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A b s t r a c t .  Constitutive secretory vesicles carrying 
heparan sulfate proteoglycan (HSPG) were identified 
in isolated rat hepatocytes by pulse-chase experiments 
with psS]sulfate and purified by velocity-controlled su- 
crose gradient centrifugation followed by equilibrium 
density centrifugation in Nycodenz. Using this proce- 
dure, the vesicles were separated from plasma mem- 
branes, Golgi, trans-Golgi network (TGN-), ER, 
endosomes, lysosomes, transcytotic vesicles, and mito- 
chondria. The diameter of these vesicles was ,,o100- 
200 nm as determined by electron microscopy. A typi- 
cal coat structure as described for intra-Golgi trans- 
port vesicles or clathrin-coated vesicles could not be 
seen, and the vesicles were not associated with the coat 
protein B-COP. Furthermore, the vesicles appear to 
represent a low density compartment (1.05-1.06 g/ml). 

Other constitutively secreted proteins (rat serum 
albumin, apolipoprotein E, and fibrinogen) could not 

be detected in purified HSPG-carrying vesicles, but 
banded in the denser fractions of the Nycodenz gra- 
dient. Moreover, during pulse-chase labeling with 
[35S]methionine, labeled albumin did not appear in the 
post-TGN vesicle fraction carrying HSPGs. These 
findings indicate sorting of HSPGs and albumin into 
different types of constitutive secretory vesicles in he- 
patocytes. Two proteins were found to be tightly as- 
sociated with the membranes of the HSPG carrying 
vesicles: a member of the ADP ribosylatlon factor 
family of small guanine nucleotide-binding proteins 
and an unknown 14-kD peripheral membrane protein 
(VAPP14). 

Concerning the secretory pathway, we conclude 
from these results that ADP ribosylation factor pro- 
teins are not only involved in vesicular transport from 
the ER via the Golgi to the TGN, but also in vesicular 
transport from the TGN to the plasma membrane. 

F 
ORMATION of constitutive secretory vesicles requires 
several intracellular vesicular transport steps, as well 
as the proper sorting of cargo proteins. Experiments 

performed in the yeast Saccharomyces cerevisiae have shown 
that secretion requires, among other gene products, the small 
guanine nucleotide-binding protein (SGBP)x Sec4p (Salmi- 
nen and Novick, 1987). Subsequently, the Yptl gene prod- 
uct, another SGBP, has been shown to be required in the 
same yeast for the vesicular transport between ER and Golgi 
(Schmitt et al., 1988; Segev et al., 1988). In addition, the 
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SGBPs ADP ribosylation factor (ARF) and Sarl were found 
to be required in this step of the secretory pathway (Nakano 
and Muramatsu, 1989; Stearns et al., 1990). The involve- 
ment of SGBPs in functional control of the secretory path- 
way is also well established for mammalian cells (Zahraoui 
et al., 1989). The SGBPs rabl, rab2, rab6, and ARF were 
found to function in ER-Golgi and/or intra-Golgi transport 
(Balch et al., 1992; Chavrier et al., 1990; Goud et al., 1990; 
Haubruck et al., 1989; Schweizer et al., 1988; Taylor et al., 
1992). Furthermore, SGBPs were also detected on early and 
late endosomes (Chavrier et al., 1990; Van der Sluijs et al., 
1991), and their participation in the functional control ofen- 
dosomal transport has been shown (Bucci et al., 1992; Len- 
hard et al., 1992). While the essential role of Sec4p for the 
final steps of secretion in yeast is documented, a similar role 
for a SGBP (tab8) in mammalian cells has been shown re- 
cently (Huber et al., 1993). In neuronal cells, the small 
GTP-binding protein rab3a can be found associated with the 
membranes of synaptic vesicles (Fischer yon Mollard ct al., 
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1990). Upon stimulation of neurosecretion, rab3a dissoci- 
ates from the synaptic vesicles and appears intermittently as- 
sociated with the plasma membrane (Fischer yon MoUard et 
al., 199i). After retrieval of the empty synaptic vesicles from 
the presynaptic membrane, the refilling of the vesicles seems 
to be associated with a reattachment of rab3a to the vesicular 
membrane (Cameron et al., 1991; Maycox et al., 1992; Siid- 
hof and Jab.n, 1991). 

Post-trans-Golgi network (TGN) secretory vesicles from 
mammalian cells were first isolated from Madin-Darby ca- 
nine kidney cells (Bennett et al., 1988; Wandinger-Ness et 
al., 1990). Two proteins could be identified that are highly 
enriched in this type of transport vesicle. The small GTPase 
rab 8 (Huber et al., 1993) and a membrane protein of 21 kD 
(VIP21, Kurzchalia et al., 1992). Exocytic transport vesicles 
generated in vitro from the trans-Golgi network were im- 
munoisolated and shown to contain a mixture of mature 
secretory and plasma membrane proteins (Salamero et al., 
1990). In addition, post-TGN transport vesicles carrying 
heparan sulfate could be identified in rat hepatocytes (Gra- 
ham and Winterbourne, 1988), but they were not isolated 
and characterized concerning protein components. 

We have, therefore, purified constitutive secretory vesicles 
from isolated rat hepatocytes in an attempt to characterize 
the proteins associated with them. In addition, we inves- 
tigated whether the constitutive secretory pathway involves 
post-TGN sorting processes or not. 

Using ~sS-sulfated heparan sulfate proteoglycan (HSPG) 
as a marker, we could identify a vesicular carrier function- 
ally located between the TGN and the plasma membrane. An 
SGBP and a 14-kD non-GTP binding protein were found to 
be associated with the membranes of the vesicles described. 
The SGBP was identified as a member of the ARF family of 
SGBPs. 

Moreover, we present results which indicate that HSPGs 
on one hand and albumin on the other hand are sorted into 
different post-TGN secretory vesicles. 

Materials and Methods 

1D9 is a mouse monoclonal antibody to ARFI. The mouse monoclonai 
anti-/~-COP antibody and the polyclonal anti-TGN-38 antibody were the 
generous gifts of Dr. Thomas Kreis (Dept. of Cell Biology, University of 
Geneva, Sciences II, Geneva, Switzerland) and Dr. Paul Luzio (University 
of Cambridge, Dept. of Clinical Biochemistry, Addenbrooke's Hospital, 
Cambridge, United Kingdom), respectively. A polyclonal antibody directed 
against dipeptidylpeptidase IV (DPPIV) was a kind gift of Dr. Werner Reut- 
ter (Freie Uulversitat Berlin, Institut fur Molekularbiologie und Biochemie, 
Berlin, Germany). Folyclonal antibodies recognizing the ER-resident 
calcium-binding proteins CaBPl, calreticulin (CaBP3), and grp94 (CaBP4) 
were supplied by Dr. Phuc Nguyen Van (Abteilung Kliulsche Biochemie, 
Universitiit G6ttingen). Polyclonal antibodies directed against the following 
secretory proteins were from commercial sources: rat serum albumin 
(BSA) (Nordic lmmtmology, Tilburg, The Netherlands), rat fibrinogen 
(Paesel, FrankfurffMain, Germany), and human apolipoprotein E (apo E) 
(Greiner, Frickenhausen, Germany). 

Isolation of Rat Hepatocytes and Metabolic Labeling 
Using PJSlsulfate and l ~Slmethionine 
Isolation of rat hepatocytes was performed according to a modification 
(Seglen, 1974) of the method of Berry and Friend (1969). 

For metabolic labeling with [35S]sulfate, the cells (150 mg/ml wet wt) 
were preincubated at 37°C for 30 rain in incubation medium (NaC1 116 
raM, NaI-ICO3 26 raM, glucose 6 raM, NaH2PO4 1 raM, CaC12 1.8 raM, 
KCI 5.4 raM, MgCI2 0.8 raM, heperin 12 U/ml) in the presence of 95% 02 

and 5% CO2. After a temperature shift to 32°C, 1 mCi/ml carrier-free 
[3SS]sulfate (24.3-40.5 Ci/mg S; Amersham-Buchler, Braunsehweig, Ger- 
many) was added. Pulse and chase (using 5 mM Na2SO4, final concentra- 
tion) times were as indicated. Altexnatively, cells were labeled in incubation 
medium using [35S]methionine (>1,000 Ci/mmol, I00 /zCi/ml; Amer- 
sharn-Buchler). In these experiments, incubation medium was supple- 
mented with an amino acid mixture (0.1 mM each) lacking methionine. 
Pulse and chase (using 2 mM methionine) times were as indicated in the 
figure legends. 

SubceUular Fractionation 
Ceils (300 nag wet wt) were homogenized with the fivefold volume (vol/wt) 
of 0.3 M sucrose containing 20 mM Tris-HC1 (pH 7.4 at 4°C), 1 mM ben- 
zamidine, and 20 ttg/ml PMSF by applying 20 strokes with a ~tight-fitting" 
Dounce homogenizer (Braun, Melsungen, Germany). After centrifugation 
for 10 rain at 1,000 g, the supernatant was loaded onto a 10% to 35% 
(wt/wt) continuous sucrose gradient in 10 mM Hepes, pH 7.2. After cen- 
trifugation for 15 rain at 106000 gm, x in a swing-out rotor (SW41; Beck- 
man Instruments, Inc., Fullerton, CA), the gradient was fractionated into 
23 portions of 500/~1. The first five fractions (2.5 ml) from the top of the 
gradient were combined and then loaded onto a continuous 20 to 35% 
(wt/vol) Nycodenz gradient in 20 mM Tris-HC1 (pH 7.4 at 4°C), 1 mM 
MgC12, 1 mM CaCI2, and 2.5% (wt/wt) sucrose. After equilibrium cen- 
trifugation for 20 h at 154,000 gra~ in the SW41 swing-out rotor, the gra- 
dient was fraetionated as given above. 

For the preparation of post-TGN vesicles processed for electron micros- 
copy, the purification protocol was upscaled. Sucrose and Nyeodenz gra- 
dient centrifugetions were performed using the SW28 swing-out rotor. The 
gradients were formed by the solutions mentioned above. The total volume 
was 34 ml (sucrose) and 30 ml (Nyeodenz), respectively. Cells (1 g) were 
processed as given above. The gradients were fractionated into portions of 
1 ml. Fractions 1-8 from the top of the sucrose gradient were loaded onto 
the Nycodenz gradient. 

Where mentioned, the fractions were diluted with the twofold volume of 
PBS and spun for 2 h at 100,000 g to sediment particulate fractions. 

Determination of Marker Enzymes 
UDP-galactosyltransferase activity was determined according to Verdon 
and Berger (1983), asialofetuin sialyltransferase according to Posner et al. 
(1985), ~-hexosaminidase according to Hall et al. (1978), alkaline phos- 
phodiesterase according to Aronson and Tronster (1974), succinate de- 
hydrogenase according to Brdicka et al. (1968), and potassium-dependent 
phospbatase according to Aryan and Castle (1982). The transferrin receptor 
was detected by internaliTation of [l~l]transferrin for 15 min at 37"C using 
isolated rat hepatocytes grown on cell culture dishes. 

Quantification of 35S-labeled Macromolecules 
Aliquots (~100 td) of the fractions obtained from the sucrose- and 
Nycodenz gradients were assayed by precipitation of macromolocules using 
cetylpyridinium chloride (Graham and Winterbourne, 1988). 

Treatment of Particular Fractions with Proteinase K 
and Electrophoresis of "S-labeled Proteoglycans 
Fractions 1-3 from the top of the Nycodenz gradient were pooled, and ali- 
quots (50/~1) were incubated with 1 mM dibucaine (Scheele et ai., 1980) 
for 5 min at 4°C. Subsequently, 0.1 mg/mi pmteinase K and 0.3% Triton 
X-100 were added as indicated. The digestion (30 min at 4°C) was stopped 
by adding 2 mM PMSE Subsequently, macromolecules were precipitated 
using acetone and resuspended in sample buffer (Carney et al., 1986). The 
samples were bored and then analyzed on 1.2%/0.6% polyacrylamide- 
agarose composite gels (Carney et al., 1986). 35S-labeled proteoglycans 
were visualized by fluorography (Carney et al., 1986). 

Immunoblotting for Marker Antigens 
After SDS-PAGE (Laemmii, 1970) and blotting onto nitrocellulose, CaBPI, 
calreticulin, grp94, TGN38, apo E, RSA, fibrinogen, and dipeptidylpepti- 
dase IV (DPPIV) were detected with monospecific polyclonal rabbit an- 
tisera and peroxidase-conjugated goat anti-rabbit antibodies,/J-COP and 
ARF1 with monoclonal mouse antibodies and peroxidase-conjugeted goat 
anti-mouse antibodies. The detection of peroxidase was with diaminobenzi- 
dine hydrochloride as substrate. 
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Internalized biotinylated dimeric IgA (dIgA) was measured after isolated 
rat liver perfusion at 37°C for 13 rain (3 rain pulse, 10 rain chase) (Hoppe 
et al., 1985). After SDS-PAGE under nonreducing conditions and blotting 
onto nitrocellulose, the biotinylated dIgA was detected using a chemilumi- 
nescence system (Photo-blot~'; Gibco BRL, Eggenstein, Germany). 

GTP[,y3JS] and GTP[¢32P] Ligand Binding 

Samples were subjected to 13% SDS-PAGE followed by electrophoretic 
transfer onto nitrocellulose in 25 mM "Iris (pH 8.4), 100 mM glycin, and 
20% methanol. The membrane was immediately rinsed with binding buffer 
(50 mM NaH2PO4, pH 7.5, 10 mM MgCI2, 2 mM DTT, 0.3% Tween 20, 
4 mM ATP) and incubated twice for 10 rain again in binding buffer. The 
membrane was subsequently incubated in the same buffer containing 2 
t~Ci/ml GTP [3,35S] (specific activity = 1,200 Ci/mmol) or 2/~Ci [c~32P] - 
ATP (specific activity = 3,000 Ci/mmol) for 2 h. Unbound radioactive GTP 
was separated by washing the membrane six times for 5 nan with binding 
buffer. The blot was dried and exposed for 48 h to an x-ray film. 

Two-dimensionai gel eleetrophoresis, ~ansfer to nitrocellulose blots, and 
[c~32P]GTP overlay were performed as described (Cells et ai., 1990; 
Huber and Peter, 1993; Huber et ai., 1993). 

Electron Microscopy 
Membranes were sedimented by ultracentrifugation (100,000 g, 2 h) and 
treated with Karnovsky fixative. The pellets were then washed with 0.1 M 
sodium cacodylate (pH 7.3) and subsequently overlayed with 2% OsO4 in 

0.05 M sodium cacodylate. After washing three times with 0.1 M sodium 
caeodylate (pH 7.3), the pellet was treated with increasing concentrations 
of ethanol (~I00%). After treatment with propylenoxide and a mixture of 
propylenoxide/Epon, the pellet was finally embedded in Epon. After poly- 
merization (overnight, 60"C), ultra-thin sections were obtained and again 
contrasted by treatment with 1.5% uranylacetate and 3% Pb-citrate. 
Negative-stained images were obtained as described by Robinson et ai. 
(1985). 

Results 

Characterization of the Velocity Sucrose Gradient 

The results are presented in Fig. 1, A and B. The bot tom 
fractions conta in  most  o f  the sialyltransferase and  the/~-hex- 
osamim'dase activities, as well  as all activity of Na+/K +- 
ATPase (measured as K+-dependent  phosphatase).  The  bot- 
tom fraction, therefore, conta ins  lysosomes,  all p lasma 
membranes ,  and the TGN. One  should stress the point  that 
the peak activity for the Golgi  marke r  UDP-galactosyl-  
transferase is clearly separated f rom the peak activity of  
sialyltransferase, support ing the concept  that the sialyltrans- 
ferase reaction does occur  main ly  in the T G N  and  not  in  the 

Figure L (A) Distribution of subcellular marker enzymes in the velocity-controlled sucrose gradient and corresponding sucrose density. 
A 10-35 % (wt/wt) continuous sucrose gradient was used as described under Materials and Methods. Fraction 1 is the uppermost fraction, 
and fraction 23 the bottom fraction. 300 nag (wet wt) of hepatocytes were used per gradient. Homogenization and subcellular fractionation 
was performed as described in Materials and Methods using a Beckman SW41 swing-out rotor. Aliquots from the fractions indicated were 
analyzed by the procedures listed under Materials and Methods. The sum of enzyme activities in all fractions was taken as 100%. Sucrose 
density was determined by refractometry. (B) Dism'bution of subcellular marker antigens in the velocity-controUed sucrose gradient. The 
experimental procedures were identical to that described in the legend of (A). Aliquots from the indicated fractions of the gradient were 
diluted and particulate material sedimented by ultracentrifugatiun 000,000 g, 2 h) as given in Materials and Methods. The sedimented 
material was processed by SDS-PAGE and immunoblotting (see Materials and Methods) according to standard procedures. 
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trans-Golgi cisternae. Alkaline phosphodiesterase, a marker 
for the apical plasma membrane, is spread over the whole 
lower part of the gradient. Endocytosed [ t25I] t ransfer r in  ap- 
pears on the top of the gradient, where also ,,~10% of 
B-hexosaminidase could be found. The appearance of some 
B-hexosaminidase activity in the top fractions was a consis- 
tent finding. This portion of B-hexosaminidase represents, 
most likely, enzyme acitivity in late endosomes in transit to 
lysosomes. 

The markers for the endoplasmic reticulum (CaBP1, cal- 
reticulin, and grp94) (Peter et al., 1992) were observed in 
fractions 7-23 (Fig. 1 B), whereas the coat protein B-COP 
appeared in the upper part of the gradient. The TGN marker 
protein TGN38 (Lnzio et al., 1990) appeared throughout the 
gradient, indicating that this protein is not restricted to the 
TGN, but circulates between TGN and the plasma mem- 
brane (Reaves et al., 1993). DPPIV is observed in the bot- 
tom fraction (representing enzyme in plasma membrane 
sheets), as well as in fraction 5-7, most likely representing 
enzyme associated with small plasma membrane vesicles 
generated by disrupted plasma membrane sheets. 

Identification of Secretory Vesicles Carrying 
~S-sulfated Macromolecules 
Sulfation of proteins and proteoglycans is a TGN-specific 
posttranslational modification (Baeuerle and Huttner, 1987; 
Kimt/ra et al., 1984). The transport of sulfated proteins be- 
tween the TGN and the plasma membrane can be followed 
by pulse-chase experiments with psS]sulfate (Tooze and 
Huttner, 1990). After a short pulse, the chase time-depen- 
dent distribution of labeled macromolecules in the sucrose 
velocity gradient allows the identification of post-TGN trans- 
port vesicles. To diminish the risk that radioactive protein 
appeared in post-TGN vesicles already during the 4-min 
pulse, we performed the experiments at 32°C instead of 
37°C. At the lower temperature, the kinetics of transport be- 
tween TGN and plasma membrane were sloweddown, thus 
making it easier to identify a post-TGN transport vesicle. Af- 
ter a 4-min pulse, almost 100% of 35S-labeled macro- 
molecules appeared together with the peak of sialyltransfer- 
ase (Fig. 2) at the bottom of the sucrose gradient (Fig. 1 A). 
As shown in Fig. 3, the 35S-labeled macromolecules repre- 
sent almost exclusively heparan sulfate proteoglycan. After 
4 min of chase, "~50% of the 35S-labeled macromolecules 
had shifted to the top of the gradient, which was devoid of 
marker enzymes for the plasma membrane (alkaline phos- 
phodiesterase; K+-dependent phosphatase) or the TGN 
(sialyltransferase) (Fig. 1 A). After 8 min of chase, the main 
portion of 35S-labeled macromolecules appeared in the top 
fractions of the sucrose gradient (Fig. 2). After 12 and 30 min 
of chase, an increasing portion of 35S-labeled macro- 
molecules had returned to the bottom of the gradient. The 
transport of HSPGs from the TGN to the cell surface does not 
involve the endocytic compartments (Graham and Winter- 
bourne, 1988). Therefore, the fraction of labeled macro- 
molecules appear~  in the bosom fractions of the gradient 
after 12 and 30 min of chase represents HSPGs, which had 
reached the cell surface. Accordingly, the 35S-labeled mac- 
romolecules on top of the gradient (4 min pulse, 8 min 
chase) are located within constitutive secretory vesicles, 
rather than vesicles directed to endosomes or lysosomes. The 
3~S-labeled macromolecules appearing in the top fractions of 
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Figure 2. Time-dependent distribution of 35S-labeled macro- 
molecules in a velocity-controlled sucrose gradient after pulse- 
chase labeling with [35S]sulfate. Hepatocytes (150 mg wet wt/ml, 
2 ml total per experimental condition) were depleted of endogenous 
sulfate by incubation for 30 min at 37°C in sulfate-free medium (see 
Materials and Methods). The suspension was then transferred to 
320C and pulse labeled for 4 min with [35S]sulfate (1 mCi/ml). 
The chase period was started by addition of 5 mM (final concentra- 
tion) sodium sulfate at 32°C for the times indicated. Subsequently, 
cells were kept on ice to prevent any intracellular transport. 
Homogenization and subcellular fractionation by velocity-con- 
trolled sucrose centrifngation was as described in the legend to Fig. 
1. Incorporation of radiolabeled sulfate into macromolecules was 
determined by precipitation using cetylpyridinium chloride (see 
Materials and Methods). 
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the gradient after chasing for 8 min are located within 
membrane-enclosed vesicles, as they were found to be resis- 
tant to proteinase K unless detergent was included (Fig. 3). 
It appears, therefore, that the top fractions of the sucrose gra- 
dient, which contain most of the 35S-labeled macromolecules 
after 8 min of chase, represent a vesicular compartment func- 
tionally located between the TGN and the plasma membrane; 
i.e., they represent constitutive secretory vesicles. 

Nature of  the "S-sulfated Macromolecules 

Upon electrophoresis of homogenates from 35S-sulfated cells 
in a composite polyacrylamide/agarose gel, 35S-sulfated 
macromolecules appeared primarily as a single band (Fig. 
3). The labeled macromolecule was of the heparan sulfate 
type, since it was sensitive to digestion with heparinase II 
(Fig. 3). 

Nycodenz Gradient Centrifugation 

To further purify the post-TGN vesicle fraction containing 
the 35S-labeled HSPGs (4 rain pulse, 8 rain chase), frac- 
tions 1-5 of the sucrose gradient were combined, loaded on 
to a Nycodenz gradient, and spun and processed as de- 
scribed in Materials and Methods. As given in Fig. 4 A, the 

35S-labeled HSPGs were restricted to the first three top 
fractions(peak in fraction 2) of this gradient. The fractions 
containing most of the [t2q]-transferrin and B-hexosamini- 
dase activity, indicative of endosomes, appeared in fractions 
5-9 and 5-7, respectively. The distribution of marker anti- 
gens is shown in Fig. 4 R The coat protein B-COP was re- 
covered from fractions 11-17. DPPIV was distributed be- 
tween fractions 5 and 9. DPPIV appearing in fractions 7-9 
moved further down during SDS-PAGE than in the species 
mainly observed in fraction 5. This represents most likely 
differences in the glycosylation pattern. Fractions 7-9 more- 

Hgure 3. Digestion of 35S-labeled macromolecules with hepari- 
nase II. Hepatocytes (150 nag wet wt/ml) were depleted of endoge- 
nous sulfate for 30 rain at 37°C in incubation medium (see 
Materials and Methods). The cells were then labeled in the pres- 
ence of 1 mCi/ml pSS]sulfate for 15 rain at 37°C. The ceils were 
kept on ice and homogenized as described in Materials and 
Methods. The total volume was 1 ml. Homogenate (20 #1) was ei- 
ther precipitated directly with cold acetone (-20°C) and processed 
by polyacrylamide/agarose gel electxophoresis (lane 1 ), or acetone 
precipitation and electrophoresis was performed with 50 #1 homog- 
enate each after incubation for 16 h at 25°C in the absence (lane 
2) or presence (lane 3) of 2.5 U heparinase II. The dried gels were 
autoradiographed for 2 d. 

Figure 4. (A) Density distribution and distribution of subeellular 
marker proteins in the Nycodenz gradient. Fractions 1-5 of the 
velocity-controlled sucrose gradient (Fig. 1) were pooled and 
loaded onto a 20-35% (wt/vol) Nycodenz gradient using a Beck- 
man SW41 swing-out rotor. Aliquots of the fractions indicated were 
analyzed by the procedures listed under Materials and Methods. 
The sum of the specific proteins in all fractions was set to 100%. 
Nycodenz density was determined by refractometry. (B) Distribu- 
tion of subcellular marker antigens in the Nycode~ gradient. Ex- 
perimental procedures were identical to that described in the legend 
of A. Aliquots from the indicated fractions of the gradient were 
diluted 1:2 (vol/vol) with phosphate-buffered saline and particulate 
material sedimented by ultracentrifugation (100,000 g, 2 h). The 
sedimented material was processed by SDS-PAGE and immuno- 
blotting (see Materials and Methods) according to standard proce- 
dures. 
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over contained also internalized dIgA. The fact that internal- 
ized [125I]-transferin, ~hexosaminidase, and dlgA banded 
together in fractions 5-9 indicates that in the Nycodenz gra- 
dient, these fractions contain endocytic compartments in- 
eluding transcytotic vesicles. DPPIV most likely represents 
small plasma membrane vesicles. As shown in Fig. 1 B, 
TGN38 was not only found in the TGN fractions of the ve- 
locity-controlled sucrose gradient but also in the vesicular 
top fractions. In fact, TGN38 was also reported to cycle 
between plasma membrane and endosomal compartments 
(Reaves et al., 1993). Fraction 5 of the final Nycodenz gra- 
dient contained TGN38, whereas no TGN38 was observed 
in the fractions containing 35S-labeled HSPGs (fractions 
1-3). TGN38 is, therefore, most likely associated with endo- 
somes and plasma membrane vesicles, since it seems un- 
likely that TGN38 is associated with small vesiculated TGN 
fragments artificially produced during the homogenization 
procedure, because in this case, the fraction should also con- 
tain sialyltransferase activity and early labeled proteoglycan 
(4-min pulse without chase). However, in looking at Figs. 1 
a and 2, it is clear that fractions 1-5 of the sucrose gradient, 
which were subsequently used for the Nycodenz equilibrium 
density centrifugation, neither contain measurable amounts 
of sialyltransferase nor early labeled proteoglycans. 

The constitutive secretory vesicles are a low density com- 
partment as the 35S-labeled proteoglycan (4 min pulse, 
8 min chase) appeared in the top fractions of the Nycodenz 
gradient. The density of the vesicles was estimated to be 
1.05-1.06 g/ml. These data fit well with those reported ear- 
lier for HSPG-carrying secretory vesicles from rat hepato- 
cytes (Graham and Wmterbourne, 1988). 

HSPG Carrying Secretory Vesicles Remain Intact 
during Purification 
About 75 % of the 35S-labeled HSPGs (fractions 1-3 of the 
Nycodenz gradient) could be sedimented by ultracentrifuga- 
tion (Fig. 5 A). The remaining 25 % of labeled proteoglyeans 
appeared in the supernatant. This most likely represents 
incomplete sedimentation of vesicles as the 35S-labeled 
HSPGs were resistant to digestion with proteinase K unless 
Triton X-100 had been added (see below). 

Proteinase K failed to digest the proteoglycans, unless Tri- 
ton X-100 was included (Fig. 5 B). After addition of 0.3% 
Triton X-100, the labeled proteoglycan became completely 
digested within 10 min. These results indicate that the 3sS- 
labeled HSPGs are protected by a vesicular structure. 

Electron Microscopy of HSPG-carrying 
Post-TGN Vesicles 
To obtain electron micrographs, the purification procedure 
of HSPG-carrying vesicles was scaled up by using a Beck- 
man SW28 rotor. The amounts of hepatocytes and the prepa- 
ration of the gradients were as described in Materials and 
Methods. The determination of subcellular markers revealed 
that the degree of vesicle purity was identical compared 
to the fractionation procedure described above (data not 
shown). Fig. 6 shows electron micrographs of HSPG-carry- 
ing vesicles. In A, negative stains are shown, while B shows 
an image obtained from ultra-thin sections. The diameter of 
the vesicles ranged from ,~100-200 nm. Otherwise the vesi- 
cles appeared remarkably homogenous. In contrast to Golgi- 

Figure 5. 35S-sulfated HSPGs (4 rain pulse, 8 rain chase) are lo- 
cated within membrane-enclosed vesicles. (A) Purified post-TGN 
vesicles carrying HSPGs (fractions 1-3, Nycodenz gradient, SW41 
swing-out rotor) were diluted and sedimented by ultracentrifuga- 
tion at 100,000 g for 2 h. Radiolabeled proteoglycan was detected 
in both sediment and supernatant by precipitation using cetyl- 
pyridinium chloride as described under Materials and Methods. Up 
to 25 % of the [35S]HSPGs were found in the supernatant, while 
>75% were recovered in the sediment. (B) Protection of 35S- 
labeled HSPG against proteolysis. Fractions 1-3 of the Nycodenz 
gradient (SW41 swing-out rotor) were combined (total volume = 
1.5 ml) and incubated with 1 mM dibucaine for the stabilization of 
membranes as described under Materials and Methods. Lane 1, 20 
/zl of the combined fractions were incubated without addition of 
protease; lane 2, 50 td of the combined fractions were incubated 
with proteinase K (0.1 mg/ml final concentration) for 30 rain at 
4°C; lane 3, 50 ttl of the combined fractions were incubated with 
proteinase K (0.1 mg/ml) in the presence of 0.3% (vol/vol) Triton 
X-100 for 30 min at 4°C. Macromolecules were precipitated with 
cold acetone and analyzed on polyacrylamide/agarose composite 
gels followed by fluorography. The gels were dried and exposed to 
an x-ray film (8-10 d). 

derived vesicles (Malhotra et al., 1989), the vesicles shown 
in Fig. 6 did not exhibit a detectable coat structure. The same 
results were obtained when vesicles were fixed in the pres- 
ence of tannic acid (data not shown). It may be that these 
vesicles had lost their coat structure during the preparation, 
as in contrast to the preparation of Golgi-derived vesicles 
(Malhotra et al., 1989), they were prepared in the absence 
of GTP'yS, which is known to inhibit the uncoating reaction 
because it inhibits the GTPase reaction of small GTP-bind- 
ing proteins. 

Characterization of HSPG-carrying Post-TGN Vesicles 
Fractions 1-6 of the Nycodenz gradient were diluted with 
PBS and sedimented by ultracentrifugation. The sedimented 
proteins were separated by SDS-PAGE and silver stained 
(Fig. 7). The most prominent proteins had apparent molecu- 
lar masses of '~14 and 30 kD, respectively. While the 14-kD 
protein was always colocalized with the 35S-labeled HSPG 
(4 min pulse, 8 rain chase) in fractions 1-3, the 30-kD pro- 
tein drifted in some experiments to fractions of higher den- 
sity. It remains, therefore, unclear, whether the 30-kD pro- 
tein is a true component of this vesicle population. 

To determine the membrane association of the 14-kD pro- 
tein the following experiments were performed (data not 
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Figure 6. Electron microscopy of 
TGN-derived secretory vesicles. 
For electron microscopy, isolated 
hepatocytes (corresponding to 
about 1 g wet wt) were homog- 
enized as described under Materi- 
als and Methods. Subccllular frac- 
tionation by velocity-controlled 
sucrose centrifugation was per- 
formed using a Beckman SW28 
swing-out rotor (see Materials and 
Methods). Fractions 1-8 (I ml/frac- 
tion) of the sucrose gradient were 
combined, loaded onto the Nyco- 
denz gradient (again using the Beck- 
man SW'28 swing-out rotor) and 
spun for 20 h at 150,000 g~ (for 
details, see Materials and Meth- 
ods). The fractions 1-12 (total vol- 
ume -- 12 rnl) of this gradient con- 
tained 35S-sulfated HSPGs (4 rain 
pulse, 8 rain chase), with a peak in 
fractions 4-6. According to bio- 
chemical characterization, the pu- 
rity of the vesicles obtained was 
comparable to that of vesicles ob- 
tained during small scale purifica- 
tions using the SW41 rotor. There- 
fore, the combined fractions 4-6 of 
the gradient were used for the prep- 
aration of electron micrographs as 
described under Materials and 
Methods. (.4) Negative staining; 
(B) ultra-thin sections. The dark 
dots in B represent artificial precip- 
itates. 

shown). The 14-kD protein was partially extracted (•50%) 
by hypotonic extraction with 1 mM NaHCO3 (pH 8.4), 
whereas 1 M NaC1 removed almost 80-90% of the protein 
from the vesicles. Under strong alkaline extraction condi- 
tions (100 ~ Na2CO3, pH 11.6) the 14-kD protein was 
completely extracted from the vesicles. Finally, when the 14- 
kD protein was subjected to Triton X-114 phase partitioning, 
the protein was quantitatively recovered in the water phase. 
When intact vesicles were incubated with proteinase K, the 
14-kD protein became digested without addition of deter- 
gent. Accordingly, we conclude that the 14-kD protein is 
peripherally attached to the membrane of the HSPG-carry- 
ing post-TGN vesicles. Therefore, the protein was designated 
VAPP14 (vesicle associated peripheral protein of molecular 
mass 14 fD). 

The Small GTP-binding Protein A R F  is Associated 
with HSPG-Carrying Vesicles 

Since the small GTP-binding protein ARF has been found to 
be involved in several types of intraceUular vesicular trans- 
port, we have analyzed the fractions of the sucrose and the 
Nycodenz gradients for the presence of ARE All fractions 
from the two gradients were diluted with PBS, and the vesic- 
ular structures were sedimented by ultracentrifugation, as 
indicated in Materials and Methods. The sedimented mate- 
rial was analyzed by SDS-PAGE and immunoblotted using 
the monoclonal ARF antibody 1D9. The results are given in 

Fig. 8. All fractions of the sucrose gradient contained 
membrane-bound ARF (Fig. 8 A, upper panel). When frac- 
tions 1-5 of the sucrose gradient were further separated on 
the Nycodenz gradient, ARF appeared mainly in fractions 
1-3 (Fig. 8 A, lower panel). When the fractions of the 
Nycodenz gradient were analyzed additionally in a ligand- 
binding blot assay for the binding of GTP[3,35S], a small 
GTP-binding protein of 20 kD was found to be enriched in 
fractions 1-3 (Fig. 8 B, upper panel). The corresponding 
Western blot (Fig. 8 B, lower panel) demonstrates that the 
small GTP-binding protein colocalizes with the signal ob- 
tained with the anti-ARF antibody 1D9. When GTP[ct32p] 
was used for detection of small GTP-binding proteins, the 
signal corresponding to the ARF protein was decreased, 
while that of other small GTP-binding proteins in fractions 
5-7 (Fig. 8 C) was much more intense when compared to 
the GTP overlay using GTP[v3sS]. Analysis of small GTP- 
binding proteins by 2-D gel electrophoresis and subsequent 
GTP[ot32p] ligand binding of the combined sedimented 
fractions 1-3 from the Nycodenz gradient showed that the 
small GTP-binding protein of 20 kD migrates as a single spot 
(Fig. 8 D). Comparison of a corresponding Western blot 
(using anti-ARF antibody 1D9) confirmed its identity as a 
member of the ARF family (data not shown). The additional 
small GTP-binding proteins of higher molecular weight found 
in the 2-D panel are caused by contaminations with SGBPs 
from the neighboring fractions (compare with Fig. 8 C). 
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Figure 7. Proteins enriched in fractions containing purified post- 
TGN secretory vesicles (3sS-sulfnted HSPG [4 n'fin pulse, 8 min 
chase]). The amount of hepatocytes was as described in the legend 
to Fig. 1 A. Homogenization and subcellular fracti0nation by 
velocity-controlled sucrose centrifugation and Nycodenz equilib- 
riu/n eentrifugation were performed as described in the legends to 
Figs. 1 A and 4 A. Aliquots from fractions 1-6 of the final Nycodenz 
gradient were diluted 1:2 (vol/vol) with phosphate-buffered saline 
and particulate material sedimented by ultracentrifugation (100,000 
g, 2 h). The sedimented material was processed by SDS-PAGE 
(13 %) and subsequently silver-stained using standard procedures. 
A protein with an apparent molecular mass of ,o14 kD was en- 
riched in the first three fractions of the Nycodenz gradient (peak 
amount in fraction 2). The protein with an app. molecular mass of 
,~ 30 kD in fraction 2 was not always detected with a maximum in 
fractions 1-3. In fraction 4, proteins with similar electrophoretic 
mobility to VAPP14 and the 30-kD protein were detected. At the 
present time, it is not clear whether these proteins are identical to 
VAPP14 and the 30-kD protein, or whether they represent different 
proteins. 

HSPG-carrying Secretory Vesicles do not Transport 
Albumin, Apolipoprotein E, and l~brinogen 
Since we had identified a post-TGN secretory vesicle carry- 
ing HSPGs, the question arose whether these vesicles con- 
tain also other proteins known to be constitutively secreted 
by hepatocytes. Analyzing the particulate material in the frac- 
tions of the Nycodenz gradient, RSA, apoE, and fibrinogen 
were detected in fractions 5-17 (Fig. 9 A), but not in frac- 
tions 1-3 containing the HSPG-carrying secretory vesicles. 

This could mean that albumin, apoE, and fibrinogen be- 
come sorted in the TGN into different secretory vesicles than 
HSPGs. However, it could also mean that albumin is sorted 
into the same post-TGN vesicle as HSPG, but that this pool 
is very small and characterized by a very high turnover. 
Therefore, rat hepatocytes were pulse labeled with [3sS]- 
methionine. The experiments were performed at 32°C. Cells 
were analyzed after a pulse of 10 min and a subsequent chase 
for 0-60 min (Fig. 9 B). The cells were homogenized and 
further analyzed by sucrose velocity centrifugation followed 
by Nycodenz equilibrium density centrifugation as indi- 

cated in Materials and Methods. The vesicles of fractions 
1-3 and of fractions 5-9 of the Nycodenz gradient were 
sedimented by ultracentrifugation, and the proteins were ex- 
tracted and immunoprecipitated as indicated in Materials 
and Methods and in the legend to Fig. 9 R Immunoprecipi- 
tates were separated by SDS-PAGE and analyzed by auto- 
radiography (Fig. 9 B). At no time point ~60 rain chase 
time, radioactive albumin could be detected in fractions 1-3 
of the Nycodenz gradient, which contained the HSPG-carry- 
ing post-TGN vesicles (Fig. 9 B, lane 1 in panels a-f). On 
the other hand, methionine became incorporated into albu- 
min observed in fractions 5-9 of the Nycodenz gradient, 
which contained the maximum of the immunodetectable al- 
bumin (Fig. 9 B, lane 2 in panels a-f). The amount of radio- 
activity incorporated into albumin from fractions 5-9 in- 
creased up to a chase time of 15 min (pulse time plus chase 
time = 25 min) followed by a slow decrease. Under the con- 
ditions used (32°C incubation temperature), significant 
amounts of radioactive albumin did not appear in the me- 
dium after 20 min of chase (see legend to Fig. 9 B). After 
30 and 60 min of chase time, increasing amounts of radioac- 
tive albumin could be detected in the medium (results not 
shown). These results can be explained best by assuming that 
HSPG on one hand, and albumin on the other hand, are 
sorted into different post-TGN secretory vesicles. These con- 
clusions disagree with data earlier reported for rat liver post- 
TGN transport vesicles (Salamero et al., 1990). 

Discussion 

Characterization of the HSPG-carrying 
Post-TGN Vesicles 
Here, we have identified and partially characterized a post- 
TGN vesicular fraction carrying HSPG in rat hepatocytes. 
As shown previously (Graham and Winterbourne, 1988), in 
rat hepatocytes, HSPG is transported exclusively to the 
plasma membrane and not to endosomal/lysosomal com- 
partments. Therefore, the HSPG-transporting post-TGN 
vesicles described here are constitutive secretory vesicles. 
Post-TGN secretory vesicles have been first isolated and 
characterized in Madin-Darby canine kidney cells (Bennet et 
al., 1988; Wandinger-Ness et al., 1990). The density of these 
vesicles was found to be 1.099-1.113 g/ml, which is con- 
siderably higher than the density of the HSPG-carrying vesi- 
cles which was ,~1.05-1.06 g/ml. On the other hand, the 
identification of HSPG-carrying secretory vesicles from rat 
hepatocytes as a low density compartment is in good agree- 
ment with the findings of Graham and Winterbourne (1988). 

The most prominent protein associated with the HSPG- 
carrying secretory vesicles from rat liver during analysis by 
SDS-PAGE and silver staining was a small peripheral protein 
with an apparent molecular mass of 14 kD (VAPP14). We do 
not know yet whether this protein exchanges with free 
VAPP14 or with VAPP14 associated with other cellular com- 
partments. 

The only SGBP that was found to be associated with the 
HSPG-carrying secretory vesicles was a member of the ARF 
family. Since the monoclonal antibody 1D9 used in our 
studies reacts with multiple members of the ARF family, we 
do not know yet which specific member of the family of ARF 
proteins we are dealing with. A participation of ARF in the 
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Figure 8. (,4) Distribution of ARF in the velocity-controlled sucrose gradient and in the subsequent Nycodenz gradient as detected by the 
monoelonal antibody ID9. The amount of hepatocytes was as described in the legend to Fig. 1 A. Homogenization and subeellular fraction- 
ation by velocity-controlled sucrose centrifugation and Nycodenz equilibrium eentrifugation were performed as described in the legends 
to Figs. 1 A and 4 A. Aliquots from the indicated fractions of the gradients were diluted and particulate material sedimented by ultraeentrifu- 
gation (100,000 g, 2 h) as given in Materials and Methods. The sedimented material was processed by SDS-PAGE (13%) and Western 
blotting. ARF was detected by the use of the monoclonal antibody 1D9. In the sucrose gradient (upper panel), ARF is distributed throughout 
the gradient. After Nycodenz gradient centrifugation (lower panel), ARF is only recovered in fractions 1-3, thus colocalizin 8 with ~S- 
labeled HSPG (4 min pulse, 8 rain chase, compare with Fig. 4 B). (B) Identification of small GTP-binding proteins by GTP[~35S] ligand 
binding and immunodetection of ARF using the monoelonal antibody 1D9 in the Nycoderg gradient. The amount of hepatocytes was as 
described in the legend to Fig. 1 A. Homogenization and subceUular fractionation by velocity-controlled sucrose centrifugation and 
Nycodenz equilibrium centrifugation were performed as described in the legends to Figs. 1 A and 4 A. Aliquots from the indicated fractions 
of the gradient were diluted and particulate material sedimented by ultracentrifugation 000,000 g, 2 h). The sedimented material was 
processed by SDS-PAGE (13%) and Western blotting. Upper panel, GTP[~sS] ligand binding was performed; lower panel, the corre- 
spending immune blot was used for the d&ection of ARF by the monoclonal anti-ARF antibody 1D9. The 20-kD signal obtained by 
GTP[~,35S] ligand binding ca)localizes with the signal generated with the anti-ARF antibody. (C) Detection of small GTP-binding proteins 
in the fractions of the Nycodenz gradient using GTP[orS2P] ligand binding. The amount of hepatocytes was as described in the legend to 
Fig. 1 A. Homogenization and subcellular fractionation by velocity-controlled sucrose centrifugation and Nycodenz equilibrium centrifuga- 
tion were performed as described in the legends to Figs. 1 A and 4 A. Aliquots from the indicated fractions of the gradient were diluted 
and particulate material sedimented by ultracentrifugation (100,000 g, 2 h) as given in Materials and Methods. The sedimented material 
was processed by SDS-PAGE (13 %) and Western blotting. GTP[cc32P] ligand binding was performed as described under Materials and 
Methods. The distribution of the 20-kD small GTP-binding protein (fractions 1-3) is identical to that seen after GTP[q:sS] ligand bind- 
ing. In contrast, the signal intensity is decreased. On the other hand, small GTP-binding proteins with molecular masses >20 kD show 
significantly stronger signals which extend also into fractions 1-3. (D) 2D-analysis of SGBPs in the pooled fractions 1-3 of the Nycodenz 
gradient. The amount of hepatocytes was as described in the legend to Fig. 1 A. Homogenization and subeellular fractionation by velocity- 
controlled sucrose centrifugation and Nycodenz equilibrium centrifugation were performed as described in the legends to Figs. 1 A and 
4 A. The combined fractions 1-3 were diluted and particulate material sedimented by ultracentrifugation (100,000 g, 2 h) as given in the 
methods section. Sedimented material was processed by 2-D gel electropboresis (Huber and Peter, 1993) and GTP[c~32P] ligand binding 
as described under Materials and Methods. After 2-D gel electrophoresis, the 20-kD small GTP binding protein detected after 1-D gel 
electrophoresis (see Fig. 8, B and C) migrated as a single spot. The position.wus the same as of ARF proteins detected with the monoclonal 
antibody 1D9 (data not shown). The additional small GTP-binding proteins of higher molecular mass are caused by contaminations from 
the neighboring fractions of higher density (compare with Fig. 8 C). 
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Figure 9. (A) Distribution of different secretory proteins under 
steady-state conditions in the Nyeodenz gradient. The amount of 
hepatocytes was as described in the legend to Fig. 1 A. Homogeni- 
zation and subcellular fractionation by velocity-controlled sucrose 
centrifugation and Nycodenz equilibrium centrifugation were per- 
formed as described in the legends to Figs. 1 A and 4 A. Aliquots 
from the indicated fractions of the gradient were diluted and partic- 
date material sedimented by ultracentrifugation (100,000 g, 2 h) 
as given in Materials and Methods. The sedimented material was 
processed by SDS-PAGE (10%) and Western blotting. Polyclunal 
rabbit antibodies directed against RSA, apoE, and fibrinogen were 
used. These three proteins were distributed between fractions 5-17 
and could not be detected in fractions containing HSPG-carrying 
secretory vesicles (fractions 1-3, see Fig. 4 A). (B) Pulse-chase 
labeling of hepatocytes using [35S]methionine and subsequent im- 
munoprecipitation of albumin from fractions of the Nycodenz gra- 
dient. Hepatocytes (150 mg/ml wet wt per experimental condition) 
were depleted of endogenous methionine by incubation for 60 min 
at 37°C in incubation medium supplemented with an amino acid- 
mixture lacking methionine (see Materials and Methods). The sus- 
pension was then transferred to 32°C and pulse labeled for 10 rain 
with [35S]methionine 000 #Ci/ml). The chase period was started 
by addition of unlabeled methionine (2 mM final concentration) at 
32°C for the times indicated below. Subsequently, cells were kept 
on ice to prevent any intraceUular transport. Homogenization and 
subcellular fractionation by velocity-controlled sucrose centrifuga- 
tion and Nycodenz equilibrium centrifugetion was performed as 
given in the legends to Figs. 1 A and 4 A. Fractions 1-3 (lanes 1) 
and fractions 5-9 (lanes 2) of the Nycodenz gradient were pooled, 
diluted with PBS, and particulate material was sedimented by 
ultracentrifugation (100,000 g, 2 h) as described under Materials 
and Methods. Intravesicular material was extracted using PBS con- 
taining Triton X-100 (0.3%). After removal of insoluble material 
by ultracentrifugetion, albumin was immunoprecipitated from the 
supernatant using a polycloual antibody directed against rat serum 
albumin and Pansorbin °. The immunoprecipitates were processed 
by SDS-PAGE (10%) and the dried gels analyzed for psS]methio- 
nine incorporation by autoradiography. The chase times were as 
follows: a, 0 mill; b, 5 rain; c, 15 min; d, 25 rain; e, 40 mill; and 
f, 60 rain. Under identical conditions, radiolabeled albumin did not 
appear in the medium al0  rain of pulse plus 20 rain of chase. After 
30 rain of chase, increasing amounts of radioactive albumin could 
be detected in the medium (data not shown). 

vesicular transport from the ER to the Golgi (Balch et al., 
1992) in intra-Golgi transport (Taylor et al., 1992), in 
endosome-endosome fusion (Lenhard et al., 1992), in TGN 
to late endosome transport (Stamnes and Rothman, 1993), 
as well as in the transport of nuclear membrane vesicles (13o- 
man et al., 1992; Sullivan et al., 1993), has been shown. 
Here, it is demonstrated for the first time that a member of 
the family of ARF proteins is associated also with post-TGN 
secretory vesicles. This can explain previous observations, 
that Brefeldin A inhibits the formation of constitutive secre- 
tory vesicles from the TGN (Rosa et al., 1992; Miller et al., 
1992). Brefeldin A was shown to inhibit the activity of a 
GDP/GTP exchange factor for ARE which is necessary to 
allow ARF to bind to the donor membrane (Donaldson et 
al., 1992b; Helms and Rothman, 1992). Furthermore, ARF 
was shown to be involved in the binding of the coat protein 
~t-COP to Golgi membranes (Donaldson et al., 1992a). 
Therefore, inhibition of the formation of constitutive secre- 
tory vesicles from the TGN by Brefeldin A implies the in- 
volvement of ARE This is in line with the presence of ARF 
on this type of vesicles as presented in this study. 

The HSPG-carrying post-TGN vesicles described here 
contained neither measurable amounts of the coat protein 
E-COP nor a visible coat structure, as assessed by electron 
microscopy. This by no means excludes that in the intact cells 
these vesicles possess a coat structure during and after bud- 
ding from the TGN. In contrast to the conditions used for 
the isolation of intra-Golgi transport vesicles (Malhotra et 
al., 1989), we have isolated the vesicles in the absence of 
GTPTS. GTP3,S is known to strongly inhibit the uncoating 
reaction. Therefore, the loss of a coat structure could be 
caused by the absence of GTPTS during the preparation of 
the vesicles. 

Sorting of Secretory Proteins into Different Post-TGN 
Secretory Vesicles 
In the Nycodenz gradient, vesicular structures containing 
the secretory proteins albumin, fibrinogen, or apolipopro- 
tein E handed at higher densities than 35S-sulfated HSPGs 
(4 min pulse, 8 rain chase). The fractions containing these 
secretory proteins are most likely composed of a mixture of 
transport vesicles from different stages of the secretory path- 
way. In view of the almost undetectable traces of albumin as- 
sociated with the HSPG-carrying vesicles, it seems unlikely 
that HSPG and albumin are sorted into the same post-TGN 
secretory vesicle. 

Nevertheless, one cannot completely exclude the possibil- 
ity that the post-TGN pool of secretory albumin is very small 
but has an extremely high turnover. However, when rat hepa- 
tocytes were pulse-labeled with [35S]methionine (10 min) 
and chased for <60 rain, labeled albumin could be detected 
in fractions 5-9 of the Nycodenz gradient, but at no time 
point in fractions 1-3, which contained the HSPG-carrying 
vesicles. The pulse-time of 10 rain was adequately selected, 
especially considering the fact that the experiment was per- 
formed not at 37°C, but at 32°C. Since under these condi- 
tions, measurable amounts of radioactive albumin were not 
secreted earlier than 30 rain after the chase, the lack of ap- 
pearence of radiolabeled albumin in the HSPG-carrying 
vesicles cannot be explained by assuming that radiolabeled 
albumin had already left the pool of POst-TGN secretory vesi- 
cles. Furthermore, radioactive albumin appeared in frac- 
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tions 5-9 already after a pulse of 10 min (Fig. 9 B). At this 
time point, labeled albumin could not be detected in the 
medium. Therefore, the labeled albumin observed in frac- 
tion 5-9 of the Nycodenz gradient can not represent secreted 
radioactive albumin that was subsequently endocytosed. At 
this point, the results are strongly indicative for a sorting of 
albumin and HSPG into different post-TGN secretory vesi- 
cles, although these data do not fit with those reported by 
others (Salamero et al., 1990). It is now necessary to also 
purify the albumin-containing constitutive secretory vesicles 
to characterize them with respect to cargo and vesicle as- 
sociated proteins. This approach will also provide more in- 
formation on the sorting mechanisms of constitutively 
secreted proteins in hepatocytes. 
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