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Insulin activates intracellular transport of lipid
droplets to release triglycerides from the liver
Mukesh Kumar1, Srikant Ojha1, Priyanka Rai1, Alaumy Joshi2, Siddhesh S. Kamat2, and Roop Mallik1

Triglyceride-rich lipid droplets (LDs) are catabolized with high efficiency in hepatocytes to supply fatty acids for producing
lipoprotein particles. Fasting causes a massive influx of adipose-derived fatty acids into the liver. The liver in the fasted state is
therefore bloated with LDs but, remarkably, still continues to secrete triglycerides at a constant rate. Here we show that
insulin signaling elevates phosphatidic acid (PA) dramatically on LDs in the fed state. PA then signals to recruit kinesin-1 motors,
which transport LDs to the peripherally located smooth ER inside hepatocytes, where LDs are catabolized to produce
lipoproteins. This pathway is down-regulated homeostatically when fasting causes insulin levels to drop, thus preventing
dangerous elevation of triglycerides in the blood. Further, we show that a specific peptide against kinesin-1 blocks triglyceride
secretion without any apparent deleterious effects on cells. Our work therefore reveals fundamental mechanisms that maintain
lipid homeostasis across metabolic states and leverages this knowledge to propose a molecular target against hyperlipidemia.

Introduction
Cytosolic lipid droplets (LDs) store triglycerides (TGs) that are
substrates for energy and membrane synthesis in most tissues
(Murphy, 2012; Thiam and Beller, 2017). LDs are catabolized to
supply fatty acid for assembling VLDL (very low density lipo-
protein) particles in the smooth ER (sER) of hepatocytes
(Gibbons et al., 2004; Lehner et al., 2012; Rai et al., 2017). VLDL is
secreted from the liver into blood, where it is detected as serum
TG. Remarkably efficient mechanisms must exist to catabolize
LDs for VLDL production, because the release rate/steady-state
mass of TGs is 80-fold higher in liver than adipose tissue
(Gibbons and Wiggins, 1995). We found that LDs purified from
rat liver are transported vigorously by kinesin-1 on micro-
tubules (Barak et al., 2013), and this transport delivers LDs to the
sER inside hepatocytes, ensuring steady TG supply for VLDL
production (Rai et al., 2017). The implications of these findings
to liver biology were elaborated on in a commentary (Schulze
and McNiven, 2019). Kinesin-1 knockdown in rat liver specifi-
cally inhibited TG secretion but had no effect on ApoB secretion,
with ApoB appearing at higher density after knockdown because
the secreted lipoprotein particles were TG deficient (Rai et al.,
2017). Therefore, the molecular factors that sustain kinesin-
driven LD transport in hepatocytes and TG secretion from liver
are potential targets against hyperlipidemia.

To this end, here we elucidate a spatiotemporally defined
sequence of molecular events that channels TG in cytosolic

LDs toward production of VLDL particles in hepatocytes in
the liver. We earlier reported (Rai et al., 2017) that the
GTPase ADP-ribosylation factor 1 (ARF1), which generates
“reactive” LDs (Thiam et al., 2013), appears abundantly on
LDs in the liver in the fed state. Here we find that ARF1 also
recruits phospholipase-D1 (PLD1) to LDs, which in turn
generates phosphatidic acid (PA) on the LDs. PA signals on
the LD membrane to recruit the microtubule plus end–
directed motor kinesin-1, thus causing ARF1 and PA-rich
reactive LDs to be transported to the peripherally located
sER in hepatocytes. Most importantly, we show that this
entire pathway operates downstream of insulin and is
therefore toned down when insulin signaling is diminished
in the fasted state. This allows the liver to protectively se-
quester away massive amounts of TG after fasting and,
therefore, exert homeostatic control on circulating serum TG
in the animal. Inhibiting any of the above molecules tempers
VLDL-TG secretion, revealing a common pathway that can be
targeted therapeutically at multiple levels. Indeed, over-
expression of the kinesin-1 tail domain (KTD) blocks PA-
dependent recruitment of kinesin-1 to LDs, and therefore
the secretion of TG from hepatocytes. KTD shows no ap-
parent deleterious effect on cells in our experiments and
may therefore serve as a design template for interventions
against hyperlipidemia.
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Results
Insulin activates kinesin-driven transport of LDs in the liver
We have shown that the GTPase ARF1 and kinesin-1 appear
abundantly on LDs in the fed state (insulin signaling high) but
are both removed upon fasting (Rai et al., 2017). Cell culture
studies suggest that insulin promotes binding of ARF1 to mem-
branes (Shome et al., 1997), and ARF1 promotes VLDL secretion
(Asp et al., 2000). We therefore asked if insulin controls ARF1
and kinesin-1 recruitment to LDs and, by virtue of this, also
controls TG secretion from the liver. Primary hepatocytes were
isolated from rat liver and culturedwith oleic acid (OA) for 24 h to
load LDs inside the cells. Cells were then treated with insulin
(6 h), and TG secreted into culture medium was measured by
quantitative lipidomic profiling (liquid chromatography-mass
spectrometry [LC-MS]). Twofold more long-chain TGs were se-
creted from insulin-treated cells compared with control (Fig. 1 A).
A cell-free assay has shown that ARF-1 influences VLDL production
by activating PLD (Asp et al., 2000). We found that kinesin-1
recruitment to LDs requires PLD1 activity, which is signifi-
cantly diminished in liver in the fasted state (Rai et al., 2017). In
agreement with these results, a PLD inhibitor reversed the
hypersecretion of TGs from OA-loaded and insulin-stimulated
cells (Fig. 1 A). Reduced insulin signaling in the fasted state may
therefore prevent hyper-secretion of TGs by inhibiting the
ARF1-PLD1-kinesin pathway that channels TG efficiently to-
ward VLDL production in the fed state.

Kinesin-1 knockdown inMcA-RH7777 hepatoma cells disrupts
peripheral localization of LDs near the sER (Rai et al., 2017). To
examine if LDs localize to the cell periphery of hepatocytes in the
liver, liver sections from fed rats were immunostained against
the sER-marker epoxide hydrolase (Galteau et al., 1985). The sER
indeed appeared localized toward the periphery of hepatocytes
(Fig. 1 B, left). This was confirmed by double immunostaining of
sER with plasma membrane (Fig. 1 B, right). We next asked if
insulin induces LD localization to the sER in hepatocytes inside
the liver. Liver sections were prepared from fed rats, fasted rats,
and fasted rats that were injected with insulin after the fasting
period. Significant reduction in blood glucose was observed
within 1 h of insulin injection in the fasted animals (Fig. S1 A).
Fig. 1 C shows a few LDs that largely localize to the periphery of
hepatocytes in the fed state; however, fasting induced accumu-
lation of LDs that are distributed all over the cells (also see Rai
et al., 2017). Intracellular localization of LDs with respect to
plasma membrane was quantified in terms of the fractional
distance (DF; Fig. 1 D). A DF of 1 implies an LD at cell periphery.
Injection of insulin in fasted rats caused a significant reduction
in LD number (Fig. 1 C) and relocalization of these LDs to the
peripherally located sER (Fig. 1 D). Therefore, insulin activated
LD transport to the sER, which likely resulted in catabolism of
LDs and TG secretion in the form of lipoproteins (Fig. 1 A).
Lowered insulin signaling in the fasted state may therefore be
required to prevent LD-sER interactions in a manner that tem-
pers TG availability for lipoprotein production.

Elevated serum TG causes ectopic accumulation of LDs in
tissues, leading to cardiac disease, diabetes, and other forms of
lipotoxicity (Cohen et al., 2011; Cohen and Fisher, 2013). Because
insulin is required for LD transport and VLDL-TG secretion from

hepatocytes, lowered insulin signaling may homeostatically
prevent hypersecretion of TG from the fasted liver, in turn
protecting against the ectopic accumulation of LDs in peripheral
tissues. To investigate, we imaged LDs in sections prepared from
cardiac (Fig. 1 E) and skeletal (Fig. 1 F) tissue of fed, fasted, and
fasted + insulin-treated rats. Unlike the liver (Fig. 1 C), only small
differences in LD numbers were observed between fed and fas-
ted peripheral tissues (Fig. 1 G), suggesting that the liver protects
other tissues by sequestering away lipotoxic fatty acids into
hepatic LDs in the fasted state. However, when this metabolic
control was disrupted in fasted rats by injecting insulin, massive
accumulation of LDs was obvious in heart and skeletal tissue
(Fig. 1, E–G). Because experiments with primary hepatocytes
showed that insulin enhances VLDL-TG secretion (Fig. 1 A), we
believe that insulin administration to fasted rats also hyper-
secretes TGs from hepatocytes into blood. The externally sup-
plied insulin concomitantly causes rapid uptake of glucose into
peripheral tissues, thus reducing blood glucose within ∼1 h of
insulin injection in fasted animals (Fig. S1 A). Once this happens,
the glucose-starved peripheral tissues rapidly take upVLDL, thus
reducing serum TG (Fig. S1 B) and causing ectopic LD accumu-
lation in peripheral tissues (Fig. 1, E and F). Therefore, the effect
of insulin shows up differently in primary hepatocytes (in-
creased TG secretion into culture medium) compared with ani-
mals (ectopic LD accumulation in peripheral tissue leading to
reduced serum TG). Taken together, in the absence of the in-
sulin/kinesin control pathway, TG would be hypersecreted from
the liver in the fasted state to accumulate as LDs in peripheral
tissues (Fig. 1, E and F).

PA is enhanced dramatically on LDs in the liver in the fed state
We next focused on the molecular mechanism by which insulin
may control kinesin driven transport of LDs to the sER. PLD1
activity is needed for TG secretion from primary hepatocytes
(Fig. 1 A). PLD1 controls phospholipid metabolism, and because it
is present on LDs (Nakamura et al., 2005), it could also modulate
the phospholipid composition of LDs. We therefore performed
LC-MS–based quantitative lipid profiling of LDs purified from
liver of normally fed rats (NLDs) and 16-h-fasted rats (FLDs).
The procedures for purifying LDs and LC-MS analysis have been
described (Barak et al., 2014; Rai et al., 2017). Lipidomics data
showed that multiple species of PA are elevated on NLDs com-
pared with FLDs (Fig. 2 A). The percentage change in different
lipids between NLDs and FLDs is shown in Fig. 2 B. Agreeing
with earlier work (Chitraju et al., 2012; Rai et al., 2017; Sadh
et al., 2017), TG content within LDs does not change (Figs. 2 B
and S1 C), although the total number of LDs in liver increases
after fasting (Fig. 1 C). Unlike LDs, the PA content was the same
for microsomes prepared from liver of fed and fasted rats (Fig. S1
D; also see Fig. S1 E for purity of microsomes). This suggests that
PA elevation on LDs in the fed state is not because of the transfer
of PA from the ER membrane onto LDs.

We next expressed the PA binding sensor GST-Spo20p (see
LD motility assay in Materials and methods; Kassas et al., 2012)
and used its binding on LDs to infer the presence of PA on the
LDs. Fig. S1 F shows Coomassie-stained SDS-PAGE gels for the
bacterially expressed proteins used in this study. The specificity
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Figure 1. Physiological relevance of insulin-dependent kinesin-driven transport of LDs in the liver. (A) Primary hepatocytes isolated from rat liver were
preloaded with OA to induce LD accumulation. Cells were then left untreated (control) or treated with insulin or insulin + PLD inhibitor (inhib) for 6 h. TG
secretion into medium was measured by quantitative lipidomics. TG species of varying chain length are indicated. The data represent mean ± SEM. Data
distribution was assumed to be normal, but this was not formally tested. ns, P > 0.1; *, P < 0.05; **, P < 0.01; ***, P < 0.001. Six biological replicates used, two-
tailed t test for statistical significance. (B) Liver section of a fed rat stained with epoxide hydrolase (hydrol; sER marker). Central vein (CV) is marked. Part of
image is magnified to show coimmunostaining with DAPI (nucleus), Na-K ATPase (plasma membrane marker), and epoxide hydrolase. The sER is localized at
periphery of hepatocytes. (C) Liver sections of fed and 16-h fasted rats and 16-h fasted rats injected with insulin. All animals were sacrificed 4 h after insulin
injection. The sER, labeled with epoxide hydrolase, is situated at the periphery of cells. LDs are immunostained with perilipin-2. Few LDs in the fed state
colocalize with the sER. LD number increases after fasting, and these LDs are spread all over the cell. Insulin injection in the fasted state causes reduction in LD
number and colocalization of LDs with the sER (similar to fed state). (D) Quantification of LD distribution inside rat liver hepatocytes. Significant peripheral
distribution of LDs (DF close to 1) is observed in fed and fasted + insulin states, but not in the fasted state. Horizontal line represents mean of DF values; ***, P <
0.005. Two-tailed t test was used. (E) LDs are immunostained with perilipin-2 antibody (green) in heart tissue sections (cardiomyocytes) of rats. Relatively few
LDs are seen in fed and fasted states. Insulin injection in the fasted state releases TGs from the liver, leading to massive increase of LDs in cardiac muscle
(rightmost panel). (F) Same as E but in skeletal muscle (gracilis) from the leg of rat. The subsarcolemmar space is shown. (G) Quantification of LD numbers in
cardiac and skeletal tissues across various conditions. The data represent mean ± SD; *, P < 0.05; ***, P < 0.005. Three biological replicates used; two-tailed
t test for statistical significance.
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and graded response of Spo20p binding toward PA was verified
using a lipid blot (Fig. S1 G). We found that Spo20p bound much
more abundantly to NLDs than FLDs (Fig. 2 C). Along with
the LC-MS evidence discussed above, this confirms that PA is
elevated on LDs in the fed state compared with fasted. The
precursors of PA (phosphatidylcholine [PC] and phosphatidyl-
ethanolamine [PE]) were lowered on NLDs compared with FLDs

(Figs. 2 B and S2 A), whereas phosphatidylserine (PS) was un-
changed (Fig. S2 A). This suggests PLD-catalyzed conversion of
PC/PE to PA (Athenstaedt and Daum, 1999) in situ on LDs in liver
in the fed state. The in situ generation of PA on LDs agrees with
unchanged PA on microsomes across fed/fasted states (Fig. S1
D). Consistent with this, and agreeing with presence of PLD1 on
LDs in cultured cells (Nakamura et al., 2005; Andersson et al.,
2006), we detected PLD1 byWestern blotting on NLDs (Fig. 2 D).
PLD1 activity is enhanced in cultured hepatocytes after insulin
stimulation (Donchenko et al., 1994). In agreement with this, a
colorimetric assay showed that PLD activity is elevated in
postnuclear supernatant (PNS; contains membranes) prepared
from liver of fed rats (Fig. 2 E, left). Next, hepatoma-derived
McA-RH7777 cells were treated with insulin to mimic the fed
state or with glucagon + OA to mimic the fasted state. PLD ac-
tivity was significantly higher in lysate from insulin-treated
cells (Fig. 2 E, right). Based on this evidence, we hypothesize
that elevated insulin signaling activates PLD1 in the fed state,
which generates PA on LDs in the liver. Significant PLD activity
was retained in a high-speed supernatant (HSS; devoid of
membranes) prepared from rat liver (Fig. 2 F), although this
activity was expectedly lower than a PNS fraction. This suggests
that cytosolic PLD can also be recruited to the LD membrane in
hepatocytes, where it generates PA.

PA-dependent recruitment of kinesin-1
PA is a bioactive signaling lipid known to recruit effector
proteins on membranes. In the context of the above discus-
sion, an effector protein of interest is the kinesin-1 motor. We
therefore asked if PA exhibits specific affinity to kinesin-1.
This was first investigated in lipid blots against an array of
lipids. The membrane was incubated with PNS prepared from
BRL3A rat liver fibroblast cells and then probed with antibody
against kinesin-1. Kinesin-1 showed highly specific binding to
PA on the membrane (Fig. 3 A). Soluble PA cannot bind to LDs,
because it has truncated fatty acid chains, but the intact head-
group may bind its protein partners. Therefore, soluble PA
should bind kinesin-1 and sequester it away from LDs into the
solution. Indeed, addition of soluble PA to the PNS reduced
kinesin-1 binding to the PA-containing spot on the membrane
(Figs. S2 B). We confirmed that unlike kinesin-1, other mi-
crotubule motors such as kinesin-2 and dynein do not show
specific affinity to PA (Fig. 3 B).

We found that protein recruitment to hepatic LDs is sensitive
to fed/fasted states of the animal (Sadh et al., 2017). Proteins can
be recruited to LDs from the cytosol or from the ER via ER-LD
bridges (Kory et al., 2016), possibly in a manner depending on
phospholipid composition of the LDs. Analyzing proteins of low
abundance (such as kinesin-1) on LDs becomes difficult, because
endogenous LDs have low overall protein concentration (Rai
et al., 2017). To overcome this problem, and to specifically test
a role for PA on LDs, we prepared artificial lipid droplets (ALDs)
with a phospholipid monolayer consisting of 100% PC, 95% PC+
5% PA, or 95% PC + 5% PS. We verified the presence of a
phospholipid coat on a TG core in these ALDs by fluorescence
microscopy (Fig. S2 C). ALDs were incubated with HSS prepared
from liver of fed or fasted rats. After the incubation, ALDs were

Figure 2. Insulin signaling activates PLD to generate PA on LDs.
(A) Lipidomic analysis shows reduction of PA on FLDs. X axis denotes dif-
ferent species of PA. Experiment was performed with five independent pairs
of animals (each pair consisting of a fed and a fasted rat). The data represent
mean ± SEM across all pairs; ***, P < 0.005. Two-tailed t test used. Conc,
concentration. (B) Percentage change of indicated lipids on LDs purified from
fed and fasted rat livers, as obtained by quantitative lipidomics. Experiment
was performed with five independent pairs of animals. Error bars are SD.
(C) The PA sensor protein GST-Spo20p was incubated with NLDs and FLDs.
The LDs were separated from unbound GST-Spo20p protein by flotation and
immunoblotted with antibody against GST. Significantly more GST-Spo20p
was detected on NLDs. Western blot with perilipin-2 shows equal loading of
NLD and FLD samples. (D) LDs were isolated from liver of normally fed rat
(NLDs). PNS was prepared from liver of fed rat. Immunoblotting was per-
formed using antibodies against PLD1 and perilipin-2 (ADRP). (E) Relative
activity of PLD measured in PNS (contains membranes) prepared from fed
and fasted rat livers (left) and McA-RH7777 cells (right). Cells were treated
with 100 nM insulin (in high-glucose medium) or 100 nM glucagon (in low-
glucose medium supplemented with 200 µM OA). Western blot for actin was
performed as loading control. The data represent mean ± SD; P value cal-
culated using unpaired one-tailed t test. (F) Relative activity of PLD in PNS
and HSS prepared from liver of fed rat. Western blot for actin was performed
as loading control. The data represent mean ± SD; P value calculated using
unpaired one-tailed t test.
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separated by flotation into a buoyant top layer, and proteins
recruited to ALDs from HSS were probed by Western blotting.
The experimental procedure is shown as a schematic in Fig. 3 C
(top). This ALD assay could be scaled up for addressing
phospholipid-dependent mechanisms behind recruitment of
kinesin-1 to LDs. Significantly more kinesin-1 was recruited to
ALDs after PA addition (bottom panel, Fig. 3 C; lanes 1 and 2).
This effect was not observed with PS, which also has a nega-
tively charged head group similar to PA (Fig. 3 C; lane 3). We
have reported higher levels of kinesin-1 on NLDs compared with

FLDs (Rai et al., 2017). Because NLDs are also rich in PA (Fig. 2 A),
the PA-dependent recruitment of kinesin-1 on ALDs (Fig. 3 C)
recapitulates aspects of kinesin-1 recruitment to LDs in liver in
the fed state (Rai et al., 2017). Note that the average size of ALDs
(∼4 µm) was unchanged after PA addition (Fig. S2 D).

PLD1 activity generates PA on LDs, which recruits kinesin-1 to
LDs
Very interestingly, kinesin-1 was also recruited to the PC-only
ALDs (Fig. 3 C, lane 1). This suggests that PLD activity in liver-
HSS converts PC to PA in situ on the ALDs, which then recruits
kinesin-1 to LDs/ALDs. Indeed, addition of a PLD inhibitor re-
duced binding of kinesin-1 below the level seen for PC-only ALDs
(Fig. 3 C, compare lane 4 with lane 1). We have found enhanced
ARF1 activity on LDs in the fed state, this activity being required
for kinesin-1 recruitment to NLDs (Rai et al., 2017). A direct
interaction between ARF1 and PLD1 is known (Kim et al., 1998),
and ARF1-dependent activation of PLD1 is specifically important
for VLDL secretion (Asp et al., 2000). If ARF1 recruits PLD1 that
generates PA on LDs, then the presence of PA on LDs must re-
quire upstream activity of ARF1 and PLD1. Agreeing with this,
the PA sensor GFP-Spo20p localized to LDs in control cells but
was reduced in cells treated with brefeldin-A (Fig. 3 D) or PLD
inhibitor (Fig. 3 E). Brefeldin-A blocks ARF1 in the inactive GDP
state. These results were replicated in vitro, as the PA sensor
was recruited abundantly to PC-only ALDs incubated with liver
HSS, but recruitment was reduced in presence of the PLD in-
hibitor (Fig. S2 E).

We have shown that LDs localize to the extreme periphery of
McA-RH7777 hepatoma cells, and this localization is disrupted
after kinesin-1 knockdown or brefeldin-A treatment (Rai et al.,
2017). Treatment of McA-RH7777 cells with PLD inhibitor also
disrupted the peripheral localization of LDs (Fig. 4 A). LD lo-
calization was again quantified in terms of the DF (Fig. 4 B; DF

defined in Fig. 1 D). We next checked the relevance of PA for
kinesin-1–driven in vitro motility of LDs. Individual NLDs were
held in an optical trap and placed above a microtubule to score
for motion (Barak et al., 2013, 2014; Rai et al., 2017). When added
to the motility buffer, soluble PA or GST-Spo20p reduced NLD
motion, but PE, PS, or GST had no effect (Fig. 4 C). This suggests
that both soluble PA and GST-Spo20p competitively inhibit
binding of kinesin-1 to PA on the LD surface. Indeed, incubation
of ALDs with rat liver HSS in the presence of GST-Spo20p in-
hibited the recruitment of kinesin-1 to ALDs (Fig. 4 D). PA
generated on LDs via PLD1 activity therefore recruits kinesin-1,
which then transports LDs toward the cell periphery in hep-
atocytes (Barak et al., 2013; Rai et al., 2017).

Insulin signaling generates PA on LDs to recruit kinesin-1
Insulin activates ARF1 and localizes it to the plasma membrane
in fibroblast-derived cells (Shome et al., 1997; Li et al., 2003). As
discussed above, appearance of ARF1 on LDs is followed by PLD1
recruitment and PA generation on LDs. Because ARF1 is present
on LDs (Wilfling et al., 2014), we hypothesized that insulin also
activates ARF1 to localize it to the LD membrane in hepatocytes,
and this localization is enhanced in the fed state (insulin sig-
naling high). To verify that insulin initiates this sequence of

Figure 3. PA recruits kinesin-1 to LDs. (A) BRL3A hepatocyte PNS was
overlaid on nitrocellulose membrane spotted with indicated lipids. The
membrane was immunoblotted (IB) against kinesin-1 antibody. Kinesin-1 ex-
hibited the highest affinity to PA. (B) PA and PC were spotted on nitrocel-
lulose membrane and overlaid with PNS prepared from BRL3A hepatocytes.
Binding of kinesin-1, kinesin-2, and dynein was probed using antibodies
against the specific proteins. Only kinesin-1 shows specificity for PA. (C) Top:
Schematic of experiment. ALDs were incubated with HSS prepared from liver
of fed rat. HSS is devoid of membrane, organelles, and endogenous LDs. ALDs
(PC only) were also incubated with HSS in presence of 50 µM PLD inhibitor.
ALDs were removed by flotation after the incubation, and ALD-bound pro-
teins were probed with kinesin-1 antibody. Bottom: Kinesin-1 binding to ALDs
visualized by Western blot against kinesin-1 antibody. TLC for TG confirms
equal loading of ALDs. The blot is representative of three independent ex-
periments. (D) COS7 cells overexpressing PA sensor protein (GFP-Spo20p)
were treated with DMSO (control) or Brefeldin-A (BFA). The cells were fixed,
and LDs were stained with MDH immediately before imaging. Confocal im-
ages of cells show that BFA reduced GFP-Spo20p binding to LD membrane.
Scale bar = 2 µm. (E) Same as D, but cells treated with DMSO (control) and
PLD inhibitor. Scale bar = 5 µm.
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events, cells expressing the PA sensor were treated with insulin
or glucagon.We confirmed (Fig. S3 A) the activation of insulin and
glucagon signaling in these cells (Dalle et al., 2004). Insulin sig-
nificantly enhanced the presence of PA-sensor on LDs inside cells
compared with glucagon (Fig. 4 E), suggesting that an insulin-
ARF1-PLD1 pathway generates PA on LDs. To test if this pathway
recruits kinesin-1 to LDs, we stably overexpressed the GFP-tagged
KTD (KTD binds to cargo, as explained in next section) in McA-
RH7777 cells, and then treated these cells with insulin or glucagon.
Insulin-treated cells were cultured in high-glucose medium to
mimic the fed state, while glucagon-treated cells were cultured in
low-glucose medium supplemented with OA to mimic the fasted
state (Shome et al., 1997; Nakamura et al., 2005). Cells were
fractionated to purify endogenous LDs, and LD-associated pro-
teins were subjected to Western blotting against anti-GFP anti-
body. Significantly more KTD-GFP was detected on LDs isolated
from insulin-treated cells compared with glucagon (Fig. 4 F). We
next used the ALD assay to verify that endogenous kinesin-
1 (present in small amounts on LDs) is also recruited to LDs in
an insulin-dependent manner. HSS (free of membranes and en-
dogenous LDs) was prepared from insulin- and glucagon-treated
McA-RH7777 cells. HSS was incubated with PC-ALDs, and the
ALDs were separated by centrifugation and subjected to Western
blotting. More kinesin-1 (endogenous) was recruited to ALDs in-
cubated with HSS from insulin-treated cells (Fig. S3 B). These
observations agree with the abundance of kinesin-1 on NLDs (fed

state; insulin signaling and PA high) compared with FLDs (fasted
state; insulin signaling and PA low).

KTD binds to PA on LDs
PA directly binds KTD to recruit kinesin-1 to matrix
metalloprotease–containing vesicles in metastatic cells (Wang
et al., 2017). Fig. 5 A is a cartoon showing the binding of
kinesin-1 to cargo (e.g., an LD) via the KTD. Fig. 5 B shows the
sequence of positively charged basic amino acids (aa 901–909,
lysine and arginine rich) within KTD implicated in kinesin-
1 binding, and the mutations therein that inhibit PA binding
(Wang et al., 2017). Unlike vesicles with a bilayer membrane,
LDs have a monolayer phospholipid membrane (Wilfling et al.,
2014). Can PA on the monolayer membrane of LDs also recruit
KTD? To test this, we expressed and purified WT GST-KTD and
PA-binding–deficient GST-KTD-PA− from bacteria. Both these
constructs lack the stalk and motor domains of kinesin (see Fig.
S1 F for purity of proteins).We incubated the purified KTDswith
ALDs prepared using PC or (PC + 5% PA). GST-KTD bound much
more strongly to PA-containing ALDs than GST-KTD-PA− (Fig. 5
C). Negligible binding was observed for both constructs on PC-
only ALDs. Next, we stably overexpressed GFP-tagged WT and
PA-binding–deficient KTD in McA-RH7777 cells (Fig. S3 C).
These KTD constructs were devoid of stalk and motor domains
of kinesin-1. Immunoblotting of LD-associated proteins against
GFP confirmed that KTD binds more strongly to LDs than

Figure 4. Kinesin-1 binding on LDs can be inhibited by PLD inhib-
itor, PA-binding agents, and glucagon. (A) McA-RH7777 cells were
treated with DMSO (mock) or PLD inhibitor for 6 h, stained with MDH
to label LDs, and imaged live on confocal microscope. Centroids of
nuclei are indicated with asterisks. Scale bar = 10 µm. (B) Fractional
distances (DF) of 50 randomly selected LDs from eight cells in each
condition were calculated. Horizontal line indicates mean of DF values.
***, P < 0.001. Two-tailed t test used. (C) In vitro motility assay using
LDs purified from liver of fed rats in presence of indicated reagents.
Independent experiments were done using LDs isolated from three
animals. The data represent mean ± SD; ***, P < 0.001. Two-tailed
t test used. (D) ALDs were incubated with rat liver HSS in presence
of GST (control) or GST-Spo20p. ALDs were separated by flotation and
immunoblotted with kinesin-1 antibody. GST-Spo20p inhibits kinesin-
1 binding to ALDs. TLC for TG was performed to confirm equal loading
of ALDs. The Western blot is representative of three independent ex-
periments. (E) PA-sensor (GFP-Spo20p)-overexpressing cells were
treated with 100 nM insulin (in high-glucose medium) or 100 nM glu-
cagon (in low-glucose medium). LDs were stained with MDH. Confocal
microscopy was used to image LDs and PA-sensor. The PA-sensor was
detected more abundantly on LDs in insulin-treated cells. Scale bar = 2 µm.
(F) McA-RH7777 cells stably expressing KTD-GFP (does not have kinesin
motor domain) were loadedwithOA. Cells were treatedwith 100 nM insulin
(in high-glucose medium) or 100 nM glucagon (in low-glucose medium with
OA) for 24 h. LDs were isolated by flotation after cell lysis, and LD-bound
proteins were immunoblotted with GFP antibody. TLC for TG shows equal
loading of LDs. The data represent mean ± SEM. Two-tailed t test used.
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KTD-PA– (Fig. 5 D). We also overexpressed full-length KIF5B-GFP
and KIF5B-PA−-GFP in McA-RH7777 cells, purified endogenous
LDs, and immunoblotted against GFP antibody. Full-length KIF5B-
GFP also bound more strongly to LDs compared with KIF5B-PA−-
GFP (Fig. S3 D). The purity of LDs prepared from cells was verified
using perilipin-2 as a marker (Fig. S3 E).

To test its effect in a functional assay, KTD-GFP (motorless)
was stably overexpressed in McA-RH7777 cells, whereupon it
disrupted the peripheral localization of LDs (Fig. 5 E). Accord-
ingly, DF was also reduced for LDs in KTD-GFP–transfected cells
(Fig. 5 E). A purpose of this study is to identify factors that can
help lower serum TG. The KTD peptide is a candidate because it
disrupts peripheral localization of LDs near the sER. To verify
that KTD also removes kinesin-1 from LDs in the liver, we in-
cubated PC-only ALDs with PNS from liver of fed rats, and then
removed the ALDs by flotation. These ALDs were divided into
three equal parts and treated with increasing concentrations of
GST-KTD. Kinesin-1 was indeed replaced from ALDs by GST-
KTD in a concentration-dependent manner (Fig. S3 F). Encour-
aged by these results, we performed quantitative lipidomics for
the secreted TGs from KTD-GFP overexpressing McA-RH7777
cells. KTD-GFP overexpression reduced secretion of long-chain
TGs significantly (Fig. 5 F). The PLD inhibitor also suppressed TG

secretion from cells (Fig. 5 F), implicating kinesin-1 and LD-
associated PA in a common pathway that facilitates VLDL-TG
secretion.

We observed a similar number (∼35%) of BrdU-positive cells
across control, KTD-GFP, or KTD-PA−-GFP overexpressing cells
(Fig. 6 A). The cells therefore proliferate normally, without any
apparent adverse effects of the KTD peptide. To better under-
stand the effect of KTD on LDs versus other cellular organelles,
we investigated the localization of other (bilayer) vesicles in
McA-RH7777 cells. KTD consistently disrupted LD localization at
the periphery to scatter LDs all over the cell (Fig. 6 B). However,
KTD did not induce any obvious effect on the distribution of
early endosomes, lysosomes, and mitochondria or on the orga-
nization of microtubules (Fig. 6 B). These results suggest that
KTD-mediated inhibition of transport is more effective for
(monolayer) LDs compared with other (bilayer) organelles, and
therefore holds promise as a method to reduce TG secretion
without disrupting other cellular processes in hepatocytes.

Possible role of PLD1 and PA in maintaining LD–ER contacts
and protein transfer
LD–ER contacts are crucial for LD biogenesis (Joshi et al., 2018)
and also for efficient transfer of lipids/proteins between these

Figure 5. The KTD binds to PA on LDs. (A) Schematic of
kinesin-1 bound to a cargo (e.g., LD). Different domains of
kinesin-1 are shown. (B) Schematic of KTD (WT) and KTD-PA−

(PA-binding mutant). In the mutant, lysine and arginine are
replaced with alanine. (C) Purified GST-KTD or GST-KTD-PA−

proteins were incubated with ALDs of indicated compositions;
ALDs were separated by flotation, and LD-bound protein was
probed with GST antibody. TLC for TG confirms equal loading of
ALDs. The blot is representative of three independent experi-
ments. (D) LDs were purified from McA-RH7777 cells stably
expressing KTD-GFP or KTD-PA−−GFP. LD-bound proteins were
probed with antibodies against GFP and perilipin-2 (loading
control). The blot is representative of two independent experi-
ments. (E) LDs were stained with MDH in naive and KTD-
GFP–overexpressing McA-RH7777 cells, and imaged live. Cell
boundaries (line) and centroid of nuclei (asterisks) are marked.
Scale bar = 10 µM. DF is reduced upon overexpression of KTD
(P < 0.005; averaged over 50 LDs from 15 cells of each type). Two-
tailed t test used. (F) Untreated (WT), KTD-GFP–overexpressing,
and PLD inhibitor–treated McA-RH7777 cells were loaded with
400 µM OA for 6 h. The cells were cultured in phenol red and
serum-free medium for 4 h. The medium was collected, and TG
secreted from the cells into medium was measured by quantita-
tive lipidomics. Six independent replicates were used. The data
represent mean ± SEM. Two-tailed t test used. Data distribution
was assumed to be normal, but this was not formally tested. ns,
not significant. P values corresponding to * and ** are indicated.
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organelles (Prinz, 2014; Wilfling et al., 2014). Cideb, a protein
present at sER–LD contacts in hepatocytes, is required for lip-
idation of VLDL particles (Ye et al., 2009). Cideb is more
abundant on NLDs compared with FLDs, perhaps due to en-
hanced sER–LD interactions in the fed state (Rai et al., 2017). The
data in Fig. 1 (A and C) suggest that kinesin-1–driven localization
of LDs to cell periphery enhances LD–sER contacts to channel
lipids into lipoproteins. However, just a physical localization of
LDs at sER is not sufficient for lipid exchange, because the
negatively charged phospholipids present an energy barrier to
LD–ER exchanges. ARF1 activity may remove phospholipids
from NLDs to lower this barrier. Phospholipids with intrinsic
negative curvature (e.g., PA) can also stabilize the necklike re-
gion at LD–ER interfaces (Choudhary et al., 2018). Therefore, the
abundance of PA on NLDs may facilitate LD–sER interactions for
VLDL production. Because LD–sER contacts are difficult to re-
solve in cells, we addressed this question at the negative cur-
vature region of LD–LD contacts. This is justified because PA also
enhances LD–LD fusion (Fei et al., 2011). Immunofluorescence
staining showed that PLD1 is indeed localized to the necklike
region between LDs in cells (Fig. S4 A) and could therefore
generate PA near these bridges. To test in vitro whether PA on
LDs can enhance LD–ER interactions, we prepared ER-enriched

microsomes fromHEK293T cells expressing GFP-Rab18(Q67L), a
constitutively active mimic of the Rab18 GTPase. Purity of mi-
crosomes was confirmed using specific markers (Fig. S4 B). It is
known that Rab18 is enriched on LDs and also localizes to the ER,
from where it engineers ER-LD contacts (Martin et al., 2005).
Microsomes were incubated with ALDs containing PC or PC + 5%
PA, following which ALDs were separated by flotation and im-
aged. GFP-Rab18–positive membranous structures (presumably
ER microsomes) were more abundant on PA-containing ALDs
(Fig. S4 C), suggesting that PA enhances ER–LD contacts. It
therefore appears that PA on the LD membrane has multiple
functions in VLDL secretion. First, it is an effector molecule that
recruits kinesin-1 to initiate LD transport toward the sER. Sec-
ond, the intrinsic negative curvature of PAmay stabilize LD–sER
bridges to facilitate lipid/protein exchanges.

Discussion
PA makes up only 1% of the total lipid content of cells (Kooijman
et al., 2007), but this simplest phospholipid is the common
biosynthetic precursor for membrane phospholipids as well as
TG. This places PA at a crucial metabolic branch point between
growth and storage (Barbosa et al., 2015), with the effect that de

Figure 6. Kinesin tail domain specifically impairs
intracellular transport of LDs to cell periphery.
(A) McRH-7777 cells (naive, stably expressing KTD-GFP
or KTD-PA−-GFP] were cultured for 4 h in presence of
10 µM BrdU. The cells were stained with BrdU antibody
to assess proliferation. Nuclei were stained with DAPI. In
the right panel, BrdU-positive cells are quantified as
mean ± SEM. Scale bar = 25 µm. (B) McRH-7777 cells
(naive or stably expressing KTD-GFP] were stained with
MDH to label LDs. These cells were also immunostained
with indicated antibodies against lysosomes, early en-
dosomes, mitochondria, and microtubules. KTD specifi-
cally disrupts peripheral localization of LDs without any
observable effect on localization of lysosomes, early
endosomes, and mitochondria. Organization of micro-
tubules is also unaffected after KTD treatment. Scale
bars = 10 µm.
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novo generated PA is channeled away for synthesizing phos-
pholipids during growth or TG during starvation. The cellular
mechanisms that flux lipids between these two pathways in re-
sponse to metabolic demands must involve LDs, because LDs are
the predominant lipid stores in cells (Murphy, 2012; Thiam and
Beller, 2017). Such lipid fluxes occur daily on a massive scale
when the body switches from the fed state (LD catabolism in liver)
to the fasted state (LD storage in liver). PA acquires special rele-
vance in hepatic fatty acid regulation, because lipins convert PA
into diacylglycerol, which further yields TG (Khalil et al., 2010).
Motivated by these observations, we show here how insulin, the
key hormone that controls metabolism, engineers the generation
of PA on hepatic LDs to control the storage and catabolism of fatty
acids across fed-to-fasted transitions. Apart from its aforesaid role
as a metabolic branch-point, PA is also a signaling lipid and a
lipidic second messenger with established roles in vesicle traf-
ficking (Shin and Loewen, 2011). This requires PA to recruit
downstream effector proteins (e.g., kinesin) on membranes. PA
is unique in that its phospho-monoester headgroup combines
hydrogen bonding with electrostatics to recruit effectors with
impressive specificity (Kooijman et al., 2007). Our present results
reveal how the master hormone insulin uses this simplest phos-
pholipid, PA, to control vesicular transport of LDs inside the liver
in a manner that establishes lipid homeostasis in the animal.

Based on the present data and our earlier work (Rai et al.,
2017), we propose a sequence of events that delivers TG effi-
ciently for VLDL production and secretion in the liver in the fed
state and also tempers this process to buffer away LDs in liver
after fasting. This sequence is depicted schematically in Fig. 7 A,
with specific steps detailed in Fig. 7 (B and C).

Step 1: Insulin signaling activates ARF1, causing it to bind
LDs. This is likely the first step because ARF1-GTP can bind PA-
free LDs in vitro (Thiam et al., 2013; Wilfling et al., 2014). Step 2:
LD-associated ARF1-GTP recruits and activates cytosolic PLD1 on
LDs. ARF1 also pinches off phospholipids to make these LDs
reactive, as shown by red color. Step 3: PLD1 activity generates
PA on reactive LDs. In support of this, PA is elevated on NLDs,
and PLD inhibition reduces PA on LDs in cells. Step 4: PA binds
KTD to recruit kinesin-1 on LDs, causing reactive PA-rich LDs to
be transported (black arrow, Fig. 7 A) to the sER at the periphery
of hepatocytes. Step 5: Fatty acids are channeled from PA-rich,
reactive LDs to the sER lumen via lipidic bridges that are pos-
sibly stabilized by negative curvature from PA (Fig. 7 C).

Note the involvement of PA atmultiple steps (Fig. 7 B). Step 5,
where LD–sER bridges are stabilized by the negative curvature
from PA, remains speculative at present but is worth investi-
gating further using advanced imaging techniques such as
electron microscopy and superresolution microscopy. The
physiologically relevant mechanisms that control VLDL secre-
tion have been elusive because they cannot be studied entirely in
animals or in cell culture. Our use of diverse in vivo and in vitro
assays reveals fundamentally important biophysical and bio-
chemical mechanisms inside the liver by which the master
regulator (insulin) and the simplest phospholipid (PA) together
harness the kinesin motor to channel LD toward VLDL produc-
tion in amanner that establishes lipid homeostasis in the animal.
These results elucidate not just interactions between lipids and

proteins, but also reveal a precise spatiotemporal sequence of
connected molecular events that operates to maintain physio-
logically relevant homeostasis of lipids in the animal (Fig. 7).

Materials and methods
Reagents
All reagents were purchased from Sigma-Aldrich unless other-
wise mentioned. FBS (16000-044), trypsin-EDTA (15400054),

Figure 7. Mechanism for efficient VLDL-TG secretion from hepatocytes.
(A) A hepatocyte in the fed state is depicted. (A1) Insulin binds to insulin
receptors and activates the ARF1 GTPase. (A2) Active ARF1 binds to LDs and
interacts with cytosolic PLD1 to recruit PLD1 on LDs. (A3) PLD1 converts PC
into PA on the LDs. ARF1 also pinches off phospholipids to make these PA-
containing LDs reactive (red outline). (A4) PA recruits kinesin-1 to LDs.
Kinesin-1 then transports the PA-rich, reactive LDs along microtubules to-
ward the sER located at the periphery of hepatocytes. Microtubules have
minus ends near the apical bile canaliculi (BC) and plus ends near sER at the
periphery of the cells. (A5) LDs interact with sER to supply TG for VLDL
assembly in the sER lumen. (B) Suggested pathway for generation of PA on
LD membrane (steps 1–4 of A). PA can also be converted into diacylglycerol
(DG) by PA phosphohydrolases (PAPs; e.g., lipins) and then further into TG by
diacylglycerol acyltransferase (DGAT). (C) This schematic is speculative. PA-
induced negative membrane curvature promotes formation of lipidic bridges
between LDs and sER. Specific proteins (shown with ??) may transfer to LDs
across bridges to stabilize the LD-sER contacts. sER-resident lipases may also
access the LD via this bridge (not shown) to hydrolyze LD-TG. TG is subse-
quently channeled into the sER lumen (red arrow; intermediate hydrolysis
into DG and re-esterification into TG not shown). VLDL particles are lipidated
with TG in sER and subsequently secreted into blood after further processing
in Golgi (not shown). sER, smooth-ER.
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Lipofectamine 2000 (11668-019), lipid-strips (P23751), BODIPY
(D3922), and GFP (A11122) antibody were purchased from
Invitrogen. Monodansylpentane/monodansylpentane (MDH;
SM1000a) was purchased from Abgent. Thin layer chroma-
tography (TLC) Silica gel 60 plates (1.05721.0001) were pur-
chased from Merck Millipore. Protease inhibitor cocktail
(13539320) was purchased from Roche Diagnostics. All phos-
pholipids, Rhodamine-PE, and PLD inhibitor (VU0155056)
were purchased from Avanti Polar Lipids. OA (O1383), PA
(P9511), glyceryl trioleate (T7140), and α-tubulin antibody (T9026)
were purchased from Sigma-Aldrich. PLD activity assay kit
(ab183306), antibodies for epoxide hydrolase (ab96695), Na-
K-ATPase (ab7671), kinesin-2/KIF3A (ab11259), KDEL (ab12223),
LAMP1 (ab24170), and Hsp60 (ab46798) were purchased from
Abcam. Antibodies for perilipin-2/ADRP (651102) were purchased
from PROGEN Biotechnik; actin (AAN01) was purchased from
Cytoskeleton; GST (TAX158Ge22) was purchased from Cloud-
Clone Corp.; dynein intermediate chain (sc13524) and Rab18
(sc393168) were purchased from Santa Cruz Biotechnology; AKT
(4691P), pAKT (4060S), CREB (9197S), pCREB (9198S), and EEA1
(2411S) antibodies were purchased from Cell Signaling Technol-
ogy; PLD1 (A15081) was purchased from Abclonal; GM130
(610822) and PDI (612117) were purchased fromBDBioscience; and
Golgin97 (A21270) was purchased from Life Technologies. An
affinity-purified rabbit polyclonal antibody was raised against
the peptide CDKNRVPYVKGCTER (rat KIF5c amino acids
159–172) by GenScript. This antibody was tested and reported
by Hammond et al. (2008). Secondary antibodies were Alexa
Fluor 488 donkey anti-mouse (A21202) and Alexa Fluor 555
donkey anti-rabbit (A31572) from Thermo Fisher Scientific;
donkey anti-rabbit IgG-HRP (sc-2313) and donkey anti-mouse
IgG-HRP (sc-2314) from Santa Cruz Biotechnology; GST-
Spo20p(PABD), a generous gift from Nichole Vitale (Université
de Strasbourg, Strasbourg, France; Kassas et al., 2012); GFP-
Rab18(Q67L), a generous gift from Robert G. Parton (The Uni-
versity of Queensland, Brisbane, Australia; Ozeki et al., 2005).
pCDH-KIF5B-GFP and pCDH-KIF5B(PA−)-GFP, kind gifts from
Guangwei Du (University of Texas Health Science Center,
Houston, TX; Wang et al., 2017); and psPAX2 and pMD2.G
procured from Addgene. Restriction enzymes, Taq polymerase,
and T4 DNA ligase were purchased either from Anza or Thermo
Fisher Scientific. Collagenase type-4 (CLS-4, LS004188, 245 U/mg
dry weight) was purchased from Worthington. Monocomponent
Biosynthetic r-DNA insulin used for animal studies was procured
from Novo Nordisk. Primers are listed in Table 1, and KTD amino
acid sequences are listed in Table 2.

Animal strains and procedures
Sprague-Dawley rats were bred and maintained by the animal
house facility at Tata Institute of Fundamental Research,
Mumbai, India. All animal protocols were approved by the
Institutional Animal Ethics Committee formulated by the Com-
mittee for the Purpose of Control and Supervision of Experi-
ments on Animals, India. Rats were maintained on a regular
light (12-h)/dark (12-h) cycle and fed a standard laboratory diet.
12–16-wk-old male Sprague-Dawley rats were used for all the
experiments. Rats from the same litter were used as a fed-fasted

pair in the experiment. Animals in the fed group had ad libitum
access to food and water. Animals in the fasted group were
fasted for 16 h with ad libitum access to water.

Primary hepatocyte culture and TG secretion
Primary hepatocytes were isolated from rat liver and cultured as
described previously (Klaunig et al., 1981; Shen et al., 2012).
Sprague-Dawley rats 12–16 wk old were anesthetized using so-
dium thiopentone (50 mg/kg i.p.). The abdominal cavity was cut
open, and the liver was perfused with 150ml of 1× PBS via portal
vein using a 20G cannula. Inferior vena cava was cut to drain
the blood out of tissues. The liver was perfused with 150 ml 1×
HBSS containing 25 mM Hepes and 0.5 mM EGTA, and then
with 200 ml digestion medium (low-glucose DMEM with 1×
penicillin-streptomycin, 15 mM Hepes, and 70 mg collagenase
IV). All the buffers were used at 37°C, and collagenase was added
to the digestion medium just before perfusion. Collagenase-
perfused liver was dissected out and kept in a Petri plate with
collagenase containing digestion medium, and the liver capsules
were disrupted using a pair of fine forceps to release hepatocytes
into the medium. The cell suspension was filtered through a
100-µm cell strainer and centrifuged at 50 g for 3 min at 4°C to
sediment hepatocytes. The supernatant was discarded, and the
pellet containing hepatocytes was resuspended in DMEM
(without FBS). The washing steps were repeated three times.
After the third centrifugation, the cells were resuspended in
DMEMwith 10% FBS and 1× penicillin-streptomycin. Viable cells
were counted with Trypan blue (90–95% cells were viable) and
plated on collagen-coated 60-mm Petri plates at 60–70% con-
fluence. The cells were cultured overnight in standard culture
conditions before use.

The adherent hepatocytes were loaded with 200 µM OA for
24 h. The cells were washed with 0.5 ml of phenol red–free
DMEM (supplemented with 0.5% fatty acid–free BSA). The same
medium (2 ml) was poured on the cells and treated with 100 nM
insulin or 100 nM insulin + 20 µM PLD inhibitor (VU0155056)
for 6 h. The medium was collected and analyzed for TG species
as described earlier (Rai et al., 2017).

Immunohistochemistry with rat tissue samples
Normally fed or 16-h-fasted Sprague-Dawley rats, 12–16 wk old,
were used for the experiment. A pair of fasted animals were
injected with 0.75 ml of Tyloxapol (Triton WR-1339 lipoprotein
lipase inhibitor; 10% vol/vol solution in 0.9% wt/vol sodium
chloride) via tail vein. Immediately, 0.75 IU insulin was injected
into one animal, while the other was injected with same volume
of 0.9% sodium chloride. Blood samples were collected every 1 h

Table 1. Primers

Primer name Nucleotide sequence (59 to 39)

KTD forward (1) ATCGAATTCGCAGATCTCCGCTGTGAACT

KTD reverse (19) AAGCTCGAGTTACACTTGTTTGCCTCCTC

mKTD forward (2) ATCTCTAGAGCAGATCTCCGCTGTGAACTTCC

mKTD-EGFP reverse (29) AAGGCGGCCGCTTACTTGTACAGCTCGTCCATGCC
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for 4 h. The blood samples were kept at room conditions for 1 h
to facilitate clot formation. The clotted blood was centrifuged
at 500 g for 10 min at 4°C. After the final blood sample col-
lection at hour 4, the animal was injected with sodium thio-
pentone (30 mg/kg i.p.) to anesthetize it. The abdominal
cavity was cut open, and the diaphragm was dissected care-
fully to expose the heart. Whole-body perfusion-fixation was
done via the left ventricle with 300 ml of 1× PBS and 4% PFA
each. A small incision was made to the right atrium immedi-
ately after cannulation to drain the fixative out of the body.
Perfusion was conducted until muscle twitching stopped and
liver tissue was hardened. Liver (right medial lobe), heart
(apical part), and skeleton muscle (gracilis from right leg)
were collected and fixed overnight in 4% PFA at 4°C. The
tissues were cut into ∼10 × 10 × 10-mm size and dipped into
40% sucrose (prepared in 1× PBS) until they sank to the bot-
tom (generally 24–36 h). The tissues were embedded in OCT
(optimal cutting temperature) compound, and sections of 20-
µm thickness were prepared on a cryostat at −20°C. The sec-
tions were mounted on charged slides and dried at 37°C for 3 h.
The dried sections were fixed again using 4% PFA at room
conditions for 15 min. Antigen was retrieved at 95°C for
3–4 min using antigen retrieval buffer (10 mM sodium citrate
and 0.05% Tween-20, pH 6.0). The sections were washed
three times each for 10 min with 1× PBS and blocked with 3%
BSA in 1× PBS. The blocked sections were washed once with 1×
PBS for 10 min. Primary antibodies were diluted following
manufacturer’s instructions and added to the sections. The
tissue sections were incubated overnight at 4°C in a moist
chamber. The sections were washed three times each for
10 min with 1× PBS to remove unbound antibodies. The sec-
ondary antibodies (dilution 1:500 in 1× PBS) were added to the
sections and incubated for 1 h at room conditions. The sections
were washed three times for 10 min each with 1× PBS to re-
move unbound secondary antibodies. The sections were
mounted with DAPI containing mounting medium and imaged
on an Olympus FV1000 confocal microscope using 20× dry or
63× oil-immersion objectives. All the postacquisition analysis
was done using ImageJ software (National Institutes of
Health).

Cell lines and growth conditions
BRL3A (ECACC, 85111503), HEK-293T (ATCC, CRL-11268), COS-7
(ATCC, CRL-1651), and McARH7777 (ATCC, CRL-1601) cells were
used in this study. BRL3A cells were maintained in Coon’s me-
dium supplemented with 10% FBS. HEK-293T and COS-7 cells

were maintained in DMEM containing 10% FBS. McA-RH7777
cells were maintained in DMEM containing 20% FBS. All cells
were maintained in a humidified atmosphere with 5% CO2 at
37°C. The cells were passaged at 80–90% confluence with
trypsin-EDTA.

Microscopy
The microscope, detection system, and in vitro motility obser-
vation has been described (Soppina et al., 2009; Barak et al.,
2013). Briefly, LD motility assay was performed at 37°C using a
differential interference contrast microscope (Nikon TE2000-U)
fitted with a 100× oil objective with numerical aperture 1.4. The
microscope was placed in an acoustically protected room on a
vibration isolated table (Newport). A Cohu 4910 series camera
was used for imaging. Each pixel measured 98 × 98 nm. Image
frames were digitized and saved as AVI files using an image
acquisition card (National Instruments) for further analysis. The
positions of LDs were tracked frame by frame using a custom-
written software in LabVIEW (National Instruments), as de-
scribed previously (Carter et al., 2005). Fluorescent images were
acquired on Olympus confocal microscope (FV1000) equipped
with a 63× oil objective. Sequential excitation of the fluo-
rophores was achieved by 405-, 488-, and 561-nm lasers. Spec-
tral band-pass emission filters were used for the acquisition of
confocal images with high-sensitivity detectors. The images
were saved as .oib files, and postacquisition processing was done
with ImageJ or Fiji software.

Isolation of LDs from rat liver for in vitro motility and
biochemical assays
Lipid droplets for in vitro motility and biochemical assays were
purified from rat liver as previously reported (Barak et al., 2014;
Rai et al., 2017). Briefly, 12–16-wk-old male Sprague-Dawley rats
were anesthetized using sodium thiopentone (50 mg/kg i.p.).
The abdominal cavity was cut open, and the liver was perfused
through hepatic portal vein with 50 ml of ice-cold 1× PBS. The
liver was dissected out, washed three times with 1× PBS, and
weighed. The liver was chopped into small pieces and homog-
enized using a glass Dounce homogenizer with 1.5 volume of
liver in 0.9 M MEPS buffer (M indicates molarity of sucrose in
the solution; 35 mM Pipes, 5 mM EGTA, 5 mM MgSO4, and 1 M
sucrose, pH 7.1) supplemented with 2× complete protease in-
hibitor cocktail, 4 mM PMSF, 2 µg/ml pepstatin A and 4 mM
DTT. The homogenate was centrifuged at 1,800 g for 10 min at
4°C to obtain PNS.

Isolation of LDs for motility assays
The PNS was supplemented with all the protease inhibitors
mentioned above except PMSF and loaded on a Sephacryl S-200
column (40-ml bed volume) to separate organelles from the
cytosolic protein fraction. The first 4 ml of whitish eluate en-
riched with LDs was collected and supplemented with all pro-
tease inhibitors except PMSF. The elute was mixed with 1.5
volume of 2.5 MMEPS, and 6 ml of the content was loaded at the
bottom of clear SW41 Beckman rotor tube. The bottom layer was
overlaid with 2 ml each of 1.4, 1.2, and 0.5 M MEPS buffers. The
gradient was centrifuged at 120,000 g at 4°C for 1 h. The topmost

Table 2. WT and mutated amino acid sequence of KTD

Domain
name

Amino acid sequence

KTD …ADLRCELPKLEKRLRATAERVKALESALKEAKENA
SRDRKRYQQEVDRIKEAVRSKNMARRGHSAQIAKPI
RPGQHPAASPTHPSAIRGGGAFVQNSQPVAVRGGGGKQV*

KTD(PA−) …ADLRCELPKLEKRLRATAERVKALESALKEAKENA
SRDRKRYQQEVDAIAEAVASANMARRGHSAQIAKPI
RPGQHPAASPTHPSAIRGGGAFVQNSQPVAVRGGGGKQV*
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layer containing floating LD was collected with a 18G needle,
flash frozen, and stored in liquid nitrogen. The aliquots were
used for LD-motility experiments within 6 mo after preparation.

Isolation of LDs for biochemical assays
The PNS was supplemented with all the protease inhibitors
above except PMSF and mixed with 1.5 volume of 2.5 M MEPS,
and 15 ml of the content was loaded at the bottom of clear SW32
Beckman rotor tube. The bottom layer was overlaid with 5 ml
each of 1.4, 1.2, 0.5, and 0 M MEPS buffers. The gradient was
centrifuged at 120,000 g at 4°C for 1 h. The topmost whitish layer
with floating LDs was collected with a 18G needle, flash frozen,
and stored in liquid nitrogen. The LDs samples were used within
a week after preparation.

Isolation of LDs from McA-RH7777 cells
LDs for biochemical assays were purified from adherent McA-
RH777 cells using protocols previously reported (Barak et al.,
2014; Rai et al., 2017), with minor modifications. Briefly, naive
cells and KIF5B-GFP– and KIF5B(PA−)-GFP–overexpressing sta-
ble McA-RH7777 cells were cultured in ≥6 plates of 150 mm size
each. The cells were loaded with 400 µM OA conjugated with
fatty acid–free BSA (at a molar ratio of 6:1) for 12 h. The cells
were harvested after trypsinization and washed once with 2 ml
of 1× PBS. The cell pellet was suspended in 0.9 M MEPS buffer
supplemented with 2× complete protease inhibitor cocktail,
4 mMPMSF, 2 µg/ml pepstatin A, and 4 mMDTT, and cells were
lysed using 8–12 strokes of a cell cracker (Isobiotec) with 18-µm
clearance. Up to 80% of cells were lysed. The homogenate was
centrifuged at 1,800 g for 10 min at 4°C to obtain PNS. The PNS
was mixed with two volumes of 2.5 M MEPS and loaded on the
bottom of clear SW41 Beckman rotor tubes. The bottom layer
was overlaid with 2 ml each of 1.2, 0.5, and 0.25 MMEPS buffer.
The gradient was centrifuged at 174,000 g at 4°C for 1.5 h. The
topmost whitish layer with floating LDs was collected with an
18G needle, flash frozen, and stored in liquid nitrogen. The LD
samples were normalized at OD600, and proteins were precipi-
tated using chloroform:acetone method as described below. The
protein samples were solubilized in 2× SDS sample buffer and
denatured at 95°C for 15 min for Western blotting.

Lipid extraction and targeted LC-MS performed for lipid
profiling
NLDs and FLDs were purified from normally fed and 16-h-fasted
rat livers, respectively, as mentioned above. The extraction of
lipids and MS were performed as described (Rai et al., 2017;
Pathak et al., 2018).

PLD activity assay
PLD activity of liver and cell lysate was measured using PLD
activity assay kit as per the manufacturer’s instructions. Briefly,
a master mix was prepared to the specified ratio. Rat liver was
homogenized in PLD assay buffer (10 µg tissue per 100 µl
buffer). McA-RH7777 lysate was prepared using cells collected
from a 60-mm plate at 70–80% confluence in 100 µl PLD assay
buffer. 50 µl of the liver lysate or cell homogenate was mixed
with 50 µl of the master mix, and OD570 was measured in kinetic

mode for ∼180 min at 37°C using a Tecan plate reader (Infinite
M200 Pro). The ΔOD570 was calculated from a linear slope of the
graph plotted with OD570 against time:

ΔOD570 � A2 − A2BG( ) − A1 − A1BG( ),
where A1 is the sample reading at time T1, A1BG is the background
control sample at time T1, A2 is the sample reading at time T2,
and A2BG is the background reading at time T2.

The ΔOD570 value was then used to calculate B (choline
generated in nmol) by PLD during the reaction time (ΔT = T2 – T1).
The PLD activity in the samples were calculated as

Sample PLD activity �
�

B
ΔT × V

�
× D,

where B is the amount of choline in the sample, ΔT is the re-
action time (min), V is the sample volume added into the reac-
tion well (ml), and D is the sample dilution factor. The amount of
choline generated per unit time was considered as the absolute
PLD activity (nmol/min/ml = mU/ml). The absolute values of
PLD activities were normalized for each independent experi-
ment to calculate relative PLD activities in the samples.

Preparation of HSS from rat liver tissue
HSS (free of membranes, organelles, and LDs) from liver tissue
was prepared using a previously reported protocol (Adelman
et al., 1973) with slight modification. Male Sprague-Dawley
rats 12–14 wk old were anesthetized using sodium thiopentone
(50mg/kg i.p.). The perfused liver was dissected out andwashed
three times with 1× PBS. The liver was weighed and homoge-
nized using a glass Dounce homogenizer in 1.5× (vol/wt) 1 M
MEPS buffer supplemented with 2× complete protease inhibitor
cocktail, 4 mM PMSF, 2 µg/ml of pepstatin A, and 4 mM DTT.
The homogenate was centrifuged at 1,800 g for 10 min at 4°C to
obtain PNS. The PNSwas supplemented with the above protease
inhibitors except PMSF and centrifuged again at 500,000 g for
1 h at 4°C. The uppermost white floating layer of LDs was dis-
carded, and the middle clear layer (HSS) was collected in fresh
tubes without disturbing the pellet consisting of membrane and
organelles. HSS was supplemented with 1× Roche protease in-
hibitor cocktail, flash frozen, and stored in liquid nitrogen. The
HSS was used within 3 d of preparation.

ALDs
ALDs were prepared by cyclic freeze–thaw or sonication method
(Thiam et al., 2013; Prévost et al., 2018). For preparation of 1 ml
ALDs, 70 µl glyceryl trioleate (TG) and 0.5 µmol egg PC were
mixed together in acid-washed clean glass tubes. For prepara-
tion of PA- or PS-supplemented ALDs, 25 nmol of respective PLs
were mixed with the above lipids. For imaging experiments, 1.6
nmol of Rhodamine-PE was mixed with the other lipids. The
lipid mixture was dried in a nitrogen gas stream and kept in a
vacuum for ≥4 h to remove residual organic solvents. 930 µl
HKM buffer (50 mM Hepes, pH 7.4 with KOH, 120 mM potas-
sium acetate, and 1 mMMgCl2) was added to the TG-PL mixture
and vortexed continuously for 10 min. The whitish emulsion
was poured into ultra-low temperature resistant tubes and flash
frozen in liquid nitrogen. The frozen emulsion was immediately
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thawed in a water bath preset at 55°C. This freeze–thaw process
was repeated for five cycles with intermittent vortexing before
every freezing step. In an alternative sonication method, the
emulsion was sonicated for six cycles of 10 s each. Examination
of the suspension under a white light or confocal microscope
displayed ALDs having a TG core with phospholipid coating. The
ALDs were used within 3 h of preparation.

Flotation assay with ALDs
HSS and ALDs were prepared by the methods described in the
previous sections. ALDs were mixed with freshly prepared HSS
and GTP (100 µM) and incubated for 1.5 h at 37°C with inter-
mittent mixing cycles of 5 s on and 5 s off. The ALD-HSS was
mixed with 2.5 MMEPS buffer (1:1.5 vol/vol ratio) containing 1×
complete protease inhibitor cocktail and poured to the bottom of
a clear SW32 Beckman rotor tube. The bottom layer was overlaid
with 5 ml each of 1.2, 1, 0.5, and 0 M MEPS buffers (molarity
refers to sucrose) and centrifuged at 120,000 g for 1 h at 4°C. TG-
containing buoyant ALDs along with recruited proteins floated
to the top as a dense whitish layer and were collected using a 18G
needle in a clean microfuge tube. The ALDs were centrifuged
again on a table-top centrifuge at 20,000 g for 10 min at 4°C to
separate ALDs from aqueous MEPS buffer. The MEPS buffer
from the bottom was collected with a 20G needle and discarded
to obtain a concentrated ALD sample.

For PLD inhibition assay, ALDs were incubated with rat liver
HSS containing 50 µM PLD inhibitor (VU0155056) for 1.5 h at
37°C. After incubation, the reactionmixwas subjected to sucrose
gradient centrifugation to separate the ALDs. ALD samples were
collected and normalized using OD600 as described for NLDs and
FLDs (Rai et al., 2017). Equal volumes of concentrated ALD
samples were taken, and proteins were precipitated from them
using chloroform-acetone (1:1 vol/vol) method. The precipitated
proteins were solubilized in 2× sample buffer and separated
using 10% SDS-PAGE. Immunoblotting was performed with in-
dicated primary and secondary antibodies following standard
methods. Western blot quantification (densitometry) was per-
formed using ImageJ.

Protein precipitation from LD sample and Western blotting
LDs were mixed with two volumes of acetone:chloroform (1:1) in
acid-washed glass tubes, vortexed thoroughly, and stored
overnight at −20°C. Precipitated proteins were collected by
centrifugation at 20,000 g for 2 h. The pellet was solubilized in
2× sample buffer and kept at 95°C for 15 min. The proteins were
separated on 10% SDS-PAGE and subjected to immunoblotting
with indicated antibodies.

For immunoblotting, the proteins separated on SDS-PAGE
were transferred to PVDF membrane. The membrane was
blocked with 5% nonfat dry milk (NFDM) in 0.1% Tris-buffered
saline with Tween-20 (TBST) for 1 h at room temperature. The
membrane was incubated with primary antibody diluted in 5%
NFDM in 0.1% TBST (as suggested by manufacturers) for 1 h at
room temperature or overnight at 4°C. The membrane was
washed with 0.1% TBST three times for 10 min each. The
membrane was incubated with HRP-conjugated secondary an-
tibody and diluted in 5% NFDM in 0.1% TBST (as suggested by

manufacturers) for 45 min at room temperature. The membrane
was washed with 0.1% TBST three times for 10 min each and
developed using ECL kit (Millipore). The blots were imaged on
an Amersham Imager 600, and band intensity was quantified
using ImageJ.

Lipid/fat blot assay for lipid–protein interaction
The lipid blot assay to analyze lipid–protein interaction was
done as described previously (Munnik and Wierzchowiecka,
2013). Briefly, indicated phospholipids dissolved in chloroform
were spotted on a nitrocellulose membrane. Alternatively,
phosphatidylinositol phosphate (PIP) Strips membranes spotted
with a series of phospholipids were used. BRL3A cell lysate was
prepared in buffer containing 25 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1% Triton X-100, 1 mM PMSF, 0.1% BSA, 5 mM EDTA, and
1× complete protease inhibitor cocktail (Roche). Lysate was
centrifuged at 10,000 g for 10 min at 4°C to prepare PNS. The
PNS was overlaid on preblocked NC membrane and incubated
overnight at 4°C. The membranes were then immunoblotted
with primary antibodies against kinesin-1, kinesin-2, and dyn-
ein. The bound primary antibodies were visualized using HRP-
conjugated secondary antibodies.

TLC for TG quantification
Lipid droplets were purified from rat liver or synthesized using
TG and PLs as described in previous sections. Lipids were ex-
tracted according to the standard method (Bligh and Dyer, 1959).
Briefly, 5 µl ALDs/LDs of OD600 ≈0.2 (diluted 1:500 in Milli-Q
water) was suspended in 500 µl water and mixed with 2 ml
methanol and 1 ml chloroform. The mixture was briefly vor-
texed and kept overnight at 4°C for lipid extraction. The next
day, 1 ml of chloroform and water each were added to the tube,
vortexed well, and kept undisturbed to allow phase separation
under gravity. Alternatively, they were centrifuged at 1,000 g
for 5–10 min in a Pyrex conical centrifuge tube to speed up the
phase separation process. The organic phase was transferred to a
new glass tube, and solvent was evaporated under a nitrogen
stream. The silica TLC plates were precleaned with chloroform
followed by air drying and heating to 100°C for 15min. The dried
lipids at the bottom of the glass tube were solubilized in 35 µl
chloroform and spotted onto the plates using glass capillaries. A
two-solvent system was used to resolve TG from other PLs. The
first solvent (n-hexane:diethyl ether:acetic acid, 60:40:4) was
run half the length of the plate and air-dried. The plate was again
run in second solvent (n-hexane:diethyl ether, 59:1) up to the full
length of the plate. The plate was air-dried and visualized by
spraying 10% CuSO4 in 8% H3PO4 followed by baking in the
oven >180°C for 15–20 min. The plates were scanned, and the
TG bands were quantified using ImageJ.

LD redistribution in McARH-7777 cells upon PLD inhibition
McA-RH7777 cells maintained in standard culture conditions were
plated on custom-made glass-bottom Petri plates at ∼50–60%
confluence. FBS containing high-glucose DMEM was replaced
with lipoprotein-deficient serum-supplemented high-glucose
DMEM. After 24 h, spent medium was replaced with FBS con-
taining high-glucose DMEM in the presence of 20 µm PLD
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inhibitor or DMSO as control. The cells were cultured for 6 h in
standard culture conditions. Intracellular LDs were stained for
10 min with 50 µM MDH dye. The plate with adherent cells was
placed on an Olympus FV1000 confocal microscope fitted with a
stage incubation chamber maintaining 5% CO2, 37°C temperature,
and ambient humidity. MDH signal from stained LDs was ac-
quired using a diode laser at 405 nm excitation, and emission was
collected at 420–480 nm. The images were analyzed using ImageJ
to calculate fractional distance of LDs as defined by Rai et al.
(2017).

LD motility assay with soluble phospholipids and PA
binding protein
LDs were purified from normally fed rat liver as described
above. Soluble phospholipids (for a final concentration of
100 µM) dissolved in chloroform were dried in N2 stream to
evaporate organic solvents. An aliquot of 40 µl LDs was added to
the dried phospholipid, gently mixed with a pipette, and incu-
bated for 20 min on ice. 2 µl of 20× ATP regenerating system
(20 mMATP, 20 mMMgCl2, 40 mM creatine phosphate, and 40
U/ml creatine kinase) was added to the LD-PL mixture. The
motility mixture was then introduced in a flow chamber with
microtubules sticking on poly-L-lysine–coated coverslip. A de-
tailed method for LD motility has been published (Barak et al.,
2013, 2014). The LDs were held in an optical trap and placed over
a microtubule filament to score within a 30-s interval. The slides
were used for a maximum of 20 min to quantitate motile
fraction.

Spo20p is a yeast SNARE protein that preferentially binds
to PA on membranes. Binding of Spo20 was assumed to rep-
resent the presence of PA on membrane of organelles (e.g.,
LDs). The plasmid for chimeric protein, GST-tagged PA-
binding domain of Spo20p (denoted GST-Spo20p), was ex-
pressed in Escherichia coli BL21 (DE3), and protein was purified
with glutathione-sepharose beads as described earlier (Vitale
et al., 2001). An aliquot of 40 µl LDs was thawed on ice, and
20 µM GST-Spo20p protein was added to LDs and incubated
on ice for 20 min. The LD-protein mix was introduced to a
flow chamber with microtubule sticking on poly-L-lysine–
coated coverslips (Barak et al., 2013, 2014). The motile fraction
of the LDs was quantified as mentioned above. GST tag protein
expressed and purified from bacteria was used as negative
control.

Plasmid construction
pCDH-KIF5B-GFP and pCDH-KIF5B(PA−)-GFP plasmids, previously
reported by Wang et al. (2017), were obtained as generous gift
from Guangwei Du (University of Texas Health Science Center,
Houston, TX). WT and PA binding mutant forms of KTDs were
subcloned from PCDH-KIF5B-GFP and PCDH-KIF5B(PA−)-GFP into
pGEX4T1 vector. The KIF5B nucleotide sequences from 2,560 to
2,892 were PCR amplified and ligated to pGEX4T1 vector using
EcoR1 and Xho1 restriction sites to fuse with C-terminus of GST
tag. Similarly, WT and PA binding mutant KTDs fused with GFP
were subcloned from pCDH-KIF5B-GFP and pCDH-KIF5B(PA−)-
GFP into pCDH-CMV-MCS-EF1-puro vector. The KTD-GFP
nucleotide sequences were PCR amplified from pCDH-KIF5B-GFP

and pCDH-KIF5B(PA−)-GFP and ligated using Xba1 and Not1
restriction sites.

Lentiviral particle production and stable overexpression in
cultured mammalian cells
Lentiviral particles were produced in HEK-293T cells by trans-
fecting three separate plasmids: pCDH-CMV-MCS-EF1-puro
vector (containing desired inserts), psPAX2, and pMD2.G, using
Lipofectamine 2000. The lentiviral particle containing medium
was collected at 48, 60, and 72 h after transfection, and dead cells
were removed by filtration with a 0.45-µm hydrophilic poly-
ethersulfone filter (4614, Pall Life Sciences). The lentivirus-
containing medium was aliquoted and stored at −80°C. For
stable expression, McA-RH7777 cells (∼50% confluent) were
infected with the lentivirus-containing medium supplemented
with 8 µg/ml polybrene (hexadimethrine bromide) to increase
the viral infection efficiency. Lentivirus particle containing
medium was replaced with fresh medium after 12 h of infection.
Cells overexpressing the desired proteins were further selected
using 2 µg/ml puromycin 24 h after infection. Fresh medium
supplemented with puromycin was changed every 3 d to remove
dead cells.

Expression and purification of GST-tagged proteins from
bacteria
GST-tagged fusion proteins were expressed in bacteria (E. coli,
BL21) and purified using glutathione-conjugated sepharose
beads (Qiagen, 27-4574-01) using the manufacturer’s protocol. In
brief, bacterial cells (OD ≈0.6) expressing GST-tagged proteins
were induced with 1 mM IPTG for 6 h. The cells were collected
after centrifugation, resuspended in buffer A (50 mM Tris-HCl,
150 mM NaCl, 5 mM β-mercaptoethanol, 1 mg/ml lysozyme, 1%
Triton X-100, and 1 mM PMSF) and lysed using probe sonicator.
The lysate was centrifuged at 120,000 g for 45 min at 4°C to
obtain a clarified lysate. The clarified cell lysate was incubated
with prewashed glutathione-sepharose beads (1 ml bead/1 liter
cultured bacterial cells) for 3 h at 4°C. The protein-bound beads
were washed with buffer B (50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 5 mM β-mercaptoethanol, and 1 mM PMSF) and eluted
with buffer C (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM
β-mercaptoethanol, 20 mM reduced glutathione, and 1 mM
PMSF). The purified proteins were dialyzed overnight against 1×
PBS. The protein samples were run on 10% SDS-PAGE, and
purity was checked by Coomassie Brilliant Blue staining.

ALD binding assay with GST-KTD
ALDs were prepared using the method previously described
(Prévost et al., 2018). In brief, phospholipids dissolved in chlo-
roform were mixed with glyceryl trioleate at 0.5% molar con-
centration. The solvent was evaporated with nitrogen stream
and kept in a vacuum desiccator for 4 h. Hydration buffer
(20 mM Tris-HCl, pH 7.5, and 100 mM NaCl) was added to the
lipid mix and vortexed for 10 min. The whitish solution was
sonicated in a water bath sonicator for six cycles of 10 s each.
The resultant oil-in-water emulsion was centrifuged at 20,000 g
for 30 min to enrich and concentrate the buoyant ALDs. The
floating whitish layer of ALDs was collected with an 18-G needle
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and incubated with 5 µg of purified GST-KTD or KTD(PA−) at 4°C
for 30 min. The ALD–protein mix was supplemented with 2.5 M
sucrose in MEPS buffer to adjust the final molarity to 1.5 M and
loaded at the bottom of an MLS-50 clear ultracentrifuge tube.
The bottom layer was overlaid with 1 ml each of 1.2 and 0.5 M
sucrose in MEPS buffer. The topmost layer was 1.5 ml of MEPS
buffer (without sucrose). The gradient was centrifuged at
175,000 g for 1 h at 4°C. The floating whitish layer of ALDs bound
with GST-KTD was carefully collected without disturbing the
underneath gradient. The ALDs were further concentrated by
floating them up at 20,000 g at 4°C for 10 min to get a sample of
desired concentration. The proteins bound to ALDs were pre-
cipitated using the acetone-chloroform method. The precipi-
tated proteins were solubilized in 2× sample buffer and
separated on 10% SDS-PAGE. The proteins were transferred to
PVDF membrane and immunoblotted with GST antibody.

LD redistribution in McA-RH7777 cells upon KTD-GFP
overexpression
McA-RH7777 cells stably expressing KTD-GFP or KTD(PA−)-GFP
proteins were prepared using the protocol described above. The
cells were plated on custom-made glass-bottom Petri dishes and
cultured overnight. FBS containing DMEM was replaced with
lipoprotein-deficient serum supplemented with high-glucose
DMEM. After 24 h, 20% FBS containing high-glucose DMEM
was added to the cells in the presence of 400 µMBSA-conjugated
OA and cultured at standard conditions for 6 h. Intracellular LDs
were stained with 50 µM MDH dye for 10 min and imaged live
on a confocal microscope fitted with a stage incubator. The
images were analyzed using ImageJ to calculate fractional dis-
tance of LDs as described (Rai et al., 2017).

Naive and KTD-WT–overexpressing McA-RH7777 cells were
plated at ∼70% confluence on acid-washed glass coverslips. The
cells were fixed with 4% PFA and 0.015% glutaraldehyde in 1×
PBS for 15 min at room temperature. The cells were washed
three times with 1× PBS. After washing, the cells were per-
meabilized with 0.1% Triton X-100 in PBS for 10 min. The cells
were washed again with PBS, and nonspecific binding sites were
blockedwith 5% BSA in PBS. The blocked cells were incubated in
a moist chamber with specified antibodies (dilution as in-
structed by manufacturer) for 16 h at 4°C. The cells were again
washed and incubated with secondary antibody (dilution 1:500)
at room temperature for 1 h. The unbound antibodies were re-
moved bywashing three times for 10minwith PBS andmounted
in MDH (50 µM) containing mounting medium. The cells were
imaged on an FV3000 confocal microscope using a 60× objective
and 3× digital zoom.

Measurement of TG secreted from McA-RH7777 cells using
targeted LC-MS
For measuring secreted TG, both naive and KTD-GFP–
overexpressing stable McA-RH7777 cells were loaded with
0.4 mM OA conjugated with fatty acid–free BSA (at a molar
ratio of 6:1) in incomplete medium for 6 h. At the end of in-
cubation, cells were gently washed with phenol red–free in-
complete medium containing 0.5% fatty acid–free BSA. The
cells were further cultured in phenol red–free incomplete

medium with 0.5% fatty acid–free BSA for 4 h. At the end of
the chase period, the spent media were collected and used for
LC-MS analysis as described (Rai et al., 2017).

Preparation of ER-enriched microsomes from rat liver and
HEK293T cells
Microsomes were isolated from rat liver using established
protocols (Wang et al., 2007; Rai et al., 2017), with slight
modification. In brief, liver tissue was perfused with PBS,
chopped into fine pieces, and homogenized using a loose glass
Dounce homogenizer in homogenization buffer (20 mM Tris-
HCl, pH 7.4, 250 mM sucrose, and 1 mM EDTA) by applying
10–12 gentle strokes. The homogenate was centrifuged at
500 g for 15 min to remove cell debris and unlysed tissue. The
supernatant was transferred to a fresh tube and centrifuged
again at 15,000 g for 10 min to pellet mitochondria down. This
step was repeated three times. The supernatant was centri-
fuged again at 106,000 g for 1 h at 4°C to pellet the micro-
somes. The supernatant was discarded, while the microsome
pellet was resuspended in 1 ml of buffer containing 10 mM
Tris-HCl, pH 7.4, and 1 mM EDTA. The microsomes were
stored at −80°C.

Microsomes were also prepared from GFP-Rab18(Q67L)–
overexpressing HEK-293T cells. Two 100-mm plates of
HEK293T cells at 60–70% confluencewere transfected with GFP-
Rab18(Q67L). The cells were collected 24 h after transfection
using trypsin-EDTA. The spent medium was discarded and
washed with 10 times the packed cell volume of 1× PBS. The cells
were resuspended in three times the packed cell volume of hy-
potonic buffer (50 mMHepes, pH 7.8, 5 mM EGTA, 125 mMKCl,
and 1.25 M sucrose) and incubated at 4°C for 20 min. The cells
were collected after centrifugation at 600 g for 5 min, and two
volumes of isotonic buffer (100 mM Hepes, pH 7.8, 10 mM
EGTA, and 250 mM KCl) was poured to the cells. The cells were
lysed after 10–12 passages through an 18-µm clearance cell
cracker (Isobiotec). The resultant homogenate was centrifuged
at 1,000 g for 10 min at 4°C to pellet down unlysed cells and
cellular debris. The supernatant was collected in a fresh tube and
further centrifuged at 12,000 g for 15 min at 4°C to separate
mitochondria. The last step was repeated twice to ensure com-
plete removal of mitochondria. The supernatant was further
centrifuged at 106,000 g for 60 min at 4°C. The pellet containing
microsomes was resuspended in 100 µl of buffer containing
10 mM Tris-HCl, pH 7.4, and 1 mM EDTA, aliquoted, and stored
at −80°C.

ALD-microsome fusion assay
ALDs and microsomes were prepared following the methods
described above. 5 ml ALDs were mixed with 100 µl microsome
(equivalent to 5 mg total microsomal protein) prepared from rat
liver and 100 µM GTP. The reaction mixture was incubated at
37°C for 1 h with intermittent mixing cycle, set at 5 s on and off
mode. ALDs were separated from unbound microsomes by step
gradient ultracentrifugation. The proteins bound to ALDs were
precipitated using the acetone-chloroformmethod. The proteins
were transferred to PVDF membrane and immunoblotted with
required antibodies.
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For fusion assay, microsomes prepared from GFP-Rab(Q67L)-
overexpressing HEK293T cells were incubated with ALDs (pre-
pared with only PC or 0.5 μmol PC + 25 nmol PA + 1.6 nmol
Rhodamine-PE) for 30 min at room temperature with intermit-
tent mixing. ALDs were separated by flotation in a sucrose
density gradient. The ALDs were introduced to a custom-made
flow chamber, and the coverslip was kept upside down for
5–10 min in the dark to allow the sticking of ALDs to the glass
slide. The ALDs were imaged on a confocal microscope.

BrdU cell proliferation assay
McA-RH7777 cells were plated at ∼70% confluence in custom-
made glass-bottom culture plates. The cells were cultured
with 10 µM BrdU for 4 h and fixed with 4% formaldehyde in
PBS. After washing with PBS, cells were treated with pre-
warmed 2 M HCl for 20 min at room temperature. The cells
were again washed with PBS and permeabilized with 0.1%
Triton X-100 in PBS for 20 min. The nonspecific binding sites
were blocked with 5% normal horse serum in 0.1% Triton X-
100 in PBS and stained with anti-BrdU antibody. Finally, cells
were stained with suitable secondary antibody and mounted
in DAPI-containing mounting medium. The cells were imaged
for DAPI and BrdU.

Estimation of PA on LDs by GFP-Spo20p (PA sensor protein)
binding
COS-7 or McA-RH7777 cells were transiently transfected with
1 µg of GFP-Spo20p plasmid with Lipofectamine 2000 using the
manufacturer’s protocol. The cells were induced with 200 µM
BSA-complexed OA in complete medium for 12 h in standard
culture conditions. The cells were treated with 100 nM insulin in
high-glucose medium or 100 nM glucagon in low-glucose me-
diumwith 200 µM OA for 24 h. Pharmacological treatment with
20 µM PLD inhibitor (VU0155056) or 5 µg/ml Brefeldin-A was
performed for 6 h. The cells were fixed with 4% PFA for 5 min at
room temperature, washed twice with 1× PBS for 10 min each,
and stained with MDH dye for 10 min before imaging on a
confocal microscope.

Online supplemental material
Fig. S1 shows experiments related to Figs. 1 and 2, including the
effect of injecting insulin on glucose and TG levels of fasted rats.
Change in lipids (TG and PA) on LDs and microsomes across fed/
fasted states, purity of microsomes and bacterial proteins, and
specificity of GST-Spo20 for PA are shown. Fig. S2 shows change
in phospholipid species (PC, PE, and PS) on LDs across fed/fasted
states. Soluble PA is shown to remove kinesin in a lipid blot
assay. Properties of the ALDs used in experiments is also shown,
along with recruitment of GST-Spo20 to ALDs in the presence of
PLD inhibitor. Fig. S3 shows the effect of insulin and glucagon on
McA-RH7777 cells. Kinesin tail domain expression in cells,
presence of KIF5B kinesin (normal and PA-binding mutant) on
LDs purified from cells, and purity of LDs from McA-RH7777
cells are shown. GST-KTD is shown to remove kinesin-1 from
ALDs in a dose-dependent manner. Fig. S4 shows the localization
of PLD1 to LD-LD junctions. Purity of microsomes from
HEK293T cells is shown, and GFP-Rab18 is shown to be recruited

to ALDs from microsomes that were prepared from cells over-
expressing GFP-Rab18.
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