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14  Abstract

15  Lipid droplets (LDs) are ubiquitous organelles that contain neutral lipids and are surrounded
16 by a phospholipid monolayer. How proteins specifically localize to the phospholipid
17  monolayer of the LD surface has been a matter of extensive investigations. Here we show
18  that syntaxin 17 participates in LD biogenesis by regulating the distribution of acyl-CoA
19  synthetase 3 (ACSL3), a key enzyme for LD biogenesis that redistributes from the
20  endoplasmic reticulum to LDs during LD formation. Time course experiments revealed that
21  syntaxin 17 binds to ACSL3 in the initial stage of LD formation, and that ACSL3 is released
22 as a consequence of competitive binding of SNAP23 to syntaxin 17 in the maturation stage.
23  We propose a model in which ACSL3 redistributes from the endoplasmic reticulum to LDs
24 through association with syntaxin 17 and SNAP23-mediated dissociation from syntaxin 17.
25 We also provide evidence that lipid raft-like structures are important for LD formation and

26  SNAREs-ACSL3 interactions.
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27  Introduction

28  Lipid droplets (LD) are ubiquitous organelles that store neutral lipids such as triacylglycerol
29  (TAG) and sterol esters, and play central roles in energy and lipid metabolism (Walther and
30  Farese, 2012). LDs are dynamic and diverse organelles, their size and number depending on
31  cellular energy and the metabolic state, and their protein and lipid compositions varying with
32 the cell type and the degree of LD maturation in individual cell types (Ohsaki et al., 2014;
33  Pol et al., 2014; Thiam and Beller, 2017). Moreover, LDs are in contact with many
34  organelles, including the endoplasmic reticulum (ER), mitochondria, and peroxisomes (Gao
35  and Goodman, 2015; Ohsaki et al., 2017). Recent studies revealed that LDs have additional
36  functions, such as in ER stress responses, protein storage, protein degradation, and viral
37  replication (Stordeur et al., 2014; Welte, 2015).

38 LDs are unique among cellular organelles in that they are surrounded by a phospholipid
39  monolayer. LD formation starts in the endoplasmic reticulum (ER) at pre-defined or random
40  sites (Kassan et al., 2013; Thiam and Forét, 2016), with the formation of lipid lenses of
41  around 50 nm in the intermembrane space of the ER lipid bilayer (Choudhary et al., 2015).
42 The formation of lenses and their enlargement as a consequence of lateral fusion and/or
43  accumulation of more lipids generate curvature of the ER membrane. At this stage acyl-CoA
44 synthetase 3 (ACSL3), an enzyme that provides acyl-CoA for LD formation, moves within
45  the ER and becomes concentrated at emerging LD sites through its amphipathic o helices
46  (Kassan et al., 2013; Poppelreuther et al., 2012). This enzyme is critical for LD expansion
47  and maturation. Loss or overexpression of other ACSL family members does not affect LD
48  biogenesis (Kassan et al., 2013), highlighting the importance of ACSL3-mediated local
49  synthesis of acyl-CoA for LD expansion. ACSL3 belongs to the class I LD proteins (Kory et
50  al., 2016), which are characterized by their presence in the ER without LDs and translocation

51  to the LD surface during LD formation or after reconnection of LDs to the ER via membrane
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52 bridges (Wilfling et al., 2013). Most class I proteins have hydrophobic regions with
53  hairpin-like structures (Kory et al., 2016). Emerging LDs expand and then are recognized by
54  proteins such as perlipins. Perlipins are class II proteins containing amphipathic o helices or
55  other hydrophobic domains that move from the cytosol to the LD surface (Kory et al., 2016).

56 Syntaxin 17 (Stx17) was originally characterized as a t-SNARE located in the smooth
57  ER (Steegmaier et al., 2000). Recent studies by us and other groups demonstrated that Stx17
58  localizes to the mitochondria-ER interface, including the mitochondria-associated ER
59  membrane (MAM) (Vance, 2014), and plays roles in mitochondrial division (Arasaki et al.,
60  2015), the fusion of stress-induced mitochondrial-derived vesicles with lysosomes
61  (McLelland et al., 2016), and autophagy in starved cells (Diao et al., 2015; Hamasaki et al.,
62  2013; Itakura et al., 2012; Takdts et al., 2013). In mitochondrial division and autophagosome
63  formation, Stx17 functions not as a SNARE, but as a scaffold at the MAM (Arasaki et al.,
64  2015; Hamasaki et al., 2013). For these functions and the MAM localization, the C-terminal
65  hairpin-like hydrophobic domain (CHD) and the subsequent cytoplasmic tail of Stx17, but
66 not its SNARE domain, are important (Arasaki et al., 2015). The MAM is enriched in
67  cholesterol and sphingolipids, thus resembling lipid raft-like structures (Chipuk et al., 2012;
68  Hayashi and Su, 2007; Sano et al., 2009), although the ER membrane is very poor in
69  cholesterol. The MAM has versatile functions (Vance, 2014), including the synthesis of
70  neutral lipids as well as phospholipids (Rusifiol, et al., 1994, Stone et al., 2009).

71 In the present study we demonstrated that Stx17 is required for LD biogenesis. We
72  found that Stx17 interacts with ACSL3, and facilitates its translocation from the ER to the
73 surface of LDs.

74

75  Results

76  Stx17 is required for LD biogenesis
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77  Although Stx17 is ubiquitously expressed, it is abundantly expressed in steroidogenic and
78  hepatic cells (Steegmaier et al., 2000), both of which have large numbers of LDs. This and
79  the MAM localization of Stx17 prompted us to examine the role of Stx17 in LD biogenesis.
80  We first examined whether Stx17 is required for LD biogenesis by silencing the protein. We
81 used two siRNAs (siRNA 440 and 194) that were able to effectively knockdown Stx17
82  (Arasaki et al., 2015, and Figure 1A), and found that the size and number of LDs were
83  significantly reduced in hepatic cells (HepG2 and Huh7 cells) depleted of Stx17 (Figure IB,
84  left two columns). Silencing of Stx17 also inhibited oleic acid (OA)-induced LD biogenesis
85  in Hela cells (Figure 1B, right column). In accordance with the inhibition of LD formation,
86  TAG synthesis was blocked in Stx17-silenced HeLa cells (Figure 1C). Of note is that Stx17
87  was not localized on the surface of LDs (Figure 1B, top row), suggesting that Stx17 does not
88  directly participate in LD biogenesis, but rather has a regulatory role. To verify the
89  physiological importance of Stx17 in LD biogenesis, we examined the effect of Stx17
90 silencing on the differentiation of 3T3-L1 preadipocytes into adipocytes. As differentiation
91  progressed, the expression level of Stx17 markedly increased (Figure 1-figure supplement
92  ]A). Silencing of Stx17 inhibited adipocyte differentiation, as demonstrated by a reduced
93  increase in Oil-Red O staining (Figure -figure supplement 1B,C).
94 To gain an insight into the mechanism by which Stx17 participates in LD biogenesis,
95  we examined which domains of Stx17 are responsible for LD biogenesis. To address this, we
96  performed rescue experiments using siRNA (Stx17 (NC)) that targets the 3’ non-coding
97  region of Stx17 (Figure I1D). In Stx17-silenced cells, FLAG-tagged Stx17 wild-type showed
98  restored size and number of LDs, excluding the possibility of an off-target effect of the
99  siRNAs used (Figure 1E,F). We examined the ability of several Stx17 mutants (Figure
100  I-figure supplement 1D) to compensate for Stx17 depletion. No rescue was observed for

101  Stx17 K254C in which Lys254 in the middle of the CHD was replaced by Cys, the CHD+C
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102  mutant, or the ASNARE mutant (Figure 1E,F), suggesting that both the SNARE domain and
103  the CHD with the C-terminal cytoplasmic region, the latter of which is required for the
104  MAM localization (Arasaki et al., 2015), are involved in LD biogenesis.

105

106  Depletion of Stx17 causes aberrant distribution of ACSL3 on the LD surface

107  ACSL3, the most abundant acyl-CoA synthetase family member on LDs (Brasaemle et al.,
108 2004, Fujimoto et al., 2004), redistributes from a microdomain of the ER to the LD surface
109  during LD formation, and the enzymatic activity of ACSL3 plays a crucial role in LD
110  expansion (Fujimoto et al., 2007; Kassan et al., 2013). On the other hand, depletion of
111  ACSLA4, the most abundant but non-LD-localized family member, does not affect LD
112 formation, suggesting that the presence of ACSL on the LD surface is important for LD
113  expansion (Kassan et al., 2013). Because TAG synthesis was markedly compromised in
114 Stx17-depleted cells, we reasoned that Stx17 depletion might have caused ACSL3
115  dysfunction. Therefore, we examined the localization of ACSL3 in Stx17-depleted cells. As
116  reported previously (Kassan et al., 2013), ACSL3 was detected on the surface of LDs
117  exhibiting a circular distribution in mock-treated cells (Figure 2A, left, upper row, B, top row).
118 In Stx17-silenced cells, on the other hand, ACSL3 exhibited a crescent-like distribution on
119  the surface of LDs (Figure 2A, left, lower row, B, second row). Importantly, there was no
120  difference in the circular distribution of Tip47/PLIN3, a LD-localized protein that
121  redistributes from the cytosol, between mock- and Stx17-silenced cells (Fig. 2A, right, B,
122 third and bottom rows). Quantification revealed that the recruitment of ACSL3 to the surface
123  of LDs was specifically suppressed by Stx17 knockdown (Figure 2C).

124 To gain an additional morphological insight in Stx17-depleted cells, we performed
125  electron microscopy. As shown in Figure 2D,F, the area of LDs that is in contact with the ER

126  was significantly increased in Stx17-silenced cells. Because LDs bud from the ER and
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127  finally become detached, our electron microscopic data suggest that LDs remain immature
128  and attached to the ER due to loss of Stx17. To directly test this, we performed FRAP
129  experiments. In mock-treated cells, the signals of LD-localized BODIPY FL-C16, a
130  membrane-permeable fatty acid that is efficiently incorporated into the triacylglycerol pool
131  (Rambold et al., 2015; Somwar et al., 2011), as well as those of GFP-HPos, which
132  redistributes from the ER to LDs during LD formation (Kassan et al., 2013), were not
133  recovered after photobleaching (Figure 2F, left, and Figure 2-figure supplement 1A),
134  consistent with the view that mature LDs become detached from the ER. On the other hand,
135  significant recovery of the signals derived from these probes was observed after
136  photobleaching of Stx17-silenced cells (Figure 2F, right, and Figure 2-figure supplement IB),
137  implying that LDs remained associated with the ER. Nevertheless, little recovery was
138  observed for LD-localized GFP-ACSL3. In contrast to LD-localized GFP-ACSL3, an
139  ER-localized GFP-ACSLS3 fraction was rapidly recovered regardless of whether Stx17 was
140  present or not (Figure 2F and Figure 2-figure supplement 1A,B, bottom row). These results
141  suggest that Stx17 is a critical factor for the escort of GFP-ACSL3 from the ER to LDs.

142

143  The GATE domain of ACSL3 is important for the interaction with the SNARE domain
144 of Stx17

145  Because the redistribution of ACSL3 to LDs was suppressed in Stx17-silenced cells, Stx17
146  might regulate the localization of ACSL3 through protein-protein interaction. To test this
147  possibility, we performed immunoprecipitation and proximity ligation assay (PLA).
148  Significant amounts of GFP-tagged ACSL3 (Figure 3A) and endogenous ACSL3 (Figure
149  3B) were co-precipitated with FLAG-Stx17 wild-type and the K254C mutant, but not with
150  the ASNARE mutant. Similar results were obtained for PLA (Figure 3C and Figure 3-figure

151  supplement 1A), suggesting that Stx17 interacts with ACSL3 via its SNARE domain. We
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152 next examined which domains of ACSL3 are required for the interaction with Stx17. ACSL3
153  has a transmembrane domain (TMD) and a GATE domain (Figure 3D), the latter of which is
154  implicated in the control of access of the fatty acid substrate to the catalytic site of each of the
155  two subunits (Hisanaga et al., 2004; Soupene et al., 2010). GFP-ACSL3 wild-type was
156  found to decorate LDs (Figure 3- figure supplement 1B, top row). On the other hand, a
157  dot-like distribution at the edge of LDs was observed for the AGATE mutant (middle row),
158  and expression of the ATMD mutant reduced the number of LDs (bottom row). Binding
159  experiments revealed that both the TMD and GATE domains of ACSL3 are required for the
160 interaction with Stx17 (Figure 3E), although the AGATE mutant as well as the wild-type
161  protein may be close to Stx17 in the absence of OA (Figure 3F). These findings combined
162 with the fact that the SNARE domain of Stx17 is required for LD formation (Figure 1E,F)
163  suggest that the interaction of ACSL3 with Stx17 is important for the redistribution of
164  ACSL3 to LDs.

165 We next examined whether Stx17 regulates the localization of other enzymes that
166  function in LD biogenesis. Lysophosphatidylcholine acyltransferase 1/2 (LPCAT1/2) are
167  lipid synthesis enzymes that are related to the Lands cycle and relocate from the ER to LDs
168  during LD maturation to regulate the size of LDs (Moessinger et al., 2011, 2014).
169  Diacylglycerol acyltransferase 1/2 (DGAT1/2) produce TAG, and DGAT2 is known to
170  localize to LDs as well as MAMSs (Kuerschner et al., 2008; Stone et al., 2009; Wilfling et al.,
171 2013). Among these enzymes, Stx17 interacts with LPCAT1 (Figure 3 - figure supplement
172  IC,D) and regulates its distribution (figure supplement IE), whereas no significant
173  translocation defect was observed for LPCAT?2, the closest homologue of LPCAT1 among
174  the LPCAT family proteins (Shindou and Shimizu, 2009). These findings suggest that Stx17
175  specifically regulates the redistribution of some enzymes to LDs through protein-protein

176 interactions.


https://doi.org/10.1101/124065
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/124065; this version posted April 4, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

177

178  SNAP23 localizes to the MAM

179  Given that Stx17 regulates the redistribution of ACSL3 from the ER to LDs likely through
180  protein-protein interaction, we reasoned that other protein(s) might modulate this interaction.
181  We focused on SNAP23 because previous studies revealed the involvement of this protein in
182  lipid droplet formation and localization (Bostrom et al., 2007, Jéagerstrom et al. 2009), and
183  our interactome analysis identified SNAP23 as an Stx17-interacting protein (data not shown).
184  We examined whether SNAP23, like Stx17, localizes to the MAM, in addition to the ER and
185  mitochondria. As shown in Figure 4A, SNAP23 was found to be highly enriched in the
186 MAM fraction. Of note is that a significant amount of ACSL3 was also recovered in the
187  MAM fraction.

188 Silencing of SNAP23 (Figure 4B) markedly reduced the size of LDs, as previously
189  reported (Bostrom et al., 2007; Jigerstrom et al. 2009), with a disrupted distribution of
190  ACSL3 on LDs (Figure 4C,D), reminiscent of that observed in Stx17-silenced cells (Figure
191 2A,B). SNAP23 depletion caused a change in the distribution of Stx17 from a
192  mitochondria-like pattern to a pattern with punctate structures (Figure 4E, left, second and
193  bottom rows). Our previous study showed that the distribution of Stx17 is significantly
194  perturbed upon treatment of cells with a low concentration (30 pg/ml) of digitonin
195  (Arasaki et al., 2015), a reagent that can efficiently extract cholesterol (Oliferenko et al., 1999).
196  This likely reflects the fact that the MAM is enriched in cholesterol and sphingolipids, thus
197  resembling lipid raft-like structures (Chipuk et al., 2012; Hayashi and Su, 2007; Sano et al.,
198  2009). We found that punctate Stx17-positive structures in SNAP23-depleted cells were
199  relatively resistant to 30 pg/ml digitonin treatment (Figure 4E, right, second and bottom
200  rows) compared to the mitochondria-like distribution of Stx17 in mock-treated cells (top and

201 third rows). This suggests that Stx17 failed to gain access to raft-like structures in the absence
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202  of SNAP23.

203

204  SNAP23 and ACSL3 bind exclusively to Stx17

205  We next determined the region of Stx17 responsible for the interaction with SNAP23 by
206  immunoprecipitation (Figure 5A) and PLA (Figure 5B). As expected, the interaction of
207  Stx17 with SNAP23 was abolished on deletion of the SNARE domain of Stx17 (Figure 5A,
208  lane 8, B). Interestingly, the interaction was drastically reduced on mutation at Lys254
209  located in the middle of the CHD, even though the resultant mutant retained the SNARE
210  domain (Figure 5A, lane 7,B).

211 Because both ACSL3 and SNAP23 interact with the SNARE domain of Stx17, we
212 sought to determine whether they bind to Stx17 in a synergic or competitive manner. When
213  SNAP23 was knocked down, the number of PLA dots representing the proximity between
214  Stx17 and ACSL3 was significantly increased (Figure 5C), whereas ectopic expression of
215  SNAP23 reduced the number of the PLA dots (Figure 5D). Furthermore, in cells expressing
216 GFP-ACSL3 wild-type but not mutants lacking the ability to bind Stx17, i.e., the AGATE
217  and ATMD mutants, the proximity of Stx17 to SNAP23 was disrupted (Figure 5E). These
218  findings suggest that SNAP23 and ACSL3 compete for Stx17 binding.

219

220 The MAM, but not tethering between the MAM and mitochondria, is important for
221 LD formation

222 Next, we examined the effect of depletion of PACS-2, a multifunctional sorting protein that
223 s required for maintaining MAM integrity (Myhill et al., 2008; Simmen et al., 2005), and
224  mitofusin 2 (Mfn2), a key tether for ER-mitochondria (Naon et al., 2016). As shown in
225  Figure 6A, Mfn2 depletion did not affect OA-induced LD formation, whereas PACS-2 was

226  found to be required for LD formation. Consistent with these findings, the proximity signal

10
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227  for FLAG-Stx17 and ACSL3 was reduced upon depletion of PACS-2, but not Mfn2, and OA
228  increased the signal (Figure 6B).

229 We assessed the Stx17 milieu in cells depleted of PACS-2 or Mfn2 by means of
230  digitonin sensitivity. Although some punctate Stx17-positive structures were observed in
231  Min2-silenced cells, they were mostly abolished by digitonin treatment (Figure 6C, middle
232 row). Similar to those observed in SNAP23-depleted cells, on the other hand, prominent
233  punctate Stx17-positive structures were resistant to digitonin treatment (bottom row),
234  suggesting that Stx17 fails to localize to raft-like structures in cells depleted of PACS-2 as
235  well as SNAP23. Alternatively, raft-like structures might have been disrupted upon depletion
236 of PACS-2.

237

238  Transient binding of Stx17 to ACSL3 during LD formation

239  Given that SNAP23 and ACSL3 compete for Stx17 binding, one attractive hypothesis for the
240  regulation of the redistribution of ACSL3 from the ER to nascent LDs due to Stx17 and
241  SNAP23 is that at the onset of LD formation ACSL3 first binds to Stx17, and then SNAP23
242 competitively binds to Stx17, releasing ACSL3 from Stx17 to allow its redistribution to the
243 LD surface. To test this hypothesis, we monitored the change of the binding partner during
244 LD maturation. Immunoprecipitation (Figure 7A) and PLA (Figure 7B) revealed that the
245  binding of ACSL3 to Stx17 was augmented at 1-hr incubation with OA and then decreased,
246  whereas the binding of Stx17 to SNAP23 increased up to 6 hr.

247

248  Discussion

249  The protein and lipid compositions of LDs vary not only with the cell type but also in the
250  degrees of LD maturation and consumption in individual cell types (Ohsaki et al., 2014, Pol

251 et al., 2014, Thiam and Beller, 2017). The importance of the recruitment of proteins to LDs

11
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252  in LD biogenesis is highlighted by the finding that depletion of LD-localized ACSL3
253  impaired LD formation, whereas depletion of the most abundant but non-LD-localized
254  member of the ACSL family, ACSL4, had no impact on LD biogenesis (Kassan et al., 2013),
255  suggesting that on site supply of acetyl-CoA is necessary for the growth of LDs. Therefore,
256  how proteins selectively bind to the LD surface, which is surrounded by a phospholipid
257  monolayer, in a maturation stage-dependent manner is one of the most key questions to be
258  addressed in LD biogenesis. In this study, we demonstrated that Stx17, a SNARE protein
259  localized in the MAM, in conjunction with another MAM protein, SNAP23, regulates the
260  translocation of ACSL3 and perhaps LPCAT1 from the ER to nascent LDs. On the other
261  hand, the distribution of some LD-localized proteins such as DGAT2 and Tip47/PLIN3,
262  which translocate from the ER and cytosol to LDs, respectively, was found to be independent
263  of Stx17. These findings suggest that Stx17 selectively interacts with and regulates the
264  localization of a subset of proteins for LD biogenesis.

265 We found that the SNARE domain and Lys254 in the middle of the CHD of Stx17 are
266  important for LD biogenesis. The SNARE domain of Stx17 was found to be responsible for
267  the interaction with ACSL3 and SNAP23. For binding to SNAP23, not only the SNARE
268  domain of Stx17, but also Lys254, which is a critical residue for MAM localization (Arasaki
269 et al., 2015), is important. In the absence of SNAP23, Stx17 localization was relatively
270  resistant to digitonin treatment. The resistibility of Stx17 to digitonin was also acquired on
271  loss of PACS-2, a MAM organizer (Myhill et al., 2008; Simmen et al., 2005). Based on the
272  time course experiment results (Figure 7A,B) and other data, we envisage that the interaction
273  of Stx17 and ACSL3 begins at non-raft like structures at the onset of LD formation (Figure
274  7C), and then ACSL3 is released from Stx17 due to the binding of SNAP23 to Stx17 at
275  digitonin-sensitive sites, likely lipid raft-like structures. SNAP23 is known to be

276  palmitoylated at several Cys residues located in the middle of the protein (Vogel and Roche,

12
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277 1999), and this modification is required for the membrane attachment and/or raft association
278  of SNAP23 (Salaiin et al., 2005). Palmitoylation is a signal for targeting of proteins to raft
279  structures (Salaun et al., 2010) and the MAM (Lynes et al., 2012). Finally, ACSL3 enters the
280  phospholipid monolayer surrounding LDs, where the mobility of ACSL3 is highly restricted
281  compared to in the ER.

282 Although the SNARE domain of Stx17 is important for LD biogenesis, we do not favor
283  the idea that Stx17 participates in the formation of bridges that connect the ER and nascent
284  LDs or, as proposed previously for Stx5 (Bostrom et al., 2007), LD fusion. After initial
285  formation, LDs retain functional connection with the ER through membrane bridges
286  (Jacquier et al., 2011, Wilfling et al., 2013), and a subset of proteins (class I proteins: Kory et
287  al., 2016) translocate to LDs likely through these bridges (Ingelmo-Torres et al., 2009,
288  Wilfling et al., 2013; Zehmer et al., 2008). FRAP experiments after maturation of LDs
289  revealed that LDs are not connected with the ER in mock-treated cells, whereas in
290  Stx17-depleted cells LDs are still in contact with the ER, as shown by the recovery of
291  fluorescence of BODIPY FL-C16 and GFP-HPos. This is in line with the electron
292  microscopic data revealing the close vicinity of small LDs to the ER membrane. Our idea
293  that Stx17 is not involved in the formation of ER-LD bridges is supported by the finding that
294 knockdown of Sec22b, a cognate v-SNARE for Stx17 (Steegmaier et al., 2000), does not
295  affect LD formation (data not shown).

296 A recent study revealed that seipin, a transcript of the BSCL2 gene whose mutation
297  causes severe congenital lipodystrophy (Magré et al., 2001), regulates the translocation of
298  ACSL3 and lipids into LDs (Salo et al., 2016). Another recent study revealed that seipin
299  suppresses the activity of glycerol-3-phosphate acyltransferase to prevent the formation of
300  excess phosphatidic acid (Pagac et al., 2016). Both proteins are key enzymes for LD

301  formation. Seipin and its yeast homologue, Fld1, localize to ER-LD contact sites (Szymanski
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302 et al., 2007; Wang et al., 2016), and loss of Fldl or its partner, Ldb16, yields LDs with
303  aberrant lipid and protein compositions (Fei et al, 2011; Wang et al., 2014, Cartwright et al.,
304  2015; Grippa et al., 2015). Although seipin/FId1 is conserved, Ldbl6 is not present in
305  mammals. Wang et al. (2014) postulated that Fld1 and Ldb16 in yeast might have evolved
306 into a single molecule, seipin, in mammals. Our present observations revealed another
307  protein that regulates the translocation of key enzymes from the ER to nascent LDs.
308  Different from FId1, Stx17 is not localized in ER-LD contact sites nor conserved in yeast.
309  However, Stx17 is one of the Last Eukaryotic Common Ancestors (LECAs) and present in
310  diverse eukaryotic organisms, but was also lost in multiple lineages (Arasaki et al., 2015). In
311  organisms lacking Stx17 the role of Stx17 in LD formation may be assumed by another
312  protein. Of note is that despite the absence of an obvious homologue in yeast, Stx17 plays
313  pivotal roles at the initial and late stages in autophagy, a well-conserved and important
314  process in eukaryotes (Hamasaki et al., 2013; Itakura et al., 2012).

315

316  Materials and methods

317

318  Chemicals and antibodies

319  Triacsin C, digitonin, and OA were obtained from Enzo Life Sciences, Wako Chemicals, and
320  Sigma-Aldrich, respectively. Lipid Tox and BODIPY FL-C16 were obtained from Thermo
321  Fisher Scientific. The following antibodies were purchased from Sigma-Aldrich: monoclonal
322 FLAG (No. F3165) and polyclonal FLAG (No. F7425). The following antibodies were
323  obtained from BD Bioscience Pharmingen: CNX (No. 610523), and Tom20 (No. 612278).
324  The following antibodies were purchased from Proteintech: PACS-2 (No. 19508-1-AP),
325  polyclonal SNAP23 (No. 10825-1-AP), and SNAP29 (No. 12704-1-AP). The following

326  antibody was purchased from Santa Cruz Biotechnology: monoclonal SNAP23 (D-11:
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327  sc-374215). The following antibodies were from the indicated sources: HA (Sigma-Aldrich,
328  H6908), Mfn2 (Abcam, ab56889), Alexa Fluor® 488 and 594 goat anti-mouse and -rabbit
329  antibodies (Thermo Fisher Scientific, No. A-11001, A-11005, A-11008, and A-11012), and
330  Sec61B (EMD Millipore, No. 07-205). An antibody against Stx17 was prepared as described
331  previously (Arasaki et al., 2015) and used for immunofluorescence analysis. For
332  immunoblotting, an anti-Stx17 antibody (Sigma-Aldrich; No. HPA001204) was used.

333

334  Cell culture

335  293T, HepG2, Huh7, and 3T3-L1 cells were grown in DMEM supplemented with 50 TU/ml
336  penicillin, 50 pg/ml streptomycin, and 10% fetal calf serum. HeLa cells (RIKEN, RCB0007)
337  were cultured in o-MEM supplemented with the same materials plus 2 mM L-glutamine.
338  Stable transfectants were prepared as described previously (Arasaki et al., 2015). For the
339  induction of LDs in HeLa cells, OA was added at a final concentration of 150 uM.

340

341  Plasmids and transfection

342  Plasmids encoding human Stx17 full-length and its derivatives were described previously
343  (Arasaki et al., 2015). The plasmids for GFP-ACSL3, FLAG-DGATI1/2, and
344  3x-HA-LPCATI1/2 were gifts from Dr. Albert Pol (IDIBAPS), Dr. Robert V. Farese
345  (Harvard University), and Dr. Christoph Thiele (University of Bonn), respectively. Deletion
346  mutants of ACSL3 were constructed by inverse PCR. Transfection was carried out using
347  LipofectAMINE Plus, LipofectAMINE2000 (Thermo Fisher Scientific), or PEI (Longo et al.,
348  2013) according to the manufacturer’s protocol.

349

350  RNA interference

351  The following siRNAs were used:
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352  Stx17 (440) : 5’-GGUAGUUCUCAGAGUUUGAUU-3’

353  Stx17(194) : 5’-CGAUCCAAUAUCCGAGAAAUU-3’

354  Stx17 (NC): 5-GGAAAUUAAUGAUGUAAGA-3’

355  Stx17(421) : 5’-CACACUGGGGAGGCUGAAGCU-3’

356  Min2: 5>~ AGAGGGCCUUCAAGCGCCA-3’

357  PACS2: 5’-AACACGCCCGUGCCCAUGAAC-3’

358  SNAP23: 5>-CAUUAAACGCAUAACUAAU-3’

359  SNAP29: 5’-UAUCAUCCAGCUUUCUAAGGUUUGG-3’

360  siRNAs were purchased from Japan Bio Services. HeLa, HepG2, Huh7, and 3T3-L1 cells
361  were grown on 35-mm dishes, and siRNAs were transfected at a final concentration of 200
362 nM using Oligofectamine, LipofectAMINE2000, or LipofectAMINE2000 RNAi Max
363  (Thermo Fisher Scientific) according to the manufacturer’s protocol.

364

365 Immunoprecipitation

366 Hela cells expressing FLAG-tagged proteins were lysed in lysis buffer (20 mM
367  Hepes-KOH (pH 7.2), 150 mM KCI, 2 mM EDTA, 1 mM dithiothreitol, 1 pg/ml leupeptin,
368 1 UM pepstatin A, 2 pg/ml aprotinin, and 1 mM phenylmethylsulfonyl fluoride) containing
369 1% Triton X-100 or 10 mg/ml digitonin. After centrifugation, the supernatants were
370  collected and immunoprecipitated with anti-FLAG M2 affinity beads (Sigma-Aldrich). The
371  precipitated proteins were eluted with SDS sample buffer, and then analyzed by
372  immunoblotting. Experiments were repeated two or three times with similar results.

373

374  Immunofluorescence microscopy

375  For immunofluorescence microscopy, cells were fixed with 4% paraformaldehyde for 20

376 min at room temperature or ice-cold methanol at -20°C, and then observed under an
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377  Olympus Fluoview 300 or 1000 laser scanning microscope. Unless specifically stated,
378  shown in figures are representative images of at least three independent experiments. To
379  determine the fluorescence intensity ratio (Figures 2C and 4D), immunofluorescence images
380  obtained were analyzed using ImageJ software (NIH).

381

382  Electron microscopy

383  Cells were fixed with a mixture of 2% formaldehyde and 2.5% glutaraldehyde in 0.1 M
384  sodium cacodylate buffer (pH 7.4) for 2 hr, and then prepared for conventional observation
385  as described previously (Ohsaki et al., 2016). ER-LD contact length and the circumference
386  of each LD were determined with ImageJ software. ER-LD contact sites were discerned
387  when the distance between the ER membrane and the surface of an LD was 20 nm or less.
388

389 FRAP

390 FRAP experiments were performed with an Olympus Fluoview 1000 laser scanning
391  microscope equipped with a stage-top incubator (37°C, 5% CO;). To monitor LDs during
392  FRAP experiments, cells expressing GFP constructs or labeled with BODIPY FL-C16 were
393  incubated with Lipid Tox in Opti-MEM supplemented with 10% fetal calf serum before
394  photobleaching. The minimum region defined with the Olympus Fluoview 1000 laser
395  scanning microscope was photobleached using a 488-nm laser at 100% laser power for 2 s.
396  After photobleaching, images were obtained at 0.5 s intervals. In each experiment 30 cells
397  were used, and more than 3 LDs in each cell were bleached. Experiments were repeated
398  three times,

399

400  Differentiation of 3T3-L1 cells and measurement of intensity of Oil Red O staining
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401  Differentiation was induced using an Adipolnducer Reagent (for animal cell) kit (Takara Bio,
402  MK429) according to the manufacturer’s protocol. Briefly, 3T3-L1 cells were
403  mock-transfected or transfected with siRNA Stx17 (421). At 72 hr after transfection, cells
404  were incubated with DMEM supplemented with 50 IU/ml penicillin, 50 pg/ml streptomycin,
405 and 10% fetal calf serum, plus 10 pg/ml insulin solution, 2.5 UM dexamethasone, and 0.5
406 mM 3-isobutyl-1-methylxanthine, for 48 hr. The medium was replaced with DMEM
407  containing 10 W g/m insulin, and then incubated for ~9 days. For Oil Red O staining, cells
408  were fixed, washed with 60% isopropanol for 1 min, and then incubated with a 60% Oil Red
409 O solution (99% isopropanol/0.3% Oil Red O) for 15 min at 37°C. After washing with 60%
410  isopropanol and drying, Oil Red O was dissolved in 100% isopropanol and the OD at 500
411  nm was measured.

412

413 PLA

414  PLA was conducted using a PLA kit (Sigma-Aldrich) according to the manufacturer’s
415  protocol. Thirty cells were analyzed in each assay. PLA dots were identified using the
416  “analyze particle” program in the ImageJ software. Randomly, 30 cells were selected and the
417  number of PLA dots was measured in each sample, and the experiments were repeated three
418  times.

419

420  Subcellular fractionation

421  Subcellular fractionation was performed as described previously (Arasaki et al., 2015).
422 Experiments were repeated two or three times with similar results.

423

424  Digitonin treatment
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425  Digitonin was freshly dissolved in DMSO before use. Cells were incubated for 5 min at
426  room temperature with 30 pg/ml digitonin in KHM buffer (25 mM Hepes (pH 7.2), 125 mM
427  potassium acetate, 2.5 mM magnesium acetate, | mM dithiothreitol, and 1 mg/ml glucose).
428

429  Statistical analyses

430  The results were averaged, expressed as the mean = SD or SEM, and analyzed using a paired
431  Student’s t test. The p values are indicated by asterisks in the figures with the following
432 notations: *p <0.05; **p <0.01; ***p <0.001. NS, not significant.

433
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660  Figure 1. LD formation and TAG synthesis are impaired in Stx17-depleted cells. (A,D)
661  HepG2, Huh7, and HeLa cells were mock-transfected or transfected with siRNA Stx17 (440),
662  (194), or (NC) targeting the 3’ non-coding region of Stx17, and the protein amounts of Stx17
663  and o-tubulin were determined using their antibodies. (B) HepG2, Huh7, and HeLa cells
664  were mock-transfected or transfected with siRNA Stx17 (440) or (194). At 72 hr after
665  transfection, cells were fixed and stained with an anti-Stx17 antibody and Lipid Tox. For
666  HelLa cells, OA was added at a final concentration of 150 UM at 56 hr after transfection of
667  siRNA, followed by incubation for 16 hr. Bars, 5 um. (C) HeLa cells were mock-transfected
668  or transfected with siRNA Stx17 (440) or (194), treated with OA for the indicated times, and
669 lysed, and then the amount of TAG was determined using an adipogenesis
670  colorimetric/fluorometric assay kit. As a negative control, mock-treated HeLa cells were
671  incubated with OA in the presence of 10 UM Triacsin C for 16 hr, and then the amount of
672  TAG was determined. The bar graph shows the means + SD (n = 3). (E,F) HeLa cells or
673  Hela cells expressing the indicated FLAG-tagged constructs were transfected with siRNA
674  Stx17 (NC), treated with OA for 16 hr, fixed, and then immunostained with an anti-FLAG
675  antibody and Lipid Tox. The graphs show the average number (E) and size (F) of LDs under
676  each condition. Values are the means + SD (n = 3).

677

678  Figure 1-source data 1. Values, statistics, and exact p values for Figure 1C,E,F.

679

680  Figure 1-figure supplement 1. Silencing of Stx17 suppresses differentiation of 3T3-L1
681  preadipocytes. (A) 3T3-L1 cells were mock-transfected or transfected with siRNA targeting
682  mouse Stx17 (siRNA (421)), and then differentiation was induced with an Adipolnducer
683  Reagent. Protein expression levels were determined by immunoblotting using the indicated

684  antibodies. The graph at the bottom shows the intensity of the Stx17 protein band relative to
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685  that of o-tubulin. D.I. (-) denotes no differentiation induction. The bar graph shows the
686  means + SD (n = 3). (B) Oil Red O staining of 3T3-L1 cells during differentiation. Bars, 5
687  um. (C) Quantitation of Oil Red O staining. The bar graph shows the means + SD (n = 3).
688 (D) Distribution and schematic representation of Stx17 wild-type and its derivatives.

689

690  Figure 1-source data 2. Values, statistics, and exact p values for Figure 1-figure supplement
691 1AC

692

693  Figure 2. Aberrant distribution of ACSL3 on LDs in Stx17-silenced cells. (A) HeLa cells
694  were mock-transfected or transfected with siRNA Stx17 (440), treated with OA for 16 hr,
695  fixed, and then stained with Lipid Tox and an antibody against ACSL3 or Tip47. Bars in
696  normal images, 5 um, and in enlarged images, 1 um. (B) Enlarged images of (A). Bars, 1 um.
697  (C) Quantitation of the data in (B). The fluorescence intensities of calnexin (CNX), ACSL3,
698  and Tip47 surrounding LDs relative to that of Lipid Tox were plotted. The bar graph shows
699  the means £ SEM (n = 3). (D) Electron micrographs of mock-treated HeLa cells (upper row)
700 and Stx17-silenced cells (lower row) after 16 hr OA treatment. Bars, 200 nm. (E)
701  Quantitation of the data in (D). The ratio of the area of ER-LD contact sites relative to the
702  circumference of the LD surface was plotted. The bar graph shows the means + SD (n = 5).
703  More than 30 LDs were analyzed in each experiment. (F) Mock-treated or Stx17-silenced
704  cells were transfected with one of the indicated plasmids or treated with BODIPY FL-C16 to
705  visualize the surface or luminal domain of LDs. FRAP experiments were performed as
706  described under Materials and methods. The graphs show the relative signal intensity after
707  photobreaching. Values are the means = SD (n = 3). The raw data are shown in Figure
708  2-figure supplement 1.

709
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710  Figure 2-source data 1. Values, statistics, and exact p values for Figure 2C,E,F.

711

712 Figure 2-figure supplement 1. LDs are close to the ER in Stx17-silenced cells. The images
713  in FRAP experiments. (A) Mock-treated cells and (B) Stx17-silenced cells. Bars, 5 pum.

714

715  Figure 3. The SNARE domain of Stx17 and GATE domain of ACSL3 are indispensable for
716  the interaction between Stx17 and ACSL3. (A,B,E) HeLa cells were transfected with the
717  indicated constructs. At 24 hr after transfection, cell lysates were prepared and
718  immunoprecipitated using anti-FLAG M2 beads. 5% input and the precipitated proteins were
719  analyzed with the indicated antibodies. (C) HeLa cells were transfected with one of the
720  indicated FLAG-Stx17 constructs and then incubated for 24 hr. Cells were incubated in the
721  presence (dark gray bar) or absence (white bar) of OA for 16 hr and fixed, and PLA was
722 performed using antibodies against FLAG and ACSL3. The bar graph shows the means +
723  SEM (n = 3). The PLA images are shown in Figure 3-figure supplement 1A. (D) Schematic
724  representation of ACSL3 and its deletion mutants. (F) HeLa cells stably expressing Stx17
725  wild-type or the K254C mutant were transfected with GFP-ACSL3 wild-type (dark gray bar),
726  the AGATE mutant (light gray bar), or the ATMD mutant (white bar), and treated as
727  described in (C). PLA was performed using antibodies against FLAG and GFP. The bar
728  graph shows the means = SEM (n = 3).

729

730  Figure 3-source data 1. Values, statistics, and exact p values for Figure 3C,F.

731

732  Figure 3-figure supplement 1. Localization of ACSL3 and LD-related proteins. (A) The
733  PLA images related to Figure 3C. The fluorescence dots represent the proximity between

734  Stx17 constructs and ACSL3. Bars, 5 um. (B) HeLa cells were transfected with one of the
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735  indicated GFP-ACSL3 constructs. At 24 hr after transfection, cells were treated with OA for
736 16 hr, fixed, and then stained with Lipid Tox. (C) HeLa cells were transfected with
737  FLAG-Stx17 and one of the indicated 3x-HA-tagged constructs. At 24 hr after transfection,
738  cell lysates were prepared and immunoprecipitated using anti-FLAG M2 beads. 5% input
739 and the precipitated proteins were analyzed with antibodies against HA and FLAG. (D)
740  HelLa cells were transfected with GFP-Stx17 and one of the indicated FLAG-tagged
741  constructs. At 24 hr after transfection, cell lysates were prepared and immunoprecipitated
742  using an anti-GFP antibody. 5% input and the precipitated proteins were analyzed with
743  antibodies against GFP and FLAG. (E) HeLa cells were mock-transfected or transfected with
744  siRNA Stx17 (440). After 48 hr, cells were transfected with one of the indicated 3x-HA- or
745  FLAG-tagged constructs, and incubated for 24 hr, and then OA was added. After 16 hr, cells
746  were fixed and stained with Lipid Tox and an antibody against HA or FLAG. The staining
747  intensity of HA or FLAG relative to that of Lipid Tox was plotted. Values are the means +
748  SEM (n=3).

749

750  Figure 3-source data 2. Values, statistics, and exact p values for Figure 3-figure supplement
751 1E.

752

753  Figure 4. SNAP23 localizes to the MAM. (A) Subcellular fractionation of HeLa cell lysates
754  was performed as described under Materials and methods. Equal amounts of proteins in
755  individual fractions were subjected by SDS-PAGE and analyzed with the indicated
756  antibodies. PNS, postnuclear supernatant; MS, microsomes; Mt, mitochondria. (B) HelLa
757  cells were mock-transfected or transfected with siRNA targeting SNAP23, and protein levels
758  were determined with antibodies against Stx17 and CNX. (C) Mock-treated and

759  SNAP23-depleted cells were treated with OA for 16 hr, and then stained with an anti-
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760  ACSL3 antibody and Lipid Tox. Bars, 5 um. (D) Quantitation of the data in (C). The graph
761  shows the relative ACSL3 staining intensity surrounding LDs. Values are the means + SEM
762  (n=23). (E) HeLa cells stably expressing FLAG-Stx17 were mock-transfected or transfected
763  with siRNA targeting SNAP23. After 72 hr, cells were fixed without treatment (leff) or
764  treated with 30 pg/ml digitonin for 5 min at room temperature (right), and then fixed,
765  followed by immunostaining with antibodies against FLAG and Tom20 or Sec61f. Bars, 5
766  um.

767

768  Figure 4-source data 1. Values, statistics, and exact a p value for Figure 4D.

769

770  Figure 5. Exclusive binding of SNAP23 and ACSL3 to Stx17. (A) HeLa cells were
771  transfected with one of the indicated FLAG-tagged constructs and then incubated for 24 hr.
772  Cell lysates were prepared and immunoprecipitated using anti-FLAG M2 beads. 5% input
773  and the precipitated proteins were analyzed with antibodies against SNAP23 and FLAG. (B)
774  HeLa cells were transfected with one of the indicated FLAG-tagged constructs and then
775  incubated for 24 hr. Cells were fixed, and PLA was performed using antibodies against
776  FLAG and SNAP23. (C,D) HeLa cells were mock-transfected or transfected with siRNA
777  targeting SNAP23 (C), or transfected with the GFP vector or GFP-SNAP23 wild-type (D).
778 At 72 hr (siRNA transfection) or 24 hr (plasmid transfection), cells were incubated with OA
779  for 16 hr. PLA was performed using antibodies against Stx17 and ACSL3. (E) HeLa cells
780  were mock-transfected or transfected with one of the indicated GFP constructs. At 24 hr after
781  transfection, cells were incubated with OA for 16 hr. PLA was performed using antibodies
782  against Stx17 and SNAP23. (B-E) The bar graph shows the means = SEM (n = 3).

783

784  Figure 5-source data 1. Values, statistics, and exact p values for Figure 5B-E.
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785

786  Figure 6. MAM is important for LD formation and the Stx17-ACSL3 interaction. (A) HeLa
787  cells were mock-transfected or transfected with siRNA targeting PACS-2 or Mfn2. At 72 hr
788  after transfection, cells were fixed and stained with an anti-Stx17 antibody and Lipid Tox.
789  Bars, 5 um. (B) Alternatively, PLA was performed using antibodies against Stx17 and
790  ACSL3. The bar graph shows the means + SEM (n = 3). (C) HeLa cells stably expressing
791  FLAG-Stx17 were mock-transfected or transfected with siRNA siRNA targeting Mfn2 or
792  PACS-2, treated with DMSO or 30 pg/ml digitonin for 5 min at room temperature, fixed, and
793  then immunostained with an anti-FLAG antibody. Bars, 5 um.

794

795  Figure 6-source data 1. Values, statistics, and exact p values for Figure 6B.

796

797  Figure 7. Stx17 changes the binding partner from ACSL3 to SNAP23 during LD maturation.
798  (A) HelLa cells stably expressing FLAG-Stx17 were incubated with OA for the indicated
799  times. Cell lysates were prepared and immunoprecipitated using anti-FLAG M2 beads. 5%
800 input and the precipitated proteins were analyzed with the indicated antibodies. The graph on
801  the right shows the relative band intensity. Values are the means + SD (n = 3). (B) HeLa cells
802  were treated with OA for the indicated times, and PLA was performed using antibodies
803  against Stx17 and ACSL3 or SNAP23. The bar graphs show the means + SEM (n = 3). (C)
804  Working model of the function of Stx17 in LD maturation. For details, see Discussion.

805

806  Figure 7-source data 1. Values, statistics, and exact p values for Figure 7A,B.

807
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Figure 1-figure supplement 1
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