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Abstract: Histidine is an essential amino acid with significant implications in human growth and
neuromodulation. Its intracellular concentration, whether increased or decreased, can indicate
different diseases. While various methods exist for measuring elevated histidine levels, there
remains a significant lack of sensors capable of actively responding to histidine deficiency within
cells and releasing strong signals. In this study, we exploited the high induction levels of the his
operon in S. Typhimurium SL1344, a histidine auxotroph, within a histidine-deficient environment,
to develop a specific bacterial sensor with sensitivity towards low histidine concentrations. By
employing plasmid vectors with differing copy numbers, we developed two distinct bacterial
fluorescence sensors, both capable of actively responding to histidine deficiency and emitting
detectable fluorescence signals within either culture mediums or live cells. The SL1344-pGEX
sensor, with a high copy number, exhibited remarkable sensitivity and selectivity to histidine in the
range of 0 to 50 uM. Notably, even a minimal addition of histidine (approximately 2.5 uM) to the
M9 medium led to observable fluorescence reduction, rendering it highly suitable for monitoring
histidine-deficient cellular environments. In contrast, the low-copy-number SL1344-pSB3313 sensor
exhibits a broader response range, capable of tracking more extensive shifts in histidine
concentrations. These sensors allow for sensitive in situ detection of intracellular histidine
concentrations in various live cells, particularly responding to real-time changes in cellular histidine
levels. This provides a powerful tool for investigating histidine deficiency-related biological
processes, the mechanisms of associated diseases, and the assessment and optimization of
therapeutic strategies.

Keywords: histidine; microbial fluorescence sensor; S. Typhimurium SL1344; live cell imaging;
histidine deficiency

1. Introduction

As an essential amino acid and a precursor of histamine, histidine plays a crucial role in human
growth, metal ion transport [1], and neuromodulation [2]. Abnormal levels of histidine or histidine-
rich proteins have been implicated in various diseases. Elevated levels of histidine or histidine-rich
proteins have been associated with phenylketonuria [3], malaria [4], and thrombotic diseases [5].
Conversely, low levels of histidine are linked to conditions such as rheumatoid arthritis [6], epilepsy
[7], chronic kidney disease [8], and advanced cirrhosis [9]. For instance, in muscle tissue cells of mice
with renal failure, histidine concentration decreased from 1.5 uM to 0.9 uM [10]. Therefore, it is
essential to not only monitor abnormally high histidine levels in living cells but also to have the ability
to sensitively detect and signal histidine deficiency or low levels within cells. Such detection can
provide valuable insights into the mechanisms of disease development and aid in evaluating the
impact of drugs on cellular metabolism. Additionally, it can be used to assess cellular protein supply
and nitrogen metabolism.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Various conventional methods, such as chromatography [11], mass spectrometry [12],
electrochemical analysis [13], and capillary electrophoresis [14], have been reported for measuring
histidine concentration. However, these destructive techniques are unable to assess histidine levels
in living organisms. To address this limitation, several chemical probes have been developed for
monitoring histidine in vivo. For example, Un et al. introduced a naphthalene dimaleimide-based
fluorescent probe, NPC, capable of selectively detecting histidine in aqueous solutions and enabling
intracellular imaging [15]. Zhu et al. designed a nitrogen-doped carbon nanoparticle (N-CNP)
fluorescent probe that offers rapid and selective detection of histidine, suitable for imaging analysis
in living cells [16]. However, their sensitivity is currently restricted to detecting exogenously added
histidine. Mao et al. developed a fluorescent probe with chemical selectivity and enantioselectivity,
enabling the determination of histidine concentration and enantiomeric composition through
fluorescent responses at two different excitation wavelengths [17]. Despite these advancements, the
sensitivity of the probe remains inadequate for detecting endogenous histidine levels.

In addition to the aforementioned chemical sensors, some biosensors have also been developed
for fluorescence imaging of histidine in living cells. Hu et al. engineered a genetically encoded
fluorescent sensor that utilizes the bacterial periplasmic protein His]. Binding of histidine induces
conformational changes in His], resulting in alterations in fluorescence intensity when fused with the
fluorescent protein cpYFP. This sensor achieves a specific response to histidine with high spatial and
temporal resolution [18]. Corte et al. investigated the structure of the LysG transcription factor from
Bacillus subtilis, which naturally binds to three basic amino acids. By mutating LysG at position A219
to L, its binding affinity to L-lysine is reduced while enhancing its specificity to L-histidine. This
modification promotes the expression of downstream EYFP (enhanced yellow fluorescent protein)
gene upon binding to L-histidine, thereby creating a L-histidine-sensitive biosensor based on LysG
that can screen high-yield strains of L-histidine [19]. However, these biosensors based on protein-
histidine interactions are relatively insensitive to low-level detection of histidine and cannot actively
respond to histidine deficiency.

Salmonella is a gram-negative intracellular bacterium known for its ability to invade various
host cells, including epithelial cells and macrophages [20,21]. Within Salmonella, the biosynthesis of
histidine is regulated by the histidine (his) operon, which consists of eight genes encoding sequential
enzymes responsible for converting phosphoribosyl pyrophosphate (PRPP) into L-histidine [22]. The
transcriptional activity of the his operon is negatively regulated by the intracellular concentration of
histidine in the bacterium. The his operon consists of an initial promoter known as hisp1, a leader
region, and an attenuator, all of which are located within a genetic locus called hisO. During
transcription, RNA polymerase first transcribes the leader region at hispl and subsequently
transcribes through the attenuator-controlled locus before reaching the first gene structure within the
operon [23-25].

Previous research has demonstrated that negative regulation of histidine levels, along with a
loss of histidine biosynthetic function, renders the transcription level of the histidine operon in
bacteria highly sensitive to histidine concentration [26,27]. Li et al. discovered that the SL1344 strain
of Salmonella, which lacks histidine biosynthetic function, showed a significant increase in histidine
synthase abundance in macrophages with low histidine concentrations. In contrast, the wild-type
14028s strain with normal histidine biosynthetic function efficiently converted PRPP to histidine,
enabling Salmonella to adapt to histidine-deficient environments and maintain stable transcription
levels of the histidine operon [27].

Inspired by these findings, here we introduce a pioneering bacterial fluorescence sensor that
exhibits sensitive and specific responses to deficient histidine concentrations. This sensor utilizes the
histidine operon of the histidine biosynthetic function-deficient Salmonella SL1344 strain and
incorporates the reporter gene enhanced green fluorescent protein (EGFP), resulting in high expression
of EGFP in response to histidine deficiency, leading to the emission of strong fluorescent signals. The
histidine-specific fluorescence sensor enables sensitive in situ detection of intracellular histidine
concentrations in different live cells.
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2. Materials and Methods

2.1. Materials

The DNA oligonucleotides were synthesized and purified by HPLC (Sangon Biotech Co.,
China). DNase/RNase free deionized water purchased from TIANGEN Biotech Co. (Beijing, China)
was used with all the experiment. L-histidine and L-arginine were purchased from Energy Chemical
Co. (Shanghai, China). D-histidine and L-lysine were purchased from D&B Biotechnology Co.
(Shanghai, China). Histamine was purchased from Sigma Aldrich (USA). Taq DNA polymerase and
its corresponding reaction buffer were purchased from Yeasen Biotechnology Co. (Shanghai, China).
PrimeStar DNA polymerase and its corresponding reaction buffer were purchased from Takara Bio
(Beijing, China).

2.2. Bacteria cultivation

The bacterial strains were stored at -80°C in 25% (vol/vol) glycerol. To initiate the cultivation
process, frozen bacteria were streaked and cultivated on LB agar plates overnight at 37°C.
Subsequently, a single colony was carefully selected and inoculated into 3 mL of LB medium. The
culture was allowed to grow overnight. The following morning, the culture was further diluted 1:20
into fresh LB medium and incubated at 37°C until it reached mid-exponential phase, as indicated by
an optical density at 600 nm (ODew) of 0.9. The components of all media used in this study are
summarized in Table 1.

Table 1. Composition of cell culture media used in this work.

Culture medium Components

LB 10 g of tryptone, 5 g of yeast extract, 10 g of NaCl, 15 g of agar
(only for LB plate), fill the volume to 1 L with ultrapure water,
sterilization at 121 °C for 20 min.

M9 2 mL 5 X M9 salt solution (Na2HPOs, KH2POs4, NaCl, NH4Cl), 20 uL.
1 M MgSOs, 1 pL 1 M CaClz, 200 pL 20% glucose, fill the volume to
10 mL with ultrapure water, 121 ‘C sterilization 20 min.

SOC 20 g of tryptone, 5 g of yeast extract, 0.5 g of NaCl, fill the volume
to 1 L with ultrapure water, sterilized at 121 ‘C for 20 min, and 5

mL of 2 M MgCl: aqueous solution was added.

2.3. Acquisition of target DNA fragments by PCR

The primers used in this study are listed in Table 2. The EGFP gene was amplified from the
PEGEFP plasmid using the R1-egfp and egfp-R2 primers. The promoter of the his operon was amplified
from the S. Typhimurium SL1344 strain using the R1-his and his-F primers. Linearized vectors, which
contained the origin of replication, antibiotic resistance gene, and its promoter, were amplified from
the pGEX-6p-1 plasmid (higher copy number) using the pgex-homo-F/R primers, and from the
pSB3313 plasmid using the pSB3313-homo-F/R primers. The PCR reaction was performed using high-
fidelity PrimeStar DNA polymerase, with an annealing temperature of 56-58°C, extension
temperature of 72°C, and extension time of 1 min per 1000 base pairs. After the PCR reaction, the
products were separated and purified using agarose gel electrophoresis, and the target DNA
fragments were recovered using a DNA agarose gel recovery Kkit.
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Table 2. Sequences of the oligonucleotides used in this work.

Primers Sequence (5' - 3')

pSB3313-homo-F AGAACGCAGAAGCGGTCTGATAAAACAGAATTTG
pSB3313-homo-R GTAGCATAGGGTITTGCAGAATCCCTGCTITC

pgex-homo-F CCTCTGACACATGCAGCTCC
pgex-homo-R GAATTTATGCGGTGTGAAATACCGCAC
pSB3313-his-F TTCTGCAAACCCTATGCTACGCTTTCAATTCCACTC ATACG

pSB3313-egfp-R2 TCAGACCGCTTCTGCGTTCTTTACTTGTACAGCTCGTCCATGC

pgex-his-F ATTTCACACCGCATAAATTCGCTTTCAATTCCACTCATACG
pgex-egfp-R2 GGAGCTGCATGTGTCAGAGGTTACTTGTACAGCTCGTCCATGC
R1-his CCTCGCCCTTGCTCACCATTCTGCGTTCCTCTTITATCC

R1-egfp GGATAAAGAGGAACGCAGAATGGTGAGCAAGGGCGAGG

2.4. Homologous recombination

The Hieff Clone Plus One Step Cloning Kit (Yeasen) was utilized for the recombination of
sequence H with the linearized vectors. To the reaction system with a total volume of 20 puL, 10 puL of
2x Hieff Clone Enzyme Premix, 1 pL of the amplified insert fragment (188 ng), 1.5 uL of linearized
cloning vector (50 ng), and 7.5 uL of water were added. The reaction mixture was incubated at 50°C
for 20 min. Subsequently, 10 pL of the cooled reaction mixture was combined with 100 pL of
chemically competent DH5a cells. The tube was gently tapped to mix the contents, and then placed
on ice for 30 min. Heat shock was performed at 42°C for 90 seconds, followed by a 2-minute
incubation on ice. Next, 900 uL of SOC medium was added, and the mixture was incubated at 37°C
for 10 min to allow for complete recovery. Finally, 100 uL of the bacterial solution was evenly spread
onto LB agar plates containing ampicillin resistance. The plates were inverted and incubated
overnight at 37°C. The following day, single colonies were selected for sequencing.

2.5. Electrotransformation and biosensor construction

For electrotransformation, 200 ng of plasmid was added to 50 pL of electrocompetent SL1344
strain on ice and pre-mixed for 30 min. The electrotransformation was performed using a MicroPulser
Electroporator (Bio-Rad). Immediately after electroporation, the bacterial suspension was added to 1
mL of room temperature SOC medium and incubated at 37°C with shaking for 30 min to facilitate
recovery. Subsequently, the bacterial suspension was spread onto LB agar plates containing
ampicillin resistance and incubated overnight. The following day, single colonies were selected and
cultured in LB medium at 37°C for 8 h. Finally, all bacterial strains were stored at -80°C in 25%
(vol/vol) glycerol for long-term preservation.

2.6. Quantification of EGFP in bacterial sensors

The frozen bacterial samples were initially cultured in LB medium overnight at 37°C. The
following morning, a specific volume of bacteria was collected through centrifugation and
resuspended in an equal volume of M9 medium. The bacteria were then cultured in a shaking
incubator at 37°C for 30 min. Subsequently, 1 mL of the bacterial fluorescence sensors was
resuspended in 1XPBS and lysed using an ultrasonic cell breaker (Scienze). The fluorescence emission
wavelength and peak intensity of the bacterial lysate were measured using an F-7000 fluorescence
spectrometer (Hitachi, Japan) with excitation at 488 nm. For SL1344-pSB3313, the spectrometer’s
excitation slit was set to 7.5 nm, and the emission slit was set to 5.0 nm. For SL1344-pGEX, the
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excitation slit was set to 5.0 nm, and the emission slit was also set to 5.0 nm. The photomultiplier tube
(PMT) voltage of the F-7000 fluorescence spectrometer was set to 950 V.

2.7. Cell culture and bacterial infection

HeLa cells and the murine macrophage cell line RAW 264.7 were cultured in Dulbecco's
modified Eagle medium (DMEM; HyClone, USA) supplemented with 10% fetal bovine serum (FBS;
PAN-Biotech, Germany) under 5% CO2 conditions at 37°C. Prior to infection, Salmonella bacteria in
mid-exponential phase (ODew = 0.9) were pelleted by centrifugation at 3,000xg and then resuspended
in an equal volume of prewarmed (37°C) Hanks' buffered salt solution (HBSS; HyClone, USA)
containing 0.3 M NaCl. Infection of the cells was carried out in HBSS with a multiplicity of infection
(MOI) of 100 for 30 min. Subsequently, the cell monolayers were washed three times with prewarmed
(37°C) HBSS and incubated in prewarmed DMEM containing 100 pg/mL gentamicin for 1 h to
eliminate extracellular bacteria. The culture medium was then changed to DMEM supplemented with
10 pg/mL gentamicin.

2.8. Fluorescence Microscopy Imaging

To prepare for confocal laser scanning microscopy, the cell nuclei were stained with a nuclear
dye. A 100x concentration of the dye was added to the culture medium, and the cells were incubated
for 10 min. Subsequently, the cells were washed with medium to remove any excess dye, and
microscopy observations were conducted.

Fluorescence images were acquired using a Laser Scanning Confocal Microscope equipped with
a Nikon camera. Raw data were exported as 12-bit TIF files for further analysis using Image] software.
The color brightness in the images is directly proportional to the intensity of the fluorescent signals
across all channels.

3. Results and discussion

3.1. Construction of a bacterial fluorescence sensor responsive to histidine deficiency.

In the wild-type 14028s strain of Salmonella, the histidine biosynthetic function remains normal,
and its histidine synthase efficiently converts PRPP to histidine even in histidine-deficient conditions,
thereby maintaining stable transcription levels of the histidine operon (Figure S1a). However, in the
histidine biosynthetic function-deficient strain SL1344, the expression of histidine synthase,
controlled by the histidine operon, undergoes a significant increase under low histidine
concentrations (Figure S1b). Leveraging this property, we propose to incorporate the EGFP gene
downstream of the his promoter in the S. Typhimurium SL1344 strain, thereby creating a bacterial
fluorescence sensor that exhibits high EGFP expression in response to histidine deficiency, leading to
the emission of fluorescent signals.

In our preliminary experiments, we attempted to insert the EGFP gene directly after the his
promoter in the SL1344 genome using the A red homologous recombination method. Initially, we
transferred the plasmid pKD46, containing the enzymes required for expressing the A red
homologous recombination system, into the SL1344 strain. After inducing enzyme expression, we
electroporated the target gene, which contained both upstream and downstream homologous
sequences of the insertion site in the bacterial genome, along with the EGFP gene and resistance gene
(approximately 2000 bp in length), into the bacteria to insert it at the specific location in the bacterial
genome.

However, despite multiple attempts, we observed extremely low transformation efficiency,
likely due to the length of the inserted gene, which was around 2000 base pairs, significantly larger
than the approximately 800 base pairs target gene fragments that A red systems usually employ for
more efficient recombination. Moreover, the complexity of the bacterial genome itself made it difficult
to select homologous sequences with high specificity, thereby hindering the correct recombination of
the imported DNA fragments into the bacteria.
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As a result, we considered an alternative approach. Instead of modifying the bacterial genome
directly, we cloned the his operon promoter from the S. Typhimurium SL1344 strain and fused it with
the reporter gene EGFP in a plasmid. Subsequently, we introduced this engineered plasmid into the
SL1344 strain, resulting in a bacterial strain that exhibits enhanced expression of the reporter gene
EGFP in response to histidine deficiency, as depicted in Figure 1.
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Figure 1. Illustration of the bacterial fluorescence sensor that sensitively responds to deficient
histidine concentrations.

Using pSB3313 and pGEX-6p-1 plasmids as templates, we performed PCR amplification to
obtain two different linearized vectors. These vectors contained essential plasmid components,
including the origin of replication, resistance gene, and promoter (Figure 2a). Figure 2b and 2c
illustrates the constructed plasmids with different copy numbers. Concurrently, we separately
amplified fragments containing the his promoter and EGFP gene through PCR. To facilitate the
subsequent fusion of these two fragments, we designed a 20 bp sequence at the 5' or 3' end of the
corresponding PCR primers, creating a 40 bp overlapping sequence between the fragments. Both
fragments were extended by PCR on both ends, generating a larger fragment comprising the his
promoter and EGFP gene. Finally, we ligated the linearized vector and the inserted fragment through
homologous recombination, successfully constructing the plasmid (Figure 52-54). Specifically, pGEX-
6p-1 belongs to the high-copy plasmid category, whereas pSB3313 is not a high-copy plasmid. The
Salmonella SL1344 strain carrying the plasmid constructed with pSB3313 as the vector was
designated as SL1344-pSB3313, while the strain carrying the plasmid constructed with pGEX-6p-1 as
the vector was named SL1344-pGEX.
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Figure 2. (a) Plasmid construction for modulating response range and sensitivity of the bacterial
fluorescence sensor. (b) The re-constructed plasmids containing his promotor and EGFP gene using
pSB3313 as the vector. (c) The re-constructed plasmids containing his promotor and EGFP gene using
pGEX-6p-1 as the vector.

To assess the responsiveness of the developed bacterial fluorescence sensor to varying histidine
concentrations, both strains were cultured at 37°C for 30 min in M9 medium (histidine-free) and LB
medium (rich in histidine), respectively. The fluorescence intensity of both strains in M9 medium was
significantly higher compared to that in LB medium. This observation indicates that in the absence
of histidine, the promoter of the his operon in the plasmid was effectively activated, leading to the
expression of the reporter gene EGFP (Figure 3). Importantly, it is noteworthy that the two bacterial
fluorescence sensors, with different plasmids featuring distinct copy numbers, exhibited diverse
responses to the histidine levels in the growth medium. The high-copy-number SL1344-pGEX strain
displayed minimal fluorescence in histidine-rich LB medium, whereas it demonstrated strong
fluorescence in histidine-free M9 medium, highlighting its heightened sensitivity to histidine
deprivation within the cellular growth environment.
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Figure 3. Comparison of the fluorescence images of two different bacterial fluorescence sensors in M9
medium (histidine-free) and LB medium (rich in histidine). (a) SL1344-pSB3313; (b) SL1344-pGEX.

3.2. Sensitivity and specificity of the bacterial fluorescence sensors in response to changes in histidine
concentration

Histidine exists in two main stereoisomers: L-histidine and D-histidine. L-histidine is the more
prevalent form in nature and widely present within organisms [28]. To assess the response capability
of the constructed bacterial fluorescent sensors to histidine concentrations, we cultivated SL1344-
pSB3313 in M9 medium with varying L-histidine levels. Figure 4a shows a notable decrease in
fluorescence intensity with the addition of 50 uM L-histidine. To quantitatively evaluate EGFP
expression under different L-histidine concentration conditions, we determined the bacterial
quantity based on OD values and then used ultrasonic lysis to disrupt bacteria, measuring the
fluorescence intensity at 488 nm excitation. The average fluorescence intensity displayed an
exponential decrease as the L-histidine concentration increased from 0 to 1000 uM (Figure 4b). Within
the range of 0 to 200 uM, the fluorescence decay rate was notably rapid. As L-histidine concentration
further increased, the fluorescence gradually declined to background levels.

We subsequently evaluated the performance of the SL1344-pGEX strain. A more pronounced
reduction in fluorescence intensity was observed upon the addition of 50 uM L-histidine to the M9
medium (Figure 5a), confirming that the SL1344-pGEX strain is a more sensitive bacterial
fluorescence sensor for detecting changes in L-histidine concentration. We also investigated the
modulation of EGFP expression in the SL1344-pGEX strain with the addition of varying L-histidine
concentrations. As L-histidine concentration increased from 0 to 50 uM, the average fluorescence
intensity of the bacterial lysates also exhibited an exponential decrease (Figure 5b). The most
significant variations in fluorescence were observed within the L-histidine concentration range of 1
UM to 10 uM. Notably, even a minimal amount of L-histidine introduced to the M9 medium
(approximately 2.5 uM) resulted in discernible reduction in fluorescence.
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Figure 5. (a) The response capability of the constructed SL1344-pGEX bacterial fluorescence sensor to
the addition of L-histidine (50 uM) to M9 medium. (b) The average fluorescence intensity of bacterial
lysate cultured at different L-histidine concentrations. Ex. slit: 5.0 nm, Em. slit 5.0 nm. (c) Specificity
of the SL1344-pGEX bacterial fluorescence sensor in response to the addition of different compounds
(50 uM).

We further evaluated the specificity of the SL1344-pGEX bacterial fluorescence sensor. D-
histidine is the enantiomer of L-histidine. Histamine emerges as a product resulting from the
enzymatic conversion of histidine. L-arginine and L-lysine share structural and property similarities
with L-histidine, particularly as alkaline cationic amino acids. Our investigation concentrated on
appraising the SL1344-pGEX bacterial fluorescence sensor's response to these four compounds using
consistent conditions. As depicted in Figure 5c, the introduction of 50 uM L-histidine into the M9
culture medium led to a substantially more pronounced reduction in fluorescence than the other four
compounds tested. The addition of 50 uM L-arginine or L-lysine to the M9 culture medium scarcely
influenced the fluorescence signal of the SL1344-pGEX strain. On the other hand, the inclusion of D-
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histidine resulted in a minor fluorescence response, while introducing histamine at the same
concentration yielded a conspicuously smaller fluorescence signal compared to L-histidine.

Previous reports indicate that certain extracellular macromolecules, such as peptidoglycan and
teichoic acids, function as principal sources of D-amino acids in bacteria [29]. Furthermore, even
bacteria that naturally do not synthesize D-amino acids can utilize externally supplied D-amino acids
for peptidoglycan synthesis [30]. Drawing from this, we postulate that bacteria may employ D-
histidine and histamine as mechanisms to alleviate some of the survival pressures resulting from the
absence of L-histidine in their environment [31].

3.3. Application of the bacterial fluorescence sensor for real-time monitoring of histidine levels within live
cells.

Salmonella is a common foodborne pathogenic bacterium that primarily infects epithelial cells
and macrophages in animal hosts [32,33]. Using the isolation and extraction method coupled with
LC/MS/MS quantification, Li et al. found that the histidine concentration in RAW264.7 macrophage
cell extracts (approximately 60 M) was much lower than that in HeLa epithelial cell extracts (around
200 uM) [27].

To evaluate the real-time response of the constructed bacterial fluorescence sensors to
intracellular histidine concentration, we infected RAW264.7 macrophage cells and HeLa epithelial
cells with the SL1344-pGEX sensor. After approximately 1 h of infection, we observed the
fluorescence signals as shown in Figure 6.

Merge Nucleus EGFP

e oy

Hela

RAW264.7 |

RAW264.7
(+1mM
histidine)

SL1344-pGEX

Figure 6. Fluorescent signals in HeLa cells (cultured in DMEM), RAW264.7 macrophage cells
(cultured in DMEM), and RAW264.7 macrophage cells (cultured in DMEM+1 mM histidine) after 1 h
infection with the SL1344-pGEX sensor.

The SL1344-pGEX sensor exhibited significantly higher EGFP expression in macrophages with
lower histidine concentration compared to HeLa cells with higher histidine concentration. This
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indicates that the lower histidine concentration in macrophages triggered an up-regulation of the
histidine-responsive promoter in the bacterial sensor, leading to increased EGFP expression. When
supplemented with 1 mM L-histidine in the macrophage culture, a noticeable decrease in EGFP
expression by the bacterial sensor was observed. These findings demonstrate the bacterial fluorescent
sensors' capability for in-situ response to the variation of intracellular histidine concentration. The
SL1344-pGEX sensor exhibited significantly higher EGFP expression in macrophages with lower
histidine concentration compared to HeLa cells with higher histidine concentration. This indicates
that the lower histidine concentration in macrophages triggered an up-regulation of the histidine-
responsive promoter in the bacterial sensor, leading to increased EGFP expression. When
supplemented with 1 mM L-histidine in the macrophage culture, a noticeable decrease in EGFP
expression by the bacterial sensor was observed. These findings demonstrate the bacterial fluorescent
sensors' capability for in-situ response to the variation of intracellular histidine concentration.

We also conducted tests involving the infection of RAW264.7 macrophage cells and HeLa
epithelial cells using the SL1344-pSB3313 sensor. As illustrated in Figure 7, the SL1344-pSB3313
sensor also demonstrated notably elevated EGFP expression in macrophages with lower histidine
concentrations, while displaying subdued fluorescence signals in HeLa cells. Upon introducing 1 mM
L-histidine into the macrophage culture, a noticeable reduction in EGFP expression by the bacterial
sensor was also observed. In contrast to SL1344-pGEX, the SL1344-pSB3313 sensor features a broader
histidine response range, thereby facilitating enhanced differentiation among cellular environments
with varying histidine levels, including both higher and lower concentrations.

Merge Nucleus EGFP

Hela

RAW264.7

RAW264.7
(+1mM
histidine)

SL1344-pSB3313

Figure 7. Fluorescent signals in HeLa cells (cultured in DMEM), RAW264.7 macrophage cells
(cultured in DMEM), and RAW264.7 macrophage cells (cultured in DMEM+1 mM histidine) after 1 h
infection with the SL1344-pSB3313 sensor.

Our bacterial fluorescence sensor, designed to detect intracellular histidine deficiency, is crucial
for preserving vital physiological functions. Detecting such deficiency is crucial, as it could negatively
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impact vital physiological functions in organisms. Histidine is essential for fundamental growth
during infancy and cognitive progress. Insufficient histidine can disrupt neurotransmitter synthesis
and transmission, potentially leading to neurological issues. Detecting and addressing intracellular
histidine deficiency is crucial to maintain these functions and mitigate health risks.

Histidine deficiency also affects amino acid oxidation and protein turnover, highlighting its
importance for healthy adults. Moreover, histidine status impacts skin health, potentially influencing
skin dysfunction and diseases due to decreased hyaluronan levels [34,35]. Our bacterial fluorescence
sensor offers a valuable tool to monitor and address histidine deficiency, providing insights into its
multifaceted implications and potential therapeutic applications across physiological contexts.

4. Conclusion

In summary, our study has innovatively engineered a bacterial fluorescence sensor that actively
responds to histidine deficiency, emitting detectable fluorescence signals. This sensor is created by
constructing plasmids containing the his operon promoter and the reporter gene EGFP. The design
of this microbial fluorescence sensor facilitates straightforward assembly, and circumvents the
complexities linked to genetic modifications in bacteria. Moreover, it offers adaptability in fine-
tuning the specific response range and sensitivity of the reporter gene through manipulation of the
plasmid's copy number.

The high-copy-number SL1344-pGEX sensor, characterized by its heightened sensitivity,
triggers signal changes even in response to minimal histidine concentration fluctuations. Conversely,
the low-copy-number SL1344-pSB3313 sensor exhibits a broader response range, capable of tracking
more extensive shifts in histidine concentrations. Both bacterial fluorescence sensors enable efficient
in-situ monitoring of histidine variations within both culture mediums and live cells. These sensors
not only facilitate investigations into histidine metabolism and its implications across diverse
biological processes but also hold potential for broader applications. For instance, they can be
employed to monitor intracellular histidine levels during pathogenic bacterial infections and evaluate
the impact of drugs on cellular metabolism, offering substantial convenience for related research.

Furthermore, this approach to constructing bacterial fluorescence sensors can be expanded to
encompass other amino acids regulated by synthetic attenuators, such as tryptophan, leucine, and
others, opening avenues for broader applications beyond histidine.
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