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A B S T R A C T

L-carnitine is a quaternary amine compound essential for eukaryotic metabolism. It is mainly involved in the 
oxidative decomposition of medium-and long-chain fatty acids and provides energy for the body. Therefore, it is 
widely used in health care and food additives. As a pivotal transcriptional activator of L-carnitine metabolism, 
CaiF is notably activated by crotonobetainyl-CoA, a key intermediate product in the carnitine metabolic 
pathway. Capitalizing on this mechanism, a sophisticated biosensor was ingeniously developed. Nevertheless, it 
is worth mentioning that the biosensor currently exhibits a relatively restricted detection range, which results in 
some specific limitations in practical application scenarios. In this paper, we constructed a biosensor based on 
CaiF and developed a strategy for modifying this biosensor. The structural configuration of CaiF was formulated 
by computer-aided design, and the DNA binding site was simulated, which was verified by alanine scanning. 
Functional Diversity-Oriented Volume-Conservative Substitution Strategy of the key sites of CaiF was conducted 
to extend the dynamic range of the biosensor. The biosensor based on CaiFY47W/R89A, which exhibited a 
considerably expanded concentration response range, from 10− 4 mM–10 mM, was obtained. The response range 
was 1000-fold wider and the output signal intensity was 3.3-fold higher to that of the control biosensor. These 
variants may have great value in improving the L-carnitine production process.

1. Introduction

L-carnitine, also known as vitamin BT, is a generally recognized as 
safe (GRAS) state vitamin-like molecule that plays a crucial role in eu
karyotes by helping to transport medium and long-chain fatty acids, and 
transferring activated acyl residues across the cell membrane [1,2]. 
Humans and animals mainly obtain L-carnitine through diet [3,4]. 
L-carnitine deficiency can cause problems such as energy metabolism 
disorders and impaired cell membrane function. Therefore, L-carnitine 
and its derivatives can be used in many medical fields, including the 
treatment of cardiovascular diseases and as nutritional supplements to 
enhance training efficiency and weight control [5,6].

The conventional production of L-carnitine predominantly relies on 
chemical synthesis methodologies or direct extraction from biological 
sources, processes that are characterized by technical complexity and 
significant economic expenditures. Consequently, the biosynthesis of L- 
carnitine by Escherichia coli has important research value and applica
tion prospect [7]. The genes involved in L-carnitine metabolism of E. coli 
comprise two divergent caiTABCDEF and fixABCX operons, which are 
induced either by L-carnitine or crotonobetaine under anaerobic condi
tions [8,9]. This regulation is activated by both cyclic adenosine 
monophosphate receptor protein (CRP) and CaiF, a specific transcrip
tional activator of carnitine metabolism in E. coli [8]. As a co-activator of 
CaiF, crotonobetainyl-CoA can be obtained by two-step enzymatic 
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reaction with L-carnitine as substrate in E. coli. Firstly, under the action 
of CaiC (betaine: CoA ligase), L-carnitine connects with CoA to form 
carnitinyl-CoA, this step requires CaiT (carnitine: γ-butyrobetaine anti
porter) to transport L-carnitine into the cell. Then, CaiD (carnitinyl-CoA 
dehydratase) dehydrates carnitinyl-CoA to form crotonobetainyl-CoA. 
CaiF can bind to crotonobetainyl-CoA, thereby activating the fix pro
moter [9–11]. Based on this theoretical foundation, a biosensor was 
successfully developed that responds in a dose-dependent manner to 
external L-carnitine was developed [12]. However, the dynamic range of 
this biosensor is about 10− 4 mM–10− 1 mM, which may be not sufficient 
to screen for the improved enzyme performance in a newly discovered or 
an engineered enzyme pool.

The use of biosensors for high-throughput screening is of great sig
nificance and significant advantages for finding a strain with high yield 
of L-carnitine [7]. However, most biosensors based on transcription 
factors often face challenges such as a narrow response range, insuffi
cient stability, and lack of specificity, which collectively limit their 
application and further development. Therefore, to design and optimize 
transcription factor-based biosensors, researchers have developed a 
variety of strategies. One of these strategies is promoter engineering, 
which optimizes the core and operator regions of the promoter by 
designing different mutants. This process helps regulate the binding 
affinity of transcription factors, thereby improving the transcription 
efficiency of the reporter gene [13–16]. While promoter engineering 
represents a promising strategy for optimizing the performance char
acteristics of biosensors, detecting low-concentration target molecules 
may require other means to adjust the detection range and substrate 
specificity [17]. This need, in turn, limits the further improvement of 
biosensor performance. Therefore, constructing a unique genetic circuit 
that incorporates a cascade amplifier circuit is particularly important for 
detecting low-concentration effectors. By amplifying the signal in a 
step-by-step manner and reducing background noise, the detection 
sensitivity of the biosensor to low-concentration target molecules can be 
significantly enhanced [18–20]. Computer-aided design (CAD) optimi
zation of transcription factors offers a more efficient and accurate 
modification strategy. By precisely designing and optimizing the 
ligand-binding domain (LBD) and DNA-binding domain (DBD) of tran
scription factors, it becomes more effective in accurately identifying and 
binding to specific ligands and DNA sequences, thereby enhancing the 
specificity and sensitivity of biosensors [21–23]. The comprehensive 
application of these strategies endows transcription factor-based bio
sensors with broad application prospects in high-throughput screening 
and dynamic regulation of metabolic pathways.

In this study, to enhance the detection range and output signal in
tensity of the biosensor, we first employed AlphaFold3 to predict the 
three-dimensional structure of CaiF and simulate its DNA-binding 
conformation, which was subsequently validated through alanine 
scanning mutagenesis. Based on the alanine scanning results, we per
formed site-directed mutagenesis on CaiF and further implemented 
combinatorial mutations by integrating effective single-point mutants 
with residues exhibiting significantly enhanced fluorescence signals in 
scanning assays. This rational engineering approach ultimately yielded 
an optimized biosensor mutant demonstrating a 1000-fold expanded 
detection range and 3.3-fold increased fluorescence signal output in
tensity compared to the original construct.

2. Materials and methods

2.1. Bacterial strains, plasmids and culture conditions

All of the strains and plasmids used in this study are listed in 
Table S1. Escherichia coli DH5α (Transgene, Beijing) was used for 
plasmid construction. E. coli was cultured in Luria-Bertani (LB) medium 
(10 g/L NaCl, 10 g/L tryptone and 5 g/L yeast extract) as well as 1.5 % 
agar for solid at 37 ◦C. Antibiotics were supplemented as follows: 
ampicillin (Ap, 100 μg/mL), apramycin (Apr, 50 μg/mL), kanamycin 

(Km, 50 μg/mL).
M9 minimal medium (6.78 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L 

NaCl, 1 g/L NH4Cl, 1 mM MgSO4, 0.1 mM CaCl2, and 0.1 % (v/v) trace 
element solution, pH 7.0) with 24 g/L glycerol as the carbon source was 
used for the biosensor experiments. The trace element solution con
tained (in mg/L) ZnSO4⋅7H2O (10), MnSO4⋅7H2O (100), FeSO4⋅7H2O 
(100), CuSO4 (2), and NiCl4⋅6H2O (0.2) and had pH ~1.0.

2.2. Construction of biosensor vectors

The plasmids used in this study are listed in Table S2. The Low-copy 
number vector pBBR was utilized as the backbone plasmid for L-carni
tine biosensor construction [24,25]. All of the recombinant plasmids 
used in this study were constructed by Gibson assembly. Two L-carnitine 
biosensor plasmids, using mCherry or sfGFP as reporter gene, were suc
cessfully constructed. The process began with the amplification of the fix 
promoter from the Escherichia coli genome, which was then combined 
with the sfGFP gene segment using overlap-extension PCR and inserted 
into the pBBR vector, yielding the recombinant plasmid pBBR-fix-sfGFP. 
Then, the caiF gene was amplified from the E. coli genome and cloned 
into the recombinant plasmid, resulting in pBBR-sfGFP-caiF. Subse
quently, the hom promoter from Corynebacterium glutamicum was 
introduced into the recombinant plasmid, creating the L-carnitine 
biosensor without the caiC segment, designated as pBBR-sfGFP-caiF. The 
final step involved amplifying the caiC segment from the E. coli genome 
and cloning it into the plasmid to generate the L-carnitine biosensor with 
sfGFP as the reporter gene, named pBBR-sfGFP-caiF-caiC. Notably, the 
B0015 double terminator was strategically placed between the caiF and 
sfGFP genes. To develop the L-carnitine biosensor with mCherry as the 
reporter gene, pBBR-mCherry-caiF-caiC, the existing sfGFP gene on the 
pBBR-sfGFP-caiF-caiC plasmid was replaced with mCherry.

2.3. Chassis cell construction

Genome editing of E. coli was based on the CRISPR/Cas9 method 
reported by Zhao et al. [26]. For example, the up- and downstream 
homologous arms of caiA were amplified, and fused by 
overlap-extension PCR, while the vector backbone was divided into two 
fragments with the N20 guide RNA sequence between them. Finally, the 
three resulting fragments were fused by Gibson Isothermal Assembly to 
create pCas9-ΔcaiA, which was then introduced into host strain by 
chemical transformation, and a positive single colony was transferred to 
LB medium containing 10 mg/L arabinose and 100 μg/mL ampicillin, 
followed by cultivation at 30 ◦C for several generations to promote the 
integration of the construct into the genome. Then, colony PCR and 
Sanger sequencing with specific genomic primers were used to confirm 
that caiA was deleted successfully. Finally, the caiA deleted strain was 
transferred into LB medium and cultured at 37 ◦C to cure the pCas9 
plasmid, resulting in the final strain. The other gene deletion strain was 
constructed using the same method.

2.4. Construction of l-carnitine biosensor mutants

The CaiF mutants were constructed by site-directed mutagenesis. 
The PCR reaction was conducted using the PrimerSTAR Max DNA po
lymerase (Takara, Japan) and the pBBR-sfGFP -caiF-caiC plasmids as the 
template DNA. The primers are listed in Supplementary Table S2. The 
PCR product was digested by DpnI (Takara, Japan) at 37 ◦C for 1 h 30 
min. Then it was transformed into competent cells of E. coli DH5α. After 
sequence verification, the extracted mutant plasmid was transferred into 
strain BW25113 (DE3) ΔcaiA for expression using chemical trans
formation method.

2.5. Characterization of the l-carnitine biosensor

The biosensor was tested in BW25113 (DE3) ΔcaiA. A single colony 
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was inoculated into LB and cultured overnight at 37 ◦C. Subsequently, 
inoculated into 0.8 mL of 96-well plates with fresh M9 medium con
taining Apr (50 μg/mL) at an initial OD600 of 0.05. L-carnitine (RiboBio, 
China) was added to the medium at different concentrations from 10− 6 

mM–10 mM, and the strains were subjected to fluorescence detection 
after incubation at 37 ◦C for 20 h. The fluorescence intensities and 
OD600 of the cells were measured by a Synergy Neo2 multimode 
microplate reader (BioTek, VT, USA). The wavelengths of excitation and 
emission for mCherry and sfGFP were 587/610 nm and 488/509 nm, 
respectively. By OD600 normalizing the fluorescence intensity, the spe
cific fluorescence was estimated.

2.6. Molecule dynamic simulations

Structural prediction and modeling of the CaiF-DNA complex was 
performed using AlphaFold3 [27]. Following preparation, the 3D 
models of wild-type CaiF-DNA and CaiF-DNA (R75A) were employed as 
the initial complex for molecular dynamics (MD) simulations. Initially, 
the constructed model underwent energy minimization using AMBER22 
[28], which was also utilized for the subsequent MD simulation of the 
final model, employing the ff14SB and gaff2 force field with the 
hydrogen mass repartitioning (HMR) method. After heating and equil
ibration, a 100 ns MD simulation was conducted without constraints. 
The complete simulation methodology employed in this study is avail
able in the supporting information. The MD trajectories were collected 
for further analysis and identification of relevant binding poses.

2.7. Data analysis

All experiments were repeated three times, and the results were 
taken as the average value. Prism software was used for paired com
parison using unpaired two-sided t-test for statistical analysis. The data 
in the graph showed a statistically significant difference (*p < 0.05; **p 
< 0.01; ***p < 0.001; ****p < 0.0001).

3. Results and discussion

3.1. Design of an in vivo activation l-carnitine biosensor

Based on the transcription factor CaiF, Pierre Kugler et al. [12] 
constructed a biosensor that can respond to different substrates in 
different E. coli chassis. The detection range of the biosensor is limited to 
10− 4 mM to 10− 1 mM, which poses significant challenges for its appli
cability in genetic designs that require a broader dynamic range.

In order to improve the detection range of biosensors, a biosensor 

based on transcription factor CaiF was constructed. The sensor consists 
of three main parts: first, the transcription factor CaiF is regulated by L- 
carnitine metabolites; secondly, caiC and caiF are co-expressed, and the 
effectors in the L-carnitine metabolic pathway exist in the form of co
enzyme A [12], which avoids the interference of endogenous metabolic 
pathways in host cells [9]; finally, a selectable marker gene or reporter 
gene was introduced for the characteristic analysis of biosensors. In this 
constructed genetic circuit, once the presence of crotonobetaine-CoA is 
detected, the CaiF protein is activated, thereby promoting the expression 
of the fluorescent reporter gene (Fig. 1).

In the sensor construction, we first screened the reporter genes, 
including mCherry, which is monomer derivatives of DsRed protein and 
suitable for long-term imaging, and Superfolder GFP (sfGFP) is an 
engineered variant of green fluorescent protein (GFP) that exhibits 
higher folding efficiency and photostability compared to wild-type GFP 
[29,30] (Fig. 2a). The presence of glucose will affect the expression of cai 
and fix operons, thus, glycerol was used as carbon source, which 
significantly increased the utility and sensitivity of the biosensor [12]. 
To evaluate the differential response of two distinct biosensors 
harboring different reporter genes to L-carnitine, varying concentrations 
of L-carnitine were introduced into the glycerol minimal M9 medium. 
The results indicated that the biosensor with mCherry did not show 
fluorescence signal in response to L-carnitine. In contrast, the biosensor 
with sfGFP displayed a dose-dependent fluorescence signal when 
exposed to L-carnitine (Fig. 2b). This may be due to mCherry’s poor 
fluorescence intensity and long maturation time [31]. When exogenous 
low-concentration L-carnitine is added, mCherry’s fluorescence signal 
change may be too subtle to be accurately detected [32]. Moreover, 
though mCherry has good photostability, its excited-state electrons 
easily react with oxygen, generating reactive oxygen species [31]. This 
makes its photobleaching tolerance weaker than that of sfGFP, which 
may further affect its long-term imaging performance. In contrast, sfGFP 
has advantages in fluorescence intensity and maturation time, making it 
more effective in emitting fluorescence signals under the same experi
mental conditions [32,33]. Consequently, in subsequent experiments, 
the sfGFP was utilized as the reporter for the biosensor.

In order to determine the response range of the biosensor with sfGFP 
to L-carnitine in the BW25113 (DE3) ΔcaiA, the exogenous addition 
concentration range of L-carnitine was from 10− 6 mM–10 mM. The 
biosensor exhibited a concentration-dependent fluorescence response 
within the L-carnitine concentration range of 10− 4 mM to 10− 2 mM. 
When the concentration reaches 10− 2 mM, the fluorescence response 
tends to be saturated. Demonstrating saturation of the receptor-binding 
capacity in the detection system (Fig. 2c).

Fig. 1. Schematic of Endogenous Regulation of L-Carnitine in Escherichia coli. γ-BB, γ-butyrobetaine; l-car, L-Carnitine; Crot, crotonobetaine; γ-BB-CoA, γ-butyr
obetainyl-CoA; l-car-CoA, l-carnitinyl-CoA; Crot-CoA, crotonobetainyl-CoA.
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3.2. Identification of the key binding sites of transcription factor CaiF

The interaction between transcription factors and DNA is a critical 
process in gene expression regulation, which largely depends on the 
precise recognition between specific amino acid residues and DNA 
molecules. CaiF (which Buchet et al. [9] speculate may function as a 

homodimer) can specifically bind to two sites (F1 and F2) in the cai-fix 
regulatory region. These sites contain 11 bp perfect inverted repeats 
separated by 13 base pairs between the two half-sites. The sequence is 
5′-TTTCAATATTG-N13-CAATATTGAAA-3′ [8,9]. To elucidate the mo
lecular mechanism of the CaiF transcriptional regulator, structural 
prediction and modeling of the CaiF-DNA complex were performed 

Fig. 2. A biosensor based on the transcription factor CaiF has been developed for the detection of L-carnitine. (a) The working principle of the biosensor. There are 
two reporter genes in the biosensor, sfGFP and mCherry (Down). (b) The biosensors corresponding to two different reporter genes were assessed using varying 
concentrations of L-carnitine. (c) Dose-response curves to exogenous L-carnitine for Sensor in BW25113 (DE3) ΔcaiA cultivated in glycerol M9 medium. The fluo
rescence was determined at each indicated effector concentration and normalized to the cell density. The curves were fitted to the Hill equation. The maximum 
normalized fluorescence signal observed during the cultivation process is shown. Error bars indicate the standard deviation of the mean of three replicates.
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using AlphaFold3 [27]. Structure analysis revealed several critical res
idues that directly interact with DNA (Fig. 3). These residues are pre
dominantly located in the DNA-binding domain, establishing direct 
contacts with the DNA backbone and bases through hydrogen bonds and 
electrostatic interactions, which are essential for the specificity and 
functionality of the transcription factor. Based on these structural in
sights, alanine scanning mutagenesis was employed to systematically 
validate the function of these sites. This approach, involving the sub
stitution of polar amino acids with the smaller alanine residue, enables 
the assessment of how alterations in charge distribution, stability, and 
thermodynamic properties affect substrate and DNA binging.

After excluding residues involved solely in main-chain interactions 
and hydrophobic contacts, 26 residues were selected for further vali
dation (positions 11, 28, 38, 39, 40, 42, 43, 46, 47, 64, 69, 72, 74, 75, 89, 
92, 93, 96, 97, 102, 103, 104, 106, 117, 120, and 131). Among these, 
mutants R75A, Y11A, V42A, N43A, T46A, and Y47A exhibited varying 
degrees of reduction in sfGFP/OD600 values across different L-carnitine 
concentrations. In contrast, mutations S93A, K40A, E96A, K97A, 
R102A, R131A enhanced output signal intensity in response to L-carni
tine at 10− 1 mM. The normalized fluorescence signals of the Y11A, 
V42A, N43A, T46A and Y47A mutants decreased about 80 %, when the 
concentration of L-carnitine was 10− 3 mM, the sfGFP/OD600 value of the 
control sensor was 1704 ± 22, while the sfGFP/OD600 value for the 
mutants ranged from 312 ± 24 to 363 ± 11. Which indicating that the 
mutation of R75, Y11, V42, N43, T46 and Y47 to alanine may change the 
binding pocket of the CaiF protein, which affected the binding with L- 

carnitine (Fig. 4a).
Notably, the R75A mutation resulted in an almost complete loss of 

downstream DNA transcriptional expression. Structural analysis 
revealed that residue R75 not only forms effective electrostatic and 
hydrogen bond interactions with DNA but also establishes a hydrogen 
bond network with residue T46, which is crucial for maintaining the 
protein’s structural stability. Molecular dynamics simulations revealed 
that the R75A mutation not only decreased the binding affinity by 40 
kcal/mol (from − 169 kcal/mol in WT to − 129 kcal/mol in R75A), but 
also resulted in increased structural fluctuations throughout the protein, 
with particularly elevated amplitudes in residues 66–80 (Fig. 4b and c) 
(Fig. S1). This destabilization of key interactions likely accounts for the 
observed reduction in fluorescence intensity following the R75A muta
tion. Taken together, the R75A mutation demonstrated this region as a 
critical domain for DNA recognition and binding. This finding guided 
the subsequent engineering strategy toward fine-tuning the binding af
finity within this region rather than disrupting it completely. Such un
derstanding formed the foundation for rational modification to expand 
the biosensor’s detection range while maintaining its fundamental 
functionality.

3.3. Extension the dynamic range of the L-carnitine biosensor

Based on the key sites identified by alanine scanning (Y11, V42, N43, 
T46, Y47, R75), we performed substitutions of the selected amino acids 
with residues of similar side-chain volume within each category 

Fig. 3. Predicted structure of the CaiF-DNA complex. The three-dimensional structure of CaiF transcription factor bound to its target DNA sequence was modeled 
using the AlphaFold3 Server [27]. Among them, pink and purple are two reverse complementary sequences in the binding domain, 5′-CAATATTGAAA-3′ and 
5′-TTTCAATATTG-3′, respectively, which are also the target sites of CaiF, so each DNA segment may require two CaiF binding. The key binding regions and residues 
are shown in the magnified view. Hydrogen bond interactions, hydrophobic interactions, and salt bridges are represented by blue solid lines, gray dashed lines, and 
yellow dashed lines, respectively. The DNA are shown in gray and the binding domain was bright orange. The residues are shown in magenta sticks.
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(hydrophobic, polar, negatively charged, and positively charged). This 
functional diversity-oriented volume-conservative substitution strategy 
ensures comprehensive substitutions, including both conservative and 
non-conservative replacements, thereby minimizing structural pertur
bations while maximizing the exploration of functional diversity. 
Among them, Y11L exhibited differences in response values between 1 
and 100 mM, with these values increasing as the concentration 
increased. In contrast, Y47W showed saturation at 1 mM; however, its 
output fluorescence signal intensity was significantly higher than that of 
the wild-type biosensor. Therefore, two advantageous mutants Y11L, 
and Y47W were successfully obtained (Fig. 5a–f). To further explore the 
specific response ranges of these advantageous mutants, exogenous L- 
carnitine was added at concentrations ranging from 10− 6 mM–10 mM 
for evaluation. Among them, Y47W showed significant advantages in 
both fluorescence intensities and concentration response range, with the 
maximum fluorescence intensities reached 8000, which is double that of 
the control, and a response range of 10− 4 mM to 10− 1 mM. The mutant 
Y11L does not show an advantage in fluorescence intensity but signifi
cantly expands the concentration response range to between 10− 3 mM 
and 1 mM (Fig. 5g).

3.4. Development of the mutants with high outputs and wider detection 
ranges

Output signal and response range are key performance indicators of 
biosensors. Although Y11L and Y47W exhibited enhanced concentration 
response ranges, their output signals did not meet expectations. There
fore, we selected the mutants (R89A, N92A, N93A, E96A, K97A, R102A, 
K103A, T104A, R106A, R117, K120) for further combination and 
mutagenesis studies. These residues do not directly participate in the 
specific DNA recognition region but may contribute to protein stability 
and nonspecific DNA binding. Such interactions could influence the 
biosensor’s output values and extend its detection range (Fig. S2). A 
total of 22 combinatorial mutants were successfully generated through 

site-directed mutagenesis. Compared with the mutant combinations on 
Y47W, the mutant combinations on Y11L generally exhibited lower 
output fluorescence signals. Among them, the superposition of the N92A 
mutation had a positive impact on both Y11L and Y47W, resulting in 
enhanced response ranges and improved output signals (Fig. 6a).

The combined mutants Y11L/N92A, Y11L/N93A, Y11L/R106A and 
Y11L/R117A exhibited a significant increase in fluorescence output 
(Fig. 6a). Upon optimization of the exogenous concentration, the 
detection range of the Y11L/N92A mutant was successfully extended to 
10− 4 mM–10 mM. At a concentration of 10 mM, the sfGFP/OD600 value 
reached 9126, representing a 5.5-fold increase in fluorescence intensity 
compared to the Y11L mutant and a 2.7-fold increase compared to the 
wild-type biosensor. Another notable combination mutant, Y11L/ 
R106A, demonstrated a substantially expanded response range of 10− 3 

mM–30 mM. Although its fluorescence output was slightly lower than 
that of Y11L/N92A, the sfGFP/OD600 value still increased to 6201 at 10 
mM concentration (Fig. 6b).

The mutant combinations Y47W/R89A, Y47W/N92A, Y47W/K97A, 
and Y47W/R102A derived from the Y47W were selected for detailed 
concentration analysis due to their superior performance (Fig. 6a). 
These mutants exhibited enhanced fluorescence output and extended 
detection ranges. Notably, Y47W/R89A showed significant improve
ments, with its concentration response range expanded to 10− 4 mM–10 
mM. This represents a 1000-fold increase in detection range compared 
to the wild-type biosensor. The output fluorescence signal intensity was 
also markedly enhanced. Upon exogenous addition of 10 mM L-carni
tine, the sfGFP/OD600 value of Y47W/R89A reached 10970, represent
ing a 2-fold increase compared to the Y47W mutant and a 3.3-fold 
increase relative to the wild-type biosensor (Fig. 6c).

Obviously, the mutation combination of R89A has a significant 
improvement on the performance of the biosensor at the Y47W site. 
Similarly, the mutant combination Y11L/N92A at the Y11L site has 
demonstrated a notable increase in fluorescence signal output and an 
expanded detection range. These improvements render these mutants 

Fig. 4. Interchain mutation analysis of CaiF. (a) The relationship between sensor mutants and concentration response. (b) Comparison of interaction networks before 
and after R75A mutation. Hydrogen bond and hydrophobic interactions are depicted by blue solid lines and yellow dashed lines, respectively. The DNA are shown in 
gray and the binding domain was bright orange, while residues are highlighted in magenta. (c) Root Mean Square Fluctuation (RMSF) analysis comparing residue 
dynamics in chain A before and after R75A mutation.
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Fig. 5. Site-directed mutagenesis of CaiF was performed to obtain mutants with expanded response range. (a–f) The response range of the mutants (Y11, V42, N43, 
T46, Y47, R75) was evaluated after exogenous addition of L-carnitine concentrations of 10− 4 mM, 10− 2 mM, 1 mM and 102 mM. (g) Dose-response curves to 
exogenous L-carnitine for mutants with expanded response range in E. coli BW25113 (DE3) ΔcaiA cultivated. The fluorescence was determined at each indicated 
effector concentration and normalized to the cell density. The curves were fitted to the Hill equation. The maximum normalized fluorescence signal observed during 
the cultivation process is shown. Error bars indicate the standard deviation of the mean of three replicates.
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more promising for biosensor applications, allowing for more efficient 
detection and response to target molecules.

4. Conclusion

The core principle of a transcription factor-based biosensor is to 
exploit the specific recognition and binding capacity of transcription 
factors to particular signal molecules, thereby regulating the expression 
of downstream genes and enabling the detection of target molecules. 
Subsequently, a biosensor with superior performance can be derived 
from its key components. The first component is the transcription factor 
itself, which can be engineered via directed evolution technology to 
enhance or diminish its binding affinity to the target molecule [34,35]. 
Additionally, research has been conducted on fusing transcription fac
tors with other functional proteins to amplify signal output [36]. The 
second key component is the promoter, which can be engineered by 
modifying its sequence and structure to optimize the expression level of 
the transcription factor [21]. The signal amplification element is another 
aspect that warrants attention. By incorporating specific genetic circuits, 
the performance of the biosensor can be optimized through the use of 
positive feedback mechanisms or multi-layered signal amplification 
pathways.

In this study, we constructed a biosensor in BW25113 (DE3) ΔcaiA 
with the substrate response range was 10− 4 mM-10− 2 mM. The DNA 
binding site of CaiF was predicted by structural prediction and model 
construction of the CaiF-DNA complex using AlphaFold3, and was 
verified by alanine scanning mutagenesis. The biosensor based on R75A 
could hardly respond to L-carnitine, mutants Y11A, V42A, N43A, T46A, 
Y47A exhibited low sensitivity and slow response to L-carnitine, which 
confirmed the credibility of our previously constructed model. Although 

alanine scanning provides great convenience for finding the recognition 
of key amino acid residues and DNA binding sites in CaiF, the protein 
structure of CaiF still needs to be determined by further experiments, 
such as X-ray crystals, Cryo-EM, etc.

A functional diversity-oriented substitution strategy with similar 
side-chain volumes was applied to six residues in the target protein. Two 
mutants (Y11L and Y47W) exhibited significantly improved response 
ranges. Subsequently, based on the Y11L and Y47W mutants and guided 
by the results of alanine scanning, we performed combinatorial muta
genesis targeting key sites associated with increased fluorescence sig
nals, ultimately obtained the optimal mutant Y47W/R89A. The mutant 
demonstrated a 1000-fold expansion in its concentration detection range 
compared to the control biosensor, surpassing the dynamic range of the 
reported biosensor by Pierre Kugler et al. by two orders of magnitude 
(100-fold), while simultaneously achieving a 3.3-fold amplification in its 
output signal intensity [12]. The biosensor constructed based on the 
CaiF mutant CaiFY47W/R89A has a concentration response range of 10− 4 

mM–10 mM, which is significantly superior to the wild type, making it 
more advantageous for screening strains that overproduce L-carnitine.

This study has obtained a biosensor with a significantly expanded 
detection range, and the in-depth investigation of the structure and 
mechanism of CaiF has provides valuable insights and rational engi
neering strategies for optimizing its performance. And provides some 
valuable information for further analysis of the functional domain of 
CaiF. Based on the directed evolution strategy of computer-aided design 
and structure-guided biosensors, researchers can significantly reduce 
the inherent blindness of the traditional "design-build-test" cycle. By 
integrating advanced mathematical models, machine learning algo
rithms, and deep learning frameworks, researchers can rationally pre
dict the binding conformational changes between transcription factors 

Fig. 6. Comparison of combinatorial mutant Y11L and Y47W. (a) The response values of wild type and mutants towards 10− 4 mM, 10− 2 mM, 10 mM and 102 mM L- 
carnitine (b) The mutant obtained by superimposing alanine on the basis of Y11L. The response range of the mutant was evaluated after exogenous addition of L- 
carnitine concentrations of 10− 6 mM–60 mM. (c) The mutant obtained by superimposing alanine on the basis of Y47W. The response range of the mutant was 
evaluated after exogenous addition of L-carnitine concentrations of 10− 6 mM–60 mM. The maximum normalized fluorescence signal observed during the cultivation 
process is shown. Error bars indicate the standard deviation of the mean of three replicates.
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and ligands, and optimize the synergy of regulatory elements (such as 
promoter strength and ribosome binding site design, etc.). This holistic 
approach enables the systematic enhancement of biosensor sensitivity, 
dynamic detection range, and specificity, thereby substantially 
improving their overall performance [37–39].

However, this field still faces numerous challenges. Insufficient 
structural analysis of transcription factors can limit the accuracy of 
computer simulations in predicting functional changes [40]. Further
more, the rational and robust design of a large number of component 
libraries may be limited by the system, and the evolution direction of the 
components cannot be completely controlled [41–44]. Moreover, the 
utilization of model training necessitates substantial data support and 
rigorous experimental validation. While these factors can be refined 
through consultation of existing literature or rational modeling ap
proaches, future endeavors should focus on the development of more 
finely-tuned biosensors to achieve precise detection of metabolite 
concentrations.
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