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ABSTRACT: The amino acid L-arginine (Arg) plays important roles in multiple
metabolic and physiological processes, and changes in its concentration have
been implicated in pathological processes. While it is important to measure Arg
levels in biological systems directly and in real-time, existing Arg sensors respond
to L-ornithine or L-lysine. Here we report ArgS1, a new Arg sensor. It showed a
concentration-dependent increase in the ratio Ex488/405 for Arg with an
apparent affinity of ∼64 μM and with a dynamic range (ΔR/R0) of 3. ArgS1
responds to Arg in both the cytoplasm and the subcellular organelles. ArgS1
monitored Arg levels in MDA-MB-231 cells, a breast cancer cell line deficient in a
key enzyme for Arg synthesis (arginino-succinate synthetase1, ASS1) and
amenable to Arg depletion therapy. We found that Arg levels in MDA-MB-231
cells decreased after depletion of extracellular Arg with a concomitant decline in
cell viability. When ASS1 was overexpressed in the cells, Arg levels increased and
cell viability was also enhanced. Thus, ArgS1 is an effective tool for real-time monitoring of Arg in human cells over a dynamic range
of physiological and pathological relevance.
KEYWORDS: L-arginine, fluorescent protein, fluorescent probe, biosensor, cell imaging

In the human body, L-arginine (Arg) is a conditionally
essential amino acid that is physiologically important.1,2 The

main sources of Arg include protein degradation, dietary
intake, and de novo synthesis.3 Arg synthesis involves two key
enzymes: argininosuccinate synthetase (ASS), which converts
L-citrulline (Cit) into argininosuccinate, and argininosuccinate
lyase (ASL), which cleaves argininosuccinate into Arg.4,5 Arg is
catalyzed by nitric oxide synthases (NOS) to produce Cit and
nitric oxide (NO), with Arg being the sole direct precursor of
NO.6−9 Arg participates in the urea cycle, being hydrolyzed
into urea and L-ornithine (Orn) by arginases (ARGs),10,11

which is vital for ammonia detoxification.12 Arginine: glycine
amidinotransferase (AGAT), a mitochondrial enzyme, cata-
lyzes Arg to produce guanidinoacetate, the direct precursor of
creatine.13−15 Disorders of Arg metabolism are associated with
diseases.5,16 Arginase 1 (ARG1) deficiency leads to hyper-
argininemia, a rare inherited metabolic disease characterized by
progressive neurological symptoms.17 Arg is also related to
disease treatment, such as erectile dysfunction,18,19 hyper-
tension,20 and heart failure.21

Survival and growth of cancer cells require amino acids,22−24

among which Arg is an essential component within the tumor
microenvironment.25−27 Certain types of cancer, such as breast
cancer,28 melanoma,29 hepatocellular carcinoma,30 acute
lymphoblastic leukemia (ALL),31 and acute myeloid leukemia
(AML),32 were deficient in ASS expression. These types of
cancer depend on the uptake of extracellular Arg for survival;
thus, restriction of Arg supply has been explored as a potential
adjunctive therapeutic strategy in cancer treatment.27,33 Arg-

depletion of Arg from or addition of ADI-PEG20 (pegylated
arginine deiminase) to culture media leads to the eradication
of ASS1-deficient cancer cells in vitro.28,34 The systemic
administration of ADI or arginases to restrict Arg availability
has been investigated in phase II clinical trials for oncological
therapy.35 These studies indicate that ASS1 deficiency is a
prerequisite, but not a sufficient, condition for AML patients to
respond to ADI-PEG20 monotherapy. Measurement of Arg is
an important indicator to determine the suitability of patients
for ADI-PEG20 AML treatment.
A traditional method for measuring Arg involves micro-

dialysis of samples36,37 and chemical analysis,38 which lack the
ability to investigate changes in intracellular distribution or to
analyze Arg with the necessary spatial and temporal resolution.
Optical sensors provide the possibility to non-invasively
measure concentrations and variations spatially and temporally
in real time. Existing genetically encoded Arg fluorescent
sensors are based on Förster resonance energy transfer
(FRET), which have relatively small dynamic ranges.39−41

The largest dynamic range reported for these sensors was only
about 0.6 in vitro.40 A bigger problem lies with their specificity:
these sensors responded not only to Arg but also to other
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Figure 1. In vitro measurements of ArgS sensors. (A, B) Design of the ArgS sensors. The cpEGFP was integrated into the E. coli artJ protein via
various insertion sites. We refer to the amino acid linkers between cpEGFP and artJ as the N-linker and C-linker. The model was generated by
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amino acids, such as Orn, L-lysine (Lys), L-glutamine (Gln),
and L-histidine (His).39−41 The dissociation constants (Kd) of
these sensors for Arg (9.4 or 14 μM)39,40 were not suitable for
detecting physiological levels of Arg, which are typically around
100 μM in the plasma42 and the cytoplasm.43

Therefore, genetically encoded Arg-specific fluorescent
sensors with large dynamic ranges and suitable Kd values are
needed for detection of Arg under physiological and
pathological conditions.

■ RESULTS
Design, Optimization, and In Vitro Characterization

of Arg Sensors. We engineered a genetically encoded
fluorescent Arg sensor based on Escherichia coli (E. coli) artJ,
a periplasmic binding protein (PBP) whose conformation
changes upon Arg binding.44−46 Similar to the design of other
sensors,47−50 we integrated a circular-permutated green
fluorescent protein, cpEGFP from GRABDA2m

51 into artJ
(Figure 1A,B). Based on the crystal structures of artJ and argT
(an Arg, Lys, and Orn binding protein), the conformation of
the loop regions of lobes II and the hinge regions undergo
significant changes upon substrate binding,45,46,52−56 which
offered promising insertion sites for cpEGFP. First, we
screened cpEGFP insertion sites on the purified protein
(Figure 1C). The linkers between artJ and cpEGFP were either
flexible (Gly-Gly) or rigid (Pro-Pro). Based on the results of
the first screening, we selected sensors with maximum dynamic
ranges greater than 0.1 (Figure 1D). Considering the time-
consuming nature of protein-purification-based screening
methods and the fact that sensors that respond in vitro may
not exhibit the same responsiveness in a cellular environment,
we switched to conduct screening using HEK293T cells. By
fusing those sensors with a membrane-targeting sequence from
iSeroSnFR.57 We targeted the sensors to the cell membrane of
human embryonic kidney 293T (HEK293T) cells to optimize
the length and amino acid composition of the linkers, thereby
minimizing the influence of intracellular Arg on the sensor’s
response. We found that the sensors exhibiting good responses
on the HEK293T cell membrane had response values of 0.4
and 0.6, which we designated as ArgS0.1 and ArgS0.2,
respectively (Figure 1C,D and Supporting Information Figure
S1C). Subsequently, we optimized the linker neighboring sites
and found that the best responding sensor had a response of
0.9, which we have named ArgS1 (Figure 1D, Figure S1C). In
summary, screening through more than 1200 different variants,
we identified three sensors, named ArgS0.1, ArgS0.2, and
ArgS1 (Figure 1D).
We expressed each of these three sensors in E. coli and

purified them. Then we tested the specificity of the ArgS
sensors for various amino acids and found that all three ArgS
sensors responded specifically to L-Arg, without reacting to
either the L- or D-forms of other amino acids (Figure 1E, Figure
S2A,B). All three ArgS sensors exhibited ratiometric character-

istics, with two excitation peaks near 400 and 500 nm and one
emission peak near 515 nm. Upon binding with 1 mM Arg, the
400 nm excitation peaks of the three ArgS sensors decreased,
whereas the 500 nm excitation peaks increased (Figure 1F,
Figure S2C,D). We also measured the Arg binding affinities of
ArgS0.1, ArgS0.2, and ArgS1, which showed Kd values of 73,
367, and 1141 μM, respectively. The peak changes in
fluorescence (ΔR/R0) were 1.9, 4.6, and 19, respectively
(Figure 1G, Figure S2E,F). Besides, we evaluated the
specificity of the ArgS sensors toward Arg-related metabolites.
ArgS0.1 exhibited detectable responses to agmatine, Cit, and
argininosuccinic acid, whereas ArgS0.2 and ArgS1 responded
to Cit and argininosuccinic acid (Figure S3A,D,G). For Cit
binding, ArgS0.1, ArgS0.2 and ArgS1 showed Kd of 312 μM,
1162 μM and 2912 μM, respectively, with peak fluorescence
changes approximately half of those observed for Arg Figure
S3B,E,H). In the case of argininosuccinic acid binding, the Kd
values exceeded 300 μM for all sensors (Figure S3C,F,G). To
mitigate potential interference from Arg-related metabolites
during Arg measurements using ArgS sensors, we quantified
the intracellular concentrations of these metabolites in both
HEK293T and MDA-MB-231 cells by LC-MS. In both cell
lines, the concentrations of Cit and argininosuccinic acid were
below 5 μM (Cit: 1.290 μM in HEK293T and 3.920 μM in
MDA-MB-231 cells; argininosuccinic acid: 1.556 μM in
HEK293T and 4.156 μM in MDA-MB-231 cells), which are
below the detection thresholds of the ArgS sensors (Figure
S3J). Therefore, when quantifying Arg levels in HEK293T or
MDA-MB-231 cells, the potential interfer-ence from Cit or
argininosuccinic acid can be considered negligible. In addition,
based on the crystal structure of Geobacillus stearothermophilus
artJ,45 we developed three mutant versions of the ArgS1
sensors. Among them, the double-point mutant version ArgS1-
F51L E114L exhibits almost no response to Arg (Figure S4C).
Therefore, this version of the sensor, ArgS1-F51L E114L, is
named ArgS1-C and serves as a control for subsequent
experiments. To investigate pH dependence, we tested ArgS1
and ArgS1-C across a pH range of 4−9. ArgS1 exhibited
optimal response to Arg at pH values between 7 and 8 (Figure
S4A), while the apo forms of both ArgS1 and ArgS1-C
displayed similar pH-dependent behavior across the tested
range (Figure S4B).

Detection of Arg Changes in the Cytoplasm and
Subcellular Organelles of HEK293T Cells by Arg
Sensors. To investigate whether Arg sensors could detect
Arg in mammalian cells, we expressed ArgS0.1, ArgS0.2, and
ArgS1 in the cytoplasm of HEK293T cells (Figure 2A). Arg
transporters SLC7A158 and SLC7A259 were highly expressed
in HEK293T cells (Figure S5A). After the extracellular
concentration of Arg was raised to 1 mM Arg, we immediately
observed a decrease of fluorescence intensity at 405 nm and an
increase at 488 nm for the ArgS1, ArgS0.1, and ArgS0.2
(Figure 2B, Figure S6A). This indicates that all three sensors,

Figure 1. continued

using AlphaFold2. (C) Screening procedure for ArgS sensors. Step 1 was of insertion site screening on purified proteins, steps 2−4 were on
HEK293T cell membrane, steps 2 and 3 were of linker length and composition optimization, respectively, and step 4 was of linker neighboring sites
optimization. (D) Screening results of ArgS sensors. ArgS0.1, ArgS0.2, and ArgS1 sensors were highlighted in magenta, blue, and green,
respectively. (E) Amino acid specificity of the ArgS1 sensor. The response to 1 mM various amino acids was normalized to their response to 1 mM
L-Arg. n = 3 per data point; data are presented as the mean ± SEM. (F) Excitation and emission spectrum of ArgS1 sensor with and without 1 mM
Arg. (G) Dose−response curve of ArgS1 sensor when exposed to varying concentrations of Arg. n = 6 per data point; data are presented as mean ±
SEM.
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ArgS1, ArgS0.1, and ArgS0.2, responded to increased Arg, with
maximum dynamic ranges of 3.3, 0.3, and 1.1, respectively
(Figure 2D, Figure S6D,E). After the ArgS sensors reached
their peak dynamic ranges, we switched the perfusion fluid
back to phosphate-buffered saline (PBS). An immediate
increase of fluorescence intensity at 405 nm and a decrease
at 488 nm were observed for three ArgS sensors, with their
responses returning to baseline values (Figure 2 C, Figure
S6B,C). To perform an in situ titration to measure the Arg
binding affinity of ArgS1 in the cytoplasm of HEK293T cells,
cell membranes were permeabilized with digitonin, and various
concentrations (1 to ∼60000 μM) of Arg were added to the
cells (Figure S5B). The average response from cells expressing
ArgS1 versus the concentration of Arg was plotted to provide
an in situ calibration curve. So, we measured the Arg binding
affinity of ArgS1 in the cytoplasm of HEK293T cells, which
showed a Kd of 64 μM (Figure 2E). Additionally, to minimize
nonspecific fluorescent signal changes, we expressed a
nonbinding control, ArgS1-C, in HEK293T cells. As shown
in Figure S5D, the ArgS1-C exhibited no response to 1 mM
Arg perfusion.
To determine whether Arg sensors could detect changes in

Arg caused by pharmacological interventions in HEK293T
cells, we expressed ArgS1 in these cells. We utilized arginase I
and II inhibitor (Arginase Inhibitor 1, AI1)60 and an NOS
inhibitor L-NMMA61−65 to manipulate Arg levels. As
demonstrated in Figure 2F, an increase in intracellular Arg
levels induced by AI1 or the combined application of AI1 and
L-NMMA was detected using ArgS1; however, L-NMMA
alone did not induce a similar response. These results indicate
that the arginase pathway is more important in Arg
degradation than the NOS pathway in HEK293T cells. This
conclusion is consistent with our transcriptome sequencing
results. Within HEK293T cells, the expression level of ARG2 is
the highest, while the expression levels of ARG1 and NOS2 are
very low, and NOS1 is not expressed (Figure S5C). Thus, the
ArgS1 sensor effectively monitored the pharmacologically
altered Arg concentrations in HEK293T cells.
To further investigate whether Arg sensors could respond to

Arg in subcellular organelles, we targeted ArgS1(Figure 3) and
ArgS0.1 (Figure S7) to different organelles. We fused ArgS1
and ArgS0.1 with an N-terminal 30 amino acid leader sequence
from AKAP1,66 the ER-targeting motif of p450,67 a LAMP1-
derived sequence68 or a nuclear localization signal69 for
localization to the mitochondrial cytoplasm side (Mito-ArgS1
and Mito-ArgS0.1), the ER cytoplasm side (ER-ArgS1 and ER-
ArgS0.1), the lysosome (Lyso-ArgS1 and Lyso-ArgS0.1), or
nucleus (Nuc-ArgS1 and Nuc-ArgS0.1), respectively (Figure

Figure 2. Response of the ArgS1 sensor in HEK293T cytoplasm to
Arg concentration changes. (A) Schematic view of ArgS sensors
imaging in HEK293T cytoplasm. In the cytoplasm of HEK293T cells,
ArgS sensors fused with an IRES-mCherry sequence at the C-
terminus were transfected and subsequently imaged using a confocal
microscope under various solvent perfusion conditions. (B)
Representative images showing the response of the ArgS1 sensor in
the cytoplasm of HEK293T cells to changes in PBS or 1 mM Arg over
different time intervals (0, 10, 30, and 50 min). The fluorescence of
the ArgS1 sensor was visible in two channels: ArgS1 Ex488 (excitation
at 488 nm) appeared green, while ArgS1 Ex405 (excitation at 405
nm) appeared blue. Additionally, mCherry, fused to the C-terminus of
ArgS sensors via an IRES sequence, was represented in the mCherry
channels in red. The change in the Ex488/Ex405 ratio of the ArgS1
sensor was further visualized in the ΔR/R0 channels. Scale bar: 10 μm.
(C) Average traces of the fluorescence response of ArgS1 measured in
PBS or 1 mM Arg. We perfused 1 mM Arg into HEK293T cells
expressing ArgS1 sensor at 0 min, and switched to PBS buffer at 35
min. ΔF/F0 of the ArgS1 sensor under a 405 nm excitation
wavelength that was represented in blue, while ΔF/F0 under a 488
nm wavelength was in green. The ΔF/F0 of mCherry was represented
in red. Purple represents ΔR/R0 (the right Y-axis). n = 20 cells; data
are presented as mean ± SEM. (D) Maximum response of ArgS1

Figure 2. continued

sensor to Arg perfusion. n = 20 cells; data are presented as mean ±
SEM. (E) Dose dependent curve with corresponding Kd values of
ArgS1 sensor in the HEK293T cytoplasm. n = 600 cells from 6 wells;
data are presented as mean ± SEM. (F) Pharmacological alteration of
Arg concentration in HEK293T cells. The ratio of 488/405 of the
ArgS1 sensor, pre- and post-incubation with 500 μM inhibitors for a
durations of 12, 24, 36, and 48 h, respectively. The control group was
represented in black equilateral triangle, the L-NMMA acetate alone
group was represented in gray rhombus, the AI1 alone group was
represented in gray circle, and the L-NMMA and AI1 combination
group was represented in dark gray square. n = 600 cells from 6 wells;
data are presented as mean ± SEM.
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3A). To assess the localization of ArgS1 in the mitochondria,
ER, lysosome, and nucleus, we used Mito-Tracker, ER-Tracker,
Lyso-Tracker, and NucRed as controls. ArgS sensors were
found to be highly colocalized with corresponding organelle

markers (Figure 3B, Figure S7A). When 1 mM Arg was
perfused into the media culturing HEK293T cells, ArgS
sensors localized in organelles also responded to changes in
Arg levels (Figure 3C−F, Figure S7B−E). The maximum

Figure 3. Response of the ArgS1 sensor in HEK293T organelles to 1 mM Arg perfusion. (A) Schematic view of ArgS1 sensor expressing in various
organelles: mitochondria, ER, lysosome, and nucleus. (B) Images of ArgS1 sensor localized in various cellular compartments: on the cytoplasmic
side of the mitochondrial outer membrane (Mito-ArgS1), on the cytoplasmic side of the ER membrane (ER-ArgS1), on the cytoplasmic side of the
lysosomal membrane (Lyso-ArgS1), and in the nucleus (Nuc-ArgS1). The fluorescence of the ArgS1 sensor was represented in the ArgS1 channels
in green. Organelle-specific markers, Mito-Tracker for mitochondria, ER-Tracker for ER, Lyso-Tracker for lysosomes, and NucRed for the nucleus,
were represented in the organelle marker channels in red. The combined image of ArgS1 sensor fluorescence and organelle marker fluorescence
were displayed in the Merge channels. The response of the ArgS1 sensor to Arg perfusion was represented in ΔR/R0 channels. Scale bar: 5 μm.
(C−F) Average traces of the fluorescence response of ArgS1 localized in various cellular compartments measured in PBS or 1 mM Arg. We
perfused 1 mM Arg into HEK293T cells expressing the Mito-ArgS1, ER-ArgS1, Lyso-ArgS1, and Nuc-ArgS1 sensors at 0 min and followed it with
PBS buffer once the maximum response was achieved, respectively. The ΔF/F0 of the ArgS1 sensor at an excitation wavelength of 405 nm was
represented in blue, while the ΔF/F0 at 488 nm was in green. The ΔR/R0 was represented in purple. n = 20 cells; data are presented as mean ±
SEM. (G−J) Maximum response of Mito-ArgS1, ER-ArgS1, Lyso-ArgS1, and Nuc-ArgS1 to 1 mM Arg perfusion. n = 20 cells; data are presented as
mean ± SEM.
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dynamic ranges of Mito-ArgS1, ER-ArgS1, Lyso-ArgS1, and
Nuc-ArgS1 sensors were 3.7, 3.8, 3.2, and 3.8 (Figure 3G−J),
respectively, and the maximum dynamic ranges of Mito-
ArgS0.1, ER-ArgS0.1, Lyso-ArgS0.1, and Nuc-ArgS0.1 sensors
were 0.5, 0.5, 0.4, and 0.6 (Figure S7F−I), respectively. These
results indicate that the response of ArgS sensors in the regions
near the mitochondria, ER, and lysosomes, as well as within
the nucleus, were similar. Thus, we successfully developed
ArgS sensors capable of monitoring Arg in the cytoplasm and
subcellular organelles of mammalian cells.

Decreased Intracellular Arg Levels in Cancer Cells
Caused by Deprivation of Extracellular Arg. Arg
starvation is being explored as a potential treatment strategy
for ASS1-deficient cancers28,70 (Figure 4A). It has been
reported that the breast cancer cell line MDA-MB-231 does
not express ASS128 (Figure 4B). Here we first confirmed the
effect of Arg deprivation on cell viability. The viability of
MDA-MB-231 cells decreased after 24 h of Arg deprivation
(Figure 4C), consistent with previous reports.28 Besides,
overexpression of ASS1 rescued the vulnerability of MDA-
MB-231 cells to Arg starvation (Figure 4B,C). To observe
intracellular Arg levels, we developed MDA-MB-231 cell lines
that stably expressed ArgS1 in MDA-MB-231 cells (Figure
4A). We found that after Arg deprivation, both the ratio of
488/405 of the ArgS1 sensor and the decay rate of the ratio
significantly decreased, indicating that the intracellular Arg
level in MDA-MB-231 cells was significantly lower than in the
control group (Figure 4D,E, Figure S8B). Besides, after Arg
deprivation, both the ratio of 488/405 of the ASS1
overexpressed group was higher than the ASS1-deficient
group, indicating the Arg level was rescued via ASS1
overexpression (Figure 4D,E). Additionally, to further

minimize nonspecific fluorescent signal changes, we expressed
ArgS1-C in MDA-MB-231 cells. As shown in Figure S8A, the
ArgS1-C also exhibited no response to 1 mM Arg perfusion.
Therefore, Arg levels can be monitored in cancer cells using an
ArgS1 sensor.

■ DISCUSSION
In our effort to compare ArgS sensors with other Arg sensors,
we have compiled the characteristics of various Arg sensors in
Table S1. For example, the QBP/citrine/ECFP sensor, based
on gln H, exhibited a Kd of 2.1 mM for Arg and a dynamic
range of 0.3.39 Additionally, the FLIP-cpargT194 sensor, based
on argT, demonstrated a Kd of 48 μM for Arg and a dynamic
range of 0.5.40 However, these sensors were not exclusively
specific to Arg: QBP/Citrine/ECFP also responded to Orn,
while FLIP-cpargT194 was responsive to both Orn and
Lys.39,40 In contrast, FLIP-cpartJ185 and FLIPR sensors were
specific to Arg, with Kd values of 9.4 and 14 μM and dynamic
ranges of 0.5 and 0.3, respectively.40,41 Due to the limited
response and specificity of these sensors toward Arg, they were
not ideal for detecting changes in Arg concentration within
mammalian cells. By comparison, the ArgS sensors�ArgS0.1,
ArgS0.2, and ArgS1�have Kd values of 73, 367, and 1141 μM,
respectively, with peak fluorescence changes (ΔR/R0) of 1.9,
4.6, and 19, respectively. These responses are superior to those
of previous Arg sensors, and ArgS sensors specifically respond
to Arg without cross-reacting with other amino acids. Recently,
a genetically encoded sensor named STAR was reported, which
specifically responds to Arg and is capable of monitoring Arg
dynamics both in vitro and in vivo.71 Compared to STAR,
ArgS1 exhibited a slightly larger fluorescence response (ΔR/
R0: 19 vs ∼16 in vitro). However, unlike ArgS1, STAR does

Figure 4. Imaging Arg in MDA-MB-231 cells. (A) Schematic view of ArgS1 sensor expressed in MDA-MB-231 cells with and without Arg
starvation. (B) Expression levels of ASS1 in MDA-MB-231 cells and ASS1 overexpressed MDA-MB-231 cells. (C) Cell viability of MDA-MB-231
cells (in circle) and ASS1 overexpressed cells (in square), following Arg starvation (deep red) or complete DMEM control for 24 h (black). Both
cell viabilities of the Arg starved group were normalized to the complete DMEM control group. n = 600 cells from 6 wells; data are presented as
mean ± SEM. (D) Fluorescence intensity and response change of the ArgS1 sensors in MDA-MB-231 cells and ASS1 overexpressing MDA-MB-
231 cells was imaged before and after 30 min of Arg starvation. Scale bar, 10 μm. (E) Ratio of 488/405 change of the ArgS1 sensors in MDA-MB-
231 cells and ASS1 overexpressing MDA-MB-231 cells was imaged every 15 min before 2 h and after 24 h of Arg starvation. n = 600 cells from 6
wells; data are presented as mean ± SEM.
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not exhibit ratiometric characteristics, necessitating additional
controls to account for variations in sensor expression levels.
To enhance the maximum response of ArgS sensors, we

screened various linker lengths and compositions. It was
observed that two or three amino acids at the N-terminal
linkers and two at C-terminal linkers yielded a greater
response, with Gly being preferred as the first amino acid in
the N-terminal linker. Additionally, during step 4 of the
screening process, the amino acid residue adjacent to the N-
terminal linker was tested. For example, replacing this residue
with Ile significantly improved the response, leading to the
development of ArgS1. Although we screened over 1200
candidates, further improvement is possible by expanding the
screening to include additional neighboring linker sites.
Specifically, ArgS1 in the cytoplasm of HEK293T cells

exhibited a Kd value of 64 μM, which is higher than the value
measured in vitro. Similarly, the affinity of iGluSnFR sensors in
HEK293T cells or cultured hippocampal neurons was higher
than that observed in vitro.47,49,72 This discrepancy may be due
to differences in the protein’s exposure to various environ-
ments and detection systems, or it could be the result of
cofactors in the cellular environment that enhance Arg binding.
However, even after adding cell lysate to the detection system
during in vitro experiments, the measured Kd remained in the
millimolar range, suggesting the need for further investigation.
Therefore, to accurately quantify Arg levels across different
environments, Kd should be measured under a variety of
experimental conditions to account for these factors. More-
over, ArgS1 exhibited detectable responses to Cit and
argininosuccinic acid. When measuring Arg levels in di-verse
biological environments, it is essential to verify that the
concentrations of Cit and argininosuccinic acid remain below
the detection threshold of the ArgS1 sensor.
Regarding the dynamics of ArgS sensors in different

subcellular locations, the timing of arginine perfusion for
Nuc-ArgS1 and ER-ArgS1 was shorter compared to other
locations, which may reflect subcellular differences in arginine
metabolism (Figure 3C−F). Additionally, we attempted to
determine the basal Arg concentrations at each subcellular
location; however, we were uncertain whether the initial ratio
before perfusion accurately reflected the basal concentration, as
the apo-form ratio may vary across subcellular compartments.
Furthermore, depleting Arg at each subcellular location to
obtain the apo-form of the ArgS sensors proved challenging.
Therefore, we chose not to quantify Arg concentrations at
subcellular locations until a more reliable method for obtaining
the apo-form of the ArgS sensors in these compartments
becomes available.
Arg plays a crucial role in both physiological and

pathological processes; however, many of its functions remain
poorly understood. For example, the mechanisms of Arg
transport between astrocytes and neurons are still unknown,
and its role as a signaling molecule is not well-defined.
Moreover, changes in Arg concentration could be monitored
alongside other molecules, such as Ca2+, cAMP, and Glu, using
complementary fluorescent sensors. We hope that our ArgS
sensors will contribute to elucidating the mechanisms of Arg
metabolism and provide deeper insights into its physiological
and pathological roles.

■ CONCLUSIONS
In summary, ArgS1 enables real-time detection of Arg level
changes in various mammalian cells, providing valuable insights

for both basic research and clinical applications. This
represents the first genetically encoded fluorescent sensor
capable of dynamically monitoring the Arg concentration
changes within mammalian cells. Furthermore, ArgS1 exhibits
a dynamic responsiveness to Arg within subcellular organelles
and has been successfully employed to monitor Arg levels in
MDA-MB-231 breast cancer cells.
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