseudogran-
ules acquire a specific subset of membrane proteins, which
are normally residents of the regulated secretory pathway.

Two Membrane Proteins of Weibel-Palade Bodies
Are Diverted to Pseudogranules

Having established that only a subset of membrane proteins
become colocalized with vWF in AtT-20 cells, we examined
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Figure 4. vWF does not affect the localization of HRP-ST, HRP-
LAMP1, and HRP-TrnR in AtT-20 cells. (A-C) Cells transiently
expressing either HRP-ST, HRP-LAMP1, or HRP-TrnR in the ab-
sence or presence of VWF expression were fractionated on 0.7-1.75
M sucrose equilibrium gradients followed by measurement of HRP
activity across the gradient (see MATERIALS AND METHODS).
The amounts of vVWF (), NAGA activity (+), and cathepsin D (#)
across the gradient were measured as described in MATERIALS
AND METHODS. (A) Distribution of ST-HRP expressed on its own
(M) or coexpressed with vVWF ([). (B) Distribution of HRP-LAMP1
expressed on its own (@) or coexpressed with vVWF (O). (C) Distri-
bution of HRP-TrnR expressed on its own (A) or coexpressed with
vWF (2). (D) Immunofluorescence labeling of cells transiently co-
expressing HRP-LAMP1 and vWE. Cells were fixed and permeabil-
ized as described in MATERIALS AND METHODS and then cola-
beled with rabbit polyclonal anti-HRP (a) and sheep polyclonal
anti-vWF (b). A merger of two composite channels is shown in c.
Bar, 5 um.
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EfFP—CDGS B

Figure 5. Effect of VWF on the localization of EGFP-CD63 in
AtT-20 cells. AtT-20 cells expressing EGFP-CD63 on its own (A-F)
were fixed, permeabilized as described in text, and labeled either
with rabbit polyclonal anti-LAMP1 (B and C) or with rabbit poly-
clonal anti-ACTH (E and F). Cells coexpressing EGFP-CD63 and
vWEF were fixed, permeabilized as described in MATERIALS AND
METHODS, and then stained with rabbit polyclonal anti-vWF (H
and I). C, F, and I show the two channels merged. Bar, 5 um.

the sorting of the two membrane proteins known to be
present in the WPB within endothelial cells, P-selectin and
CDe63.

CD63 is a ubiquitous membrane glycoprotein of the late
endosomal/lysosomal system (Fukuda, 1991). However, in
specialized cell lines it is also localized to secretory or-
ganelles such as secretory lysosomes in hematopoetic cells
(Dell’Angelica et al., 2000) and WPBs in endothelial cells
(Vischer and Wagner, 1993). When an EGFP-CD63 chimera
is expressed on its own in AtT-20 cells, a significant propor-
tion of the chimera was seen in LAMP1-positive organelles
throughout the cytoplasm (Figure 5, A-C). In addition, a
second pool of EGFP-CD63 was colocalized with ACTH at
the tips of cells where the secretory granules are known to
accumulate (Burgess et al., 1987; Tooze and Burke, 1987)
(Figure 5, D-F). In AtT-20 cells coexpressing vWF and EGFP-
CD63, some of the latter was seen in rod-shaped pseu-
dogranules along with the vWF (Figure 5, G-I). These data
therefore show that CD63, a membrane protein of bona fide
endothelial WPB, is capable of entering pseudogranules in
AtT-20 cells.

To characterize the distribution of P-selectin in the ab-
sence of VWF, cells were transfected with full-length P-

1588

-VWF

P-selectin

+VWF

-VWF

WT ssHRP-P-selectin

+VWF

Figure 6. Localization of full-length P-selectin and ssHRPF-selectin
in the presence or absence of vWF in AtT-20 cells. Cells transiently
expressing either full-length P-selectin (A-C) or ssHRPF-selectin (G-I)
alone were double labeled with either mouse monoclonal AK-6 (A
and C) and rabbit polyclonal anti-ACTH (B and C) or with mouse
monoclonal 2H11 (G and I) and rabbit polyclonal anti-ACTH (H and
I). AtT-20 cells transiently coexpressing vWF plus full-length P-
selectin (D and F) were costained with mouse monoclonal AK-6 (D
and F) and rabbit polyclonal anti-vWF (E and F), whereas cells
coexpressing VWF plus ssHRPP-selectin (J_) were double labeled
with mouse monoclonal 2H11 (J and L) and rabbit polyclonal anti-
vWF (K and L). Fixation, permeabilization, and immunofluorescent
labeling were performed as described in MATERIALS AND METH-
ODS. The images shown in C, F, I, and L represent the two channels
merged. Bar, 5 um.

selectin and analyzed by double-label confocal microscopy.
Except for the occasional staining of structures located in the
cell body, most likely representing endosomes/lysosomes
(see below), the majority of P-selectin is seen at the tips of
processes protruding from AtT-20 cells (Figure 6A). Indeed,
double-label immunostaining revealed a partial colocaliza-
tion of P-selectin and ACTH, a marker of the regulated
secretory pathway in AtT-20, in these areas (Figure 6, A-C).
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These data are in agreement with previous findings that
documented the accumulation of heterologously expressed
P-selectin in DCG within AtT-20 cells (Koedam et al., 1992;
Modderman et al., 1998). In contrast, in the cells expressing
vWE, P-selectin is found in the juxta-nuclear region of the
cell body where it colocalizes with vVWF within rod-shaped
WPB-like pseudogranules (Figure 6, D-F). These data sug-
gest that VWF diverts P-selectin away from the existing
regulated secretory pathway used by ACTH into the pseu-
dogranules.

To further analyze the trafficking of P-selectin, we have
used the HRP-P-selectin chimerae that we have previously
analyzed in a variety of experiments (Norcott et al., 1996;
Blagoveshchenskaya et al., 1998, 1999; Blagoveshchenskaya
and Cutler, 2000a,b). We first investigated whether this chi-
mera in which the lumenal domain of P-selectin has been
replaced with HRP is diverted to the pseudogranules. Dou-
ble labeling revealed that the intracellular distribution of
ssHRPF-selectin and full-length P-selectin in the presence or
absence of vVWF was indistinguishable (Figure 6, A-F and
G-L). Both immunofluorescence microscopy and subcellular
fractionation suggested that in the absence of vWF, P-selec-
tin was to be found both within the ACTH-containing gran-
ules and within late endosomes/lysosomes (Figure 6, A-C
and G—I; and Figure 7A), whereas vWF expression led to a
significant amount of P-selectin appearing in the pseu-
dogranules. One important question then arises: Is P-selectin
within the pseudogranules being diverted from other desti-
nations, such as endogenous ACTH-containing granules
and lysosomes? Previously, Hop et al. (2000) found that
despite the presence of mRNA encoding P-selectin, the pro-
tein could not be found in the absence of vWEF. Their data
thus imply that vVWF could be affecting synthesis or degra-
dation of P-selectin rather than its trafficking. If vWF diverts
P-selectin to a new destination then we should be able to
determine by subcellular fractionation whether there is a
reduction of this protein within the ACTH granules and the
lysosomes concomitant with its appearance in the de novo-
formed pseudogranule compartment.

In the absence of vVWF, ssHRPP-selectin can be seen cosedi-
menting with NAGA-containing lysosomes (fractions 3-5),
with fractions that are enriched in endosomes (fractions
10-13), and with ACTH-containing granules (fractions 16—
19) (Figure 7, A and B), in agreement with the immunoflu-
orescence analyses. Coexpression with vVWF led to a major
reduction of the amount of HRP activity within ACTH-
containing DCG, as well as a smaller reduction of the HRP
activity within lysosomes and endosomes (Figure 7A),
whereas there was an increase in HRP activity within frac-
tions 14-16, which coincides with the secretagogue-respon-
sive peak of vWF (Figure 1). The simplest explanation for
these data is that P-selectin that would otherwise appear in
the DCG (and to a lesser extent within the lysosomal/
endosomal pool) was diverted to the vWF-containing or-
ganelles (Figure 7, A and B, fractions 13-16).

Sorting of P-selectin to vWF-containing
Pseudogranules Is Dependent on a Tyrosine-based
Signal Located within Its Cytoplasmic Domain

The previous data established that heterologously expressed
vWF can influence the trafficking of specific membrane pro-
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Figure 7. ssHRPP-electin accumulating within ACTH-containing
granules and lysosomes is diverted to pseudogranules in cells ex-
pressing vVWE. AtT-20 cells transiently expressing either ssHRP*-
selectin ON its own or coexpressing ssHRP-selectin plus vIWF were
processed by subcellular fractionation, as detailed in the legend for
Figure 1B at 4 d posttransfection. (A) Distribution of HRP activity
along 0.7-1.75 M sucrose equilibrium gradients from cells express-
ing ssHRP'-sele<tin on jts own ([J) and those coexpressing ssHRP™
selectin and VWE (H). (B) Distribution of vWF (@), NAGA activity (L),
and ACTH immunoreactivity (4) were monitored by ELISA, by
NAGA enzymatic assay, and by quantitative densitometry as de-
scribed in MATERIALS AND METHODS. The data from one of
three representative independent experiments are shown.

teins, including P-selectin. We have exploited this system to
determine whether in a heterologous system, where we are
monitoring an explicitly core-driven process, the targeting of
P-selectin to the pseudogranules is dependent on a cytoplas-
mic sequence that cannot interact directly with vWF.

The accumulation of P-selectin within the pseudogranules
could result from either active targeting or passive accumu-
lation in this compartment. We have shown previously that
delivery of this protein to the secretory granules of PC12
cells was a signal-dependent process occurring at the level of
the TGN rather than a failure of removal during maturation
of iDCG (Blagoveshchenskaya et al., 1999). We and others
have also shown that a tyrosine-based sorting signal,
777YGVF780, within the cytoplasmic domain of P-selectin
was required for targeting to DCG (Modderman et al., 1998;
Blagoveshchenskaya et al., 1999). To test whether this is also
the case with vWF-containing pseudogranules, AtT-20 cells
were transfected with vVWF plus either ssHRPF-selectin763 5
chimera with a deletion of the entire cytoplasmic domain; or
with ssHRPP-selectinYGVE i which the tyrosine-based target-
ing determinant was replaced by tetra-alanine. Double-label
indirect immunofluorescence confocal microscopy revealed
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Figure 8. vWEF has no effect on the distribution of ssHRPF-selectin763 apnd ggHRPF-selectinYGVE jn AtT-20 cells. (A) Double immunofluorescence

labeling of AtT-20 cells transiently coexpressing ssHRPP-selectin?e3 (763) and vWF (a—c) as well as ssHRPP-selectinYGVF (YGVF) and vWF (d-f).
After fixation and permeabilization, the cells were stained with mouse monoclonal 2H11 (a and c and d and f) and rabbit polyclonal anti-vWF
(b and c and e and f). ¢ and f represent a merger of two composite channels. (B and C) Subcellular compartmentalization of ssHRP-selecting
WT-HPS (B), and ssHRPP-selectinYGVE (YGVE-HPS) (C) in the cells expressing or mock-expressing vVWF. AtT-20 cells transiently expressing
ssHRPP-selectin (W), ssHRPP-selectin plyg vWF ([J), ssHRPP-selectinYGVF (@), and ssHRPP-selectinYGVF plyg vWF (O) were processed by subcellular
fractionation and the distribution of HRP activity across the gradients was monitored as described in the legend for Figure 3. The

distributions of vVWF () and NAGA activity (A) are shown. Data from one of two representative experiments are displayed.

that ssHRPP-selectin?63 accumulated on the plasma membrane
in AtT-20 cells as previously reported for PC12 cells (Norcott
et al., 1996), and did not codistribute with vWF in rod-
shaped pseudogranules (Figure 8A, a—c). Likewise, no colo-
calization was found for vVIWF and ssHRPP-selectinYGVE 'y gt
of which was localized to internal compartments (Figure 8A,
d—f), as would be expected from our analysis in PC12 cells
where it was found both in early and late endosomes as well
as in lysosomes (Blagoveshchenskaya et al., 1999).

We further examined the intracellular distribution of
sSHRPP-selectinYGVE iy parallel with wild-type ssHRPT-selectin
by using subcellular fractionation. In the absence of vWF
expression, ssHRPP-selectinYGVF (YGVEF-HPS) predominantly
accumulated within the NAGA-enriched lysosomal peak
(Figure 8C, fractions 4-7), whereas its targeting to the
ACTH-containing DCG (fractions 15-17) was very much
reduced compared with a wild-type chimera (WT-HPS)
(Figure 8B). In agreement with the immunofluorescence data
(Figure 8A, d—f), vWF coexpressed with ssHRPF-selectinYGVF
did not cause a rise of HRP activity within the pseudogran-
ule peak (Figure 8C, fractions 13-15), as seen for wild-type
ssHRPP-selectin (Figyre 8B). Together, these data suggest that
the tyrosine-based signal, which functions as a targeting
signal to ACTH-containing DCGs, is also needed for deliv-
ery of P-selectin to pseudogranules.
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DISCUSSION

In this study, we have investigated the acquisition of mem-
brane proteins by a heterologously introduced endothelial
secretory granule core containing vVWF in neuroendocrine
AtT-20 cells. Previous findings (Wagner et al., 1991; Voor-
berg et al., 1993; Hop et al. 1997) and the present work
demonstrate that heterologously expressed vWF induces the
formation of organelles of similar morphology and density
to the WPB of endothelial cells (Weibel and Palade, 1964).
Importantly, these pseudogranules segregate away from en-
dogenous secretory granules (Wagner et al., 1991; this study)
and from proteins of other TGN-derived pathways (Hop et
al., 1997), indicating that vWF is packaged into its own
unique cigar-shaped organelle.

One of the hallmarks of bona fide secretory granules is the
ability to undergo exocytosis after external stimulation with
secretagogue. Wagner et al. (1991) previously concluded that
the vWF expressed in AtT-20 cells was not secretagogue
responsive. Under the experimental conditions used herein,
we found that vWF release into the medium can be stimu-
lated twofold, as can ACTH by treatment with BaCl, (Xiang
et al., 2000). Because this is a quantitatively similar response
to the stimulation of WPBs in HUVECsSs, we conclude that the
pseudogranules are secretagogue responsive. These data,
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coupled with the diminution of intracellular pseudogranule
vWF after BaCl, treatment as monitored by subcellular frac-
tionation (Figure 1), provide evidence that the vWF-induced
pseudogranules are indeed bona fide exocytic organelles.
The differences between the results obtained by Wagner and
coworkers and us presumably reflect differences in cell cul-
ture, expression systems, and the particular secretagogue
used.

We have found that the vVWF pseudogranules recruit two
groups of membrane proteins: those normally localized to
bona fide endothelial WPB, such as P-selectin and CD63; and
proteins that are part of the exocytic machinery, such as
VAMP2 and synaptotagmin I, variants of which have been
found in all regulated secretory organelles. For P-selectin, a
tyrosine-based targeting determinant within its cytoplasmic
tail directs this protein to both the endogenous ACTH-
containing DCGs and the vIWWF-containing pseudogranules,
whereas the lumenal domain of P-selectin was not required
for its delivery to either. Importantly, membrane proteins
not normally found in the membrane of secretory granules
within either neuroendocrine or endothelial cells such as
sialyl transferase, transferrin receptor, or LAMP1 did not
accumulate within the pseudgranules. These data therefore
rule out the possibility of nonspecific membrane flow to the
pseudogranules and emphasize that the acquisition of their
membrane proteins is selective. Furthermore, the signal de-
pendence of P-selectin targeting strongly implies that these
membrane proteins are being actively targeted to the vWF
structures rather than failing to be removed.

We have therefore discovered that in a heterologous sys-
tem where we are monitoring an explicitly core-driven pro-
cess, the targeting of P-selectin to the pseudogranules is
actively dependent on a cytoplasmic sequence that cannot
interact directly with vWE.

In a previous work, Pannekoek and coworkers (Hop et al.,
2000) showed that in T24 cells, expression of vWF caused the
endogenously expressed P-selectin to colocalize with the
core protein. Because, in the absence of vWF, P-selectin was
not detected at the protein level, these data did not allow
distinction between a number of possible explanations for
this phenomenon. Although our data are in agreement with
that study they also provide a likely explanation for the
appearance of P-selectin in the pseudogranules only in the
presence of vVWF. We suggest that in the absence of vWF,
P-selectin is synthesized, delivered to the lysosome, and
degraded in cells lacking a regulated secretory pathway, as
observed previously (Green et al., 1994; Blagoveshchenskaya
et al., 1998). When vWF is expressed, P-selectin is diverted to
the pseudogranules, and therefore escapes degradation, al-
lowing its detection by immunofluorescence.

Role for Cytoplasmic Domain in Targeting
Membrane Proteins to Pseudogranules

Although for some membrane proteins direct interaction
between their lumenal domain and the core proteins might
account for their targeting to granules (Colomer et al., 1996;
Rindler, 1998), the lumenal domain of P-selectin is not in-
volved in the recruitment of this protein to vVWF-containing
pseudogranules, because its replacement by HRP does not
affect the appearance of HRP-P-selectin within these or-
ganelles. Importantly, this phenomenon is not restricted to
P-selectin, because VAMP2 is also targeted to granules by a
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sequence within its cytoplasmic domain (Regazzi et al.,
1996). Another mechanism implicated in granule formation
involves interactions between proteins and the lipids of the
granule membrane. Lipid microdomains are capable of in-
teracting with some membrane-associated proteins and
therefore may be involved in directing them to secretory
granules (Blazquez et al., 2000; Dhanvantari and Loh, 2000).
Although in those examples described, association of these
proteins with lipid microdomains must have occurred
within the lumen of endomembrane system, such interac-
tions could in principle also take place between the trans-
membrane or cytoplasmic domains of membrane proteins
and lipid microdomains. Given that the transmembrane do-
main of P-selectin is known to facilitate sorting of this pro-
tein to granules (Fleming et al., 1998), a role for the lipid
environment may well be involved in lateral redistribution
of P-selectin into microdomains, which might, in turn, pro-
vide a membrane for the budding granule (Thiele and Hutt-
ner, 1998). However, because the transmembrane domain of
P-selectin is not sufficient for sorting but only serves to
increase its efficiency (Fleming et al., 1998), this mechanism
can only be part of the overall process by which P-selectin is
sorted into granules.

An alternative hypothesis to account for the involvement
of a cytoplasmic tyrosine-based motif (YGVF) in delivery of
P-selectin to secretory granules arises from a consideration
of where along the secretory pathway sorting of P-selectin to
pseudogranules is occurring. Sorting of P-selectin for deliv-
ery to lysosomes or ACTH granules most likely takes place
at or before the TGN, although sorting of some proteins to
secretory granules may occur earlier in the secretory path-
way (reviewed in Dannies, 1999). Indeed, recent three-di-
mensional reconstructions of the Golgi complex by using
high-voltage electron microscopy provide strong circum-
stantial evidence that proteins traveling to different post-
Golgi destinations can be sorted before the TGN. This study
suggests that proteins may be delivered in separate trans-
port vesicles to particular structures at the trans-Golgi, each
of which then produces only one type of vesicle, presumably
bound for one particular destination (Ladinsky et al., 1999).

If this is extrapolated to the trafficking of P-selectin to
pseudogranules, we hypothesize that delivery to the mem-
brane that gives rise to pseudogranules may use conven-
tional coat/adaptor-dependent cytoplasmic signal-mediated
selection for inclusion in the appropriate transport vesicle
earlier in the secretory pathway than the point at which the
pseudogranules bud. This could also account for the ty-
rosine signal-based delivery of P-selectin to the iDCG of
PC12 cells. A full analysis of this hypothesis will require a
detailed electron microscopy survey of the transfected
AtT-20 cells; a suitable future project.

Acquisition of Membrane Proteins by vWF
Pseudogranules

The differential packaging of vVWF and ACTH in the same
cell might have suggested some fundamental difference in
the formation of WPBs and ACTH-containing granules, re-
sulting in differential membrane recruitment. Indeed, the
unimpaired formation of WPBs in CPE-deficient mice with
defects in the biogenesis of ACTH-containing secretory
granules (Methia et al., 1999) as well as in patients with gray
platelet syndrome who possess abnormal platelet a-gran-
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ules, which normally contain vVWF (Gebrane-Younes et al.,
1993), suggests that formation of WPBs might be signifi-
cantly different from that of other secretory granules.

However, our data show that these two very different secre-
tory granule cores, that of the ACTH-containing secretory
granules or the vWF-containing pseudogranules, recruit the
same proteins from among those that we expressed in AtT-20
cells. In addition, we found that the same tyrosine-based sort-
ing signal, 777YGVF"®, within the cytoplasmic domain of P-
selectin is needed for recruitment of P-selectin to both the
pseudogranules and the endogenous ACTH-containing gran-
ules, reinforcing the argument that the cellular machinery de-
livering membrane proteins to granules is recognizing the
pseudogranules as bona fide secretory organelles.

We have previously shown that in PC12 cells the same
tyrosine-based sorting signal promotes targeting of P-selec-
tin not only to the DCG but also to another type of regulated
secretory organelle, synaptic-like microvesicles (Blagovesh-
chenskaya et al., 1999). A similar phenomenon has also been
seen for VAMP2, in which an amphipathic a-helix was
found to be a key determinant in targeting this protein to
both insulin-containing secretory granules and synaptic-like
microvesicles in pancreatic S-cells (Regazzi et al., 1996). To-
gether, these data show that the appearance of a membrane
protein in multiple regulated secretory organelles can be
dependent on the same targeting signal

Advantages of Heterologous Introduction of vWF
Core for Analyses of Granule Formation

Most previous studies using cDNA expression to delineate
the mechanisms of granule formation focused on the sorting
of heterologously expressed proteins to endogenous secre-
tory granules in cells with a regulated secretory pathway. In
the current work, we took an inverted approach, involving
introduction of a separate endothelial secretory granule core
into neuroendocrine AtT-20 cells. This has provided a
graphic demonstration of the extent to which granule for-
mation is core driven as well as novel insights into the
universality of acquisition of membrane proteins during
their biosynthesis. This new approach might also allow for a
more stringent test for the specificity of granule targeting of
membrane proteins than has hitherto been achieved, be-
cause preferential targeting to different types of secretory
granules within the same cell could now be analyzed. For
instance, in those individual cells with a low level of vIWF
expression only a modest proportion of P-selectin was seen
within pseudogranules, with significant amounts of this pro-
tein remaining associated with ACTH-containing DCGs.
However, almost all of the P-selectin redistributed to pseu-
dogranules from ACTH-containing granules in individual
cells with a high level of vWF expression (our unpublished
data). Interestingly, in platelets, P-selectin is found within
both types of secretory granules at steady state, a-granules
and dense bodies, but only a-granules contain vWF (Sten-
berg et al., 1985; Israels et al., 1992), thus implying that the
effect of vVWF on P-selectin traffic is not absolute when ex-
amined in a physiological context. Further study is needed
for a clearer understanding of these complex relationships.
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