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ABSTRACT Vesicle-associated membrane protein-associated protein (VAP) is an endoplas-
mic reticulum (ER)-resident integral membrane protein that controls a nonvesicular mode of
ceramide and cholesterol transfer from the ER to the Golgi complex by interacting with ce-
ramide transfer protein and oxysterol-binding protein (OSBP), respectively. We report that
VAP and its interacting proteins are required for the processing and secretion of pancreatic
adenocarcinoma up-regulated factor, whose transport from the trans-Golgi network (TGN) to
the cell surface is mediated by transport carriers called “carriers of the trans-Golgi network
to the cell surface” (CARTS). In VAP-depleted cells, diacylglycerol level at the TGN was de-
creased and CARTS formation was impaired. We found that VAP forms a complex with not
only OSBP but also Sac1 phosphoinositide phosphatase at specialized ER subdomains that
are closely apposed to the trans-Golgi/TGN, most likely reflecting membrane contact sites.
Immobilization of ER-Golgi contacts dramatically reduced CARTS production, indicating that
association—dissociation dynamics of the two membranes are important. On the basis of
these findings, we propose that the ER-Golgi contacts play a pivotal role in lipid metabolism
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to control the biogenesis of transport carriers from the TGN.

INTRODUCTION
The Golgi complex is the central secretory organelle, performing
glycoprotein maturation and the sorting of cargo molecules into
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distinct transport carriers for secretion or delivery to various organ-
elles. Previous work demonstrated that isolated Golgi membranes
per se are capable of producing transport carriers in vitro (Balch
et al., 1984; Orci et al., 1986; Malhotra et al., 1989). In cells, how-
ever, the Golgi membranes contact the endoplasmic reticulum (ER)
through specific sites called “membrane contact sites” (Ladinsky
et al., 1999; Mogelsvang et al., 2004). Do these contact sites control
functions of the Golgi complex?

Vesicle-associated membrane protein—-associated protein (VAP)
is an ER-resident type Il membrane protein that can act as a mole-
cular tether between the ER and other organelles through the in-
teraction with lipids and/or lipid-binding proteins docked on the
associated membranes (Loewen et al., 2007; Rocha et al., 2009;
Manford et al., 2012; Alpy et al., 2013). In yeast, the VAP ortho-
logues Scs2/Scs22 interact with oxysterol-binding homology pro-
tein 3 (Osh3) and Sac1 phosphoinositide phosphatase, and play a
role in maintaining ER-plasma membrane (PM) contact sites and
phosphoinositide signaling (Stefan et al., 2011; 2013; Manford
et al., 2012). In mammalian cells, the interaction between VAP and
oxysterol-binding protein (OSBP) has been suggested as control-
ling nonvesicular transport of cholesterol from the ER to the Golgi
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complex (Ngo and Ridgway, 2009; Mesmin et al., 2013). An in vitro
study revealed that VAP/OSBP-mediated sterol transfer is accompa-
nied by reciprocal transfer of phosphatidylinositol 4-phosphate
(P14P), and these reactions are coupled to hydrolysis of PI4P by Sac
(Mesmin et al., 2013). VAP is also known to facilitate ceramide trans-
port from the ER to the Golgi complex via the interaction with ce-
ramide transfer protein (CERT), and thus regulates generation of
sphingomyelin (SM) and diacylglycerol (DAG) from ceramide and
phosphatidylcholine (PC) at the trans-Golgi membranes (Hanada
et al., 2003; 2009; Perry and Ridgway, 2005; 2006; Kawano et al.,
2006; Peretti et al., 2008). Electron microscope tomography revealed
that subregions of the ER and the trans-Golgi membranes form close
contacts, and they have been proposed to function as sites for
VAP-mediated nonvesicular lipid transfer (Ladinsky et al., 1999;
Mogelsvang et al., 2004; Hanada et al., 2009; Mesmin et al., 2013).

In this study, we investigated a role for VAP in the biogenesis of
a new class of trans-Golgi network (TGN)-derived transport carriers
called CARTS (carriers of the TGN to the cell surface). We previously
reported that CARTS transport cargoes, such as pancreatic adeno-
carcinoma up-regulated factor (PAUF), TGN46, and lysozyme C,
from the TGN to the cell surface in a microtubule- and kinesin-5-de-
pendent manner, and their biogenesis requires protein kinase D
(PKD)-mediated membrane fission (Wakana et al., 2012; 2013). In
this paper, we describe the molecular mechanism by which VAP
regulates CARTS formation upstream of PKD. Our study provides
evidence that the ER-Golgi contacts play an important role in regu-
lating transport carrier biogenesis from the TGN.

RESULTS

VAPs are required for the processing and secretion of PAUF
Lev and colleagues (Peretti et al., 2008) reported that depletion of
VAP inhibited transport of vesicular stomatitis virus G protein
(VSV-G) from the TGN to the cell surface. We have previously
shown that the TGN to cell surface carriers CARTS exclude VSV-G
and are therefore distinct from VSV-G-containing carriers (Wakana
et al., 2012). To test the requirement of VAP for CARTS-mediated
transport, we first examined the effects of VAP knockdown on se-
cretion of one of their cargo proteins, PAUF. There are two iso-
forms of VAP, VAP-A and VAP-B, which share a high sequence ho-
mology and can form homo- and heterodimers (Nishimura et al.,
1999; Lev et al., 2008). For reducing the expression of both VAP
isoforms, Hela cells were transfected with a mixture of small inter-
fering RNA (siRNA) oligos specific for VAP-A and VAP-B. At 72 h
after siRNA transfection, the expression levels of VAP-A and VAP-B
were reduced by ~80% compared with control cells (Figure 1A).
For monitoring the secretion of PAUF, control and VAP-A/B knock-
down cells were transfected with a plasmid for MycHis-tagged
PAUF; 20 h later, the cells were washed and incubated with fresh
medium. At the indicated time points, a portion of the medium
was collected and Western blotted with an anti-His antibody. The
data reveal that VAP-A/B knockdown reduced PAUF-MycHis secre-
tion by more than 50% compared with control cells (Figure 1B),
suggesting that VAPs are required for the CARTS-mediated trans-
port. The intracellular pool of PAUF is modified and secreted as a
higher-molecular-weight mature-form protein (Kim et al., 2009;
Wakana et al., 2012). In VAP-A/B knockdown cells, however, an
immature form of PAUF-MycHis was secreted (Figure 1B, asterisk).
This result suggests that VAP-A/B knockdown impaired the pro-
cessing of PAUF and its secretion. To exclude the possibility of
off-target effects of the siRNA oligos, we tested another set of
siRNA oligos, and similar results were obtained (Supplemental
Figure S1, A and B).
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VAPs regulate PAUF processing and secretion via lipid
transfer between the ER and the Golgi complex

Ceramide transported by VAP/CERT is converted, together with PC,
to SM and DAG by SM synthase at the trans-Golgi membranes
(Huitema et al., 2004; Hanada et al., 2009). Previous work reported
that depletion of VAPs reduced both SM and DAG levels (Perry and
Ridgway, 2006; Peretti et al., 2008). To confirm that the lipid homeo-
stasis at the TGN was affected in our knockdown procedure, we
examined DAG-dependent recruitment of the membrane fission
factor PKD to the TGN. Control and VAP-A/B knockdown cells were
transfected with a plasmid for glutathione S-transferase (GST)-
tagged Cla domain of PKD1 (GST-C1a-PKD1) that binds to DAG
(Maeda et al., 2001; Baron and Malhotra, 2002) or a plasmid for
GST-tagged full-length PKD2. In VAP-A/B knockdown cells, the fluo-
rescence signals of TGN-localized GST-C1a-PKD1 and GST-PKD2
were reduced compared with control cells (Figure 1C), which is con-
sistent with a previous report (Peretti et al., 2008).

Next we examined whether 25-hydroxycholesterol (25-OH),
which binds to OSBP with high affinity and inhibits VAP/OSBP-me-
diated sterol transfer (Mesmin et al., 2013), influences the effects of
VAP-A/B knockdown on PAUF processing and secretion. This re-
agent is also known to inhibit cholesterol synthesis (Brown and
Goldstein, 1974; Kandutsch and Chen, 1974). In control cells, there
was no significant effect of 25-OH, whereas in VAP-A/B knockdown
cells, the inhibitory effects on both the processing and secretion of
PAUF-MycHis became more pronounced upon 25-OH treatment
(Figure 1D).

Cholesterol and sphingolipids assemble into lipid microdomains
segregated from other lipids in the membranes, and these lipid mi-
crodomains have been reported to function together with specific
proteins as a platform for regulating membrane signaling and traf-
ficking (Simons and lkonen, 1997; Lingwood and Simons, 2010;
Simons and Sampaio, 2011). We hypothesized that inhibition of
VAP-mediated lipid transfer results in disruption of cholesterol- and
SM-rich microdomain organization at the TGN membranes and
thereby impairs the processing and export of PAUF from the TGN.
Because the function of SM-rich microdomains can be disrupted by
p-ceramide-Cé that is converted to a short-chain C6-SM (Duran
et al., 2012; van Galen et al., 2014), Hela cells expressing PAUF-
MycHis were treated with the reagent. The results show that
p-ceramide-Cé treatment inhibited PAUF-MycHis processing and
secretion, similar to VAP-A/B knockdown (Figure 1E).

Next we asked whether double knockdown of CERT and OSBP
causes the same effects as VAP-A/B knockdown. Reverse transcrip-
tion PCR (RT-PCR) revealed that the knockdown by a mixture of
siRNA oligos targeting CERT and OSBP (C+O siRNA) led to a reduc-
tion of greater than 80% in the mRNA levels of these proteins
(Figure 2A). The amount of PAUF-MycHis secreted from CERT/OSBP
double-knockdown cells was decreased by 32% compared with con-
trol cells, accompanied by an increase in the ratio of the immature to
mature form of PAUF-MycHis (Figure 2B). Similar to VAP-A/B knock-
down, these effects were augmented in the presence of 25-OH
(Figure 2C). In cells depleted of OSBP alone, the expression levels of
PAUF-MycHis were reduced and the amount of secreted proteins
normalized with the total cellular levels showed a 19% reduction
compared with control cells (Supplemental Figure S1C). We also
tested the effects of dominant-negative FF/AA mutants of CERT and
OSBP, which harbor replacement of two phenyalanines in their FFAT
(two phenylalanines in acidic tract) motif with alanines, and thus can-
not interact with VAPs (Wyles et al., 2002; Loewen et al., 2003;
Kawano et al., 2006; Perry and Ridgway, 2006). For this purpose,
HEK 293T cells were transfected with a PAUF-MycHis plasmid alone
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FIGURE 1: VAP-A/B knockdown inhibits the processing and secretion of PAUF. (A-D) Hela cells were transfected with
control (Cont) siRNA or a mixture of siRNA oligos specific for VAP-A (523) and VAP-B (498). (A) At 72 h after siRNA
transfection, the cell lysates were collected and Western blotted with the indicated antibodies. Calnexin was used as a

marker to monitor the amount of proteins loaded. The graphs show quantification of the expression levels of VAPs. The
average values of four independent experiments are shown (mean + SD). (B and D) At 48 h after siRNA transfection, the
cells were transfected with a plasmid for PAUF-MycHis. (B) After 20 h, the cells were washed and incubated with fresh

medium, and a portion of medium was collected at the indicated time points. (D) The cells were pretreated with ethanol
(EtOH) or 2 pg/ml 25-OH for 2.5 h and further incubated with fresh medium containing each reagent for 3 h. The
medium and the cell lysate were Western blotted with an anti-His antibody. Asterisk in B denotes the immature form of
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(control) or with a PAUF-MycHis plasmid in combination with a plas-
mid for the wild type or the FF/AA mutant of hemagglutinin (HA)-
tagged CERT or Myc-tagged OSBP. Both CERT and OSBP FF/AA
mutants substantially impaired the processing and secretion of PAUF
(Figure 2, D and E), indicating that VAPs regulate PAUF processing
and secretion through interaction with CERT and OSBP.

VAPs are required for membrane fission during CARTS
biogenesis

Our data so far obtained raise the possibility that VAPs regulate
PAUF processing and secretion through at least two different events:
1) DAG production followed by PKD recruitment to the TGN, and 2)
cholesterol- and SM-rich microdomain organization at the TGN. To
investigate the roles of VAP-mediated lipid signaling in the biogen-
esis of CARTS, we visualized PAUF-MycHis—containing CARTS in
Hela cells by fluorescence microscopy. As shown previously
(Wakana et al., 2012), PAUF-MycHis in control cells was localized to
the pericentriolar Golgi region with a number of peripheral small
punctate elements corresponding to CARTS (Figure 3A, top, left
panel). On the other hand, in VAP-A/B knockdown cells, tubular
structures were observed to be extended from the Golgi mem-
branes (Figure 3A, top, right panel). The number of cells containing
such tubules was significantly increased upon 25-OH treatment fol-
lowing VAP-A/B knockdown, whereas there was almost no change
in control cells after the treatment (Figure 3, A, bottom panels, and
B). It has been previously shown that the overexpression of a domi-
nant-negative kinase-dead mutant of PKD causes the formation of
cargo-containing tubules as a result of impaired scission of the TGN
membranes (Liljedahl et al., 2001; Wakana et al., 2012). Consistent
with this, in cells in which PAUF-MycHis—containing large tubules
were formed, the average number of CARTS was decreased to one-
third of control cells (Figure 3C). PAUF-MycHis—containing tubules
also formed in CERT/OSBP double-knockdown cells but were not
detected in either CERT or OSBP single-knockdown cells (Supple-
mental Figure S2).

VAPs are required for the biogenesis of CARTS in
permeabilized cells

We further investigated the effects of VAP-A/B knockdown on
CARTS biogenesis by using a biochemical assay that we estab-
lished previously (Wakana et al., 2012). Control and VAP-A/B
knockdown cells were treated with 25-OH and permeabilized with
digitonin. The permeabilized cells were then incubated in the pres-
ence of an ATP-regenerating system and rat liver cytosol at 32°C or,
as a negative control, at 4°C. CARTS-containing fractions were col-
lected by high-speed centrifugation and Western blotted with an
antibody against TGN46, a cargo protein in CARTS (Wakana et al.,
2012). TGN46 is a heavily glycosylated protein, and major poly-
peptides are detected as a band of ~110 kDa in Hela cell lysates
(Prescott et al., 1997). On VAP-A/B knockdown, TGN46 was de-
tected as a more smeared band compared with the control (Figure
3D), which is reminiscent of the observed defects in the processing

of PAUF-MycHis (Figure 1, B and D). The amount of CARTS pro-
duced at 32°C was normalized with the starting materials (permea-
bilized cells: input) and quantified. The results indicate a 30%
reduction upon VAP-A/B knockdown compared with the control
(Figure 3, D and E).

VAPs and Sac1 accumulate at juxtanuclear ER subdomains
closely apposed to the trans-Golgi/TGN
In Hela cells, both VAP-A and VAP-B exhibit a reticular distribution
that is a common feature of ER-localized proteins (Supplemental
Figure S3A). The immunostaining specificity of our antibodies
against VAP-A and VAP-B is validated by the fact that knockdown of
the respective VAP isoforms reduced their staining (Supplemental
Figure S3B). It was recently reported that ER-localized Sac1 phos-
phoinositide phosphatase regulates VAP/OSBP-mediated choles-
terol transfer from the ER to the trans-Golgi (Mesmin et al., 2013).
We therefore examined whether VAP and Sac1 potentially accumu-
late at specialized ER subdomains that are closely apposed to the
trans-Golgi/TGN and responsible for nonvesicular lipid transfer be-
tween these two compartments. Because there are no anti-Sac1 an-
tibodies available for immunofluorescence, Hela cells stably ex-
pressing green fluorescent protein (GFP)-fused Sac1 were used.
GFP-Sac1 showed a reticular distribution, as well as juxtanuclear
structures that resemble the Golgi complex, as previously reported
(Rohde et al., 2003; Liu et al., 2008; Wang et al., 2013). It should be
noted that Sac’ was reported to traffic to the Golgi complex in qui-
escent cells (Blagoveshchenskaya et al., 2008). Of interest, we de-
tected endogenous VAPs in the perinuclear small punctate ele-
ments, where they colocalized with GFP-Sac1 (Supplemental Figure
S3Q). Strikingly, 25-OH treatment significantly increased an accumu-
lation of VAPs, especially VAP-A, in the GFP-Sac1-positive juxtanu-
clear structures (Figure 4, A, third and fourth rows, and B, right
graph). An ER marker, sarco(endo)plasmic reticulum Ca?* ATPase
isoform 2 (SERCA2) did not show such accumulations (Figure 4A,
bottom row), suggesting the specificity of VAPs for targeting to
these juxtanuclear compartments. The fluorescence of GFP-Sac1
showed limited overlap with that of TGN46 (Figure 4, A, top and
second rows, and B, left graph), suggesting the possibility that the
GFP-Sac1- and VAPs-positive juxtanuclear compartments are asso-
ciated with the ER membrane, rather than the Golgi membranes.
To validate this possibility, we performed two experiments.
First, we treated GFP-Sac1-expressing cells with the microtubule
depolymerizing reagent nocodazole. Nocodazole is known to dis-
perse the Golgi membranes into a number of smaller elements
retaining their cis-trans polarity (Cole et al., 1996; Shima et al.,
1997). In nocodazole-treated cells, colocalization of GFP-Sac1 with
VAPs was prominent in a number of small punctate elements, com-
pared with the colocalization with TGN46 (Supplemental Figure
S4). We next performed fluorescence loss in photobleaching ex-
periments (Figure 5). Photobleaching of the peripheral area marked
by a red line clearly decreased a fluorescence signal of GFP-Sac!
in the peripheral region and caused a subsequent decrease in the

PAUF. The graphs show quantification of PAUF secretion. The amount of secreted PAUF was normalized with the total
cellular levels. The average values of three independent experiments are shown in the graph in D (mean + SD). Single
and double asterisks in D indicate p < 0.05 and p < 0.01, respectively. (C) At 48 h after siRNA transfection, the cells
were transfected with a plasmid for GST-C1a-PKD1 or GST-PKD2 wild type (WT). After 20 h, the cells were fixed and
visualized with anti-GST and anti-TGN46 antibodies. Scale bar: 10 pm. (E) HelLa cells were transfected with a plasmid for
PAUF-MycHis. After 20 h, the cells were pretreated with ethanol (control) or 5 yM p-ceramide-Cé (p-Cer-Cé) for 2.5 h
and further incubated with fresh medium containing each reagent for 3 h. Western blotting and quantification were

performed as in D. Asterisk indicates p < 0.0005.
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p <0.02 (B) and p < 0.005 (C). (D and E) HEK 293T cells were transfected with a PAUF-MycHis
plasmid alone (Cont) or with a PAUF-MycHis plasmid in combination with a plasmid for the
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washed and incubated with fresh medium for 4 h. The medium and the cell lysate were Western
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perinuclear signal accompanied by dispersion of the fluorescence
to the periphery (Figure 5, A, top row, and B, blue line). In contrast,
there was no significant decrease in the fluorescence signal of
Golgi-localized GFP-galactosyltransferase (GT; Figure 5, A, bottom
row, and B, red line). These results indicate the continuity of the
GFP-Sacl1-positive juxtanuclear compartments with the peripheral
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ER and suggest that Sac1 and VAPs accu-
mulate at juxtanuclear ER subdomains
closely apposed to the trans-Golgi/TGN.

Sac1 forms a complex with VAPs and
OSBP at juxtanuclear ER subdomains
To gain further insight into the mechanism
underlying accumulation of Sac1 and VAPs at
juxtanuclear ER subdomains, we tested the
interaction of these proteins. FLAG-tagged
Sacl was expressed in HEK 293T cells and
immunoprecipitated with anti-FLAG beads.
As shown in Figure 6A, endogenous VAP-A
and VAP-B were coprecipitated with FLAG-
Sacl (lane 7). FLAG-Sac1 showed a higher
affinity for VAP-A than VAP-B, which is con-
sistent with more marked colocalization of
Sac1 with VAP-A than VAP-B at the juxtanu-
clear compartments (Figure 4A), although
25-OH treatment did not significantly affect
their interactions (Figure 6A, lane 8). Other
ER integral membrane proteins, calnexin and
valosin-containing protein-interacting mem-
brane protein (VIMP), were not coprecipi-
tated with FLAG-Sac1 (Figure 6A, lanes 7
and 8), suggesting that the interaction of
VAPs with FLAG-Sac1 is specific. Next we ex-
amined whether overexpression of OSBP or
CERT affects the interaction. FLAG-Sac1 and
Myc-OSBP or HA-CERT were coexpressed
and immunoprecipitated with anti-FLAG
beads. Myc-OSBP but not HA-CERT was co-
precipitated with FLAG-Sac1, and the
amount of coprecipitated VAPs was in-
creased only by overexpression of Myc-
OSBP (Figure 6, B, lane 4, and C, lane 4).
When a VAP-binding deficient mutant of
OSBP (FF/AA) was coexpressed with FLAG-
Sac1, no increase in VAP coprecipitation was
observed (Figure 6B, lane 8). These results
suggest that Sacl forms a complex with
VAPs and OSBP but not CERT.

Next localization of OSBP was com-
pared with that of Sac1 and VAPs in Hela
cells. We found that coexpression of Myc-
OSBP and GFP-Sac1 caused an accumula-
tion of VAPs, and all these proteins showed
colocalization at the juxtanuclear compart-
ments (Figure 6D). Although HA-CERT was
present throughout the cytoplasm (Supple-
mental Figure S5, top row), this protein was
also detected at the GFP-Sacl-positive
juxtanuclear compartments after treatment
of cells with digitonin to remove cytosolic
proteins (Supplemental Figure S5, bottom
row). To ascertain that the interaction of

VAPs and OSBP takes place at the Sac1-positive juxtanuclear com-
partments, we performed a proximity ligation assay (PLA). In this
assay a fluorescence signal is observed if two proteins are in close
proximity (within 30-40 nm; Séderberg et al., 2006). We found that
the PLA signals for VAP-A and Myc-OSBP were partially over-
lapped with the fluorescence of GFP-Sacl in the juxtanuclear

Molecular Biology of the Cell



A Cont siRNA VAPs siRNA
I
o
wn
o
Cont siRNA VAPs siRNA
I
)
s
N
+
B 4 c
3 60 3 150
350 5 120 |
2 o
£ 40 2
S x 90
<
2 30 o
[ 55 S 60
2 3
° 10 E 20
4
0 0 -
cells | yaps.depleted
cells
D E
F & & = 100 1
NN £
STLITLESSE &
X ,P S P & O 8 80 1
£ & & 2% & 27 5
(ORI & °
(kD) X 60 1
135] IB: anti =
100 s 4 [« zant- |
75 W ranas § ol
——  — — 3 20
Input 4°C 32°C o
o 4
Cont VAPs
siRNA  siRNA

VAP-A/B knockdown inhibits the biogenesis of CARTS from
the TGN. (A-C) Hela cells stably expressing PAUF-MycHis were
transfected with control (Cont) siRNA or a mixture of siRNA oligos
specific for VAP-A (523) and VAP-B (498). After 72 h, the cells were
treated with or without 2 ug/ml 25-OH for 2.5 h, fixed, and visualized
with an anti-Myc antibody. High magpnifications of the boxed areas are
shown in the insets. Scale bars: 10 ym (large panels); 4 pm (insets).

(B) Quantification of the formation of PAUF-MycHis—containing tubules.
The percentage of control and VAP-A/B knockdown cells with
PAUF-MycHis—containing tubules in the presence or absence of 25-OH
(n=102-123 cells per condition) was determined, and the average
values of four independent experiments are shown (mean + SD).
Asterisks indicate p < 0.0001. (C) Quantification of PAUF-MycHis—
containing CARTS. The number of CARTS in 25-OH-treated control
cells (n= 1208 punctate elements in 10 cells) and VAP-A/B-depleted
cells with or without large tubules (tub) (n = 432 and 850 punctate
elements in 10 cells, respectively) was determined (mean + SD). Asterisk
indicates p < 0.0001. (D and E) Hela cells were transfected with control
siRNA or a mixture of siRNA oligos specific for VAP-A (523) and VAP-B
(498). At 72 h after siRNA transfection, the cells were treated with
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Colocalization of VAPs with Sac1 at juxtanuclear
compartments closely apposed to the TGN. (A and B) Hela cells
stably expressing GFP-Sac1 were treated with 2 ug/ml 25-OH for 1 h,
fixed, and visualized with GFP and an antibody against TGN46,
VAP-A, VAP-B, or SERCA2. High magnifications of the boxed areas
are shown in the lower panels. N, nucleus. Scale bars: 10 pm.

(B) Distribution of GFP-Sac1 and TGN46 (left graph) or VAP-A
(right graph) in the perinuclear region. The fluorescence intensity of
GFP-Sac1 and TGN46 or VAP-A along a blue line in the respective
merged images is shown.

2 pg/ml 25-OH for 2.5 h and subjected to CARTS formation assay as
described in Materials and Methods. The pellet produced with
high-speed centrifugation and containing CARTS was Western blotted
with an anti-TGN46 antibody. The input refers to permeabilized HelLa
cells used as starting material in these experiments. (E) Quantification
of CARTS formation. The average values of four experiments are shown
(mean + SD). Asterisk indicates p < 0.03.
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treatment (Figure 7C), as previously re-
ported (Peretti et al., 2008).

Altogether these results suggest the
presence of VAP-OSBP-Sac1 and VAP-CERT
complexes at the specialized ER subdo-
mains closely apposed to the trans-Golgi/
TGN, which are thought to form ER-Golgi
contacts.

2 min

Sac1 regulates the processing and
secretion of PAUF in a phosphatase
activity-dependent manner

To demonstrate the functional link among
Sac1, VAPs, and OSBP, we asked whether
Sac’ regulates the processing and secre-
tion of PAUF. HEK 293T cells were cotrans-
fected with plasmids encoding PAUF-
MycHis and GFP (control), GFP-Sac1
wild type, or the phosphatase-dead mutant
(C/S). Overexpression of GFP-Sac1 wild
type reduced PAUF-MycHis secretion by
89% compared with control cells (Figure
8A). We found that immature forms of
PAUF-MycHis were secreted in these cells,
as seen in VAP-A/B knockdown cells and
the cells in which the functions of CERT and
OSBP were perturbed (Figures 1, B and D,
and 2, B-E). The phosphatase-dead mutant
showed less effect than the wild type, sug-
gesting that Sac1 regulates PAUF process-
ing and secretion via hydrolysis of PI4P,
which is consistent with the finding that hy-
drolysis of PI4P by Sac1 is required for VAP/
OSBP-mediated sterol transfer in vitro

Prebleach 0 1 2 3 4 5

(Mesmin et al., 2013). Previous work re-
ported that overexpression of the wild type

Postbleach (min)

Sac1-positive juxtanuclear compartments are associated with the ER membrane.
(A) Hela cells stably expressing GFP-Sac1 or GFP-GT were subjected to fluorescence loss in
photobleaching. The areas marked by a red line were bleached as described in Materials and
Methods. Scale bar: 10 pm. (B) Quantification of the fluorescence intensity of GFP-Sac1 and
GFP-GT in the juxtanuclear region. The average values of the fluorescence intensity of three

cells at the indicated time points are shown (mean + SD).

region (Figure 6E, top row). On overexpression of a phosphatase-
dead Sacl mutant (Cys-389 is replaced with serine: C/S; Rohde
et al., 2003), more PLA signals were detected and they showed
strong overlap with the fluorescence of the GFP-Sac1 mutant in
the juxtanuclear region (Figure 6E, bottom row).

If Sac1 accumulates in the juxtanuclear region as a consequence
of its interactions with VAPs and OSBP, one may expect that knock-
down of VAPs and/or OSBP affects Sac1 distribution. Figure 7 shows
this to be the case: VAP-A/B knockdown significantly inhibited jux-
tanuclear accumulations of GFP-Sac1 upon 25-OH treatment, al-
though the effects were weak in the absence of the reagent (Figure
7, A, middle row, and B). Knockdown of OSBP but not CERT strongly
inhibited the accumulations of GFP-Sac1, even in the absence of
25-OH (Figure 7, A, bottom row, and B), suggesting a direct role of
OSBP in regulating the juxtanuclear localization of Sac1. Consistent
with this finding, recruitment of OSBP was impaired in VAP-A/B

4692 | Y. Wakana et al.

or the constitutively Golgi-localized mutant
of Sacl (K2A) depletes Golgi PI4P levels
(Blagoveshchenskaya et al., 2008; Dippold
et al., 2009; Hammond et al.,, 2014). To
monitor PI4P levels, we used the PI4P sen-
sor FAPP-PH-GST (GST-tagged pleckstrin
homology [PH] domain of four-phosphate
adaptor protein; Dowler et al., 2000). In
cells in which GFP-Sac1 wild type was highly
expressed, juxtanuclear signals of FAPP-PH-GST disappeared,
whereas a compact juxtanuclear distribution of FAPP-PH-GST was
observed in cells with high expression of the phosphatase-dead
mutant (Figure 8B). Consistent with a previous finding that OSBP
binds PI4P via its PH domain for targeting to the Golgi membrane
(Levine and Munro, 2002), high-level expression of GFP-Sac1 wild
type impaired recruitment of Myc-OSBP (Figure 8C).

Association-dissociation dynamics of ER-Golgi contacts

are important for CARTS biogenesis

Antonny and colleagues (Mesmin et al., 2013) demonstrated by elec-
tron microscopy that an OSBP construct, PH-FFAT, which contains
the PH domain, coiled-coil region, and FFAT motif, fixed and ex-
panded ER-Golgi contacts. Taking advantage of this construct, we
sought to demonstrate the implication of ER-Golgi contacts in
CARTS biogenesis. When Myc-PH-FFAT was expressed in Hela
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Interaction and colocalization of Sac1 with VAPs and OSBP at juxtanuclear ER subdomains. (A) HEK 293T
cells were transfected with a plasmid for FLAG-Sac1 or the FLAG vector; 20 h later, the cells were treated with
ethanol or 4 pg/ml 25-OH for 2.5 h. The cell lysates were subjected to immunoprecipitation with anti-FLAG beads.
The cell lysates (input) and immunoprecipitates were Western blotted with the indicated antibodies. The single and
double asterisks denote immunoglobulin heavy chain and a nonspecific polypeptide, respectively. (B) Lysates of HEK
293T cells transfected with plasmids for FLAG-Sac1 and Myc-OSBP wild type (WT) or FF/AA or the Myc vector were
subjected to immunoprecipitation with anti-FLAG beads. Asterisk denotes immunoglobulin heavy chain. (C) Lysates
of HEK 293T cells transfected with plasmids for FLAG-Sac1 and HA-CERT or the HA vector were subjected to
immunoprecipitation with anti-FLAG beads. Asterisk denotes immunoglobulin heavy chain. (D) Hela cells were

cotransfected with plasmids for GFP-Sac1 and Myc-OSBP, fixed, and visualized with GFP and antibodies against Myc
and VAP-A or VAP-B. N, nucleus. Scale bar: 10 pm. (E) Hela cells stably expressing GFP-Sac1 were transfected with a
plasmid for Myc-OSBP (top row). For the experiment with GFP-Sac1 C/S (bottom row), Hela cells were cotransfected

with plasmids for GFP-Sac1 C/S and Myc-OSBP. The cells were fixed and subjected to PLA with antibodies against
VAP-A and Myc. High magnifications of the boxed areas are shown in the insets. Scale bars: 10 um (large panels);

5 pm (insets).

cells, VAP-A and VAP-B strongly accumulated in the juxtanuclear
compartments (Figure 9A). Although expression of PH-FFAT did not
enhance juxtanuclear accumulation of GFP-Sac1 other than slightly
increasing the peripheral signals, live-cell imaging showed that the
mobility of the GFP-Sac1—positive compartments was significantly
reduced upon expression of PH-FFAT-monomeric red fluorescent
protein (MRFP), compared with the control (Supplemental Movie S1).
These results support the idea that ER-Golgi contacts were immobi-
lized by expression of PH-FFAT. Next we tested the effects of expres-
sion of PH-FFAT on PAUF secretion and CARTS biogenesis. Our data
indicate that Myc-PH-FFAT expression completely blocked the se-
cretion of PAUF-MycHis (Figure 9B). We also found that the average
number of PAUF-MycHis—containing CARTS was significantly de-
creased in cells expressing PH-FFAT-mRFP (Figure 9, C and D). These
results suggest that the association—dissociation dynamics of ER and
Golgi membranes are important for producing CARTS at the TGN.
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DISCUSSION

Our work revealed that VAP-A/B knockdown impaired the process-
ing and secretion of PAUF, which is one of the cargo proteins of
CARTS. Similar effects were caused by p-ceramide-Cé treatment
or disruption of the functions of CERT and OSBP, suggesting the
requirement of VAP-mediated nonvesicular lipid transfer between
the ER and the Golgi complex for PAUF processing and secretion.
An in vivo analysis and an analysis with biochemical CARTS forma-
tion assay showed that VAPs are required for CARTS biogenesis at
the TGN. A series of our experiments suggest that VAPs form
complexes with CERT and OSBP/Sac1, respectively, at specialized
ER subdomains where the trans-Golgi/TGN membranes are closely
apposed and two organelles are thought to form membrane
contact sites. Our results also suggest that the association—-disso-
ciation dynamics of ER-Golgi contacts are important for PAUF se-
cretion and CARTS biogenesis. On the basis of these findings, we
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propose the model shown in Figure 10. At ER-Golgi contact sites
VAP-CERT and VAP-OSBP-Sac1 complexes transport ceramide
and cholesterol, respectively, from the ER to the trans-Golgi/TGN.
Ceramide and PC are then metabolized to SM and DAG by SM
synthase. Both these lipids play an essential role in the biogenesis
of CARTS. DAG recruits PKD to the TGN membrane, and PKD
causes membrane scission by activating downstream targets (Mal-
hotra and Campelo, 2011). In addition, SM and cholesterol facili-
tate the formation of membrane microdomains, which function as
a platform of molecular machineries responsible for cargo process-
ing and sorting and membrane bending (Simons and van Meer,
1988; Gkantiragas et al., 2001; Klemm et al., 2009; Surma et al.,
2011; Duran etal., 2012; van Galen et al., 2014). Impaired process-
ing of PAUF in VAP-A/B knockdown cells could be due to a glyco-
sylation defect as a consequence of disruption of functional enzy-
matic domains at the TGN, as previously observed upon
p-ceramide-Cé treatment (van Galen et al., 2014).

Formation of ER-Golgi contacts is under control of proteins
and lipids. Our data suggest that recruitment of Sac1 to juxtanu-
clear ER subdomains requires OSBP, the recruitment of which to
the ER-Golgi contact sites, in turn, needs VAPs (Figure 10, mid-
dle, right). Because overexpression of Sac1 inhibited OSBP re-
cruitment, there might be mutual regulation. Phosphoinositides
are thought to play an important role in these processes. Both
OSBP and CERT interact with PI4P through their PH domain for
targeting to the PI4P-rich Golgi compartment (Levine and Munro,
2002; Hanada et al., 2003). Therefore VAP/OSBP-mediated recip-
rocal transfer of PI4P to the ER could regulate the association of
OSBP and CERT with the trans-Golgi/TGN membrane. At the ER,
Sac? hydrolyzes PI4P to Pl for maintaining the PI4P gradient be-
tween the ER and the trans-Golgi/TGN, which ensures the direc-
tion of nonvesicular lipid transfer. Pl is likely to be transported
back to the trans-Golgi/TGN by the VAP-Nir2 complex at ER-
Golgi contact sites (Kim et al., 2013; Peretti et al., 2008). At the
Golgi complex, Pl is phosphorylated by phosphatidylinositol 4-ki-
nases (Pl4Ks) to produce PI4P (Weixel et al., 2005; Téth et al.,
2006; Banerji et al., 2010; Graham and Burd, 2011; Bankaitis
et al., 2012; Kim et al., 2013). Because PKD phosphorylates and
activates PI4KIIIB (Hausser et al., 2005), there seems to be an ac-
tivation loop within the lipid transfer mechanism. Therefore this
system might be used for local concentration of the lipids respon-
sible for transport carrier biogenesis. PKD also phosphorylates
CERT and OSBP to release these proteins from the Golgi mem-
brane (Fugmann et al., 2007; Nhek et al., 2010; Olayioye and
Hausser, 2012), which could facilitate continuous rounds of lipid
transfer at the restricted sites. In this context, ER-Golgi contacts
might define the sites of membrane scission, and this is reminis-
cent of the findings of the roles of ER contact sites in mitochon-
dria and endosome fission (Friedman et al., 2011; Rowland et al.,
2014). It is worth noting that the small GTPase ADP-ribosylation

for VAP-A (523) and VAP-B (498), OSBP siRNA, or CERT siRNA. After
20 h, the cells were washed and incubated with fresh medium. At 72 h
after siRNA transfection, the cells were treated with or without

2 pg/ml 25-OH for 2.5 h, fixed, and visualized with GFP (A) and an
anti-OSBP antibody (C). Scale bars: 10 um. (B) Quantification of Sac1
accumulations at juxtanuclear ER subdomains. The percentage of
control, VAP-A/B, OSBP, and CERT knockdown cells with GFP-Sac1-
positive juxtanuclear compartments (n = 202-250 cells per condition)
in the presence or absence of 25-OH was determined, and the
average values of three independent experiments are shown (mean
SD). Asterisks indicate p < 0.0001.
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Overexpression of Sac1 inhibits PAUF processing and secretion in a phosphatase
activity—-dependent manner. (A) HEK 293T cells were cotransfected with plasmids for
PAUF-MycHis and GFP (control) or GFP-Sac1 wild type (WT) or C/S. After 20 h, the cells were
washed and incubated with fresh medium for 4 h. The medium and the cell lysate were
Western blotted with the indicated antibodies. The amount of secreted PAUF was normalized
with the total cellular levels. The average values of four independent experiments are shown
(mean + SD). Asterisk indicates p < 0.02. (B and C) Hela cells were cotransfected with a
plasmid for FAPP-PH-GST (B) or Myc-OSBP (C) in combination with a plasmid for GFP-Sac1
wild type or C/S, fixed, and visualized with GFP and an antibody against GST or Myc. Scale
bars: 10 pm.

A protein complex of VAPs, OSBP, and
Sac1 is similar to previously reported pro-
tein interactions in yeast between Scs2/
Scs22 (VAP orthologues), Osh3 (OSBP or-
thologue), and Sac1 at ER-PM contact sites
(Stefan et al., 2011; 2013). In yeast, Ist2 (re-
lated to mammalian TMEM16 ion chan-
nels), tricalbins (orthologues of the ex-
tended synaptotagmins), and Scs2/Scs22
tether the ER membrane to the PM
(Manford et al., 2012). The involvement of
the extended synaptotagmins in the forma-
tion of ER-PM contacts has been also
shown in mammalian cells (Giordano et al.,
2013). In addition, the ER-localized SNARE
Sec22b was found to form a nonfusogenic
trans-SNARE complex with PM-localized
syntaxin 1 at ER-PM contact sites (Petkovic
et al, 2014). Compared with these find-
ings, the molecular machineries for ER-
Golgi tethering are poorly understood. Be-
cause of the high density of the ER
membrane in the perinuclear region, scru-
tiny of ER-Golgi contacts by fluorescence
microscopy is relatively difficult. In this
study, we found that Sac1 shows a signifi-
cant accumulation at juxtanuclear ER sub-
domains closely apposed to the trans-
Golgi/TGN in a steady state, suggesting
that this protein will be a useful marker to
monitor ER-Golgi contacts.

In conclusion, our study demonstrates
the requirement of VAPs for CARTS biogen-
esis and provides evidence that complexes
of VAPs and lipid transfer proteins function
at ER-Golgi contact sites, which highlights
the significance of ER-Golgi contacts in
lipid signaling leading to transport carrier
formation from the TGN.

MATERIALS AND METHODS
Antibodies and reagents

Monoclonal  antibodies against  His,
Myc, FLAG, HA, calnexin, and SERCA2
were purchased from Qiagen (Hilden,
Germany), Santa Cruz Biotechnology
(Santa Cruz, CA), Sigma-Aldrich (St. Louis,
MO), Roche (Mannheim, Germany), BD
Biosciences (San Jose, CA), and Millipore
(Billerica, MA), respectively. Polyclonal anti-
bodies were procured as follows: TGN46
was purchased from AbD Serotec (Oxford,
UK); GST and HA from Santa Cruz Biotech-
nology; Myc from Cell Signaling Technol-
ogy (Beverly, MA); OSBP from Proteintech

factor 1 (Arf1) is also important for the binding of OSBP, PI4KIIIB, (Chicago, IL); and GFP from Molecular Probes (Eugene, OR). To
and PKD to the Golgi membrane (Godi et al., 1999; Levine and  raise polyclonal antibodies against VAP-A and VAP-B, GST-tagged
Munro, 2002; Pusapati et al., 2010). Considering the roles of Arf1 fragments of human VAP-A (aa 8-215) and VAP-B (aa 1-223), re-

in vesicular coat formation at the Golgi complex (D'Souza-Scho-  spectively, were expressed in Escherichia coli, purified, and used
rey and Chavrier, 2006), Arf1 likely not only acts as a scaffold but  as antigens. The rabbit polyclonal antibodies against VAP-A and
also coordinates transport carrier biogenesis with the lipid trans- ~ VAP-B were isolated by affinity chromatography on antigen-
fer at ER-Golgi contact sites. coupled beads. Anti-VIMP polyclonal antibody was produced
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293T cells were transfected with a PAUF-MycHis plasmid alone (control) or with a PAUF-MycHis
plasmid in combination with a plasmid for Myc-PH-FFAT. After 20 h, the cells were washed and
incubated with fresh medium for 4 h. Western blotting and quantification were performed as in
Figure 1D. Asterisk indicates p < 0.04. (C) Hela cells stably expressing PAUF-MycHis were

transfected with a plasmid for mRFP (control) or PH-FFAT-mRFP, fixed, an

d visualized with mRFP

and an anti-Myc antibody. Scale bar: 10 um. (D) Quantification of PAUF-MycHis—containing
CARTS. The number of CARTS in mRFP-expressing cells (n = 1128 punctate elements in 10 cells)
and PH-FFAT-mRFP-expressing cells (n = 289 punctate elements in 10 cells) was determined

(mean £ SD). Asterisk indicates p < 0.0001.

as described previously (Noda et al., 2014). Nocodazole,
p-ceramide-Cé (N-hexanoyl-p-spingosin), and 25-OH were pur-
chased from Sigma-Aldrich.

Plasmids

The plasmids encoding PAUF-MycHis, GFP-GT, Myc-OSBP,
HA-CERT, and FAPP-PH-GST were kindly donated by S. S. Koh
(Korea Research Institute of Bioscience and Biotechnology,
Daejeon, Korea), J. Lippincott-Schwartz (National Institutes of
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Health, Bethesda, MD), H. Arai (University
of Tokyo, Tokyo, Japan), K. Hanada
(National Institute of Infectious Diseases,
Tokyo, Japan), and M. A. De Matteis
(Telethon Institute of Genetics and Medi-
cine, Pozzuoli [Naples], Italy), respectively.
The plasmids encoding  GFP-Sac
wild type and C/S mutant were generous
gifts from P. Mayinger (Oregon Health and
Science University, Portland, OR). The
plasmids encoding GST-C1a-PKD1 and
GST-PKD2 wild type were provided by V.
Malhotra (Centre for Genomic Regulation,
Barcelona, Spain). A point mutation (FF/
AA) in CERT and OSBP was introduced
into plasmids for HA-CERT and Myc-OSBP,
respectively, by PCR using primers de-
signed for replacing two phenylalanines in
the FFAT motif with alanines in the ex-
pressed proteins. The c¢DNA encoding
PH-FFAT (aa 78-410 of rabbit OSBP) was
inserted into pCMV-Tag 3A and a pcDNA3-
based plasmid encoding mRFP to express
the protein with an N-terminal Myc and a
C-terminal mRFP, respectively. The cDNA
encoding human Sac1 was inserted into
PFLAG-CMV-6¢c to express the protein
with an N-terminal FLAG. The cDNA en-
coding GFP-Sac1 or PAUF-MycHis was in-
serted into pCI-IRES-Bsr (Yonekawa et al.,
2011) to establish stable cell lines.

Cell culture and transfection

Hela and HEK 293T cells were grown
in DMEM supplemented with 10% fetal
calf serum. Hela cells stably expressing
GFP-Sac1 or PAUF-MycHis were selected
with 10 pg/ml blasticidin S. Plasmid and
siRNA transfection into Hela cells was
carried out using X-tremeGENE 9 DNA
transfection reagent (Roche) and Oligo-
fectamine reagent (Invitrogen, Carlsbad,
CA), respectively, according to the manu-
facturers’ protocols. Plasmid transfection
into HEK 293T cells was carried out using
Lipofectamine 2000 transfection reagent
(Invitrogen), according to the manufactur-
er's protocol.

RNA interference
The sequences of siRNA oligos were as
follows:

Control (GL2 luciferase): 5-CGUACGCGGAAUACUUCGA-3’

VAP-A (148)
VAP-A (523)

: 5-AGUGAAGACUACAGCACCU-3’
: 5-CUAAUGGAAGAGUGUAAAA-3

VAP-B (353): 5-CUUAGAUGUGUGUUUGAAU-3’
VAP-B (498): 5-GAAGGUUAUGGAAGAAUGU-3’
CERT: 5-GAACAGAGGAAGCAUAUAA-3
OSBP: 5-UACUGGGAGUGUAAAGAAA-3

Molecular Biology of the Cell



OSBP (410 base pairs): 5-AAAGCTGT-

| Biogenesis of transport carriers (e.g. CARTS)

| GAAGATGCTGGC-3" and 5-AGGTGA-

1 Membrane fission
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TTATGCTGCTTCGC-3’

B-actin (234 base pairs): 5-GGACTTC-
GAGCAAGAGATGG-3" and 5-AGCA-
CTGTGTTGGCGTACAG-3’

|PKD recruitment |

| Lipid microdomain organization |

LA

Immunofluorescence microscopy

Cells were fixed with 4% paraformaldehyde
in PBS at room temperature for 20 min, per-
meabilized with 0.2% Triton X-100 in PBS for
30 min, and then blocked with 2% bovine
serum albumin (BSA) in PBS for 30 min. For

Sac1-positive subdomain

endogenous OSBP staining, cells were fixed
with methanol at -20°C for 5 min and
blocked with 2% BSA in PBS for 30 min. The
cells were labeled with the indicated primary

Chol
trans-Golgi/
TGN PC + Cer
3 ‘Recruitment
=

antibodies and secondary antibodies conju-
gated to Alexa Fluor 488, 546, 594, or 633.
The samples were analyzed with an Olympus
Fluoview FV1000 confocal microscope with a

UPLSAPO 60x/1.35 NA objective and FV10-
ASW software. Image processing, quantifica-
tion of CARTS, and measurement of fluores-
cence intensity were performed with ImageJ
software (National Institutes of Health). The

FIGURE 10: Working model for ER-Golgi contact-mediated regulation of transport carrier
biogenesis. Ceramide (Cer) and cholesterol (Chol) are transported from the ER to the trans-
Golgi/TGN by VAP-CERT and VAP-OSBP-Sac1 complexes, respectively, at the membrane
contact site. CARTS biogenesis is controlled in two ways: 1) DAG-dependent recruitment of PKD

fluorescence signal of PAUF-MycHis—con-
taining punctae was distinguished from the
background by setting a threshold and was
analyzed at a set size within 0.05-2.00 pm?.

and 2) cholesterol- and SM-rich microdomain organization. PI4P transported from the trans-

Golgi/TGN to the ER is hydrolyzed by Sac1, which is recruited to a VAP-OSBP complex formed
at a specialized ER subdomain closely apposed to the trans-Golgi/TGN. Reagents used in this
study are also shown: 25-OH treatment inhibits both cholesterol synthesis and transfer;
p-ceramide-Cé (p-Cer-Cé) treatment disrupts cholesterol- and SM-rich microdomain organization.

PAUF secretion assay

Hela cells were transfected with control siRNA or siRNA oligos
targeting VAP-A and VAP-B. At 48 h after siRNA transfection, cells
were transfected with a plasmid for PAUF-MycHis; 20 h later, the
medium was replaced with Opti-MEM and incubated at 37°C for
the indicated time points. After the medium was collected, cells
were lysed with 0.5% SDS and 0.025 U/ul Benzonase nuclease
(Sigma-Aldrich) in phosphate-buffered saline (PBS). The medium
and cell lysates were analyzed by Western blotting with an
anti-His antibody. For experiments with p-ceramide-Cé, PAUF-
MycHis—expressing cells were pretreated with ethanol (control) or
5 pM p-ceramide-Cé for 2.5 h and then incubated with fresh Opti-
MEM containing each reagent for 3 h. Secreted proteins in the
medium were precipitated with trichloroacetic acid, and the pre-
cipitates and cell lysates were Western blotted with an anti-His
antibody.

RT-PCR

RNA was prepared using the RNeasy Mini kit (Qiagen), and cDNA
was synthesized with the SuperScript Ill reverse transcriptase (Invit-
rogen) primed by oligo(dT)15. Each cDNA was amplified by PCR
with the following primers:

CERT (457 base pairs): 5-AGTATGGCTGCAGAGGATCC-3" and
5’-CCATCAGAACGCGTTGTAGG-3’
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CARTS formation assay
CARTS formation assay was performed as
described previously (Wakana et al., 2012).
In brief, 72 h after siRNA transfection,
Hela cells were treated with 2 pg/ml 25-OH
for 2.5 h, and the cells were suspended in buffer A (20 mM HEPES-
KOH, pH 7.4, 250 mM p-sorbitol, and 150 mM potassium acetate),
permeabilized with 40 pg/ml digitonin, and then washed with buffer
A supplemented with 1 M KCI. The permeabilized cells (3.4 x 10°
cells/ml) were incubated at 32°C for 45 min in buffer A supple-
mented with an ATP-regenerating system (1 mM ATP, 40 mM cre-
atine phosphate, and 0.2 mg/ml creatine kinase) and 0.5 mg/ml rat
liver cytosol. Transport carriers were separated by two sequential
steps of centrifugation at 10,000 x g (low speed) and at 100,000 x g
(high speed). The pellet was Western blotted with an anti-TGN46
antibody to estimate the amount of CARTS generated.

Live-cell imaging

Hela cells stably expressing GFP-Sac1 were transfected with a plas-
mid for mRFP or PH-FFAT-mRFP. After 20 h, the medium was re-
placed with Opti-MEM, and cells were maintained in 5% CO, at
37°C during live-cell imaging. Images were acquired continuously
with time intervals between frames of 5 s for ~10 min by use of an
Olympus Fluoview FV1000 confocal microscope with a UPLSAPO
60x/1.35 NA objective and FV10-ASW software. The images were
processed with ImageJ software.

Fluorescence loss in photobleaching
Hela cells stably expressing GFP-Sac1 or GFP-GT in Opti-MEM
were cultured in 5% CO, at 37°C during live-cell imaging. The cells
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were subjected to bleaching with high laser intensity (473-nm laser)
for 15 s followed by an imaging scan with time intervals between
frames of 10 s for ~6 min by use of an Olympus Fluoview FV1000
confocal microscope with a UPLSAPO 100x/1.40 NA objective and
FV10-ASW software. Image processing and measurement of fluo-
rescence intensity were performed with ImageJ software.

Immunoprecipitation

HEK 293T cells were lysed in buffer B (50 mM HEPES-KOH, pH 7.4,
100 mM NaCl, 1.5 mM MgCl,, 1 mM dithiothreitol, 1% Nonidet
P-40, 1 pg/ml leupeptin, 2 pM pepstatin A, 2 ug/ml aprotinin, and
1 mM phenylmethylsulfonyl fluoride). The lysates were centrifuged
at 17,000 x g for 10 min. The resulting supernatants were immuno-
precipitated with anti-FLAG beads (Sigma-Aldrich), and the precipi-
tated proteins were analyzed by Western blotting.

PLA
PLA was performed using the Duolink kit (Sigma-Aldrich) according
to the manufacturer’s protocol.
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