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Yuval Sagiv, Aster Legesse-Miller,
Amir Porat and Zvulun Elazar’

Department of Biological Chemistry, The Weizmann Institute of
Science, Rehovot, 76100 Israel

ICorresponding author
e-mail: bmzevi@wicc.weizmann.ac.il

Membrane proteins located on vesicles (v-SNARESs)
and on the target membrane (t-SNAREs) mediate
specific recognition and, possibly, fusion between a
transport vesicle and its target membrane. The activity
of SNARE molecules is regulated by several soluble
cytosolic proteins. We have cloned a bovine brain
c¢DNA encoding a conserved 117 amino acid polypep-
tide, denoted Golgi-associated ATPase Enhancer of
16 kDa (GATE-16), that functions as a soluble transport
factor. GATE-16 interacts with N-ethylmaleimide-
sensitive factor (NSF) and significantly stimulates its
ATPase activity. It also interacts with the Golgi
v-SNARE GOS-28 in an NSF-dependent manner. We
propose that GATE-16 modulates intra-Golgi transport
through coupling between NSF activity and SNAREs
activation.
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Introduction

Vesicular transport of proteins is mediated by coated
vesicles that bud from membrane-bound compartments
and are then targeted and fused with the appropriate
acceptor organelle (Palade, 1975; Rothman, 1994). This
process is highly conserved from yeast to man
(Ferro-Novick and Jahn, 1994).

Docking of a vesicle at the appropriate target membrane
involves the interaction between integral membrane pro-
teins located on the vesicle, the v-SNAREs, and the
t-SNARESs at the target membrane (Sollner et al., 1993b;
Pfeffer, 1996). Prior to pairing between v- and t-SNARESs,
initial docking of a vesicle with its target organelle
is mediated by a peripheral membrane protein, pl15
(Nakamura et al., 1997), originally identified as a protein
needed for intra-Golgi transport (Waters et al., 1992).
P115 interacts with two integral membrane proteins,
giantin, located on COPI vesicles, and GM130, a Golgi
matrix protein, thus providing a bridge between vesicles
and their target membrane (Sonnichsen et al., 1998).
Usolp, the yeast homolog of the mammalian pl15, has
been suggested to act together with the small GTPase
Yptlp prior to the formation of SNARE pairs (Lupashin
et al., 1996; Sapperstein et al., 1996; Lupashin and Waters,
1997) and initiate docking of endoplasmic reticulum (ER)-
derived COPII vesicles to the Golgi (Cao et al., 1998).
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Ypt7p was also shown to have a role in the initial
docking (tethering) between two vacuoles (Ungermann
et al., 1998).

The events that follow vesicles docking and lead to
membrane fusion are still being investigated. It has been
argued that the SNARE complex allows the cell to
overcome the energy barrier required for membrane fusion
(Fasshauer et al., 1997; Hanson et al., 1997). Furthermore,
using liposomes reconstituted with t- or v-SNAREs,
Rothman and co-workers showed that the v-SNARE-
t-SNARE complex per se fulfills the minimal requirement
for fusion between two membranes (Weber et al., 1998;
Nickel et al., 1999; Parlati et al., 1999). Yet, based on an
in vitro system that reconstitutes homotypic fusion of yeast
vacuoles, Ungermann and co-workers (1998) deduced
that the formation of the SNARE complex is only an
intermediate step in the overall fusion reaction. According
to this view, SNARE molecules are involved in docking
between donor and acceptor membranes, while another
set of proteins participates in subsequent stages of the
fusion process. This notion is supported by Peters and
Mayer (1998), who suggested that calmodulin and other
as yet unidentified factors are involved in mediating late
stages of vacuolar fusion.

Following its formation, the v-SNARE—-t-SNARE com-
plex binds two soluble factors: N-ethylmaleimide-sensitive
fusion protein (NSF) and soluble NSF attachment protein
(SNAP). These in turn catalyze the disassembly of the
SNARE complex (Sollner et al., 1993a) after a round of
fusion, thus allowing a new round to take place (Mayer
et al., 1996; Otto et al., 1997; Ungermann et al., 1998).

A variety of cell-free systems that reconstitute distinct
transport steps were utilized to identify many proteins
implicated in intracellular vesicular transport. A well
studied transport system that reconstitutes transport of
proteins between early Golgi cisternae was developed
originally by Rothman and co-workers (Balch et al.,
1984). NSF, SNAP, pl115, p16 (therein termed GATE-16),
phosphatidylinositol transfer protein o and a 13S Golgi
transport complex were isolated as cytosolic factors essen-
tial for this assay (Block et al., 1988; Clary et al., 1990;
Waters et al., 1992; Legesse-Miller et al., 1998; Paul
et al., 1998; Walter er al., 1998). However, additional
soluble factors are required to reconstitute intra-Golgi
transport (Clary et al., 1990; Waters et al., 1992; Elazar
et al., 1994b; Legesse-Miller et al., 1998).

Bet3p, a hydrophilic factor originally identified as a
synthetic lethal together with the bet/-I mutant (Rossi
et al., 1995), is apparently part of a large peripheral
membrane protein complex localized in the cis-Golgi,
which is involved in docking and fusion of ER-derived
vesicles (Sacher et al., 1998). In addition, the low M,
activity (LMAL1), a heterodimer composed of thioredoxin
and IB2, participates in vacuolar homotypic fusion (Xu
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and Wickner, 1996; Xu et al., 1997) as well as in fusion
of ER-derived COPII vesicles with the Golgi (Barlowe,
1997; Cao et al., 1998). A mechanism for the function of
LMATI in vacuolar fusion was described recently (Xu
et al., 1998; Ungermann et al., 1999). Accordingly, LMAL1
first interacts with Secl8 and then, in an ATP-dependent
manner, it is transiently transferred to Vam3p, a vacuolar
t-SNARE.

We recently have identified and purified a 16 kDa
polypeptide from bovine brain cytosol on the basis of
its activity in a cell-free intra-Golgi transport system
(Legesse-Miller et al., 1998). Utilizing the amino acid
sequence derived from the 16 kDa polypeptide, we
describe here the cloning of a novel, highly conserved
soluble protein, localized predominantly in the Golgi,
which we tentatively term GATE-16 (Golgi-associated
ATPase Enhancer of 16 kDa). This protein exhibits high
amino acid sequence homology to the human GABA,
receptor-associated protein (GABA,-RAP) (Wang et al.,
1999) and to the light chain 3 (LC3) of neuronal
microtubule-associated proteins (MAPs) (Mann and
Hammarback, 1994, 1996). A GATE-16 homolog in
Saccharomyces cerevisiae, Aut7/Apg8, recently was
reported to be involved in the autophagic process (Lang
et al., 1998; Kirisako et al., 1999).

In this study, we demonstrate that GATE-16 interacts
with NSF, enhancing its ATPase activity. In addition,
GATE-16 interacts specifically with GOS-28, a Golgi-
specific v-SNARE, in an NSF- and SNAP-dependent
manner. We suggest that GATE-16 is transferred from
NSF to GOS-28 in an ATP-dependent manner, stabilizing
GOS-28 in a ‘primed’ form. We hypothesize that GATE-16
links between NSF activity and SNARE activation.

Results

Cloning the cDNA encoding GATE-16

Previously we have purified a 16 kDa polypeptide from
bovine brain cytosol based on its activity in a cell-free
intra-Golgi transport assay (Legesse-Miller et al., 1998).
The identity of the pure protein was determined by the
amino acid sequence analysis of five tryptic peptides
derived from the 16 kDa polypeptide band. Two of these
peptides were used to synthesize degenerate oligonucleo-
tides. A PCR product of 150 bp was used to screen a AZAP
bovine brain cDNA library, leading to the identification of
a complete open reading frame (ORF) of a 117 amino
acid protein, denoted GATE-16 (Figure 1A). A Kozak
conserved sequence for translation initiation is present at
the beginning of the ORF and a polyadenylation signal is
located 486 bases downstream of the last amino acid of
GATE-16, followed by the polyadenylation site
(Figure 1A). All tryptic peptides obtained from the purified

protein were detected in the GATE-16 ORF (framed in
Figure 1A).

GATE-16 exhibits significant homology to proteins
found in eukaryotes ranging from yeast to human. For
example, the S.cerevisiae GATE-16 homolog (Aut7p/
Apg8) shows 56% identity and 75% similarity to the
mammalian protein (Figure 1B). A search of the expressed
sequence tag database (dbEST) at the NCBI (National
Center for Biotechnology Information) yielded cDNA
sequences for mouse, rat and human GATE-16 that are
100% identical to the bovine protein. Taken together, these
findings indicate that GATE-16 is a highly conserved
protein. Two other GATE-16-related mammalian proteins
were reported previously: LC3 of neuronal MAPs (Mann
and Hammarback, 1994) and GABA-RAP (Wang er al.,
1999). These proteins exhibit 38 and 57% identity, and
an overall 68 and 88% similarity to GATE-16, respectively
(Figure 1B), alluding to the existence of a GATE-16-
related protein family.

We determined the expression pattern of GATE-16 by
Western blot analysis using affinity-purified anti-GATE-16
polyclonal antibodies. GATE-16 was found in all secretory
organs studied (Figure 1C). The expression of GATE-16
was significantly higher in brain tissue, suggesting a
specific role for this protein in neurons. Although in most
tissues the anti-GATE-16 antibodies recognized predom-
inantly the 16 kDa polypeptide (GATE-16), in tissues such
as intestine and brain these antibodies recognized an
additional minor 18 kDa polypeptide. The identity of this
minor cross-reacting polypeptide is as yet unknown.

Recombinant GATE-16 is active in intra-Golgi
transport in vitro

To establish that the isolated cDNA encodes an active
GATE-16, we subcloned the coding region into a pRSET-C
vector to produce a protein tagged with six histidine
residues at its N-terminus (His¢GATE-16). The protein
was expressed in Escherichia coli and purified on nickel-
nitrilotriacetic acid (Ni-NTA)-agarose and Mono-S col-
umns (Figure 2A). The activity of the recombinant
GATE-16 was tested in the GATE-16-dependent cell-free
transport assay (Legesse-Miller et al., 1998). In this assay,
each sample contained saturating levels of the known
cytosolic factors such as aSNAP, NSF and p115, as well
as a cytosolic fraction termed [3, obtained by fractionating
crude cytosol on an anion exchange column (Leggesse
et al., 1998). As shown in Figure 2B, HisGATE-16 is
active in the GATE-16-dependent intra-Golgi transport
assay, similarly to the endogenous GATE-16 isolated from
bovine brain. When a'SNAP was not added to the reaction
mixture, HisqGATE-16 failed to stimulate the transport
activity (Figure 2C), indicating that GATE-16 acts as part
of the known transport machinery. Notably, addition of

Fig. 1. Sequence of bovine GATE-16. (A) Sequence of the cloned GATE-16 cDNA from bovine brain and the deduced amino acid sequence. Boxed
amino acids correspond to sequences obtained from tryptic fragments of the purified protein. Underlined nucleotides at the 5'-untranslated region
represent the ‘Kozak’ sequence for initiation of translation; underlined nucleotides at the 3’-untranslated region represent the signal for poly-
adenylation. (B) GATE-16 aligned with its homologs using the ClustalW multiple sequence alignment program version 1.7. Sequence alignment is
depicted by the SeqVu 1.0.1 program, identity is represented by a black frame and homology by a gray background. Mammalian GATE-16 from
bovine (accession No. AF20262), rat (AB 003515), mouse (AA124324) and human (AJ010569) (full-length EST sequences found at the NCBI) are
100% identical in their amino acid sequences. (C) To determine the expression pattern of GATE-16, homogenates were prepared from different
organs of a freshly sacrificed rat, and 42 g of each sample were separated by 14% SDS-PAGE. GATE-16 was visualized by Western blotting using
affinity-purified anti-GATE-16 antibodies. No differences were observed in the total protein between the different samples, as determined by amido

black staining of the nitrocellulose filters.
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Fig. 2. Recombinant GATE-16 is active in a cell-free intra-Golgi
transport assay. GATE-16 cDNA was cloned into a pRSET-C vector
and expressed in E.coli to create a Hisg-tagged recombinant protein as
described in Materials and methods. (A) Proteins eluted from an

Ni?* -NTA column (lane 1), unbound material (lane 2) and purified
His¢GATE-16 eluted from a Mono-S column (lane 3). Proteins were
run on a 14% SDS—polyacrylamide gel and visualized by Coomassie
blue staining. (B) Increasing amounts of GATE-16 purified from
bovine brains (O) or HisqGATE-16 (@) were added to the GATE-16-
dependent cell-free transport assay (see Materials and methods).

(C) His¢GATE-16 (25 ng) was added to the GATE-16-dependent
transport assay in the presence or absence of 30 ng of aSNAP. Assays
were carried out in duplicate, and the mean is plotted with the error
bar representing the higher value. (D) Salt-washed Golgi membranes
(1 M KCl) were used in the GATE-16-dependent transport assay in the
absence or presence of 25 ng of Hisg-GATE-16.

higher levels of aSNAP in the absence of GATE-16 failed
to stimulate the assay signal (data not shown). Since most
of the soluble transport factors are associated peripherally
with the membrane, we tested the activity of GATE-16
in a GATE-16-dependent assay using Golgi membranes
washed with 1 M KCIl. Although the assay signal was
significantly lower in comparison with standard Golgi
membranes, GATE-16 appears active under these condi-
tions too (Figure 2D).

We next used polyclonal anti-GATE-16 antibodies,
purified on nitrocellulose strips containing pure
HisgGATE-16, to assay the role of the endogenous protein
in the cell-free transport assay reconstituted with crude
bovine brain cytosol. These antibodies inhibited up to
90% of the transport activity, with half-maximal inhibition
in the presence of ~90 ng of antibodies (Figure 3A);
immunoglobulins obtained from a pre-immune serum did
not affect the transport. Furthermore, the inhibitory effect
of anti-GATE-16 antibodies was reversed specifically by
His¢GATE-16 (Figure 3B) but not by oSNAP (data
not shown), again demonstrating the specificity of this
inhibition.

In the experiment described in Figure 3C, the transport
assay was either terminated at different time points by
ice, or each of the inhibitors, anti-GATE-16, Rab-GDI or
GTPYS, was added at these time points, after which the
reaction was allowed to proceed for a 2 h incubation
period. The resistance of the reaction during a distinct
time interval may be indicative of the sequence of events
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Fig. 3. Anti-GATE-16 antibodies inhibit intra-Golgi transport in vitro.
(A) Increasing amounts of anti-GATE-16 antibodies (@) or IgGs from
pre-immune serum (O) were added to the cell-free transport assay in
the presence of 50 pg of crude bovine brain cytosol. (B) Anti-
GATE-16 antibodies (150 ng) and 2.5 pg of His¢GATE-16 were added
to the standard transport reaction as indicated. (C) A standard intra-
Golgi transport assay was carried out at 30°C for 2 h. At the indicated
time points (marked by the symbols), anti-GATE-16 antibodies

(150 ng, O), Rab-GDI (1 pg, W) or GTPYS (50 uM, () were added
and the reaction was terminated after 2 h. The progression of transport
in the absence of inhibitors was measured by transferring samples to
ice at the indicated time points (@).

during the intra-Golgi transport assay. Standard samples,
treated with buffer only, were incubated further at 30°C
until the end of the 2 h incubation period and served as
control (100% transport). All three inhibitors, when added
at the onset of the reaction, produced ~90% inhibition of
transport. The reaction became resistant to the anti-
GATE-16 antibodies when these were added 40-60 min
after transport was initiated. Apparently GATE-16 is acting
prior to the glycosylation step represented by the ice
samples. The assumption that GATE-16 operates late in
the transport process is supported by the finding that the
transport became resistant to the anti-GATE-16 antibodies
after the inhibition by GTPYS and Rab-GDI, which block
vesicle uncoating or vesicle tethering, respectively.

GATE-16 interacts with NSF

To characterize further the mechanism by which GATE-16
stimulates intra-Golgi transport, we searched for proteins
that interact specifically with it. Protein A—Sepharose
beads coupled to anti-GATE-16 antibodies were mixed
with crude bovine brain cytosol, then washed, and the
eluted material was subjected to Western blot analysis with
different antibodies. Anti-GATE-16 antibodies specifically
co-precipitated GATE-16 and significant amounts of NSF
(Figure 4A). Similarly, when we used anti-NSF antibodies
to precipitate NSF from the cytosol, GATE-16 co-immuno-
precipitated (Figure 4A) while other factors, such as
aSNAP, pl15 and the ATPase p97, did not (data not
shown). These results indicate that GATE-16 interacts
specifically with NSF in the cytosol, although they do not
exclude an indirect interaction between the two. To address
this issue, we incubated Hisq-tagged GATE-16 with recom-
binant Myc-tagged NSF. As shown in Figure 4B, anti-
Myc monoclonal antibodies co-precipitated NSF with
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Fig. 4. GATE-16 interacts specifically with NSF. (A) Bovine brain
cytosol (1.2 mg) was immunoprecipitated (IP) with anti-GATE-16

and anti-NSF antibodies, or with pre-immune IgGs as control.
Immunoprecipitates were washed (see Materials and methods), and
proteins were eluted with 2% SDS at 95°C for 2 min and analyzed

by Western blots (IB) using the indicated antibodies. The right

panel (cytosol) represents 150 ng of total cytosolic proteins.

(B) His¢GATE-16 (200 ng) was mixed with agarose beads coupled to
anti-Myc epitope monoclonal antibodies (20 pl) in the presence or
absence of Myc-tagged NSF (300 ng) for 120 min at 4°C. The
immunoprecipitates were immunoblotted and reacted with anti-
GATE-16 and anti-NSF antibodies. (C) ATPase activity of NSF was
measured in 50 pl of reaction buffer (10 mM PIPES-KOH pH 6.8,
200 mM sucrose, 150 mM MnCl,, 1 mM ATP and 2 mM DTT) in the
presence of 1.5 pg/ml HisgNSF and the indicated concentration of
His¢GATE-16 (@), or in the presence of heat-inactivated HisqGATE-16
(65°C, 30 min) (A). Samples were incubated for 2 h at 30°C and
ATPase activity was determined as described (Lill ez al., 1990). The
dashed line indicates ATPase activity measured in the absence of NSF.
The background signal from reactions incubated with NSF and ATP on
ice was subtracted.

significant amounts of GATE-16, indicating that GATE-16
and NSF interact directly.

GATE-16 activates NSF ATPase activity

NSF is a member of the AAA protein family of ATPases
(Patel and Latterich, 1998). The very low ATPase activity
of NSF is stimulated ~2-fold by aSNAP molecules
attached to plastic (Morgan et al., 1994). Within the
complex of NSF and SNARES, such ATPase activity leads
to the dissociation of the complex (Sollner et al., 1993a).
We tested the effect of increasing concentrations of
recombinant GATE-16 on the ATPase activity of Hise-
Myc-NSF. As shown in Figure 4C, GATE-16, which by
itself lacks ATPase activity (dashed line), stimulated the
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Fig. 5. GATE-16 is localized on the Golgi. (A) NRK (a—d) and

NIH 3T3 cells (e-h) were incubated in the absence (a, c, e and g) or
presence (b, d, f and h) of 15 uM BFA for 1 h before fixation. Cells
were incubated with both anti-GATE-16 antibodies and mouse
monoclonal anti-B-COP antibodies. Rhodamine-conjugated goat
anti-rabbit 1gGs were used to detect GATE-16 (a, b, e and f);
FITC-conjugated goat anti-mouse IgGs were used to detect B-COP
(c, d, g and h). Bar = 10 pum. (B) Bovine brain post-nuclear
supernatant in 0.5 M sucrose was overlaid on top of a sucrose step
gradient composed of 0.86 and 1.25 M sucrose layers. Following
centrifugation, the 0.86/1.25 sucrose interface was adjusted to 1.6 M
sucrose and loaded at the bottom of a second step gradient of 1.25,
1.0, 0.86 and 0.5 M sucrose. The gradients were centrifuged, and the
indicated fractions were analyzed by immunoblotting with either
anti-GATE-16 antibodies, anti-GOS-28 (a Golgi marker) or anti-PDI
(an ER marker) antibodies.

NSF ATPase activity by up to 3.5-fold, whereas heat-
inactivated GATE-16 had no effect on the assay. Similar
results were obtained when endogenous GATE-16 was
used to stimulate the NSF ATPase activity (data not
shown). Notably, maximal stimulation of NSF ATPase
activity was observed at a molar ratio of ~2:1 NSF
to GATE-16. Evidently, the direct interaction between
GATE-16 and NSF has a functional role.

GATE-16 is localized on the Golgi apparatus

Affinity-purified anti-GATE- 16 polyclonal antibodies were
used to determine the intracellular localization of GATE-16
in NRK and NIH 3T3 cells by indirect immunofluores-
cence. Using methanol to fix and acetone to permeabilize
the cells, a clear juxtanuclear labeling was observed with
anti-GATE-16 antibodies (Figure 5A). No labeling was
observed when anti-GATE-16 antibodies were incubated
with excess HisqGATE-16 (data not shown). To identify
the subcellular localization of GATE-16, we performed
a double labeling experiment using both monoclonal
antibodies directed against the B-subunit of COPI (B-COP)



that label the Golgi, and anti-GATE-16 antibodies. We
showed by confocal microscopy that labeling with anti-
GATE-16 antibodies overlapped that of 3-COP, indicating
that GATE-16 is localized in these cells on the Golgi
(Figure 5A, a, c, e and g). Brefeldin A (BFA) previously
was shown specifically to disassemble the Golgi complex
in vivo (Lippincott-Schwartz et al., 1989). Here we showed
that in the presence of BFA, the labeling observed by
both anti-GATE-16 and anti-B-COP was significantly
reduced (Figure 5A, b, d, f and h). Similar labeling by
anti-GATE-16 antibodies was observed in CHO cells and
in hippocampal neurons (data not shown). These results
clearly demonstrate that GATE-16 is localized in vivo
predominantly on the Golgi complex.

The intracellular localization of GATE-16 was also
determined by subcellular fractionation of bovine liver
post-nuclear supernatant in two sequential equilibrium
density sucrose gradients. Membranes concentrated at the
0.86/1.25 interface of the first gradient were harvested
(see Materials and methods), adjusted to 1.6 M sucrose
and loaded at the bottom of a second gradient (Figure 5B).
Fractions were analyzed by immunoblotting with affinity-
purified anti-GATE-16 antibodies and with antibodies that
recognize either the Golgi marker GOS-28, or PDI, an
ER marker. Immunoblot analysis of the second gradient
showed that GATE-16 co-localized predominantly with
GOS-28, indicating that it is associated mainly with the
Golgi. GATE-16 could be dissociated from the Golgi
membrane by 1 M KCI (data not shown), indicating that
it is a peripheral membrane protein.

GATE-16 interacts with the Golgi v-SNARE GOS-28
As shown above, GATE-16 has been identified as a Golgi
peripheral membrane protein. We then tested the ability
of GATE-16 to interact with Golgi membrane proteins,
attempting to identify the membrane target of this protein.
As shown in Figure 6A, anti-GATE-16 antibodies spe-
cifically co-immunoprecipitated GATE-16 with GOS-28,
a Golgi-specific v-SNARE implicated in ER to Golgi
and intra-Golgi transport (Nagahama et al., 1996;
Subramaniam et al., 1996). In addition, anti-GOS-28
antibodies specifically immunoprecipitated significant
amounts of GATE-16 (Figure 6A). Other Golgi SNAREs
such as Vtil-rp2 (Figure 6A) or GS-15 (data not shown)
did not co-precipitate with GATE-16, nor did other Golgi
membrane proteins such as p23 and p24 (data not shown).
In comparison with anti-GOS-28 antibodies, only a small
fraction of the Golgi t-SNARE syntaxin 5 was co-immuno-
precipitated by anti-GATE-16 antibodies, suggesting that
GATE-16 interacts mostly with GOS-28 and to a much
lesser extent with syntaxin 5. Notably, small amounts of
NSF found in the membrane extract co-immunoprecipi-
tated with anti-GATE-16 antibodies as well as with
GOS-28 antibodies.

To determine whether GATE-16 interacts directly with
GOS-28, we used a fusion protein between GST and the
cytosolic tail of GOS-28 (GST-GOS-28). HiscGATE-16
was incubated with glutathione—agarose in the presence
of GST-GOS-28 fusion protein or GST alone. The pres-
ence of GATE-16 and GOS-28 in the eluted material was
determined by specific anti-GATE-16 and anti-GOS-28
antibodies (Figure 6B). His¢GATE-16 did not interact with
recombinant GST-syntaxin 5 fusion protein (data not
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Fig. 6. GATE-16 interacts with GOS-28. (A) Detergent extracts

(40 pg) of rat liver Golgi membranes and Hisg-GATE-16 (1 ng) were
immunoprecipitated with either anti-GATE-16, anti-GOS-28
antibodies, or pre-immune IgGs as control. Inmunoprecipitates were
analyzed by Western blots using the indicated antibodies. Total (right
panel) represents 10% of the membrane detergent extract used for each
experiment in the presence of Hisg-GATE-16. (B) Glutathione—agarose
beads were incubated with His¢qGATE-16 in the presence of recombinant
GST-GOS-28 (left) or GST alone (right). The glutathione—agarose
beads were washed and the bound material was eluted with free
glutathione and analyzed by Western blots. (C) Detergent extracts
were immunoprecipitated with anti-GATE-16 antibodies in the
presence of 5 mM MgCl, and with either NSF (0.3 pg), aSNAP

(0.8 ng), 1 mM ATP or 1 mM ATPyS, as indicated. The
immunoprecipitates were analyzed by Western blots to detect
co-immunoprecipitated GOS-28. Panels show immunoblots of GOS-28
(top) and GATE-16 (bottom) of the respective samples.
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shown). These results confirmed a direct and specific
interaction between GATE-16 and GOS-28.

Since our working hypothesis is that GATE-16 first
interacts with NSF and then is transferred to GOS-28, we
tested the ability of NSF and SNAP to enhance the
association between GATE-16 and GOS-28. Golgi mem-
brane extracts were incubated with recombinant Myc-NSF
and HisgSNAP in the presence of ATP—conditions that
stimulate the dissociation of SNARE complexes (Sollner
et al., 1993a). As depicted in Figure 6C, NSF, SNAP
and ATP significantly increased the interaction between
GATE-16 and GOS-28. This interaction does not require
ATP hydrolysis because in the presence of ATPYS, the
non-hydrolyzable analog of ATP, the interaction between
GATE-16 and GOS-28 was stimulated further. Addition
of either NSF in the absence of SNAP, or SNAP in the
absence of NSF had no stimulatory effect on this inter-
action. The molar ratio of GATE-16 to GOS-28 found in
the immunoprecipitate in the presence of ATPyS was ~1:1.
Apparently, GATE-16 interacts with GOS-28 in an NSF-
and SNAP-dependent manner.

GATE-16 protects GOS-28 and syntaxin 5 from
proteolysis

As shown previously, the interaction between GATE-16
and GOS-28 requires NSF, SNAP and ATP (Figure 6C).
We also demonstrated that the participation of GATE-16
in intra-Golgi transport is blocked specifically in vitro by
anti-GATE-16 antibodies (Figure 3). To elucidate the
nature of the linkage between the effect of GATE-16 on
intra-Golgi transport and its interaction with SNARE
molecules, we tested the influence of these affinity-purified
anti-GATE-16 antibodies on Golgi-associated SNARE
molecules under transport conditions. As shown in
Figure 7A, addition of the anti-GATE-16 antibodies to
the transport reaction was accompanied by a dramatic
depletion from the membrane of both GOS-28 and its
t-SNARE partner, the low molecular weight isoform of
syntaxin 5 (Hay et al., 1998). Pre-immune IgGs serving
as a control in these experiments had no effect. The effect
of anti-GATE-16 antibodies on the Golgi SNAREs was
blocked specifically by recombinant GATE-16, indicating
that the antibodies act by associating with the endogenous
GATE-16 (Figure 7A). Anti-GATE-16 antibodies had no
influence on the Golgi SNARESs when the reaction mixture
was kept on ice, nor when a protease inhibitor cocktail
was present (Figure 7B), indicating that the loss of the
SNARE molecules from the membrane pellets resulted
from proteolysis. Furthermore, a fragment of ~10 kDa
corresponding to GOS-28 appeared in the supernatant in
the presence of anti-GATE-16 antibodies (Figure 7A).
This proteolysis is specific because other Golgi SNAREs
such as Vtil-rp2, the high molecular weight isoform of
syntaxin 5 (Figure 7A) and Gs15 (data not shown), none
of which interact with GOS-28, remained intact. Notably,
anti-GATE-16 antibodies did not affect the amount of the
Golgi membranes in the different pellets, as judged by
their mannosidase activity (data not shown). A good
correlation was found between the inhibition of transport
observed in the presence of the anti-GATE-16 antibodies
(Figure 3A) and their effect on the SNARE molecules
(Figure 7A), suggesting that this is the mechanism by
which the antibodies block transport. Indeed, Golgi mem-
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Fig. 7. GATE-16 protects the membrane-bound GOS-28 from
proteolysis. (A) Golgi membranes (12.5 ng) were incubated in a final
volume of 100 pl under standard transport conditions (see Materials
and methods) with the indicated amounts of anti-GATE-16 antibodies
and recombinant GATE-16 for 15 min at 37°C. Membranes were
then mounted on top of a 15% sucrose cushion and pelleted by
ultracentrifugation. The membrane pellets and the supernatant
trichloroacetic acid precipitates were subjected to Western blot
analysis. To detect the 10 kDa fragment corresponding to the GOS-28
degradation product, the image was sharpened using the Adobe
Photoshop program. (B) Golgi membranes were incubated at the
indicated temperature with 1 pg of anti-GATE-16 antibodies or with
1 pg of pre-immune IgGs, in the presence or absence of a protease
inhibitor cocktail (PIC), and analyzed by Western blots as described
above. The PIC consisted of leupeptin (0.5 pug/ml), pepstatin A

(1.4 pg/ml), aprotinin (2 pg/ml) and PMSF (1 mM).

branes treated with anti-GATE-16 antibodies irreversibly
lost ~70% of their ability to mediate intra-Golgi transport.

Discussion

Protein transport between two organelles is a multistep
process that requires formation of vesicles and their
targeting to a recipient membrane, followed by docking
and fusion processes. In this study, we describe a soluble
transport factor, GATE-16, which is involved in late stages
of intra-Golgi protein transport. We suggest that GATE-16
specifically interacts with NSF, which in turn presents it
to the Golgi-specific v-SNARE GOS-28. Recombinant
GATE-16 significantly stimulated intra-Golgi transport
in vitro provided that other known transport factors such
as SNAP and pll5 were present. Moreover, affinity-
purified anti-GATE-16 antibodies specifically inhibited the
transport assay reconstituted with crude cytosol, ruling
out cytosol fractionation as a prerequisite for GATE-16
activity. Immunofluorescence and subcellular fractionation
showed that GATE-16 is localized mainly on the Golgi
complex, suggesting that it functions within this organ-
elle in vivo.

The amino acid sequence of GATE-16 is highly con-
served in evolution, implying a fundamental physiological
role for this protein. GATE-16 is found in secretory organs
such as brain, liver, kidney, spleen and intestine. In some
tissues, another minor 18 kDa polypeptide is recognized,



which might be a related protein, such as GABA-RAP
(Wang et al., 1999) or LC3 of the neuronal MAPs (Mann
and Hammarback, 1994, 1996).

The requirement for GATE-16 in intra-Golgi transport
in vitro suggests that it is an integral part of the protein
trafficking machinery. We have shown previously that
GATE-16 isolated from bovine brain was active in the
absence of budding factors such as ARF1 and coatomer
and resistant to BFA or GTPYS (Legesse-Miller et al.,
1998). This raises the possibility that GATE-16 is required
only for uncoupled fusion (Orci et al., 1991; Elazar et al.,
1994b). However, here we demonstrate that GATE-16 is
also required for transport reconstituted with crude cytosol,
i.e. conditions that allow the formation of coated vesicles.

NSF and olSNAP are general transport factors participat-
ing in almost all intracellular fusion events. We report
here that within the cytosol, NSF is found in a complex
with GATE-16. However, only a small portion of NSF is
interacting with GATE-16, as indicated by our immuno-
precipitation experiments. GATE-16, and possibly other
proteins such as LMAI1 and pl3 (Xu er al, 1998),
may enhance the specificity of NSF towards different
subcellular targets. In this study, we demonstrated that
GATE-16 interacts with NSF and activates its ATPase
activity. Maximum activation of NSF ATPase activity was
observed when GATE-16 was added to NSF in a molar
ratio of 1:2. A similar ratio was observed for aSNAP to
NSF (Morgan et al., 1994) and for p47 to p97 (Kondo et al.,
1997). It is well established that aSNAP is responsible for
the actual attachment of NSF to the different SNAREs.
Here we have shown that GATE-16 interacts with the Golgi
v-SNARE, GOS-28, in an NSF- and SNAP-dependent
manner. It is feasible that aSNAP removes GATE-16 from
its NSF-binding site, freeing it to bind GOS-28. Other
experiments are required to establish whether such transfer
takes place.

The similarity between GATE-16 and the yeast LMAI
is striking: LMAL1 first interacts with the yeast homolog
of NSF, Sec18p, and upon ATP hydrolysis is transferred
to Vam3p, a vacuolar t-SNARE, and is then released
during fusion (Xu et al., 1998; Ungermann et al., 1999).
Although there is no clear amino acid sequence homology
between the two factors, GATE-16 may represent the first
mammalian functional analog of LMAI1 that interacts
specifically with the Golgi v-SNARE GOS-28. Our experi-
ments indicate that the interaction between GATE-16 and
GOS-28 takes place in the presence of ATP, NSF and
SNAP, conditions that allow the dissociation of the SNARE
complex (Sollner et al., 1993a). Apparently GATE-16
interacts with the free form of GOS-28, an idea supported
by the finding that recombinant GATE-16 and GST-
GOS-28 interact directly. Our data also indicate that the
interaction between GATE-16 and GOS-28, mediated by
NSF and SNAP, is stimulated further in the presence of
the non-hydrolyzable analog of ATP, ATPYS; evidently,
ATP hydrolysis is not required for this process.

NSF and SNAP induce the dissociation of the SNARE
complex in a reaction that requires ATP hydrolysis.
According to Mayer et al. (1996), NSF and SNAP dissoci-
ate v-SNARE-t-SNARE complexes, activating them prior
to the docking stage. It is thus feasible that factors such
as LMA1 and GATE-16 are involved in maintaining the
dissociated SNARE molecules in an active form, possibly
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preventing their re-association. The function of a SNARE
‘protector’ was also assigned to Seclp and to its mamma-
lian homologs, n-Secl, mun18 and rbSec1, which interact
with free t-SNAREs (Pevsner et al., 1994; Pevsner, 1996).
GATE-16, however, represents the first soluble factor that
interacts specifically with a Golgi v-SNARE. Furthermore,
in contrast to the SNARE protectors that function as
negative regulators of the fusion process, GATE-16 has a
positive role, exerting an active, promoting effect on the
overall transport process. We therefore propose that the
interaction between GATE-16 and GOS-28 maintains the
SNARE molecule in a conformational state ready for the
next round of fusion.

Support for the role of GATE-16 in maintaining the
proper conformational state of SNAREs comes from the
surprising effect of the anti-GATE-16 antibodies on the
Golgi SNARESs. The experiments presented in Figure 7
suggest that under transport conditions, GATE-16 spe-
cifically protects the SNARE molecules with which it
interacts from proteolysis. Accordingly, in the absence of
a functional GATE-16, GOS-28 and syntaxin 5 change
their conformational state significantly, rendering them
susceptible to proteases. The protease inhibitory activity
of GATE-16 therefore does not reflect its physiological
role but rather its effect on the state of the SNARE
molecules with which it interacts.

Recently, Wang et al. (1999) suggested that the GABA
receptor-associated protein GABA,-RAP, which exhibits
high sequence homology to GATE-16, is involved in
linking GABA receptors to the cytoskeleton. GABA-RAP
co-localizes with GABA receptors in a punctated structure
throughout the cell membrane, whereas GATE-16 is local-
ized specifically in the Golgi. It is thus feasible that GABA-
RAP functions specifically in neuronal cells, mediating the
function of membrane receptors such as the GABA,
receptor, whereas GATE-16 functions in intracellular pro-
tein transport, regulating the activity of membrane-bound
SNAREs. We propose that the GATE-16 protein family
has a pleiotropic effect, acting as chaperones for membrane
proteins that undergo functional conformational changes.
That molecules involved in vesicular transport may act in
other systems has been shown, for example, for NSF and
SNAP, which also affect GluR2, a postsynaptic membrane
receptor, altering its channel activity (Nishimune et al.,
1998; Osten et al., 1998).

The GATE-16 homolog in S.cerevisiae recently was
reported to be involved in autophagic processes (Lang
et al., 1998; Kirisako et al., 1999). Lang and co-workers
suggested that this protein acts together with Aut2 in the
delivery of autophagosome to the vacuole (Lang et al.,
1998); Kirisako and co-workers suggested that this protein
plays an important role in autophagosome formation
(Kirisako et al., 1999). It is clear, however, that membrane
fusion is essential for either the formation of an autophago-
some or its delivery to the vacuole. Based on the data
obtained for GATE-16, we suggest that Aut7p/Apg8 medi-
ates membrane fusion in the autophagic pathway. We
found that Aut7p/Apg8 can partially replace GATE-16
in the cell-free intra-Golgi transport assay and interact
specifically with v-SNAREs involved in early secretion
stages as well as with a vacuolar v-SNARE (Z.Elazar and
A.Legesse-Miller, to be published elsewhere). We cannot
rule out the possibility that these two proteins play different
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roles in yeast versus mammalian cells. However, it is
conceivable that GATE-16 is involved in constitutive
transport under normal growth conditions, whereas under
stress conditions, such as starvation, it is essential for the
enhanced transport of autophagosomes from the cytoplasm
to the lysosomes. AUT7 is the only relative of GATE-16
in the yeast genome. It appears that under normal growth
conditions, this gene is non-essential (Lang et al., 1998;
Kirisako et al., 1999). Our data suggest that GATE-16
exerts its action by interacting with the Golgi v-SNARE,
GOS-28. Consistent with this, Goslp, the yeast homolog
of GOS-28, is also a non-essential protein involved in
multiple transport steps, in particular ER to Golgi and
intra-Golgi transport (McNew et al., 1998). Moreover, in
the aut7 null strain, other factors such as LAMI or pl3
may substitute its function.

The following model for the function of GATE-16
during late stages of membrane transport is suggested.
GATE-16 binds to and forms a complex with NSF in the
cytosol, which in turn interacts with SNAP molecules
bound to SNARE complexes on the membrane. It has
been shown recently that aSNAP is associated with a
GOS-28-syntaxin 5 complex via direct interaction with
GOS-28 (Subramaniam et al., 1997). The attachment of
NSF to SNAP molecules bound to GOS-28 may facilitate
the release of GATE-16 from NSF, enabling its interaction
with GOS-28, a reaction that precedes the hydrolysis of
ATP by NSF. Next, ATP hydrolysis by NSF catalyzes the
disassembly of the SNARE complex, leaving GATE-16
bound to GOS-28. We speculate that this interaction is
essential for keeping GOS-28 in a stable conformation
that allows the next step of docking and fusion.

Materials and methods

Preparation of cytosolic factors

Bovine brain cytosol was prepared by the method of Malhotra ez al.
(1989). Fraction 1If, recombinant HisgNSF and Hisq0SNAP were pre-
pared as described (Legesse-Miller et al., 1998). P115 was purified from
bovine liver cytosol as described (Waters et al., 1992; Elazar et al., 1994a).

Intra-Golgi transport assay

The standard assay mixture (25 pl) contained 0.4 pCi of UDP-[*H]N-
acetylglucosamine (America Radiolabeled Chemical), 5 pl of a 1:1
mixture of donor and acceptor CHO Golgi membrane, and crude bovine
brain cytosol. Transport reactions were incubated at 30°C for 2 h and
the incorporation of [*H]N-acetylglucosamine into vesicular stomatitis
virus (VSV)-G protein was determined as described previously (Balch
et al., 1984). The GATE-16-dependent assay was performed as described
previously (Legesse-Miller et al., 1998). Briefly, each assay contained
0.4 uCi of UDP-[*H]N-acetylglucosamine, 5 pl of a 1:1 mixture of
donor and acceptor CHO Golgi membrane, 100 pg of I8, 0.5 pg of
pl15, 5 ng of HisgNSF, 60 ng of HisgSNAP, 10 uM palmitoyl-CoA, and
ATP and UTP regeneration systems, unless otherwise indicated in the
figure legends. Salt-washed membranes (1 M KCl) were prepared as
described previously (Waters et al., 1992).

Peptide sequencing

GATE-16 was purified from bovine brain cytosol as described previously
(Legesse-Miller et al., 1998). About 2 ug of isolated GATE-16 was
subjected to SDS-PAGE followed by blotting onto nitrocellulose. The
GATE-16 polypeptide was excised, digested by trypsin, and the obtained
peptides were separated by reverse-phase HPLC chromatography on a
C18 column. The amino acid sequence of five different peptides was
determined using an automated sequencer.

Screening for the GATE-16 gene

Degenerate oligonucleotides were synthesized based on the amino
acid sequence of two GATE-16 tryptic peptides (VSGSQIVDIDK and
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YVAYSGENTFGF). PCR was performed using bovine brain cDNA
(Stratagen) as a template, resulting in a 150 bp fragment. This fragment,
radiolabeled with [0->2P]dATP (Stratagen, ‘Primeit’ kit), was used to
screen ~1 X 10° bacteriophage plaques of a AZAP bovine brain cDNA
library (Stratagen). Thirteen positive plaques were subcloned and re-
screened, giving rise to 10 positive colonies. The nucleotide sequence
of six of these colonies was determined on the automated sequencer at
the Weizmann Institute of Science sequencing unit. All colonies contained
the full-length GATE-16 ORF of 117 amino acids.

Expression and purification of recombinant GATE-16

The ORF encoding GATE-16 was amplified by PCR using oligonucleo-
tides containing an Ncol site for the N-terminus and an EcoRI site for
the C-terminus of GATE-16. The PCR product was digested and
subcloned into the pRSET-C bacterial expression vector (Invitrogen) to
obtain a Hisg N-terminal-tagged recombinant GATE-16 protein. The
PRSET-C plasmid containing GATE-16 was transformed into E.coli
BL-21. Cells were grown to an ODgy, of 0.4-0.6 and induced with
1 mM isopropyl-1-thio--D-galactopyranoside (IPTG) for 3 h at 37°C.
Following centrifugation in a Sorvall GS3 rotor at 3000 r.p.m. for
15 min, the pellet was re-suspended and sonicated in a breaking buffer
[25 mM Tris—HCI pH 7.4, 250 mM KCl, 2 mM [B-mercaptoethanol,
1 mM phenylmethylsulfonyl fluoride (PMSF), 2 ug/ml leupeptin and
2 uM pepstatin]. The lysate was cleared by 30 min centrifugation at
40 000 r.p.m. in a Beckman Ti60 rotor and then loaded onto a nickel
beads column (Ni2™-NTA, Qiagen). The column was washed with
20 mM imidazole in a breaking buffer, and elution was carried out in a
gradient of 50-300 mM imidazole in the same buffer without KCI. For
further purification, HisqGATE-16 was dialyzed against 10 mM phosphate
buffer pH 6.8, 50 mM KCl, 10% glycerol and 1 mM dithiothreitol
(DTT), and loaded onto a Mono-S column (Pharmacia). The column
was washed with 100 mM KCl, and His¢GATE-16 was eluted with a
KCl gradient (0.1-0.5 M). Samples were detected on SDS-PAGE, and
the protein concentration was determined by the Bradford assay (Bio-
Rad). Fractions containing pure HisqGATE-16 were equilibrated to
25 mM Tris—HCI pH 7.4, 250 mM KCl, 2 mM DTT by gel filtration on
a G-25 Sephadex column and stored at —70°C until use.

Antibody production

His¢GATE-16 was purified as described above and used to raise
polyclonal antibodies in rabbits by the animal service unit at the
Weizmann Institute of Science. Polyclonal antibodies were affinity
purified on nitrocellulose strips containing pure HisqGATE-16.

Tissue distribution

To prepare rat tissue extracts, frozen organs were washed in cold
phosphate-buffered saline (PBS) and lysed with homogenizer (PCU
Kinematica) in ice-cold protein extraction buffer containing 0.5 M
B-glycerophosphate, 15 mM EGTA, 10 mM EDTA, 1 mM orthovanadate,
1 mM benzamidine, 10 pg/ml aprotinin, 10 pg/ml leupeptin, 2 pg/ml
pepstatin A and 1 mM DTT, at pH 7.4. The lysate was cleared by a
15 min spin at 20 000 r.p.m. at 4°C. Supernatants were mixed with
sample buffer, heated to 95°C for 2 min, and equal amounts of tissue
extracts (42 pg) were subjected to SDS-PAGE (15% acrylamide). The
resolved proteins were transferred to nitrocellulose (Sartorius) and probed
with anti-GATE-16 antibodies using horseradish peroxidase (HRP)-
coupled secondary antibodies and ECL reagent (Amersham).

Indirect immunofluorescence microscopy

NRK and NIH 3T3 cells were seeded on coverslips incubated in the
absence or presence of 15 uM BFA for 1 h before fixation. For
immunofluorescence, cells were fixed with cold methanol for 10 min at
20°C and then permeabilized with cold acetone for 1 min at room
temperature. The coverslips were blocked by incubation with 10% fetal
calf serum in PBS for 1 h at room temperature, followed by 2 h
incubation with two primary antibodies: polyclonal anti-GATE-16 and
M3AS5 anti-BCOP monoclonal antibodies (Sigma). Cells were then
incubated with rhodamine-conjugated goat anti-rabbit IgG and fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG (Jackson
Immunoresearch Laboratories) for 2 h at room temperature. Stained cells
were analyzed by MRC1024 confocal microscopy (Bio-Rad).

Subcellular fractionation

Fresh rat liver (25 g) was minced and added to 150 ml of ice-cold lysis
buffer (0.5 M sucrose, 0.1 M KPi pH 6.8, 5 mM MgCl,, | mM DTT,
1 mM PMSF, 0.5 pug/ml leupeptin, 2 UM pepstatin A and 2 pg/ml
aprotinin). The tissue was mildly homogenized by pressing over a metal



grid. Rat liver lysates were fractionated over sucrose gradients as
described for bovine brain (Walter et al., 1998). Briefly, the homogenate
was centrifuged for 10 min at 1366 g, and 18 ml of the post-nuclear
supernatant were overlaid on top of each of four 0.86 M sucrose (10 ml)
and 1.25 M sucrose (10 ml) step gradients. Gradients were centrifuged
at 4°C in an SW-28 rotor (Beckman) at 25 000 r.p.m. for 90 min with
slow acceleration and deceleration. The four 0.86/1.25 M interfaces were
collected with Pasteur pipets, adjusted to 1.6 M sucrose, and 10 ml were
placed in the bottom of each of two SW-28 tubes, followed by overlaying
with 1.25 M (7 ml), 1.0 M (7 ml), 0.86 M (7 ml) and 0.5 M (7 ml)
sucrose solutions. The gradients were centrifuged at 4°C in an SW-28
rotor (Beckman) at 25 000 r.p.m. for 2.5 h with slow acceleration and
deceleration. Fractions were collected continuously from the top of the
gradient. From each fraction, 300 ul were diluted 1:1 with 0.1 M KPi
and 5 mM MgCl,, and centrifuged at 100 000 r.p.m. in a TLA-100.1
rotor at 4°C for 10 min. Supernatants were removed and the pellets
were analyzed by Western blot.

Immunoprecipitation
To prepare Golgi detergent extracts, 1.3 mg of rat liver Golgi membranes,
obtained as described above, were centrifuged at 14 000 g for 10 min
at 4°C, resuspended in 8 ml of buffer A (20 mM HEPES pH 7.4,
200 mM KClI, 1% Triton X-100, 0.5 pg/ml leupeptin, 2 UM pepstatin A
and 2 pg/ml aprotinin) and incubated at 4°C for 30 min with gentle
stirring. Insoluble material was pelleted by centrifugation at 14 000 g
for 30 min at 4°C, and the supernatant (0.2 mg/ml) was kept at —=70°C.
For the immunoprecipitation experiments, anti-GATE-16 antibodies
were covalently coupled to protein A—agarose with dimethylpimelimid-
ate, while anti-GOS-28 or anti-NSF monoclonal antibodies were coupled
to protein G—agarose. The coupled antibodies were mixed gently with
either 200 ul of bovine brain cytosol (6 mg/ml) or with 200 ul of rat
liver Golgi extract (0.2 mg/ml) to which 1 pg of His¢-GATE-16 was
added, and incubated at 4°C for 16 h. The beads were washed five times
with buffer A supplemented with 50 mM NaCl. The bound material was
eluted with 30 ul of 2% SDS at 95°C for 3 min and analyzed by
Western blotting.

Accession number
The nucleotide sequence data for the bovine GATE-16 appear in the
DDBJ/EMBL/GenBank database under the accession No. AF20262.
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