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Abstract. TGN38/41, an integral membrane protein 
predominantly localized to the trans-Golgi network, 
has been shown to cycle to the plasma membrane and 
return to the TGN within 30 min. (Ladinsky, M. S., 
and K. E. Howell. 1992. Eur. J. Cell BioL 59:92-105). 
In characterizing the proteins which associate with 
TGN38/41, a peripheral 62-kD protein, two forms of 
rab6 and two other small GTP-binding proteins were 
identified by coimmunoprecipitation. However, •90% 
of the 62-kD protein is cytosolic and is associated 
with the same subset of small GTP-binding proteins. 
Both the membrane and cytoplasmic complexes were 
characterized by sizing column fractionation and ve- 
locity sedimentation. The membrane complex was 
,',,250 kD (11.6 S) consisting of the cytosolic complex 
and a heterodimer of TGN38/41 (160 kD). The cyto- 

solic complex was '~86 kD (6.1 S) consisting of p62 
and one small GTP-binding protein. Preliminary evi- 
dence indicates that phosphorylation of the p62 mole- 
cule regulates the dissociation of the cytosolic com- 
plex from TGN38/41. Functionally the cytosolic p62 
complex must bind to TGN38/41 for the budding of 
exocytic transport vesicles from the TGN as assayed in 
a cell-free system (Salamero, J., E. S. Sztul, and 
K. E. Howell. 1990. Proc. Natl. Acad. Sci. USA. 
87:7717-7721). Interference with p62, rab6 or 
TGN38, and TGN41 cytoplasmic domains by immuno- 
depletion or competing peptides completely inhibited 
the budding of exocytic transport vesicles. These 
results support an essential role for interaction of the 
cytosolic p62/rab6 complex with TGN38/41 in bud- 
ding of exocytic vesicles from the TGN. 

T 
HE molecular mechanism of vesicular transport, by 
which both proteins and lipids move from one sub- 
cellular compartment to another, has been a topic of 

intense investigation recently (for reviews see Rothman and 
Orci, 1992; Pryer et al., 1992; Mellman and Simons, 1992). 
Cell-free assays combined with genetic studies in Sac- 
charomyces cerevisiae have allowed the identification of 
numerous molecules involved in the vesicular transport pro- 
cess. Many cell-free assays measure the entire process, 
departure of a marker from one compartment and arrival at 
the next (for reviews see Melan~on et al., 1991; Sztul et al., 
1992). However, vesicular transport can be divided into 
many individual processes and cell-free assays can be de- 
signed to study each individual step. Additional impetus to 
the vesicular transport field has come from the consistent 
finding that transport between each donor and acceptor com- 
partment appears to be regulated by distinct members of the 
rab subfamily of the ras-related low molecular weight GTP- 
binding proteins (for reviews see Balch, 1990; Gruenberg 
and Clague, 1992; Pfeffer, 1992). 
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We have been studying the budding of vesicles from an im- 
mobilized stacked Golgi fraction and have found that forma- 
tion of exocytic transport vesicles from the TGN is both rapid 
and efficient (Salamero et al., 1990). To study the budding 
from the TGN in more detail, we have focused on a type 1, 
integral membrane protein of the TGN, TGN38; the cDNA 
was isolated, sequenced, and expressed by Luzio et al. 
(1990). Recently, an isoform of the TGN38 eDNA was 
identified, TGN41, which has an 8 base change, including 
a 5-bp insertion resulting in an extended cytoplasmic domain 
of 23 amino acids (Reaves et al., 1992). Most studies on 
TGN38 have used antibodies which recognize the luminal 
domain, as shown by epitope mapping of different polyclonal 
antibodies (Wilde et al., 1992). Since the luminal domain is 
identical in both isoforms, experiments to date have studied 
TGN38/41 (Luzio et al., 1990; Robinson, 1990; Hunziker 
et al., 1991; Lippincott-Schwartz et al., 1991; Wood et al., 
1991; Ladinsky and Howell, 1992; Reaves and Bantings, 
1992; Reaves et al., 1993; Humphrey et al., 1993; Bos et al., 
1993). 

Signals in the cytoplasmic domain of TGN38141 have been 
shown to be responsible for its predominant TGN localiza- 
tion (Luzio et al., 1990; Humphrey et al., 1993; Bos et al., 
1993). Although the predominant localization is the TGN, 
the molecule rapidly cycles to the PM and returns to its resi- 
dent compartment within 30 min (Ladinsky and Howell, 

© The Rockefeller University Press, 0021-9525/93/08/775/14 $2.00 
The Journal of Cell Biology, Volume 122, Number 4, August 1993 775-788 775 



1992; Reaves et al., 1993). These findings led us to inves- 
tigate the proteins that associate with TGN38/41 to identify 
molecules involved in the trafficking process. 

To amplify our signal, we started with a stacked Golgi 
fraction isolated from rat liver. The secretory proteins were 
removed by carbonate washing and the membranes were 
solubilized in CHAPS to form mixed detergent/lipid 
micelles. Using this preparation, we have identified a protein 
at 62 kD and a select subset of small GTP-binding proteins, 
including rab6 which coimmunoprecipitate with TGN38/41. 
The association of these proteins also has been demonstrated 
by two other methods, sizing column chromatography and 
velocity sedimentation in sucrose gradients. Rab6 has previ- 
ously been localized to the Golgi complex and peripheral 
Golgi vesicles (Goud et al., 1990; Yang et al., 1992; Antony 
et al., 1992). Approximately 90% of p62 is cytosolic and is 
associated with four small GTP-binding proteins. The 10% 
of p62 which is bound to the Golgi membrane is in a complex 
with TGN38/41 and all of the GTP-binding proteins which 
are found associated with the cytosolic complex. Phosphory- 
lation may regulate the dissociation of the 1362 cytosolic 
complex from TGN38/41, and hence the membrane. 

Since monomeric GTP-binding proteins are thought to 
function by catalyzing the assembly of interacting molecules 
(for review see Bourne et al., 1990; Sztul et al., 1992), the 
TGN38/4 l/GTP-binding protein complex is an excellent can- 
didate for involvement in the vesicular transport process. 
Functional studies using a cell-free budding assay reveals 
that the p62 cytosolic complex must associate with the cyto- 
plasmic domain of TGN38/41 for the formation of exocytic 
transport vesicles from the TGN. 

Materials and Methods 

Materials 
Unless otherwise indicated, all chemicals were obtained from Sigma Chem. 
Co. (St. Louis, MO). CHAPS, alkaline phosphatase (from calf intestine), 
and secondary antibodies were purchased from Boehringer Mannheim (In- 
dianapolis, IN). Nitrocellulose was obtained from Schleicher and Schuell 
(Keene, NH). Peptides were synthesized by Macromolecular Resources 
(Fort Collins, CO). 

Antibodies 

TGN38/41 antibodies were raised in a rabbit (#873) against a TGN38-13- 
galactosidese fusion protein; the same antigen as used in Luzio et al. (1990). 
By epitope mapping, this antiserum recognized amino acids 69-74 present 
in the luminal domain of both TGN38 and 41 (antiserum 2, in Wdde et al. 
[1992]). Therefore, all immunoassays using this antibody detect both iso- 
forms. 1362 antibodies were raised against the band at 62 kD extracted from 
a 1D-gel of immunoprecipitates from a stacked Golgl fraction using anti- 
bodies against TGN38/41. Antibodies used in the cell-free assay were as de- 
scribed (Salamero et al., 1990). Antibodies against rab6 were the generous 
gift of B. Goud, Institut Pasteur, Paris, France. 

Pulse-Chase 
NRK cells were preincubated in balanced salt solution containing vitamins 
for 45 min (GIBCO BRL, Galthersburg, MD). They were then pulsed for 
10 rain with 100/~Ci l'tC-mixed amino acids (New England Nuclear, Bos- 
ton, MA) per 100-ram 2 tissue culture dish in MEM containing 0.1× the 
standard concentration of each of the labeled amino acids using a Select 
Amine Kit (GIBCO BRL). The pulse media was removed, the cells were 
washed twice in the preincubation media, and then incubated for various 
time points in MEM containing 10× concentration of each of the amino 
acids which were labeled. After the chase, the cells were placed on ice and 

solubilized in NET buffer (50 mM Tris, pH 8.0, 150 mM NaC1, 5 mM 
EDTA, 1% NP-40). Immune serum (20/~1) was added to each sample, in- 
cubated for 2 h at 4°C, and immune complexes were precipitated with 100 
~tl of a 50% protein A-Sephamse slurry (Pbarmacia LKB Biotechnology, 
Piscataway, NJ). Half of each immunoprecipitate was treated with neur- 
aminidasa; 100 mU of neuraminidase Type VIII in 100 mM Na-Acetate 
buffer, pH 5, 1 mM CaCI2, and 150 mM NaCI for 5 h at 37°C. The sam- 
ples were solubilized, resolved by SDS-PAGE, enhanced with Entensify 
(New England Nuclear), dried, and exposed to KODAK XAR film (East- 
man Kodak, Rochester, NY) for autoradiography. 

Fractionation 

Stacked Golgi fraction was isolated from rat liver by the method of Lee- 
lavathi et al. (1970) (Salamero et al., 1990). All solutions contained a mix 
of proteolytic inhibitors: chymostatin, leupeptin, anfipain, pepstatin 1 
/~g/rni each. Cytosol was prepared from the 0.5 M sucrose fraction, which 
contains the soluble proteins. It was subjected to centrifugation (100 k g, 
2 h) and the supernatant was concentrated to 40 mg/ml in an Amicon with 
a PMI0 membrane. Both the stacked Golgl fraction and cytosol were ali- 
quoted, frozen in liquid nitrogen, and stored at -80°C. 

1D- and 2D-Gel Electrophoresis 

SDS-PAGE (1D) was carried out using a 5-t5% acrylamide gradient and 
the buffer system of Maizel (1971). Molecular weights were determined by 
use of SDS-PAGE standards (Biorad Labs., Richmond, CA). 2D-gel elec- 
trophoresis was according to Celis et al. (1990). In the first dimension, the 
isoelectric focusing gradient ranged from pH 3-10 and in the second dimen- 
sion, the acrylamide gradient ranged from 10-15%. pI was measured using 
IEF standards (Biorad Labs). 

Immunoprecipitation 
Stacked Golgi fraction (1 mg protein) was washed in 200 mM sodium car- 
bonate, pH 11.0, for 30 rain on ice and pelleted, 100 k g, 30 rain. The pellet 
was resuspended in 2 ml CHAPS buffer (20 mM CHAPS, 20 mM Hepes- 
KOH, pH 6.8, 100 mM KCI, 0.3 M sucrose, containing the cocktail of pro- 
teolytic inhibitors), incubated on ice for 1 h, and then centrifuged (200 K 
g, 20 min) to remove insoluble material. The critical micellar concentration 
for CHAPS is 3-10 mM (Hjelmeland, 1980). Antiserum (20 #1) was added 
to the supernatant and allowed to bind overnight at 4°C. Immune complexes 
were precipitated with sheep antibodies against the Fc domain of rabbit IgG 
which were covalently coupled to fibrous cellulose (Luzio, 1977). The im- 
munoprecipitates were resuspended in 1.25% SDS, reduced with 1 mM 
DTT, boiled for 10 rain, and alkylated with 5 mM iodoacetamide. 

Immunoblot and Ligand Blots 

Nitrocellulose filters were blocked for I h in 10% defatted milk/PBS/0.02 % 
sodium azide. The filters were then incubated overnight with primary anti- 
body, washed, and incubated in secondary antibody for 2 h. The blots were 
visualized using either 125I-protein A (ICN Biomedicals, Inc., Costa Mesa, 
CA) and autoradiography or anti-rabbit IgG coupled to alkaline phospha- 
tase, followed by colorimetric detection reaction. GTP-ligand blotting was 
modified from Lapatina et al. (1987). Briefly, nitrocellulose filters were 
blocked for ! h in 100 mM NaH2PO4/Na2HPO4 buffer, pH 7.5, 5 mM 
MgCI2, 1 mM EDTA, 0.3% Tween 20, and 4/~M ATP (binding buffer) 
with 2% BSA. The filters were then incubated for 90 rain in binding buffer 
with 0.5/~Ci/ml [ot3~p]GTP (Amersham, Arlington Heights, IL), followed 
by extensive washing in the same buffer. 

Protease Protection 
Stacked Golgi fraction was homogenized in an AA glass/Teflon homog- 
enizer (Arthur H. Thomas, Philadelphia, PA) to form small vesicles. The 
vesicles (100/tg protein) were treated with 3, 15, 30/~g/ml trypsin for 30 
rain at 4°C in the presence or absence of 0.2% Triton X-100 in 100 raM 
Hepes, pH 6.8, 2 mM MgCI in a total volume of 50/tl. Half of the sample 
was resolved by SDS-PAGE and the other half assayed for galactosyltrans- 
ferase activity (Bretz and Staubli, 1977) to assess the latency of the vesicles. 

Membrane Washing 

Stacked Golgi fraction was pelleted through a 0.5 M sucrose cushion 
(150 K g, 30 rain) and resuspended at 1 mg/ml in various wash conditions 
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for I h at 4°C. (I) 200 mM sodium carbonate, pH It; (2) 1.0 M NaCI; (3) 
6 M urea. Aliquots 000/A) were pelleted through a 0.5 M sucrose cushion 
(150 K g, 1 h) and the supernatants precipitated in ice cold 90% acetone. 
TXI14 extractions were carried out as described (Bordier, 1981). All sam- 
pies were resolved by SDS-PAGE. 

Gel Filtration 

Gel-filtration chromatography was carried out using Sepbacryl S100 (Phar- 
macia LKB Biotechnolugy). Samples of 50 rag protein of either carbonate 
washed stacked Golgi fraction solubilized in CHAPS buffer, or cytosol in 
CHAPS buffer were loaded onto the column and elution was with 20 mM 
Hepes-KOH, pH 6.8, 100 mM KCI, 0.3 M sucrose, 20 mM CHAPS con- 
tainiug the cocktail of proteolytic inhibitors. Fractions (3.0 ml) were col- 
lected, and aiiquots were analyzed by ELISA. The column was calibrated 
with molecular weight standards: catalase, 232 kD; BSA, 66 kD; carbonic 
anhydrase, 29 kD; cytochrome c, 12 kD, and aprotinin, 6.5 kD. 

Velocity Sedimentation in Sucrose Gradients 

Continuous 5-25% sucrose gradients were prepared in CHAPS buffer. 
Samples in CHAPS buffer plus 5 % sucrose, (either 200 ~g cytosol or car- 
bonate washed stacked Golgi fraction which was p~viously solubilized for 
1 h at 4°C in CHAPS buffer and centrifuged to remove insoluble material) 
were layered onto the top of the gradient and centrifuged in an SW41 rotor 
(Beckman Instruments, FOlo Alto, CA) at 40,000 rpm for 16 h. Fractions 
(330 td) were collected and analyzed either by ELISA or SDS-PAGE. Den- 
sities were determined using a refraetometer (Bausch & Lomb Inc., Roches- 
ter, NY). S value standards were determined according to Siegel and Monty 
(1966) using bovine a2-macroglobulin, 20S; bovine liver catalase, 11.4 S; 
and BSA, 4.6 S as standards. 

ELISA 
50-td aiiquots from each of the sucrose gradient fractions were diluted with 
50/~1 PBS and adsorbed to microtiter plates (Dynatech Labs, Inc., Chan- 
filly, VA) overnight at 4°C. Plates were blocked and washed with 3% 
BSA/PBS/0.02 % azide for 1 h. Primary antibodies were incubated for 4 h, 
followed by secondary antibodies conjugated with alkaline phospbatase for 
2 h, developed, and read using a microtiter plate reader (Biorad Labs). 

In Vitro and In Vivo Phosphorylation 

In vitro phospborylation was carried out using a carbonate washed stacked 
Golgi fraction (100/~g protein) which was pelleted through a 0.5 M sucrose 
cushion and resnspended in 100/~1 ddH20 and 25 pl of 10× reaction 
buffer (1 M NaC1, 0.5% TX-100, 500 mM Tris, pH 7.5, 20 mM MgCI2, 
20 mM MnCI2, 10 mM CaCI2) on ice for 10 rain. Then 10/~Ci [~,32p]ATP 
(Amersham Corp.) was added and incubated for 30 rain at room tempera- 
ture. The reaction was stopped by addition of 11.5 ~,120% SDS, 752/,1 ice 
cold ddH20, 50/~1 1.0 M NaF. The sample was solubilized by addition of 
100 ~1 of 10× 20 mM CHAPS buffer and immunoprecipitated. 

In vivo phosphorylation was carried out by incubating NRK cells with 
5 mCi [32P]orthophospbate in phosphate free MEM (GIBCO BRL) for 2 h 
in the CO2 incubator. The cells were washed 3 × in media, scraped, and 
pelleted. The pellet was solubilized in 20 mM CHAPS and immunoprecipi- 
tared. Half of each immunoprecipitate from both the in vitro and in vivo 
phosphorylations was treated with alkaline phospbatase for 1 h at 37°C. 

CeU-Free Budding Assay of Exocytic Transport Vesicles 
from the Trans-Golgi Network 

The cell-free assay of buddiug from immobilized stacked Golgi fraction was 
carried out as described in Salamero et ai. (1990). The magnetic core and 
shell beads used to immobilize the stacked Golgi fraction were the gift of 
John Ugelstad and Ruth Schmid, University of Trondheim, Norway. The 
exocyfic transport vesicles of the budded fraction were previously char- 
acterized in Salamero et ai. (1990). The amount of budding assayed by 
SDS-PAGE, • • 125~ transfer, immunoblotting, and detection with I-protein A, 
was quantitated by use of a Phosphorlmager (Molecular Dynamics, Surrey- 
vale, CA). 

In ceil-free assays when antibodies were added to cytosol to test for a 
possible blocking effect, 50-/~1 serum was added to 200/~1 cytosol and 
mixed at 4°C for 1 h, and then used in the cell-free assay. For immunodeple- 
tion of the cytosol, 50-td serum was added to 200 ttl cytosol and mixed at 
4°C overnight. The immune-complexes were precipitated with 100/~1 cellu- 

lose fibers which bad affinity purified goat anti-rabbit IgG covaiently 
bound. In cell-free assays when either antibodies were added or cytosolic 
volumes were changed by immunodepletion, the volume of the assay buffer 
was adjusted to maintain a constant volume. 

For the reconstitution experiments, p62/rab complex was isolated from 
cytosul (10 nag protein in 300 td) on a Sepbacryl S100 column (1.25 cm ID 
× 1 In). The column was eluted with PBS and allqnots of the fractions as- 
sayed for p62 by ELISA. The pooled peak fractions bad a volume of 3.0 
ml. In the cell-free assay, aiiqnots of the peak fraction corresponding to 
0.5× and the 1.0× p62 concentrations were added with simultaneous reduc- 
tion in assay buffer to maintain a constant assay volume. 

Peptides: (1) 12 carboxyl-terminai amino acids of TGN38 [CKAS- 
DYQRLNLKL], (2) the 15 earboxyl-terminal amino acids of TGN41 
[CKNLVLPADLFPNQEK], and (3) the 15-amino-terminal amino acids of 
TGN38 and TGN41 [LPSASKPNNTSSENNC] were added to the stacked 
Golgi fraction bound to the beads and to the eytosol at 100 ttM for 30 rain 
at 4°C before combining the two fractions and initiation of the cell-free as- 
say. All peptides were terminated with a cysteine which was used to couple 
them to keyhole limpet hemocyanin. 

Results 

Immunoprecipitation with TGN38/41 
Antibodies Identify p62 
In expe "rlments to study the biogenesis of TGN38, a pulse- 
chase experiment was carried out in NRK cells. The cells 
were labeled for 10 rain with 14C-mixed amino acids 
(TGN38/41 have only one methionine and no cysteines in 
their mature sequences) and chased for various times in the 
presence of 10-fold excess unlabeled amino acids. Cells were 
solubilized with 1% NP-40 and immunoprecipitated; half of 
each immunoprecipitate was treated with neuraminidase. 
The analysis is shown in Fig. 1. At the completion of the 
pulse and through a 30-rain chase, the immature forms of 
TGN38/41 are resolved as a doublet at "o57 kD. After a 120- 
rain chase the immature forms are no longer detected and 
mature forms are resolved as a smeared doublet at ,o85 kD 
(mature forms first detected at a 30-min chase). The imma- 
ture forms are not neuraminldase-sensitive, while the mature 
forms are, and after neuraminidase digestion the mature 
forms shift to a broad band "o58-60 kD (indicated by aster- 
isk). This demonstrates that TGN38/41 are polysialylated 
glycoproteins. A repeated observation of these experiments 
is that an additional band coimmunoprecipitates, seen in this 
experiment at 60 kD through 30 min and a second form at 
"o62 kD at later time points. Both the 60- and 62-kD forms 
are present through the 240-rain chase. Neither form is 
neuraminidase-sensitive. 

To characterize the 60/62-kD proteins, preparative im- 
munoprecipitates from stacked Golgi fraction were carried 
out with antibodies against TGN38/41. A number of different 
detergent conditions were tested to solubilize the carbonate 
washed Golgi membranes and p62 remained associated with 
TGN38/41 using many solubilization protocols. We selected 
solubilization in 20 ram CHAPS because functional com- 
plexes of transmembrane proteins with cytoplasmic factors 
have been shown to remain intact in mixed CHAPS/lipid 
miceUes (Rivnay et al., 1982; Rivnay and Metzger, 1982). 
The results of such an experiment are shown in Fig. 2 A. An 
immunoprecipitate of TGN38/41 is resolved by SDS-PAGE 
and stained with Coomassie blue; a 62-kD protein is clearly 
visible along with the TGN38/41 doublet and the heavy chain 
of immunoglobulin. At steady state the 60-62 kD doublet is 
not seen; the 62-kD band predominates. The 62-kD band 
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Figure L Pulse-chase experi- 
ment with TGN38/41. NRK 
cells were pulsed for 10 min 
with ~*C-mixed amino acids 
and chased for 0, 30, 120, and 
240 min with 10-fold excess 
unlabeled amino acids. Cells 
were lysed and aliquots immu- 
noprecipitated with antibod- 
ies against TGN38/41 and half 
of each immunoprecipitate 
was treated with neuramini- 
dase. The immunoprecipitates 
were solubiliz~ and resolved 
by SDS-PAGE. The gel was 
enhanced with Enteasify, dried, 

and autoradiography was carded out. Preimmune serum did not precipitate any bands (not shown). * Denotes the neuraminidase product. 
TGN38/41 is difficult to label to a reasonable specific activity for autoradiography in a pulse-chase protocol, which indicates it has long 
half-life. 

was excised from the gel and used for production of antibod- 
ies in a rabbit. 

The p62 antiserum was characterized by immunoprecipi- 
tation from stacked Golgi fraction and compared directly 
with TGN38/41 immunoprecipitates. Both immunoprecipi- 
tates were resolved by SDS-PAGE, transferred to nitrocel- 
lulose, and blotted sequentially using the two antibodies. 
Antibodies against p62 immunoprecipitated p62 and the 
TGN38/41 doublet (Fig. 2 B) while antibodies against 
TGN38/41 immunoprecipitated TGN38/41 and p62 (Fig. 2 
C), as in the pulse-chase experiment. The antibodies against 
TGN38/41 do not recognize p62 on blots nor do the antibod- 
ies against p62 recognize TGN38/41 (see Fig. 4, A and B). 

p62 IS a Cytosolic Protein which Peripherally 
Associates with Golgi Membranes 

After the cell fractionation procedure used to isolate stacked 
Golgi fraction is carried out, ,x,90% of p62 is in the cytosolic 
fraction, •10% in stacked Golgi fraction while only trace 
amounts are present in the heavier RER, mitochondrial and 
lysosomal fractions (data not shown). To confirm the cyto- 
solic orientation of the p62 associated with Golgi mem- 
branes, protease sensitivity experiments were carded out in 
the presence and absence of detergent. Galactosyltransferase 
activity was used as the control to monitor the integrity of 
the vesicles derived from the stacked Golgi fraction (Fig. 3 
A). In absence of detergent, p62 was completely degraded 

Figure 2. Identification of p62 
and immunoprecipitations with 
p62 and TGN38/41 antisera. 
(A) Coomassie blue stained 
SDS-PAGE of a preparative 
immunoprecipitate of carbo- 
nate washed, CHAPS solubi- 
lized stacked Golgi fraction 
using antibodies against TGN- 
38/41. The doublet at ,~85 kD 
is TGN38/41. The band at 
~62 kD which coimmunopre- 
cipitated, labeled antigen, was 
excised and used for antibody 
production. HC is the heavy 
chain of the immunoglobulin 
used in the immunoprecipi- 
tation. (B and C) Immunopre- 
cipitate from carbonate washed, 
CHAPS solubilized stacked 
Golgi fraction using antibodies 
against 1362 (B) and TGN38/41 
(C), resolved by SDS-PAGE, 
and transferred to nitrocel- 
lulose. Immunoblots were 
carried out consecutively with 
antibodies against TGN38/41 
and 1362. 
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Figure 3. Characterization of 
the association of p62 with 
Golgi membranes. (A) Stacked 
Golgi fraction was homog- 
enized into vesicles and treated 
with 3, 10, or 30/,g/ml trypsin 
at 4°C in the absence or pres- 
ence of 0.2% TX-100. The 
fractions were divided and 
half was resolved by SDS- 
PAGE followed by immuno- 
blotting and the other half 
assayed for galactosyltrans- 
ferase activity. The activity 
was 5,000 cpm transferred/ 
min/mg and is expressed as % 
of nontreated fraction. (B) 
Stacked Golgi fraction was 
subjected to 200 mM sodium 
carbonate (High pH); 1 M 
NaC1 (High Salt); 6 M Urea 
and then separated into super- 
natant (S) and pellet (P) frac- 
tions. TXll4 extraction was 
carried out and then separated 
into detergent (Det) and 
aqueous (Aq) phases. The 
fractions were resolved by 
SDS-PAGE, transferred to 
nitrocellulose, and immu- 
noblotted with antibodies 
against p62. 

by 3/~g/ml trypsin at 4°C for 30 min, conditions in which 
the galactosyltransferase activity was maintained. Only in 
the presence of detergents was the galactosyltransferase ac- 
tivity significantly diminished. 

To study the association of p62 with the Golgi membrane, 
high pH and high salt washes were carried out as well as urea 
and TX-114 extractions (Fig. 3 B). p62 remained in the car- 
bonate pellet, was minimally salt extracted, was recovered 
in the supematant after 6 M urea, and distributed completely 
into the TX-114 aqueous phase. These data establish that p62 
is a tightly associated peripheral protein oriented on the 
cytosolic face of the Golgi membrane. 

Complexes Containing p62 in Both Golgi Membranes 
and Cytosol Include Small GTP-binding Proteins 

The complexes which contain p62 in both the Golgi mem- 
brane and in cytosol were characterized by: (a) 2D-gel anal- 
ysis, (b) immunoprecipitation, (c) sizing column fraction- 
ation, and (d) velocity sedimentation in sucrose gradients. 
GTP-binding proteins also were characterized, since there 
are many indications that they are involved in the vesicular 
transport process. 

2D-Gel Analysis of Stacked Golgi Fraction and Cytosol. 
To show the forms of TGN38/41 and p62, stacked Golgi 

fraction and cytosol were resolved by 2D-gel electrophore- 
sis, transferred, and probed with specific antibodies. An im- 
munoblot with antibodies against TGN38/41 detect a hetero- 
geneous protein in both charge (pI 6.4-6.1) and molecular 
weight ('~85-88 kD) (Fig. 4 A). The charge heterogeneity 
is consistent with the polysialylation of TGN38/41 demon- 
strated in Fig. 1. An immunoblot of stacked Golgi fraction 
with antibodies against p62 detects two charge forms of p62 
with pFs of 6.4 and 6.3 (Fig. 4 B). In contrast, in cytosol, 
only one charge form of p62 was detected (Fig. 4 C) and its 
pI, 6.1, is significantly more acidic than either form 
identified in stacked Golgi fraction (Fig. 4 B). More acidic 
forms often represent phosphorylation; to test this hypothe- 
sis an aliquot of each fraction was alkaline phosphatase 
treated. The forms of p62 associated with the Golgi mem- 
brane did not shift in pI (Fig. 4 D) while the form of p62 in 
cytosol shifted to a pI of 6.3-the same pI as the more acidic 
form associated with the Golgi membrane (Fig. 4 E). This 
data demonstrates that only the cytosolic form of p62 is 
phosphorylated. Note that antibodies against TGN38/41 do 
not recognize the p62 protein (Fig. 4 A) and antibodies 
against p62 do not recognize TGN38/41 (Fig. 4 B) on immu- 
noblots; providing additional information that the two pro- 
teins are unrelated. 

Immunoprecipitation with Antibodies against Both TGN- 
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Figure 4. Characterization of TGN38/41 and p62 by 2D-gel analysis. Carbonate washed stacked Golgi fraction (A, B, and D) or cytosol 
(C and E) were resolved by 2D-gel electrophoresis, transferred to nitrocellulose, and immunoblotted. (A) Stacked Golgi with antibodies 
against TGN38/41; (B) stacked Golgi with antibodies against p62; (C) cytosol with antibodies against p62; (D) alkaline phosphatase-treated 
stacked Golgi with antibodies against !062; and (E) alkaline phosphatase-treated cytosol with antibodies against p62. Filled arrow head 
represents pI of 6.3 and open arrow head represents pI of 6.1. 

38/41 and p62 Coprecipitate a Discrete Set of Small 
GTP-binding Proteins. Immunoprecipitates from carbonate 
washed, CHAPS solubilized stacked Golgi fraction and 
from cytosol with TGN38/41 and p62 antisera were resolved 
by 2D-gel electrophoresis, transferred to nitrocellulose and 
probed with [ot32P]GTP to assay for coprecipitation of 
GTP-binding proteins. For comparison, the small GTP- 
binding proteins associated with the carbonate washed 
stacked Golgi fraction are shown in Fig. 5 A. Surprisingly, 
at least 14 GTP-binding proteins with molecular weights of 
,,o 25 kD are.resolved, labeled A-N (note that ARF's are in 
the 21-kD range and are not shown in this panel). The li- 
gand blot of an immunoprecipitate with antibodies against 
TGN38/41, reveal five small GTP-binding proteins "B; "C" 
"D; "H" and "N;  present in different proportions (Fig. 5 B). 
This is a simplified pattern compared with that of the en- 

tire Golgi fraction. An immunoprecipitate with antibodies 
against p62, coprecipitate three of the same small GTP- 
binding proteins as antibodies against TGN38/41 ("B; "C" 
and "D') (Fig. 5 C). Remarkably, p62 immunoprecipitates 
from cytosol coprecipitate four of the same small GTP- 
binding proteins as TGN38/41 ("13, "C, ~ "D," and "N') (Fig. 
5 D). "I-F' and "N-" vary most in concentration. "N" is much 
higher in the cytosolic complex and minimally present in the 
membrane complexes. "H" is discussed below. 

Since rab6 had already been localized to the Golgi com- 
plex and its associated vesicles, it was logical to determine 
if rab6 was one of the major GTP-binding proteins as- 
sociated with TGN38/41 and p62. Therefore, immunoblots 
were carried out with antibodies against rab6 on the filter in 
B and the two slightly skewed spots of"C" and "I-I" were both 
positive. This indicates that some processing of rab6 has 
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Figure 5. Characterization of the small GTP-binding proteins as- 
sociated with the stacked Golgi-fraction, TGN38/41, and p62. Car- 
bonate washed, CHAPS solubilized, stacked Golgi fraction and 
cytosol were immunoprecipitated with specific antisera. The car- 
bonate washed stacked Golgi fraction and the immunoprecipitates 
were resolved by 2D-gel electrophoresis, transferred to nitrocellu- 
lose and ligand blotted with [a32P]GTP or immunoblotted. (A) 
Carbonate washed stacked Golgi fraction; (B) stacked Gotgi frac- 
tion immunoprecipitated with antibodies against TGN38/41; (C) 
stacked Golgi fraction immunoprecipitated with antibodies against 
p62; (D) cytosol fraction immunoprecipitated with antibodies 
against p62; and (E) immunoblot of filter in B with antibodies 

taken place when it is bound to TGN38/41. The other GTP- 
binding spots "B; "D; and "N" are not identified (see Dis- 
cussion). 

Taken together with the data in Fig. 2, these data indicate 
that the complex associated with the Golgi membranes con- 
sists of TGN38/41, p62, two forms rab6, and at least two 
other small GTP-binding proteins, either singly or in combi- 
nations. The observation that p62 forms a complex in cytosol 
with the same limited subset of small GTP-binding proteins, 
with rab6 present in only one form, suggests a dynamic in- 
teraction between the t,62 cytosolic complex and TGN38/41 
in the Golgi membrane. 

Gel-l~ltration Chromatography of Complexes in Cytosol 
and Golgi Membrane. The approximate sizes of the p62 
cytosolic and membrane complexes were determined by 
chromatography using a Sephacryl S100 column. Either 
cytosol or the carbonate washed, CHAPS solubilized 
stacked Golgi fraction was loaded onto the column, eluted 
in CHAPS buffer and fractions collected. Aliquots of the 
fractions were analyzed for p62, rab6, and TGN38/41 distri- 
bution by ELISA. In cytosol, p62 and rab6 coelute at a mo- 
lecular weight of,~86 kD (Fig. 6 A), indicating that only one 
GTP-binding protein associates with a molecule of p62 at 
any one time. From the solubilized stacked Golgi fraction, 
p62, rab6, and TGN38/41 coelute as a large complex of 
,x, 250 kD (Fig. 6 B). Not all of TGN38/41 is in this complex, 
~30% elutes at ,~160 kD with neither p62 nor rab6. In addi- 
tion, a small proportion of p62 and rab6 coelute at 86 kD, 
in the same position as the cytosolic complex, suggesting 
they have dissociated during the fractionation. The 160-kD 
peak was pooled, taken to 2 % SDS, boiled for 10 min, and 
rechromatographed. All of the TGN38/41 molecules are 
now eluted at a molecular weight of ~,80 kD, indicating that 
the total population of TGN38/41 molecules are dimeric 
(data not shown). The simplest stoichiometry for the mem- 
brane complex, therefore, would be one copy of the TGN- 
38/41 dimer (160 kD) and one copy of the p62, small GTP- 
binding protein complex (86 kD). 

Velocity Sedimentation of Complexes in Cytosol and 
Golgi Membrane. The cytosolic and membrane complexes 
of p62 were further characterized by velocity sedimentation 
in sucrose gradients in the presence of CHAPS. Fractions 
from the gradients were analyzed for p62, tab6, and TGN38 
distribution by ELISA. The cytosol complex of p62 and rab6 
has a sedimentation coefficient of ,x,6.1 S, (Fig. 7 A) which 
corresponds to a globular protein of *86  kD. In the mem- 
brane p62, rab6, and TGN38/41 cosediment as complex with 
a sedimentation coefficient of *11.6 S (Fig. 7 B), which cor- 
responds to a globular protein of * 2 3 2  kD. As with the 
column fractionation, not all of TGN38/41 sediments with 
p62 and rab6, but in the sucrose gradient a larger proportion 
of TGN38/41 is unassociated with p62 and rab6 and has a 
sedimentation coefficient of *4.7 S. Also, as in the column 
fractionation, a small proportion of p62 and rab6 has dis- 

against rab6. In controls, GTP-binding proteins were not coim- 
munoprecipitated (data not shown). Controls for the CHAPS solu- 
bilized stacked Golgi fraction were immunoprecipitated using 
preimmune serum to TGN38/41 and p62 as well as antibodies 
against the plgA-R. Controls for the cytosolic fraction were immu- 
noprecipitated using antibodies against tubulin. 
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Figure 6. Sizing of the CHAPS solubilized 
cytosolic and membrane 1362 complexes using 
a Sephacryl S100 column. Samples of 200 ttg 
protein of either cytosol in CHAPS buffer (A) 
or carbonate washed, CHAPS solubilized 
stacked Golgi fraction (B) were loaded onto a 
Sephacryl S100 column and eluted with 20 mM 
Hepes-KOH, pH 6.8, 100 mM KC1, 0.3 M su- 
crose, 20 mM CHAPS containing the cocktail 
of proteolytic inhibitors. Fractions (3.0 ml) 
were collected and aliquots analyzed by ELISA 
using antibodies against p62, rab6, and 
TGN38/41. (A) ELISA results of p62( ,~ ) 
and rab6(-G--) on the column fractions. (B) 
ELISA results of p62( ** ) and r a b 6 ( ~ )  
and TGN38/41 (----[3--) on the column frac- 
tions. The elution profile of molecular weight 
standards is shown at the top of A. The distri- 
bution of the antigens was confirmed by SDS- 
PAGE of aliquots of the fractions, transfer 
to nitrocellulose and sequential ligand blotting 
with [t~32p]GTP and immtmoblotting with anti- 
bodies against 1Ri2. The distribution of the total 
GTP-binding proteins was much wider than the 
peak of p62 and rab6 (data not shown). 
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Figure 7. Distribution of the 
cytosolic and membrane p62 
complexes in velocity sedimen- 
tation gradients. Continuous 
5-25 % sucrose gradients 
were prepared in CHAPS 
buffer. Samples were prepared 
in CHAPS buffer containing 
5 % sucrose, layered onto the 
top of the gradients, and cen- 
trifuged at 40,000 rpm for 
16 h. Fractions (330 #1) were 
collected and aliquots ana- 
lyzed by ELISA using anti- 
bodies against p62, rab6, and 
TGN38/41. (A) ELISA results 
ofp62( ¢ )andrab6(----D--) 
on the gradient fractions and 
density ( ..... ). (B) ELISA re- 
sults of p62( ~, ), rab6 
( @ ) ,  TGN38/4 l(--[q--)  
on the gradient fractions, and 
density ( ..... ). The distribu- 
tion of S value standards in the 
gradient is shown at the top of 
A. The distribution of the anti- 
gens was confirmed by SDS- 
PAGE of aliquots of the frac- 
tions, transfer to nitrocel- 
lulose and sequential ligand 
blotting with [op2p]GTP and 
immunoblotting with antibod- 
ies against p62. The distribu- 
tion of the total GTP-binding 
proteins was much wider than 
the peak of p62 and rab6 (data 
not shown). 
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sociated and has a sedimentation coefficient of ,o6.1 S, the 
same value as the cytosolic complex and larger than the free 
TGN38/41. 

In summary, results from coimmunoprecipitation, sizing 
column fractionation, and velocity sedimentation in sucrose 
gradients are in accordance. The complex in cytosol is com- 
posed of p62 and rab6 (or one of three other GTP-binding 
proteins) and is ,,086 kD. The complex in the Golgi mem- 
brane includes the cytosolic complex plus TGN38/41 and is 
"o250 kD. However, one of the GTP-binding proteins present 
in the cytosolic complex ("N') is minimally present in the 
membrane complex. Notably, two forms of rab6 are present 
in the membrane complex while only one form is associated 
with the cytosolic complex. 

Phosphorylation of  p62 

Since by 2D analysis p62 is found as three charge forms with 
the most acidic being in the cytosol and that only the cyto- 
solic form is sensitive to alkaline phosphatase, we hypothe- 
sized that phosphorylation might regulate the membrane as- 
sociation of the cytosolic complex. 

To directly test if the membrane form of p62 can be phos- 
phorylated, stacked Golgi fraction was incubated with 

[-t32p]ATP without addition of cytosol or exogenous kinases 
for 30 rain at room temperature. The fraction was then 
CHAPS solubilized and loaded onto sucrose gradients. After 
centrifugation, the gradients were fractionated. Most of each 
fraction was immunoprecipitated with antibodies against 
p62 and the remainder was used for ELISA to follow 
TGN38/41. The immunoprecipitates were resolved by SDS- 
PAGE, transferred, and immunoblotted with antibodies 
against p62. The majority of 1962 sedimented at 11.6 S (Fig. 
8, A and B), i.e., the same velocity as the TGN38/41, 1062, 
tab6 complex characterized in Fig. 7 B. However, a small 
amount of 1062 sedimented at 6.1 S, i.e., the velocity of the 
cytosolic complex. Autoradiography of the nitrocellulose 
filter showed that only the p62 with the sedimentation veloc- 
ity of the cytosolic complex was phosphorylated. Consistent 
with the data in Fig. 7, the more rapidly sedimenting com- 
plex containing the unlabeled p62 also contained TGN38/41 
('o30%) (Fig. 8 A). This data suggests that the phosphoryla- 
tion of p62 displaced the p62 complex from TGN38/41 to the 
cytosolic form. 

If this is the case, then the phosphorylated form of p62 
should not associate with TGN38/41, and should not be 
immunoprecipitated with antibodies against TGN38/41. 
After in vitro phosphorylation, stacked Golgi fraction was 

Figure 8. Identification of a phosphorylated form of p62 on sucrose density gradients. Carbonate washed stacked Golgi fraction was phos- 
phorylated in vitro, solubilized in CHAPS and fractionated by velocity sedimentation on a continuous 5-20% sucrose gradient. Fractions 
(330/~1) were collected, 250 #1 of each sample was immunoprecipitated with antibodies against p62 (B), and the remainder used to assay 
TGN38/41 by ELISA (A). (A) Distribution of TGN38/41(@) and density profile ( ..... ). The distribution of S value standards in the 
gradient is shown at the top of A. (B) The immunoprecipitates were resolved by SDS-PAGE, transferred to nitrocellulose, and immuno- 
blotted with antibodies against p62 (upper panel) followed by autoradiography (lower panel) of the same nitrocellulose filter. 
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Figure 9. The phosphorylated 
form of p62 does not interact 
with TGN38/41. (A) Car- 
bonate washed stacked Golgi 
fraction was phosphorylated 
in vitro, solubilized, and im- 
munoprecipitated with either 
preimmune, p62, or TGN38/41 
antisera. Half of each immuno- 
precipitate was treated with 
alkaline phosphatase. The im- 
munoprecipitates were re- 
solved by SDS-PAGE, trans- 
ferred to nitrocellulose, and 
immunoblotted with antibod- 
ies against p62 (lower panel), 
followed by autoradiography 
of the same nitrocellulose 
filter (upper panel). * De- 
notes the phosphorylated form 
of p62 which is alkaline phos- 
phatase-sensitive, i.e., Note 
that a small amount of the 1362 
appears to be hyperphosphor- 
ylated. (B) NRK ceils were 
labeled in vivo with [32p]or- 

thophosphate, washed, solubilized, and immunoprecipitated with 1362 antisera. Half of the immunoprecipitate was alkaline phosphatase 
treated. Samples were resolved by SDS-PAGE followed by autoradiography. 1362 is labeled and is alkaline sensitive. A second band just 
above 85 kD is also seen, which is probably the p62-small GTP-binding protein complex which did not dissociate. 

CHAPS solubilized, immunoprecipitated with preimmune 
p62 serum and antibodies against p62 and TGN38/41; half of 
each immunoprecipitate was treated with alkaline phospha- 
tase. The immunoprecipitates were resolved by SDS-PAGE, 
transferred, and both immunoblotting and autoradiography 
carried out on the same filter (Fig. 9 A). Both antibodies im- 
munoprecipitated approximately the same amount of p62, as 
shown on the immunoblot. However, the autoradiograph 
shows that only p62 antibodies can immunoprecipitate a la- 
beled form of 1362 and this form is alkaline phosphatase- 
sensitive. The labeled form also is apparent on the immuno- 
blot of the 1362 immunoprecipitate as a light band of slightly 
higher molecular weight (indicated by asterisk) which is also 
alkaline phosphatase-sensitive. These studies indicate that 
when p62 is phosphorylated, it is no longer associated with 
TGN38/41 and hence with the Golgi membrane. It is impor- 
tant to note that neither TGN38/41 nor the small GTP- 
binding proteins were phosphorylated in this assay. 

To assure that 1362 is phosphorylated in vivo, NRK cells 
were incubated with [32p]orthophosphate, washed, solubi- 
lized, and immunoprecipitation with antibodies against p62 
carried out. Fig. 9 B shows that 1362 is phosphorylated and 
alkaline phosphatase-sensitive, although the level of phos- 
phorylation is not extensive. Taken together with the 2D-gel 
analysis showing only the cytosolic form is alkaline 
phosphatase-sensitive (Fig. 4, B-E),  we conclude that 1362 
is an in vivo substrate for phosphorylation. 

Cell-Free Assay to Test Function of  the 
CytosoUc p62 Complex 

A number of findings led us to test the role of the cytosolic 
complex in the vesicular transport process. First, TGN38/41 
rapidly moves to the plasma membrane and back (Ladinsky 

and Howell, 1992; Reaves et al., 1993). Second, TGN38/41 
forms a complex with p62 and small GTP-binding proteins, 
molecules which have been shown to be involved in regula- 
tion of vesicular transport. Third, the cytosolic complex ap- 
pears to reversibly associate with TGN38/41 via phosphory- 
lation of the tRi2 molecule. We used the cell-free assay which 
reproduces exocytic vesicle budding from the TGN (Sala- 
mero et al., 1990) to test for a function of the cytosolic 
complex. 

In this assay a stacked Golgi fraction is immobilized on 
magnetic beads and in the presence of cytosol, an ATP- 
regenerating system and 37°C, vesicles destined to different 
subcellular localizations are formed. The Golgi fraction re- 
maining on the beads is retrieved and the budded vesicles re- 
main in the supernatant. Budding from the TGN is both rapid 
and efficient; within 10 min 70% of mature-sialylated pro- 
teins destined to the plasma membrane bud into a distinct 
vesicle population. Salamero et al. (1990) characterized two 
proteins which bud from the TGN and are present in vesicles 
destined to the plasma membrane: the polymeric IgA- 
receptor (plgA-R) ~, a type 1 transmembrane protein, and 
transferrin, a soluble luminal protein. In the following ex- 
periments the budding of exocytic transport vesicles was 
quantitated by assay of the amount of mature plgA-R in the 
budded fraction (Fig. 10, A and B). Budding in the presence 
of the complete cell-free system was '~70% efficient. When 
the ATP-regenerating system and cytosol were omitted, the 
background budding was "~10%. Addition of preimmune 
sera (to p62) to the cytosol before the addition of the ATP- 
regenerating system did not reduce the budding efficiency. In 
contrast, addition of antisera against p62 reduced the bud- 
ding to background levels. 

1. Abbreviations used in this paper: GDI, GDP dissociation inhibitor; 
plgA-R, polymeric IgA-receptor. 
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Figure 10. Functional analysis of the cytosolic p62 complex using 
cell-free budding assay. Budding of vesicles from immobilized 
stacked Golgi fraction was carried out as described in Salarnero et 
al. (1990). The budded fraction was resolved SDS-PAGE, trans- 
ferred to nitrocellulose, immunoblotted with antibodies against the 
exoplasmic domain of the plgA-receptor, detected with m25I-protein 
A, and quantitated using a Pbosphorlmager. (A) Preimmune-sera 
or antisera were added to the cytosol for 1 h on ice before addition 
of the cytosol to the ceil-free assay. Immunodepletion was carried 
out by addition of p62 or rab6 antiserum to cytosol overnight at 4°C 
and irnmunocomplexes removed with anti-rabbit IgG cellulose. 
The cytosol after immunodepletion was assessed by SDS-PAGE, 
transfer, immunoblotting, and shown to be depleted of p62 and 
rab6, and the immunoprecipitates were shown to contain p62 and 
small GTP-binding proteins (data not shown). (B) Peptides were 
added to the stacked Golgi fraction and cytosol at 100 #M for 30 
rain at 4°C before the fractions were mixed and the cell-free assay 
initiated. (TGN38) Peptide of the 12 carboxy-terminal amino acids 
of TGN38; this sequence is shared by TGN41, but is not carboxy- 
terminal in TGN41. (TGN41) Peptide of the 15 carboxy-terminal 
amino acids of TGN41; this sequence is unique to TGN41. (Lum/nal 
Peptide) Peptide of the 15 amino-terminal amino acids both TGN38 
and TGN41. 

To confirm the importance of the cytosolic complex in the 
budding process, immunodepletion and reconstitution of the 
cytosol was carried out. Cytosol was immunodepleted with 
either antibodies against p62 or rab6 before addition to the 
cell-free assay. Immunodepletion of cytosol with both anti- 
bodies resulted in inhibition of budding to background lev- 
els. Progressive restoration of the budding reaction was ac- 
complished by the addition of increasing amounts of the 

fraction containing the p62 complex from the Sephacryl 
S100 column (fractions 71-75, Fig. 6). At 0.5 x ,  the cytosolic 
equivalent budding was restored to 45 % of control while the 
1.0x, the cytosolic equivalent, restored budding to 75 % of 
control. Taken together this data indicates that the p62/rab6 
complex in cytosol is necessary for the formation of exocytic 
transport vesicles from the TGN. Addition of antibodies to 
1962 is enough to disrupt the required interactions and inhibit 
vesicle formation. 

The interaction between the p62/rab6 cytosolic complex with 
the Golgi membrane must be via the cytosolic domains of 
TGN38/41. Therefore, peptides of these cytosolic domains 
should compete for this interaction and also inhibit the bud- 
ding reaction. To test this, peptides of the cytoplasmic do- 
main of both TGN38 and TGN41 as well as a peptide against 
the NH2-terminal (luminal domain) of TGN38/41 were 
added to both the stacked Golgi fraction bound to the beads 
and the cytosol for 30 min at 4°C before mixing the two frac- 
tions and initiation of the cell-free assay (Fig. 10 B). Each 
cytosolic domain peptide individually reduced the budding 
to the control level, while the luminal domain peptide had 
no effect. This data indicates that each functional complex 
involves both TGN38 and TGN41 and indicates that the 
TGN38/41 dimer (Fig. 6) is a heterodimer. If homodimers 
were involved one would expect the TGN38 peptide to in- 
hibit ,o50% and the TGN41 peptide to inhibit ,'~50% and 
only a mix of the peptides could reduce the budding to the 
control level. The peptide competition data provides further 
evidence for the dynamic interaction between the p62/rab6 
cytosolic complex and TGN38/41 in the budding of exocytic 
transport vesicles. 

Discussion 

A cytosolic complex of p62 and rab6 (or one of two other 
small GTP-binding proteins) associates with an integral 
membrane protein of the TGN, TGN38/41. This association 
is essential for the budding of exocytic transport vesicles 
from the TGN assayed in a cell-free system. 

Our proposed model of this process is shown in Fig. 11. 
At any one time point, ,,o90% of p62 is tightly associated 
with rab6 (or one of three other small GTP-binding proteins) 
in the cytosol and 10% is interacting with TGN38/41, a bet- 
erodimeric transmembrane protein of the TGN. The mem- 
brane-bound complex also contains rab6 (or one of the other 
two GTP-binding proteins that are associated with p62 in the 
cytoplasm), but some of the rab6 molecules have been 
modified, p62 is phosphorylated both in vivo and in vitro. 
In vitro data indicates that phosphorylation of p62 regulates 
the dissociation of the complex from TGN38/41 to the 
cytosol. While in the cytosol p62 remains phosphorylated, 
since by 2D-gel analysis the total pool is a single acidic form 
which is sensitive to alkaline phosphatase digestion. One 
would predict that association of the complex with TGN- 
38/41 requires dephosphorylation of p62 because the mem- 
brane-bound forms of p62 are less acidic and not sensitive 
to alkaline phosphatase digestion. 

Association of the cytosolic complex with TGN38/41 is es- 
sential for formation of exocytic transport vesicles from the 
TGN. Immunodepletion of the p62 complex from cytosol 
with antibodies against either p62 or rab6 abolishes the bud- 
ding of exocytic transport vesicles. The ,o10% background 
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Figure 11. Model of p62 interaction with TGN38/41. 

budding which takes place could be carried out by the com- 
plexes which are already bound to TGN38/41. Peptides of the 
COOH terminus of both TGN38 and TGN41 also block the 
budding process, suggesting they compete with the trans- 
membrane proteins for the binding of the p62 cytosolic com- 
plex; whereas a peptide of the NH2-terminus of TGN38/41 
has no effect on the budding. In addition, antibodies against 
p62 added to the cytosol are sufficient to abolish the bud- 
ding. These assays do not allow us to conclude whether p62, 
rab6, or both are directly taking part in the budding reaction. 
It is conceivable that p62 delivers rab6 to the appropriate site 
and rab6 is the functional molecule in budding. Many alter- 
native hypotheses exist; one would be that rab6 functions to 
proofread the fidelity of the complex formation and p62 is 
the functional molecule in budding. Since the complex is re- 
quired for budding and TGN38/41 is moving to the plasma 
membrane, we assume the complex moves into transport 
vesicles. Phosphorylation of p62 would dissociate the com- 
plex from transport vesicles or even later during fusion of 
transport vesicles with the plasma membrane. Although the 
cytosolic p62/rab6 complex is essential for the budding of 
exocytic transport vesicles from the TGN, other molecules 
such as coat proteins and trimeric G proteins are probably 
also required (Stow et al., 1991; Leyte et al., 1992; Pim- 
plikar and Simons, 1993). This data and the data of 
Schwaninger et al. (1992) provide evidence that rab's with 
their associated proteins function in vesicle formation. 

The p62 complexes present in cytosol and on Golgi mem- 

branes were characterized by coimmunoprecipitation, sizing 
column chromatography, and velocity sedimentation in su- 
crose gradients. In cytosol, coimmunoprecipitation and 2D- 
gel analysis show that p62 is associated with four GTP- 
binding proteins, one of which is rab6. By sizing column 
chromatography and velocity sedimentation, the cytosolic 
complex is •86 kD, indicating that one molecule of p62 
associates with only one GTP-binding protein at a time. In 
contrast, when associated with the Golgi membrane, coim- 
munoprecipitation and 2D-gel analysis show p62 is asso- 
ciated with any one of three GTP-binding proteins, all but 
"N" are the same as characterized in the cytosol complex (in- 
cluding tab6) and also with TGN38/41. By sizing column 
chromatography and velocity sedimentation, the membrane 
complex is ~250 kD. The simplest stoichiometry for the 
membrane complex is one copy of the TGN38/41 dimer 060 
kD) and one copy of the p62, small GTP-binding protein 
complex (86 kD). The association of the p62 complex with 
the membrane is stable to high pH and resistant to dissocia- 
tion by NP-40 and CHAPS detergents. 

We have focused on rab6 because it has been implicated 
in Golgi function by virtue of being specifically associated 
with Golgi membranes. More importantly, one of the GTP- 
binding proteins which coimmunoprecipitates with both p62 
and TGN38/41 antibodies was identified as tab6. Lukas 
Huber at EMBL, Heidelberg, Germany has run these sam- 
ples in parallel with the 2D mapping studies of the rab pro- 
teins he is carrying out. His data confirms that "C" is rab6 
and that the GTP-binding proteins labeled "B" and "D ~ have 
not been identified (Huber, L., personal communication). 
2D-gel analysis shows that some of tab6 in the membrane 
complex is modified as compared with the form of tab6 in 
the cytosolic p62 complex. Although we do not know the na- 
ture of the modification, it is unlikely to be phosphorylation, 
as has been shown for rablA and rab4 (Bailly et al., 1991; 
van der Sluijs et al., 1992) since the charge shift is more ba- 
sic rather than more acidic. A modification more consistent 
with the data would be carboxyl methylation, which has been 
shown with ras-related proteins during receptor-mediated 
signal transduction (Philips et al., 1993). 

What is the significance of more than one GTP-binding 
protein associating with the p62 containing complexes both 
in the cytosol and with TGN38/417 This may mean that more 
than one GTP-binding protein is loaded onto the membrane 
for multiple functions, e.g., budding and fusion, and all use 
the same "loading-protein: Antibodies against these un- 
known GTP-binding proteins will be required to further dis- 
sect the process. Specific antibodies will allow a more pre- 
cise definition of the stoichiometry of the cytosolic and 
membrane complexes, providing better insight into the func- 
tion of each molecule. 

Geranylgeranyl modification of the small GTP-binding 
proteins is likely to play an important role in their interaction 
with p62 (for review, see Kinsella and Maltese, 1991; 
Khosravi-Far et al., 1991; Peter et al., 1992). However, since 
the interaction between p62 and the small GTP-binding pro- 
reins is stable in CHAPS, protein-protein interactions must 
also be predicted. 

Under, "ur experimental conditions, using column chro- 
matography or velocity sedimentation in a sucrose gradient, 
a variable proportion (60-30%) of the TGN38/41 molecules 
are complexed with p62, rab6, and the other GTP-binding 
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proteins. The experimental manipulations may have resulted 
in some dissociation of the p62 complex, or the variability 
may, in fact, reflect different physiological states. 

TGN38/41 is not retained in the TGN but moves into a 
transport vesicle, and then to the plasma membrane. Its resi- 
dence on the plasma membrane is short and recycling occurs 
via the endocytic pathway (Ladinsky and Howell, 1992). The 
signals on the cytoplasmic domain required for internaliza- 
tion of TGN38/41 have been characterized (Humphrey et al., 
1993; Bos et al., 1993). TGN38/41 may function as the 
receptor which allows the cytosolic complex to participate 
in the budding process and in so doing winds up in the trans- 
port vesicle. Cycling is the mechanism that returns 
TGN38/41 to the TGN for further rounds of budding. In ad- 
dition, TGN38/41 may have multiple functions in the vesicu- 
lar transport process which remain to be characterized. 

Because of the right association of the p62 complex with 
the membrane, a specific regulator could be predicted to be 
required for the release of the p62 complex to the cytosol. 
Phosphorylation has been shown to control membrane as- 
sociation/dissociation of a number of regulatory proteins 
(van der Sluijs, 1992; Ottaviano and Gerace, 1985). Our 
data suggest that phosphorylation also regulates the associa- 
tion of the p62 complex with the membrane, as p62 is phos- 
phorylated in vivo. More insight comes from the in vitro 
phosphorylation which was carried out using carbonate 
washed stacked Golgi fraction without addition of cytosol or 
exogenous kinases. Some of the p62 molecules dissociated 
from the TGN38/41 complex and those that dissociated were 
phosphorylated. Dissociation was shown on sucrose velocity 
gradients where a small proportion of the p62 molecules 
sedimented at the same velocity as the cytosolic complex 
rather than the velocity of the membrane complex. Only the 
dissociated p62 molecules were phosphorylated. Further 
evidence came from experiments carried out in parallel, 
where the phosphorylated stacked Golgi fraction was immu- 
noprecipitated with antibodies against both p62 and TGN- 
38/41. Consistent with the sedimentation data, none of the 
1>62 associated with TGN38/41 was phosphorylated. The 
phosphorylated p62 was immunoprecipitated as an addi- 
tional, alkaline phosphatase-sensitive band of higher molec- 
ular weight only with anribodies against p62. This data is 
consistent with the alkaline phosphatase sensitivity and the 
isoelectric forms of p62 characterized by 2D-gel electropho- 
resis and discussed above. 

Our hypothesis is that the cycle of association-dissociation 
of the p62 complex with TGN38/41 is regulated by phos- 
phorylation. Identification of the specific kinase and phos- 
phatase carrying out these modifications will provide the 
means to test this hypothesis. The kinase is most likely as- 
sociated with the Golgi membrane. In fact, kinases already 
have been shown to be associated with Golgi membranes- 
both general kinases (Capasso et al., 1985) and specifically 
cyclic AMP-dependent kinase type H (Nigg et al., 1985) as 
well as its high affinity binding protein (which binds the 
regulatory subunit) (Rios et al., 1992). Interestingly, 
Capasso et al. (1985) showed a 62-kD Golgi protein which 
was phosphorylated by endogenous kinases and the phos- 
phorylation was stimulated by cAMP. In our in vivo experi- 
ments, the level of phosphorylation of p62 achieved was not 
extensive, indicating regulated turnover of the phosphate 
moiety. In the in vitro assay, phosphorylarion was more ex- 
tensive which suggests that the phosphatase is cytosolic. 

What kind of a protein is p62? It is clearly a protein which 
binds small GTP-binding proteins and is necessary for for- 
marion of exocytic transport vesicles from the TGN. Could 
p62 be one of the characterized regulatory proteins of the 
small GTP-binding proteins: GDP dissociation stimulator 
(GDS), GDP dissociation inhibitor (GDI), or GTPase acti- 
vation protein (GAP) (for review see Takai et al., 1992)? 
These molecules are involved in the GDP/GTP exchange, in- 
hibition of GDP dissociation or activation of GTP hydroly- 
sis, respectively, p62 shares some features of all of these 
regulatory proteins in that they bind to the GTP-binding pro- 
tein in the cytosol. We do not know enough about the 
GTP/GDP status of the GTP-binding proteins associated 
with p62 to predict a regulatory function. The current con- 
sensus is that the GDI delivers the small GTP-binding pro- 
teins to a membrane, but then is released and the GDI never 
actually associates with the membrane itself, p62 functions 
like a GDI in delivering the small GTP-binding proteins to 
the membrane but does not appear to dissociate and release 
the small GTP-binding protein. In fact, p62 is so tightly as- 
sociated with TGN38/41 that this property allowed its 
identification. Further characterization of p62, both molecu- 
lar and biochemical, will define the regulatory role of p62. 

In this paper we have shown that the TGN38/41 heterodi- 
mer serves as a "receptor" for a cytosolic complex contain- 
ing p62, rab6, or one of two other unidentified small GTP- 
binding proteins. This interaction is essential for budding of 
exocytic transport vesicles from the TGN. TGN38/41 can be 
envisioned to have an even more extensive role in the bud- 
ding process. This transmembrane receptor could function 
as a sorting molecule by interaction of soluble luminal pro- 
teins with its luminal domain, signaling the initiation of exo- 
cytic vesicle formation. 

We are especially grateful to Ruth Schmid and John Ugeistad, SINTEF, 
Trondheim, Norway for the shell and core magnetic particles and to Lukas 
Huber, EMBL, Heidelberg, Germany for comparing our fractions with the 
2D mapping studies of the rab proteins he is carrying out. We thank Kathy 
Duran for help with the graphics. Elizabeth Sztul, Paul Luzio, and Paul 
Melan¢on provided valuable comments on the manuscript. Use of the 
Hepatobiliary Center Core facilities in Membrane Biochemistry and Bio- 
physics, University of Colorado School of Medicine (DK34914) is grate- 
fully acknowledged. 

This work was supported by National Institutes of Health grant GM 
42629 and American Heart Association grant 89-653 to K. E. Howell. 

Received for publication 24 February 1993 and in revised form 17 May 
1993. 

References 

Antony, C., C. Cibert, G. C~rard, A. Santa Maria, B. Mare, V. Mayau, and 
B. Goud. 1992. The small GTP-binding protein tab6 is distributed from 
medial Golgi to the trans-Golgi network as determined by confocal micro- 
scopic approach. J. Cell Sci. 103:785-796. 

Bailly, E., M. McCaffrey, N. Touchot, A. Zahraoui, B. Goud, and M. Bor- 
hens. 1991. Phosphorylation of two small GTP-binding proteins of the Rab 
family by p34 '~-2. Nature (Lend.). 350:715-718. 

Balch, W. E. 1990. Small GTP-binding proteins in vesicular transport. Trends 
Biochem. Sci. 15:473-477. 

Bourne, H. R., D. A. Sanders, and F. McCormick. 1990. The GTPase super- 
family: a conserved switch for diverse cell functions. Nature (Lend.). 
348:125-132. 

Bordier, C. 1981. Phase separation of integral membrane proteins in Triton 
X-114 solution. J. Biol. Chem. 265:1604-1607. 

Bos, K., C. Wraight, and K. K. Stanley. 1993. TON38 is maintained in the 
trans-Golgi network by a tyrosine-containing motif in the cytoplasmic do- 
rian. EMBO (Eur. Mol. Biol. Organ.) J. In press. 

Bretz, R., and W. St/iubli. 1977. Detergent influence on rat-liver galac- 
tosyltransferase activities toward different receptors. Eur. J. Biochem. 77: 

Jones et al. Cytosolic Complex Involved in Budding 787 



181-92. 
Capasso, J. M., C. Abeijon, and C. B. Hirshberg. 1985. Phosphoproteins and 

protein kinases of the Golgi apparatus. J. Biol. Chem. 260:14879-14884. 
Cells, J. E., G. P. Ratz, P. Madsen, B. Gesser, J. B. Lauridsen, K. P. Brogaard 

Hansen, S. Kwee, H. H. Rasmussen, H. V. Nielsen, D. Criiger, and B. 
Basse, et al. 1990. Two-dimensional gel protein data bases. Electrophoresis. 
1 i :989-1071. 

Goud, B., A. Zahraoui, A. Tavitian, and J. Saraste. 1990. Small GTP-binding 
protein associated with Golgi cisternae. Nature (Lond.). 345:553-556. 

Gruenberg J., and M. J. Clague. 1992. Regulation of intracellular membrane 
transport. Cur. Opin. Cell Biol. 4:593-599. 

Hjelmeland, L. M. 1980. A nondenaturing zwitterionic detergent for membrane 
biochemistry: design and synthesis. Proc. Natl. Acad. Sci. USA. 77:6368- 
6370. 

Humphrey, J., J. P. Peters, L. Yuan, and J. S. Bonifacino. 1993. Localization 
of TGN38 to the trans-Golgi network: involvement of a cytoplasmic 
tyrosine--containing sequence. J. Cell Biol. 120:1123-1136. 

Hunziker, W., J. A. Whitney, and I. Mellman. 1991. Selective inhibition of 
transcytosis by brefeidin A in MDCK cells. Cell. 67:617-627. 

Kinsella, B. T., and W. A. Maltese. 1991. tab GTP-binding proteins implicated 
in vesicular transport are isoprenylated in vitro at cysteines with a novel 
carboxy-terminal motif. J. Biol. Chem. 266:8540-8544. 

Khosravi-Far, R., R. J. Lutz, A. D. Cox, L. Conroy, J. R. Bourne, M. 
Sinensky, W. E. Balch, J. E. Buss, and C. J. Def. 1991. Isoprenoid 
modification of rab proteins terminating in CC or CXC motifs. Proc. Natl. 
Acad. Sci. USA. 88:6264-6268. 

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

Lapatina, E., and B. Reep. 1986. Specific binding of [cz-32p]GTP to cytosolic 
and membrane-bound proteins of human platelets correlates with the activa- 
tion of phospholipase C. Proc. Natl. Acad. Sci. USA. 84:2261-2265. 

Leelavathi, D. E., L. W. Estes, D. S. Feingold, and B. Lombardi. 1970. Isola- 
tion of a Golgi-rich fraction from rat liver. Biochem. Biophys. Acta. 211: 
124-138. 

Leyte, A., R. A. Barr, R. H. Kehlenbach, and W. B. Huttuer. 1992. Multiple 
trimeric G-proteins on the trans-Golgi network exert stimulatory and inhibi- 
tory effects on secretory vesicle formation. EMBO (Eur. Mol. Biol. Organ.) 
J. 11:4795-4804. 

Lippincott-Schwartz, J., L. Yuan, C. Tipper, M. Amberdt, L. Orci, and R. D. 
Klausner. 1991. Brefeldin A's effects on endosomes, lysosomes, and the 
TGN suggest a general mechanism for regulating organelle structure and 
membrane traffic. Cell. 67:601-616. 

Luzio, J. P. 1977. Immunological approaches to the study of membrane features 
in adipocytes. Methodol. Surv. Biochem. 6:131-142. 

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

Maizel, J. V. 1971. Polyacrylamide electrophoresis of viral proteins. Methods 
Virol. 5:179-246. 

Melanfon, P., A. Franzusoff, and K. E. Howell. 1991. Vesicle budding: in- 
sights from cell-free systems. Trends Cell Biol. 1:165-171. 

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

Nigg, E. A., G. Sharer, H. Hilz, and H. M. Eppenberger. 1985. Cyclic-AMP- 
dependent protein kinase type H is associated with the Golgi complex and 
with centrosomes. Cell. 41:1039-1051. 

Ottaviano, Y., and L. Gerace. 1985. Phosphorylation of the nuclear lamins dur- 
ing interphase and mitosis. J. Biol. Owm. 260:624-632. 

Peter, M., P. Chavrier, E. A. Nigg, and M. Zerial. 1992. Isoprenylation of 
tab proteins on structurally distinct cysteine motifs. J. Cell Sci. 102:857- 
865. 

Pfeffer, S. 1992. GTP-binding proteins in intracellular transport. Trends Cell 
Biol. 2:41-46. 

Philips, M. R., M. H. PiUinger, R. Staud, C. Volker, M. G. Rosenfeld, W. 
Weissmann, and J. B. Stock. 1993. Carboxylmethylation of ras-related pro- 
teins during signal transduction in neutrophils. Science (Wash. DC). 259: 
977-980. 

Pimplikar, S. W., and K. Simons. 1993. Regulation of apical transport in epi- 
thelial cells by a Gs class of heterotrimeric G protein. Nature (Lond.). 
362:456-458. 

Pryer, N. K., L. J. Wuestehube, and R. Schekman. 1992. Vesicle-mediated 
protein sorting. Annu. Rev. Biochem. 61:471-516. 

Reaves, B., and G. Banting. 1992. Perturbation of the morphology of the trans- 
Golgi network following brefeldin A treatment: redistribution of a TGN- 
specific integral membrane protein, TGN38. J. Cell Biol. 116:85-94. 

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

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

Rios, R. M., C. Celati, S. M. Lohman, M. Bornens, and G. Keryer. 1992. 
Identification of a high affinity binding protein for the regulatory subunit rII 
beta of cAMP-dependent protein kinase in Golgi enriched membranes of hu- 
man lymphoblast. EMBO (Fur. Mol. Biol. Organ.) J. 11:1723-31. 

Rivnay, B., and H. Metzger. 1982. Re, constitution of the receptor for immuno- 
globulin E into liposomes. J. Biol. Chem. 257:12800-12808. 

Rivnay, B., S. A. Wank, G. Poy, and H. Metzger. 1982. Phospholipids stabi- 
lize the interactions between the ¢~ and ~ subunits of the solubilized receptor 
for immunoglobulin E. Biochem. 21:6922-6927. 

Robinson, M. S. 1990. Cloning and expression of 3,-adaptin, a component of 
clathrin--coated vesicles associated with the Golgi apparatus. J. Cell Biol. 
111:2319-2326. 

Rothman, J. E., and L. Orci. 1992. Molecular dissection of the secretory path- 
way. Nature (Lond.). 355:409-415. 

Salamero, J. E., S. Szml, and K. E. Howell. 1990. Exocytic transport vesicles 
generated in vitro from the trans-Golgi network carry secretory and plasma 
membrane proteins. Proc. Natl. Acad. Sci. USA. 87:7717-7721. 

Schwaninger, R., H. Plutuer, G. M. Bokoch, and W. E. Balch. 1992. Multiple 
GTP-binding proteins regulate vesicular transport from the ER to Goigi 
membranes. J. Cell Biol. 119:1077-1096. 

Siegel, L. M., and K. J. Monty. 1966. Determination of molecolar weights and 
frictional ratios of proteins in impure systems by use of gel filtration and den- 
sity gradient eentrifugation: applications to crude preparations of sulfite and 
hydroxylamine reductases. Biochem. Biophys. Acta. 112:346-362. 

Stow, J. L., J. D. De Almeida, N. Naurla, E. J. Holtzman, L. Ercolani, and 
D. A. Ausiello. 1991. A beterotrimeric G protein G~3, on Golgi mem- 
branes regulates the secretion of heparin-sulfate proteoglycan in LLC-PK~ 
epithelial cells. J. Cell Biol. 114:1113-1124. 

Sztul, E. S., P. Melanfon, and K. E. Howell. 1992. Targeting and fusion in 
vesicular transport. Trends Cell Biol. 2:381-386. 

Takai, Y., K. Kaibuchi, A. Kikuchi, and M. Kawata. 1992. Small GTP-binding 
proteins. Int. Rev. Cytol. 133:187-230. 

van der Slujis, P., H. Hull, L. A. Huber, P. Male, B. Goud, and I. Mellman. 
1992. Reversible phosphorylation-dephosphorylation determines the local- 
ization of rab4 during the cell cycle. EMBO (Eur. Mol. Biol. Organ.) J. 
11:4379-4389. 

Wilde, A., B. Reaves, and G. Banting. 1992. Epitupe mapping of two isoforms 
of a trans-Golgi network specific integral membrane protein TGN38/41. 
FEBS (Fed. Fur. Biochem. Soc.) Left. 313:235-238. 

Wood, S. A., J. E. Park, and W. J. Brown. 1991. Brefeldin A causes a 
micrntubule-mediated fusion of the trans-Golgi network and early endo- 
somes. Cell. 67:591-600. 

Yang, C., V. Mayay, G. Godeau, and B. Goud. 1992. Characterization of the 
unprocessed and processed forms of tab6 expressed in baculovirus/insect 
cell systems. Biochem. Biophys. Res. Comm. 182:1499-1505. 

The Journal of Cell Biology, Volume 122, 1993 788 


