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A B S T R A C T   

The production of androst-4-ene-3,17-dione (AD) by the steroidal microbial cell factory requires transcription 
factors (TFs) to participate in metabolic regulation. However, microbial cell factory lacks effective TFs that can 
respond to AD in its metabolic pathway. Additionally, finding and obtaining natural TFs that specifically respond 
to AD is a complex and onerous task. In this study, we devised an artificial TF that responds to AD, termed AdT, 
based on structure-guided molecular dynamics (MD) simulation. According to MD analysis of the conformational 
changes of AdT after binding to AD, an LBD in which the N- and C-termini exhibited convergence tendencies was 
used as a microswitch to guide the assembly of a DNA-binding domain lexA, a linker (GGGGS)2, and a tran-
scription activation domain B42 into an artificial TF. As a proof of design, a AD biosensor was designed and 
constructed in yeast on the basis of the ligand-binding domain (LBD) of hormone receptor. In addition, the 
transcription factor activity of AdT was increased by 1.44-fold for its variant F320Y. Overall, we created non- 
natural TF elements for AD microbial cell factory, and expected that the design TF strategy will be applied to 
running in parallel to the signaling machinery of the host cell.   

1. Introduction 

Transcription factor (TF) can be used as an element of biosensors to 
participate in the regulation of intracellular substance metabolism flux 
[1–3]. However, obtaining natural TFs with desired functions from 
natural resources is very cumbersome. TFs comprise a small part of 
genetic diversity, and the identification of a natural TF for a given 
molecule is time- and labor-intensive. In other words, discovering pro-
tein elements with specific functions is extremely burdensome, requiring 
strategies such as the combination of genomic screens [4] and functional 
assays to identify and isolate TFs [5]. High-throughput detection and 
screening are common methods for discovering new functional or highly 
active elements; however, even if high-throughput screening methods 
are established, the naturally occurring elements must be identified, 
isolated, and obtained from the genome, and these steps also require 
extensive time and effort. 

Although it is extremely difficult to discover natural TF elements, 

previous research work has shown that random or saturation mutations 
can lead to higher specificity of LuxR [6], as well as NahR, DmpR, XylR, 
TetR, LysG, and AraC in response to new inducers [7–9]. The binding of 
substitution natural inducers has a high probability of destroying the 
allosteric effect, so it is difficult to change the specificity of the natural 
ligand of the TF. Fortunately, computational design can provide mutated 
TFs, George Church et al. calculated and designed to change the speci-
ficity of the inducer of LacI to obtain a response to small molecules such 
as sucralose and trehalose without destroying the allosteric effect of LacI 
[8]. Another example, the molecule-binding sites of the proteins were 
redesigned based on shapes complementary, and this design was used to 
generate activators of transcription of the steroid digoxigenin [10]. 
Nevertheless, current methods for designing ligand-binding proteins 
rely on the semirational design and/or directed evolution of proteins, 
and a computational design has not been developed to the extent that it 
can solve completely different challenges. In essence, the difficulty of 
re-engineering natural TFs has limited the development of a number of 
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required TFs. David and co-workers proposed the concept of de novo 
protein design and successfully designed a series of non-natural proteins, 
such as biosensors for the SARS-CoV-2 spike protein [11,12]. Although 
the researchers did not obtain desirable protein structural and functional 
characteristics through the contiguous stacking of amino acid residues 
from “Met”, the use of an energy-minimum design has dramatically 
increased the possibility of de novo protein design. 

A TF contains 3 characteristic domains: DNA-binding domain, 
binding domain of small molecule effectors and transcription activation 
domain. The design of non-natural TFs based on the modular assembly 
of protein functional domains may achieve the expected goals. Molec-
ular dynamics (MD) is a commonly used method for computer simula-
tion, and it has a wide range of applications in protein structure analysis, 
functional mechanism, and dynamic properties, such as protein folding, 
ligand–protein interactions, and dynamic change processes [13–15]. MD 
can supplement experimental phenomena to explain the mechanism of 
occurrence of phenomena. A higher level is to predict the occurrence or 
results of biology based on MD simulation to assist in experimental 
design and develop a feasible experimental plan. MD simulation has 
been developed into a mature technique that can be effectively used to 
understand the structure–function relationships of biomacromolecules. 
Such as, the effect of substrate–peptide interaction on the conforma-
tional kinetics of LptDE to clarify the mechanism of lipopolysaccharide 
translocation [16]. MD was performed to clarify the molecular mecha-
nisms of puerarin and acetylcholinesterase and identify puerarin analogs 
as inhibitors of acetylcholinesterase [17]. TF was designed based on 
structure-guided MD simulation for progesterone biosensor [14]. In 
addition, MD simulations of Caenorhabditis elegans TF SKN-1 bound to its 
DNA site suggested that movements of two key Arg side chains between 
the major groove and the backbone of DNA generate distinct confor-
mational sub-states [18]. These strategies of designing protein elements 
by MD might be simpler and less laborious. 

Androst-4-ene-3,17-dione (Androstenedione; AD) is a key precursor 
for the synthesis of glucocorticoids, saline corticosteroids, and oral 
contraceptives by the steroidal microbial cell factory [19,20]. However, 
the lack of transcription factors that respond to AD acts on the steroidal 
microbial cell factory, which seriously hinders the progress of the green 
transformation of steroidal manufacturing industry from chemical syn-
thesis to biosynthesis [21–23]. Therefore, there is an urgent need to 
obtain a transcription factor that can respond to AD to regulate the 
metabolic flow to the target steroidal compound. To solve this challenge, 
we designed a yeast biosensor that responds to AD to characterize its 
non-natural transcription factor. 

In this study, we designed a non-natural TF, termed AdT, which 
consisted of DNA-binding domain (DBD) lexA [24], a linker 
GGGGSGGGGS, the ligand-binding domain (LBD) from human hormone 
receptor [25], and the activation domain B42 [26]. This design concept 

stems from the functional cognition of the 3 characteristic domains of 
natural TFs. In detail, The LBD induced AdT conformational transition 
from extended conformation to compact conformation upon the binding 
of AD (Fig. 1). Specifically, if domains lexA and B42 are considered to be 
within sufficient proximity in space [27], AdT will exhibit TF activity. 
The activity mechanism of AdT was understood using MD to simulate 
the conformational change of AdT and ensure that the conformation 
changed to the desired states. As a proof of design, a yeast biosensor that 
responds to AD was constructed to characterize the availability of 
non-natural AdT. In addition, the AD-binding pocket of the AdT was 
changed by site-mutations to obtain higher TF sensitivity. We success-
fully designed AdT, and used MD simulations to justify the feasibility of 
design, indicating that we might create non-natural TFs for other mol-
ecules. We believe that the design will provide regulatory element for 
the microbial cell factory, and is applicable to a range of other TFs for 
proteins that have an LBD and/or receptor. 

2. Materials and methods 

2.1. Construction of a three-dimensional full-length atom model of AdT 

The MD simulation of a non-natural protein started with obtaining a 
reliable three-dimensional (3D) spatial structure of the protein. 
Currently, the establishment of 3D protein models is mainly based on 
template-based modeling. However, the 3D protein model was assem-
bled according to the templates provided by multiple different proteins, 
which led to low conformational reliability at the interface from 
different protein templates. In addition, this assembly method isolated 
the natural interaction force between the templates, resulting in low 
reliability of the whole 3D model, especially for models with extremely 
low homology. The iterative threading assembly refinement (I-TASSER) 
server was used to build the 3D protein model of AdT [28]. A hierar-
chical approach was applied to I-TASSER for AdT structure prediction 
and structure-based feature description. It first identified structural 
templates from the database PDB via the multiple threading method 
LOMETS, AdT 3D models with full-length atomic was constructed via 
iterative template-based fragment assembly simulations. Functional 
perceptiveness of AdT was then obtained by re-threading the 3D models 
through the protein function database BioLiP. At present, the I-TASSER 
server is open to the public (https://zhanggroup.org//I-TASSER/). 

2.2. Molecular docking 

A highly reliable model of the 3D spatial structure was selected as the 
model for molecular docking of the ligand AD. The LBD in the AdT 
model was from human progestin receptor; therefore, the binding 
pocket was in the LBD. In addition, it was reported that Gln 725 of re-
ceptor and oxygen at position C3 of progestin are the key sites forming 
hydrogen bonds [29]. These results were important for judging whether 
molecular docking was reasonable. The lowest energy state of AD and 
the AdT model was docked using the software package AutoDock 4.2.6. 
The best docking model of AD and AdT was obtained, and the advan-
tages and disadvantages of the interaction were evaluated in real time 
based on the principles of geometric topology, chemical environment, 
and energy complementarity between the two molecules. PyMOL was 
then used to visualize the results of molecular docking. 

2.3. MD simulations 

MD simulation conforms to the principle of the classical Newtonian 
mechanical equation of motion. The motion of all molecules or particles 
of AdT and its complex met the classical Newtonian equation of motion, 
the hypothesis of statistical mechanics, and the superposition of the 
interactions between particles in the moving system. In short, the MD 
simulation of AdT and its complex was the solution of Newton’s equa-
tion of motion in Cartesian coordinates. Each MD system was calculated 

Fig. 1. Schematic of activation model for AdT. During the activation, AD was 
transported into cells to bind to extended conformation AdT, which led to a 
compact AdT conformation with activity. Red: lexA, Purple: linker, Green: LBD, 
Blue: B42, Yellow: AD. 

M. Zhao et al.                                                                                                                                                                                                                                   

https://zhanggroup.org//I-TASSER/


Synthetic and Systems Biotechnology 9 (2024) 436–444

438

through the combined atom force field of GROMOS96 54A7 of the GMX 
protocol in the GROMACS 2019.6 package and accelerated with a 
graphics card GPU NVIDIA GeForce RTX 4090 [30,31]. First, the charges 
and coordinates of small molecules were calculated and transformed in 
Automated Topology Builder (http://atb.uq.edu.au/). The AdT, coun-
terions, AD, and H2O were added into a dodecahedral solvent box with 
the simple point-charge water model at physiological salt ion concen-
trations. Next, the integral of Newtonian motion was iteratively calcu-
lated through the algorithmthe leap-frog algorithm. The cutoff radius of 
van der Waals interactions and short-range electrostatics was re-written 
to 1.4 nm using the scheme of Verlet-cutoff. The long-range electrostatic 
forces was computed using a method that is the particle mesh Ewald 
[32]. Simulations of energy minimization was executed using the algo-
rithm of steepest descent minimization, and both 600-ps NVT (30 ◦C) 
and NPT (1 bar) were executed, which these executions were aimed to 
obtain an initial equilibrium phase. Each MD simulation was calculated 
for a total of 50 ns, in which the dynamic trajectories of conformational 
change were written every 10 ps? Each MD simulation was performed at 
least 3 times. 

2.4. Analysis of the MD trajectories 

All results for motion trajectories, H-bond properties, and confor-
mation changes were visualized using VMD, LigPlot+, and Qtgrace (https 
://plasma-gate.weizmann.ac.il/Grace/) [33]. Furthermore, the 
g_mmpbsa protocol was utilized to calculate the molecular mechanics 
Poisson–Boltzmann surface area (MM-PBSA) binding free energy [34]. 
The selection of the center of geometry was based on the Algorithms and 
Formulas for Modeling of Molecular Systems section (http://www.gr 

omos.net/). 

2.5. Characterization of the TF activity of AdT 

Hydrocortisone, AD, 17β-estradiol, pregnenolone, androst-1,4-dien- 
3,17-dione (ADD), dehydroepiandrosterone (DHEA), and testosterone 
were purchased from aladdin (Shanghai, China). HBC was supplied by 
Sigma–Aldrich (shanghai, USA), and the MilliQ (MQ)-H2O was used as 
pure water. FastDigest restriction enzymes and high-fidelity DNA poly-
merase were obtained from Fermentas Co., Ltd. (Thermo Fisher, USA). 
The plasmid extraction kit and a one-step cloning kit were supplied by 
Solarbio Science & Technology Co., Ltd. (Beijing, China). The gel 
extraction kit was obtained from Yeasen Biotech Co., Ltd. (Shanghai, 
China). Other reagents and chemicals with a higher purity available 
were supplied by multiple companies. 

To verify the TF activity of AdT, a Saccharomyces cerevisiae whole-cell 
biosensor was constructed in this study. Escherichia coli DH5α and 
S. cerevisiae BY4741 (MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; gal80Δ0) 
were used as hosts for the construction of biosensor to verify AdT ac-
tivity. The monomer AdT, which was sequentially connected by the 
amino acid sequences of lexA, (GGGGS)2, LBD (residues 213–469), and 
B42, was synthesized its gene after codon optimization by Genscript 
(China). The gene AdT was ligated into the pESC-leu- controlled by the 
ADH1 promoter by digestion with BamHI and Hind III restriction. In 
addition, egfp was ligated into the pESC-his- controlled by a new pro-
moter CYC1s by digestion with BamHI and XhoI restriction. A synthetic 
promoter CYC1s composed of terminator DEG1 [35], 3 lexA sites [36] 
and promoter CYC1 controls the transcription of egfp. The AdT can bind 
to the DNA sequence of the promoter CYC1s because the domain lexA 

Fig. 2. The establishment of non-natural protein AdT models. Model 1–5 were supplied by I-TASSER with a high confidence, and chosen Model 1 was a more reliable 
structure based on obtained the high C-score and decoys. 
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contained in AdT specifically recognizes and binds to lexA site. DH5α 
and S. cerevisiae were cultured in medium LB and YPD or 
nutrient-deficient synthetic medium, respectively. 100 μg/mL ampicillin 
was added into LB medium to hold plasmid as required for DH5α. 

2.6. Improve the activity of AdT by site-mutations 

The primers of site-mutations for AdT were designed using software 
SnapGene for primer design. In addition, the single point mutation of 
AdT was performed using a site-directed mutagenesis kit, which was 
supplied by Agilent Technologies Co., Ltd. (Agilent, USA). The gene 
fragments were connected together by overlapping PCR, which were the 
AdT mutant genes, and then they were ligated into the plasmid pESC- 
leu-, respectively. The mutagenesis was sequenced by Sangon Biotech. 

3. Results and discussion 

To ensure that LBD and linker induced AdT conformational transi-
tion from extended conformation to compact conformation upon the 
binding of AD. Thus, AdT conformational trajectories were simulated via 
MD to determine whether the binding of AD to its LBD resulted in a 
shorter distance between the lexA and B42 (Fig. 1). 

3.1. Establishment of a 3D model of AdT 

A specific AdT was generated by fusing three domains, namely the 
prokaryotic domain lexA, a linker (GGGGS)2, LBD, and the prokaryotic 
domain B42, to synthesize a non-natural TF (Fig. 2 model 1). We spec-
ulated that linker can regulate lexA’s flexibility to control the spatial 
distance between domains, which may be able to improve AdT’s activ-
ity. The amino acid sequence of this AdT was submitted to the I-TASSER 
server, and then 5 AdT models were obtained using I-TASSER based on 
pairwise structural similarity using the SPICKER program to cluster all 
decoys (Fig. 2). C-score is a confidence score for estimating the quality of 
predicted AdT models. It is calculated according to the significance of 
threading template alignments and the convergence parameters of the 
structure assembly simulations. C-score typically ranges − 5 to 2, where 
a higher C-score signifies a model with higher confidence [37]. In 
addition, low-temperature replicas (decoys) generated during the 
simulation were clustered by SPICKER, and the top five cluster centroids 
were selected for generating full atomic models. High numbers of decoys 
suggested that the structure of AdT occurred more often in the simula-
tion trajectory, indicative of a high quality model [37]. Hence, model 1 
was selected as the MD simulation conformation because of its high 
confidence (C-score = − 3.06) and high number of decoys (364). 

3.2. Conformational stability of the AdT complex system 

Two AdT structures were prepared, namely a AD-free AdT structure 
(as control) and a AD-bound AdT complex structure, and two indepen-
dent MD simulations were performed using the GROMACS 2019.6 
package and the GROMOS96 54A7 force field for 50 ns each. The 
conformation states of the AdTs were valuable only after the system in 
which it was located reached equilibrium. In addition, the dynamic 
balance of the MD system was generally evaluated by the total energy or 
root mean square deviation (RMSD). The RMSD of the AdT main chain 
atoms was calculated and used to evaluate the dynamic equilibrium of 
the calculation system and judge whether the system converges. As 
presented in Fig. 3a, the convergence of AdT docked with AD occurred 
later than that of AdT without AD. This result suggested that the 
conformation of AdT bound to AD reached dynamic equilibrium in more 
than 20 ns, and AD affected the convergence of the complex system and 
made AdT more stable (lower RMSD). Meanwhile, the conformation of 
the AdT complex was relatively stable for more than 20 ns, indicating 
that its conformation state had collective value. These results illustrated 
that 50 ns MD simulation to simulate the dynamic changes of AdT and its 
complex conformation was feasible and that the results were credible. 

3.3. Amino acid residue stability of the AdT conformation systems 

To prove that AD triggered lexA and B42 to be close proximity to 
each other. The proximity between the two domains was bound to cause 
changes in the conformation of amino acid residues in the lexA and B42. 
Therefore, the stability of amino acid residues in AdT must be judged 
from the overall structure, including AdT bound to AD and AdT without 
AD. Root mean square fluctuation (RMSF) is an analytical modality 
reflecting the fluctuation of each amino acid residue in a protein in the 
overall period. Namely, the flexibility or stability of amino acid residues 
inside the AdTs was evaluated using RMSF in the simulation systems. A 
large change of the ordinate indicated instability of the amino acid 
residues or greater flexibility of the regional amino acids. In short, 
protein conformational changes were mainly determined by amino acid 
residues with changes in RMSF. Fig. 3b illustrates that the RMSF of the 
N-terminal domain lexA (residues 1–202), linker (residues 203–212) 
and C-terminal domain B42 (residues 470–548) changed significantly 
regardless of whether AdT was bound by AD. This result suggested that 
both domains were flexible and variable, but the change in the distance 
between the lexA and B42 cannot be judged to be caused by binding 
between AD and AdT. The RMSF of amino acids 250–280 in the 
conformation of AdT complex was greater than that of the control, 
indicating that this region was flexible, and AD caused a change in the 
position of amino acid residues around this region. The MD simulation 
results revealed that AD induced the instability of amino acid residues in 
the lexA and B42 after binding to AdT. Compared to the findings for the 

Fig. 3. (A) Evaluation of system balance of AdT complex, AdT, and AD. (b) The stability of amino acid residues. The linker provided greater regional flexibility, 
which might bring lexA closer to B42 to increase AdT’s activity. 
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control, it was uncertain that the flexibility of the domain was caused by 
the amino acid residues or secondary structure transformation around 
the LBD after binding to AD. 

3.4. Non-bonding interactions 

To further prove that the changes of the lexA and B42 were exactly 
caused by the binding of AD, non-bonding interactions, the binding free 
energy of the complex system, and the contribution of amino acid resi-
dues to the binding free energy were analyzed. Bound AD structured the 
core region of AdT, and the function of this region, LBD, is to specifically 
recognize hormones in a part of the hydrophobic pocket (Fig. 2 model 1) 
[25]. The specificity is determined by the H-bonds formed between the 
ketone group of AD and the amino acid residues. In this regard, 
hydrogen bonds between AD and the AdT complex were monitored over 
the simulation. The hydrogen bond analysis results are presented in 
Table 1, the 3-oxygen atoms in the A ring and the 19-oxygen atoms of AD 
bound to the NH2 group of Q251 (a key residue) and side chain of T420, 
respectively, giving rise to H-bonds that together determined the spec-
ificity between AD and its LBD. This result was consistent with the re-
ported conclusion [25]. 

Although binding free energy was calculated using several strategies, 
MM-PBSA has been widely used because of its accurate calculation re-
sults and fast calculation speed. The binding free energy was the sum of 
the energy generated by six interactions: van del Waals energy between 
AdT and AD, electrostatic energy between AdT and AD, non-polar sol-
vation of the complex system (SASA energy), polar solvation energy of 
the complex system, WCA energy, and SAV energy. As presented in 

Fig. 4a, AD-bound AdT contributed to binding free energy, which further 
confirmed that AD caused the fluctuation of AdT amino acid residues. 
Van del Waals energy, SASA energy, and electrostatic energy contrib-
uted positively to the binding free energy; however, polar solvation 
energy had a negative effect on the binding free energy of the complex 
system. In addition, the van der Waals interaction between AdT and AD 
was the main contributor to the binding free energy of the complex 
system. In addition, van der Waals force is closely related to the hy-
drophobic force of small ligand molecules. This result suggested that the 
main interaction between AD and amino acids in the complex system 
might be derived from the hydrophobic force. Moreover, the contribu-
tion of amino acid residues to the free energy of the AdT complex 
indicated that the interactions between amino acid residues within the 
LBD and AD were major contributors to the free energy of binding, and 
non-polar amino acid residues, such as Leu, Met, Trp, and Tyr, played a 
positive role (Fig. 4b–c). Totally, Gln 251 and Thr420 specifically 
recognized the oxygen atoms of AD through H-bonds, resulting in fluc-
tuation of the amino acid residues around bound-AD. The binding pro-
cess was mainly caused by the binding free energy generated by the 
interaction between AD and non-polar amino acid residues of the LBD. 
These results indicated that AD-bound to AdT was the fundamental 
cause of the conformational change of the LBD, resulting in changes of 
the lexA and B42. 

3.5. Effect of AD on the secondary structure of AdT 

To more intuitively analyze the effect of bound AD on the confor-
mational change of AdT, the secondary structures of proteins were 
analyzed. These conformational trajectories were analyzed to construct 
the probability of states for the binding of AD to its LBD, revealing the 
preferred locations of lexA and B42. The results of the MD simulations 
indicated two highly different probable conformational states (Fig. 5a 
and b). After AD entered the pocket and formed hydrogen bonds, the 
bound AD directly contacted helices, leading to a β-turn change in the C- 
terminal extension (residues 448–459) within the LBD. This result 

Table 1 
Properties of H-bonds between AD and donors.  

Donor–Acceptor Occupancy (%) Distance (Å) Angle (◦) 

Q251–AD 13.6 2.9 15.1 
T420–AD 6.9 3.3 17.0  

Fig. 4. (A) Computational result of binding free energy of bound-AD system. (b) Contribution of binding free energy of amino acid residues in the bound-AD system. 
(c) The main residues within the hydrophobic cavity of the pocket. Non-polar amino acids play a positive role in the binding of AD around the pocket. 
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indicated that the conformational changes in helices caused a change in 
another regional conformation, namely the 12-residue C-terminal 
extension region. Therefore, we can speculate that the β-turn change of 
the C-terminus occurred through an antiparallel β-sheet interaction be-
tween amino acid residues 355–357 and 451–453 (Fig. 5c and d). The 
perturbations in helixs caused the β-turn angle in the C-terminus to 
change, which drove B42 to tilt to the upper left. This in turn positioned 

the N-terminus closer to B42 (Fig. 5b). Conversely, the C-terminal β-turn 
angle of the AD-free model became stabilized, and it drove B42 toward 
the left and inside, which positioned the helix of the N-terminus above 
and across the B42 and lexA strands (Fig. 5a). Compared to the results in 
Fig. 5b, this result demonstrated that the N-terminus was not sufficiently 
close to B42 (Fig. 5a). 

To avoid the imprecise conclusion caused by intuition, we selected 
the centers of geometry of the lexA and B42 as the basis for computation 
using the “gmx distance” during the whole trajectory to measure the 
distance of the center of geometry. The computational results suggested 
that the distance of the center of geometry between the AD-bound and 
AD-free structures differed by 1.8–2.7 nm after the two AdT systems 
reached equilibrium at approximately 23 ns, indicating that AD brought 
the domain lexA closer to B42 (Fig. 6). In fact, the first design of AdT was 
without linker. MD simulation results showed that there was almost no 
difference in the centroid distance between the two domains (not 
shown). MD guided us to insert a linker between the flexible regions of 
the domain to obtain an AdT, in which lexA and B42 were close enough 
(Fig. 3b). Therefore, we believe that the prerequisite for positive TF 
activity is close proximity of lexA and B42. In other words, these results 
suggested that conformational transitions in the LBD indeed acted as a 
microswitch to control AdT activity. 

3.6. Availability of AdT as a TF 

We theoretically designed a TF element AdT by MD simulation to 
confirm that the aforementioned non-natural AdT binds AD to achieve 
high-sensitivity TF function by changing its own conformation to control 
the transcription of the downstream reporter gene enhanced green 
fluorescent protein (egfp, Fig. 7a). AdT as a non-natural AD-responsive 
TF was applied to construct S. cerevisiae biosensor. A strong promoter 
ADH1 was used in an AdT gene expression cassette. In addition, eGFP 

Fig. 5. Analysis of the conformational transition of AdTs by MD simulation. (a) AdT conformation at 50 ns. (b) AdT complex conformation at 50 ns. (c–d) Compared 
changes of protein secondary structures within AdTs. The red dashed box shows the area with a large change in LBD conformation. 

Fig. 6. Evaluation of distance of center of geometry between lexA and B42 in 
AdT and AdT complex independently. 
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controlled by the promoter CYC1s on a plasmid pESC-his- was used as a 
visible signal. The promoter CYC1s was derived from CYC1, which 
contained 3 prokaryotic DNA-binding sites recognized by the AdT to 
avoid non-specific transcription in the eukaryotic system. The termi-
nator DEG1 like traffic light prevented undesired transcriptional events 
[35]. Hence, the transcription events of egfp were strictly controlled by 
AD (Fig. 7b). 

The sensitivity and specificity of AD biosensor was evaluated. The 
response time of 6 h at 30 ◦C was chosen for subsequent studies (OD600 
≈ 5). The yeast sensor was able to respond AD with high sensitivity, with 
a half-maximum effective concentration (EC50) of 10 mg/L (Fig. 7c). To 

further test the specificity of biosensor, we chose 8 steroids with similar 
structures and found that the biosensor was highly specific for AD 
(Fig. 7d). However, the fluorescence intensity only increased by 3.3 
times compared to the control, which suggested that the activity of TF 
was not as expected. In order to increase the sensitivity of AdT, the AD 
pocket was changed via site-mutations. We speculated that the reduc-
tion of AD steric resistance can improve the stability of the H-bond be-
tween AD and Q251 and T420 (Fig. 7e). Hence, L244 and F320 that 
hinder AD from approaching T420 were mutated to alanine. But, the 
fluorescence intensity has not increased significantly. Then, the amino 
acid residues at these two sites were saturated with mutations, 

Fig. 7. Validation and optimization of transcription factor AdT in yeast. (a) Schematic of gene switch for strict control of egfp transcription by AdT. (b) Analysis the 
eGFP fluorescence in yeast biosensor. (c) Testing of sensitivity. (d) Testing of specificity of the AD biosensor. (e) Analysis of steric resistance of AD based on AdT 
docking with AD. (f) Enhancing AdT activity through site-mutations. (g) Testing of linearity. 
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respectively. Importantly, variant F320Y showed a sharp improvement 
in fluorescence intensity, which suggested AdT activity was improved 
1.44-fold (Fig. 7f). We found that the electron cloud density maps of 
phenylalanine and tyrosine are very similar, which affirmed the “QTY” 
code [38]. The repulsion between the hydrophilic tyrosine and the hy-
drophobic AD might change the AD position in the pocket, which 
contributed to the formation of H-bonds. Lastly, the solutions with a 
known concentration of AD were prepared, and the results revealed a 
good linear relationship between fluorescence intensity and AD content 
(Fig. 7g). We successfully used modular assembly of protein functional 
domains based on structure-guided MD to obtain a non-natural element 
TF. In addition, we expect that the design TF strategy used in this work 
will be applied to running in parallel to the signaling machinery of the 
host cell, such as synthetic biology and high-throughput drug screening. 

4. Conclusions 

A non-natural protein element AdT was designed, and binding of AD 
to AdT caused a conformational transformation of the lexA and B42 
domains by MD simulation, resulting in positive TF activity for AdT. 
Three models, namely the ligand AD alone, AdT, and AdT docked with 
AD, were independently performed using GROMACS software package 
for 50 ns, respectively. Then, these conformational trajectories were 
analyzed, and AD was revealed to cause the distinct conformational 
states of AdTs to be significantly different. In addition, the distance of 
the center of geometry was calculated, and the value suggested that AD 
caused the lexA closer to the B42. A yeast sensor was successfully con-
structed to prove AdT with TF activity, and the mutant F320Y plays a 
key role in improving 1.44-fold for AdT activity. We used MD strategies 
to design element TF, minimize the requirements for complex engi-
neering, and highlight the power of designing de novo elements based on 
structure-guided MD. 
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