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ABSTRACT 
 
Genetically encoded protein biosensors controlled by small organic molecules are valuable tools 
for many biotechnology applications, including control of cellular decisions in living cells. Here 
we review recent advances in protein biosensor design and engineering for binding to novel 
ligands. We categorize sensor architecture as either integrated or portable, where portable 
biosensors uncouple molecular recognition from signal transduction. Proposed advances to 
improve portable biosensor development include standardizing a limited set of protein scaffolds, 
and automating ligand compatibility screening and ligand-protein interface design.  
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INTRODUCTION 
 

Biosensors which transduce an input signal into a measurable output response have been 

developed for a wide range of molecules, including proteins, nucleic acids, inorganics, and small 

organic molecules. Genetically encoded biosensors allow for the quantitative measurement of 

metabolites in real-time in living cells and organisms [1]. Furthermore, these sensors enable 

control of cellular processes impacting a wide swathe of biotechnology including agrochemical 

control of plant traits [2], threat detection by engineered living cells [3], and spatiotemporal 

control of cellular therapies [4]. One challenge for cellular control is that, historically, scientists 

were limited to a handful of ligand response systems, including inducible expression systems for 

tetracyclines [5], IPTG [6], rapamycin [7], and chemically-induced dimerization activators 

derived from plant hormone pathways [2,4]. Recent advances in computational design [8,9] 

and/or directed evolution [10] of novel biosensors promise a near-future where such sensors can 

be constructed for nearly any small organic molecule.  

 

An ideal genetically encodable small-molecule biosensor must possess tunable ligand binding 

affinity along with exquisite selectivity, be expressed in the target system without disrupting 

native cellular processes, and can be ported across domains of life using a range of cellular signal 

transduction mechanisms for different outputs. Here we highlight the recent literature in the 

development of such protein-based genetically encoded biosensors. As multiple excellent 

reviews already cover sensors for specific end applications [11–13], our review will instead 

focus on how current architectures approach the design criteria for the ideal sensor. We will give 

our perspective on the needed advances in portable sensor design.  

 

MOLECULAR RECOGNITION AND SIGNAL TRANSDUCTION ARCHITECTURE 

 

Biosensors which sense and respond to small molecules must transduce a molecular recognition 

event to some measurable output [14]. We broadly categorize the sensor architecture, or the 

protein structures engineered to perform the biosensor function, as either integrated or portable 

(Fig. 1). The unifying principle of integrated biosensors is that each molecular recognition event 

is compatible with only one output signal such as transcriptional activation or repression, channel 

https://paperpile.com/c/vyOAFd/6RuH
https://paperpile.com/c/vyOAFd/IG1C
https://paperpile.com/c/vyOAFd/Zlgg
https://paperpile.com/c/vyOAFd/7sx0
https://paperpile.com/c/vyOAFd/Vauo
https://paperpile.com/c/vyOAFd/sal5
https://paperpile.com/c/vyOAFd/nYP3
https://paperpile.com/c/vyOAFd/IG1C+7sx0
https://paperpile.com/c/vyOAFd/gA19+DRTz
https://paperpile.com/c/vyOAFd/kJTQ
https://paperpile.com/c/vyOAFd/sFEx+oySP+0LFA
https://paperpile.com/c/vyOAFd/YvNz
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activation, or catalysis [15–18]. Integrated biosensors usually, but not always, are composed of a 

single macromolecular structure. Portable biosensors, by contrast, consist of separate and 

interchangeable molecular recognition and signal transduction components. Thus, the same 

ligand binding architecture can be coupled to different downstream response mechanisms, 

including fluorescence, transcriptional activation, and functional reconstitution of split proteins 

[9,12,19]. Figure 1 illustrates examples of various integrated and portable sensor types with 

representative cartoons of the molecular architecture. Table 1 contains the set of sensors 

reviewed here that have been engineered for binding to a novel ligand.  

 

Categories of integrated biosensors  

 

Transcription factors in which binding at a given DNA sequence is activated (or de-repressed) by 

ligand binding are a common integrated biosensor approach, building on foundational inducible 

expression systems for tetracyclines and other small molecules [5–7]. Transcription factors can 

either be engineered for binding to non-native effectors [20,21] or can be screened from diverse 

environmental sources at the genome scale [22] for binding to a target ligand. In an example of 

the latter approach, Ruegg et al. repurposed the multidrug-binding repressor EilR to engineer the 

“Jungle Express” ligand-inducible gene expression system compatible with diverse 

proteobacteria [17]. Engineered transcription factors are a common approach for novel 

metabolite sensors in bacteria, including work by Taylor et al. using computational protein 

design and directed evolution to engineer the allosteric transcription factor LacI for sensitivity to 

four saccharides not metabolized by E. coli [23], Rondon et al. to engineer caffeine activation 

into the PurR antirepressor [24ᐧ], d’Oelsnitz et al. using directed evolution to evolve the TetR-

family regulator CamR for sensitivity to various bicyclic monoterpenes [25], and Rottinghaus et. 

al. to engineer TyrR to distinguish phenylalanine and tyrosine [26]. However medium μM to 

mM sensor sensitivities [23,24ᐧ] limit existing engineered transcription factors largely to 

microbial synthetic biology and metabolic engineering applications [27–29]. Additionally, in 

cases where the specificity of allosteric transcription factor sensors for their target ligand has 

https://paperpile.com/c/vyOAFd/DNVX+yVOc+j5Pn+w1lP
https://paperpile.com/c/vyOAFd/DRTz+izsb+oySP
https://paperpile.com/c/vyOAFd/sal5+nYP3+Vauo
https://paperpile.com/c/vyOAFd/5OEX+YpT5
https://paperpile.com/c/vyOAFd/wwth
https://paperpile.com/c/vyOAFd/j5Pn
https://paperpile.com/c/vyOAFd/feTN
https://paperpile.com/c/vyOAFd/g1a1
https://paperpile.com/c/vyOAFd/g1a1
https://paperpile.com/c/vyOAFd/U8Fy
https://paperpile.com/c/vyOAFd/hHmY
https://paperpile.com/c/vyOAFd/g1a1+feTN
https://paperpile.com/c/vyOAFd/g1a1+feTN
https://paperpile.com/c/vyOAFd/FKW2+PoRL+ZctL
https://paperpile.com/c/vyOAFd/FKW2+PoRL+ZctL
https://paperpile.com/c/vyOAFd/FKW2+PoRL+ZctL
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been comprehensively assessed, sensors may demonstrate responsiveness to multiple inducer 

ligands [30]. 

 

Another important class of integrated biosensors are ligand-responsive eukaryotic membrane 

proteins, where repurposing existing binding pockets leads to either agonist or antagonist 

activity. The Designer Receptors Exclusively Activated by Designer Drugs (DREADD) 

biosensor technology, pioneered by Brian Roth’s laboratory, is built on G-protein coupled 

receptors [31]. Recent notable DREADD sensors include the development of novel agonist 

ligands to activate hM3Dq and HM4D(Gi) neuronal DREADDs [32,33]. Ligand-gated ion 

channels are a relatively untapped protein with neuronal implications [34]. Magnus et al. directly 

activated neurons and modulated animal behavior in response to a drug by reengineering ligand-

gated ion channels with a nicotinic acetylcholine receptor ligand binding domain to bind 

varenicline, commonly known as the smoking cessation aid Chantix [16].   

 

Another class of integrated biosensors are ligand-responsive proteins fused to fluorescent 

proteins (reviewed comprehensively here [35]). Usually such sensors are constructed from 

natural ligand binding domains [36]. A notable example for an engineered sensor was recently 

described in which Herud-Sikimić et al. mutated the receptor TrpR, which natively recognizes 

the chemically similar tryptophan, to recognize the plant hormone auxin [37ᐧ]. TrpR is a 

homodimer and undergoes a conformational change upon ligand binding; fusion of different 

fluorescent proteins yields a FRET-based biosensor with a signal to noise ratio of approximately 

two. Engineered TrpR is one example of the gray area in the integrated-portable sensor 

dichotomy as the ligand-induced conformational change could be leveraged for the reconstitution 

of split proteins. 

 

The above are examples where proteins with existing ligand binding pockets are redesigned or 

engineered for new chemical specificity. In contrast, the Karanicolas lab has developed a distinct 

‘bottoms-up’ approach called chemical rescue of structure [38] which can, in principle, be 

applied to any protein. The central idea is that a protein structural feature removed by mutation 

can be replaced by a small molecule ligand. In the absence of ligand the protein is non-

https://paperpile.com/c/vyOAFd/riRZ
https://paperpile.com/c/vyOAFd/riRZ
https://paperpile.com/c/vyOAFd/riRZ
https://paperpile.com/c/vyOAFd/HbaE+1loI
https://paperpile.com/c/vyOAFd/HbaE+1loI
https://paperpile.com/c/vyOAFd/HbaE+1loI
https://paperpile.com/c/vyOAFd/HbaE+1loI
https://paperpile.com/c/vyOAFd/HbaE+1loI
https://paperpile.com/c/vyOAFd/hWUX
https://paperpile.com/c/vyOAFd/hWUX
https://paperpile.com/c/vyOAFd/hWUX
https://paperpile.com/c/vyOAFd/yVOc
https://paperpile.com/c/vyOAFd/PGh6
https://paperpile.com/c/vyOAFd/PGh6
https://paperpile.com/c/vyOAFd/PGh6
https://paperpile.com/c/vyOAFd/RRku
https://paperpile.com/c/vyOAFd/RRku
https://paperpile.com/c/vyOAFd/RRku
https://paperpile.com/c/vyOAFd/xKYi
https://paperpile.com/c/vyOAFd/xKYi
https://paperpile.com/c/vyOAFd/Pa0E
https://paperpile.com/c/vyOAFd/Pa0E
https://paperpile.com/c/vyOAFd/Pa0E
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functional, but binding of the ligand restores protein structure and hence function. Recently, this 

technology was deployed for the chemogenetic control of antibodies [39ᐧ]. Advantages of this 

technology include the applicability to many different proteins, integration of biosensing without 

changing the size of the gene (important for gene therapy applications), and the relative 

simplicity of constructing new sensors. Potential disadvantages include the substantial instability 

of the non ligand-bound protein [40], the relatively weak affinity for ligands, the ability to 

activate, but not repress, proteins with ligands, and the relatively limited palettes of activating 

chemicals.  

 

Categories of portable biosensors  

 

Portable biosensors decouple ligand binding from downstream signal transduction (Fig 1),  

which allows one to mix and match a given ligand binding module with different signal 

transduction mechanisms. The major categories of portable biosensors are chemically-induced 

dimerization (CID) modules [41,42] and protease or degron regulable domains. CID modules are 

composed of two separate proteins that form a dimer in the presence of a given ligand. Such 

chemically-induced proximity can be exploited for transcriptional and post-translational control 

of protein function.  

 

The first category of CID modules are known as “molecular glues” in which a ligand can bind 

both CID proteins separately and independently. In this case the ligand serves as a glue for the 

two proteins [41]. Kang et al. described a method called COMBINES-CID involving phage 

display in which engineered nanobodies sandwich a known ligand, succeeding in developing a 

sensor for cannabidiol [43]. Cao et al. developed a mathematical model to define these molecular 

glues by comparing the function of this cannabidiol sensor to auxin and known 

immunomodulatory drugs [44ᐧ]. Guo et al. used phage display to identify an antibody mimetic 

compatible with a starting methotrexate-binding anchor domain, creating a novel molecular glue 

that sandwiches methotrexate [45]. Glasgow et. al. computationally designed de novo ligand 

https://paperpile.com/c/vyOAFd/vI5A
https://paperpile.com/c/vyOAFd/vI5A
https://paperpile.com/c/vyOAFd/JQcd
https://paperpile.com/c/vyOAFd/JQcd
https://paperpile.com/c/vyOAFd/JQcd
https://paperpile.com/c/vyOAFd/8NQ8+Y2TI
https://paperpile.com/c/vyOAFd/8NQ8+Y2TI
https://paperpile.com/c/vyOAFd/8NQ8+Y2TI
https://paperpile.com/c/vyOAFd/8NQ8+Y2TI
https://paperpile.com/c/vyOAFd/8NQ8+Y2TI
https://paperpile.com/c/vyOAFd/8NQ8
https://paperpile.com/c/vyOAFd/8NQ8
https://paperpile.com/c/vyOAFd/8NQ8
https://paperpile.com/c/vyOAFd/WmZT
https://paperpile.com/c/vyOAFd/WmZT
https://paperpile.com/c/vyOAFd/WmZT
https://paperpile.com/c/vyOAFd/bCZn
https://paperpile.com/c/vyOAFd/bCZn
https://paperpile.com/c/vyOAFd/kAdU
https://paperpile.com/c/vyOAFd/kAdU
https://paperpile.com/c/vyOAFd/kAdU
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binding sites into a novel heterodimeric CID protein-protein interface [9]. While molecular glues 

can achieve robust CID with a well-defined mathematical model, with the potential to engineer 

novel binding sites into dimerization interfaces, a major disadvantage is that ligand binding must 

be engineered into two distinct protein surfaces, creating a two-fold design problem.  

 

Molecular glues have also been utilized for the spatiotemporal control of chimeric antigen 

receptor T (CAR-T) cell therapies [4,46,47ᐧ]. In a clever inversion of CID, Giordano-Attianese 

et al. computationally designed a protein interface in which ligand binding directly inhibits 

dimerization. This enables the STOP-CAR system, in which the chimeric antigen receptor 

disassembles in the presence of ligand, disrupting function [47ᐧ].  

 

A distinct CID module called a “molecular ratchet” [48ᐧ] is exemplified by the abscisic acid 

(ABA) hormone perception system in plants. In this system, ABA binding triggers a 

conformational change in the soluble receptor protein (PYR1 and other PYR1-like proteins 

(PYLs)) which recruits a partner protein for heterodimerization. Key to the interaction is a  

coordinated water with hydrogen bonds between the ligand, the receptor backbone, and a 

tryptophan indole nitrogen in the partner protein. Ligand binding results in a conformational 

change that closes this tryptophan latch [49]. The singular advantage of this architecture relative 

to molecular glues is that, given latch closure with a suitable ligand H-bond acceptor, there is a 

complete separation from ligand binding and partner protein recruitment, simplifying the 

engineering challenge as only one protein needs to be engineered. The Cutler group first showed 

that the PYR1 binding pocket could be repurposed to sense and respond to different 

agrochemicals, most notably mandipropamid [2]. The resulting PYR1Mandi sensor, when  

expressed in transgenic plants, could control water use in response to mandipropamid [2]. 

Ziegler et al. showed that PYR1Mandi could be ported into mammalian cells and zebrafish 

embryos for targeted protein localization in response to mandipropamid [50]. Recently, Beltran 

et al. showed that PYR1 can be repurposed to create biosensors for a diverse range of 

https://paperpile.com/c/vyOAFd/DRTz
https://paperpile.com/c/vyOAFd/Btc6+2qeZ+7sx0
https://paperpile.com/c/vyOAFd/Btc6+2qeZ+7sx0
https://paperpile.com/c/vyOAFd/Btc6+2qeZ+7sx0
https://paperpile.com/c/vyOAFd/Btc6+2qeZ+7sx0
https://paperpile.com/c/vyOAFd/2qeZ
https://paperpile.com/c/vyOAFd/2qeZ
https://paperpile.com/c/vyOAFd/9HEX
https://paperpile.com/c/vyOAFd/9HEX
https://paperpile.com/c/vyOAFd/W0zL
https://paperpile.com/c/vyOAFd/W0zL
https://paperpile.com/c/vyOAFd/W0zL
https://paperpile.com/c/vyOAFd/IG1C
https://paperpile.com/c/vyOAFd/IG1C
https://paperpile.com/c/vyOAFd/eDqv
https://paperpile.com/c/vyOAFd/eDqv
https://paperpile.com/c/vyOAFd/eDqv
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compounds [51ᐧᐧ]. Remarkably, sensors for 21 of out 38 compounds screened could be 

identified from a mutational library of just 37,778 mutants. Directed evolution resulted in seven 

low nanomolar and highly specific biosensors characterized by quantifying the off-target 

response to chemically similar ligands. This relatively high specificity is notable compared to 

allosteric transcription factor systems with known promiscuity [30]. These sensors show 

portability between multiple output systems, including ELISA-like immunoassays, eukaryotic 

transcriptional activation, and post-translational control of protein function [51ᐧᐧ]. Steiner et al. 

have also developed an analytical mathematical model for molecular ratchets and employed this 

to predict sensor behavior in different transduction mechanisms [48ᐧ]. Combined, these 

examples demonstrate the pliability of CID modules to recognize diverse ligands as well as 

control signal transduction systems across domains of life.  

 

Protease domains can also serve as a portable molecular recognition architecture, in which a 

protease domain links inhibitor-specific binding to activation or inhibition of downstream signal 

transduction. Tague et al. used the HCV NS3 protease domain as a ligand-inducible connection 

(LInC) controlled by protease inhibitor binding, in which ligand binding activates transcription 

by preserving the connection between modular DNA-binding and transcriptional activation 

domains [52]. The Pleiotropic Response Outputs from a Chemically-Inducible Single Receiver 

(PROCISiR) system described in Foight et al. utilizes a NS3a protease “reader” to incorporate 

multiple orthogonal ligand recognition systems for protease inhibitors with distinct output 

responses into the same protein architecture [53]. Small-molecule protease control using degron 

tags has also been a successful strategy for controlling CAR-T cells. Juillerat et al. and 

Sahillioglu et al. created CAR-T off-switches in which binding of an inhibitor blocks protease 

cleavage to remove a degron tag [54,55]. Conversely in Richman et al., small molecule binding 

displaces and exposes a degron leading to CAR-T degradation [56]. Jan et al. uses distinct on- 

and off-switches to control CAR-T function using ligand-induced degradation at a zinc finger 

degron tag (off-switch) and ligand-induced dimerization (on-switch) [57]. While ligand-

https://paperpile.com/c/vyOAFd/Qf0g
https://paperpile.com/c/vyOAFd/Qf0g
https://paperpile.com/c/vyOAFd/Qf0g
https://paperpile.com/c/vyOAFd/Qf0g
https://paperpile.com/c/vyOAFd/9HEX
https://paperpile.com/c/vyOAFd/9HEX
https://paperpile.com/c/vyOAFd/ORPL
https://paperpile.com/c/vyOAFd/ORPL
https://paperpile.com/c/vyOAFd/ORPL
https://paperpile.com/c/vyOAFd/7hA7
https://paperpile.com/c/vyOAFd/7hA7
https://paperpile.com/c/vyOAFd/7hA7
https://paperpile.com/c/vyOAFd/lvld+PSdL
https://paperpile.com/c/vyOAFd/lvld+PSdL
https://paperpile.com/c/vyOAFd/lvld+PSdL
https://paperpile.com/c/vyOAFd/lvld+PSdL
https://paperpile.com/c/vyOAFd/lvld+PSdL
https://paperpile.com/c/vyOAFd/Ld8l
https://paperpile.com/c/vyOAFd/Ld8l
https://paperpile.com/c/vyOAFd/Ld8l
https://paperpile.com/c/vyOAFd/oi5s
https://paperpile.com/c/vyOAFd/oi5s
https://paperpile.com/c/vyOAFd/oi5s
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controlled protease domains are effective portable biosensors for many small FDA approved 

antivirals, this approach is limited to known protease inhibitors.  

 

In pursuit of a more general protein degradation strategy applicable to engineered binding 

domains for novel ligands, Bick et al. embedded a computationally-designed fentanyl sensor in a 

conditionally stable ligand binding domain that is degraded in the absence of ligand [8]. This 

conditional sensor domain can then be attached to transcription factors enabling downstream 

expression of a desired reporter.  

 

OPPORTUNITIES FOR IMPROVEMENTS TO PORTABLE BIOSENSORS  

 

The development of portable biosensors enables use of a single molecular recognition 

architecture in many different downstream applications, reducing the need for redundant sensors 

for the same ligand. Advances in several key areas will improve the pipeline for facile 

development of sensors for any small molecule.  

 

Standardization of diverse protein scaffolds for automated ligand pocket design 

 

One open question is the accessible chemical space of existing portable biosensors - are there 

differences in the molecules they recognize relative to integrated sensors? To address this 

question, for the engineered sensors cited in this review (Table 1) we quantified ligand properties 

using PubChem. We find that ligands for existing engineered portable biosensors are more 

lipophilic (Fig 2A), have larger molecular weights (Fig 2A), and have more rotatable bonds (Fig 

2B) than those of the integrated biosensors (p-values 3.3e-6, 2.7e-5, 4.2e-8 respectively). 

However, no statistically significant differences were observed for the amount of polar surface 

area or the number of hydrogen bond acceptors. We stress that these trends are preliminary and 

may be exaggerated by the small sample size of engineered sensors to date, the differences in 

screening platforms used, the choice of ligands to screen, or other experimental artifacts. 

Nevertheless, a given protein scaffold is likely to be compatible with only ligands with certain 

https://paperpile.com/c/vyOAFd/gA19
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characteristics, such as the need for a ligand hydrogen bond acceptor at a critical position in the 

PYR1 pocket [51ᐧᐧ].  

 

To reach the goal of portable biosensors for nearly any desired small organic molecule, the 

creation of more diverse and well-characterized scaffolds, coupled with automated in silico 

ligand docking and screening to identify the appropriate scaffold, may be required to enable a 

more diverse chemical space for ligand selection. Here, developing a cognate protein binding 

interface(s) is a critical step in sensor development. Molecular glue and molecular ratchet 

architectures provide different challenges and opportunities for the automated design of CID 

interfaces. Molecular glues require design on two independent binding interfaces, which 

increases the complexity of design but gives greater ligand selection flexibility. Molecular 

ratchets are advantageous in that the ligand binding and dimerization interfaces are distinct, 

which enables dimerization at ligand saturation and streamlines the design process in that only 

one protein must be designed. However, the choice of compatible ligands are constrained by the 

volume, geometrical requirements, and chemical functional group compatibility of the scaffold 

binding pocket. For protease inducible domains, one unexplored area is redesigning protease 

binding sites for competitive inhibition of novel ligands, but that may prove more difficult than 

repurposing existing binding pockets.  

 

While new and diverse CID scaffolds are needed, a countervailing issue is that every new 

scaffold needs to be reconfigured for downstream signal transduction systems, such as split 

proteins, reducing the benefits of portability. For these reasons we propose that it is most 

efficient to develop automated ligand pocket design methods built on only a handful of well-

understood protein scaffolds.  

 

Choice of ligands for cellular control  

 

Ligand choice for contemporary cellular control applications is determined in many ways by the 

availability of existing sense and response modules (e.g. doxycycline for the TetON and TetOFF 

systems). As the development of greater scaffold diversity expands the space of available ligands 

https://paperpile.com/c/vyOAFd/Qf0g
https://paperpile.com/c/vyOAFd/Qf0g
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for novel biosensors, ligand choice can be more finely tuned to the requirements of the cellular 

control application. Biological and economical requirements will vary between human, plant, 

and microbial applications, which can include the ligand tissue distribution, lack of interactions 

with other drugs or other off-target effects, a wide therapeutic window to avoid toxicity, 

regulatory approval, cell permeability, and ligand cost. Further research is needed for ways to 

automate this multi-objective optimization ligand selection process.  

 

Shape and quality of transfer functions 

 

In the context of portable biosensors, which have a variety of signal transduction mechanisms to 

enable cellular control for variegated contexts (Fig 1), a transfer function may be defined as the 

biological output (e.g. enzymatic activity, cell fate decisions) as a function of ligand 

concentration. Predictive and tunable control of living cells requires advances in three major 

areas.  

 

First, predictive models should be developed and validated. Equilibrium closed form models 

exist for both molecular glues and molecular ratchets [48ᐧ,58], but extension of these models to 

biological outputs require further model building and experimental testing for the range of 

transduction mechanisms. Relatedly, a major contributor to the shape of the transfer function is 

the biosensor architecture itself. For example, the ternary binding equilibria of molecular glues 

lead to a bell-shaped transfer function where increasing ligand concentrations can reduce the 

amount of the ternary complex. By contrast, molecular ratchets have saturable kinetics with 

minimal cooperativity that are well modeled by the Hill equation [48ᐧ]. The shape of the transfer 

function has large implications for cellular control, particularly for ligands with tissue-specific 

heterogeneity in which small differences in ligand concentration can have an outsized impact on 

signal depending on the concentration. Advances are needed in system architectures to convert 

these signals to digital (all or none responses) or to configurations allowing adaptation (a 

transient response that returns to baseline values).  

https://paperpile.com/c/vyOAFd/6nuC+9HEX
https://paperpile.com/c/vyOAFd/6nuC+9HEX
https://paperpile.com/c/vyOAFd/6nuC+9HEX
https://paperpile.com/c/vyOAFd/6nuC+9HEX
https://paperpile.com/c/vyOAFd/9HEX
https://paperpile.com/c/vyOAFd/9HEX
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Finally, advances are needed in improving the predictive control of split proteins, particularly 

with respect to basal activity in the absence of ligand. Numerous split proteins have been 

developed in the last two decades for use with CID and other biosensor systems [19]. To 

improve split protein design and reduce background signal, Dagliyan et. al. and Dolberg et. al. 

have both developed computational split protein optimization workflows [59, 60ᐧᐧ]. The Split 

Protein Optimization by Reconstitution Tuning (SPORT) workflow in Dolberg et. al. was 

validated by engineering an improved split tobacco etch virus protease for transcription factor 

activation with a low background and high signal induction [60ᐧᐧ]. Future structure-based and/or 

machine learning approaches are anticipated for the predictive design of split proteins. 

 

CONCLUSIONS 

 

Genetically-encoded protein biosensors have been deployed for a diverse range of cellular 

control applications, demonstrating that the sensor architecture has a tangible impact on the 

sensor versatility and output signal. The decoupling of molecular recognition and signal 

transduction in portable biosensors enables the tailoring of sensor output to the application end 

goals. Advances in the predictive modeling of transfer function output and automated ligand 

design platforms will further improve biosensor capability, approaching the goal of protein 

biosensors for any small organic molecule.  
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 ᐧᐧThis paper addresses several problems in engineering split proteins for biosensor signal 
transduction systems, notably succeeding in reducing background signal for a split TEV 
protease. The open source computational pipeline can be applied to create split proteins for 
a variety of signal transduction applications.  
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FIGURES 

 

 

 
 
Figure 1. Molecular architecture and examples of integrated and portable biosensors. Examples  
of integrated biosensors include allosteric transcription factors [3,10,21,23,24,25], membrane 
proteins like GPCRs or ion channels [16,32,33], fluorescent protein fusions [37], and chemical 
rescue of structure [39]. Examples of portable molecular recognition mechanisms include 
molecular glues [9,43,45], molecular ratchets [2,51], inverted chemically-induced dimerization 
[47], and control by protein degradation [8].  
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Figure 2. Accessible chemical space of existing engineered biosensors. Ligands for integrated 
and portable engineered biosensors occupy different portions of the accessible chemical space, 
shown by a. molecular weight vs octanol-water partition coefficient logP and b. number of 
hydrogen bond acceptors vs number of rotatable bonds. All plotted data is listed in table 1.  
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Table 1. List of sensors reviewed here that have been engineered for binding to a novel ligand.  
 

Category Ligand Sensor Type MW 
(Da) logP H-bond 

acceptors 
Rotatable 

bonds Ref 

Integrated Vanillin  Allosteric transcription factor 152.15 1.2 3 2 10 

Integrated D-Arabinose  Allosteric transcription factor 150.13 -2.5 5 0 21 

Integrated 
 

Fucose  

Allosteric transcription factor 
 

164.16 -2.4 5 4 

23 
 

Gentiobiose  342.3 -4.7 11 4 

Lactitol  344.31 -5.2 11 8 

Sucralose  397.6 -1.5 8 5 

Integrated Caffeine  Allosteric transcription factor 194.19 -0.1 3 0 24 

Integrated 

Borneol  

Allosteric transcription factor 

154.25 2.7 1 0 

25 
Fenchol 154.25 2.5 1 0 

Eucalyptol  154.25 2.5 1 0 

Camphene  136.23 3.3 0 0 

Integrated Varenicline  Membrane protein 211.26 0.8 3 0 16 

Integrated Olanzapine  Membrane protein 312.4 2.9 4 1 32 

Integrated DREADD agonist 21 Membrane protein 278.35 2 3 1 33 

Integrated Auxin  Fluorescent protein fusions 175.18 1.4 2 2 37 

Integrated 6-(benzyloxy)indazole  Chemical rescue of structure 224.26 3.7 2 3 39 

Portable Farnesyl 
pyrophosphate  

Molecular glue 382.33 2.6 3 11 9 

Portable Cannabidiol  Molecular glue 314.5 6.5 2 6 43 

Portable Methotrexate  Molecular glue 454.4 -1.8 5 9 45 

Portable Mandipropamid  Molecular Ratchet 411.9 3.9 1 10 2 
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Portable 

Cannabidiloic acid  

Molecular Ratchet 

358.5 6.6 3 7 

51 

delta9-THC 314.5 7 1 4 

(+/-)CP 47,497 318.5 6.7 2 7 

AB-PINACA 330.4 3.2 2 8 

4F-MDMB- 
BUTINACA 

363.4 3.9 1 9 

JWH-167 305.4 5 0 7 

JWH-030 291.4 5 0 6 

JWH-016 341.4 6.2 0 5 

JWH-007 355.5 6.7 0 6 

JWH-018 341.4 6.3 0 6 

JWH-072 313.4 5.4 0 4 

JWH-015 327.4 5.8 0 4 

JWH-193 398.5 4.6 0 5 

(+/-)WIN-55212-2 426.5 4.4 0 4 

Diazinon  304.35 3.8 0 7 

Pirimiphos  277.28 3.1 2 5 

Dimethoate  229.3 0.8 1 5 

Chlorfenvinphos 359.6 3.1 0 7 

Portable 
A1331852 

Inverted chemical induced 
dimerization 

658.8 7.5 2 7 

47 
A1155463 669.8 4.8 2 11 
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Portable Fentanyl  Control by protein degradation 336.5 4 0 6 8 

 


