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Abstract

Frequent, reliable cortisol measurement is critical for diagnosing and managing adrenal disorders, 

stress responses, and circadian rhythm disruptions. However, current cortisol assays or detection 

methods remain confined to laboratory settings, limiting on-site testing. Protein-based biosensors 

provide a promising point-of-care (POC) solution, yet no robust, field-ready protein-based cortisol 

biosensor is available. Here, we de novo design cortisol-inducible dimerization modules and 

systematically sample their fusions with split luciferase reporters by using a protein structure 

prediction pipeline. The resulting biosensor, designed straight from the computer, yields over 

300-fold luminescent response with picomolar sensitivity and can be rapidly imaged by a standard 
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camera or smartphone. This work highlights the power of computational protein design for 

developing next-generation protein-based biosensors.

Graphical Abstract

INTRODUCTION

Cortisol, a steroid hormone produced by the adrenal glands, plays a critical role in various 

physiological processes such as stress response, immune modulation, blood pressure, 

and sleep-wake cycle regulations that are essential for maintaining health.1 Monitoring 

cortisol levels is important for diagnostics because cortisol imbalances can indicate 

adrenal disorders, e.g., excess cortisol leads to Cushing’s Syndrome,2 and insufficient 

cortisol causes Addison’s Disease.3 In addition, abnormal cortisol rhythms can disrupt 

the sleep-wake cycle, and elevated cortisol is linked to the degree of stress levels and 

metabolic disorders.4 Monitoring cortisol levels frequently can also guarantee patients’ 

outcomes when undergoing treatment for adrenal disorders to ensure proper dosing and 

effectiveness.5 However, standard methods for cortisol detection are restricted to enzyme-

linked immunosorbent assay (ELISA) or liquid chromatography-tandem mass spectrometry 

(LC-MS) that have to be performed in laboratory settings, while point-of-care methods for 

frequent, on-site testing in clinics or at-home remain limited or are at the proof-of-concept 

stage.6

Protein-based biosensors have emerged as a promising modality for detecting clinically 

relevant analytes in solution using a mix-and-read format.7 This approach eliminates 

the need for multiple washing and incubation steps by leveraging analyte-induced 

conformational changes in the sensing protein, which directly modulate the activity of 

the linked reporter protein module.8,9 Incorporating luciferase enzyme as the optical 

reporter has demonstrated ultrasensitive detection in complex specimens such as blood 

and urine.10 Unlike fluorescence, enzyme-catalyzed luminescence does not require external 

excitation, reducing the background noise from autofluorescence and scattering in biological 

matrices. This self-emitting light signal also simplifies detection, enabling the use of simple 

devices, such as a camera, to capture signals from paper-imprinted biosensors.11,12 These 
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advantages make luminescent protein biosensors highly suitable for cost-effective point-of-

care diagnostics.

Designing a cortisol luminescent protein biosensor requires two components: a recognition 

domain that binds cortisol (Figure 1a) and undergoes significant conformational changes; 

and a reporter system, such as split luciferase, that generates a detectable signal 

upon reconstitution. However, naturally occurring cortisol-binding proteins, such as 

corticosteroid-binding globulin13 and the glucocorticoid receptor,14 either lack substantial 

conformational changes upon cortisol binding or possess complex folding patterns that 

hinder biosensor development. To overcome these limitations, we sought to design cortisol-

responsive protein dimerization systems from scratch using computational de novo protein 

design. These designer proteins dimerize in the presence of cortisol, bringing split luciferase 

domains into proximity to form reconstituted and active luciferases, which produce 

luminescence (Figure 1b).

The first component for building a luminescent cortisol biosensor is designing cortisol-

induced dimerization systems. Chemically induced dimerization (CID) systems are valuable 

tools in synthetic biology for controlling specific cellular functions, such as transcription, 

protein degradation, and enzyme activation, with high spatiotemporal precision.15 However, 

the availability of native CID systems remains limited. Among the identified systems, 

only the rapamycin-induced FKBP-FRB system has been widely adopted in mammalian 

systems due to the small size of FKBP and FRB proteins (12 and 11 kDa, respectively) and 

their nanomolar binding affinity for rapamycin, forming a highly stable ternary complex.16 

In contrast, plant-derived CID systems, such as abscisic acid-induced ABI-PYL17 and 

gibberellin-induced GID-GAI,18 are not always effective across multiple biological systems, 

likely due to suboptimal protein folding. Rational design of new CID systems remains 

challenging as it requires creating ternary complexes involving two proteins and a small 

molecule. Previous computational approaches for CID design rely on pre-existing protein 

heterodimer interfaces,19 native ligand–protein complexes,20–22 or by splitting de novo 

designed proteins that bind to small molecules.23 Here, we present a stepwise computational 

strategy to design both dimerization proteins individually, yielding two well-folded de novo 

proteins that interact with a cortisol ligand to form newly designed ternary interfaces at 

nanomolar affinity. This design approach allows precise control over protein geometries, 

streamlining the creation of CID systems tailored for split luciferase fusion protein biosensor 

design.

Besides, we developed a protein structure prediction pipeline to sample geometrically 

compatible orientations between the dimerization domains and split luciferase components, 

facilitating efficient fusion protein design. This work demonstrates that de novo protein 

design can enable the creation of custom functions by explicitly designing corresponding 

protein structures, eliminating the need to rely on naturally occurring proteins. As a result, 

our structure-guided design strategy successfully developed high-performance luminescent 

protein-based biosensors capable of detecting cortisol at physiological and pharmaceutical 

concentrations with point-of-care compatible settings.
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RESULTS

Computational Design and Characterization of Cortisol-Induced Protein Dimerization.

We previously utilized a large number of de novo NTF2 scaffolds to design small-molecule 

protein binders against six structurally distinct small molecules.24 Among these, we 

successfully obtained hcy129.1 binder that binds cortisol with nanomolar KD, which falls 

within the physiological concentration range of cortisol in the body. The ligand-bound 

crystal structure closely matched that of both the designed and AlphaFold2-predicted 

models, suggesting our ability to design protein–ligand interfaces accurately. In the designed 

structure, hcy129.1 engaged the core steroid structure of cortisol, leaving the 3-carbonyl 

group and adjacent carbon atoms of steroid ring A exposed to the solvent (Figure 2). 

We reasoned that designing another ‘lid’ protein to specifically cover the interface of 

the hcy129.1-cortisol complex, without binding hcy129.1 alone, could create a cortisol-

dependent CID system. To facilitate binder design, we first introduced three mutations 

(R43I/R95Q/Q128L) into hcy129.1 based on the site saturation mutagenesis (SSM) map 

(Figure S1a). Such modifications remove charged and polar residues that could obstruct the 

binding interface design toward the hcy129.1-cortisol complex. The resulting triple mutant, 

named mhcy129, retained a similar folding profile and nanomolar binding affinities to 

cortisol compared to the parent hcy129.1 (Figure S1b,c).

To design cortisol-dependent CID systems, we used RIFdock to place ‘lid’ protein scaffolds 

against the open mhcy129-cortisol complex interface (Figure 2). A library of previously 

described helical bundles25 was docked explicitly to form contacts with the exposed cortisol 

interface. This docking strategy aimed to generate numerous ternary complexes by making 

contacts with the cortisol ligand, where mhcy129 and the lid proteins interact only in 

the presence of cortisol to minimize ligand-independent dimerization. Subsequently, we 

performed sequence design on the docked complexes using a combination of Rosetta 

FastDesign and ProteinMPNN.26 The designed ternary complex structures were prefiltered 

by contact molecular surface (>440), Rosetta ddG (<−35), and contact patch with cortisol 

(>45). These filters aimed to ensure that the lid proteins formed enough physical interactions 

with both cortisol and mhcy129 (Figure S2). The designed heterodimeric complexes were 

further validated with AlphaFold2,27 in which we selected models with pAE < 10 to 

assess interchain positioning confidence and pLDDT > 90 for the lid proteins. Although 

AlphaFold2’s metrics (pAE and pLDDT) are reliable predictors for binder design,28 its 

complex prediction is not explicitly aware of cortisol (all-atom protein models, such as 

RoseTTAFold-All-Atom29 or Alpha-Fold3,30 were not available at the time of designing). 

Thus, we complemented our computational design approach with experimental screening to 

further reduce the level of ligand-independent dimerization.

For experimental screening, we displayed the library containing designed lid proteins on 

the yeast surface and performed binding to biotinylated mhcy129, in which the FITC signal 

represented protein expression on the yeast surface, and the SAPE signal indicated binding 

of lid proteins to biotinylated mhcy129 (Figure S3a). In the first round of fluorescence-

activated cell sorting (FACS), we collected populations that expressed but did not bind to 

mhcy129. In the following rounds, we treated the yeast cells with cortisol during binding 
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to biotinylated mhcy129 and collected the enriched populations that exhibited mhcy129 

binding in a cortisol-dependent manner (Figure S3b). Next, we randomly picked 96 single 

yeast colonies from the collected populations and validated each with FACS for mhcy129 

binding in the presence and absence of cortisol (Figures S3c and S4). Through this process, 

we identified 35 lid proteins that showed cortisol-dependent binding signals by FACS. 

To confirm cortisol-dependent dimerization, we selected 10 lid proteins based on the 

largest difference in FACS signals between the presence and absence of cortisol (Figure 

S4), expressed and purified them from bacteria; 9 out of the 10 exhibited predominantly 

monodispersed and monomeric profiles in size exclusion chromatography (SEC) traces 

(Figure S4). We incubated each of the monomeric lid proteins with purified mhcy129 

in the presence and absence of cortisol and analyzed the mixtures using SEC. Eight 

out of 10 lid proteins showed a cortisol-dependent shift in molecular size, suggesting 

that these lid proteins form cortisol-inducible heterodimers with mhcy129 (Figure 3). 

By investigation of the structure of these designed lid proteins, all of them form highly 

complementary interfaces toward the mhcy129-cortisol complex and hold multiple contacts 

to the exposed A ring of cortisol. Thus, we successfully designed and verified cortisol-

induced heterodimerizations using a hybrid computational and experimental strategy.

Constructing Cortisol Luminescent Biosensors by Structure Prediction.

Traditionally, constructing functional protein biosensors required modifying native proteins 

through relooping, circular permutation, or trial-and-error linker engineering to explore 

different fusion configurations.31 These approaches often disrupted protein folding and 

compromised function, so iterative rounds of directed evolution are generally required to 

restore functionality.32 Furthermore, the inherent geometry of native proteins often imposes 

constraints, limiting the capacity to effectively test diverse configurations.

In contrast, de novo protein design allows the creation of lid proteins with diverse and 

tailored geometries, including variations in N- and C-terminal orientations, helical bundle 

topologies, and protein curvatures (Figure 4a, left panel). Such structural diversity expands 

the possible design space for genetic fusions of cortisol CID modules with split luciferases 

as the sensor reporter. To select the reporter module, we focused on two split luciferase 

systems: the NanoBiT system (LgBiT/SmBiT)33 derived from engineered Oplophorus 
luciferase, and a new split luciferase system, LuxSit sPro (αLux/ßit) developed from a 

de novo designed luciferase.34,35 Both systems are split at the last β-strand, producing two 

inactive fragments that reconstitute into a functional luciferase enzyme only when brought 

into close proximity by molecular dimerization (Figure 4a, middle panel).

To achieve a successful biosensor design, topologically compatible protein fusion between 

the cortisol CID and split reporter modules is critical. Proper alignment requires optimizing 

domain arrangement, linker length, and geometric compatibility to ensure effective 

reconstitution of the luciferase fragments upon cortisol-induced dimerization. Additionally, 

the final fusion proteins must maintain proper folding to preserve their functionality. With 

such diverse geometries of our designed cortisol CID systems, the combination of fusing 

cortisol recognition modules with split luciferase reporter modules presents a vast design 

space, which requires the sampling of a large number of possible configurations to satisfy 
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important factors such as compatible domain arrangement, suitable linker length, and 

matched geometric orientation (Figure 4a, right panel).

To address this complexity, we sought to leverage AlphaFold330 structure prediction to 

systematically sample such a large designable space of these potential fusion proteins. This 

approach enabled us to evaluate geometric compatibility, folding stability, and 3D-spatial 

alignment between the cortisol recognition modules and split luciferase fragments in silico. 

For structure prediction, chain A comprised (i) split luciferase fragment A (αLux or LgBiT); 

(ii) a linker; and (iii) a designed lid protein, while chain B contained (i) split luciferase 

fragment B (ßit or SmBiT); (ii) a linker; and (iii) mhcy129. Both chains were designed to 

be similar in size (~18–20 kDa). We evaluated two configurations for each chain (Figure 4a, 

right panel) with five linker lengths (1, 2, 4, 6, and 8 GS linkers; see Table S1), resulting in 

2 (domain arrangement) × 5 (linker lengths) × 8 (cortisol CIDs) for chain A and 2 (domain 

arrangement) × 5 (linker lengths) × 1 (mhcy129) for chain B. We predicted the complexes of 

chain A and chain B in both the presence and absence of cortisol, yielding a total of 80 × 10 

× 2 (plus/minus cortisol) = 1600 complex structures per split luciferase system.

After performing protein complex structure prediction, we evaluated the folding quality of 

the fusion proteins using AlphaFold3′s pLDDT score for each chain. The αLux/βit split 

luciferase system constantly exhibited a higher distribution of pLDDT values compared to 

the LgBiT/SmBiT system in both chains A and B (Figure 4b), suggesting higher prediction 

confidence for αLux/βit-based fusion proteins across eight designed cortisol CIDs (Figure 

S5a). For local prediction metrics, we analyzed the pLDDT and pAE scores at the βit or 

SmBiT regions. The βit region exhibited higher pLDDT values (Figures 4c and S5b), and 

the reconstituted αLux/βit complex showed lower pAE scores compared to those of the 

LgBiT/SmBiT system (Figures 4d and S5c). These results suggested that the αLux/βit split 

luciferase exhibits superior predicted structural confidence, relative to the LgBiT/SmBiT 

system, to form active luciferase upon cortisol binding.

As AlphaFold3 is an all-atom model that can handle nonprotein components, we compared 

the pLDDT of predicted chain A-B complexes with and without giving cortisol to 

AlphaFold3. Predictions including cortisol generally produced higher global and local 

pLDDT values, indicating that AlphaFold3 is sensitive to the presence of the ligand 

(Figures 4e and S5d,e). To validate the cortisol-dependent dimerization, we calculated the 

pAE values for mhcy129-CID complex regions and compared the CID Cα rmsd of the 

predicted complexes by aligning to our designed models (see Methods). Similar to what 

we observed, AlphaFold3 predicted the formation of mhcy129-CID complexes better when 

cortisol was present (Figures 4f and S5f). Notably, we successfully extracted models (red 

points) that had pAE > 10 (or Cα rmsd > 1 Å) in the absence of cortisol (meaning 

not forming mhcy129-CID complex), but pAE < 10 (or Cα rmsd < 1 Å) in its presence 

(meaning forming mhcy129-CID complex), which indicated that AlphaFold3 might be able 

to capture designed complexes preferentially in the presence of cortisol and reduce cortisol-

independent dimerization at the in silico design stage.

To assess the luciferase reconstitution, we again calculated the pAE values and local βit 

Cα rmsd of the predicted reconstituted luciferase (αLux/βit) domains against reference 
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structures (the designed LuxSit-i model34). Models based on the αLux/βit system 

consistently exhibited low pAE and Cα rmsd (Figures 4g and S5g), indicating more 

complete reconstitution of the luciferase domain and likely higher luciferase activity 

upon cortisol-induced dimerization. Similarly, we also observed predicted models (red 

points) with pAE > 10 (or Cα rmsd > 1 Å) in the absence of cortisol (incomplete 

luciferase reconstitution), but pAE < 10 (or Cα rmsd < 1 Å) in the presence of cortisol 

(fully reconstituted luciferase for signal), which together could be used to reduce cortisol-

independent luciferase activity (background) and maximize the cortisol-dependent emission 

(signal) to design biosensors with large fold-of-changes (Figure S6).

Interestingly, AlphaFold3 consistently predicted the formation of mhcy129-CID ternary 

complex better when the presence of cortisol, regardless of which luciferase system was 

employed (Figures 4h and S5h), suggesting the robustness of our de novo designed cortisol 

CID modules. To summarize, the αLux/βit-based fusion proteins demonstrated higher 

prediction success rates than LgBiT/SmBiT in AlphaFold3. This likely stems from the 

well-folded nature of the αLux/βit system, developed from a de novo designed luciferase,34 

making it a promising reporter module for building luminescent cortisol biosensors.

To validate our prediction results, we experimentally constructed, expressed, and purified 

corD2-(1,2,4,6 GS linker)-αLux, αLux-(2,4,6 GS linker)-corD2, mhcy129-(1,2,4 GS 

linker)-βitsPro, and βitsPro-(1,2,4 GS linker)-mhcy129. Equal molar amounts of chains 

A and B were mixed in solution in the presence or absence of 10 μM cortisol, and 

the luminescence signal was measured using a plate reader. The experimental results 

closely matched the AlphaFold3 computational metrics, including pLDDT and pAE, which 

corresponded to the observed luminescence intensity and sensor fold-of-change (Figure 

S7). Additionally, AlphaFold3 successfully identified geometrically incompatible pairs, such 

as corD2-1GS-αLux/mhcy129-2GS-βitsPro and corD2-1GS-αLux/βitsPro-2GS-mhcy129, 

which exhibited poor reconstitution and minimal luminescence. These findings demonstrate 

the robustness of using an integrated structure prediction approach in systematically 

predicting optimal configurations, ensuring the formation of complex protein folding, 

maximizing cortisol-induced reporter reconstitution, and streamlining the fusion protein 

design process for effective luminescent biosensors.

High-Performance Luminescent Cortisol Biosensors Designed Directly from Computer.

Since the corD1 lid protein consistently showed superior predictions from computational 

analysis (Figure S5), we selected corD1 for more computational sampling across finer linker 

lengths (Figure S8). Based on the favorable pAE and rmsd values, we chose corD1-3.5GS-

αLux/βitsPro-4GS-mhcy129 (Figure 5a) and corD1-3.5GS-αLux/mhcy129-4GS-βitsPro 

(Figure S9a) pairs for experimental evaluation. The in silico parameters collectively 

indicated high confidence in the cortisol-induced dimerization of the corD1-mhcy129 

complex (pAE of corD1-mhcy129) and efficient luciferase reconstitution (pAE of αLux/βit 

and rmsd of βit or αLux/βit).

When we expressed corD1-3.5GS-αLux (Figure S9b), mhcy129-4GS-βitsPro (Figure S9c), 

βitsPro-4GS-mhcy129 (Figure S9d) along with the previous design based on the miniH11-

NanoBit system,24 we observed that the fusion proteins based on the αLux/βit binary system 
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showed more monomeric and monodispersed protein folding profiles than LgBiT/SmBiT 

(Figure S9f,g). Additionally, SEC trace analysis showed a clear shift in retention time, 

suggesting that corD1-3.5GS-αLux and βitsPro-4GS-mhcy129 form a heterodimer triggered 

by the addition of cortisol (Figure S9e).

To assess the performance of our de novo biosensors for cortisol detection, we measured 

the luminescence signals of these biosensors with varying cortisol concentrations. The 

corD1-3.5GS-αLux/βitsPro-4GS-mhcy129 luminescent biosensor exhibited a 375-fold 

increase in emission with a limit of detection (LOD) of 131 pM (Figure 5b) while the 

corD1-3.5GS-αLux/mhcy129-4GS-βitsPro pair showed higher luminescence intensity at 

saturated cortisol concentrations along with a 153-fold change with a LOD of 82 pM 

(Figure S9h). Both biosensor pairs displayed a detection regime spanning over 4 orders of 

magnitude and significantly outperformed that of the previous NanoBiT-based design, which 

showed a 28-fold change with a LOD of 63 nM in HBS buffer (Figure S9i). Moreover, the 

designed corD1-3.5GS-αLux/βitsPro-4GS-mhcy129 biosensor maintained a robust 210-fold 

signal change with a LOD of 42 pM in synthetic urine (Figure 5c) and a 6.3-fold signal 

change with a LOD of 73 nM in human serum (Figure 5d). In contrast, the NanoBiT system 

showed a 21-fold change (LOD = 46 nM) in urine and a 2.8-fold change (LOD = 398 nM) 

in serum under identical conditions (Figure S9i). Although serum components attenuated 

the sensor performance, the broad dynamic range and high luminescence intensity of our 

designed biosensors still allowed for straightforward signal detection using a standard 

camera (Figure 5b–d).

To assess the target selectivity, we measured the dose-dependent responses of 

three structurally related steroid hormones (Figure S10a) using a corD1-3.5GS-

αLux/βitsPro-4GS-mhcy129 luminescent biosensor. The sensor exhibited over 300-fold 

luminescence increase in response to cortisol, with lower responses to progesterone and 

aldosterone, and no detectable response to estradiol, illustrating moderate to strong target 

selectivity (Figure S10b). In addition, the sensor response is reversible as demonstrated by 

the time-course experiment, in which the presence of cortisol induced dimerization and 

luciferase reconstitution, while the removal of cortisol led to a reversal of the luminescence 

signal (Figure S10d). Similar to the other two-component biosensors,7,36 our sensor 

exhibited a hook effect at high cortisol concentrations due to saturation of both dimerization 

protein interfaces (Figure S10e). The sensor response is also tunable by adjusting the 

concentration and ratio of the two protein components (Figure S10f).

To further improve quantitative measurement with better reliability and reproducibility, we 

introduced an internal reference, luxOFP,37 into the assay to convert the intensiometric 

luminescence signal into ratiometric responses (Figure 5e). The maximum emission 

wavelength of luxOFP is 588 nm, which can be optically separated from the 490 nm 

emission of reconstituted αLux/βit luciferase using conventional filters. The ratiometric 

detection approach can correct for luminescence signal suppression in complex matrices7–9 

and normalize the luminescence decay to ensure the signal is stable over time (Figure 5f). 

By using luxOFP as the internal reference in the assay, we achieved ratiometric signal 

changes of 13-fold, 21-fold, and 1.7-fold in response to cortisol in buffer (Figure 5g), 

urine (Figure 5h), and serum (Figure 5i), with corresponding LODs of 3.4, 0.7, and 51 
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nM, respectively. This approach enabled more sensitive and reliable quantification of low 

cortisol concentrations (e.g., pico- to femtomolar range in urine) compared to assays without 

the luxOFP reference. The resulting ratiometric signal generated a clear color change from 

orange to teal, which can be readily captured by a smartphone (Figure 5g–i), and the mix-

and-read workflow eliminated the need for multiple wash steps, facilitating rapid on-site 

detection.

Our biosensors effectively cover the diagnostic range of Cushing’s syndrome in urine38 

and are sensitive enough to detect adrenal insufficiency after ACTH stimulation test3 for 

Addison’s disease diagnosis. Overall, our data demonstrate that the de novo designed 

cortisol luminescent biosensors, generated entirely through computational design, offer 

robust protein folding, high dynamic range, and sufficient sensitivity for monitoring cortisol 

levels relevant to individual physiology.

DISCUSSION

As protein design and structure prediction methods continue to evolve, all-atom models 

for designing and predicting complex protein–ligand interactions are becoming increasingly 

feasible.39 Our analysis based on AlphaFold3 metrics revealed that it could predict ternary 

complex formation with higher confidence when cortisol was included, suggesting that 

all-atom structure prediction might potentially guide future CID development while reducing 

nonspecific, ligand-independent interactions. Since AlphaFold-predicted metrics correlated 

with the experimental target selectivity results (Figure S10c), future improvements in target 

selectivity may be guided by in silico design.

Traditional approaches to engineering protein biosensors often rely on empirical or 

semi-empirical testing of numerous variants with different linker lengths and fusion 

orientations.31 By leveraging protein complex structure prediction, we can reduce the 

number of designs that require experimental validation from hundreds to just a few, thereby 

accelerating the optimization process without compromising functionality. The αLux/βit 

split reporter system, engineered from a de novo luciferase, has high structural predictability 

to allow reliable in silico modeling of biosensor architecture and ligand-induced luciferase 

reconstitution, leading to high-performance luminescence biosensors. In contrast, biosensors 

based on conventional split luciferase systems often require extensive experimental fine-

tuning of either swapping recognition domains, adjusting binding affinities, or optimizing 

domain orientations to improve the performance (Figure S11), due to limited structural 

predictivity.

Moving forward, our current stepwise strategy may benefit from recently developed 

generative models, such as RFDiffusionAA,29,40 to enhance the design efficiency of 

generating heterodimer proteins that interact with user-defined ligands. Together, these 

advances highlight the promise of computational protein design in developing next-

generation protein-based biosensors for potential diagnostics and therapeutic monitoring.
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CONCLUSIONS

Despite the extensive development of genetically encoded protein biosensors in the past 

decades,31 little is understood about the rational design of their structures and performance 

relationship.41 In this study, we showcased the computational design of cortisol-responsive 

CID systems without relying on the re-engineering of naturally occurring proteins, resulting 

in the creation of de novo cortisol biosensors. By leveraging state-of-the-art protein design 

and structure prediction algorithms, we designed luminescent biosensors directly from the 

computer, which exhibited an intensiometric signal change of over 300-fold with picomolar 

sensitivity for cortisol detection. The intensiometric signal can be further converted into a 

ratiometric readout to achieve more sensitive and quantitative measurements. Furthermore, 

the robust luminescence produced by these biosensors is easily detectable using a 

standard camera, while the ratiometric color shift can be captured by smartphone imaging. 

This provides a user-friendly and straightforward platform for point-of-care applications, 

particularly given the recent progress in developing low-cost detection devices.42,43

EXPERIMENTAL METHODS

Materials and General Methods.

Synthetic genes and oligonucleotides were obtained from Integrated DNA Technologies 

(IDT), while oligo pools were sourced from Agilent. For bacterial expression, synthetic 

genes were inserted into a modified Golden Gate-compatible ccdB-pET29b vector featuring 

a C-terminal hexahistidine tag. For yeast display, oligo pools were cloned into the 

pETCON plasmid. Enzymes, including restriction endonucleases, Q5 PCR polymerase, T5 

exonuclease, Phusion DNA polymerase, Taq DNA ligase, and T4 ligase, were purchased 

from NEB. Plasmid DNA, PCR products, and digested fragments were purified by using 

Sydlab spin columns, and DNA sequences were verified by Azenta. The substrate, sequence 

information, and solvent for the αLux/βit split luciferase were acquired in the LuxSit sPro 

Protein:Protein Interaction System kit from Monod Bio. The substrate for LuxSit sPro was 

prepared as a 5 mM stock solution using the solvent provided in the kit (SP0101) and 

stored at −80 °C. Furimazine for the NanoBiT assay was ordered from Promega (N1110) 

and used at a 100× dilution. All other chemicals were purchased from Fisher Scientific, 

Thermo Scientific, or VWR and used as received without further purification. Size exclusion 

chromatography was performed using a KTA pure M system with UNICORN 7 Workstation 

control (GE Healthcare) coupled with a Superdex 75 Increase 10/300 GL column. DNA 

and protein concentrations were measured using a Take3 plate with a Biotek Synergy H1 

Plate Reader. All luminescence measurements were obtained using a Biotek Synergy H1 

Plate Reader with or without specified filters. Luminescence images were captured using an 

Amersham ImageQuant 800 and analyzed with Fiji image analysis software. No unexpected 

or unusually high safety hazards were encountered during the procedures.

Computational Design of Cortisol-Induced Heterodimers.

Based on the site-saturation mutagenesis (SSM) map of hcy129.1, we introduced three 

mutations (R43I, R95Q, and Q128L) to promote hydrophobic contacts at the anticipated 

designable interface. Structural comparisons confirmed that these alterations preserved 
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the original backbone and ligand-binding pocket of hcy129.1. The computational design 

strategy is modified from a previously described method24 (see Figure S2). To design “lid” 

proteins targeting the exposed NTF2–cortisol interface, we used PatchDock to position 

miniprotein scaffolds in proximity to cortisol, followed by rotamer interaction field (RIF) 

generation for both the protein pocket and the ligand. Approximately 5 million docking 

configurations were evaluated using RIFdock. A preliminary step involving Rosetta ddG, 

ligand contact patch, and contact molecular surface predictions to reduce the designable set 

to 1 million docks, which were then refined via Rosetta FastDesign with cortisol explicitly 

included in the scoring. We retained those designs meeting these thresholds for contact 

molecular surface (>380), contact patch (>28), and Rosetta ddG (<−35). For the final 

sequence optimization, ProteinMPNN redesigned residues outside a 5 Å boundary around 

cortisol, preserving key ligand-contacting residues. To ensure high-confidence designs for 

cortisol-responsive heterodimers, the resulting sequences were then subjected to AlphaFold2 

prediction under the initial guess protocol,28 and only those with pAE < 10, pLDDT of the 

binder >90, contact molecular surface >440, ligand contact patch >45, and Rosetta ddG < 

−35 advanced to gene synthesis.

Structure Prediction and Construction of Luminescent Cortisol Biosensors.

We performed structure predictions for each designed fusion sequence using a locally 

deployed AlphaFold3 implementation following the acquisition of AlphaFold3 model 

parameters upon request. The input consisted of two protein chains, with cortisol 

explicitly included as a defined ligand when present; otherwise, only protein chains were 

provided. Chain A comprised split luciferase fragment A fused via a flexible GS linker 

to the designed lid protein, whereas chain B consisted of split luciferase fragment B 

linked similarly to mhcy129 (Table S1). To ensure uniform conformational sampling, 

we used 8–30 model seeds for each sequence, with 5 diffusion samples per model 

seed. The representative structural model for subsequent analyses was determined by 

evaluating the average pLDDT scores computed exclusively from the nonlinker regions; 

specifically, the model displaying the highest mean pLDDT score within these regions was 

selected as the representative prediction structure. For the experimentally characterized 

constructs corD1-3.5GS-αLux/βitsPro-4GS-mhcy129 (±cortisol), all predicted structures 

from AlphaFold3 were utilized for analysis rather than solely selecting the top-ranked 

structure based on the pLDDT metric. A comprehensive evaluation of the distribution of 

these predictions was subsequently performed (Figure 5a). For detailed metric calculations, 

each predicted complex was partitioned into four separate fragments—split luciferase 

fragment A, the designed lid protein, split luciferase fragment B, and mhcy129—by 

removing the linker segments. The split luciferase fragment A and the designed lid protein 

formed a new chain A, whereas the split luciferase fragment B and mhcy129 formed a 

new chain B. Residue numbering of each chain started from residue 1, independently. 

All AlphaFold3-based analyses presented in this study were performed based on these 

renumbered chains A and B. The linker segments were included only for modeling purposes. 

Both the pLDDT and pAE metrics were extracted from the AlphaFold3 prediction outputs. 

Specifically, the pLDDT metric was computed at the atomic level, assigning scores to 

individual atoms, whereas the pAE metric was computed at the residue level, assigning 

scores to amino acid residues. In our complex structure, the pAE of split luciferase was 
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computed as the mean predicted aligned error between the two fragments of the split 

luciferase and the CID modules’ pAE as the mean predicted aligned error between the 

designed lid binder and mhcy129. Cα rmsd calculations were performed using a subset-

based superposition method. The optimal rotation matrix was computed using the Singular 

Value Decomposition of the covariance matrix. The Cα r.m.s.d. was calculated separately 

for different structural components: for the split luciferase modules, structure alignment 

was performed using split luciferase fragment A as the reference, while the displacement 

of split-luciferase fragment B was calculated. For the CID modules, structure alignment 

was performed using mhcy129 as the reference, while the displacement of the lid binder 

was calculated. This approach allowed for independent evaluation of structural changes 

in different fragments while maintaining a consistent reference frame. The final Cα rmsd 

values were computed as the root-mean-square of the Cartesian coordinate differences 

between corresponding atoms after optimal superposition. The predictions for the other 

hormones followed the same procedure as that for cortisol, with the only difference being 

the input SMILES strings for each ligand.

Yeast Display and FACS To Screen for Cortisol-Responsive Heterodimerization.

A 60k yeast surface display library of the designed lid proteins was constructed according to 

previously reported procedures.25 Yeast cells were induced in SGCAA medium containing 

0.2% glucose, washed in PBSF, and incubated for 1 h at room temperature with 1 μM 

purified biotinylated mhcy129, anti-c-myc-FITC, and streptavidin-phycoerythrin (SAPE). 

A Sony SH800S cell sorter was used to sort five million cells based on the gating 

strategy shown in Figure S3b. We selected those expressed populations first for the cells 

without cortisol treatment and grew them for 2–3 days in C-Trp-Ura media. The cells 

were induced and labeled with 1 μM purified biotinylated mhcy129, anti-c-myc-FITC, 

streptavidin-phycoerythrin (SAPE), and 1 μM cortisol for labeling. Yeast populations with 

double-positive signals (anti-c-myc-FITC and SAPE) were collected and enriched for 2–3 

rounds. In the final round, the collected cells were streaked on C-Trp-Ura agar plates. 

From these plates, 96 colonies were randomly picked, grown in C-Trp-Ura medium, 

and induced again in SGCAA. Each culture was then analyzed under two conditions: 

(1) 200 nM biotinylated mhcy129 plus anti-c-Myc-FITC and SAPE, and (2) the same 

plus 200 nM cortisol. Following PBSF washes, samples were analyzed on an Invitrogen 

Attune flow cytometer. For each clone, the cortisol-dependent change in the binding 

signal was measured, and clones that displayed shifts were selected. The 10 exhibiting 

the strongest cortisol-induced binding responses were expressed in E. coli for downstream 

characterization.

General Procedures for Protein Production and Purification.

Transformed BL21 (DE3) cells carrying the gene of interest were grown at 37 °C for 18 h 

in LB medium supplemented with kanamycin. Cells were diluted at a 1:25 ratio in 50 mL of 

fresh TB medium (with kanamycin), grown at 37 °C for 3 h, and then induced by 0.5 mM 

IPTG for 1 h at 37 °C, followed by an additional 18 h of shaking at 25 °C. Cell pellets were 

collected by centrifugation at 4000g for 10 min and resuspended in 20 mL of lysis buffer 

(20 mM Tris–HCl, pH 8.0, 300 mM NaCl, 30 mM imidazole, and Pierce Protease Inhibitor 

Tablets). Cell resuspensions were lysed by sonication for 3 min (sonicate for 10 s and pause 
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for 10 s per cycle; 9 cycles). Lysates were clarified by centrifugation at 15,000g at 12 °C 

for 45 min and pre-equilibrated with 600 μL of Ni-NTA nickel agarose beads at 4 °C for 

30 min. The resin was washed twice with 10 mL of wash buffer (20 mM Tris–HCl pH 8.0, 

300 mM NaCl, and 30 mM imidazole), followed by elution with 1.4 mL of elution buffer 

(20 mM Tris–HCl pH 8.0, 300 mM NaCl, and 300 mM imidazole). The eluted proteins 

were purified by size exclusion chromatography in 20 mM Tris–HCl, 300 mM NaCl, pH 

8.0 buffer. Fractions were collected based on A280 trace, snap-frozen in liquid nitrogen, and 

stored at −80 °C.

Evaluation of Cortisol-Induced Dimerization by SEC.

Designed lid proteins (corC6, corD11, corH12, corD2, corD7, corD1, corD10, and corC5), 

mhcy129, corD1-3.5GS-αLux, βitsPro-4GS-mhcy129, and mhcy129-4GS-βitsPro were 

expressed in E. coli and purified as mentioned above. Each lid protein (1 μM) was mixed 

with mhcy129 (1 μM) in the presence or absence of 10 μM cortisol in 1 mL of PBS, 

incubated at room temperature for 2 h, and loaded onto a Superdex 75 Increase 10/300 GL 

column pre-equilibrated with 20 mM HEPES, 50 mM NaCl (pH 7.4). corD1-3.5GS-αLux 

was mixed with βitsPro-4GS-mhcy129 similarly as mentioned above; instead, 20 mM 

Tris–HCl, 300 mM NaCl, pH 8.0 buffer was used for SEC analysis. Protein elution was 

monitored at 280 nm, and the resulting chromatograms were compared to detect shifts 

resulting from the cortisol-induced complex formation.

General In Vitro Characterization of Cortisol Biosensors.

All in vitro characterizations of cortisol biosensors were carried out in white 96-well 

microplates (Corning 3912) in Cytiva HBS-EP+ buffer. To validate computational 

prediction, 10 μL of purified lid protein-αLux and mhcy129-βitsPro were prepared at 100 

nM, followed by mixing with or without 10 μL of 100 μM cortisol in HBS buffer to 

make an 80 μL mixture. After incubating at 25 °C for 1 h for dimerization, 20 μL of 

125 μM substrate from the LuxSit sPro PPI assay kit (Monod Bio, SP0101) was added, 

followed by measurement of luminescence signals using the Synergy H1 Plate Reader. 

The signal was recorded every 1 min for a total of 15 min (0.1 s integration time for 

every read; end point/kinetic read mode; luminescence fiber as the optic type; gain set 

at 120). The data from the three highest time points were used as technical triplicates. 

To calculate the fold of change, the average relative luminescence units (RLUs) of the 

technical triplicates at the final 10 μM of cortisol were divided by the RLUs signal of the 

no-cortisol control. To determine the dynamic range of corD1-3.5GS-αLux/βitsPro-4GS-

mhcy129, corD1-3.5GS-αLux/mhcy129-4GS-βitsPro, miniH11-LgBit/mhcy129-SmBit, and 

corD1-LgBit/mhcy129-SmBit, a dose-response curve was carried out by mixing 10 μL 

of 150 nM corD1-3.5GS-αLux/βitsPro-4GS-mhcy129, corD1-3.5GS-αLux/mhcy129-4GS-

βitsPro, miniH11-LgBit/mhcy129-SmBit or corD1-LgBit/mhcy129-SmBit, followed by 

adding 10 μL of serial diluted cortisol in 50 μL of HBS buffer. After incubating at 25 

°C for 20 min, 20 μL of 125 μM substrate was added (Furimazine was used for the 

NanoBit system), and luminescence signals were recorded by a Plate Reader with the 

settings mentioned above. A dose-response curve was plotted by using the data from 

the three highest time points as technical triplicates. EC50 was calculated by fitting the 

curve to the dose–response-stimulation ([Agonist] vs response, variable slope) in Prism 
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with an R-squared value of 0.99 for all plots. To determine the limit of detection 

(LOD), a reaction with the conditions mentioned above was carried out at the low end 

of cortisol concentrations in three different wells for triplicates. The maximum values 

of the triplicates were used for plotting, followed by fitting with the linear regression 

curve in Prism to calculate the slope. Standard error was calculated by using the 

STEYX equation in Excel. LOD was calculated as 3 × standard error/slope. To determine 

the target selectivity of corD1-3.5GS-αLux/βitsPro-4GS-mhcy129, progesterone (Thermo 

Fisher Scientific, AC265650050), β-estradiol (Sigma-Aldrich, E2758), and aldosterone 

(Sigma-Aldrich, A9477) were used to generate dose–response curves as described above.

Intensiometric and Ratiometric Cortisol Sensing in Serum and Synthetic Urine.

Dose–response curves in serum and artificial urine were obtained by mixing 10 μL of 150 

nM corD1-3.5GS-αLux and βitsPro-4GS-mhcy129, followed by adding 10 μL of serially 

diluted cortisol and 40 μL of 50% serum (Fischer Human Serum CollectTM, LOT no. 

235357) or artificial urine44 (final concentration = 20% serum or urine) in HBS buffer to 

make a 80 μL mixture. After incubating at 25 °C for 20 min, 20 μL of 125 μM substrate 

was added for luminescence signals. EC50, fold of change, and LOD were calculated as 

mentioned above. For ratiometric cortisol sensing, reactions were carried out the same 

as described, except that 10 μL of 30 nM luxOFP was added as the internal reference. 

For signal acquisition, luminescence signals under both 508/20 and 620/40 nm channels 

were recorded (filter-switching per well), and the raw RLU signal under the 508 channel 

was divided by that under the 620 channel to obtain the 508/620 ratio for plotting and 

calculations of EC50, fold of change, and LOD. For signal decay measurements, 15 nM 

corD1-3.5GS-αLux, 15 nM βitsPro-4GS-mhcy129, and 3 nM luxOFP were mixed with or 

without 10 μM cortisol in 20% pooled human serum. After 20 min of incubation, substrate 

was added and luminescence signals under both 508/20 and 620/40 nm channels were 

recorded for 1 h with a 30 s interval. Reactions were carried out in three wells for technical 

triplicates. For plotting, the raw RLU signal under the 508 channel and the 508/620 ratio of 

the first time point were used for normalization.

Evaluating the Reversibility of the Designed Biosensor.

The time-course luminescence kinetics was monitored in triplicate using the same 

instrument settings as described above. To initiate the reaction, 30 μL of a 15 nM 

corD1-3.5GS-αLux/βitsPro-4GS-mhcy129 mixture was combined with 30 μL of 75 μM 

substrate, and baseline luminescence was recorded for 5 min with a 60 s interval. To 

induce the dimerization of the sensor complex, 30 μL of 30 nM cortisol was added, and 

luminescence was monitored for an additional 10 min until the signal stabilized. To reverse 

dimerization, 10 μL of 2 μM purified hcy129.1 protein solution was dispensed into the 

reaction to compete with the sensor complex for cortisol binding, and luminescence was 

recorded for an additional 10 min.

Image Acquisition.

Fifteen nM corD1-3.5GS-αLux, 15 nM βitsPro-4GS-mhcy129, and 4-fold serially diluted 

cortisol were mixed in HBS buffer, 20% synthetic urine, and 20% pooled human serum, 

followed by incubation at 25 °C for 20 min. Luminescence image was obtained after 
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administration of 25 μM substrate by using ImageQuant 800 (chemiluminescence mode, 

binning 1 × 1, 2 s exposure). Images for ratiometric change were obtained after mixing 150 

nM corD1-3.5GS-αLux, 150 nM βitsPro-4GS-mhcy129, 30 nM luxOFP, and 4-fold serially 

diluted cortisol. After 20 min of incubation, images were obtained using a Samsung Galaxy 

A33 under night mode immediately after the administration of substrate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CID chemically induced dimerization

MPNN message passing neural network

NTF2 nuclear transport factor 2

pLDDT predicted local distance difference test

pAE predicted aligned error
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Figure 1. 
Cortisol-responsive, protein-based biosensor design. (a) Chemical structure of cortisol 

(hydrocortisone), showing the steroidal core and functional groups. (b) Illustration of the 

binary cortisol biosensor consisting of a cortisol-inducible heterodimerization module (blue 

and green), each fused to the complementary fragments of a split luciferase system (gray). In 

the presence of cortisol, the reconstituted luciferase emits detectable luminescence, enabling 

the direct measurement of cortisol levels in solution.
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Figure 2. 
Workflow for the design of cortisol-inducible dimerization. The de novo cortisol binder 

hcy129.1 (top left) was first engineered via site-saturation mutagenesis (SSM) at three 

positions (R43I, R95Q, Q128L) to yield mhcy129 (top center), retaining nanomolar cortisol 

affinity but exposing the A-ring handle of cortisol for targeted ‘lid’ protein binding 

(bottom right). Using RIFdock, Rosetta, ProteinMPNN, and AlphaFold2 prediction, multiple 

lid scaffolds were docked and designed against this exposed cortisol interface (bottom 

left), forming new ternary complexes that assemble in the presence of cortisol. More 

computational design details are provided in Figure S2. The white model represents the 

designed hcy129.1-cortisol complex, while the blue model shows the AlphaFold prediction 
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of mhcy129, indicating that the overall structure remains intact following the introduction of 

triple mutations.
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Figure 3. 
Designed models and size-exclusion chromatography (SEC) analysis of cortisol-inducible 

heterodimerizations. Each panel (left) illustrates a zoomed-in view of the designed lid 

protein (colored ribbons) to mhcy129 (gray) interface in complex with cortisol (teal). Key 

contacts were shown in sticks. A leftward shift in the elution volume of the corresponding 

SEC traces (right panel) in the presence (blue) compared to the absence (orange) of 10 μM 

cortisol indicated the formation of the ternary complex for each designed lid protein.
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Figure 4. 
Computational sampling of the fusion protein space for cortisol CID modules with split 

luciferase reporters using structure prediction. (a) Schematic of the eight de novo designed 

cortisol CID modules (top left), each exhibiting distinct N/C orientations and topological 

variations. When paired with two different split luciferase reporters (LgBiT/SmBiT and 

αLux/βit; top center), the resulting fusion proteins span a broad combinatorial design 

space. Large-scale protein complex predictions were used to assess domain arrangement, 

linker length, and overall folding. (b–d) Comparison of AlphaFold3-derived metrics for the 
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predicted protein biosensor complexes by evaluating the (b) mean pLDDT scores of chains 

A and B, (c) local pLDDT specifically in βit or SmBiT regions, and (d) local predicted 

Alignment Error (pAE) for the reconstituted αLux/βit or LgBiT/SmBiT luciferases. (e–g) 

Analysis of predicted complexes with or without cortisol by comparing (e) the mean pLDDT 

of the entire chain A-B complexes (left) and the βit region alone (right); pAE and calculated 

Cα rmsd for (f) the CID modules or for (g) the split luciferase reporter (αLux/βit) domains. 

Red points marked predicted models where pAE scores >10 or Cα rmsd >1 Å in the absence 

of cortisol but fall below these thresholds in the presence of cortisol. (h) Comparison of the 

mean pLDDT for the CID modules when fused to αLux/βit (left) or LgBiT/SmBiT (right) 

split luciferases, both with and without cortisol. A breakdown analysis of individual CID is 

provided in Figure S5.
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Figure 5. 
Computationally predicted structure, functional characterization, and applications of the 

designed cortisol biosensors. (a) Predicted binary complex biosensor model consists of 

corD1-3.5GS-αLux and βitsPro-4GS-mhcy129 proteins. Analysis of 160 predicted complex 

structures from AlphaFold3 reveals distinct pAE value distributions for the reconstituted 

αLux-βit domain in the presence and absence of cortisol (left panel). The low predicted pAE 

value of 5 for the mhcy129-corD1 complex indicates high confidence in cortisol-induced 

dimerization. Zoom-in views of the mhcy129-corD1 and αLux-βit interfaces show a close 
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structural match with the designed CID module (rmsd = 0.8 Å) and the active LuxSit-i 

luciferase (rmsd = 1.0 Å, corresponding to the luminescence signal). The calculated rmsd 

values of αLux-βit complex with (1.0 Å) and without cortisol (5.3 Å) suggest that luciferase 

reconstitution is likely to occur in the presence of cortisol. (b) Cortisol response curves 

demonstrated that the corD1-3.5GS-αLux and βitsPro-4GS-mhcy129 pair (15 nM) achieved 

a 375-fold luminescence increase with a limit of detection (LOD) of 131 pM in HBS buffer; 

(c) 210-fold luminescence increase with a LOD of 42 pM in 20% synthetic urine; and 

(d) 6.3-fold luminescence increase with a LOD of 73 nM in 20% pooled human serum. 

Camera-captured images of the emitted signals are displayed at the top of each panel. (e) 

Conversion of the intensiometric signal to ratiometric detection is achieved by using an 

internal reference, luxOFP (Em max. = 588 nm). In the ratiometric mode, the signal ratio 

between the 508/20 and 620/40 nm channels increases as cortisol concentration rises. (f) 

Including the luxOFP internal reference enables correction of luminescence signal decay in 

20% pooled human serum over time. The combination of corD1-3.5GS-αLux, βitsPro-4GS-

mhcy129, and luxOFP enabled highly sensitive ratiometric cortisol detection. The biosensor 

exhibited 13-fold, 21-fold, and 1.7-fold ratiometric changes with detection limits of 3.4 pM, 

0.7 pM, and 51 nM in (g) HBS buffer, (h) synthetic urine, and (i) human pooled serum, 

respectively. The top panel displays the color transition from orange to teal captured by 

a smartphone as the cortisol concentration increases, demonstrating wash-free and reliable 

on-site quantification. The standard error of the predicted Y-value in the linear regression 

(STEYX) was calculated in Excel, and LOD was calculated as 3 × standard error/slope.
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