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ABSTRACT: Branched-chain amino acids (BCAAs) are essential
amino acids, controlling cellular metabolic processes as signaling
molecules; therefore, utilization of intracellular BCAAs may be
regulated by the availability of nutrients in the environment.
However, spatial and temporal regulation of intracellular BCAA
concentration in response to environmental conditions has been
unclear due to the lack of suitable methods for measuring BCAA
concentrations inside single living cells. Here, we developed a
Förster resonance energy transfer (FRET)-based genetically
encoded biosensor for BCAAs, termed optical biosensor for
leucine−isoleucine−valine (OLIVe). The biosensor showed
approximately 2-fold changes in FRET values corresponding to
BCAA concentrations. Importantly, FRET signals from HeLa cells expressing OLIVe in the cytoplasm and nucleus correlated
with bulk intracellular BCAA concentrations determined from populations of cells by a biochemical method, and were
decreased by knockdown of L-type amino acid transporter 1 (LAT1), a transporter for BCAAs, indicating that OLIVe can
reliably report intracellular BCAA concentrations inside single living cells. We also succeeded in imaging BCAA concentrations
in the mitochondria using mitochondria-targeted OLIVe. Using the BCAA imaging technique, we found apparently correlated
concentrations between the cytoplasm and the mitochondria. We also found that extracellular non-BCAA amino acids affected
intracellular BCAA concentrations. Of these amino acids, extracellular glutamine markedly increased intracellular BCAA
concentrations in a LAT1-dependent manner. Unexpectedly, extracellular pyruvate was also found to have significant positive
effects on maintaining intracellular BCAA concentrations, suggesting that the cells have pyruvate-dependent systems to import
BCAAs and/or to regulate BCAA metabolism.
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■ INTRODUCTION

Branched-chain amino acids (BCAAs), leucine, isoleucine, and
valine, are essential amino acids for the synthesis of protein, as
well as sources for the biosynthesis of ketone bodies, glucose,
and nonessential amino acids, such as alanine, glutamate, and
glutamine, in animals.1,2 Previous pathological and physio-
logical studies have reported alterations in blood BCAA levels
in several illnesses and pathologies; liver disease,3,4 chronic
kidney disease,5,6 chronic obstructive pulmonary disease,7 urea
cycle disorders,8 and traumatic brain injury9 have been linked
to decreases in BCAA levels, while increased BCAA levels
correlate with insulin resistance,10 type 2 diabetes mellitus,11,12

coronary artery disease,13,14 maple syrup urine disease,15 and
obesity.16 In addition, beneficial effects of supplementation or
restriction of BCAAs have been suggested for several illnesses,
including the diseases described above,4,10,15,17−23 as well as for
longevity in model organisms such as mouse,24 fruit fly,25 and
nematode.26 These facts highlight the potential significance of
BCAA levels in regulating cellular functions.

Previously, measurements of BCAAs have been carried out
using enzymatic spectrophotometry27 or chromatographic
techniques.28−34 These methods are useful for determination
of BCAA levels in extracts pooled from a large number of cells.
However, the requirement of cell lysis makes it impossible to
analyze the spatiotemporal dynamics of BCAA levels inside
living cells. Consequently, this has hindered the elucidation of
cellular mechanisms that control intracellular BCAA levels as
well as the roles of BCAAs in regulating cellular processes.
Metabolite imaging using genetically encoded fluorescent

biosensors is increasingly recognized as an important
technique to reveal the spatiotemporal dynamics of metabolites
inside living cells, the utility of which was clearly demonstrated
for metabolites such as glucose,35 glutamine,36 adenosine 5′-
triphosphate (ATP),37 and NAD+/NADH.38,39
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In this study, we developed a genetically encoded Förster
resonance energy transfer (FRET)-based biosensor that
responds to leucine, isoleucine, and valine. The biosensor
enabled quantitative imaging of the intracellular BCAA levels
within the nucleocytoplasm or mitochondria of individual
living mammalian cells, and revealed a complex regulation of
intracellular BCAA levels in response to changes in the
nutritional environment of the cells.

■ EXPERIMENTAL SECTION
Chemicals. N-(2-Hydroxyethyl)piperazine-N′-ethanesulfonic acid

(HEPES) and 3-(N-morpholino)propanesulfonic acid (MOPS) were
purchased from Dojindo Laboratories (Kumamoto, Japan). BCAA
metabolites: sodium 3-methyl-2-oxobutyrate was obtained from
Sigma-Aldrich; 4-methyl-2-oxovaleric acid and 3-methyl-2-oxovaleric
acid were obtained from Tokyo Chemical Industry (Tokyo, Japan).
Solutions of BCAA metabolites were neutralized with sodium
hydroxide before use. Other chemicals were purchased from Nacalai
Tesque (Kyoto, Japan) unless otherwise noted. All chemical reagents
and other solvents used were analytical grade.
Cells and Cell Culture. HeLa cells were routinely cultured in

Dulbecco’s modified Eagle’s medium (DMEM, 1 g/L glucose; Nacalai
Tesque) with 10% fetal bovine serum (FBS; Sigma-Aldrich) at 37 °C,
5% CO2. Cells expressing the biosensor were generated by
transfection with plasmids carrying the biosensor complementary
DNA (cDNA) using Lipofectamine 2000 reagent (Invitrogen)
according to the manufacturer’s instructions. Cells stably expressing
the biosensor were isolated following a protocol described in a
previous report.40

Gene Construction. A cDNA for optical biosensor for leucine−
isoleucine−valine (OLIVe) was synthesized by Genscript. The OLIVe
cDNA was inserted between XhoI and HindIII sites of pRSET-B and
pcDNA3.1(−) vectors to produce pRSET-OLIVe and pcDNA-
OLIVe, respectively. To generate pcDNA-mit-OLIVe, the OLIVe
cDNA was further amplified by polymerase chain reaction (PCR),
and inserted between BamHI and HindIII sites of a pcDNA-mit
vector, which was prepared from pcDNA-mitATeam1.03 by digestion
with BamHI and HindIII.37 The constructs used in the present study
are illustrated in Figure S1.
Purification of the Biosensor. For in vitro characterization, the

protein was purified according to a protocol described in a previous
report41 with slight modifications. The protein was purified from the
lysate of Escherichia coli strain JM109 (DE3) carrying the biosensor
plasmid using a Ni−NTA Superflow column (QIAGEN). The protein
was further purified on a Superdex 200 gel-filtration column (GE
Healthcare) pre-equilibrated with 20 mM of Tris−HCl (pH 8.0) and
150 mM of sodium chloride. The purified protein was stored at 4 °C
and used within 12 weeks of purification.
Characterization of the Biosensor in Vitro. Fluorescence

spectra of the purified biosensor were measured using an FP-6500
spectrofluorometer (Jasco). After 1 h stabilization at 37 °C in 10 mM
of phosphate-buffered saline (PBS) (pH 7.4, Wako) containing 10%
sucrose, 1% bovine serum albumin (BSA), 0.1% NP-40, 50 mM of
NaCl, and 100 μM of tris(2-carboxyethyl)phosphine (TCEP) (buffer
A), fluorescence spectra from 460 to 600 nm were scanned at a
scanning speed of 1000 nm/min. The excitation wavelength was 435
± 2.5 nm. Sucrose and NP-40 were added to stabilize the diluted
biosensor. The amino acid selectivity of OLIVe was investigated at 37
°C in buffer A containing 0.1−1 mM of each amino acid, respectively.
The pH dependency of the biosensor was investigated at 37 °C with
0−10 mM of leucine in 50 mM of MOPS−KOH (pH 6.3−7.5) or
HEPES−KOH (pH 7.7−8.3) containing 10% sucrose, 1% BSA, 0.1%
NP-40, 50 mM of NaCl, and 100 μM of TCEP. The values of K0.5
were calculated using Hill equations: R = (Rmax − Rmin) × [S]n/([S]n

+ K0.5
n) + Rmin, where n is the Hill coefficient, and Rmax and Rmin are

the maximum and minimum ratios of the 527/475 nm peak intensity,
respectively. The purified protein, still containing a His-tag at the N-
terminus, was used for in vitro characterization. The amino acid
sequence of the His-tagged OLIVe is shown in Figure S1.

Note that the FRET signals were considerably perturbed by redox
states in the measurement conditions, as displayed by their significant
increases in the presence of an oxidant even without the addition of
any amino acids (Figure S2). This may be due to conformational
changes derived from a formation of a disulfide bond inside leucine/
isoleucine/valine-binding protein (LIVBP).42 Because it has been
demonstrated that the cellular redox potential is maintained at a
relatively low level (approximately −240 mV),43 the disulfide bond
should not form in the cytosol and mitochondria in living cells.
Nevertheless, in the present study, in vitro characterizations of
purified OLIVe were carried out in the presence of a reducing agent
(100 μM TCEP).

High-Performance Liquid Chromatography (HPLC) Analysis
of Free Amino Acid Concentrations in Cells. Cells were
trypsinized and suspended in precooled PBS, followed by measuring
cell number and cell volume in the suspension with a TC10 cell
counter (Bio-Rad). To prepare samples for HPLC analysis, aliquots of
the suspension were further collected by centrifugation at 6000g for 3
min at 4 °C. Pellets were disrupted by ultrasonication in 80% MeOH
for 20 min at room temperature, followed by centrifugation at 13 000g
for 15 min. Aliquots of the supernatant were filtered (pore size; 0.2
μm), and free amino acids in the samples were analyzed using an
Agilent 1100 system equipped with an Agilent Poroshell 120 EC-C18
column (3.0 × 150 mm2, 2.7 μm) according to the manufacturer’s
instructions. For labeling amino acids in samples, an o-phthaldialde-
hyde (OPA)/fluorenylmethyloxycarbonyl chloride (FMOC) derivati-
zation method was used. Cellular concentrations of individual amino
acids were calculated using the following equation: Cellular amino
acid concentration = [amino acid]/(CN × CV), where [amino acid]
and CN represent the total amino acid concentrations and total cell
number in the aliquot, respectively, and CV represents the cell volume
estimated from the diameters of the trypsinized cells.

Microscopy Assay. Fluorescent dual emission ratio imaging was
carried out according to a previous report.37 Prior to imaging, the
culture medium was changed to phenol red-free DMEM containing
5% FBS without vitamin B2, and the cells were incubated at 37 °C
with 5% CO2 for 5−10 h. Exclusion of phenol red and vitamin B2 was
performed to reduce autofluorescence from the medium during
imaging. Imaging was performed on a Nikon Eclipse Ti-E inverted
microscope with a perfect focus system (Nikon Instruments) using
the following objective lenses (Nikon Instruments): a CFI Plan Apo
20× (NA; 0.75) for the images in Figures 2G and S4, a CFI Apo
TIRF 60× (NA; 1.49) objective lens for Figures 2A and 3A, and a
CFI Plan Apo λ 40× (NA; 0.95) for the rest of the imaging
experiments. Fluorescence emissions were captured using a 400−600
ms exposure time using an sCMOS camera (Zyla4.2, Andor
Technology) for Figure 2C,D and Supplemental Movie 1, or a
charge-coupled device (CCD) camera (ORCA-AG, Hamamatsu
Photonics) for the rest of the imaging experiments. The FRET
signals were assessed by the ratio of yellow fluorescent protein
(YFP)/cyan fluorescent protein (CFP) fluorescence emissions, which
was calculated using the integrated intensity of YFP emission and
CFP emission within the area of the whole cell for cytosol or the area
surrounding the mitochondria for mitochondria inside individual cells,
respectively. The following filter sets (Semrock) were used for the
imaging: an FF01-427/10 excitation filter, an FF458-Di01 dichroic
mirror, and two emission filters (FF01-483/32 for CFP and FF01-
542/27 for YFP). The BCAA levels were converted to pseudo-color
images generated by the emission ratio of YFP/CFP calculated from
the YFP and CFP fluorescence images. Analysis of the images was
performed using MetaMorph software (Molecular Devices). The
background subtraction was carried out using a fluorescence signal
within an area devoid of cells as a background signal.

Western Blot Analysis. Protein expression levels were inves-
tigated by western blotting analysis. The following primary antibodies
were used: a rabbit polyclonal antibody against L-type amino acid
transporter 1 (LAT1) (Cell Signaling, #5347, 1:1000 dilution ratio)
and a mouse monoclonal antibody against actin (Merck, MAB1501,
1:2500 dilution ratio). Horseradish peroxidase (HRP)-labeled anti-
mouse or -rabbit IgG antibodies (GE Healthcare, 1:2500 dilution
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ratio) were used as the secondary antibody. Chemi-Lumi One reagent
(Nacalai Tesque) was used as the HRP substrate. An LAS4000 imager
(GE Healthcare) was used to detect luminescence.
siRNA Treatment. The following predesigned and validated

siRNA duplexes (Silencer Select siRNAs, Invitrogen) were used for
suppressing the expression of human LAT1: s15653 for siLAT1#1
and s15655 for siLAT1#2. Negative control experiments were carried
out using Silencer Select Negative Control #1 siRNA (Invitrogen).
Lipofectamine RNAiMAX reagent (Invitrogen) was used for trans-
fection of siRNAs according to the manufacturer’s protocol.
siRNA#1
Sense: 5′-UGUCCAAUCUAGAUCCCAAtt-3′
Antisense: 5′-UUGGGAUCUAGAUUGGACAca-3′
siRNA#2
Sense: 5′-ACAGAAAGCCUCACUUCAtt-3′
Antisense: 5′-UCAAGCUCAGGCUUUCUGUgg-3′

■ RESULTS AND DISCUSSION
Development and Characterization of a FRET-Based

BCAA Biosensor. A FRET-based BCAA biosensor, termed
optical biosensor for leucine−isoleucine−valine (OLIVe), was
developed by combining the gene for leucine/isoleucine/
valine-binding protein (LIVBP) from E. coli with seCFP (a
variant of cyan fluorescent protein, CFP)44 and cp173-Venus
(a variant of yellow fluorescent protein, YFP)45 as a donor and
an acceptor, respectively. LIVBP belongs to the bacterial

periplasmic binding protein superfamily. Periplasmic binding
proteins, or substrate-binding proteins, for a wide variety of
ligands have been identified, including ions, heme, carbohy-
drates, and amino acids.46,47 Commonly, these proteins have a
ligand-binding site at the interface of two domains, and
undergo a large conformational change upon ligand binding.
These features make periplasmic binding proteins attractive
materials for biosensors,46 and in fact, Frommer and co-
workers have succeeded in developing a series of genetically
encoded fluorescent biosensors for metabolites, including
glucose, maltose, and glutamine, by fusing fluorescent proteins
to periplasmic binding proteins.35,36,48 However, a previous
crystallographic study of LIVBP revealed that in spite of the
large global conformational changes, binding of BCAA leaves
the distance between the N- and C-termini of the protein
virtually unaltered (from 48.5 to 51.5 Å) (PDB accession
codes: 1z15 and 1z16).49 Thus, the simple fusion of
fluorescent proteins to the N-terminal and C-terminal ends
of the protein was expected to result in poor FRET gain upon
ligand binding. In fact, the ligand-induced FRET gain of
recently reported fluorescent biosensors for leucine (FLIP-
Leu), in which CFP and YFP are fused to the N- and C-termini
of periplasmic leucine-binding protein (LBP), respectively, is
quite small.50 LIVBP and LBP share ≈80% amino acid

Figure 1. Characterization of a FRET-based BCAA biosensor, OLIVe. (A) Schematic model of the developed biosensor. In the absence of BCAAs,
LIVBP adopts an opened form (BCAA-free form). Upon BCAA binding, its conformation changes, leading to a closed form (BCAA-bound form).
Accompanied by these conformational changes, the distance between CFP and YFP inserted into LIVBP is altered, which translates to alterations in
FRET efficiency from CFP to YFP. (B) Representative emission spectra changes with BCAAs in vitro. Fluorescence emission spectra of the
biosensor at various leucine concentrations (0−10 mM) were examined at 37 °C. (C) Changes in the fluorescence emission ratio (527/475 nm)
along with BCAA concentrations. The emission ratio values of the biosensor at 37 °C were plotted against BCAA concentrations. The regression
model was obtained using Hill equations. (D, E) The selectivity of the biosensor among (D) amino acids (100 μM to 1 mM) and (E) BCAA
metabolites (1 mM). KIV, KMV, and KIC represent α-ketoisovalerate, α-keto-methylvalerate, and α-ketoisocaproate, respectively. Ctrl: buffer
without any amino acids. (F) pH dependency of the biosensor. (G) Representative initial rate changes in the emission ratio of the biosensor
binding a BCAA. Rate changes in fluorescence emission spectra of the biosensor at various leucine concentrations (10 μM to 3 mM) were
examined. For (B)−(G), the values represent mean ± SD (n = 3, independent repetitions).
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identities, and the distance between N- and C-termini of LBP
is, like LIVBP, almost unchanged upon ligand binding. In
contrast to the distance between N- and C-termini, the
distance between amino acid positions 180 and 270 in LIVBP
is reduced from 46.0 to 30.9 Å upon BCAA binding. We thus
inserted YFP between amino acid positions 180 and 181, and
CFP between amino acid positions 269 and 271 of LIVBP,
with short glycine-based linkers (Figures 1A and S1), rather
than simply fusing the fluorescent proteins to both ends of the
protein; in principle, this should yield a larger FRET gain.51

When the purified biosensor was excited at 435 nm, two
fluorescent emission peaks were detected at 475 and 527 nm,
derived from CFP and YFP, respectively (Figure 1A,B). The
emission spectrum of the biosensor changed depending on the
BCAA concentration, where an increase in the BCAA
concentration and YFP intensity was inversely correlated
with CFP intensity (Figure 1B). Based on this property, FRET
signals from the biosensor can be assessed by the emission
ratios of YFP/CFP, and reflect BCAA concentrations (Figure
1C). The dynamic range of FRET signals was approximately
105%, as displayed by the maximum increment in FRET
signals in the presence of 10 mM of leucine (Figure 1C). The
affinity of the biosensor for BCAAs (K0.5) was 97 ± 3, 83 ± 1,

and 589 ± 23 μM for leucine, isoleucine, and valine,
respectively. These values are higher than those previously
reported for the original LIVBP (8 μM for leucine).41 The
disparities might be due to the insertion of the fluorescent
proteins into LIVBP, which could affect the conformation of
LIVBP. We examined the selectivity of the biosensor for all 20
individual amino acids (0.1−1 mM), and found that significant
increases in the FRET signals were observed only in the
presence of leucine, isoleucine, or valine (Figure 1D). We did
observe slight increases in the FRET signals at relatively high
concentrations of cysteine, methionine, or threonine. The
metabolites of BCAA, their corresponding α-ketoacids [α-
ketoisovalerate (KIV) for valine, α-keto-methylvalerate (KMV)
for isoleucine, α-ketoisocaproate (KIC) for leucine], did not
increase the FRET signals, respectively (Figure 1E). The pH
dependency test demonstrated the utility of the biosensor over
a wide range of pH (Figure 1F). In addition, slight pH
alterations around normal cytosolic pH, which is near 7.3,52

have small effects on the FRET signal. The initial rate of
change in the FRET signal was saturated at higher BCAA
concentrations, obeying Michaelis−Menten-like kinetics (Fig-
ure 1G). This suggests that the conformational changes of the
biosensor consist of a very rapid BCAA-binding step, followed

Figure 2. Monitoring of intracellular BCAA levels in HeLa cells. (A) Representative wide-field images of CFP (left), YFP (middle), and FRET
signals (right) of a single OLIVe-expressing HeLa cell. Images of FRET signals are presented in pseudo-color corresponding to the values of the
YFP/CFP emission ratio. Scale bar represents 20 μm. (B, C) Representative time course of FRET signals of OLIVe-expressing cells in various
culture conditions. For (B), cells were cultured in normal culture medium (DMEM) (black line) or DMEM containing excess (24 mM) BCAA
(red line). At time = 0, DMEM or BCAA solution was added. For (C), cells were treated with amino acid-free medium [Earle’s balanced salt
solution (EBSS)] at time = 0 (h). Subsequently, 2.4 mM of BCAA (equivalent to the BCAA amounts in DMEM) were added to the EBSS at time =
5 (h). Each line represents FRET signals of individual cells. For (B), and (C), three independent experiments gave consistent results. (D)
Representative sequential wide-field images of FRET signals of a single cell, corresponding to the results in (C). The values below the images
represent time (min) after the EBSS treatment. Scale bar represents 20 μm. (E) Intracellular BCAA concentrations estimated by HPLC. (F)
Distribution of FRET signals of single OLIVe-expressing cells. After a 6-h incubation in media with various BCAA concentrations, cells were
subjected to measurements of BCAAs with (E) an HPLC technique [n = duplicate or triplicate; the values represent mean ± standard deviation
(SD)] or (F) an imaging system using the biosensor. For (E), box-and-whisker plots of values in FRET signals from individual cells are shown (n =
54−63 cells for each treatment, from three independent repetitions). (G) Correlation between bulk intracellular BCAA concentrations and the
average values of the FRET signals. The total values of each BCAA concentration determined by HPLC vs the average values of FRET signals were
plotted. The values represent mean ± SD. The data were corresponding to the assays (E, F).
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by a slow conformational maturation step. The apparent
maximum rate was determined to be 1.8 × 10−2, 1.7 × 10−2,

and 1.6 × 10−2 min−1 for leucine, isoleucine, and valine,
respectively.

Table 1. Intracellular Amino Acid Concentrations Determined by HPLCa

amino acid-free DMEM

intracellular concentration (μM) + 0.6 mM BCAA +2.4 mM BCAA DMEM DMEM composition*

Ala 240 ± 48 218 ± 55 210 ± 22 261 ± 26
Asn 109 ± 2 40 ± 14 38 ± 8 98 ± 15
Asp 461 ± 10 1309 ± 19 893 ± 37 1907 ± 129
Arg 117 ± 68 65 ± 25 81 ± 35 84 ± 2 400
Cys−Cys nd. nd. nd. 21 ± 7 200
Gln 30 ± 2 nd. 32 ± 31 1663 ± 141 4000
Glu 3138 ± 222 3979 ± 118 2774 ± 73 4970 ± 90
Gly 85 ± 27 117 ± 31 138 ± 27 1047 ± 172 400
His 28 ± 7 36 ± 8 32 ± 2 159 ± 8 200
Ile 62 ± 3 146 ± 15 549 ±64 445 ± 72 800
Leu 109 ± 31 249 ± 26 781 ± 102 615 ± 71 800
Lys 97 ± 48 104 ± 4 227 ± 5 256 ± 79 800
Met 46 ± 6 41 ± 13 59 ± 3 156 ± 22 200
Phe 54 ± 3 53 ± 19 92 ± 1 284 ± 54 400
Pro nd. nd. 124 ± 110 302 ± 46
Ser 88 ± 58 37 ± 4 72 ± 34 395 ± 106 400
Thr 45 ± 13 32 ± 0 70 ± 7 806 ± 156 800
Trp 46 ± 0 32 ± 20 44 ± 2 93 ± 17 78
Tyr 49 ± 3 33 ± 0 76 ± 2 299 ± 48 400
Val 86 ± 14 181 ± 18 622 ± 75 421 ± 69 800
total 4920 ± 572 6694 ± 41 6938 ± 547 14 582 ± 560 10 678

aThe values represent the mean ± SD (n = duplicate or triplicate). In the table, DMEM composition* and nd. represent amino acid levels in
normal culture medium (DMEM) and not detected, respectively.

Figure 3. Visualization of BCAA levels in the mitochondrial matrix. (A) Localization of mit-OLIVe expressed in HeLa cells. Images were captured
from cells labeled with 100 nM of Mitotracker Red CMXRos at 37 °C for 30 min. The panel shows fluorescence images of mit-OLIVe (left),
Mitotracker Red (middle), and the merged image (right), obtained from a representative HeLa cell expressing mit-OLIVe. Scale bar represents 10
μm. (B) Representative time course of FRET signals of HeLa cells expressing mit-OLIVe. Cells were treated with DMEM without BCAAs at time =
0 and subsequently recultured in DMEM at time = 4 h. Each line represents FRET signals from individual cells. Three independent experiments
gave consistent results. (C) Distribution of FRET signals of cells expressing mit-OLIVe. FRET signals were examined in cells after a 5-h treatment
with amino acid-free DMEM supplemented with 1 mM of valine, isoleucine, or leucine. Box-and-whisker plots of FRET values from individual cells
are shown (n = 15−36 cells for the each treatment, from two to three independent repetitions). (D) Correlation of the average FRET signals in the
nucleocytoplasm and the mitochondrial matrix. FRET signals were examined 5 h after the addition of individual amino acids (1 mM) to cells
preincubated in amino acid-free DMEM supplemented with 1 mM of valine for 5 h. The FRET signals from mit-OLIVe-expressing cells vs OLIVe-
expressing cells were plotted in the response to each amino acid. The values represent the mean ± SD (n = 42−97 cells for each treatment, from
three independent repetitions).
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Visualization of Nucleocytoplasmic BCAA Levels in
Single Living Mammalian Cells. When the biosensor was
expressed in cells, it localized largely in the cytosol, with a
fraction in the nucleus, as examined by fluorescence (Figure
2A). FRET signals were calculated by dividing the YFP to CFP
fluorescence emissions from cells upon excitation of CFP.
First, we monitored the FRET signals in single cells under
various culture conditions. The cells cultured in normal culture
medium (DMEM) showed steady FRET signals (Figure 2B).
FRET signals from cells were apparently independent of the
expression levels of the biosensor in the cells, at least in our
experimental condition (Figure S3). When an excess amount
of BCAAs was added to the medium, FRET signals gradually
increased (Figure 2B). In contrast, when the cells were
cultured in amino acid starvation medium (EBSS), the FRET
signals rapidly decreased and gradually recovered following the
addition of BCAAs to EBSS (Figure 2C,D and Supplemental
Movie 1). Recovery of the FRET signals of OLIVe from the
starvation took hours (Figure 2C). This period required for the
recovery may simply reflect the activity of transporters for
BCAA in HeLa cells. Another possibility is that intracellular
utilization of BCAA for protein synthesis and/or other
metabolic pathways competes with the uptake, resulting in
the slow recovery of the intracellular BCAA level.
Next, we compared the FRET signals from single OLIVe-

expressing cells with bulk intracellular BCAA concentrations,

which were calculated from cell populations using an HPLC
technique, under various concentrations of BCAAs (Figure 2E
and Table 1). As expected, bulk intracellular BCAA
concentrations were highly dependent on BCAA amounts in
the medium. FRET signals from the OLIVe-expressing cells
were also dependent on BCAA amounts in these media and
were highly correlated with the bulk intracellular BCAA
concentrations (Figure 2F). The results clearly demonstrate
that FRET signals from OLIVe expressed in single cells
represent intracellular BCAA levels. According to the values
determined by HPLC, the biosensor feasibly enabled measure-
ments of BCAA inside cells from approximately 200 μM to 2
mM (Figure 2G).

Visualization of Mitochondrial BCAA Levels. A portion
of cytosolic BCAAs should be transported into the
mitochondrial matrix because BCAAs are utilized for
mitochondrial protein synthesis and metabolized as cellular
energy sources. However, it has been impossible to specifically
monitor BCAA levels in the mitochondrial matrix. We fused
two tandem copies of the mitochondrial targeting signal from
cytochrome c oxidase subunit VIII to the N-terminus of OLIVe
to target it to the mitochondrial matrix (Figure S1). The fused
protein, mit-OLIVe, properly localized to the mitochondrial
matrix, as demonstrated by its fluorescence colocalization with
MitoTracker Red (Figure 3A). Similar to the result for OLIVe,
we observed alterations in FRET signals from mit-OLIVe

Figure 4. Impacts of extracellular nutrients on intracellular BCAA levels. (A) Expression levels of LAT1 in HeLa cells with two independent LAT1
siRNAs. (B) Effects of LAT1 knockdown on FRET signals in HeLa cells. Cells were incubated for 40 h at 37 °C in DMEM after the siRNA
treatment and subjected to (A) western blot analysis (n = triplicate) or (B) the BCAA measurement using the biosensor (n = 47−130 cells, from
three independent repetitions). Negative Ctrl represents cells treated with negative control siRNA. The values represent the mean ± SD. (C) Time
course of average FRET signals of cells. Cells were switched to nutrient-free medium supplemented with 1 mM of valine (control, black line) and 1
g/L of glucose (green line), or 1 mM of pyruvate (blue line), or 4 mM of glutamine (red line) at time = 0 (n = 26−35 cells for each treatment, from
three independent repetitions). (D) Distribution of FRET signals. Box-and-whisker plots of FRET values are shown at time = 5 h after the
treatment corresponding to the assay in (C) and (E). (E) Time course of average FRET signals of cells. Cells were switched from DMEM to
nutrient-free medium (control, black line) or medium containing 1 g/L of glucose (green line), or 1 mM of pyruvate (blue line), or 4 mM of
glutamine (red line) at time = 0 (n = 24−33 cells for each treatment, from three independent repetitions). ***P < 0.001 by analysis of variance
(ANOVA) with Tukey’s post-hoc test.
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coinciding with BCAA amounts in the culture medium (Figure
3B). Consistently, cells cultured in amino acid-free DMEM
showed increased mit-OLIVe FRET signals in response to
supplementation of the medium with individual BCAAs
(Figure 3C). From these results, we concluded that mit-
OLIVe was capable of monitoring mitochondrial BCAA levels.
Intracellular BCAA Levels are Regulated by the

Nutritional Environment of the Cells. BCAA measure-
ments using OLIVe and the HPLC technique indicated that
omitting non-BCAA amino acids from DMEM apparently
increased the intracellular BCAA level in cells (Figure 2E,F and
Table 1), suggesting potential impacts of other amino acids on
intracellular BCAA levels. To examine this, we quantified
FRET signals of OLIVe-expressing cells and mit-OLIVe-
expressing cells in response to the addition of individual non-
BCAA amino acids to cells cultured in amino acid-free DMEM
supplemented with valine (Figures 3D and S4). Interestingly,
intracellular BCAA levels significantly varied depending on
which amino acid was added. Of these, glutamine significantly
enhanced both the nucleocytoplasmic and mitochondrial
BCAA levels. We found a strong positive correlation between
nucleocytoplasmic and mitochondrial BCAA levels. The results
suggest that transport of BCAA from the cytoplasm to the
mitochondria may largely depend on the difference of BCAA
levels between the two subcellular compartments. We note that
there is a large difference between the cytoplasm and the
mitochondria in the case of added serine (Figures 3D and S4).
This discrepancy raises the possibility that there may be
distinct amino acid transport systems in the mitochondrial
inner membrane as opposed to the plasma membrane in HeLa
cells.
Previously, it has been reported that L-type amino acid

transporter 1 (LAT1) is responsible for the large part of BCAA
uptake in cancer cells, including HeLa cells.53,54 Consistently,
LAT1 knockdown cells showed significantly decreased FRET
signals compared to the control cells (Figures 4A,B and
S5A,B). Previous reports have suggested that glutamine influx
triggers BCAA entry via the LAT1 exchanger.55,56 Therefore,
we speculated that the observed glutamine-mediated increase
in intracellular BCAA levels was achieved through LAT1
activity. As expected, we observed that LAT1 knockdown
significantly suppressed the increase in FRET signals by
addition of glutamine (Figure 4B). These results clearly
demonstrated that LAT1 is a key transporter determining
intracellular BCAA levels in HeLa cells.
BCAAs are potent nutritional signaling molecules that

regulate cellular metabolic processes, such as glucose and
protein synthesis.2 Therefore, utilization of BCAAs may be
regulated according to the availability of cellular energy sources
in the environment to maintain cellular homeostasis. Based on
this notion, we further characterized the impacts of glutamine
as well as glucose and pyruvate on intracellular BCAA levels by
time-lapse BCAA imaging. HeLa cells cultured in nutrient-free
medium supplemented with valine gradually lost nucleocyto-
plasmic BCAAs over time (Figure 4C). On the other hand, we
observed significantly maintained BCAA levels in the presence
of glutamine (Figure 4C,D), consistent with the above results
(Figure 3D). Interestingly, cells retained slightly higher BCAA
levels in the presence of glucose or pyruvate during starvation
compared to control cells. This observation suggests that not
only glutamine but also glucose and pyruvate enhance uptake
of BCAAs into the cells since HeLa cells are unable to
synthesize BCAAs. Supporting this idea, the nutrient-mediated

increases in BCAA levels were not observed in the absence of
valine (Figure 4E). Although the addition of glucose or
pyruvate may affect intracellular pH, effects of pH on the
observed FRET increases upon adding glucose or pyruvate
(Figure 4C) must be negligible because the FRET increases
were not observed in the absence of valine (Figure 4E).
However, care must be taken in interpreting the FRET signals
of OLIVe under particular conditions where large pH changes
occur, for example in glucose-starved yeast cells,57 because
OLIVe’s signal could be altered at a relatively high or low pH
(Figure 1F) and fluorescent proteins can be more sensitive to
pH in vivo than in vitro.58

Our results indicate that intracellular BCAA levels are
determined not only by environmental BCAA levels and
transporter activity but also by other nutrients in the
environment. Imaging of intracellular BCAA levels with the
fluorescent biosensor will be a key technique to understand
this complex behavior of BCAAs inside cells.

■ CONCLUSIONS

To monitor intracellular BCAA concentrations in space and
time, we developed a genetically encoded FRET biosensor for
BCAAs, termed OLIVe. The relatively large (≈100%) FRET
gain of OLIVe suggests that the insertion of a donor and/or an
acceptor fluorescent protein within a sensory protein could be
a viable alternative strategy to the more typical addition of the
fluorescent proteins to the termini. This strategy can be
especially effective when the distance between the termini is
almost unchanged upon ligand binding, but internal conforma-
tional changes are larger. The FRET signal of the purified
OLIVe increased in response to each BCAA species, leucine,
isoleucine, and valine. Although it also responds slightly to
high concentrations of cysteine, threonine, and methionine, the
effect of these amino acids can be ignored when using OLIVe
in cultured mammalian cells because the intracellular
concentrations of these amino acids are below 1 mM in
normal culture conditions (Table 1). Although OLIVe was
functional over a wide range of pH, we did observe some pH-
dependent changes in the FRET signal. Thus, large alterations
of pH should be avoided when comparing OLIVe signals in
different conditions. The FRET signal of intracellularly
expressed OLIVe was highly dependent on the medium
BCAA level, and was highly correlated with biochemically
determined intracellular BCAA concentrations, confirming that
OLIVe also functions inside mammalian cells. Surprisingly, we
found that the presence of non-BCAA amino acids, as well as
glucose and pyruvate, significantly affected the intracellular
BCAA concentration. Although the mechanism governing how
these metabolites change intracellular BCAA levels is
unknown, our results indicate that the intracellular BCAA
concentration is determined by a complex context of the
nutritional environment of the cell. Finally, we showed that
knockdown of the LAT1 amino acid transporter significantly
decreased the basal BCAA level and also abolished the
glutamine-induced BCAA increase. Recent preclinical studies
and drug developments for cancer have been exploiting the
potential of amino acid transporters as therapeutic targets,
including LAT1.59 Therefore, BCAA imaging might be applied
to screen anticancer drugs that inhibit transporters impacting
BCAAs in cancer cells.
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(11) Suhre, K.; Meisinger, C.; Döring, A.; Altmaier, E.; Belcredi, P.;
Gieger, C.; Chang, D.; Milburn, M. V.; Gall, W. E.; Weinberger, K.
M.; Mewes, H. W.; Hrabe ́ de Angelis, M.; Wichmann, H. E.;
Kronenberg, F.; Adamski, J.; Illig, T. Metabolic Footprint of Diabetes:
A Multiplatform Metabolomics Study in an Epidemiological Setting.
PLoS One 2010, 5, No. e13953.
(12) Wolak-Dinsmore, J.; Gruppen, E. G.; Shalaurova, I.; Matyus, S.
P.; Grant, R. P.; Gegen, R.; Bakker, S. J. L.; Otvos, J. D.; Connelly, M.
A.; Dullaart, R. P. F. A novel NMR-based assay to measure circulating
concentrations of branched-chain amino acids: Elevation in subjects
with type 2 diabetes mellitus and association with carotid intima
media thickness. Clin. Biochem. 2018, 54, 92−99.
(13) Bhattacharya, S.; Granger, C. B.; Craig, D.; Haynes, C.; Bain, J.;
Stevens, R. D.; Hauser, E. R.; Newgard, C. B.; Kraus, W. E.; Newby,
L. K.; Shah, S. H. Validation of the association between a branched
chain amino acid metabolite profile and extremes of coronary artery
disease in patients referred for cardiac catheterization. Atherosclerosis
2013, 232, 191−196.
(14) Ruiz-Canela, M.; Toledo, E.; Clish, C. B.; Hruby, A.; Liang, L.;
Salas-Salvado,́ J.; Razquin, C.; Corella, D.; Estruch, R.; Ros, E.; Fito,́
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