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COPI–TRAPPII activates Rab18 and regulates its
lipid droplet association
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Abstract

The transport protein particle (TRAPP) was initially identified as a
vesicle tethering factor in yeast and as a guanine nucleotide
exchange factor (GEF) for Ypt1/Rab1. In mammals, structures and
functions of various TRAPP complexes are beginning to be under-
stood. We found that mammalian TRAPPII was a GEF for both
Rab18 and Rab1. Inactivation of TRAPPII-specific subunits by
various methods including siRNA depletion and CRISPR–Cas9-
mediated deletion reduced lipolysis and resulted in aberrantly
large lipid droplets. Recruitment of Rab18 onto lipid droplet (LD)
surface was defective in TRAPPII-deleted cells, but the localization
of Rab1 on Golgi was not affected. COPI regulates LD homeostasis.
We found that the previously documented interaction between
TRAPPII and COPI was also required for the recruitment of Rab18
to the LD. We hypothesize that the interaction between COPI and
TRAPPII helps bring TRAPPII onto LD surface, and TRAPPII, in turn,
activates Rab18 and recruits it on the LD surface to facilitate its
functions in LD homeostasis.
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Introduction

The transport protein particle (TRAPP) was originally identified in

as a vesicle tethering factor for COPII-coated vesicles at the Golgi

(Sacher et al, 2001). Subsequently, three forms of TRAPP have been

identified in yeast, and they have functions in addition to vesicle

tethering (Yu & Liang, 2012). The consensus view of the yeast

TRAPPI complex is that it contains the subunits Trs20, Trs23, Trs31,

Bet3, Bet5, and arguably Trs33 (Liang et al, 2007; Sacher et al,

2008; Tokarev et al, 2009; Barrowman et al, 2010; Lynch-Day et al,

2010). TRAPPII contains three extra subunits Trs65, Trs120, and

Trs130. TRAPPIII contains all the TRAPPI subunits plus Trs85.

Recently, other candidate subunits have been reported, but they

remain to be fully characterized (Choi et al, 2011). In mammals, the

compositions of various forms of TRAPP complex are less clear (Yu

& Liang, 2012). Distinct complexes structurally similar to yeast

TRAPPII and TRAPPIII were implicated by Zong et al in mammalian

cells (Zong et al, 2011) and subsequently were unequivocally

demonstrated (Bassik Michael et al, 2013). Mammalian TRAPPII

contains TRAPPII-specific subunits TRAPPC9 and TRAPPC10,

orthologs of Trs120 and Trs130, respectively, and TRAPPIII contains

TRAPPC8, TRAPPC11, and TRAPPC12 (Scrivens et al, 2011; Bassik

Michael et al, 2013). TRAPPC8 is the ortholog of Trs85, but

TRAPPC11 and TRAPPC12 are unique in mammals. The functions

of mammalian TRAPP could be very different from the yeast coun-

terparts. In yeast, all three forms of TRAPP arguably serve as the

guanine nucleotide exchange factor (GEF) for the small GTPase

Ypt1 (Barrowman et al, 2010). Mammalian TRAPPII was also

shown to have GEF activity toward Rab1, the ortholog of Ypt1

(Yamasaki et al, 2009). TRAPPII-specific subunits bind to coatomer

c-COP. Depletion of TRAPPII subunits by siRNA appears to affect

Golgi integrity and transport, presumably due to improper tethering

of COPI vesicles. TRAPPIII modulates autophagy through the inter-

action between specific subunit TRAPPC8 and TBC1D14 (Lamb

et al, 2016), a GTPase-activating protein (GAP) for unspecified Rab

proteins (Longatti et al, 2012). TRAPPIII also interacts with COPII

vesicle coat for ricin trafficking (Bassik Michael et al, 2013).

TRAPPC9 (mammalian ortholog of TRAPPII-specific subunit

Trs120) mutations have been identified in human mentally retarded

individuals with postnatal microcephaly (Mir et al, 2009; Mochida

et al, 2009; Montpetit & Conibear, 2009). Human skin fibroblasts

with mutations in TRAPPC9 have been isolated from one such indi-

vidual (Philippe et al, 2009). However, these cells are viable and the

secretory and endocytic pathways are intact (Results section), even

though TRAPPII has been implicated to interact with components of

the COPI vesicle coat. COPI was originally discovered as promoting

Golgi-derived protein transport vesicles (Malhotra et al, 1989).
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RNAi-based screening and proteomic studies have identified several

COPI subunits having regulatory effects on lipid droplet (LD)

homeostasis. Depletion of COPI components resulted in lipid

over-storage due to impaired lipolysis (Beller et al, 2008; Guo et al,

2008). LDs are cytosolic organelles that not only store but also regu-

late synthesis, metabolism, and trafficking of lipids (Murphy, 2001;

Martin & Parton, 2006; Farese & Walther, 2009; Brasaemle &

Wolins, 2012). Originating from the ER, LDs are composed of a

hydrophobic core of neutral lipids, mostly triacylglycerol (TG) and

cholesterol esters, surrounded by a phospholipid monolayer, on

which a wide range of proteins are present (Blanchette-Mackie et al,

1995; Tauchi-Sato et al, 2002; Pol et al, 2004). These proteins

include components of COPI coat and Arf (Beller et al, 2008; Guo

et al, 2008; Soni et al, 2009). Although it has been reported that

retrograde transport mediated by Arf-COPI indirectly regulates lipid

homeostasis (Takashima et al, 2011), both proteomic and cell

biological studies suggest a direct role by the Arf-COPI machinery

(Guo et al, 2008; Thiam et al, 2013). Arf1 and COPI components act

directly on the LD surfaces to remove phospholipids through

budding of nano-LDs and therefore promote the establishment of

membrane bridges between LDs and the ER (Wilfling et al, 2014),

allowing rapid targeting of ER-bound proteins, such as ATGL and

GPAT4, to LD surface (Prinz William, 2013; Wilfling et al, 2013).

The COPI complex may positively regulate lipolysis through

inhibition of ADRP (perilipin-2) binding to LD surfaces and, in turn,

promote ATGL migrating to LDs (Soni et al, 2009).

At least five Rab proteins had been reported to be associated with

LDs by proteomic studies and other techniques, indicating their

extensive involvement in the intracellular trafficking and/or dynam-

ics of LDs (Tan et al, 2013; Kiss & Nilsson, 2014). Among them,

Rab18 is best characterized, but its functions on LD are incompletely

understood (Martin et al, 2005; Ozeki et al, 2005). The possible

roles for Rab18 may include the regulation of the association of LDs

with ER membranes and lipolysis. In adipocytes, both insulin-

stimulated lipogenesis and isoprenaline-stimulated lipolysis increase

localization of Rab18 to LDs (Pulido et al, 2011). Furthermore, only

wild-type and dominant-active, but not dominant-negative, forms of

Rab18, are localized to LDs when transfected into cells, suggesting

that the localization of Rab18 to LDs is guanine nucleotide-

dependent (Ozeki et al, 2005). Rab18 mediates the apposition of the

LD phospholipid monolayer and the ER membrane (Ozeki et al,

2005). The GTP form of Rab18 has been reported to interact with

the NAG-RINT1-ZW10 (NRZ) complex, an ER tethering complex

which facilitates the fusion of vesicles from the Golgi (Gillingham

et al, 2014). It is possible that a Rab18-NRZ interaction could medi-

ate interaction between ER and LDs. However, the mechanism lead-

ing to its activation and, hence, its recruitment onto LDs remain

elusive.

Rab18 has also been localized to other membrane structures

including ER, Golgi, endosomes, and peroxisomes (Dejgaard et al,

2008; Gronemeyer et al, 2013). The Rab3GAP complex, besides

acting as the GAP for Rab3 (as well as other Rabs), was reported to

serve as the GEF for Rab18 and regulate its function on ER

morphology (Gerondopoulos et al, 2014). Rab18, Rab3GAP, and

TBC1D20 are mutated in cases of Warburg micro syndrome and a

clinically related Martsolf syndrome (Aligianis et al, 2005; Bem

et al, 2011; Liegel Ryan et al, 2013). This class of genetic diseases is

mainly characterized by abnormalities in eye, brain, and sexual

organ development. Clinical presentations include congenital bilat-

eral cataracts, intellectual disability, and postnatal microcephaly.

Fibroblasts isolated from the affected individuals all have a common

feature at the subcellular level: formation of aberrantly large LDs

(Liegel Ryan et al, 2013).

In this paper, we investigated the functions of mammalian

TRAPPII and unexpectedly found that it served as a GEF for Rab18

and regulated its recruitment onto LD surfaces. Based on the

well-established interaction between TRAPPII and COPI coatomers,

we investigated the functional relationship between COPI, TRAPPII,

and Rab18 in LD homeostasis and found that COPI helped recruit

TRAPPII onto LD, so that TRAPPII could activate Rab18 and allow

the small GTPase to regulate LD homeostasis.

Results

TRAPPII is a GEF for Rab18

A weak signal of Rab18 in a mass spectrometry analysis of

TRAPPC9-interacting proteins prompted us to investigate the possi-

bility of an interaction between Rab18 and TRAPPII (data not

shown). We co-transfected HA-tagged Rab18 with Myc-tagged

TRAPPC9 and immunoprecipitated lysates of the transfected cells

with anti-Myc antibody and found Rab18 bound to TRAPPC9. This

interaction was much stronger in the presence of EDTA (Fig 1A),

although longer exposure of the same immunoblot also detected

weak binding in conditions in which Rab18 was bound to GTPcS or

GDP (data not shown). EDTA chelates the magnesium ions from

Rab18 and prevents it from binding guanine nucleotide. We con-

firmed that Rab18 bound to TRAPPII most strongly when it was

nucleotide-free since a nucleotide-free mutant, Rab18[N221], but

not wild-type Rab18, was able to co-precipitate with TRAPPC9 in

the presence of Mg2+ ions (Fig 1B). HA-tagged Rab18 and Rab1, but

not Rab2, were able to co-precipitate endogenous TRAPPII-specific

subunits (top two panels, Fig 1C). In these co-IP experiments,

TRAPPIII-specific subunit, TRAPPC12, was not present in Rab1 and

Rab18 immunoprecipitates (fourth panel, Fig 1C), suggesting the

mammalian TRAPPIII complex may not activate Rab1 (later in the

results section). GST-Rab18 purified from bacteria could pull down

endogenous TRAPPII-specific subunits from 293T cell lysates

(Fig 1D). In both cases, we could detect endogenous TRAPPC2 and

TRAPPC3, common subunits of TRAPP complexes, suggesting that

Rab18 interacted with the TRAPPII complex. Again, the interaction

appeared to be the strongest when Rab18 was nucleotide-free (i.e.,

pre-treated with EDTA). Since most nucleotide exchange factors

bind most strongly to small GTPases in a nucleotide-free state, we

suspected TRAPPII to be a GEF for Rab18.

We performed a nucleotide exchange assay to determine whether

TRAPPII was a bona fide GEF for Rab18. To do this, we immunopre-

cipitated TRAPPII from mammalian cell lysates using an antibody

against TRAPPC9 (Fig 2A, lane 3). TRAPPIII, which served as a

control, was also precipitated using antibody against TRAPPC12

(Fig 2A, lane 4). In these immunoprecipitates, both TRAPP

complexes contained common subunits TRAPPC3 and TRAPPC2.

TRAPPII also contained TRAPPC10 and TRAPPC6B was enriched in

this complex. TRAPPIII also contained TRAPPC8 and TRAPPC6A.

Rab3GAP1 precipitated with neither TRAPP complex (Fig 2A,
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bottom panel), eliminating the possibility that TRAPP might interact

with a known GEF for Rab18. Nucleotide exchange assays were

performed on GST-Rab18, GST-Rab1, and GST-Rab2 pre-loaded with

[3H]GDP (Fig 2B–D). Immunoprecipitates using the indicated anti-

bodies were added to the reaction to enzymatically promote

exchange of non-radioactive GTP for radioactive GDP on the indi-

cated Rab proteins, causing a reduction in the radiolabel signal

when the Rab proteins were captured on nitrocellulose filters in a

subsequent step. From these experiments, we observed that

TRAPPII promoted guanine nucleotide exchange for Rab18 and

Rab1 but not Rab2. TRAPPIII could not promote exchange for any

of the Rab proteins tested, whereas Rab3GAP could promote

exchange for Rab18, but not Rab1, as previously reported. To

measure the uptake of GTP as an additional experiment for nucleo-

tide exchange, we performed uptake of [35S]GTPcS for the Rab

proteins that were pre-loaded with non-radioactive GDP (Fig 2E–G).

Again, the nucleotide uptake experiments demonstrated that

TRAPPII promoted nucleotide exchange for Rab1 and Rab18, but

not Rab2, in a time-dependent manner, whereas TRAPPIII did not

serve as a GEF for the Rabs tested. To eliminate the possibility that

the TRAPPC9 antibody non-specifically pulled down a factor that

had GEF activity for Rab18, we changed the antibody for immuno-

precipitation by transfecting HEK293T cells with Myc-TRAPPC9,

immunoprecipitated TRAPPII complex with anti-Myc antibody, and

then performed nucleotide exchange experiments with the immuno-

precipitates. Myc-TRAPPC9 immunoprecipitate, but not Myc vector-

transfected immunoprecipitate, was able to promote nucleotide

exchange on Rab1 and Rab18 (Fig 2H and I). These results unam-

biguously demonstrated that mammalian TRAPPII served as a GEF

for Rab18, in addition to Rab1.

TRAPPII regulates LD size and the association of Rab18 on
LD surface

Rab18 regulates lipid homeostasis. Therefore, we investigated

whether TRAPPII also regulated this process as an upstream activa-

tor of Rab18. We depleted TRAPP subunits by siRNA in HEK293T

cells and then determined whether the size of lipid droplets was

larger after the cells were incubated with oleic acid to accumulate

lipid droplets (Fig 3A). Immunoblotting showed that siRNA specific

to TRAPPC9 and TRAPPC8 could specifically deplete the respective

proteins in HEK293T cells. TRAPPC9 depletion, but not TRAPPC8 or

A B

C

D

Figure 1. The TRAPPII complex binds preferentially to the nucleotide-free form of Rab18.

A Lysates from 293T cells transfected with the indicated DNA constructs were incubated with 1 mM Mg2+ plus 0.1 mM GTPcS, GDP, or 2 mM EDTA and
immunoprecipitated with anti-Myc antibody. Rab18-HA co-immunoprecipitated with Myc-TRAPPC9 when it was nucleotide-free (+EDTA).

B A mutant of Rab18 unable to bind nucleotide, N122I, was co-immunoprecipitated with Myc-TRAPPC9 by anti-Myc antibody.
C HA-tagged Rab1 and Rab18, but not Rab2, could co-immunoprecipitate endogenous TRAPPII complex but not TRAPPIII complex.
D GST-Rab18 could pull down endogenous TRAPPII complex in an in vitro binding assay. GST-Rab18 was pre-loaded with GTPcS or GDP or stripped of nucleotide by

EDTA. Lysates from 293T cells were subjected to GST-Rab18 pull-down. The presence of various TRAPP subunits was detected by immunoblotting. TRAPPII complex,
but not TRAPPIII complex, was co-isolated with GST-Rab18, most strongly with Rab18 in nucleotide-free state.
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control firefly luciferase depletion, caused drastic increase in inten-

sity of fluorescence labeling of LDs (Fig 3A). Because of the small

volume of cytoplasm in HEK293T cells, it was difficult for us to

discern whether the increase in LD staining was due to size increase

or clustering of small LDs. We repeated the siRNA depletion experi-

ment in HeLa cells (Appendix Fig S1) and observed an increase in

A B C

D E F

G H I

Figure 2. TRAPPII complex stimulates guanine nucleotide exchange on Rab1 and Rab18.

A TRAPPII and TRAPPIII complexes were immunoprecipitated by antibodies specifically recognizing TRAPPC9 or TRAPPC12, and the presence of various co-
precipitating TRAPP subunits was detected by immunoblotting.

B–D TRAPP-stimulated guanine nucleotide exchange on purified Rab18, Rab1, and Rab2 GST fusion proteins measured by release of [3H]GDP that was pre-loaded onto
the Rab proteins.

E–G Nucleotide exchange reactions measured by time-dependent binding of [35S]GTPcS. Immunoprecipitates using the indicated antibodies were included in the assay
as the GEF to be tested. In the [3H]GDP-release experiments, the reactions were incubated for 30 min at 37°C before the Rab proteins were subjected to
nitrocellulose filter binding. In the [35S]GTPcS binding experiments, the reactions were incubated for the indicated amount of time before filter binding.

H, I Anti-Myc antibody immunoprecipitates from lysates of HEK293T cells transfected with Myc-TRAPPC9 were used as the GEF for GST-Rab1 or GST-Rab18 in 30-min
incubations at 37°C with [35S]GTPcS.

Data information: (B–I) Error bars = SD; n = 3.
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LD size in TRAPPC9-depleted cells after careful measurement of the

diameters of individual lipid droplets. This result further suggested

that the large LD phenotype described here was not cell

line-specific. Furthermore, skin fibroblasts isolated from a human

individual with a mutation in TRAPPC9 also contained aberrantly

large LDs after lipid uptake compared to similarly isolated fibro-

blasts from wild-type individual (Fig 3B). These results

demonstrated that defective TRAPPII complex caused the same

aberrantly large LDs as reduced activity of Rab18, suggesting

TRAPPII and Rab18 could be functionally related in the regulation

of LD homeostasis.

Markers for the early secretory pathway are morphologically

normal in the TRAPPC9 mutant cells (Appendix Fig S2). Since the

siRNA depletion of TRAPPC9 and the mutant TRAPPC9 fibroblasts

did not reveal any observable defect in the early secretory path-

way, we were concerned that such lack of phenotype was due to

incomplete inactivation of this protein or TRAPPII complex. To

inactivate the function of TRAPPII more efficiently, we carried out

CRISPR–Cas9-mediated deletion of the TRAPPC9 and/or

TRAPPC10, major subunits of TRAPPII complex. The strategy of

deletion and the identification of knockout cell clones are

presented in Appendix Fig S3. TRAPPC9 deletion did not result in

an observable defect in the early secretory pathway, but accumula-

tion of large LDs was very obvious (data not shown), though not

as drastic as in cells treated with TRAPPC9-specific siRNA.

Contrary to our previous conclusion that TRAPPC9 mediated the

interaction between TRAPPC10 and common subunits (Zong et al,

2011), we found that partially functional TRAPPII might still be

present in the TRAPPC9-deleted cells. Therefore, we further deleted

TRAPPC10 in cells with wild-type and TRAPPC9-deletion

backgrounds and investigated whether the secretory pathway and

LD formation were changed in these cells. The TRAPPC9 and

TRAPPC10 singly or doubly deleted cells appeared to be normal in

the early secretory pathway (Fig EV1A–C). Internalization of fluo-

rescent-transferrin in these cells was also not different from wild-

type HEK293T cells (Fig EV1D and E). ER-to-Golgi traffic of FM-

CD8 and VSV-G was no different from wild-type control (Fig EV2

and Appendix Fig S4, respectively). However, accumulation of

large LDs was obvious in cells with TRAPPC10 knockout and those

with double knockout of TRAPPC9/C10 (double knockout will now

be called TRAPPII-deleted cells) (Fig 4A). To a lesser extent, the

TRAPPC9-knockout cells also accumulated aberrantly large LDs.

We observed that TRAPPC10 deletion caused partial loss of

TRAPPC9 protein by degradation, and hence, TRAPPC10 deletion

was almost equivalent to TRAPPC9 and TRAPPC10 double deletion

(data not shown).

Many GEFs determine the subcellular localizations of their target

Rab proteins to specify the Rab functions. Rab18 had been reported

to function at the ER, Golgi, and LDs. We found endogenous Rab18

largely colocalized with Golgi marker GM130 in the indicated cells,

although ER-localized signal was also observed (Fig EV3A). In

HEK293T, Rab18 signal was found mainly cytosolic and perhaps on

the ER (data not shown). After oleic acid loading, Rab18 was

redistributed onto the surface of a percentage of the LDs, but the

efficiency of LD association varied among several commonly used

cell lines (Figs EV3B–D). We chose to investigate the Rab18-LD

association in HEK293T cells and Huh-7 hepatocytes because

Rab18-LD associations were the strongest. Intense Rab18 signals

were observed to decorate a subset of small-size LDs in wild-type

HEK293T cells (Fig 4B, top panels). However, no such intense

A B

Figure 3. Loss of TRAPPC9 function resulted in aberrantly large lipid droplets.

A Depleting TRAPPC9, but not TRAPPC8, increased lipid droplet size in HEK293T cells. The efficiency of siRNA depletion of TRAPPC8 and TRAPPC9 in HeLa cells is shown
by immunoblotting in the top left panel. Representative fluorescence images show the status of lipid droplets in these siRNA-treated cells after oleic acid incubation.
Scale bar = 10 lm.

B After loading with oleic acid, human skin fibroblasts containing a R475* mutation in TRAPPC9 accumulated lipid droplets of greater sizes than skin fibroblasts
similarly isolated from a human individual with TRAPPC9 wild type. Scale bar = 10 lm.
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Rab18 coating was observed on LDs from TRAPPII-deleted cells

(Fig 4B, bottom panels). The Rab18 signals were, instead, in a dif-

fused staining pattern, likely representing the ER or in the cytosol.

The LDs were aberrantly large in size in these TRAPPII-deleted cells,

similar to that shown in Fig 4A. Since overexpressing Rab18 could

increase its association with LD, we wondered whether such manip-

ulation in TRAPPII-deleted cells could increase its LD association or

reduce the size of LD to normal. When DsRed-Rab18 was

A

B

D

C

Figure 4. Recruitment of Rab18 onto small lipid droplets was defective in TRAPPII-deleted cells.

A HEK293T cells with the indicated genotypes were loaded with 400 lM oleic acid for 24 h before staining with Bodipy 493/503. Scale bar = 10 lm.
B Wild-type or TRAPPII-deleted cells were loaded with oleic acid and stained with Bodipy 493/503 (green) and endogenous Rab18 by immunofluorescence (red).

Scale bar = 10 lm.
C DsRed-Rab18 was transfected into wild-type (top panels and insets) or TRAPPII-deleted HEK293T cells (bottom panels and insets) that were loaded with oleic acid

and stained with Bodipy 493/503 (green). Scale bar = 10 lm.
D Homogenates of wild-type or TRAPPII-deleted cells were subjected to sucrose gradient fractionation. Fractions 1 and 2 were enriched with LDs. The presence of

Rab18, TRAPPC9, TRAPPC2, LD marker TIP47, and ER marker calnexin was detected by SDS–PAGE followed by immunoblotting.
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transfected into wild-type HEK293T, it was found to surround a

subset of small LDs (arrows, Fig 4C, top panels and insets), but not

the larger-sized LDs (arrowhead, Fig 4C). However, in the TRAPPII-

deleted cells, DsRed-Rab18 signals remained in the ER but not on

LD surface (Fig 4C, bottom panels and insets). When we performed

the same experiment with overexpression of DsRed-Rab1, also a

substrate of TRAPPII, we observed that DsRed-Rab1 signal was

mainly enriched in the cis-Golgi in both wild-type and TRAPPII-

deleted cells (Appendix Fig S5). Therefore, unlike Rab18, the

localization of Rab1 was not affected by TRAPPII deletion. To con-

firm whether defective TRAPPII caused reduced LD association of

Rab18, we performed sucrose density gradient fractionation and

determined whether the LD-enriched fractions isolated from

TRAPPII-deleted cells contained Rab18 (Fig 4D). LD-enriched frac-

tions were detected at the top of the gradient in fractions 1 and 2

due to the light density of LD, as indicated by the well-documented

LD marker TIP47. Enrichment of Rab18 in these fractions was

observed from wild-type homogenate. In the gradient of TRAPPII-

deleted cell homogenate, majority of the Rab18 signal was found in

fractions other than the LD-enriched fractions. We investigated

whether TRAPPC9 was also concentrated in the LD-enriched frac-

tions and found that only a minor pool of it was present in these

fractions. TRAPPC9 signal peaked at fraction 4 in the sucrose gradi-

ent fractionation of wild-type homogenate (Fig 4D). As expected, no

TRAPPC9 signal was detected in TRAPPII-deleted cells. Combining

the microscopic and biochemical results, we demonstrated that

TRAPPII was required for the recruitment of Rab18 onto LD

surfaces.

Rab18, TRAPPII, and COPI regulate lipolysis

Since Rab18 and COPI had been implicated in lipolysis of LDs and

TRAPPII interacted with both molecules, we determined whether

lipolysis was defective in TRAPPII-deleted cells by measuring the

rate of secretion of 3H-labeled non-esterified free fatty acids (NEFA)

that had been pre-incubated with the cells. Release of fatty acids in

TRAPPII-deleted cells at various time points was only 50–60% of

wild-type HEK293T cells (Fig 5). The extent of reduction was simi-

lar to depletion of Rab18 by siRNA in the same experiment. Release

of COPI from Golgi membranes by the drug brefeldin A (BFA) or by

siRNA depletion of b-COP (siCOPB) caused a similar extent of

lipolysis reduction as depletion of Rab18 or deletion of TRAPPII

(Lippincott-Schwartz et al, 1989; Donaldson et al, 1992; Scheel

et al, 1997), suggesting potential relationship between COPI,

TRAPPII, and Rab18 in LD lipolysis.

COPI, TRAPPII, and Rab18 are in complex

Next, we began to investigate the functional relationship between

COPI, TRAPPII, and Rab18 in LD homeostasis. TRAPPC9 and c-
COP have been suggested to mediate the interaction between

TRAPPII and COPI (Yamasaki et al, 2009). We investigated this by

interaction studies carried out in cell lines with various TRAPPII

deletions. In an experiment in which FLAG-c-COP and Myc-

TRAPPC9 or Myc-TRAPPC10 were co-transfected and their interac-

tions were tested with co-IP, we observed that Myc-TRAPPC9 and,

to a lesser extent, Myc-TRAPPC10 were both capable of co-precipi-

tating FLAG-c-COP in HEK293T cells of wild-type background

(Fig 6A, lanes 1–3). However, Myc-TRAPPC10 could not co-precipi-

tate FLAG-c-COP in TRAPPC9-deleted cells (lane 5, Fig 6A),

whereas Myc-TRAPPC9 was able to co-precipitate FLAG-c-COP in

TRAPPC10-deleted cells (lane 7, Fig 6A). TRAPPC9 could bind to

FLAG-c-COP regardless of the presence of TRAPPC10, strongly

suggesting TRAPPC9 and

c-COP directly interacted with each other. To determine whether

Rab18 could interact with c-COP in a TRAPPII-dependent manner,

we performed a co-IP experiment in wild-type and various

TRAPPII-deletion backgrounds. As shown in Fig 6B, FLAG-c-COP
co-precipitated with HA-Rab18 in a TRAPPII wild-type background

but not in various TRAPPII-deletion backgrounds, suggesting the

interaction between c-COP and Rab18 requires intact TRAPPII.

Likewise, when FLAG-c-COP was precipitated, HA-Rab18 came

down only in a wild-type 293T background but not in a TRAPPII-

deletion background (Fig 6C). Based on these overexpression stud-

ies, we investigated whether endogenous COPI–TRAPPII–Rab18

complex existed in cells. Co-IP experiment using anti-Rab18 anti-

body, but not control rabbit IgG, was able to co-precipitate COPI

and TRAPPII complexes as indicated by the presence of their repre-

sentative subunits in the immunoblots (Fig 6D). In TRAPPC9�/� or

TRAPPC10�/� backgrounds, the interaction between COPI and

Rab18 was not observed, even though TRAPPC2, a subunit

common to all TRAPP complexes, co-precipitated with Rab18 (sec-

ond bottom panel, Fig 6D). Such result implicated that the core

TRAPPI complex might be responsible for binding to Rab18. COPI

was not required for the interaction between TRAPPII and Rab18

because siRNA depletion of c-COP did not weaken the interaction

between TRAPPII and Rab18 (Fig 6E), even though the amount of

co-precipitated c-COP was significantly reduced in a Myc-

TRAPPC10 immunoprecipitation. Rab18 was also not required for

the interaction between TRAPPII and c-COP because siRNA deple-

tion of Rab18 did not weaken that interaction (Fig 6F). Taken

together, these results demonstrated that TRAPPII mediated the

interaction between COPI and Rab18. This raised the possibility

that functional COPI was required to recruit TRAPPII complex to

the LD surface, and then TRAPPII activated Rab18, allowing the

small GTPase to be recruited onto the LD.

Figure 5. Release of NEFA at various time points by 293T cells with the
indicated genotypes or treatments.
Control siRNA depletion (siCtrl) was conducted with siRNA oligos specific to a
firefly luciferase sequence; siCOPB = depletion of b-COP; siRab18 = depletion of
Rab18. C9C10KO = HEK293T cells with TRAPPC9 and TRAPPC10 genes deleted.
N = 3, error bars = SD.
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COPI is required for Rab18 to be recruited onto LD

To determine whether COPI was required for LD association of

Rab18, we depleted c-COP and investigated whether Rab18 was

LD-associated. Rab18 signals were no longer associated with LD

surface in c-COP-depleted Huh-7 cells (Fig 7A). However, when

we tried to confirm such observation by inhibiting COPI

membrane binding with BFA, we found that BFA could not stop

Rab18 from being recruited to LD surface (right panel and inset,

Fig 7B). Further, TRAPPC9 signal was found largely in the cytosol

in Huh-7 cells (Appendix Fig S6A). Even if we depleted the

cytosolic pool with digitonin prior to fixation and staining,

TRAPPC9 was mainly found on Golgi membrane but not on LD

surface (Fig 7C and Appendix Fig S6B). Puzzled by the apparently

contradictory findings, we suspected COPI activity was required

only briefly after oleic acid loading. To determine how c-COP,
TRAPPII, and Rab18 localizations changed when cells were

loaded with oleic acid, we monitored the subcellular localizations

of these proteins at various time points after the cells were incu-

bated with oleic acid. Because of the high capacity of Huh-7 cells

to take up lipid, we needed to serum-starve the cells in order to

lower the level of LD. In the absence of any source of fatty acid,

TRAPPC9 was found on the Golgi (Figs 8A and EV4). Eight hours

after oleic acid was applied, TRAPPC9 was relocated to LD

surface with high fluorescence intensity, colocalized with LD

marker ADRP. By 20 h, TRAPPC9 once again returned to the

Golgi. In serum-starved Huh-7 cells, Rab18 and c-COP were found

in the perinuclear structures and in tubular networks (top panels,

Fig 8B), consistent with the reported subcellular localization at

the Golgi and ER tubules for Rab18 and ERGIC and cis-Golgi for

COPI. After 4–8 h of incubation with oleic acid, relocation of

c-COP and Rab18 to cytosolic space surrounding the LDs became

obvious (Figs 8B and EV5). Frequently, c-COP signals appeared

as intense fluorescence puncta juxtaposed the LDs. This feature

was most obvious at 12 h as the Rab18 signal started to consoli-

date onto LD surface, in agreement with the observation by

others (Wilfling et al, 2014). By 20–24 h after oleic acid loading,

c-COP signal had largely returned to the Golgi, behaving like

TRAPPC9, while Rab18 remained on LD surface (bottom panels

and insets, Fig 8B). During the period between 4 and 16 h of

oleic acid incubation, the c-COP signal became highly fragmented,

possibly due to heavy traffic and metabolism of the absorbed

oleic acid. Golgi marker GM130 and Rab3GAP1 were not

observed to undergo such drastic redistribution (Fig EV6A).

Rab3GAP1 localization was also not changed in TRAPPII-deleted

cells (Fig EV6B).

Based on such information, we tested again whether disrupting

COPI from membranes with BFA during this period after oleic acid

incubation would affect LD association of Rab18. As shown in

Fig 9, Rab18 failed to be recruited onto LDs when BFA was applied

to the cells together with oleic acid in the first 6 h. However, when

BFA was added 10 h after oleic acid incubation, it no longer

prevented Rab18 from being recruited to LDs. We investigated

how TRAPPC9 responded to BFA treatment in the first 6 h of oleic

acid loading and found that TRAPPC9 signal was drastically

reduced. This was probably due to its release from Golgi for LD

metabolism, and the protein was depleted by digitonin treatment.

Nonetheless, any remaining TRAPPC9 signal was not associated

with LD in this condition (Appendix Fig S7). A similar change in

subcellular localization of Rab18 and c-COP was also observed

when we investigated HEK293T cells (Appendix Fig S8), except

that c-COP was weakly localized to LD surface and it took 16 h of

oleic acid incubation for Rab18 to be recruited onto LDs. These

results suggested that, with respect to the recruitment of Rab18

onto LDs, the function of COPI and TRAPPII appeared to be most

critical in the first 4–8 h (for Huh-7) and 12–16 h (for HEK293T)

after oleic acid loading. When the HEK293T cells were treated with

BFA 12 h after oleic acid loading, Rab18 was unable to associate

with LDs (Appendix Fig S9). Addition of BFA after 18 h of oleic

acid loading no longer prevented association of Rab18 with LDs.

Overall, these results suggested that the recruitment of TRAPPII

and Rab18 on the LD surface was COPI-dependent, but once the

role of COPI was fulfilled, Rab18 did not need COPI to maintain its

LD association, and therefore, BFA treatment could not remove

Rab18 from the LD surface.

Discussion

In this study, we have discovered a COPI–TRAPPII–Rab18 signal-

ing mechanism in LD homeostasis. The association of Rab18 with

LDs is regulated by COPI coatomers and TRAPPII in a spatiotem-

porally critical manner. COPI recruits TRAPPII via the interaction

between c-COP and TRAPPC9. Then, TRAPPII serves as a GEF for

Rab18 and recruits the small GTPase onto the LD surface (Fig 10).

Arf1-COPI machinery causes increased surface tension of LDs and

promotes the budding of nano-LDs. Here, we suggest that the

COPI–TRAPPII interaction activates Rab18 so that LDs and the ER

Figure 6. Interaction between COPI and Rab18 is TRAPPII-dependent.

A Myc-TRAPPC9 directly interacted with FLAG-c-COP. The presence of FLAG-c-COP in immunoprecipitations of Myc-TRAPPC9 and Myc-TRAPPC10 from cell lysates of
the indicated genetic backgrounds was investigated by immunoblotting.

B, C Co-immunoprecipitation between FLAG-c-COP and HA-Rab18 in HEK293T cells with indicated genetic backgrounds. The presence of FLAG-c-COP in
immunoprecipitates of HA-Rab18 (and reciprocal IP in C) was investigated by immunoblotting.

D The interaction between endogenous COPI and Rab18 was TRAPPII-dependent. Endogenous Rab18 was immunoprecipitated by anti-Rab18 antibody from lysates
of indicated genetic background. The presence of c-COP and various TRAPP subunits was detected by their specific antibodies as indicated.

E Co-immunoprecipitation between TRAPPII and HA-Rab18 in control (siFFL) and c-COP (si-c-COP) siRNA-depleted cells. TRAPPII was precipitated with transfected
Myc-TRAPPC10, and the presence of HA-Rab18 was determined by immunoblotting.

F Co-immunoprecipitation between FLAG-c-COP and TRAPPII in control (siFFL) and Rab18 (si-Rab18) siRNA-depleted cells. TRAPPII was precipitated with Myc-
TRAPPC10, and the presence of FLAG-c-COP was determined by immunoblotting. The molecular weight of endogenous Rab18 overlaps with IgG light chain, and
therefore, the amount of endogenous Rab18 precipitated with TRAPPII cannot be determined in this experiment.

◀
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are in proximity to facilitate the lipogenic and/or lipolytic activities

of Rab18.

Due to the high degree of sequence similarity between Rab1 and

Rab18, we suspect that the GEF catalytic center for both Rabs lies

in the TRAPPI core as suggested by structural studies (Cai et al,

2008). However, the inability to isolate TRAPPI prevented us from

directly addressing whether the TRAPPI core was capable of activat-

ing both Rabs. Unlike yeast TRAPPIII, we did not observe GEF

activity of mammalian TRAPPIII toward Rab1. The reason that

mammalian TRAPPIII fails to activate either Rab1 or Rab18 is not

clear at present, but we suspect the TRAPPIII-specific subunits may

have blocked the access of Rab1 or Rab18 for nucleotide exchange.

More importantly, since siRNA depletion of the TRAPPC8 and

CRISPR–Cas9 deletion of TRAPPC12 (both are TRAPPIII-specific

subunits) did not cause formation of aberrantly large LDs (Fig 3A

and data not shown), it was very unlikely that TRAPPIII was

involved in Rab18-mediated LD homeostasis. Rab3GAP complex

also functions as a GEF localizing Rab18 at the ER or stabilizing it

A B

C

Figure 7. Differential effect of COPI inhibition by siRNA depletion and BFA on Rab18 recruitment onto LD surface.

A Huh-7 cells were depleted with control siRNA specific to firefly luciferase sequence (top panels) or with siRNA specific to c-COP (bottom panels). Endogenous Rab18
(red) and LD (green) were stained and visualized. Scale bar = 10 lm.

B Huh-7 cells were treated with or without BFA for 6 h before staining for Rab18 (red) and LD (green). Scale bar = 10 lm.
C TRAPPC9 were detected on Golgi but not LD surface. Huh-7 cells were permeabilized with digitonin before fixation and staining. LDs were labeled with Bodipy 493/

503 and pseudocolored in white. TRAPPC9 (red) and LD surface marker ADRP (green) were detected by their respective antibodies. Scale bar = 10 lm.
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A

B

Figure 8. Time-dependent relocations of COPI, TRAPPII, and Rab18 onto LD surface upon oleic acid incubation.
Huh-7 cells were first serum-starved and then incubated with oleic acid for the indicated time before staining with Bodipy 493/503, TRAPPC9, Rab18, and c-COP.

A In the merged images, Bodipy 493/503 was pseudocolored in green, TRAPPC9 in red, and ADRP in blue. In the colocalization between TRAPPC9 and ADRP on the right
side, the ADRP signal was re-colored to green for easy visualization. Scale bar = 10 lm.

B Bodipy 493/503 was pseudocolored in green, Rab18 in red, and c-COP in blue. In the colocalization between Rab18 and c-COP on the right side, the c-COP signal was
re-colored to green for easy visualization. Scale bar = 10 lm.
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at the cis-Golgi (Gerondopoulos et al, 2014; Handley et al, 2015).

TRAPPII and Rab3GAP may activate Rab18 at specific locations to

regulate different cellular events. In agreement with this idea,

depleting either subunit of the Rab3GAP complex redistributed

Rab18 from the ER to the cytosol, whereas depletion of TRAPPII

subunits specifically prevented Rab18 from locating on LDs but left

Rab18 still associated with ER or Golgi membranes. Endogenous

Rab18 relocated from a perinuclear pattern (i.e., ER and Golgi) to

encircle small LDs when cells were loaded with oleic acid (Fig 8),

but oleic acid loading, as well as TRAPPII deletion, did not change

the ER and Golgi localization of Rab3GAP (Fig EV6). The efficiency

of Rab18 association with LDs varied among the cell lines we inves-

tigated. Since TRAPPII and COPI are functional in these cell lines

and the protein expression levels for TRAPPII and COPI subunits

were very similar (data not shown), we think factor(s) other than

the components of the COPI–TRAPPII–Rab18 pathway must also

regulate the ability of Rab18 to be recruited to LDs. Such factor(s)

may be very limiting or missing in COS cells, making regulation of

ER morphology by Rab18 a prominent function in this cell line

(Gerondopoulos et al, 2014).

siRNA depletion of TRAPPII-specific subunits does not affect

ER-to-Golgi traffic in COS and HEK293T cells (Yamasaki et al,

Figure 9. Recruitment of Rab18 onto LD is dependent on COPI.
Huh-7 cells were first starved with serum-free medium and then incubated with oleic acid for 12 h. Condition 1 (control): The cells were not treated with BFA at any time point
(left column). Condition 2: The cells were incubated with both 5 lg/ml of BFA and oleic acid incubation for 6 h and then in oleic acid alone for 10 h (middle column). Condition
3: The cells were treated with 5 lg/ml of BFA starting at 12 h after oleic acid incubation (right column). Scale bar = 10 lm.
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2009; this study). TRAPPII may thus not play an essential role

in the early secretory pathway in mammals as implicated by

yeast genetic studies. TRAPPII activates Rab1, which plays

important roles in ER-to-Golgi traffic. However, the subcellular

localization of Rab1 is normal in TRAPPII-depleted cells

(Appendix Fig S5), suggesting that TRAPPI is sufficient in main-

taining the Rab1 function in ER-to-Golgi traffic in these cells.

Only the function of Rab18 activation is not compensated in

TRAPPII-depleted cells, leading hence to the aberrantly large LD

phenotype.

Human individuals suffering from Warburg micro syndrome

contain mutations in Rab18, Rab3GAP, or TBC1D20 genes, and

fibroblasts isolated from these individuals all contain aberrantly

large LDs. TRAPPC9 mutations have been reported to cause micro-

cephaly and intellectual disability. At the cellular level, we have

found that TRAPPC9 mutant skin fibroblasts also contain aber-

rantly large LDs, like the TRAPPII-deleted cells. Here again, human

genetic evidence suggests Rab18 and TRAPPII may function in the

same pathway in LD metabolism. Recently, Rab18 has been

reported to be a retinoic acid-responsive, LD-associated protein in

hepatic stellate cells, which are involved in pathological progres-

sion of liver fibrosis when these cells are activated (O’Mahony

et al, 2015). The protein expression and LD insertion of Rab18

increase during stellate cell activation, whereas knockdown or

reduction of its LD-membrane insertion inhibits the activation. In

this context, the regulation of Rab18-LD association by TRAPPII

makes this protein complex a potential target for anti-liver fibrosis

treatment.

Materials and Methods

Reagents, plasmids, and antibodies

Transfection reagent Lipofectamine 2000 was from Invitrogen.

Glutathione agarose 4B was from Macherey-Nagel. Unless otherwise

indicated, all other chemicals and reagents were purchased from

Sigma-Aldrich. Construction of Myc-tagged mammalian TRAPP

subunits has been previously described (Zong et al, 2011, 2012).

FLAG-c-COP mammalian expression plasmid was obtained from Dr.

Tagaya (Tokyo University of Pharmacy and Life Sciences, Japan).

Rab18 was subcloned in frame into a N-terminal 3×HA-tagged

pcDNA3.1(�), pDsRed-monomer-C1, and pGEX-4T1 vector using

the EcoRI and BamHI restriction sites. Rab18 mutants were gener-

ated using QuikChange site-directed mutagenesis (Agilent Technolo-

gies). Rabbit polyclonal antibodies against TRAPP subunits have

been described previously (Zong et al, 2011, 2012). Rabbit anti-

Rab18 antibody (SAB4200173) and monoclonal ANTI-FLAG� M2

antibody (F3165) were purchased from Sigma-Aldrich. Mouse

monoclonal antibodies against c-COP (sc-271362), TRAPPC10

(clone RR-18, sc-101259), ADRP (sc-377229), and LAMP2 (sc-

18822) were purchased from Santa Cruz Biotechnology. Mouse

Figure 10. Hypothesis of how COPI and TRAPPII activate Rab18 and promote the association of Rab18 on LD surface.
COPI relocates from Golgi to LD surface or relocates to the surface of ER tubules via retrograde transport. The interaction between COPI and TRAPPII allows the GEF
activity of TRAPPII to activate Rab18. Rab18-GTP becomes LD-associated and promotes the formation of ER–LD bridge so that lipid metabolizing enzymes can access the
content of LD.
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monoclonal antibodies against GM130 (clone 35, 610822) and

Sec31A (clone 32, 612350) were purchased from BD Biosciences.

Monoclonal antibody against golgin-97 (CDF4, A-21270) was

obtained from Invitrogen. Polyclonal antibody against calnexin was

purchased from Sigma (C4731). Rabbit polyclonal antibodies against

TIP47 (10694-1-AP) and Rab3GAP1 (21663-1-AP) were from

Proteintech. Mouse monoclonal antibody against ERGIC-53 was

obtained from Hans-Peter Hauri (Schweizer et al, 1993). Anti-

GAPDH antibody (ab37168) was from Abcam. Monoclonal antibod-

ies against HA were from Roche (catalog no. 11583816001) or from

Trans Inc. (catalog no. HT-301; Shenzhen, China).

Cell culture, transfection, and RNA interference

HEK293T, HeLa, COS-7, and Huh-7 cells and human fibroblasts

were cultured in DMEM (Invitrogen), supplemented with 10% (v/v)

fetal bovine serum (FBS; Invitrogen) at 37°C in a 5% CO2 incubator.

For plasmid transfection, GenJetTM transfection reagent Ver.II

(SignaGen) and polyethylenimine (PEI; Sigma) were used for Huh-7

cells or other cell lines, respectively, according to the manufac-

turer’s instructions. For siRNA transfection, Lipofectamine 2000

(Invitrogen) was used. For microscope imaging, cells were cultured

on 24-well plates to reach 70% confluence on the day of transfec-

tion. Two microlitre of transfection reagent and 1 ll of 20 lM
siRNA were added separately into 50 ll of Opti-MEM medium and

incubated for 5 min. Both solutions were mixed and incubated for

an additional 20 min. The transfection mixture was added to culture

wells in complete DMEM without antibiotics. After incubation at

37°C for 6 h, the cells were changed to fresh medium and cultured

for an additional 24 h. The cells were then transfected for the

second time with the same condition. After 6-h incubation, cells

were trypsinized and seeded onto 12-mm poly-L-lysine-coated

coverslips. For Western blot analysis, cells were cultured in 10-cm

dishes, and 40 ll of transfection reagent and 20 ll of 20 lM siRNA

were used for each transfection. Unless otherwise indicated, all of

the experiments were performed at 72 h after the first siRNA trans-

fection. StealthTM siRNAs targeting to human TRAPPC9 (catalog

# 129003) were purchased from Invitrogen. The sequences of each

siRNA Oligonucleotides (Genepharm, Shanghai, China) target to

human Rab18, human b-COP, and human c-COP are as follows:

Rab18 siRNA(1): 50-GUCACAAGAAGAGAUACAU-30; Rab18 siRNA

(2): 50-GCCUGAAAUUUGCACGAAA-30; b-COP siRNA: 50-GGAUCAC
ACUAUCAAGAAA-30; c-COP siRNA(1): 50-GAGAUGUGUUACCCAG
UAUCU-30; c-COP siRNA(2): 50-CUUGUGAGAGGUCAGACAA-30.

The formation of lipid droplets in 293T, HeLa, and COS7 cells

was induced with complete medium supplemented with 400 lM
oleic acid (OA) for the indicated time. For Huh-7 cells, the cells

were first cultured with DMEM plus 1% fatty acid-free BSA for

16 h prior to stimulation with 400 lM OA. For experiments involv-

ing brefeldin A (BFA) treatment, 293T cells were either treated

with 400 lM OA and 5 lg/ml BFA for 6 h followed by addition of

400 lM OA and incubation for 18 h or incubated with 400 lM OA

first for 18 h and then with medium containing 400 lM OA and

5 lg/ml BFA for 6 h. For Huh-7 cells, after starvation for 16 h,

400 lM OA and 5 lg/ml BFA were added for 6 h followed by an

additional 10 h of OA incubation. Another condition involved an

incubation with 400 lM OA for 10 h, followed by 400 lM OA and

5 lg/ml BFA for 6 h.

CRISPR–Cas9 deletion of TRAPPC9 and TRAPPC10 in HEK293T cells

A cluster of guide RNAs that encompassed about 500 bp of DNA

within the gene loci of TRAPPC9 or TRAPPC10 were first cloned into

the vector lentiCRISPR version 2 (Addgene plasmid # 52961) (Sanjana

et al, 2014). These plasmids were transfected into HEK293T cells in a

12-well plate. The transfected cells were expanded into a 10-cm plate

and selected with growth medium containing 1.5 lg/ml puromycin.

After 2 weeks, the puromycin-resistant clones were isolated for PCR

genotyping and further cell expansions. Double deletion of TRAPPC9

and TRAPPC10 was carried out on TRAPPC9-deleted cells. Detailed

information on TRAPPC9 and TRAPPC10 gene loci and strategy of

generating indels with guide RNAs can be found in Fig EV3.

Nucleotide exchange assays

For the expression and purification of GST-tagged Rab1a, Rab2, and

Rab18, E. coli strain BL21-Ai, transformed with a plasmid (pGEX4T-2)

that contained individual Rab protein coding sequences, was grown

at 37°C to an OD600 of 1.0. Expression of the recombinant proteins

was induced at 18°C for 16 h in the presence of 0.1 mM IPTG and

0.2% L-arabinose. The cells were harvested and resuspended in lysis

buffer (PBS with 5 mM MgCl2 and a protease inhibitor cocktail),

sonicated, and centrifuged at 12,000 g for 30 min. The supernatants

were incubated with glutathione–Sepharose beads for 1 h at 4°C.

After that, the beads were washed extensively with lysis buffer. For

GTP-binding assays, the beads were incubated in 50 mM HEPES–

NaOH, pH 8.0, 1 mg/ml BSA, and 1 mM EDTA for 30 min. 10 lM
GDP and 5 mM MgCl2 were added and incubated for an additional

45 min. Finally, the beads were transferred to a column and eluted

with lysis buffer containing 10 mM glutathione. The purified

proteins were stored at �80°C until use.

The nucleotide exchange reaction was carried out in a final volume

of 100 ll containing GEF buffer (50 mM Tris, pH 7.5, 100 mM NaCl,

1 mM DTT, 1 mM EDTA, 2 mM MgCl2, and 50 lg/ml BSA), 4 pmol

Rab-GDP, and 50 pmol guanosine 50-O-(3-thio)triphosphate (GTPcS)
([35S], 104 cpm/pmol). Immunoprecipitates containing the TRAPP

complex or a control were transferred into the reaction mixture and

incubated for the indicated times at 37°C. The reaction was stopped

by adding 2 ml of ice-cold stop buffer (25 mM Tris, pH 8.0, and

20 mM MgCl2) and then was filtered through a 0.4-lm nitrocellulose

membrane (Whatman) and washed with stop buffer extensively. The

membrane was measured for the Rab proteins labeled with [35S]

GTPcS by scintillation counting. For GDP-release assays, 5 lg of puri-

fied GST-tagged Rab protein was incubated in 100 ll assay buffer

containing 50 mM HEPES–NaOH, pH 6.8, 1 mg/ml BSA, 125 lM
EDTA, 10 lM Mg-GDP, and 5 lCi [3H]GDP for 15 min at 30°C. At the

end of incubation, 10 mM Mg-GTP and 10 ll of immunoprecipitate of

TRAPP complex or control were added and further incubated for

30 min at 37°C. The reaction was stopped by adding 2 ml of ice-cold

stop buffer and filtered through a 0.4-nitrocellulose membrane (Milli-

pore) with extensive wash using the stop buffer. The membrane was

taken for scintillation measurement of the captured [3H]GDP.

Immunoprecipitation and in vitro binding assay

Pellets of 293T cells harvested from each 15-cm plate were lysed with

1 ml of lysis buffer consisting of 50 mM Tris–HCl (pH 7.5), 150 mM
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NaCl, 0.1% NP-40, and protease inhibitor cocktails. The lysates were

centrifuged at 12,000 g for 30 min at 4°C. The supernatants could be

subjected to the in vitro binding assay described below or to isolation

of TRAPP complex by immunoprecipitation. For immunoprecipita-

tion, lysates were incubated with 1 lg of corresponding antibodies

or non-specific IgG as control at 4°C overnight. The immunoprecipi-

tates were washed five times with lysis buffer and resuspended in

50 ll of PBS for nucleotide exchange assays or eluted by boiling the

beads in 2× SDS loading buffer and analyzed by immunoblot.

For co-immunoprecipitation detecting interaction between

endogenous Rab18 and c-COP, HEK293T cells harvested from a

15-cm plate were lysed with 1 ml of lysis buffer consisting of

50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 10 mM EDTA, 0.1%

NP-40, and protease inhibitor cocktails. The lysates were centri-

fuged at 12,000 g for 30 min at 4°C, and then, the supernatants were

incubated overnight at 4°C with 2 lg of rabbit anti-Rab18 antibody

or 2 lg non-specific rabbit IgG as control. The next day, 50 ll of
protein A–Sepharose 4B slurry was added to the mixture for further

incubation for 4 h. The immunoprecipitates were washed five times

with lysis buffer and eluted by boiling the beads in 2× SDS loading

buffer and analyzed by immunoblotting.

Expression and purification of GST or GST-Rab fusion proteins

were as described above. For an in vitro binding assay, 50 lg of puri-

fied GST-Rab or GST (control) was incubated with 50 ll glutathione–
Sepharose in 1 ml NE100 buffer (20 mM HEPES–NaOH, pH 7.5,

100 mM NaCl, 10 mM EDTA, 0.1% Triton X-100) for 60 min at 4°C.

The beads were washed with 500 ll NE100 buffer four times and

resuspended in 200 ll of NE100 buffer (the nucleotide-free form) or in

200 ll of NL100 buffer (20 mM HEPES–NaOH, pH 7.5, 100 mM NaCl,

5 mMMgCl2, and 0.1% Triton X-100), and then, 20 ll of 10 mM GDP

or GTPcS was added. Then, the beads were incubated with 200 ll of
293T cell extracts for 60 min at 4°C on a roller. After incubation, the

beads were centrifuged and washed with NL100 buffer four times.

Finally, 40 ll of 2×SDS loading buffer was added and the beads were

boiled for 5 min for SDS–PAGE and immunoblotting.

LD fractionation

LDs were isolated using a modified protocol of Martin et al (2005).

Briefly, four 15-cm dishes of 293T cells grown to 80% of confluence

were incubated in growth medium supplemented with 400 lM oleic

acid for 24 h. Then, cells were scraped and collected in 2 ml of

disruption buffer (25 mM Tris–HCl, pH 7.4, 100 mM KCl, 1 mM

EDTA, 5 mM EGTA, and protease inhibitor cocktail), kept on ice for

30 min, and disrupted by passing through a needle (27-gauge).

Afterward, the cell lysates were centrifuged at 1500 g for 5 min. The

supernatants were adjusted to 3 ml final volume containing 0.33 M

sucrose and transferred into a 13-ml polycarbonate ultracentrifuge

tube, and then, 3 ml of 0.25 M, 3 ml of 0.125 M sucrose solution,

and 3 ml of disruption buffer were overlaid sequentially. After

centrifugation at 150,000 g for 2 h, 1.5-ml fractions were collected

from the top of the tube and the protein contents of these fractions

were analyzed by immunoblotting.

Lipolysis measurements

Lipolytic activity was assessed through measurements of NEFA

released from lipid droplets as previously described, with minor

modifications (Beller et al, 2008). Briefly, cells grown on 24-well

plates at a density of 1 × 105/well were incubated for 24 h with F12

medium supplemented with 400 lM oleic acid complexed to 0.4%

BSA. [3H]-labeled oleic acid was also added at 5 × 105 dpm/well.

After incubation, the cells were washed three times with 2% defat-

ted BSA in F12 medium to remove unincorporated oleic acid, and

then, 500 ll of F12 medium containing 10 lM triacsin C was added

to inhibit intracellular synthesis of fatty acids. The medium was

collected and replaced at indicated time. NEFA released was

measured by the radioactivity released to the cell culture medium

by scintillation counting.

Fluorescence microscopy

Cells were grown on poly-L-lysine-coated coverslips, washed three

times with PBS, and fixed with 4% paraformaldehyde (PFA) for

15 min at room temperature. After fixation, the cells were permeabi-

lized with 0.1% saponin in PBS for 20 min, blocked in blocking

buffer (PBS containing 1% BSA and 0.05% saponin) for 30 min.

The coverslips were sequentially incubated with primary antibodies

and fluorophore-conjugated secondary antibodies diluted in block-

ing buffer. For staining of TRAPPC9, Huh-7 cells were first perme-

abilized with 40 lg/ml digitonin in PBS for 5 min on ice. After three

washes with PBS, the samples were fixed with 4% PFA for 15 min

at room temperature and blocked with PBS containing 1% BSA and

0.05% saponin for 30 min. Then, the samples were subjected to

antibody incubations as described above. For lipid droplet staining,

Bodipy 493/503 was added after fixation or combined with the

secondary antibody at a final concentration of 2 lg/ml for 30 min.

Nuclei were stained with DAPI (5 ng/ml in PBS) for an additional

5 min. The coverslips were mounted on glass slides with Fluoro-

mount-G (Southern BioTech, USA). Images were captured using an

FV1200 Olympus confocal microscope equipped with a 60× objec-

tive (NA = 1.4). When two or three markers were imaged in the

same cells, each fluorophore was excited and detected sequentially.

Expanded View for this article is available online.
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