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MOTIVATION Intracellular long-chain acyl-coenzyme As (LC-acyl-CoAs) are thought to be under tight
spatial and temporal controls, yet the ability to image LC-acyl-CoAs in live cells is lacking. We sought to
create a fluorescence resonance energy transfer (FRET) sensor of LC-acyl-CoAs and synthetic ABHD?5 li-
gands based on the reversible interactions between ABHD5 and PLINS. The sensor allows dynamic imaging
of intracellular LC-acyl-CoA levels in targeted subcellular compartments. In addition, since ABHD5 has
emerged as a therapeutic target for metabolic disease and cancer, a robust FRET-based sensor could
aid in the identification of novel synthetic and natural ABHD5 ligands.

SUMMARY

Intracellular long-chain acyl-coenzyme As (LC-acyl-CoAs) are thought to be under tight spatial and temporal
controls, yet the ability to image LC-acyl-CoAs in live cells is lacking. Here, we developed a fluorescence reso-
nance energy transfer (FRET) sensor for LC-acyl-CoAs based on the allosterically regulated interaction be-
tween o/B hydrolase domain-containing 5 (ABHD5) and Perilipin 5. The genetically encoded sensor rapidly de-
tects intracellular LC-acyl-CoAs generated from exogenous and endogenous fatty acids (FAs), as well as
synthetic ABHD5 ligands. Stimulation of lipolysis in brown adipocytes elevated intracellular LC-acyl-CoAs
in a cyclic fashion, which was eliminated by inhibiting PNPLA2 (ATGL), the major triglyceride lipase. Interest-
ingly, inhibition of LC-acyl-CoA transport into mitochondria elevated intracellular LC-acyl-CoAs and damp-
ened their cycling. Together, these observations reveal an intimate feedback control between LC-acyl-CoA
generation from lipolysis and utilization in mitochondria. We anticipate that this sensor will be an important
tool to dissect intracellular LC-acyl-CoA dynamics as well to discover novel synthetic ABHD5 ligands.

INTRODUCTION

Fatty acids (FAs) and their metabolites function as important en-
ergy sources and intracellular signaling molecules. In adipo-
cytes, the release of FAs is regulated by o/f hydrolase
domain-containing 5 (ABHD5; also known as CGI-58), a pseu-
doenzyme regulator of Patatin-like phospholipase domain-con-
taining 2 (PNPLA2)/adipose triglyceride lipase (ATGL), the rate-
limiting enzyme of triacylglycerol (TAG) hydrolysis. Intracellular
FAs are quickly metabolized to long-chain acyl-coenzyme As
(LC-acyl-CoAs) by LC-acyl-CoA synthetases. Moreover, LC-
acyl-CoAs bind ABHD5, promoting its interaction with Perilipin
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5 (PLIN5), aresident lipid droplet (LD) protein, thereby repressing
ATGL activation.” The intracellular levels of LC-acyl-CoAs are
normally kept in a tight concentration range” and are thought
to exist in dynamic compartmentalized pools.® For example,
deletion of LC-acyl-CoA synthetase 1 (ACSL1) in adipose tissue
produces a specific defect in FA oxidation without affecting de
novo lipogenesis.” In addition, pools of acyl-CoAs might create
localized signals that regulate distinct metabolic pathways®®
and gene transcription.® However, techniques for imaging the
spatial-temporal dynamics of LC-acyl-CoAs are lacking.

The allosteric regulation of the interaction of ABHD5 and
PLIN5 by LC-acyl-CoAs provides a mechanism for limiting
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ATGL-dependent release of FAs when LC-acyl-CoA levels are
high™”; however, this has been difficult to prove in part due to
lack of methods to detect LC-acyl-CoAs in real time. Interest-
ingly, mitochondria are often found in close proximity to LDs,
an observation first made over 60 years ago.® Moreover, brown
adipocytes have a high capacity for FA oxidation due to the pres-
ence of numerous mitochondria and LDs. In addition to being
highly expressed in oxidative tissues, PLIN5 is targeted to the
interface between LDs and mitochondria,”'® which may be
important in augmenting respiration'® or generating reducing
equivalents required for de novo lipid synthesis.'* However,
the metabolic communication between LDs and mitochondria
in brown adipocytes is poorly understood.

In addition to binding LC-acyl-CoAs, the interaction of ABHD5
with PLIN proteins can also be regulated by synthetic ABHD5 li-
gands.”'*"® We previously discovered small molecules that
selectively bind to ABHD5, causing ABHD5 to dissociate from
PLIN1 and activate adipocyte lipolysis.' As such, ABHDS5 repre-
sents a locus for regulating cellular TAG levels and an important
pharmacological target for metabolic disease and cancer.'’ 22
Thus, there is a need for robust homogeneous assays to under-
stand the chemical and allosteric regulation of ABHD5.

Taking advantage of the interaction between ABHD5 and
PLIN5, we developed a genetically encoded fluorescence reso-
nance energy transfer (FRET)-based assay to detect intracellular
LC-acyl-CoAs and synthetic ABHD5 ligands. The functional
detection of intracellular LC-acyl-CoAs was first demonstrated
in a bipartite molecular sensor that we subsequently developed
into a single-molecule form to allow true ratiometric analysis.
Importantly, this sensor can be used as a tool to explore novel
ABHDS5 pharmacology. We used the single-molecule sensor to
capture the functional relationship between LDs and mitochon-
dria that exists in brown adipocytes, demonstrating that mito-
chondrially derived LC-acyl-CoAs function as feedback signals
to regulate substrate flux from LDs.

RESULTS

We previously identified a fragment of PLIN5 encoding amino
acids (aa) 384-417, whose reversible interaction with ABHD5
can be rapidly modulated in live cells by LC-acyl-CoAs and
synthetic ligands of ABHDS5."® In COS-7 cells transfected with
this bimolecular system consisting of ECFP-ABHD5 and
PLIN5%84~417_EYFP, basal conditions yielded only a faint FRET
signal on LD structures (Figure 1A, basal normalized FRET
[NFRET]). Addition of oleic acid (OA) led to a large increase in
the FRET signal on the endoplasmic reticulum (ER) and LDs,
sites of TAG synthesis and storage, respectively (Figure 1A,
OA nFRET). Indeed, this effect was also accompanied by a
greater translocation of the EYFP-tagged PLIN5 fragment to
LDs upon OA treatment (Figure 1A, PLIN5-EYFP basal versus
OA). These observations indicate that the ligand-dependent
interaction of ABHD5 with PLIN5 might be used to monitor intra-
cellular LC-acyl-CoA levels. Based on these results, we de-
signed a single-molecule genetically encoded molecule that de-
tects intracellular levels of LC-acyl-CoA and synthetic ABHD5
ligands and reports those levels as changes in FRET.
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Initial attempts to create a FRET sensor by separating the flu-
orescently tagged proteins used in the bimolecular system with a
flexible polypeptide linker were unsuccessful owing to strong
FRET under basal conditions, with minimal modulation by li-
gands that promote molecular association and dissociation
(Table S1; data not shown). Moreover, employing a circularly
permutated version of Venus on ABHD5 did not result in a mod-
ulation by ligands (Table S1; data not shown). The failure of pep-
tide linkers to expand the dynamic range in FRET constructs is a
known limitation that was recently surmounted by integrating
mutants of CFP (Cerulean) and YFP (Citrine) that exhibit weak
dimerization, which can be reversed by the protein-protein inter-
action of the targeted proteins.”® Figure 1B is a schematic repre-
sentation of an ABHD5-PLINS-based FRET sensor that employs
this concept (summarized in Table S1). To eliminate potential
confounding effects of ABHD5 overexpression with the sensor
on ATGL activation, we introduced a mutation of R299N that dis-
rupts the ability of ABHD5 to activate PNPLA2 without affecting
its interactions with PLIN proteins'>?* (Table S1). When ex-
pressed in COS-7 cells, the mutant construct targets intracellular
LDs and what appeared to be ER membranes (Figure 1C) with
precise colocalization of CFP and YFP signals as expected in a
single-molecule sensor. We confirmed ER localization by stain-
ing cells with ER-Tracker Red. Indeed, the FRET sensor (Fig-
ure S1A, YFP) colocalized to regions of the ER (Figure S1A,
ER-Tracker). We further asked if the FRET sensor localized to do-
mains of the ER that represent sites of de novo LD formation by
cotransfecting cells with LiveDrop.?® In this case, the LC-acyl-
CoA sensor colocalized precisely with LiveDrop (Figure S1B).
As designed, the FRET signal between CFP and YFP was higher
in the basal state (Figure 1C). To test the modified ABHD5
mutant, cells were loaded with OA overnight to promote LD for-
mation. Media were exchanged, followed by the acute applica-
tion of OA (200 M complexed to BSA), which rapidly decreased
FRET (Figure 1D). The decrease in FRET was rapidly reversed by
the synthetic ABHD5 ligand SR-4995 (Figure 1D). Conversely,
SR-4995 sharply increased FRET, and this increase was rapidly
reversed by OA (Figure 1E). These results establish that the sin-
gle-molecule FRET construct localizes to LDs and regions of the
ER involved in TAG synthesis and reports endogenous and syn-
thetic ligand-induced regulation of the interaction of ABHD5 with
PLINS.

Our previous work using the covalent activity probe NBD-NE-
HP demonstrated that purified ABHD5 binds LC-acyl-CoA, not
OA, and that the ability of LC-acyl-CoA to bind ABHDS5 is under
the allosteric regulation by synthetic ABHD5 ligands.' However,
those in vitro experiments were not able to directly demonstrate
the allosteric regulation of ABHD5, owing to the fact that LC-
acyl-CoAs do not penetrate biological membranes. Furthermore,
the low affinity of the free PLIN5 fragment (aa 384-417) in cell-
free systems did not allow in vitro testing of LC-acyl-CoA regula-
tion. We tested whether this barrier could be overcome with the
monomolecular sensor construct in anin vitro setting. In cell-free
lysates, LC-acyl-CoA suppressed FRET, whereas SR-4995 and
SR-3420 (10 uM), potent ABHDS5 ligands that dissociate
ABHD5 from PLIN proteins,"'® greatly increased FRET (Fig-
ure 2A). Importantly, the ability of oleoyl-CoA to suppress
FRET in a cell-free system was not observed for OA, indicating
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Figure 1. FRET sensor for the detection of
intracellular LC-acyl-CoAs and synthetic
ABHDS5 ligands

(A) COS-7 cells were cotransfected with plasmids
encoding CFP-ABHD5 and PLIN5%4~4"7_EYFP,
and cells were imaged under basal conditions in
HKRB 1% BSA and following the addition of
200 uM oleic acid (OA) at 15 min. The nFRET signal
was calculated from the ECFP, EYFP, and EYFP-
FRET signals as described. Images are represen-
tative of three independent experiments. Scale
bar, 20 pm.

(B) Schematic of the single-molecule FRET sensor
containing Cerulean (CFP) mutant in fusion with
ABHD?5, a flexible region containing GGS repeats
(black line), Citrine (YFP), and PLIN5384=417 |n
the presence of synthetic ABHD5 ligands such as
SR-4995, this dissociated the PLIN5334=417 frag-
ment from ABHDS, allowing strong intramolecular
interaction between CFP and YFP and high FRET.
In the presence of LC-acyl-CoAs (LC-CoAs), this
promotes the interaction between PLIN5384-417
and ABHD5 and dissociates the weak intra-
molecular interaction between CFP and YFP, re-
sulting in a reduction in FRET.

(C) CFP, YFP, and the calculated nFRET signal in
COS-7 cells transfected with the single-molecule
FRET sensor. Scale bar, 10 um.

(D and E) COS-7 cells transiently transfected with
the ABHD5R2%°N | C-acyl-CoA sensor were moni-
tored for CFP, YFP, and YFP-FRET signal every
minute and treated with OA or SR-4995 (SR) at the
indicated time, and the nFRET signal was calcu-
lated. Results are from one experiment and are
representative of three independent experiments.
See also Figure S1.
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that activation of the FA is required (Figure 2B). Moreover, in vitro
titration with oleoyl-CoA in a dose-response analysis indicated
an ECsq of 1.24 uM (Figure 2C). These data establish that binding
of LC-acyl-CoA, but not LC-free FA (FFA), to ABHD5 promotes
its interaction with PLIN5. Application of exogenous FAs of vary-
ing chain lengths and saturations to live cells demonstrates that
the FRET sensor is sensitive to FAs of a carbon chain length >8,
with no apparent difference in responses due to FAs saturation
(Figure 2D). Indeed, short-chain and medium-chain FAs
(«<C10) did not promote the interaction between ABHD5 and
PLIN5384=%17 in |uciferase complementation assays, whereas
longer chain lengths (>C8) promoted the interaction to a similar
degree (Figure S2). To further validate the utility of the monomo-
lecular FRET sensor, we examined the competition of endoge-
nous and synthetic ligands in a dose-response analysis. SR-
3420 increased FRET with an ECso of 59.4 nM, and exposure
of cells to 200 uM OA decreased FRET in the absence of syn-

(Figure 2E). These observations indicate
that LC-acyl-CoA and synthetic ligands
compete for a common binding site and
stabilize distinct conformations that allow
differential interaction with PLIN5. Moreover, the dextral 10-fold
shift in the SR-3420 potency indicates that 200 uM OA (equiva-
lent to approximately 30 nM free OA?®?) is sufficient for
oleoyl-CoA to occupy approximately 90% of ABHD5 sites bound
by SR-3420.

The FRET-based sensor can also be readily adaptable to high-
throughput screens as demonstrated by in vitro (Figures 2A and
2B) and in cellulo (Figure 2D) homogeneous assays. The sensor
does not require separation of bound from free ligand, and the
ratiometric method tolerates well-to-well variations in sensor
concentration. The sensor routinely generated z' values >0.68
in multiwell format for ligands that dissociate the ABHDS5-
PLINS interaction (Figure 2F, SR-3420) and >0.53 for ligands
that promote the interaction (Figure 2G, OA), indicating robust
performance sufficient for ultrahigh throughput (UHTS) formats.
In contrast to previous uHTS assays based on luciferase
complementation,’ the ABHD5 FRET sensor is simpler and is
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Figure 2. In vitro and in cellulo detection of
ABHDS5 ligands

(A) COS-7 cells lysates transfected with the LC-
acyl-CoA sensor were treated with vehicle (Ctl)
SR-4995 (10 uM), SR-3420 (10 uM), or oleoyl-CoA
(O-CoA; 10 uM), and the FRET ratio was measured
on afluorometer. **p < 0.01; **p < 0.001 compared
with Ctl as determined using one-way analysis of
variance (ANOVA) with Dunnett’s post t test.

(B) COS-7 cells transfected with the LC-acyl-CoA
sensor were permeabilized with saponin and

C 1.0- D 1.0+ treated with vehicle (H,O or DMSQ), O-CoA
(300 pM), or OA (300 uM), and the FRET ratio
0.9 0.9 was measured on a fluorometer. **p < 0.001
2 ECso=1.24 uM 2 - compared with H>O as determined by unpaired
T 0.8 © foktd o
14 g t test, n.s., non-significant.
] 0.7 i - (C) Dose response of O-CoA in COS-7 lysates.
E ' E (D) Live COS-7 cells transfected with the LC-acyl-
0.6 0.7 CoA sensor were treated with the indicated fatty
acid of carbon chain length and saturation, and the
0.5 T 2 . v 0.6- FRET ratioc was measured on a fluorometer.
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E 129 & SR-3420 F 12- (2'=0.68] G i ' (E) COS-7 cells were prepared as in (D), treated
5 SR.34204+0A ’ ) : [2'=0.53] with or without OA (200 uM) and the indicated dose
1.1 1.14 # i of SR-3420, and measured on a fluorometer.
2 o 2 o (F and G) Live COS-7 cells transfected with the LC-
& 1.0 £ 1.0 g 1.0 *‘ acyl-CoA sensor were treated DMSO versus SR-
o i ] 3420 (F) or BSA versus OA (G) and the z’ score was
& 0.9- & 0.9 ” & 0.9 L calculated.
See also Figure S2.
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largely immune to compounds that interfere with luciferase activ-
ity and detection, which comprised nearly 90% of the initial
“hits” in that complementation screen.' Thus, we anticipate
that the ABHDS5 FRET sensor will be valuable in discovering
new ligands that expand the rich pharmacology of ABHD5 acti-
vators and inhibitors.

To better understand the physiological role of LC-acyl-CoAs in
metabolic regulation, we expressed the FRET sensor in brown
adipocytes (BAs). BAs contain numerous mitochondria and
LDs and have a high capacity for the oxidation of FAs, thus offer-
ing a model system to study the interaction between these two
organelles. Expression of the FRET sensor (Figure 3A, green) in
BAs demonstrates that the LC-acyl-CoA sensor localized to
the surface of LDs (Figure 3A, red), which is the site of endoge-
nous ABHDS5 localization.?®" In BAs, B-adrenergic activation
stimulates the activity of PNPLA2 (also known as ATGL) to mobi-
lize FAs for B-oxidation. Monitoring the FRET signal under
basal conditions in BAs (initial 5 min) resulted in a stable signal
(Figure 3B). Treatment with isoproterenol, a B-adrenergic
agonist, decreased the FRET ratio, indicating a rise in intracel-
lular LC-acyl-CoAs (Figure 3B). Interestingly, cyclic elevation of
LC-acyl-CoAs was observed during the 20 min following iso-
proterenol stimulation. Pharmacological inhibition of PNPLA2
(Atglistatin [ATGLI]), the rate-limiting enzyme for TAG hydrolysis,
completely blocked the decrease in the FRET signal in response
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to isoproterenol (Figure 3B). We next tested if preventing the
oxidation of FAs could increase intracellular LC-acyl-CoA levels
during isoproterenol stimulation. Mobilized FAs are quickly con-
verted to LC-acyl-CoAs and transported into mitochondria by
CPT1, the rate-limiting enzyme for FA oxidation. Etomoxir
(ETX), an irreversible inhibitor of CPT1, is converted to etomox-
iryl-CoA and blocks CoA-dependent transport of FFAs into mito-
chondria.®® Consistent with Figure 3B, isoproterenol reduced the
FRET signal and resulted in oscillations over the 20 min period
following stimulation (Figure 3C). Pretreatment with ETX did
not alter basal FRET levels (initial 5 min); however, isoproterenol
treatment resulted in a greater decrease in the FRET signal, in
which oscillations were largely eliminated. Indeed, analysis re-
vealed that ETX significantly reduced the amplitude (p = 0.011,
Welch’s t test for unequal variances) and increased the period
(p = 0.0107, Welch’s t test for unequal variances) of the oscilla-
tions induced by lipolysis activation (Figures 3D and 3E). Overall,
these results demonstrate that the FRET sensor detects dynamic
modulation of intracellular LC acyl-CoAs levels by FA mobiliza-
tion and mitochondrial oxidation.

We also examined the utility of targeting the LC acyl-CoA
sensor to other cellular compartments. To prevent targeting of
ABHDS5 to LDs and the ER, we introduced a R116N mutation
into ABHD5, which disrupts LDs and membrane targeting®*>*
and allows mostly cytosolic and nuclear localization
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Figure 3. LC-acyl-CoA imaging in brown adipocytes
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(A) BA cells stably expressing the ABHD572%N | C-acyl-CoA sensor (green) demonstrating localization to lipid droplets (red). Neutral lipids were stained with

LipidTOX Red. Scale bar, 10 um.

(B) BA cells were pretreated with Atglistatin (ATGLi; 20 uM; 12 cells) or vehicle (DMSO; 14 cells) and imaged on a laser scanning confocal every 20 s. Isoproterenol

(1 uM) was added at the 5 min mark in between acquisitions.

(C) BA cells were imaged as in (B) except cells were pretreated with Etomoxir (ETX; 40 uM; 19 cells) or vehicle (DMSO; 11 cells).

(D and E) The amplitude (D) and period (E) of the oscillations of each individual cell were calculated from 5 to 25 min in (C). Data are from one experiment in which
three to four coverslips were imaged under each condition and are representative of 3—4 individual experiments. Differences between DMSO and ETX amplitudes
and periods were analyzed with an unpaired two-tailed t test with Welch’s correction for unequal variances.

(Figures 4A and S4A). Introduction of 11 N-terminal amino acid
residues of the plasma membrane (PM)-localized Lyn kinase®
in the context of the R116N mutation resulted in PM targeting
of the LC acyl-CoA sensor (Figure 4B) as demonstrated by co-
localization with PM stains (Figures S4B and S4C). Extracellular
application of OA decreased the FRET signal in the cytosol and
nucleus of the untargeted sensor, indicating that OA can also
raise LC acyl-CoA levels in the cytosol and nucleus (Figure 4C).
Treatment of OA similarly decreased FRET with the PM-targeted
LC acyl-CoA sensor (Figure 4D). These data demonstrate that
the LC acyl-CoA sensor is amenable to organelle-specific target-
ing and reporting local subcellular concentrations of LC
acyl-CoAs.

DISCUSSION

The compartmentalization of LC-acyl-CoA metabolism has long
been hypothesized; however, additional methods to image this
critical lipid intermediate in live cells are required.*® Here, we
took advantage of the allosteric regulation between ABHD5

and PLIN5 to develop methods to image dynamic modulation
of intracellular LC-acyl-CoAs in BAs.

In BAs, the formation of LC-acyl-CoAs in response to isopro-
terenol stimulation required the activity of PNPLA2, which mobi-
lizes LC-FFAs. In BAs, these LC-acyl-CoAs can be quickly
metabolized to acyl-carnitines through the action of CPT1.
Indeed, pharmacological inhibition of CPT1 resulted in a greater
accumulation of LC-acyl-CoAs upon stimulation with isoproter-
enol. We found that the ABHDS5/PLINS interaction senses FAs
of carbon chain lengths equal to and greater than 10
(Figures 2D and S2), which are the majority of FAs that are mobi-
lized in response to lipolytic stimulation.>® These data suggest
that LD-targeted ABHD5 senses levels of lipolysis-derived LC-
acyl-CoAs, which provide a negative feedback signal that
matches FFA mobilization to mitochondrial oxidative capacity.

The exact mechanism by which FAs and LC-acyl-CoAs might
be transported between mitochondria and LDs is currently un-
known but might involve ACSL1°" or FATP4,%® which can be
found at the mitochondrial-LD interface. Recent work demon-
strates that distinct pools of mitochondria exist in BAs and that
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Figure 4. Plasma membrane-localized
detection of LC-acyl-CoAs

(A) U20S cells were transiently transfected with the
ABHD5"""N | C-acyl-CoA sensor, demonstrating
untargeted localization throughout the cytosol and
nucleus.

(B) U20S cells were transiently transfected with
the Lyn11-tagged ABHD5R''®N | C-acyl-CoA
sensor, demonstrating localization to the plasma
membrane.

(C) U20S cells transfected with the ABHD5R'1eN
LC-acyl-CoA sensor were imaged on a laser
scanning confocal microscope every 20 s with the
addition of 200 uM OA, and the regions of interest
in the cytosol and nucleus from 27 cells were
quantified and expressed as a FRET ratio.

(D) U20S cells transiently transfected with the
Lyn11-tagged ABHD5R'"®N | C-acyl-CoA sensor
were imaged as in (C) with the application of OA
(200 pM; 21 cells) or 1% BSA control (BSA; 19
cells). Data are from one experiment in which three
to four coverslips were imaged under each con-
dition and are representative of 3 individual ex-
periments.

See also Figure S4.
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upon adrenergic stimulation mitochondria-LD contacts are
reduced. Here, Benador et al. suggested that peri-droplet mito-
chondria utilize pyruvate to generate ATP and reducing equiva-
lents required for de novo lipid synthesis, while cytoplasmic
mitochondria function mostly to oxidize FAs.'* How lipid and
lipid-derived signals are transported between LDs and mito-
chondria is unclear, but they might occur through the outer leaf-
lets of intracellular membranes such as the ER**“° or through
acyl-CoA-binding protein (ACBP).? Recently, Wang et al. re-
ported a genetically encoded ratiometric sensor that reported
on intracellular LC-acyl-CoAs levels, was targeted to mitochon-
dria, and in which the free concentration of LC-acyl-CoAs could
be altered through knockdown of ACBP. Further work is required
to understand the exact mechanisms by which lipid transfer
occurs.

The untargeted and PM-targeted LC-acyl-CoA sensors indi-
cate their utility to report LC-acyl-CoA levels in different subcel-
lular compartments. Interestingly, with the untargeted sensor,
we were able to report an increase of LC-acyl-CoAs in the nu-
cleus in response to exogenous application of OA. The exact
functions of nuclear acyl-CoAs are unclear; however, acyl-
CoAs can modify chromatin,® and LC-acyl-CoAs might function
as antagonists of nuclear receptors peroxisome proliferator-acti-
vated receptor o*' and hepatocyte nuclear Factor 4 o (HNF4a) or
the corepressor C-terminal-binding protein 2 (CtBP2).*?

Real-time imaging revealed oscillations of intracellular LC-
acyl-CoA levels following stimulation of lipolysis, an effect that
would be difficult to detect by biochemical methods lacking
spatial and temporal resolution. Oscillations of LC-acyl-CoAs
were not apparent when cells were challenged with exogenous
OA. These data suggest that LC-acyl-CoAs are a critical
signaling molecule that governs the interaction of ABHD5 with
its effector lipase, PNPLA2/ATGL, and its repressor, PLIN1.
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Interestingly, oscillations of FA and glycerol release have been
previously observed in vivo*® and in cultured adipocytes.**
These waves of FAs have been suggested to occur through os-
cillations of glucose that are required to generate a-glycerol-
phosphate® and thereby provide relief of LC-acyl-CoA inhibition
on triglyceride lipases such as HSL*® and PNPLA2.“° Interest-
ingly, Getty-Kaushik et al. demonstrated that application of
exogenous FAs suppressed lipolysis and the amplitude of oscil-
lations, an effect speculated to be due to increased cytosolic LC-
acyl-CoAs.** The intracellular LC-acyl-CoA oscillations and
feedback inhibition on ABHD5 likely function to prevent the
accumulation of toxic intracellular FAs.*"*®

The competitive binding of LC-acyl-CoAs and synthetic li-
gands suggests that the binding pocket of ABHD5 can coordi-
nate ligands that both promote and prevent ABHD5 binding to
PLIN5, respectively. We estimate the EC5y of oleoyl-CoA for
the LC-acyl-CoA sensor to be 1 uM, which is well within range
of the physiological concentrations,”® especially if subcellular
acyl-CoA pools exist as suggested in this work. In addition,
metabolic stress, such as nutrient deprivation, is known to pro-
mote FA utilization independent of cell surface signaling.”®"
Indeed, the single-molecule FRET sensor might be used to
screen for endogenous ligands of ABHDS5 that might promote
lipolysis in response to nutritional stress. Overall, the current
data suggest that ABHDS5, through its ligand-dependent interac-
tion with PLIN and PNPLA proteins,®>>° functions to sense the
local metabolic environment to regulate TAG storage and
mobilization.

Limitations of the study

The current study showed that intracellular LC-acyl-CoAs can
exist in highly localized pools. However, the interaction between
ABHD5 and PLIN5 is not sensitive to FAs less than 10 carbon
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chain lengths, thus preventing the study of short-chain FAs.
Moreover, GFP-based fluorescent proteins are known to be pH
sensitive, possibly limiting their use in cellular compartments
such as lysosomes. As such, the LC-acyl-CoA sensor would
possibly benefit from calibration due to pH sensitivity of CFP
and YFP in parallel experiments.®® The FRET sensor preferen-
tially targets monolayer and bilayer membranes, so its use in
purely cytosolic applications might be limited. Membrane target-
ing has also prevented absolute calibration of LC-acyl-CoA con-
centrations to a purified sensor. Thus, while the sensor detects
dynamic changes in relative LC-acyl-CoA levels, absolute levels
were not evaluated.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

pINDUCER20 Meerbrey et al.”® Addgene #44012
Chemicals, peptides, and recombinant proteins

Etomoxir Cayman Chemical Cat#11969
Geneticin (G418 Sulfate) ThermoFisher Cat#11811031
Spel New England Biolabs Cat#R3133
BmgBI New England Biolabs Cat#R0628

Notl New England Biolabs Cat#R3189

Xhol New England Biolabs Cat#R0146

Scal New England Biolabs Cat#R3122
PshAl New England Biolabs Cat#R0593
SrgAl New England Biolabs Cat#R0603
Optimem ThermoFisher Cat# 31985070
Krebs Ringer Buffer MilliporeSgima Cat#K4002
Lipofectamine LTX with Plus ThermoFisher Cat#15338100
GenJet Plus Signagen Cat#SL100499
ATGListatin Cayman Chemical Cat# 15284
LipidTOX Red ThermoFisher Cat#H34476
SR-4995 MilliporeSigma Sanders et al.’ Cat#SML2207
coelenterazine Prolume Cat#301-1
ER-Tracker Red ThermoFisher Cat#E34250
CellMask™ Deep Red Plasma membrane Stain ThermoFisher Cat#C10046
Cholera Toxin Subunit B Alexa Fluo-647 Conjugate ThermoFisher Cat#C34778
DAPI MilliporeSigma Cat#D9542
Fatty acids Nu-Chek-Prep Various
Krebs-Ringer Buffer MilliporeSigma Cat#K4002
Bovine serum albumin Alkali Scientific Cat#FB99
Dulbecco’s modified Eagle’s medium Cytiva Hyclone Cat#SH3024301
Experimental models: Cell lines

U20s ATCC Cat#HTB-96
HEK293T ATCC Cat#CRL-3216
COSs-7 ATCC Cat#CRL-1651
Brown Adipocytes Bruce Spiegelman Uldry et al.*’
Recombinant DNA

pMD2.G Trono Lab, unpublished Addgene #12259
psPAX2 Trono Lab, unpublished Addgene #12260
LiveDrop Bob Farese Wang et al.”®
pCMV NucleoBAS van der Velden et al.,”® Addgene #62861

Software and algorithms

GraphPad Prism 9.0
Fiji
Leica Application Suite X (LAS X)

Dotmatics
US National Institutes of Health
Leica

https://www.graphpad.com/
https://imagej.net/software/fiji/downloads

https://www.leica-microsystems.com/
products/microscope-software/p/leica-las-x-Is/

CellSens Dimensions software Olympus https://www.olympus-lifescience.com/en/software/
Other
Genomic sequencing services Genewiz N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. James
Granneman (jgranne@med.wayne.edu).

Materials availability
Reagents in this study are available by request to lead contact, Dr. James Granneman (jgranne@med.wayne.edu).

Data and code availability
All data reported in this paper will be shared by the lead contact (jgranne@med.wayne.edu).
This paper does did not generate original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact (jgranne@med.
wayne.edu) upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture models

HEK293T, COS-7, U20S and mouse brown adipocytes (BA) were cultured in Dulbecco’s modified Eagle’s medium (Cytiva Hyclone,
#SH3024301) supplemented with 100 U/mL Penicillin/Streptomycin and 10% Fetal Bovine Serum (FBS) in 5% CO2 at 37°C. The
mouse immortalized BA cell line was a gift from Bruce Spiegelman (Harvard University). BA cells were derived as previously
described®” and differentiated at previously described.*®

METHOD DETAILS

DNA constructs, cDNA cloning and generation of stable cell lines

The generation of bipartite ECFP-ABHD5 and PLIN5-EYFP fragment (amino acids, a.a. 384-417; PLIN5%84~4'7) have been previously
described.” The single-molecule FRET sensor was based upon the FRET bile acid sensor with weak bimolecular interaction between
the Cerulean and Citrine (pCMV NucleoBAS). pCMV NucleoBAS was a gift from Stan van de Graaf (Addgene plasmid # 62861; http://
n2t.net/addgene:62861; RRID:Addgene_62861).%° Full length mABHD5 was cloned in frame with Cerulean using Spel and BmgBI
sites. PLIN5%84~417 was cloned in frame with Citrine using cloning sites Notl and Xhol. The ABHD5 mutants defective in PNPLA2 acti-
vation (R299N) and lipid binding (R116N) were created by overlapping PCR and the products were sub-cloned into Scal/PshAl and
SrgAl/Scal restriction sites, respectively. The plasma membrane targeting motif of Lyn Kinase®* was cloned in frame on the
N-terminus of Cerulean. All clones were confirmed by DNA sequencing (Genewiz).

The BA cell line stably expressing the single-molecule ABHD572%°N mutant FRET sensor in a doxycycline inducible manner was
generated as previously described.”” The single-molecule ABHD572°®N mutant sensor was cloned into the transfer vector
pINDUCER20°° target plasmid and co-transfected with pMD2.G (Addgene # 12259) and psPAX2 (Addgene #12260) packaging vec-
tors into HEK293T cells using lipofectamine LTX and plus reagent (Invitrogen). The virus containing media was collected, filtered and
centrifuged at 48,000x g for 2 h 4°C in a Beckman 25.50 fixed angle rotor and the viral pellet was resuspended in OPTIMEM. Stable
BAs were generated by infecting with lentivirus for 24 h followed by G418 selection (1 mg/mL) for one week at which point cells were
fluorescence-activated cell sorted for EYFP expression.

Luciferase protein complementation assays (PCA)

Luciferase PCA was performed as previously described in 293A transfected cells.> Cell were co-transfected with ABHD5-GlucC and
PLIN5%84~417_GlucN overnight and the following day treated with BSA or 200 uM of the indicated fatty acids (C3:0, Propanoic acid;
C4:0, butyric acid; C7:0, Heptanoic acid; C8:0, Octanoic acid; C10:0, Decanoic acid; C12:0, Dodecanoic acid; C16:0, Palmitic acid;
C18:0, Stearic acid; C18:1, Oleic acid; C18:2, Linoleic acid; C18:3, a-Linolenic acid; C:20, Docosanoic acid; C20:4, Arachidonic
acid; C22:6, Docosahexaenoic acid) complexed to 10% BSA for 3 h, lysed and read on a luminometer.

In vitro assays

COS-7 cells were transfected with lipofectamine 2000 in 10 cm dishes and the following day cell were collected and scarped in PBS,
centrifuged at 4000 x g for 5 min and resuspended in 1 mL Sucrose Lysis Buffer (20 mM HEPES pH 7.5, 250 mM sucrose,1mM EDTA,
1 mM DDT). The cells were either lysed by sonication on ice or by passing through a 1 mL syringe with a 25G needle ten times, and the
lysate was clarified by centrifugation at 12,000 g for 15 min at 4°C, diluted in PBS at a 1:1 ratio and 100 pl of lysate was dispensed per
96 well. Wells were treated with the indicated ligand and plates were immediately read on a fluorometer (ClarioStar, BMG Labtech).
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Live cell fluorometry

COS-7 cells were transfected as above for in vitro assays, washed with PBS and scraped in 10 mM HEPES Krebs Ringer Buffer
(HKRB) pH 7.4 (Sigma). 100 pL of cell suspension was dispersed per well of a 96-well plate and cells were treated as indicated in
the figure legends.

Live cell confocal imaging

Live cell imaging of COS-7 cells was performed on an Olympus IX-81 microscope equipped with a spinning-disc confocal unit and
operation controlled with CellSens Dimensions (Olympus) software. COS-7 cells were transfected with lipofectamine 2000 in 6 well
dishes containing 25 mm coverslips. The following day cells were imaged in HKRB supplemented with 1% BSA (Alkali Scientific).
EYFP, ECFP and FRET fluorescent images were acquired using a 60X (1.2 NA) water immersion lens. Images were acquired every
minute, with basal fluorescence recorded for the first 3 min, followed by treatment with oleic acid (200 uM) or SR-4995 (20 uM). The
net FRET (nFRET) was calculated from the three filter images using the FRET extension of the CellSens Dimensions software.

Live cell imaging of BA and U20S (ATCC) cells was performed at 37°C on a laser scanning microscope (Leica SP8) equipped with
dual detectors and with continuous Adaptive Focus Control between each frame. U20S cells were transfected with GenJet Plus (Sig-
nagen) as recommended by the manufacturer and prepared as above. BA cells were differentiated in six well plates containing 25 mm
glass coverslips as previously described® and treated with doxycycline to induce expression of the FRET sensor 24 h prior to im-
aging. Coverslips were mounted in Attofluor cell chambers (Invitrogen) containing 0.5 mL of 10 mM HKRB with a 63x1.40NA
Plan-Apochromat objective oil lens (Leica). Cerulean and Citrine were monitored simultaneous with a 405 nm laser excitation and
450-515 nm and 520-600 nm emission, respectively, using dual detectors. Images were captured every 20 s in laser scanning
mode with bidirectional scanning. Cells were pretreated with inhibitors (Etomoxir, 40 uM; ATGListatin 20 pM) for 30 min prior to im-
aging and treatments of oleic acid (200 uM), BSA (1%) or isoproterenol were added between cycles. Image analysis was performed
using Leica Application Suite X (LAS X) to quantify the regions of interest (i.e., individual cells) for ECFP and EYFP-FRET emission
signals and expressed as an FRET ratio (EYFP-FRET/ECFP). Organelle staining was performed for neutral lipids with LipidTOX
Red (ThermoFisher), ER with ER-Tracker Red (ThermoFisher), plasma membrane with Cholera Toxin Subunit B Alexa Fluo-647 Con-
jugate (ThermoFisher) or CellMask Deep Red Plasma Membrane Stain (ThermoFisher) and nuclei with DAPI (SigmaMillipore), as sug-
gested by the manufacturer where indicated. Sites of novo LD formation on the ER were marked by co-transfecting U20S cells with
Cherry-LiveDrop?® and the single-molecule ABHD57?%°N mutant FRET sensor. Images were merged in Fiji (Fiji Is Just ImageJ2).

QUANTIFICATION AND STATISTICAL ANALYSIS
All results are mean + SEM. Statistical significance was determine using GraphPad Prism software. Data with unequal variances were

analyzed using an unpaired Welch’s t-test for unequal variances or one-way ANOVA with Dunnett’s post-hoc analysis for more than
two groups.

e3 Cell Reports Methods 3, 100394, February 27, 2023



	A FRET sensor for the real-time detection of long chain acyl-CoAs and synthetic ABHD5 ligands
	Introduction
	Results
	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Acknowledgments
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Cell culture models

	Method details
	DNA constructs, cDNA cloning and generation of stable cell lines
	Luciferase protein complementation assays (PCA)
	In vitro assays
	Live cell fluorometry
	Live cell confocal imaging

	Quantification and statistical analysis



