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Abstract: Despite increasing awareness of the biological
impacts of long-chain fatty acyl-CoA esters (LCACoAs), our
knowledge about the subcellular distribution and regulatory
functions of these acyl-CoA molecules is limited by a lack of
methods for detecting LCACoAs in living cells. Here, we report
development of a genetically encoded fluorescent sensor that
enables ratiometric quantification of LCACoAs in living cells
and subcellular compartments. We demonstrate how this FadR-
cpYFP fusion “LACSer sensor” undergoes LCACoA-induced
conformational changes reflected in easily detectable fluores-
cence responses, and show proof-of-concept for real-time
monitoring of LCACoAs in human cells. Subsequently, we
applied LACSer in scientific studies investigating how dis-
ruption of ACSL enzymes differentially reduces cytosolic and
mitochondrial LCACoA levels, and show how genetic dis-
ruption of an acyl-CoA binding protein (ACBP) alters
mitochondrial accumulation of LCACoAs.

Introduction

Long-chain fatty acyl-CoA esters (LCACoAs, acyl chain
> 12 carbons) are amphipathic molecules composed of
a hydrophilic coenzyme A and a hydrophobic acyl chain.
Currently, LCACoAs are understood as intermediates in lipid
biosynthesis and fatty acid degradation.[1] These molecules
are involved in the biosynthesis of glycerides,[2] sphingomye-
lin,[3] and very long-chain fatty acids,[4] thereby influencing
lipid levels in cells. Discoveries in recent years have helped

widen the appreciation of the wider range of impacts from
LCACoAs in biological processes, including for example on
gene expression,[5] enzyme activity,[6] vesicle fusion,[7] insulin
secretion,[8] and ion channel transport dynamics.[9] Biochem-
ically, it is now clear how the role of LCACoAs in cells affect
the class of posttranslational modifications referred to
collectively as protein lipidation.[10] Such lipidation includes
myristoylation and palmitoylation among others,[11] and
studies have confirmed the requirement for the palmitoyla-
tion or myristoylation of particular proteins in diverse
biological processes such as signal transduction,[12] immune
activation,[13] cellular differentiation and apoptosis,[14] and
more broadly in the dynamic regulation of protein functions
in response to both intrinsic and extrinsic clues.[15] Further-
more, many recent oncology studies have found that LCA-
CoAs are closely associated to the viability and proliferation
of tumor cells, as well as to tumorigenesis and metastasis.[16]

The intracellular concentration of LCACoAs is controlled
by the activities of acyl-CoA thioesterase (ACOT)[17] and
long-chain acyl-CoA synthetases (ACSLs),[18] as well as the
cellular acyl-CoA binding proteins (ACBP).[19] Of note,
LCACoAs are highly compartmentalized in cells.[20] So,
although we know that their concentrations and particular
subcellular distributions strongly impact cells and compart-
ment-specific metabolism, currently available bioanalytic
technologies are unable to support real-time monitoring of
LCACoAs and do not support spatially resolved in vivo
analyses. Traditional chromatographic methods can achieve
the quantitative detection of LCACoAs in subcellular organ-
elles,[21] but subcellular fractionation is inherently destructive
and is not conducted in real-time. Thus, methods that support
spatiotemporal tracking of LCACoAs metabolism in living
cells could substantially deepen our understanding of both
LCACoAs biochemistry and of the apparently widespread
impacts of these metabolites on cells and disease.

Here, we report the development of an innovative
genetically encoded fluorescent sensor that enables the direct,
rapid, sensitive, and specific detection LCACoAs in living
cells and subcellular compartments. The sensor was engi-
neered by coupling a conformation sensitive circular-permu-
tated YFP (cpYFP)[22] with an E. coli protein known to bind
LCACoAs. After iterative engineering and optimization of
our LACSer (long-chain acyl-CoA sensor) system, we con-
ducted extensive in vitro and in vivo assays in human cells. We
demonstrate that LACSer�s affinity for LCACoAs and its
sensitive and easily detectable fluorescence responses realize
real-time monitoring of the spatiotemporal distribution and
dynamic changes of LCACoAs. Subsequently, we successfully
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applied LACSer in two scientific investigations, exploring i)
how chemical and genetic disruption of ACSL function
reduces LCACoA levels in real-time and ii) how the rate of
mitochondria-specific LCACoAs utilization differs from the
rate of cytosolic LCACoAs utilization upon such disruption of
ACBP function.

Results and Discussion

A transcription factor from bacteria, FadR, has been
reported[23] to bind LCACoAs, and such binding inhibits its
capacity to interact with DNA. The known Kd values of FadR
to myristoyl-CoA (C14:0), palmitoyl-CoA (C16:0), and
oleoyl-CoA (C18:1) are 59, 369, and 63 nM, respectively,[23]

indicating that FadR is apparently able to bind, with high
affinity, to acyl-CoA molecules containing an acyl chain
longer than C14:0. Structural studies based on a crystal
structure of FadR showed that the binding of myristoyl-CoA
(C14:0) induces conformational changes of the protein,
specifically at Met168 and Tyr172 and at the hinge region
(Figure 1a), with backbone shifts up to 4.5 �.[24] Subsequent-
ly, the difference in the Ca dihedral angle between unbound
and myristoyl-CoA-bound states of FadR was explored
through further computational calculations, as this difference

should be indicative of the magnitude of local conformational
changes around certain amino acid residues.[25] This analysis
implicated Leu89 and His91 in the FadR hinge region as
apparent hotspots for large conformation changes (Fig-
ure 1b). Thus, based on the characteristics of high affinity
for LCACoAs and conformational changes, FadR may
suitable for developing proteinaceous sensors.

Next, we considered and initially explored possible
methods to generate LCACoAs sensor. We started with
FadR as the sensing module and coupled it to a circularly
permuted yellow fluorescent protein (cpYFP), which was
originally reported[22] as part of a hydrogen peroxide sensor
(HyPer) as a fluorescent light output module (Figure 1c). We
hypothesized that upon LCACoAs binding, the conforma-
tional changes of transcription factor could alter the arrange-
ment of the associated cpYFP, resulting in a LCACoA-
dependent change in fluorescence. We constructed five
chimeras in which cpYFP was inserted into the hinge region
and binding pocket of FadR. All five fusion proteins ex-
pressed in E. coli were fluorescent, while only the variant with
cpYFP at His91 showed a significant change of fluorescence
in the presence of myristoyl-CoA (C14:0) (Figure 1d).

Subsequently, we used a two-step approach to engineer
FadR-cpYFP, to improve the performance of the sensor. First,
we conducted site mutations on the residues near the binding

Figure 1. Design and construction of the LCACoAs sensor LACSer. a) The crystal structure using the closed form of FadR (1h9g, white) bound to
myristoyl-CoA and the open form of FadR (without a ligand) (1hw1, gray) indicates the magnitude of the local conformational changes. b) The
difference in Ca dihedrals between apo and myristoyl-CoA-bound state of FadR plotted against residue number (n). The Ca dihedrals were
calculated from the coordinates of Can�1, Can, Can+1, Can+2 and corrected to fall within a range of 0–1808. c) Schematic showing the design to
generate a LCACoAs fluorescent biosensor. The design of LACSer, which is a complete fusion of a FadR monomer and cpYFP. The fluorescent
protein cpYFP is inserted into the region where FadR undergoes the largest conformational change. d) Fluorescence response of different FadR-
cpYFP fusion proteins to 12.5 mM myristoyl-CoA denoted by name and number of the residue after which cpYFP was inserted. e) Fluorescence
response of thirteen variants in the presence of 12.5 mM palmitoyl-CoA. f) Screening result of 63 linker variants. Blue to red vertical bars indicate
fluorescence response in the presence of 12.5 mM palmitoyl-CoA. In (d)–(f), each bar represents the mean of three replicates and the error bars
indicate the SEM.
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pocket,[24] but no variants performed better than the original
FadR-cpYFP backbone (Figure 1e). Second, we optimized
the linker[26] residues between cpYFP and FadR. After
screening 63 variants, no variants superior to the original
linker pair were found (Figure 1 f). Thus, we still selected the
original linker consisting of the N-terminal Ser-Ala-Gly linker
and the C-terminal Gly-Thr linker to further characterize the
variant, which we termed LACSer (long-chain acyl-CoA
sensor).

To further characterize the fluorescence response of
LACSer to LCACoAs, we purified LACSer and tested its
fluorescence response under various conditions, using puri-
fied cpYFP as a negative control (Supporting Information,
Figure S1a and S1b). The sensor has typical excitation and
emission spectra of other cpYFP-based genetically encoded
sensors,[27] with two excitation peaks around 405 nm and
488 nm and one emission peak at 517 nm. LACSer exhibited
obvious decreases in fluorescence with excitation at 488 nm
upon palmitoyl-CoA (C16:0), myristoyl-CoA (C14:0) or
oleoyl-CoA (C18:1) binding, and a second excitation peak

at 405 nm was slightly increased, resulting in a larger change
in the emission intensity ratio between 488 nm and 405 nm
excitation (R488/405) (Figure 2a). This ratiometric change
allows us to normalize the signal and correct for changes in
sensor levels by measuring the ratio of the fluorescence at two
wavelengths (Figure S2a–f).

We also found that incubation of myristoyl-CoA, palm-
itoyl-CoA, or oleoyl-CoA with purified LACSer resulted in
a decrease in R488/405 signal, and these decreases were dose-
dependent (Figure S3a, S3c and S3e); in contrast, incubation
with these LCACoAs only minimally affected cpYFP fluo-
rescence (Figure S3b, S3d and S3f). Further fluorescence
titration studies showed that LACSer has apparent Kd values
for myristoyl-CoA, palmitoyl-CoA, and oleoyl-CoA of 657,
322, and 450 nM, respectively (Figure 2 b).

To determine the specificity of LACSer sensor, we
evaluated the fluorescence response in the presence of acyl-
CoA with different chain lengths. LACSer only displayed
a significant fluorescence response to LCACoAs; i.e., no
detectable fluorescence changes were evident upon addition

Figure 2. Properties of the genetically encoded LCACoAs sensor LACSer. a) Fluorescence spectra of purified LACSer. Excitation (Ex, dashed lines)
and emission (Em, solid lines) scans of the purified sensor with either 0 (red) or 12.5 mM myristoyl-CoA (blue), palmitoyl-CoA (green), or oleoyl-
CoA (orange); excitation was monitored at 517 nm, and emission was monitored after excitation at 500 nm. Data are normalized to peak intensity
at 420 nm in the control condition. b) Dose-response curves for purified LACSer for multiple LCACoA analytes. The ratio of fluorescence
intensities upon excitation at 488 nm, divided by 405 nm (R488/405) upon addition of myristoyl-CoA (C14:0), palmitoyl-CoA (C16:0), or oleoyl-CoA
(C18:1) to the assay solution. c, d) Specificity of LACSer. The ratio of fluorescence intensities upon excitation at 488 nm divided by 405 nm (R488/

405) in the presence of LCACoAs (each of 12.5 mM myristoyl-CoA, palmitoyl-CoA, oleoyl-CoA, and eicosanyl-CoA) and the seven indicated synthetic
structural analogs (each of 100 mM CoA, acetyl-CoA (C2:0), butyryl-CoA (C4:0), hexanoyl-CoA (C6:0), and octanoyl-CoA (C8:0); each of 12.5 mM
decanoyl-CoA (C10:0), and lauroyl-CoA (C12:0)) (c). The ratio of fluorescence intensities upon excitation at 488 nm divided by 405 nm (R488/405) in
the presence of special structure acyl-CoA (each of 100 mM lactyl-CoA, succinyl-CoA, and HMG-CoA) and the seven indicated fatty acids (each of
1 mM acetic acid, propionic acid, butyric acid, malonic acid; each of 0.1 mM decoic acid, myristic acid, and palmitic acid) (d). e) Specificity of
cpYFP. The ratio of fluorescence intensities upon excitation at 488 nm divided by 405 nm (R488/405) in the presence of LCACoAs (each of 200 mM
myristoyl-CoA, palmitoyl-CoA, oleoyl-CoA, and eicosanyl-CoA) and the six indicated synthetic structural analogs (each of 200 mM CoA, acetyl-CoA
(C2:0), butyryl-CoA (C4:0), hexanoyl-CoA (C6:0), decanoyl-CoA (C10:0), and lauroyl-CoA (C12:0)). f) Kinetics of fluorescence response of purified
LACSer protein to 5 mM myristoyl-CoA or 5 mM palmitoyl-CoA, respectively. Addition of 8 mM acyl-CoA binding protein (ACBP) to compete with
LACSer for binding to myristoyl-CoA or palmitoyl-CoA. In (b)–(f), data represent the mean of three replicates and the error bars indicate the SEM.
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of short-chain (C2-C6) or medium-chain (C8-C10) acyl-CoA
molecules (Figure 2c). Nor were detectable fluorescence
changes evident upon addition of lactyl-CoA, succinyl-CoA,
HMG-CoA (3-hydroxy-3-methylglutaryl-CoA), or fatty acids
(Figure 2d). We also tested the fluorescence changes of
purified cpYFP: in the presence of acyl-CoA, cpYFP does not
display any obvious fluorescence changes, suggesting that the
fluorescence change was not caused by the perturbation of the
chromophore (Figure 2 e). Taken together, these results
demonstrate that the LACSer sensor has excellent specificity
for LCACoAs.

Like other cpFP-based sensors, the LACSer fluorescence
may be sensitive to pH.[28] Briefly, our analyses of LACSer
and cpYFP fluorescence at pH values ranging between 6.8
and 8.0 showed that, in the absence of LCACoAs, LACSer
and cpYFP displayed very similar sensitivities to pH (Fig-
ure S4a and S4b). Accordingly, impacts from pH can be
corrected by normalizing LACSer fluorescence based on data
for cpYFP fluorescence as measured in parallel experiments
(Figure S4c).[29] LACSer can sense LCACoAs such as myr-
istoyl-CoA, palmitoyl-CoA, or oleoyl-CoA in the physiolog-
ically relevant pH range of 7.0–8.0, with the maximum
response of the R488/405 signal for LCACoAs only marginally
affected by the tested elevated pH conditions (Figure S4d–f).
Moreover, the fluorescence response of LACSer to myristoyl-
CoA, palmitoyl-CoA, and oleoyl-CoA was not appreciably
affected by temperature between 258 and 358 (Figure S4g–i).

We also monitored LACSer fluorescence in real time in
the presence of acyl-CoA binding protein (ACBP), which has
a higher affinity for LCACoAs (Kd� 1–10 nM)[19] than
LACSer does, meaning it should outcompete LACSer for
binding with free LCACoAs. We observed that LACSer
fluorescence decreased rapidly in the presence of myristoyl-
CoA and palmitoyl-CoA, and the fluorescence recovered
rapidly upon ACBP addition (Figure 2 f). These results
demonstrate the reversibility of the fluorescence output upon
LACSer-substrate binding, supporting its application for real-
time measurement applications.

To evaluate the utility of LACSer for evaluation of
fluctuations in the intracellular concentrations of LCACoAs,
we expressed the LACSer sensor in HEK293T cells for
further testing. The gene for the fusion sensor construct was
expressed in one of two forms: without any targeting peptide
(for cytoplasmic localization: “LACSer”) or with four N-
terminal copies of a mitochondrial-targeting sequence (for
mitochondrial localization: “mito-LACSer”). We found that
LACSer exhibited strong fluorescence in the cytoplasm and
that mito-LACSer exhibited strong fluorescence in mitochon-
dria (Figure S5a and S5b). We also used immunoblotting to
assess the cytoplasmic and mitochondrial expression levels of
LACSer and mito-LACSer (Figure S5c and S5d).

Since LCACoAs cannot be transported across the cell
plasma membrane,[30] our experiments testing intracellular
levels of LCACoAs required use of a cell permeabilization
agent (e.g., digitonin). We first used propidium iodide to
assess the permeability of digitonin in HEK293T cells, and
confirmed that the concentration of digitonin was in the range
of 10–15 mM (Figure S6a and S6b). Next, we added palmitoyl-
CoA to permeabilized HEK293T cells and extracted the

LCACoAs for quantitative analysis by HPLC-MS. The
exogenous additional palmitoyl-CoA indeed increased the
levels of palmitoyl-CoA in HEK293T cells, doing so in a dose-
dependent manner (Figure S6c). We also confirmed that
digitonin does not affect the fluorescence response of the
sensor in vitro or in the HEK293T cells (Figure S6d and S6e).
For HEK293T cells expressing LACSer the addition of 5 mM
each of myristoyl-CoA, palmitoyl-CoA, and oleoyl-CoA each
caused immediate decreases in fluorescence ratio (by ap-
proximately 20 %); no such decrease was detected in control
cells expressing free cpYFP (Figure 3 a–f and Figure S7a).
These results demonstrate that our LACSer sensor can
perceive and report fluctuations in LCACoA concentrations
when expressed in living cells.

To test the specificity of LACSer in living cells, we treated
the cells expressing LACSer with short-chain acyl-CoA or
other structurally diverse acyl-CoA molecules following
digitonin permeabilization. In the presence of butyryl-CoA
(C4:0), HMG-CoA, or lactyl-CoA, no LACSer fluorescence
response was detected by confocal microscopy (Figure 3g–
l and Figure S7b). Collectively, these results confirm that our
LACSer sensor can distinguish LCACoAs from structurally
related analogs.

Then we turned our attention to investigate the dynamic
production and consumption of endogenous LCACoAs inside
cells. Long chain acyl-CoA synthetases (ACSLs) catalyze the
covalent ligation of long chain fatty acids (FA, C12-C20) with
coenzyme A (CoA) to generate LCACoAs.[18] In addition to
controlling the metabolic fate of FAs, ACSLs also regulate the
intracellular pools of FAs and LCACoAs,[31] which have
a wide range of effects on cellular metabolism.

To empirically determine the influence of ACSLs on
intracellular LCACoA levels, we treated HEK293T cells
expressing LACSer or cpYFP with Triacsin C, an competitive
inhibitor of ACSLs[32] (Figure S8a) and monitored the R488/405

fluorescence signal via confocal microscopy. The fluorescence
signal increased by about 30 % within 20 minutes of Triac-
sin C addition, results indicating that the cellular LCACoA
levels decreased; the fluorescence ratio for free cpYFP was
unaltered by the presence of Triacsin C (Figure 4a,b and
Figure S8b), thus excluding the possibility of interference of
fluorescence emission due to pH variation. In addition,
a reported covalent inhibitor of ACSLs, N-ethylmaleimide
(NEM)[32] (Figure S8c), was used to treat HEK293T cells: we
similarly observed an increase in the R488/405 fluorescent signal
of LACSer (Figure 4c and Figure S8d), reflecting a reduction
in the cellular LCACoA levels. Further, we determined that
the LACSer fluorescence response in these cells was inhib-
itor-dose-dependent (Figure S8e). Notably, we detected a de-
creased fluorescence in cpYFP-expressing HEK293T cells
upon addition of a high concentration of NEM (5 mM)
(Figure 4c and d), suggesting a slight decrease in pH during
the 30 min time course. To correct for NEM-mediated effects
on pH in our LCACoAs measurements, we normalized the
LACSer fluorescence based on the cpYFP fluorescence signal
measured in parallel experiments (Figure 4d).[29] We again
used HPLC-MS to evaluate the effects of Triacsin C or NEM
on the intracellular acyl-CoA levels. Both of the ACSL
inhibitors significantly decreased LCACoA levels in
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HEK293T cells (Figure S9a and S9b). In addition, no obvious
fluorescence response was observed when we added Triacsin
C or NEM to purified LACSer or cpYFP (Figure S9c–f),
excluding the possibility that the observed fluorescence
response resulted from a direct physical interaction between
the inhibitors and LACSer or cpYFP. These results collec-

tively demonstrate that LACSer can sense and report
fluctuations in LCACoA levels in cells in real time.

Having demonstrated proof-of-concept for LACSer�s
real-time in vivo detection of altered LCACoA metabolism
upon chemical inhibition of ACSLs, we next conducted
knockdown studies using siRNAs to specifically knock down
ACSL3 in HEK293T cells (Figure 4e). As expected, when

Figure 3. Dynamic detection of LCACoAs in mammalian cells. a–f) Fluorescent images (upper panels, a–c) and time course of R488/405 fluorescent
signal changes (lower panels, d–f) of permeabilized HEK293T cells expressing LACSer or free cpYFP in response to 5 mM myristoyl-CoA (a),
palmitoyl-CoA (b), or oleoyl-CoA (c). For fluorescent images, the experiment was repeated with three cultures; similar results were obtained each
time. Scale bar: 5 mm. For the time course of R488/405 fluorescence signal changes, data are presented as the mean � SEM (LACSer: n = 4 cells
from three cultures; cpYFP: n =4 cells from three cultures (d), LACSer: n = 5 cells from three cultures; cpYFP: n= 6 cells from three cultures (e),
LACSer: n= 4 cells from three cultures; cpYFP: n = 4 cells from three cultures (f)). g–l) Fluorescent images (upper panels, g–i) and time course of
R488/405 fluorescent signal changes (lower panels, j–l) of permeabilized HEK293T cells expressing LACSer or free cpYFP in response to 20 mM
butyryl-CoA (g), HMG-CoA (h) or lactyl-CoA (i). For fluorescent images, the experiment was repeated with three cultures; similar results were
obtained each time. Scale bar: 5 mm. For the time course of R488/405 fluorescence signal change, data are presented as the mean � SEM (LACSer:
n =4 cells from three cultures; cpYFP: n =4 cells from three cultures (j), LACSer: n = 3 cells from three cultures; cpYFP: n = 6 cells from three
cultures (k), LACSer: n = 4 cells from three cultures; cpYFP: n = 4 cells from three cultures (l)). The LACSer signal is presented as a pixel-by-pixel
ratio between the 488 nm excitation image and the 405 nm excitation image.
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ACSL3 was knocked down, the R488/405 fluorescent signal
increased by about 15% relative to the scramble siRNA
(negative) control, revealing a decrease in intracellular
LCACoAs content; no significant change was observed in
cells co-expressing cpYFP and the ACSL3 knockdown
construct (Figure 4 f). We observed similar fluorescent
changes in HEK293T cells that were analyzed by flow
cytometry (Figure 4g and h). HPLC-MS confirmed that the
knockdown of ACSL3 caused a significant reduction in the
levels of LCACoA in HEK293T cells (Figure S9g). Thus, use
of our LACSer sensor enabled dynamic sensing and reporting
of the biological impacts of ACSL3 knockdown on lipid
metabolism.

We also tested whether LACSer can sense and report
changes in LCACoA levels in the mitochondrial matrix of
HEK293T cells using the aforementioned mito-LACSer
variant. Upon treatment of mito-LACSer expressing
HEK293T cells with ACSL inhibitors, there was an increased
the R488/405 fluorescent signal from mitochondria (Figure 5a–
d), indicating the anticipated reduction in mitochondrial
LCACoAs content. These results establish that LACSer can

be used as a sensor for real-time monitoring of mitochondrial
LCACoAs dynamics, and also confirm that ACSLs can
regulate the level of LCACoAs in mitochondria.

ACBP is an approximately 10 kDa protein that binds
LCACoAs with high specificity and affinity (Kd� 1–10 nM),
but does not bind free fatty acids or acyl carnitine, suggesting
that ACBP is one of the major carriers of acyl-CoA in cells.
Studies have confirmed that ACBP controls the transport of
LCACoAs into mitochondria, thereby influencing the levels
of LCACoA in mitochondria.[16] However, the current
methods for studying the function of ACBP cannot achieve
real-time monitoring of mitochondria. We therefore explored
use of LACSer to observe dynamic changes in the spatio-
temporal distribution of LCACoAs in the cytoplasm and in
mitochondria upon experimental modulation of ACBP ex-
pression levels.

First, we knocked down ACBP by siRNA in HEK293T
cells (Figure 6a) and found that the cytoplasmic fluorescent
signal was reduced by about 30% in both flow cytometry and
microscopy analyses (Figure 6b–d). By contrast, the fluores-
cent signal of mitochondrial LACSer increased by about 25%

Figure 4. The LCACoAs level decreased upon impairment of ACSL enzyme function. a, b) Fluorescent images (a) and time course of R488/405

fluorescent signal changes (b) of HEK293T cells expressing LACSer or free cpYFP in response to Triacsin C, a competitive inhibitor of ACSLs,
measured by confocal microscopy. For fluorescent images, the experiment was repeated with three cultures; similar results were obtained each
time. Scale bar: 5 mm. For the time course of R488/405 fluorescence signal changes, data are presented as the mean � SEM (LACSer: n = 13 cells
from three cultures; cpYFP: n =10 cells from three cultures). c, d) Fluorescent images (c) and time course of R488/405 fluorescent signal changes
(d) of HEK293T cells expressing LACSer or free cpYFP in response to NEM, a covalent inhibitor of ACSLs, measured by confocal microscopy. The
blue solid line represents the fluorescence response of LACSer corrected for pH effects. For fluorescent images, the experiment was repeated with
three cultures; similar results were obtained each time. Scale bar: 10 mm. For the time course of R488/405 fluorescence signal changes, data are
presented as the mean � SEM (LACSer: n =20 cells from three cultures; cpYFP: n = 17 cells from three cultures). e) Immunoblotting-based
analysis for the efficiency of siRNA-mediated knockdown of ACSL3 (ACSL3KD) in HEK293T cells, relative to GAPDH or scramble control.
f) Fluorescent images of ACSL3KD or scramble RNA control (siNC) cells expressing LACSer or free cpYFP. The experiment was repeated with two
cultures; similar results were obtained both times. Scale bar: 5 mm. g, h) Averaged R488/405 fluorescent signal changes of LACSer or free cpYFP in
ACSL3KD HEK293T cells, measured by flow cytometry. Each point represents the mean of three replicates and the error bars indicate the SEM.
Negative control, HEK293T cells transfected with scramble siRNA. **P<0.01, unpaired t-test.
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(Figure 6e and f). These results indicate that compared to
scramble control cells, the free LCACoA levels were higher in
cytoplasm upon ACBP knockdown but lower in mitochon-
dria, suggesting reduced ACBP-mediated transport of LCA-
CoAs from the cytoplasm to mitochondria (Figure 6g). In
summary, these results confirm that ACBP can maintain
cytosolic LCACoA levels and regulate the mitochondrial
distribution of LCACoAs.

Conclusion

We developed, characterized, and scientifically deployed
LACSer, an innovative genetically encoded fluorescent
sensor for in vivo detection of LCACoAs. LACSer shows
excellent selectivity and sensitivity (submicromolar) for
LCACoA binding, and LACSer�s fluorescence ratio is highly
sensitive to intracellular LCACoA levels. Thus, LACSer
achieves dynamic detection of LCACoAs in cells and even
subcellular organelles (cytoplasm vs. mitochondria), estab-
lishing its utility for investigations of fine-scale LCACoAs

distributions in human cells in real time. We successfully
obtained empirical evidence from living human cells in
support of previous findings based on indirect detection
methods, specifically regarding function of ACSLs in deter-
mining intracellular contents of LCACoAs and the function
of ACBPs in facilitating mitochondrial import of LCACoAs,
thereby supporting fatty acid b-oxidation and ATP produc-
tion.

The pH stability of a biosensor is relevant because the pH
fluctuates in cells, in various organelles, and in the course of
various physiological processes. When working with a pH-
sensitive probes, these fluctuations can generate pH bias in
their readouts. To manage potential pH bias, we applied
a previously reported simple calibration strategy for the
approximate removal of pH bias from biosensor signals.[29]

This method was suitable because of the similar pH sensitivity
we detected for LACSer and cpYFP; we normalize LACSer
fluorescence based on the cpYFP fluorescence data measured
in parallel experiments. Owing to this pH correction, LACSer
is suitable for measuring dynamic changes in intracellular free
LCACoA levels in various cellular pH contexts.

Figure 5. Mitochondrial LCACoA levels are sensitive to ACSL inhibitors. a) Spatiotemporally resolved changes in the ratiometric fluorescence of
mito-LACSer or mito-cpYFP in sequential frames in response to 50 mM Triacsin C in HEK293T cells. Images are pseudo-color, with the ratio of
fluorescence excited at 488 nm and 405 nm. The experiment was repeated with three cultures; similar results were obtained each time. Scale bar:
5 mm. b) Kinetics of responses of mitochondrial LACSer and cpYFP fluorescence excited at 488 nm and 405 nm in HEK 293T cells treated with
50 mM Triacsin C. Data are presented as the mean � SEM (mito-LACSer: n = 11 cells from three cultures; mito-cpYFP: n = 7 cells from three
cultures). c) Spatiotemporally resolved changes in the ratiometric fluorescence of mito-LACSer or mito-cpYFP in sequential frames in response to
5 mM NEM in HEK293T cells. Images are pseudo-color, with the ratio of fluorescence excited at 488 nm and 405 nm. The experiment was
repeated with three cultures; similar results were obtained each time. Scale bar: 5 mm. d) Kinetics of responses of mitochondrial LACSer and
cpYFP fluorescence excited at 488 nm and 405 nm in HEK293T cells treated with 5 mM NEM. The blue solid line represents the fluorescence
response of mito-LACSer corrected for pH effects. Data are presented as the mean � SEM (mito-LACSer: n = 12 cells from three cultures; mito-
cpYFP: n = 12 cells from three cultures).
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Given its excellent sensitivity, specificity, and photostabil-
ity, LACSer can clearly support investigations of LCACoAs
with high spatiotemporal resolution. Looking towards future
iterations of this sensor and associated detection methods, it
may be possible to engineer LACSer sensor variants that are
specifically localized and/or anchored to additional subcellu-
lar compartments or structures, via fusion of appropriate
signal peptides or binding/interaction domains. As demon-
strated in our LACSer-based mitochondrial investigations,
the capacity to monitor the intracellular synthesis/utilization
of LCACoAs opens the door for previously inaccessible
experiments that could for example delineate the energy
production vs. singaling functions of LCACoAs, for example
to distinguish specific impacts of dynamic substrate pools on
a potentially very large number of protein-lipidation-based
signaling events.

It may also be possible to further tune the specificity of
LACSer and structurally similar iterations of these sensors to
for instance specifically monitor myristoyl-CoA and palmi-
toyl-CoA, again in a variety of cellular and subcellular
contexts. Given the known preferences of FadR for C12-C20
LCACoAs,[18] it may even be possible to further develop the
LACSer concept as a general platform for in vivo detection of

diverse lipid molecules. Success in such efforts would not only
help deepen our basic understanding about lipid metabolism,
it could dramatically expand our biotechnological capacities
for metabolic engineering and for biomedical screening
applications in drug development and even clinical imaging.
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Figure 6. ACBP expression differentially impacts mitochondrial vs. cytosolic LCACoA levels. a) Immunoblotting-based analysis for the efficiency of
ACBP-knockdown (ACBPKD) in HEK293T cells. b) Fluorescent images of ACBPKD or scramble RNA control (siNC) HEK293T cells expressing LACSer
or free cpYFP. The experiment was repeated with two cultures; similar results were obtained each time. Scale bar: 5 mm. c, d) Averaged R488/405

fluorescent signal changes of LACSer or free cpYFP in ACBPKD HEK293T cells, measured by flow cytometry. Each point represents the mean of
three replicates and the error bars indicate the SEM. e, f) Fluorescent images (e) and averaged R488/405 fluorescent signal changes (f) of mito-
LACSer or mito-cpYFP in ACBPKD HEK293T cells, measured by confocal microscopy. For fluorescent images, the experiment was repeated with two
cultures; similar results were obtained each time. Scale bar: 5 mm. For the R488/405 fluorescence signal change: for ACBPKD, mito-LACSer: n =48
cells from two cultures; mito-cpYFP: n = 61 cells from two cultures; for negative control (NC), mito-LACSer: n= 51 cells from two cultures; mito-
cpYFP: n = 65 cells from two cultures). In (b) to (f), negative control (NC) indicates HEK293T cells transfected with scramble siRNA.
****P<0.0001, unpaired t-test. g) Schematic diagram for binding of LCACoAs with ACBP and subsequent transport into mitochondria.
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A Ratiometric Fluorescent Biosensor
Reveals Dynamic Regulation of Long-
Chain Fatty Acyl-CoA Esters Metabolism

LACSer, a genetically encoded long-chain
acyl-CoA fluorescence sensor, generates
a specific fluorescence response to long-
chain acyl-CoA, and can be used for the
ratiometric quantification of long-chain
acyl-CoA in cells and subcellular struc-
tures. The effects of ACSL and ACBP on
the biosynthesis, transport, and down-
stream metabolism of long-chain acyl-
CoA can be studied.
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