
Manipulating the molecular specificity of transcriptional 
biosensors for tryptophan metabolites and analogs

Chenggang Xi1,4, Yuefeng Ma1,4, Matthew B. Amrofell1, Tae Seok Moon1,2,3,5,6,*

1Department of Energy, Environmental and Chemical Engineering, Washington University in St. 
Louis, St. Louis, MO, USA

2Division of Biology and Biomedical Sciences, Washington University in St. Louis, St. Louis, MO, 
USA

3Synthetic Biology Group, J. Craig Venter Institute, La Jolla, CA, USA

4These authors contributed equally

5X (formerly Twitter): @Moon_Synth_Bio

6Lead contact

SUMMARY

Tryptophan and its metabolites, produced by the gut microbiota, are pivotal for human 

physiological and mental health. Yet, quantifying these structurally similar compounds with 

high specificity remains a challenge, hindering point-of-care diagnostics and targeted therapeutic 

interventions. Leveraging the innate specificity and adaptability of biological systems, we present 

a biosensing approach capable of identifying specific metabolites in complex contexts with 

minimal cross-activity. This study introduces a generalizable strategy that combines evolutionary 

analysis, key ligand-binding residue identification, and mutagenesis scanning to pinpoint ligand-

specific transcription factor variants. Furthermore, we uncover regulatory mechanisms within 

uncharacterized ligand-binding domains, whether in homodimer interfaces or monomers, through 

structural prediction and ligand docking. Notably, our “plug-and-play” strategy broadens the 

detection spectrum, enabling the exclusive biosensing of indole-3-acetic acid (an auxin), 

tryptamine, indole-3-pyruvic acid, and other tryptophan derivatives in engineered probiotics. 

This groundwork paves the way to create highly specific transcriptional biosensors for potential 

clinical, agricultural, and industrial use.
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Graphical Abstract

Xi et al. use synthetic biology tools to enhance transcriptional biosensor specificity and reveal key 

allosteric mechanisms, minimizing signal crosstalk in tryptophan or auxin metabolism pathways. 

This approach couples biosensing elements with various enzymes, providing detection and 

regulation tools with high orthogonality for industrial, agricultural, or biomedical applications.

INTRODUCTION

Tryptophan (TRP), an essential amino acid, is transformed by human cells and microbiota 

into a vast array of indole derivatives, pivotal for human health and host-microbe 

communication.1–3 Gut-microbial metabolites derived from dietary TRP are of significant 

interest due to their profound impact on modulating the immune system, enhancing gut 

barrier functionality, and interacting with the central nervous system via the gut-brain 

axis.4–6 Notably, indole-3-acetic acid (IAA; also an auxin or a plant hormone) and 

indole carboxaldehyde (IAld) engage with aryl hydrocarbon receptors (AhRs) on intestinal 

epithelial and immune cells, regulating immune responses and fortifying the intestinal 

barrier.7–9 Likewise, indole-3-propionic acid (IPA) is another microbiota-derived TRP 

metabolite with significant antioxidant and anti-inflammatory properties, protecting against 

oxidative stress.7,10 It is also linked to blood-brain barrier integrity and is associated with 

a reduced risk of type 2 diabetes.11,12 Furthermore, several gut-microbial TRP metabolites, 

including tryptamine (TRM), serotonin (5-hydroxytryptamine; 5HT), and melatonin, possess 

neuroactive properties.4 These compounds underscore the substantial influence of the gut 

microbiome on gastrointestinal (GI) functionality and mental health.
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Despite their chemical resemblance, TRP-related compounds fulfill vastly different roles in 

human health, and imbalances in TRP metabolites caused by gut-microbial dysbiosis can 

disrupt GI tract function.13,14 For instance, TRM secreted by commensal bacteria could 

crosstalk with both 5HT G-protein-coupled receptor and AhR in the intestinal epithelium, 

while IAA and IAld could only interact with AhR.2,15 Recent findings highlight IAA’s 

potential to enhance cancer therapy effectiveness, a property not observed with IPA.16 

Similarly, IPA and its precursor indole-3-acrylic acid have been proven to modulate 

inflammatory responses differently in the gut.10 Consequently, precise quantification of 

these compounds is crucial for the diagnosis and prevention of digestive and mental 

disorders. However, the structural similarities and diversity among TRP metabolites 

complicate their monitoring and regulation within gut environments. Traditional analytical 

methods such as high-performance liquid chromatography (HPLC), mass spectrometry, or 

NMR involve extensive sample preparation and data analysis for in vitro quantification,7 

while current biosensing methods are incapable of detecting these chemicals with high 

specificity and sensitivity.17

Transcriptional biosensors have become integral to metabolic engineering and the 

development of living diagnostics and therapeutics.18–20 Although these biosensors are 

renowned for their high specificity toward target effectors, their ability to bind multiple 

structurally similar compounds introduces a degree of promiscuity.21,22 Both enzyme and 

regulator promiscuity can lead to complex crosstalk in metabolic engineering, hindering 

the dynamic regulation of specific metabolites.23,24 In biomedical contexts, the nonspecific 

detection of disease biomarkers is particularly problematic, raising the risk of misdiagnosis 

and incorrect treatment.25,26

In this work, we have engineered transcription factors (TFs) TrpR and FeaR for the 

exclusive detection of IAA and indole-3-acetaldehyde (IAAld) in probiotic Escherichia coli 
Nissle 1917 (EcN) through semi-rational design. Furthermore, we elucidated the molecular 

specificity of evolved variants by structural prediction and ligand docking in combination 

with experimental mutation scanning data. Finally, we expanded the biosensors’ sensing 

range by integrating various enzyme modules capable of transforming non-native substrates 

into targets detectable by ligand-specific TFs. This modular approach allowed us to rapidly 

create highly orthogonal biosensors that can distinguish between IAA and its major 

precursors amid an environment of structurally similar analogs (Figure 1A).

RESULTS

The functional and structural analysis of IAA-responsive TrpR variants

The TrpR regulator, a well-documented transcription repressor, inhibits the transcription of 

TRP biosynthesis enzymes and its gene in the presence of sufficient TRP concentrations.27 

In its apo form, TrpR forms a symmetric homodimer, weakly binding to the trp operator 

via helix-turn-helix motifs (helix D-E)28 (Figure S1). The binding of TRP enhances TrpR’s 

affinity for the trp operator through alterations in the position of R84 guanidino-reading 

head and the addition of a hydrogen bond to DNA phosphate groups from its indole ring 

nitrogen.28,29 Prior studies have explored TrpR’s ligand preference toward a large variety 

of TRP metabolites, revealing a high degree of promiscuity for indole derivatives.27,30,31 
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However, these studies primarily examined shifts in ligand-binding affinities of TrpR 

variants or differences in DNA-binding affinities caused by ligand variants. Consequently, 

existing structure-guided approaches to depict ligand specificity, particularly for dynamic 

regulation of TrpR variants at the transcription level, are limited.

Previous research has produced a variety of TrpR variants with unique DNA-binding 

capabilities, employing TRP as effectors by several directed evolution experiments.32 Our 

investigation into the ligand specificity of these TrpR variants against a range of TRP 

derivatives revealed that those evolved variants are still promiscuous (Figures 1B, 1D, 

2A, and S2). In general, α-substituted acids, such as 5-hydroxy-L-tryptophan (5HTP) 

and indole-3-pyruvic acid (IPyA), along with TRP, could enhance dimerization or DNA 

binding, subsequently repressing gene expression (Figures 2A and S2E). Conversely, smaller 

compounds without an amine group, including IPA, IAA, and IAld (also a precursor of 

indole-3-carboxylic acid), tended to disrupt the TrpR dimer or impede DNA binding, leading 

to gene derepression. Amines and amides such as TRM and indole-3-acetamide (IAM) 

exhibited variable effects on the DNA-binding ability of the TrpR homodimer, dependent on 

the structural variations of the mutants. These cross-activities hindered the use of TrpR in 

the engineering of IAA-producing enzymes for metabolic engineering or other applications, 

as IAA precursors could interfere with the signals produced by the IAA product itself. 

Therefore, we chose to further modify the TrpRO1 system, which demonstrated the most 

significant fluorescence increase in response to IAA (Figures 1D, 2A, and S2E). This 

enhanced activation fold change was attributed to TrpRO1’s superior repressive capabilities, 

offering the lowest basal-level fluorescence for dynamic range optimization (Figure S3A).

To determine the residues governing ligand specificity, we initially utilized the AlphaFold2 

program to assess changes in the ligand-binding pockets (LBPs) of the TrpRO1 variant 

caused by alterations in the DNA-binding region (helix D) (Figure S3B). The alignment of 

TrpRO1 predicted structure, including its LBPs, closely matches that of the wild-type (WT) 

aporepressor (PDB: 3SSW) except for R84. This similarity allowed us to directly use the 

crystal structures of TrpR (PDB: 1TRO [TRP, DNA], 2OZ9 [TRP], and 6EJW [IAA]) for 

investigating the structure-function relationship. It is also important to note that the different 

orientation of R84 in the TrpRO1 predicted structure compared to the TrpRWT aporepressor 

could play a significant role in influencing the intrinsic repression efficiency (Figures S3A 

and S3B).

The TrpR LBP consists of three key components. First, R84, positioned atop the binding 

pocket, acts as a pivotal control for DNA-binding affinity by interacting with the carboxyl 

group of TRP analogs. Second, the carbonyl backbone spanning residues 41–44 forms an 

electron-rich core, creating hydrogen bonds with the amino group or the indole N–H of 

TRP analogs. Lastly, R54 and E47 form a rigid foundation by a salt bridge that stabilizes 

the TrpR homodimer, providing π-cation interactions to accommodate indole derivatives 

(Figures 2B and S4). Previous studies have shown that α-substituted acids, such as TRP, 

and nonsubstituted acids, such as IAA, adopt two divergent binding poses within the 

receptor30,31 (Figure 2B). Specifically, the amine group of α-substituted acids is anchored 

by the 41st to 44th residue backbone, along with an additional hydrogen bond from S88. 

In contrast, nonsubstituted acids primarily engage the same backbone to interact with the 

Xi et al. Page 4

Cell Rep Phys Sci. Author manuscript; available in PMC 2024 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



indole N–H group. The flip in binding orientation alters the spatial relationship between the 

R84 site and the 41–44 backbone, potentially affecting DNA-binding ability (Figure 2B).

To differentiate IAA from TRP binding, we initially targeted S88, following reports of its 

effectiveness in a fluorescence resonance energy transfer (FRET)-based biosensor via an 

S88Y mutation to eliminate TRP activity.31 Nevertheless, this specific mutation did not 

yield the expected outcomes in our TF-based biosensor (Figure 2C). Instead, we discovered 

that substituting S88 with alanine (S88A) enhanced the IAA induction and reduced basal 

fluorescence probably through improved dimerization, attributed to alanine’s smaller size 

and hydrophobic properties (Figures 2C and 2D).

The shrinkage of the binding pocket was also demonstrated through ligand-specificity 

analyses involving IPA, IAA, and IAld (Figures 2A and S3C). These three compounds, 

primarily differing in aliphatic chain length, serve as effective markers for assessing the 

size of the LBP (Figure 1A). Unlike the original TrpRO1, the S88A variant preferentially 

accommodated the smallest IAld as the most potent derepressor, suggesting that substituting 

S88 into a smaller residue could result in a more compact binding pocket (Figures 2A 

and S3C). This observation was corroborated by an increase in basal fluorescence in 

the absence of ligand for mutations involving bulkier residues, indicating a destabilized 

TrpR aporepressor (Figure 2C). Notably, the S88 position did not directly participate in 

DNA binding, meaning that alterations here did not inherently affect DNA interactions. 

Furthermore, most variants retained their ability to repress expression in a TRP-dependent 

manner, implying that fluctuations in basal fluorescence were likely independent of 

intracellular TRP concentrations. Thus, beyond its role in hydrogen bonding, S88 

modifications hypothetically influenced the size of LBP through adjustments in dimerization 

ability. While the S88A mutation successfully reduced affinity for most α-substituted TRP 

derivatives, additional engineering is required to comprehensively eliminate IPA and IAld 

binding (Figures 2F and S3C).

Manipulating TrpR dimerization interface to enhance IAA specificity

To refine the LBP size via TrpR dimerization efficiency, we targeted residues at the 

intersection of the dimerization interface and LBP, aiming for an optimal fit for medium-

sized IAA. Building on the TrpRO1 S88A mutant, we explored mutagenesis of M42, R48, 

T44, T81, and R84 (Figure 2B). Mutations at M42 and R48, either to smaller or hydrophobic 

residues, resulted in a more stable dimer, indicated by a reduced basal level of fluorescence, 

with IAld remaining the most effective derepressor (Figures 3A, S5A, and S5B). Mutations 

at T81 and R84 generally elevated basal fluorescence, suggesting a negative impact on TrpR 

aporepressor’s DNA-binding capabilities (Figures S5C and S5D). Interestingly, selected 

variants at T81 or R84 also exhibited a shifted substrate preference toward IPA, suggesting 

an expanded LBP (Figure 3A). T44, positioned centrally among these residues, plays a 

crucial role in balancing dimerization and DNA-binding dynamics. Mutating T44 to smaller 

hydrophilic residues promoted repression presumably by increasing intrinsic DNA-binding 

ability, whereas larger sizes or shifts in hydrophobicity disfavored the process (Figure 2D).

Remarkably, we identified a variant exhibiting exclusive IAA activity through an additional 

T44M mutation (Figure 2D). This variant’s ligand specificity for IAA was confirmed 
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through transfer curves and an activity heatmap (Figures 2E and 2F). Furthermore, time-

course fluorescence assays with varying concentrations of IAA, amid a mix of ten different 

TRP derivatives (each at 10 μM), revealed that the S88A + T44M mutations endowed 

the variant with resistance to analog interference, achieving detection limits as low as 50 

μM (Figure 2G). Employing AlphaFold2 for structural prediction and RosettaLigand for 

flexible ligand docking,33,34 we analyzed the mutant’s ligand-receptor interactions (Figures 

3C and S4). IAA adopted a pose in the LBP similar to its conformation within TrpRWT, 

also displacing R84 outward from the LBP. Specifically, the S88A mutation reduced 

TRP-binding affinity, and the T44M mutation slightly expanded the LBP, decreasing its 

preference for IAld. Additionally, the substitution of T44 with the bulkier M44 residue 

effectively blocked binding with larger ligands due to steric hindrance, thereby enhancing 

ligand specificity (Figure 3C).

Utilizing the IAA-specific TrpR variant, we assessed the catalytic efficiency of the 

IAM hydrolase (IaaH) by monitoring the fluorescence response of the biosensor to 

IAA production (Figure S6A). The TrpRO1 S88A + T44M double mutant, designed 

to be non-responsive to IAM, ensured that any observed fluorescence induction was 

solely attributable to increased IAA levels. Results demonstrated a significant, over 4-

fold increase in fluorescence upon IaaH expression, directly correlating IaaH’s catalytic 

activity with fluorescence intensity (Figure S6B). This configuration allows for the 

straightforward evaluation of IaaH functionality via the IAA biosensor, free from substrate 

IAM interference. Nevertheless, IaaH’s capability to also facilitate the conversion of IPyA 

into IAA posed a challenge for achieving absolute molecular specificity, indicating the 

necessity for further engineering to address its promiscuity (Figures S6A and S6C).

Decoupling TRP repression ability in the mixture of TRP and IAA

In experiments where TRP and IAA were mixed in a 1:1 ratio, the double mutants still 

exhibited TRP-dependent activity patterns (Figures 2D, 3F, and S5). To completely decouple 

the TRP repression during IAA activation, it is crucial to eliminate all possible binding 

sites for TRP. Previous mutagenesis at R84 produced a variant, R84A, which interestingly 

showed TRP activity mirroring that of IAA, characterized by gene activation rather than 

repression (Figures 3A and S7A). This shift suggested that TRP adopted a binding pose 

resembling that of IAA. Additionally, the observed IPA dominance for S88A + R84 

mutants suggested an enlargement of the LBP (Figure 3A), which allowed those variants 

to accommodate TRP in a pose similar to IPA. To restore the ligand preference for IAA, we 

combined mutations at M42, T44, or M48 with S88A + R84A, aiming to further tighten the 

TrpR dimer (Figure S8).

Subsequent saturation mutagenesis efforts identified several triple mutants that 

predominantly favored IAA activity, exhibiting minimal TRP repression even when exposed 

to equal concentrations of TRP and IAA (Figures 3B and S8). Mutating M42 to smaller 

hydrophilic residues such as N or Q, or to hydrophobic residues such as V or Y, perhaps 

facilitated tighter dimer formation, effectively narrowing the LBP to exclude TRP binding 

(Figures 3B and S8A). In addition, substituting R48 with hydrophobic residues exhibited 

similar ligand preference (Figures S8C and S8D). Among these, the S88A + R84A + 
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M42V triple mutation emerged as particularly IAA selective, abolishing TRP binding while 

maintaining IAA-dominating induction under varying conditions of TRP and IAA exposure, 

as demonstrated through transfer curves and ligand-specificity analysis (Figures 3B, 3D, 3F, 

and S7B). This novel biosensor could enable the accurate assessment of multi-step IAA 

synthesis from TRP, overcoming intermediate interference and TRP repression—a limitation 

unaddressed by previous biosensors that retained R84 as a regulatory latch.

Structural predictions and ligand-docking simulation revealed a profound transformation 

in IAA’s binding conformation within this variant, where IAA adopted an unconventional 

pose. Specifically, the benzene segment of IAA’s indole backbone protruded from the 

binding pocket (Figure 3E). Without R84, IAA’s carboxyl group engaged in an alternative 

interaction with T81, akin to IPA,30 causing the indole backbone to lean outward from the 

binding pocket. This shift could also account for the observed elimination in IAA activity 

with T44 mutations in the TrpRO1 S88A + R84A context, as larger substitutions would 

clash with the indole structure (Figure S8B). Additionally, in the absence of R84, IAA’s 

carboxylate would interact with R54—a key dimer stabilization contributor through its 

interaction with the coplanar E47 (Figures 3E and S4). Consequently, IAA binding would 

possibly alter the planar hydrogen bond between R54 and E47, diminishing its dimerization 

affinity (Figure 3E).

The functional and structural analysis of TynA and FeaR variants

In our previous work, we demonstrated that the FeaR sensor could detect various aromatic 

aldehydes produced from neuroactive amines by the promiscuous monoamine oxidase 

TynA21 (Figure S9A). Among these amines, TRM also acts as a precursor of IAA 

through subsequent oxidation of IAAld (Figure 1A). Expanding on the prior research, we 

characterized the ligand promiscuity of the TynA-FeaR sensor system in EcN utilizing 

orthologs from Klebsiella species, Klebsiella pneumoniae and Klebsiella aerogenes (Figures 

4A and S10). TynA from K. pneumoniae (TynAKP) was successfully expressed in E. coli 
fused with an E. coli TynA (TynAMG) signal peptide, whereas TynA from K. aerogenes 
(TynAKA) exerted a significant growth defect on EcN. TynAKP also showed diminished 

activity in EcN, active only in its soluble form, unlike the robust activity seen in both soluble 

and membrane-bound forms of TynAMG (Figure S9B). Moreover, TynAKP was inactive in 

the absence of TynAMG’s signal peptide, demonstrating the vital role of the signal peptide in 

enhancing enzyme solubility. Despite literature suggesting the superior activity of Klebsiella 
TynA for dopamine (DA),35 our findings revealed similar substrate promiscuity between 

TynAMG and TynAKP when expressed in EcN (Figure S9B and Table S1).

However, exploring various TynA and FeaR combinations revealed ligand-specificity shifts 

attributable to FeaR variations, likely due to lower sequence identities (Figures 4A and 

S9C). It also supported our previous findings that biosensing specificity is more effectively 

modulated by regulator mutations than by enzymatic modifications.21 Coupling with K. 

pneumoniae FeaR (FeaRKP) drastically reduced all activities, regardless of the choice of the 

starting codon or the source of TynA (Figure S9C). However, pairing with K. aerogenes 
FeaR (FeaRKA) significantly enhanced the response to TRM, matching the levels seen with 

tyramine (TYM) or phenylethylamine (PEA) (Figures 1D and 4A).

Xi et al. Page 7

Cell Rep Phys Sci. Author manuscript; available in PMC 2024 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



E. coli and K. aerogenes FeaR showed conservation in the ligand-binding sites, with only 

six mutations within the LBP (Figure 4B). Those mutations slightly increased overall 

hydrophobicity, which illustrated the observed attenuated DA activity in FeaRKA (Figures 

4A and S11A). Subsequent structural analysis revealed FeaRKA’s enhanced TRM binding 

and activity were due to an additional hydrogen bond with Q117 (Figures 4B and S12). 

Notably, I109 and I84 (corresponding to L100 and M83 in FeaRMG) were vital for the 

unique ligand-binding conformation in FeaRKP, with significant side-chain rotations relative 

to FeaRMG (Figure 4B). M83 emerged as key in regulating hydroxyl group interactions 

with TYM or DA aldehyde in FeaRMG, and L108 engaged in universal π-alkyl interactions 

with aromatic rings.21 In FeaRKA, the slightly bulkier base of I109’s s-butyl group inhibited 

W111 from forming π interactions with IAAld, and its slimmer side-chain head better 

accommodated the large indole ring of IAAld. Meanwhile, the more rigid I84 in FeaRKA, 

compared to the flexible M83 in FeaRMG, restricted IAAld’s indole backbone from deeper 

insertion into the binding pocket. These alterations supported indole N–H hydrogen bonding 

with Q117, diverging from E. coli FeaR where W110’s π interactions were dominant. 

Consequently, we preserved the I84 mutation to maintain hydrogen bonding with Q117 

and initiated mutagenesis at I109, given its strategic position for refining TRM specificity 

(Figure 4B).

Optimizing ligand specificity and activity for TRM sensors

We randomized the I109 residue for FeaRKA and evaluated the activity of all 19 variants, 

coupled with TynAKP, against five structurally similar amines (Figure 4C). TynAKP 

was employed because it showed better compatibility with FeaRKP, which shared 80% 

sequence identity with FeaRKA (Figures S9C and S10). This approach yielded several 

ligand-specific variants with exclusive responses to the three predominant ligands: I109F 

for phenylacetaldehyde (PEAld), I109T and I109N for IAAld, and I109E specifically for 

4-hydroxyphenylacetaldehyde (TYM aldehyde) (Figure 4C).

These findings highlighted I109 as a critical determinant of ligand specificity through steric 

effects or polar interactions caused by mutations. Increasing the size of residue from I to F 

could eliminate activities for ligands larger than PEA. Additionally, replacing I109 with the 

negatively charged E reduced affinity for hydrophobic moieties such as PEA’s benzene and 

TRM’s indole structure, preserving only TYM activity.

Altering I109 to smaller hydrophilic residues such as T or N selectively removed PEA and 

TRM activities, rendering IAAld as the sole bound ligand. The I109L mutation diminished 

TRM activity while a smaller but structurally similar I109V mutation enhanced TRM 

activity, illustrating the importance of I109 in FeaRKA for optimal interaction with IAAld 

compared to FeaRMG. Notably, the structural analysis revealed that I84 remained a rigid 

support for IAAld’s indole backbone, and N109 exhibited a larger bond-rotation angle 

relative to L108 in the FeaRMG than that of I109 (Figures 4B, 5B, and S12). Mutating I109 

to N likely generated greater repulsion to the W111, thus diminishing its interaction with all 

other ligands while allowing more space for IAAld. Finally, the I-to-N mutation could form 

a π-donor hydrogen bond particularly with IAAld’s indole group, conferring I109N as the 

best IAAld-specific variant (Figure S12).
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To improve the fluorescence output of the TRM-specific sensor consisting of TynAKP and 

FeaRKA I109N, we supplemented M9 medium with 1 mM thiamine and 0.2% trace elements 

to enhance cell growth and signal amplification (Figures S11B and S13A). Additionally, 

we relocated the FeaR regulator cassette to the reporter plasmid with a slightly higher 

copy number, boosting the gene activation (Figures 5A and S11B). Although we considered 

augmenting TynA’s activity to facilitate aldehyde formation from amines, rapid conversion 

of PEA by TynA led to minor cross-activity in the FeaRKA I109N variant (Figures S11B 

and S13B). Hence, we continued utilizing TynAKP to maintain signal orthogonality. These 

optimizations resulted in a more than 1,000-fold increase in fluorescence response to TRM 

while constantly surpassing the response to other amines, which induced less than a 10-fold 

increase (Figures 5C and S11B).

Similar to the IAA-specific sensor, we tested the sensor’s sensitivity through a kinetic 

fluorescence assay against increasing TRM concentrations, with and without a background 

of ten different TRP analogs (each at 10 μM) (Figures 5D and S13B). The sensor 

demonstrated a stable, dose-dependent response to TRM, maintaining accuracy in the 

presence of interfering substances. This TRM-specific biosensor exhibited high sensitivity, 

detecting as low as 10 μM TRM, with a rapid response observed within 1 h of ligand 

introduction. Additionally, the consistent baseline in the absence of TRM underscored the 

sensor’s high signal-to-noise ratio for potential applications (Figure 5D).

Expanding the FeaR biosensing range by a plug-and-play strategy

Apart from the IAM and TRM pathways, the IPyA pathway is recognized as the most 

predominant and widespread pathway for IAA synthesis in bacteria.36 This three-step 

process first converts TRP to IPyA by an amino acid aminotransferase (AAT). Next, IPyA 

is catalyzed into IAAld via the action of indole pyruvate decarboxylase (IpdC). Finally, an 

aldehyde dehydrogenase oxidizes IAAld, a step also shared with the TRM pathway (Figure 

1A). Additionally, IPyA serves as a precursor to IPA production, through intermediates, 

including indole-3-lactic acid and indole acrylic acid.7 While these downstream IPyA 

metabolites perform diverse roles within the human gut, the psychological effects of IPyA 

itself remain unclear. Developing an IPyA sensor could thus aid in understanding IPyA’s 

significance and guide the engineering of enzymes involved in its metabolism.

Expanding on our established ligand-specific TynA-FeaR sensors, we introduced the 

IpdC enzyme to convert aromatic pyruvates into aldehydes detectable by FeaR (Figures 

1C and 6A). Contrary to anticipated specificity, IpdC demonstrated a high degree of 

enzyme promiscuity, catalyzing reactions beyond IPyA (Figures 1D and S14). Due to 

the native aromatic pyruvate biosynthesis in EcN,37,38 constantly produced substrates led 

to an elevated basal fluorescence compared to the TynA-FeaR system with the same 

configuration. Moreover, the IpdC-FeaR system also exhibited a lower dynamic range 

and a higher half-maximal effective concentration than the TynA-FeaR system (Figures 

1D and S14A). These observations emphasize the need for additional modifications to 

IpdC’s catalytic efficiency and specificity to enable its further application in biosensing and 

biomanufacturing.
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Given IpdC’s innate substrate preference for phenylpyruvic acid (PPyA) over IPyA, we 

decided to first construct a PPyA sensor without substantial modifications to the enzyme 

module. Previously, we identified FeaRWT A81L as a biosensor specifically responsive 

to PEAld, so we replaced the promiscuous FeaR with the A81L variant aiming for PPyA-

specific biosensing (Figures 6B and 6C). Similar to the TRM-specific sensor, we integrated 

the FeaR A81L regulator on the reporter plasmid to amplify the signal (Figure 6A). To 

minimize any potential growth impact, we kept the weak ribosome-binding site (RBS) used 

for tynA to express IpdC, enabling the rapid construction of a PPyA-specific biosensor. 

This sensor retained high specificity, showing stable dose-dependent fluorescence with 

minimal noise signals caused by the addition of interfering molecules, although its detection 

threshold exceeded 100 μM (Figures 6C and 6E).

When directly coupled with the IAAld-specific FeaR module previously characterized, 

the IpdC cassette produced extremely low signals, and signals from PPyA remained 

prominent (Figure S14). Due to the lower detection sensitivity compared with the TynA-

FeaR system, we optimized the expression of IpdC for the better conversion of IPyA 

to IAAld. This would enhance the specific detection of IPyA, a less favored substrate. 

However, higher levels of IpdC expression caused growth defects in EcN, suggesting that 

aldehyde product accumulation from continuous IpdC activity on intracellular aromatic 

pyruvates might be toxic. To circumvent this, we fused a signal peptide from TynAWT to 

IpdC, directing the aldehydes to the periplasm, and created an RBS library to fine-tune 

expression levels (Figure 6B). Screening this library led to the identification of an IPyA-

specific variant, whose activity toward PPyA was effectively restrained by the FeaR I109N 

mutant (Figure 6D). Ligand-specificity analysis revealed that this sensor was dedicated to 

IPyA aside from the two precursors, TRP and IPA (Figures 6E and S15). TRP could be 

converted to IPyA through an EcN endogenous AAT pathway, and we hypothesized that 

IPA could be converted to IPyA through reversible enzyme cascades under rapid IPyA 

consumption conditions.7,38 The sensor’s time-course fluorescence assays demonstrated 

consistent responses to IPyA concentrations, unaffected by the presence of a mixture of 

interfering substances (Figure 6D). In the future, this biosensor holds promise for biosensor-

aided enzyme engineering to enhance microbial IAA production via the IPyA pathway.

DISCUSSION

Signal orthogonality is fundamental for all chemical sensors, yet achieving it poses a 

challenge for biosensors due to the inherent promiscuity of biological regulatory elements.39 

This is particularly evident in TrpR and FeaR, which, contrary to initial expectations, have 

demonstrated notable promiscuity in our extensive examinations of their substrate scopes. 

Here, we established a generalizable approach to engineer the molecular specificity of these 

transcriptional biosensors for accurately detecting a range of gut-microbiota-derived TRP 

metabolites.

To initiate the evolution process, we first systematically examined the natural or synthetic 

orthologs for these two TFs, TrpR and FeaR, analyzing sequence and structural variations 

to unveil their distinct substrate preferences. To understand the sequence-structure-

function relationships and ligand-specificity transition over the evolution processes, we 
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established a structural prediction pipeline using models, including AlphaFold233,40,41 

and RosettaLigand,34,42,43 which could rapidly generate ligand-docking simulations for 

proteins not yet characterized. It is important to note that while these models can predict 

various conformations, the highest-ranked conformation—considered most favorable based 

on the lowest calculated free energy—sometimes failed to align with empirical data. 

Consequently, we relied heavily on existing experimental results and findings from our 

current study to identify the most accurate conformation that aligns with experimental 

evidence. Additionally, traditional saturation mutagenesis proved invaluable, often revealing 

insights beyond our initial expectations and elucidating the sequence-function relationship of 

residues crucial for specificity control.

Selecting a variant exhibiting the highest fold change for our target ligand as the starting 

point for protein evolution, we harnessed structural insights alongside experimental data 

to steer subsequent evolution processes targeting IAA and IAAld. Specifically, in TrpR, 

where LBP is formed by two chains in the homodimer, we managed to reduce promiscuous 

binding by disrupting the unique S88 hydrogen bond associated with TRP. Innovatively, we 

employed IPA, IAA, and IAld as indicators of LBP size, reasoning that a preference for 

smaller ligands implies a more compact dimer. We first reported a novel S88A mutation 

for enhanced repression on Ptrp, thus resulting in a greater fold change for IAA and, 

unexpectedly, for IAld as well. We then fine-tuned the size of LBP to avoid strengthening 

interactions with the smaller ligand IAld by an additional mutation at T44M while still 

excluding large molecules such as TRP, IPyA, or IPA. During the evolution process, we 

targeted residues at the dimerization interface within the ligand-binding domain. Mutations 

at T81 and R84 successfully expanded the LBP probably by weakening dimerization, 

with IPA emerging as the primary effector. Conversely, mutations at M42 and R48 

effectively narrowed the LBP presumably by reinforcing the TrpR dimer, with IAld as 

the dominant effector. These modifications provide a programmable framework for the 

LBP, opening avenues for further development of IPA- or IAld-specific sensors. Finally, we 

integrated the IAA-specific regulator, TrpRO1 S88A + T44M, with the IaaH enzyme module, 

demonstrating the sensor’s efficacy in detecting intracellular IAA produced via enzymatic 

reaction. This proof-of-concept demonstration highlights the potential of the IAA-specific 

sensor for aiding in enzyme evolution and metabolic engineering.

We also discovered that TRP-nonresponsive TrpR variants, when exposed to both TRP 

and IAA simultaneously, exhibited fluorescence patterns akin to those observed under 

“TRP-only” conditions. This suggests that the aporepressor may still favor TRP binding, 

although TRP does not function as an effector to alter TrpR’s DNA-binding affinity 

significantly. This previously unreported phenomenon underscores a novel area of TrpR 

functionality that required resolution. To address the potential of TRP binding that facilitates 

the dimerization of the TrpR aporepressor, we employed an S88A + R84A double mutation 

to obliterate another TRP-binding site. As a result, TRP binding shifted from stabilizing 

the aporepressor to acting as a derepressor, similar to the roles of IPA or IAA. Initiating 

from this mutated version, we undertook further modifications to adjust the LBP’s size, 

successfully reinstating IAA as the predominant effector for selective biosensing. Although 

the ~3-fold fluorescence induction observed with this novel biosensor is relatively modest, 

it offers unprecedented potential for assisting in de novo IAA biosynthesis from TRP. This 
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capability is particularly noteworthy, as no prior transcriptional biosensor could selectively 

respond to IAA amid high TRP concentrations, marking a significant leap forward in 

biosensor design and application.

In the case of the FeaR regulator, where the LBP is situated within a monomer, we applied 

canonical engineering principles distinct from those used for TrpR.21,22 For monomers, a 

larger residue introduces a greater steric effect, consequently constricting the LBP. On the 

other hand, a smaller residue provides additional space, accommodating bulkier ligands 

but potentially compromising interactions with smaller residues. Our investigation into 

FeaR homologs from Klebsiella species emphasized the value of experimental analysis 

for understanding ligand specificity, revealing FeaRKA’s exceptional affinity for TRM. By 

comparing the predicted structure of FeaRKA with the E. coli version, I109 emerged as a 

key determinant of ligand preference. We demonstrated how targeted mutagenesis could 

significantly alter ligand specificity, converting a promiscuous regulator into ones selectively 

responsive to IAAld, PEAld, or 4-hydroxyphenylacetaldehyde.

Given the limited solubility and stability of these aldehyde compounds for direct dosing,44 

we utilized the TynA enzyme module to transform aromatic amines into the corresponding 

aldehydes. This approach led to the identification of the first IAAld-specific TF, FeaRKA 

I109N, and a TRM-specific sensor when combined with TynA. Furthermore, we refined 

the sensor’s configuration to enhance signal dynamic range, resulting in a TRM-specific 

sensor characterized by a low detection limit and minimal cross-reactivity. Building on the 

previously identified PEAld-specific FeaR A81L, we expanded our biosensor repository 

by integrating the FeaR regulator with a different converting enzyme, IpdC. This modular 

approach allowed us to rapidly generate a new PPyA-specific sensor. By tailoring IpdC’s 

expression, we also crafted an IPyA-specific sensor that exhibits high selectivity, effectively 

distinguishing IPyA from structurally similar compounds. However, the presence of the 

native AAT pathway, which converts TRP to IPyA, alongside hidden routes that convert IPA 

into IAAld, made the sensor not solely responsive for IPyA. To better achieve the desired 

molecular specificity within this EcN biosensor framework, we could knock out the enzymes 

in these IPyA-producing pathways for future applications.

Collectively, this work demonstrates the power of structure-guided protein engineering to 

create highly specific transcriptional biosensors, overcoming the inherent promiscuity that 

often limits the direct use of natural receptors. Through a combination of evolutionary 

analysis, structure-guided mutagenesis, and the integration of modular enzymes, we 

successfully developed a collection of biosensors capable of selectively detecting IAA, IAM, 

TRM, IPyA, PEA, and PPyA amid a complex matrix of structurally similar compounds. 

The resulting biosensing platform provides a versatile toolbox for precisely quantifying key 

gut microbiota metabolites, enabling applications ranging from diagnostics and therapeutics 

to metabolic engineering.6,45 Additionally, given the important roles of those compounds 

in plant-microbe interactions, the developed biosensors will be useful in elucidating the 

soil ecosystem’s dynamic interactions and engineering the plant-microbe community for 

practical applications.46–48 Future efforts to expand the detection repertoire and improve 

the sensors’ performance characteristics will likely yield valuable further insights into the 

complex roles of TRP derivatives in human health and disease.2,49
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EXPERIMENTAL PROCEDURES

Plasmids, strains, and reagents

All strains, plasmids, and sequences of genetic parts used in this study are summarized in 

Tables S2–S4, respectively. E. coli DH10B (Invitrogen, Waltham, MA, USA) was used for 

all routine cloning and mutagenesis plasmids assembled by Gibson Assembly or Golden 

Gate Assembly methods. All biosensor systems were characterized in E. coli Nissle 1917 

(DSMZ, Germany). The tynA, feaR, and trpR genes were obtained from E. coli MG1655 

genomic DNA. The tynA and feaR genes from Klebsiella species were synthesized by Twist 

Bioscience (San Francisco, CA, USA). The ipdC from Enterobacter cloacae was synthesized 

by Integrated DNA Technologies (Coralville, IA, USA). The gfpmut3 sequence was fused 

with an SsrA degradation tag to report changes in outputs over time. Primers were purchased 

from Integrated DNA Technologies. Plasmid DNA was purified using the PureLink Quick 

Plasmid Miniprep Kit (Invitrogen), and PCR products were extracted from electrophoresis 

gels using the Zymoclean Gel DNA Recovery Kit (ZYMO Research, Irvine, CA, USA). 

Enzymes were purchased from New England Biolabs (Ipswich, MA, USA). Chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibiotics were purchased from 

Gold Biotechnology (Olivette, MO, USA). LB Miller (LB) medium (VWR, Radnor, PA, 

USA) was used for routine cloning, enzymatic assays, and seed culture of fluorescence 

assays. LB with 1.5% agar was used for the transformation of E. coli DH10B and Nissle 

1917. M9 minimal medium supplemented with 2 mM MgSO4, 100 μM CaCl2, 0.4% (w/v) 

glucose, 0.2% casamino acids, and 0.01% thiamine was used for TrpR-Ptrp sensor assays. 

M9 minimal medium supplemented with 2 mM MgSO4, 100 μM CaCl2, and 2% (w/v) 

glycerol was used for TynA-FeaR-PtynA sensor assays unless otherwise indicated. M9 

minimal medium supplemented with 2 mM MgSO4, 100 μM CaCl2, 2% (w/v) glycerol, 1 

mM thiamine, and 0.2% trace element mix was used for IpdC-FeaR-PtynA sensor assays. 

Interfering ligand stock was prepared by dissolving 1 mM 5HTP, TRP, IPA, IPyA, IAA, 

IAM, indole-3-carboxaldehyde (IAld), 5HT, tryptamine (TRM), dopamine (DA), tyramine 

(TYM), PEA, and PPyA in 50% ethanol and diluted 100× into experimental cultures.

Gene knockout

Gene knockout was performed following the previous report.50 To construct an EcN variant 

with genomic trpR knocked out, pMYF42 was obtained by inserting the gRNA derived 

from the trpR sequence and the template with 500-bp homologous arms flanking the trpR 
loci into pgRNA. EcN was transformed with pMP11 and grown on LB plates with 100 

μg/mL ampicillin at 30°C overnight. 5 mL of LB with 100 μg/mL ampicillin was inoculated 

with a single colony and grown overnight at 250 rpm and 30°C. The overnight culture 

was diluted 50-fold into 25 mL of LB with 100 μg/mL ampicillin and 1% arabinose 

(to induce recombinase expression) in a 250-mL shake flask and grown at 250 rpm and 

30°C until optical density (OD600) was 0.35–0.4. The cells were harvested and prepared 

for transformation via electroporation. Competent cells were transformed with 300 ng of 

pMYF42 and recovered in 600 μL of SOC medium for 2 h at 250 rpm and 30°C. Following 

recovery, cells were plated on LB with 100 μg/mL ampicillin and 34 μg/mL chlorophenol 

plates and grown overnight at 30°C. Gene knockout was confirmed by colony PCR. For 

plasmid curing, pMYF42 was cured by growing the single colony in 5 mL of LB with 100 
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μg/mL ampicillin and 200 ng/mL anhydrotetracycline (aTc) at 250 rpm and 30°C to induce 

the expression of a gRNA targeting the pBR322 origin. That culture was then plated onto LB 

plates with no antibiotic and grown at 42°C to cure out pMP11.

TrpR-Ptrp fluorescence assays

Single colonies of EcN-Δtrp harboring the respective sensor and reporter plasmids were 

inoculated into 5 mL of LB medium and incubated overnight at 37°C with shaking at 

250 rpm. Experimental cultures were prepared by diluting overnight cultures 200× into 

0.6 mL of fresh M9 medium supplemented with respective ligands in 2-mL 96-deep-well 

plates. Cultures were grown for 8 h at 37°C and 250 rpm before collecting samples for 

flow-cytometry analysis. For IaaH-TrpR-based sensor systems, cultures were grown for 24 

h under the same condition before flow-cytometry analysis. All media were supplemented 

with the relevant antibiotics for plasmid maintenance (34 μg/mL chloramphenicol and 100 

μg/mL spectinomycin).

Time-course TrpR-Ptrp fluorescence assays

Single colonies of EcN-Δtrp harboring the respective sensor and reporter plasmids were 

inoculated into 5 mL of LB medium and incubated overnight at 37°C with shaking at 

250 rpm. Experimental cultures were prepared by diluting overnight cultures 200× into 

0.6 mL of fresh M9 medium in 2-mL 96-deep-well plates. After 2 h, cultures were 

supplemented with varying concentrations of IAA, with or without interfering ligands. 

Cultures were grown for 8 h at 37°C and 250 rpm, and samples were collected every 1 h 

for flow-cytometry analysis. All media were supplemented with the relevant antibiotics for 

plasmid maintenance (34 μg/mL chloramphenicol and 100 μg/mL spectinomycin).

High-performance liquid chromatography

The compositions of products resulting from IaaH enzyme activity on IAM, IAA, IAld, 

IPA, and IPyA were analyzed by HPLC using an Agilent 1260 Infinity II HPLC system 

equipped with a Poroshell 120 EC-C18 column (4.6 mm × 100 mm, 2.7 mm particle size) 

and a UV detector set at 280 nm (Agilent Technologies, Santa Clara, CA, USA). Three 

independent replicates were taken from both the initial medium and the supernatant after a 

24-h enzymatic reaction by EcN expressing the IaaH enzyme. The mobile phase contains 

water (0.1% formic acid) and acetonitrile (0.1% formic acid). For the elution, a gradient of 

water and acetonitrile, both containing 0.1% formic acid, was used. The gradient started at 

92% water and 8% acetonitrile, shifted to 74/26 at 5 min, balanced to 50/50 at 8 min, and 

returned to 92/8 at 10 min. The column was maintained at a temperature of 60°C with a flow 

rate of 1 mL/min.

FeaR-PtynA fluorescence assays

Single colonies of EcN harboring the respective sensor and reporter plasmids were 

inoculated into 0.6 mL of LB medium and incubated overnight at 37°C with shaking at 250 

rpm. Experimental cultures were prepared by diluting overnight cultures 100× into 0.6 mL 

of fresh M9 medium in 2-mL 96-deep-well plates. After 2 h, cultures were supplemented 

with varying concentrations of respective ligands in 2-mL 96-deep-well plates. Cultures 
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were grown for 24 h at 37°C and 250 rpm before collection of samples for flow-cytometry 

analysis. All media were supplemented with the relevant antibiotics for plasmid maintenance 

(20 μg/mL kanamycin and 100 μg/mL spectinomycin).

Time-course kinetic fluorescence assays

Single colonies of EcN harboring corresponding sensor and reporter plasmids were 

inoculated into 0.6 mL of LB medium and incubated overnight at 37°C with shaking at 250 

rpm. Experimental cultures were prepared by diluting overnight cultures 100× into 0.6 mL 

of fresh M9 medium in 2-mL 96-deep-well plates. After 2 h of incubation at 250 rpm and 

37°C, cultures were supplemented with varying concentrations of respective ligands with or 

without interfering ligands and transferred to 96-well assay microplates. The fluorescence 

and culture absorbance (Abs) were recorded every 15 min within a Tecan Infinite M200 

Pro plate reader (Tecan, Switzerland) for 10 h of incubation at 200 rpm and 37°C. Baseline 

fluorescence and Abs recorded from the medium alone were subtracted from the values 

of each test sample. The corrected fluorescence was then normalized by dividing by the 

Abs and further corrected by subtracting the value obtained from non-fluorescent WT cells, 

as outlined in Equation 1. All media were supplemented with the relevant antibiotics for 

plasmid maintenance (20 μg/mL kanamycin and 100 μg/mL spectinomycin).

Fluorescence a.u. = Fluorescencesample
Abs 600nm sample

− Fluorescencewild−type
Abs 600nm wild−type

.

(Equation 1)

Flow cytometry

Cultures were diluted to 200 μL in filter-sterilized PBS supplemented with 2 mg/mL 

kanamycin and transferred to 96-well U-bottom assay microplates (BD Biosciences, San 

Jose, CA, USA). The fluorescence of individual samples, with an OD600 of approximately 

0.005–0.01, was measured using a Millipore Guava EasyCyte High Throughput flow 

cytometer equipped with a 488-nm excitation laser and a 512/18-nm emission filter 

(MilliporeSigma, Burlington, MA, USA). Data from cytometry were gated based on forward 

and side scatter and subsequently analyzed using FlowJo software (FlowJo, Ashland, OR, 

USA). Arithmetic means from three independent biological experiments were calculated and 

averaged. Baseline fluorescence, recorded from non-fluorescent WT cells, was subtracted 

from the fluorescence of each test sample, according to Equation 2. The normalized activity 

of each specific sensor system for TRP analogs relative to the targeted ligand was calculated 

according to Equation 3.

Fluorescence a.u. = Fluorescencesample − Fluorescencewild−type,

(Equation 2)

Normalized activity = FluorescenceLigand − Fluorescencenone
FluorescenceTargeted ligand − Fluorescencenone

.
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(Equation 3)

Hill equation fitting

The Hill equation was employed to model the response curves of the fluorescence data 

using Equations 4, 5, and 6 to establish the relationship between ligand concentration and 

fluorescence response. The root-mean-square error (RMSE) was calculated using Equation 

7 and minimized by the solver tool in Excel to fit the experimental data. Fitted values are 

listed in Table S5.

For repressible constructs

F = Fmax − Fmax − Fmin

KA/ L n + 1
,

(Equation 4)

for inducible constructs

F = Fmin − Fmax − Fmin

KA/ L n + 1
,

(Equation 5)

and for inducible constructs with substrate inhibition

F = Fmin + Fmax − Fmin

KA/ L n + 1 + L /Ki
ni

,

(Equation 6)

where F  is calculated fluorescence, Fmax is maximum fluorescence, Fmin is minimum 

fluorescence, KA is half-maximal constant, Ki is half-maximal inhibition constant, n and 

ni are Hill coefficient and inhibition coefficient, respectively, and L  is ligand concentration.

RMSE = ∑N = 1

N
F − Fexp

2/N,

(Equation 7)

where F  is calculated fluorescence, Fexp is actual experimental fluorescence, and N is 

number of data points.

Enzymatic assays

The activity of TynA was evaluated using a colorimetric assay to measure the rate of 

hydrogen peroxide (H2O2) production, adapting from previous literature.51 H2O2, a by-

product of the TynA reaction as described in Equation 8, was quantified by the Amplex 

Red Hydrogen Peroxide Assay Kit (Invitrogen). Single colonies of EcN harboring TynA 

sourced from E. coli MG1655 (TynAMG), from K. pneumoniae (TynAKP), and TynAKP 
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fused with the TynAMG signal peptide (TynAKP + SPMG) were respectively inoculated into 

5 mL of LB medium and incubated overnight at 37°C with shaking at 250 rpm. Overnight 

cultures were diluted 100× into 50 mL of fresh LB medium in baffled Erlenmeyer flasks and 

incubated at 250 rpm and 37°C for 2 h. 100 ng/mL aTc was added to induce the expression 

of TynA enzymes and incubated at 250 rpm and 37°C for 12 h. Cells equivalent to a total 

OD600 of 30 were harvested, washed three times with PBS, and resuspended in 3 mL of 

lysis buffer containing 1 mg/mL lysozyme and 1 mM phenylmethylsulfonyl fluoride. The 

cells were lysed via sonication on ice for 5 min. The crude protein in the cell debris and 

lysate supernatant was collected by centrifugation at 10,000 × g for 1 h. The cell debris 

was then resuspended in a volume of lysis buffer equal to that of the cell lysate. 45 μL of 

crude protein extract was mixed with 5 μL of 2 mM ligands and incubated at 37°C for 15 

min. 50 μL of Amplex Red reagent working solution was added to each sample, along with 

standards containing known concentrations of H2O2 to establish a standard curve. After 1 h 

of incubation at room temperature, the H2O2 concentration of each sample was determined 

according to the H2O2 standard curve using the Tecan microplate reader (Infinite M200 Pro) 

with excitation at 545 nm and emission at 590 nm. Baseline fluorescence, recorded from WT 

cells, was subtracted from the fluorescence of each test sample, according to Equation 2. 

All growth medium was supplemented with the relevant antibiotics for plasmid maintenance 

(100 μg/mL ampicillin).

R−CH2NH2 + H2O + O2 TynA R − CHO + H2O2 + NH3 .

(Equation 8)

Molecular modeling

FeaR monomers, FeaR dimers, and TrpR dimers with targeted mutations were modeled 

using ColabFold v1.5.5, utilizing AlphaFold2 or AlphaFold2_multimer_v3 as the prediction 

models. One of the five top-ranked predictions was relaxed using Amber and used as 

a receptor for ligand docking. Ligand-binding sites were identified using the DeepSite 

program52 (https://playmolecule.org/deepsite/), and the plausible locations of LBPs were 

documented as starting coordinates for ligand docking. Ligand-docking simulations were 

conducted with the RosettaLigand program, hosted by the ROSIE webserver (https://

rosie.rosettacommons.org/). Ligand conformers generated by BCL were uploaded to the 

ROSIE webserver along with the protein structure PDB file.53 2D diagrams of protein-ligand 

interactions were created using Discovery Studio v21.1.0 (BIOVIA, San Diego, CA, USA), 

and 3D protein structures were visualized with ChimeraX v1.7.1 (UCSF, San Francisco, CA, 

USA).

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by 

the lead contact, Tae Seok Moon (tsmoon7@gmail.com).
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Microbial sensor development for tryptophan or auxin metabolites

Generalizable ligand-specificity enhancement in transcriptional factors

Structural analysis pipeline for the identification of allosteric mechanisms

Biosensing repertoire extension with swappable enzyme and regulator modules
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Figure 1. Characterization of nonspecific transcriptional biosensors for gut-microbial 
tryptophan metabolite detection
(A) Biosynthetic pathways of IAA (in black) and other indole derivatives (in gray) in E. coli 
Nissle 1917 (EcN) and other gut microbes. IAM, TRM, and IPyA pathways are considered 

major microbial IAA biosynthesis pathways. IAAld and IAA are the targeted effectors of the 

evolved FeaR and TrpR regulators in this study.

(B) Schematic of the TrpR biosensor regulated by TRP metabolites, with the substrate 

(TRP), intermediate (IAM), and product (IAA) of the IAA biosynthesis differentially 

regulating the TrpR regulator.

(C) Schematics of TynA-FeaR and IpdC-FeaR biosensors regulated by aromatic amines and 

acids. The enzyme module converts substrates to aldehydes, activating the FeaR regulator to 

bind the PtynA promoter and induce gene expression.

(D) Transfer curves for three sensor systems with plasmid-based overexpression of (left) 

TrpRO1, (middle) TynAKP + FeaRKA, and (right) IpdC + FeaRKA in response to increasing 
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concentrations of TRP analogs. “KP,” K. pneumoniae; “KA,” K. aerogenes. Values and error 

bars correspond to the mean ± SD of three biological replicates (n = 3).

Ligands: 5HTP, 5-hydroxy-L-tryptophan; TRP, L-tryptophan; IPA, indole-3-propionic 

acid; IPyA, indole-3-pyruvic acid; IAA, indole-3-acetic acid; 5HT, 5-hydroxytryptamine; 

TRM, tryptamine; DA, dopamine; TYM, tyramine; PEA, phenethylamine; IAM, indole-3-

acetamide; IAld, indole-3-carboxaldehyde; IAAld, indole-3-acetaldehyde; 5HIAAld, 5-

hydroxyindole acetaldehyde; PEAld, phenylacetaldehyde; PPyA, phenylpyruvic acid.

Enzymes: AAT, aromatic amino acid aminotransferase; IaaH, indole-3-acetamide hydrolase; 

IpdC, indole-3-pyruvate decarboxylase; TynA, tyramine oxidase.
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Figure 2. Evolution of the TrpR regulator for IAA-specific biosensing
(A) Comparative activity of Ptrp wild type (WT), O1, OA, OB, or OD regulated by cognate 

TrpR variants after 8 h of induction with 1 mM TRP analogs.

(B) Structural analysis of wild-type TrpR crystal structure in complex with IAA (PDB: 

6EJW) and TRP (PDB: 2OZ9) to reveal the key residues influencing ligand-specific 

interactions. Crystal structures of TrpRWT bound with IAA (in dark green) or TRP (in 

transparent gray) are aligned to each other. The backbone of the IAA-binding TrpR dimer is 

presented with one chain in gray and the other in green. IAA-binding residues are shown in 

green with hydrogen bond in yellow. TRP-binding residues are in gray with hydrogen bonds 

in cyan. Mutagenesis-targeted residues are in boldface.

(C) Fluorescence from PtrpO1 regulated by TrpRO1 variants with 20 different substitutions at 

residue 88 after 8 h of induction with 0.5 mM TRP or IAA.
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(D) (Left) Transfer curves of the IAA-selective sensor in response to increasing 

concentrations of indole derivatives. (Right) Fluorescence from PtrpO1 regulated by TrpRO1 

S88A mutants at residue 44 after 8 h of induction with 0.5 mM TRP, 0.5 mM IAA, or a 

mixture of both (Mix).

(E) Transfer curves of the IAA-specific TrpR sensor in response to increasing concentrations 

of indole derivatives.

(F) Cross-reactivity profiles of TrpR-based IAA sensor variants against various indole 

derivatives. Values on the heatmap represent the fluorescence response after 8 h of induction 

with 1 mM ligands, normalized to each variant’s IAA activity.

(G) Time-course fluorescent response of the IAA-selective and specific sensor to escalating 

concentrations of IAA with (solid line) or without (dashed line) interfering molecules. I 

represents a mixture of ten selected TRP analogs, each at 10 μM, without IAA, Tyra, or 

PEA.

Values and error bars correspond to the mean ± SD of three biological replicates (n = 3). See 

also Figures S1–S5.
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Figure 3. Manipulating the dimerization of TrpR regulators to alter the ligand selectivity
(A) Comparative activity of PtrpO1 regulated by selected variants based on TrpRO1 S88A 

after 8 h of induction with 1 mM various TRP analogs. Mutations at M42 and R48 maintain 

a low basal level of fluorescence, with IAld as the dominant effector. Mutations at T81 and 

R84 increase basal-level fluorescence, with IPA as the dominant effector. Mutations at T44 

display variations in basal-level fluorescence with IAA as the dominant effector.

(B) Restoration of IAA-dominating effector preference in TrpR through mutations at residue 

42 from TrpRO1 S88A + R84A.

(C) Molecular modeling of TrpRO1 S88A + T44M depicting the impact of mutations at S88 

and T44 on ligand selectivity. The crystal structure of wild-type TrpR binding with TRP 

(in transparent gray) and the predicted structure of TrpRO1 S88A + T44M binding with 

IAA (in dark green) are aligned. The IAA-bound TrpR’s backbone is presented in green. 
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IAA-binding residues are shown in green with hydrogen bonds in yellow. TRP-binding 

residues are shown in gray. Mutations are labeled.

(D) Transfer curves of a TrpRO1 S88A + R84A + M42V displaying the ligand preference for 

IAA over TRP.

(E) Molecular modeling of TrpRO1 S88A + R84A + M42V depicting the impact of 

mutations at S88, R84, and M42 on ligand selectivity. (Top) The crystal structure of 

wild-type TrpR binding with TRP (in transparent gray) and the predicted structure of 

TrpRO1 S88A + R84A + M42V binding with IAA (in dark green) are aligned. The IAA-

bound TrpR’s backbone is presented in blue. IAA-binding residues are shown in blue with 

hydrogen bonds in yellow. TRP-binding residues are shown in gray. Mutations are labeled. 

(Bottom) The R54-E47 (in yellow) coplanar salt bridge is disrupted by the binding of IAA to 

R54. Two chains of TrpRO1 S88A + R84A + M42V dimer are shown in white and blue.

(F) Elimination of TRP cross-reactivity in the presence of IAA. Values on the heatmap 

reflect each variant’s fluorescence response induced by 1 mM IAA with varying 

concentrations of TRP (0, 10, 100, and 1,000 μM) normalized to 1 mM IAA (IAA only) 

condition.

Values and error bars correspond to the mean ± SD of three biological replicates (n = 3). See 

also Figures S5–S8.
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Figure 4. Engineering TynA-FeaR homologs and mutagenesis libraries to identify TRM-specific 
sensors
(A) (Top) Component optimization for enhanced TRM detection. Biosensors were 

constructed by combining PtynA, tynA, and feaR from E. coli MG1655 (MG), K. 

pneumoniae (KP), and K. aerogenes (KA) to achieve varied ligand selectivity. (Bottom) 

Comparative activity of TRM sensor candidates with different component configurations 

after 24 h of induction with 0.5 mM ligands.

(B and C) (B) Molecular modeling of FeaRKA dimer elucidating the impact of mutations 

on IAAld selectivity. Predicted structures of FeaRMG and FeaRKA dimer in complex with 

IAAld are aligned. Two chains of FeaRKA are shown in pink and gray. IAAld-binding 

residues in FeaRKA are shown in pink with hydrogen bonds in yellow, and those in FeaRMG 

are in gray with hydrogen bonds in cyan. Sequence mismatches in FeaRKA and FeaRMG 

ligand-binding pockets are detailed in an accompanying table, with important residues 

determining ligand selectivity in bold. (C) (Left) Fluorescence from PtynA regulated by 
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TynAKP and FeaRKA variants with 20 different substitutions at residue 109 after 24 h of 

induction with 0.5 mM ligands. (Right) Transfer curves of the TRM-specific sensor after 24 

h of induction with escalating concentrations of five amines.

Values and error bars correspond to the mean ± SD of three biological replicates (n = 3). See 

also Figures S9–S12.
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Figure 5. Enhancing TRM-specific biosensor performance
(A) Schematic of TynA-FeaR-based biosensor system featuring an elevated expression of 

FeaR.

(B) Molecular modeling of FeaRKA I109N elucidating the impact of I109N mutation. 

Predicted structures of FeaRMG and FeaRKA I109N in complex with IAAld are aligned. 

The backbone of FeaRKA I109N is shown in violet. IAAld-binding residues in FeaRKA are 

highlighted in violet with yellow hydrogen bonds, and those in FeaRMG are in gray with 

cyan hydrogen bonds.

(C) Transfer curves of the TRM-specific sensor with an elevated expression of FeaRKA 

I109N, tested in M9 glycerol medium supplemented with thiamine and trace elements 

(GLRTT).

(D) Kinetic fluorescence response of the TRM-specific sensor to escalating TRM 

concentrations with (solid line) or without (dashed line) a background of ten selected TRP 

analogs, each at 10 μM.

Values and error bars correspond to the mean ± SD of three biological replicates (n = 3). See 

also Figures S11–S13.
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Figure 6. Expanding the detection scope of FeaR-based biosensors by a plug-and-play strategy
(A) Schematic of IpdC-FeaR-based biosensor system featuring an elevated expression of 

FeaR.

(B) Tailoring IpdC expression and swapping FeaR variants to alter substrate specificity. A 

signal peptide of TynA from E. coli MG1655 (MG) is fused to IpdC for relieving aldehyde 

accumulation in cytoplasm, and a ribosome-binding site library is screened for optimized 

IpdC expression (IpdCopt).

(C) (Left) Response curves of the PPyA-specific sensor after 24 h of induction with 

increasing concentrations of ligands. (Right) Kinetic fluorescence response of the PPyA-

specific sensor to varying concentrations of PPyA in the presence (solid line) and absence 

(dashed line) of a mixture of ten selected TRP analogs, each at 10 μM.

(D) (Left) Response curves of the IPyA-targeted sensor after 24 h of induction with 

increasing concentrations of ligands. (Right) Kinetic fluorescence response of the IPyA-
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targeted sensor to varying concentrations of IPyA in the presence (solid line) and absence 

(dashed line) of a mixture of ten selected TRP analogs, each at 10 μM.

(E) Orthogonality matrix of FeaR-based biosensors for targeted substrates IPyA, PPyA, 

TRM, and PEA. Values on the heatmap represent the fluorescence response after 24 h of 

induction with 0.5 mM ligands, normalized to the activity induced by each sensor’s target 

ligand.

Values and error bars correspond to the mean ± SD of three biological replicates (n = 3). See 

also Figures S14 and S15.
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