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Abstract

Protein-based biosensors offer unique advantages over conventional analytical methods by
enabling real-time detection of target analytes with minimal sample preparation. However,
efficiently coupling molecular recognition to a reliable output signal remains a key challenge

in biosensor design. Here, we present a plug-and-play strategy using the de novo switch platform,
LOCKR, which enables direct transduction of a binding event into a defined signal output.

The LOCKR architecture supports modular reconfiguration: the recognition domain can be
swapped to detect a desired analyte, while the reporter module can be interchanged to tune the
output format. We expand the range of LOCKR-compatible readouts beyond split luciferase to
include ratiometric Forster-type resonance energy transfer and p-lactamase-based colorimetry.
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By integrating computationally designed high-affinity binders as interchangeable recognition
elements, we demonstrate sensitive detection of glucagon, neuropeptide Y, and peptide YY
with limits of detection in the picomolar range. Together with the expanding landscape of de
novo designed binders and reporters, the LOCKR platform bridges the gap between molecular
recognition and signal generation, enabling versatile biosensor development tailored for user-
defined applications.
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Protein-based biosensors are engineered biomolecular switches that can detect specific
target analytes and transduce recognition events into measurable signals. Over the past

few decades, such biosensors have enabled real-time monitoring of cellular states,! in

vivo physiology,2 and biomarker levels.3 Typically, these biosensors consist of two core
modules: a recognition domain, which selectively binds the analyte of interest, and a
reporter domain, which generates a detectable output (e.g., fluorescence, luminescence,

or chromogenic activity) upon analyte binding. Traditionally, efficient coupling of target
recognition to signal production often relies on less predictable protein conformational
changes and thereby typically requires empirical optimization, such as tuning linker lengths,
domain orientations, permutations, or point mutations.-8 In recent years, advances in deep
learning have markedly expanded the ability to design de novo proteins with tailored
functions,19 including binders for target recognition'1-13 and enzyme reporters for signal
generation.1415 Leveraging the modularity and geometrically compatible nature of de novo
proteins,16 we reasoned that a de novo switch architecture could serve as a generalizable
platform for converting binder engagement into a defined conformational change that

can then be coupled to enzymatic reporter activation. Such a platform could enable the
modular input—output design, offering an orthogonal and tunable mechanism to translate
target binding into a user-defined output signal. Previously, the Baker lab computationally
designed the LOCKR (Latching Orthogonal Cage—Key pRotein) protein switch system.17:18
In this system (Figure 1A), a “Cage” protein uses a “Latch” domain to hold a target
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recognition domain in an inactive conformation (“OFF” state). Upon binding to a cognate
“Target” protein, the system undergoes a conformational change that permits the complex
to engage in a Cage—Key association with a separate “Key” protein, shifting into the open
conformation (“ON” state). The three-component equilibrium can be thermodynamically
linked to a reporter output for generating a measurable Forster-type resonance energy
transfer (FRET) signal®® or to an effector in cells.2? In our prior implementation to build
biosensors for in vitro diagnostics,2 we used a split luciferase complementation system
within the LOCKR architecture, enabling the detection of antibodies, viral proteins, protein
complex subunits, and antibodies. The overall response is tunable with high specificity
for the cognate target while providing a rapid, homogeneous, all-in-solution, and sensitive
readout suitable for 7 vitro diagnostics?? (Figure 1B).

Building on this foundation, we aim to extend the LOCKR architecture in two modular
directions to demonstrate its versatility as a programmable input—output conversion system.
First, we broaden the reporter module beyond split luciferases by implementing luciferase-
driven bioluminescence Forster-type resonance energy transfer (a.k.a., BRET) or a B-
lactamase-based colorimetric readout, showing that the same protein switch can be coupled
to multiple orthogonal signal-transduction modalities (Figure 1A). Second, we extend the
recognition module beyond previous collections?! by incorporating recently developed high-
affinity de novo designed helical binders as sensing domains to detect clinically relevant
peptides, including glucagon (GCG), neuropeptide Y (NPY), and peptide YY (PYY).
Together, these advances establish LOCKR as a modular framework in which inputs and
outputs can be independently reprogrammed while preserving core features of de novo
proteins (Figure 1B), including low-cost production, broad modularity, and high stability.

RESULTS AND DISCUSSION

Design of a Ratiometric HBV Antibody Biosensor via Intramolecular BRET

Luciferase-catalyzed chemiluminescence generally provides greater sensitivity than
fluorescence in biological matrices because it avoids excitation-dependent autofluorescence
and interference in whole-blood samples that limit quantitative measurements.23 However,
absolute luminescence intensity is known to be affected by the matrix effects in serum

or whole-blood samples.® To mitigate this, BRET biosensors can produce an internally
normalized signal by reporting the ratio of luminescence emissions at two distinct
wavelengths, which reflects the changes of energy transfer efficiency between the donor and
acceptor fluorophores.8:24 This ratiometric signal is independent of absolute luminescence
decay and provides greater robustness across varying sample conditions. Previous studies
showed that such BRET biosensors function more reliably in various complex biological
fluids and matrices.2>-27 Transitioning our intensiometric biosensors to a ratiometric

BRET format would therefore potentially enhance the quantitative utility. To implement

a ratiometric readout in the LOCKR platform, we designed an intramolecular BRET
configuration by fusing teLuc?® (donor) to the N-terminus and CyOFP2? (acceptor) to the
C-terminus of the Cage protein (Figure 2A). When in the OFF state, the two termini of the
Cage protein are in close three-dimensional proximity, enabling high donor—acceptor BRET
efficiency. Upon target binding, the Cage—Key-Target thermodynamic equilibrium shifts the
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conformational ensemble toward the open state, increasing the donor—acceptor distance and
thereby reducing BRET efficiency.

As a proof of concept, we validated this intramolecular BRET reporter module in

our previous lucCageHBYV LOCKR biosensor for hepatitis B virus (HBV) antibody
detection as the template.2! We first computationally threaded in a second HBV epitope
(ANSNNPDWDF)3 into the Latch of lucCageHBYV to promote HBV antibody-epitopes
binding with bivalent interactions, providing sufficient thermodynamic driving force (AGgT)
to open the Cage (Figure 2A). To validate the OFF-state BRET efficiency, we evaluated
constructs with progressive N-terminal truncations of CyOFP to vary the distance between
the Latch and CyOFP domains. Consistent with our design models, shorter Latch—-CyOFP
distances correlated with higher baseline BRET efficiencies (Figure 2B), supporting the
spatial orientation and geometry of the donor—acceptor in the OFF state. We selected
construct B0622_d6, containing a six-residue truncation at the N-terminus of CyOFP

and exhibiting a higher BRET dynamic range, for further analysis. Upon titration with
HBV antibody, the biosensor exhibited a dose-dependent response in a thermodynamic
equilibrium manner, achieving a ~207% ratiometric change (Figure 2C) while maintaining
a low-nanomolar limit of detection (LOD). The color hue shifted from reddish (w/

low concentration of the HBV antibody) to bluish (w/ high concentration of the HBV
antibody) and could be captured by a smartphone camera, supporting the feasibility of app-
based quantification using calibrated RGB ratios or integration into paper-based analytical
devices.31

Design of a Colorimetric Troponin | Biosensor via Split g-Lactamase

Colorimetric absorbance-based biosensors offer another simple and equipment-free option
for assay detection, as they produce visually interpretable signals that can be read by the
naked eye. To incorporate a colorimetric readout into the LOCKR platform, we utilized
split B-lactamase32 as the output reporter, in which target-induced Cage—Key association
reconstitutes enzymatic activity and enables substrate turnover (Figure 3A). Reconstituted
B-lactamase can hydrolyze the chromogenic nitrocefin substrate that undergoes a color
change from yellow to red upon cleavage. Since the hydrolyzed product accumulates over
time in solution, this system functions as an end-point assay in which greater enzyme
activity leads to faster color change. To maximize the performance, an important design
insight is to suppress background activity in the OFF state, as low-level leakage can lead to
false positives.

As a proof of concept, we fused the split B-lactamase components to the previously designed
lucCageTrop?! biosensor for human cardiac troponin I (cTnl) detection, a biomarker for
acute myocardial infarction (AMI). In this system (Figure 3A), the split B-lactamase chain
A (LacA) was genetically fused to the N-terminus of Cage (LacA_lucCageTrop), while the
chain B (LacB) was fused to the C-terminus of Key (MBP_key LacB). In the absence of
cTnl, the biosensor remains in the OFF state and prevents split f-lactamase reassembly.
Upon cTnl binding, the biosensor transitions to the ON state, which promotes Cage—Key
association and induces the reconstitution of p-lactamase activity. The resulting enzyme
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activity was monitored by tracking the absorbance of the nitrocefin hydrolysis product at
490 nm.

Experimental results showed that increasing concentrations of cTnl led to accelerated

rates of nitrocefin hydrolysis (Figure 3B), confirming the dose-dependent reconstitution

of p-lactamase activity with a 351% activity change, an ECsq of 126 nM, and a 75

nM LOD (Figure 3C). Within the linear regime, the solution color shifted visibly from
yellow to red within 15 min. As colorimetric readouts are generally less sensitive than
optical-based readouts employed previously, the current detection limit does not yet reach
the clinically relevant thresholds for AMI diagnosis, which lie in the low-picomolar range.33
In addition, nitrocefin can undergo spontaneous degradation in serum and generate matrix-
derived background signal, so additional serum removal steps may be needed to mitigate
interference when used in blood/serum. The sensitivity of our thermodynamic biosensor is
limited by the affinity between the recognition module and the target, highlighting the need
for higher-affinity recognition elements. Recent advances in computational binder design
might provide a promising avenue for the engineering of higher-affinity cTnl binders.34:3%
Incorporating such design strategy into the LOCKR scaffold could enhance sensitivity,
bringing colorimetric detection closer to clinically actionable thresholds. Together, these
findings demonstrate the adaptability of the LOCKR biosensor platform for colorimetric
detection via B-lactamase and highlight its potential for rapid, low-cost, and instrument-free
detection.

Expanding Target Analytes for Glucagon, Neuropeptide Y, and Peptide YY

In addition to reprogramming the reporter modules, the modularity of the LOCKR platform
can enable quick adaptation to detect new analytes by replacing the recognition domain on
the Latch (Figure 4A). To demonstrate this, we incorporated the recent de novo picomolar-
affinity binders3# for glucagon (GCG), neuropeptide Y (NPY), and peptide YY (PYY) into
the LOCKR platform. These targets are clinically relevant biomarkers for conditions such
as hypoglycemia,3® acute ischemia,3” inflammatory bowel disease,38 or other metabolic
syndromes. Since these diseases can have a rapid onset and can be life-threatening if not
treated promptly, quick detection for these peptide hormones has the potential to improve
patient outcomes.

Since the sensing equilibrium is thermodynamically coupled by Cage—Key-Target, the
Cage initially forms intramolecular interactions with the binder that prevent Cage—Key
association (AGck), holding the switch in the OFF state (AGgpen — AGck > 0). Upon
target peptide binding, the peptide engages and stabilizes the binder in its lowest-energy
fold (large AGgT due to high-affinity binding), shifting the equilibrium away from the
intramolecular Cage—binder interactions that block the Key to facilitate the formation of
the Cage-Key complex (AGopen — AGck — AGgT << 0), thereby switching the system to
the ON state and enabling luciferase reconstitution. To build these new LOCKR biosensors,
we used Rosetta GraftSwitch and FastRelax movers to computationally graft the GCG,
NPY, and PYY helical binders into the Latch domain of the split-luciferase-based lucCage
scaffold,2! by evaluating axial offsets, junction strains, clashes, and interface packing to
identify suitable insertion sites (sampling AGgpen). For each binder, we picked models
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visually based on the resulting computational models and experimentally tested nine variants
for each target. We subsequently identified functional GCG, NPY, and PYY biosensors that
responded to the respective targets (Figure S1). The performance of these two-component
and thermodynamically coupled LOCKR biosensors is tunable by varying the Cage-Key
stoichiometry without changing the protein sequences (Figure S2). The best-performing
GCG biosensor (lucCageGCG2_326, Figure 4B) showed an 846% luminescence increase
at saturating glucagon concentrations with a LOD of 168 pM, while the sensitivity of the
same biosensor could be tuned to a LOD of 43 pM by adjusting the Cage:Key ratio to
10:50 nM (Figure S2A). The top NPY biosensor (lucCageNPY?2_334, Figure 4C) showed
a 1225% luminescence response with a 60 pM LOD for neuropeptide Y, and the top PYY
biosensor (lucCagePY'Y4_ 334, Figure 4D) exhibited a 3623% signal increase with a 23

pM LOD in the presence of peptide Y'Y. Compared to typical physiological concentration
ranges, glucagon levels are at ~20-40 pM during hypoglycemia,3° neuropeptide Y levels
are at ~40-60 pM in acute myocardial ischemia,*C and peptide Y levels are at ~10-20
pM in obese and lean fasting patients.*! Overall, our GCG, NPY, and PYY biosensors
exhibit sensitivities near clinically relevant concentrations under ideal assay conditions. In
the presence of human serum (Figure 4, right panels), the biosensor proteins showed reduced
fold-of-changes and increased LODs, suggesting that removing serum components may be
required for reliable detection at such low concentrations. These results are consistent with
prior reports,5-21.22 jn which NanoBiT-based assays are sensitive to assay environment and
matrix effects, including variability between individual serum samples. We further showed
time-course kinetics for lucCageGCG2_326 to demonstrate the signal onset and reversible
switching behavior (Figure 5), similar to the cases that we previously reported.2122
Collectively, these results highlight the modularity and tunability of the LOCKR biosensor
framework and its compatibility with modern computational binder design to enable the
conversion of synthetic binders into functional biosensors.

Engineering Ratiometric Peptide Hormone Biosensors via Intermolecular BRET

With picomolar sensitivity GCG, NPY, and PY'Y biosensors in hand, we next converted
their output to a ratiometric format using an intermolecular BRET configuration. Unlike the
above-mentioned intramolecular BRET format, here, we repositioned the fluorescent partner
onto the Key protein to enable BRET between two separate protein chains. Specifically, we
fused the recently commercialized de novo luciferase (LuxSit Pro)*2 as a BRET donor to
the N-terminus of the Cage and CyOFP to the C-terminus of the Key (Figure 6A). Upon
binding to the target, the thermodynamic equilibrium shifts the Cage protein toward the
open state, resulting in Cage—Key association. This brings LuxSit Pro and CyOFP into close
proximity, thereby increasing BRET efficiency. Of the six intermolecular BRET biosensors
constructed for GCG, NPY, and PYY, three exhibited analyte-dependent changes in BRET
efficiency. Across an NPY titration series for luxPro_lucCageNPY2_330, we observed a
dose-dependent increase in the emission ratio at 620 nm relative to 508 nm (Figure 6B).

At saturated NPY concentrations, the biosensor exhibited a 65% ratiometric change and

a 66 nM LOD. For PYY BRET biosensors, luxPro_lucCagePYY4_334 exhibited a 206%
ratiometric change and an LOD of 67 nM (Figure 6C), whereas luxPro_lucCagePY'Y3_344
showed a 138% ratiometric change and an LOD of 71 nM (Figure 6D). These results are
consistent with the prior report#3 that ratiometric biosensors often exhibit reduced dynamic
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range and sensitivity relative to single-channel intensiometric biosensors. While ratiometric
readouts can help mitigate matrix effects, these biosensors function in human serum with
a dynamic range and LODs that are comparable to, or slightly better than, those measured
in buffer (Figure 6, right panels). Although the ratiometric configuration exhibits slower
kinetics toward equilibrium, measurements at 15 min still provide sufficient signal above
the baseline for quantification (Figure 7). The sequential addition of the PY'Y binder as

a competitor further suppressed the ratiometric signal, but not completely, indicating that
a higher-affinity binder is required to provide sufficient thermodynamic driving force to
fully reverse the readout. Overall, these results illustrate that the conformational switching
mechanism of the LOCKR switching platform can be adapted to intermolecular BRET
output.

CONCLUSIONS

Converting target binding into a reliable signal remains the central challenge in protein-
based biosensor design. The LOCKR platform offers a versatile architecture that couples
target recognition to signal generation through thermodynamic equilibrium. This modular
framework (i) allows rapid retargeting to new analytes by swapping the recognition

domain and (ii) enables flexible reconfiguration of the signal output, as demonstrated here
through three distinct readout formats: intramolecular BRET, B-lactamase colorimetry, and
intermolecular BRET. In parallel, recent advances in computational binder design now
make it feasible to generate high-affinity protein binders against targets that previously
lacked suitable recognition elements,*4-46 while de novo optical reporters also offer

more stable light-emitting enzymes for robust outputs.1>47 Together with other de novo
switching systems?#8-50 beyond LOCKR, these de novo components are beginning to bridge
the historical gap between binding and transduction, enabling the modular construction

of biosensors that convert molecular recognition events into quantitative enzymatic or
optical signals. Looking ahead, we anticipate that de novalAl-guided computational protein
design51-56 will continue to accelerate the generation of first-pass biosensor prototypes with
desirable target specificity and flexible output compatibility.

Our integrated design-build-test workflow paves the way for modular biosensor design,
particularly for targets and settings where natural protein reengineering remains insufficient.
However, biosensor performance is often context-dependent with respect to input module
affinity and output module responsiveness, which may require additional optimization to
meet application-specific requirements. Two-component systems, such as LOCKR, allow
flexible tuning by changing stoichiometry and require only a single binder for target
recognition, but demand more precise control of assay conditions to ensure consistent
performance. Recently, Huang et al. demonstrated the detection of Fumonisin By small
molecule using the lucCage-lucKey system,>’ suggesting that the same framework could be
potentially reprogrammed to recognize a wider range of analytes or cellular inputs (e.g.,
tumor antigens or virus markers). As our results expand the design options for repurposing
the LOCKR platform, the output modules could be swapped to trigger other biologically
relevant enzymatic activities (e.g., kinases®® or proteases®?) or other imaging reporters
(e.g., reductases® or thymidine kinases®1), enabling the development of a broader class of
synthetic biology components in the future.
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EXPERIMENTAL SECTION

Materials and General Methods

Synthetic genes were purchased from Integrated DNA Technologies (IDT) as eBlocks.
Enzymes including Bsal-HFv2 restriction endonuclease, Q5 PCR polymerase, T5
exonuclease, Phusion DNA polymerase, Tag DNA ligase, and T4 DNA ligase were
purchased from New England Biolabs (NEB). Plasmid DNA, PCR products, and digested
fragments were purified using Sydlab spin columns, and DNA sequences were verified

by Azenta sequencing services. The coelenterazine (CTZ) substrate for the luminescence
assay was ordered from GoldBio. Nitrocefin for the colorimetric assay was purchased from
Calbiochem. All LuxSit Pro reagents were acquired from the LuxSit Pro Luciferase Assay
System (LS0101). Luxterazine stock solution (5 mM) for LuxSit Pro was stored at —80 °C.
Human pooled serum was purchased from Fisher Bioreagents. All other chemicals were
purchased from Fisher Scientific, Thermo Scientific, or VWR and used as received without
further purification. DNA and protein concentrations were measured using a Take3 plate
with a Biotek Synergy H1 Plate Reader. Size exclusion chromatography was performed
using an AKTA pure M system with UNICORN 7 Workstation control (GE Healthcare)
coupled with a Superdex 200 Increase 10/300 GL column. Split luciferase and ratiometric
BRET assays were carried out in white 96-well microplates (Corning 3921). Colorimetric
assays were carried out in clear 96-well microplates (Corning 9017). All luminescence and
absorbance measurements were obtained using a Biotek Synergy H1 Plate Reader, with or
without specified filters.

General Procedures for Protein Production and Purification

E. coliBL21 (DE3J) cells transformed with modified pET29b plasmids containing the

gene of interest were grown at 37 °C with shaking at 250 rpm overnight in LB medium
supplemented with kanamycin. In the next day, cells were 30-fold diluted in 60 mL of fresh
TB medium supplemented with kanamycin and were grown at 37 °C until ODgq reached
0.6-0.8. Cells were then induced with 0.5 mM of IPTG at 37 °C for 1 h and then grown

at 25 °C overnight. Later, cells were harvested by centrifugation at 4000 g for 20 min and
resuspended in 20 mL of lysis buffer (20 mM Tris-HCI pH 8.0, 300 mM NacCl, 30 mM
imidazole, and Pierce Protease Inhibitor Tablets). Sonication (10 s and pause for 10 s per
cycle; nine cycles) was carried out to lyse the cells followed by high-speed centrifugation at
15,000 g at 12 °C for 45 min to separate the cell debris and soluble proteins. Supernatant
containing target proteins was collected and incubated with 600 pL of Ni-NTA nickel
agarose beads at 4 °C for 30 min. The beads were transferred into a gravity flow column
and washed twice with 10 mL of wash buffer (20 mM Tris-HCI pH 8.0, 300 mM NacCl, 30
mM imidazole) followed by additional serial wash steps: 600 pL of 95:5, then 600 pL of
90:10 (wash:elution buffer), and eluted with 1.2 mL of elution buffer (20 mM Tris-HCI pH
8.0, 300 mM NaCl, 300 mM imidazole). The eluted proteins were purified by size exclusion
chromatography in 20 mM Tris-HCI 300 mM NaCl pH 8.0 buffer. Protein concentrations
were quantified by NanoDrop OD280, snap-frozen in liquid nitrogen, and stored at —80 °C.
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In Vitro Colorimetric Assays

For the colorimetric cTnl biosensor, a premixture was made with 25 puL of 40 nM

LacA lucCageTrop, 25 L of 40 nM MBP_Key LacB, and 10 uL of a 2x serially diluted
troponin | (GenScript, Z03320). After 15 min of incubation at room temperature, 40 pL

of 100 uM nitrocefin was added, resulting in a total of 100 L in each well with a final
concentration of 10 nM LacA_lucCageTrop, 10 nM MBP_Key LacB, 40 uM nitrocefin, and
a 2x serially diluted troponin | (starting from 500 nM). All proteins, analytes, and substrates
were prepared in DPBS with calcium (Corning 21-030-CM). Immediately after adding
nitrocefin, absorbance at 490 nm was measured using the Synergy H1 Plate Reader every 1
min for a total of 25 min. The initial rate of reconstituted B-lactamase was determined by
calculating the slope of the first 5 min and was used for plotting dose—response curves and
determining the limit of detection (LOD).

Computational Design of GCG, NPY, and PYY Biosensors

The computational sampling was conducted as previously described.?! In brief, de novo
binder sequences that act as the target recognition domain were grafted using RosettaScripts
GraftSwitchMover into the a-helical registers between residues 325 and 359 of lucCage.
The resulting models were energy-minimized using Rosetta FastRelax to exclude unrealistic
strained or clashing configurations guided by the Rosetta score function. All output models
(~20 per threaded sequence) were visually inspected with PyMOL by aligning the full-
length binder onto the latch. In the cases in which the desired sequence to be inserted
exceeded the length of the lucCage latch, we used Rosetta Remodel to model the C-terminus
extension of the Cage protein. Constructs were chosen based on the minimal steric hindrance
from side chains between the binder and Cage domains. After the removal of redundancies,
nine constructs for detecting GCG, NPY, and PY'Y were selected for subsequent cloning,
protein production, and biochemical characterization.

In Vitro Split Luciferase Assays

All computationally designed GCG, NPY, and PY'Y biosensor constructs were subjected
to a preliminary screening assay in the presence of 8 or 0 UM of their respective analyte

to narrow down the top candidates for further characterization. For characterization of the
split luciferase-based glucagon (lucCageGCG2_326 and lucCageGCG2_330), neuropeptide
Y (lucCageNPY2_334 and lucCageNPY?2_330), and peptide YY (lucCagePYY4 334 and
lucCagePY'Y3_344) biosensors, a premixture was made with 50 pL of 1x HBS, 10 uL of
500 nM lucCage, 10 pL of 100 nM lucKey, and titrated with 10 pL of their respective
analyte (2-fold serial dilution, starting from 50 or 100 pM). After a 15 min incubation

at room temperature, 20 uL of 125 uM CTZ was added, resulting in a total of 100 pL

in each well with a final concentration of 50 nM lucCage, 10 nM lucKey, 25 uM CTZ,
and a 2x serially diluted analyte starting from 5 or 10 uM. Immediately after adding

CTZ, luminescence signals were read using the Synergy H1 Plate Reader (Figure S3). The
signal was recorded every 1 min for a total of 30 min (integration time = 0.1 s; read

mode = Kinetic; optic type = luminescence fiber; gain = 120). The highest luminescence
RLU value of each triplicate was averaged and used to plot the dose—response curves and
LOD graphs. For assays in human serum, premixture containing 40 pL of 1x HBS, 10 pL
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of human serum, 10 pL of 500 nM lucCage (lucCageGCG2_326, lucCageNPY2_334, or
lucCagePYY4 _334), and 10 uL of 100 nM lucKey was made followed by addition of 10

pL of analytes (2x serial dilutions starting from 100 pM). After 15 min of incubation at
room temperature, 20 pL of 125 uM CTZ was added, yielding a total volume of 100 pL

per well with final concentrations of 50 nM lucCage, 10 nM lucKey, 25 uM CTZ, and a

2x serially diluted analyte starting from 10 uM in HBS buffer. Luminescence measurements
were performed as described above.

The reversibility experiment for the lucCageGCG2_326 biosensor was carried out using a
mixture of 50 pL of 1x HBS, 10 uL of 100 nM lucCageGCG2_326, and 10 uL of 20 nM
lucKey. After the addition of 20 pL of 125 pM CTZ, luminescence was recorded every 30
s for 5 min, followed by the addition of 5 uL of 4 uM GCG analyte. Luminescence was
then recorded for another 10 min until the signal stabilized. The GCG analyte was depleted
by adding 5 pL of 200 uM GCG binder, and luminescence recording was continued for the
remaining 20 min.

In Vitro Ratiometric BRET Assays

For characterizing the intramolecular BRET HBYV antibody biosensor, the premixture was
made with 25 pL of 40 nM B0622_d6, 25 puL of 80 nM MBP_Key protein, 10 pL of

serially diluted HBV antibody HzKR127-3.2, and 30 pL of Cytiva HBS (HEPES-buffered
saline)-EP buffer. After a 15 min incubation at room temperature, 10 uL of 50 uM CTZ

was added followed by luminescence reading under spectral scanning mode from 350 to 750
nm with 4 nm step intervals. To evaluate the ratiometric change, 460/590 nm ratios were
calculated by dividing the average of the three closest values of 460 nm by 590 nm. The
LOD was calculated based on plotting the 460/590 nm ratios in triplicate against various
HBV antibody concentrations within the linear range. To evaluate baseline BRET efficiency,
B0622, B0622_d4, and B0622_d6 were assayed at 10 nM Cage with or without excess
MBP_Key protein (10 uM) in the absence of the HBV antibody.

For characterization of the intermolecular BRET NPY and PY'Y biosensors, the premixture
was made with 50 uL of HBS-EP buffer, 10 uL of 500 nM luxPro_lucCage (NPY2_330,
PYY4 334, and PYY3_344), and 10 uL of 500 nM Key_CyOFP and titrated with 10

pL of the corresponding analyte in a 2x serial dilution. After 15 min of incubation at

room temperature, 20 L of 125 uM Luxterazine substrate was added, resulting in a total
of 100 uL in each well with a final concentration of 50 nM luxPro_lucCage, 50 nM

Key CyOFP, 25 uM substrate, and a 2x serially diluted analyte (starting from 10 uM).

All proteins, analytes, and substrates were prepared in 1x HBS. Immediately after adding
the substrate, measurements were recorded under spectral scanning mode from 400 to 700
nm with 4 nm step intervals to record the emission spectrum change at different analyte
concentrations. The luminescence signal under both 508/20 and 620/40 nm channels was
also recorded every 1 min for a total of 15 min in triplicate (integration time = 0.1 s, read
mode = Kinetic, optic type = filter switching, and gain = 120). The highest RLU values
from both the 508 and 620 channels in triplicate were used to calculate 620/508 ratios

for plotting the dose-response curves and determining LODs. For assays in human serum,
a premixture containing 40 pL of 1x HBS, 10 pL of human serum, 10 pL of 500 nM
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luxPro_lucCage, and 10 uL of 500 nM Key_ CyOFP was made followed by addition of 10
uL of analytes (2x serial dilutions starting from 100 uM). After 15 min of incubation at room
temperature, 20 pL of 125 pM Luxterazine substrate was added, yielding a total volume of
100 pL per well with final concentrations of 50 nM lucCage, 50 nM Key CyOFP, 25 uM
Luxterazine substrate, and a 2x serially diluted analyte starting from 10 uM in HBS buffer.
Luminescence measurements were performed as described above.

The reversibility experiment for the intermolecular BRET luxPro_lucCagePYY4_334
biosensor was performed using a mixture containing 50 pL of 1x HBS supplemented with
0.1% BSA and 35 mM thiourea, 10 uL of 50 nM luxPro_lucCagePYY4 334, and 10 uL of
100 nM Key_CyOFP in the same buffer. After the addition of 20 pL of 125 uM Luxterazine
substrate in 1x HBS, luminescence was recorded every 1 min for 5 min using 508/20 and
620/40 nm emission filters. Subsequently, 5 puL of indicated PY'Y concentrations in HBS
was added and luminescence was recorded for an additional 45 min. To sequester the PYY
analyte, 5 pL of 40 uM PY'Y binder in HBS was added, and luminescence recording was
continued for another 50 min.

Data Processing and Analysis for in Vitro Assays

To determine the dynamic range and ECsg, assays were carried out under the conditions
mentioned above. Intensiometric, ratiometric luminescence signals, and lactamase activity
were plotted versus different analyte concentrations. Signals with no analyte were subtracted
from the highest signals (A/= /fnax — fnin) @and divided by the no-analyte signals (Al /

Imin) to determine the dynamic range (DR%). ECsq was calculated by fitting the plot to

the dose-response stimulation ([Agonist] vs response, variable slope) in Prism 10. For the
determination of LOD, reactions with the conditions mentioned above were carried out at
the low end of analyte concentrations in technical triplicates. Signal versus different analyte
concentrations were plotted and fitted with a linear regression curve in Prism 10 to calculate
the slope. LOD was calculated as 3 x S.D.,, /slope, where S.D.,, » is the standard error of the
regression calculated by using the STEY X equation in Excel and the slope is obtained from
the linear regression of the data points within the linear response range.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Overview and features of LOCKR-based biosensor design. The LOCKR system is

thermodynamically tuned so that, without target, the binding free energy of Cage and

Key (AGck) is insufficient to pay the energetic cost of Cage opening (AGopen), keeping

the switch in the closed state (AGopen — AGck > 0). With target present, the binder—

target interactions contribute additional binding free energy (AGgT), driving equilibrium
toward the open state (AGgpen — AGck — AGgT << 0). (A) Modular architecture: LOCKR

is a de novo protein switch in which a preorganized helical Cage stabilizes a closed

OFF conformation by sequestering a latch that carries the target-binding domain and the
inactive split-reporter fragment. The recognition domain on the latch is interchangeable

to retarget the biosensor to diverse analyte inputs, and the split reporter can be swapped

for alternative output modalities, enabling plug-and-play utilities. (B) Homogeneous assay:
LOCKR biosensors support a rapid, mix-and-read workflow in which the output becomes
detectable within 15 min in an all-in-solution, homogeneous, and wash-free format. In the
absence of analyte, the closed conformation prevents activation; thus, the system stays in the
OFF state. Target engagement unlocks the latch, exposes the Cage—Key interface, and shifts
the biosensor to the ON state. These computationally designed biosensors are compatible

ACS Sens. Author manuscript; available in PMC 2026 July 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang et al.

Page 18

with a broad range of targets and support customizable outputs, including luminescent (split
luciferase), chromogenic (split p-lactamase), and ratiometric Forster-type resonance energy
transfer readouts.
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Figure2.

Design and characterization of the BRET-based HBV antibody biosensor using teL.uc-
CyOFP proximity. (A) Schematic diagram of the intramolecular BRET HBYV antibody
biosensor. In the OFF state, the close proximity between the donor (teLuc) and the acceptor
(CyOFP) results in high BRET efficiency. Upon antibody binding to the epitope inserted
within the latch, the Cage-Latch interaction is disrupted, switching the conformational
ensemble toward the open state. This increases the distance between the donor and acceptor,
thereby reducing BRET efficiency. (B) The N-terminus of CyOFP was truncated by 0
(B0622), 4 (B0622_d4), or 6 (B0622_d6) residues to assess the initial BRET efficiency.
Variants with different truncation lengths were evaluated for baseline BRET efficiency using
10 nM biosensor. B0622_d6 with higher initial BRET ratios yielded an expanded dynamic
range upon activation, while excess Key protein switched the Cage protein to the open

state (low BRET). (C) HBV antibody titration elicited ratiometric, dose-dependent shifts

in the BRET emission spectrum of B0622_d6. The luminescence hue transitioned from
reddish to bluish with increased antibody concentrations. The color image was acquired by
a smartphone camera. LOD was calculated as 3 x S.D., ,/slope. The assay was performed
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in Cytiva HBS-EP (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.05% v/v Surfactant
P20).
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Figure 3.
Design and characterization of human cardiac troponin | (cTnl) colorimetric biosensor

using split p-lactamase. (A) Schematic diagram of the colorimetric troponin | biosensor.
In the OFF state, the Cage and Key domains remain dissociated, preventing reassembly
of split TEM1-B-lactamase (LacA and LacB). Upon cTnl binding to the fused cTnT/cTnC
recognition domains on the Latch, the conformational equilibrium shifts to the ON state,
promoting Cage—Key association and reconstitution of B-lactamase activity (~10% of
intact TEM1 activity). The active enzyme hydrolyzes the chromogenic substrate nitrocefin,
resulting in a color change from yellow to red that is visible by eye. (B) Reaction kinetics
of nitrocefin hydrolysis using 10 nM LacA_lucCageTrop and 10 nM MBP_Key LacB in
response to varying concentrations of cTnl. The photo above shows the dose-dependent
color change in solution from yellow to reddish in the presence of cTnl. (C) Changes of
B-lactamase activities in response to various concentrations of cTnl to estimate dynamic
range, ECsp, and LOD. LOD was calculated as 3 x S.D. , ,/slope.
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Design and characterization of glucagon (GCG), neuropeptide Y (NPY), and peptide YY
(PYY) biosensors. (A) Swapping the recognition domains with de novo designed binders of
glucagon, neuropeptide Y, and peptide Y, yielded corresponding luminescent biosensors
using split luciferase (LgBiT/SmBIT) as the reporter module. Dose—response curves were
used to determine dynamic range, ECsp, and LOD for (B) lucCageGCG2_326 to detect
GCG, (C) lucCageNPY?2_334 to detect NPY, and (D) lucCagePYY4_334 to detect PYY.
The design model (left), dose-response curve/LOD in HBS buffer (middle), or 10% human
pooled serum (right) is shown. Luminescence assays were performed with 50 nM Cage and
10 nM Key proteins, incubated with serial dilutions of the target analyte. All experiments
were performed in triplicate and data represent mean + s.d. LOD was calculated as 3 x

S.D.y «slope.
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Luminescence signal Kinetics and reversibility of lucCageGCG2_326. lucCageGCG2_326
and lucKey proteins were premixed in HBS buffer with CTZ substrate to establish the
baseline luminescence signal. Time-course luminescence traces of lucCageGCG2_326 were
then recorded following sequential addition of 200 nM GCG (left arrows) at 5 min, followed
by either 0 uM (purple) or 10 uM (green) de novo GCG binder (right arrows) at 15 min.
Data represent mean + s.d. from triplicate measurements.
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Figure 6.
Design and characterization of intermolecular BRET biosensors for neuropeptide Y (NPY)

and peptide YY (PYY). (A) Schematic diagram of the intermolecular BRET biosensor. In
the absence of the target, the donor (LuxSit Pro) and the acceptor (CyOFP) are spatially
separated, resulting in low BRET efficiency. Upon target binding, the thermodynamic
equilibrium shifts to Cage—Key association, bringing LuxSit Pro and CyOFP into close
proximity with increased BRET efficiency. Dose-dependent BRET emission spectral shifts
(left) were observed in response to varying concentrations of the target analyte. Dose—
response curves of (B) luxPro_lucCageNPY2_330, (C) luxPro_lucCagePYY4 334, or (D)
luxPro_lucCagePY'Y3_344 were generated in HBS buffer (middle) or 10% human pooled
serum (right). The emission ratios (620/508 nm) across the target titration series were
determined using 620/40 and 508/20 nm filters. LOD was calculated as 3 x S.D. , s/slope.
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Figure7.

Ratiometric luminescence kinetics and reversibility of luxPro_lucCagePYY4_334. Time-
course ratiometric luminescence traces for luxPro_lucCagePYY4 334 are presented as
620/508 ratios, calculated from raw RLU values collected using 620/40 and 508/20 nm
emission filters. Assays were performed with 5 nM luxPro_lucCagePYY4_334 and 10 nM
Key CyOFP premixed with the Luxterazine substrate in HBS buffer to measure the baseline.
PYY (analyte) was added at 5 min (left arrow) to induce proximity between LuxSit Pro

and CyOFP. Time-course responses are shown across a range of PY'Y concentrations (0-250
nM), with signals at 15 min detectable above baseline. For the 250 nM PY'Y condition (red
curve), the 2 uM de novo PY'Y binder (green) was subsequently added at 50 min (right
arrow) as a competitor to reverse the signal. Data represent mean + s.d. from triplicate
measurements.
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