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Naturally occurring protein switches have been repurposed for the development of
biosensors and reporters for cellular and clinical applications'. However, the number

of such switches is limited, and reengineering them is challenging. Here we show that
ageneral class of protein-based biosensors can be created by inverting the flow of
information through de novo designed protein switches in which the binding of a
peptide key triggers biological outputs of interest?. The designed sensors are modular
molecular devices with a closed dark state and an open luminescent state; analyte
binding drives the switch from the closed to the open state. Because the sensor is
based on the thermodynamic coupling of analyte binding to sensor activation, only
onetarget binding domainis required, which simplifies sensor design and allows
directreadoutin solution. We create biosensors that can sensitively detect the
anti-apoptosis protein BCL-2, the IgG1 Fc domain, the HER2 receptor, and Botulinum
neurotoxin B, as well as biosensors for cardiac troponin I and an anti-hepatitis B virus
antibody with the high sensitivity required to detect these molecules clinically. Given
the need for diagnostic tools to track the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)%, we used the approach to design sensors for the
SARS-CoV-2 spike protein and antibodies against the membrane and

nucleocapsid proteins. The former, which incorporates a de novo designed spike
receptor binding domain (RBD) binder*, has a limit of detection of 15pMand a
luminescence signal 50-fold higher than the background level. The modularity and
sensitivity of the platform should enable the rapid construction of sensors for awide
range of analytes, and highlights the power of de novo protein design to create
multi-state protein systems with new and useful functions.

Protein-based biosensors have important roles in synthetic biol-
ogy and clinical applications, but the design of biosensors has so far
been mostly limited to reengineering natural proteins'. Finding spe-
cificanalyte-binding domains that undergo conformational changes upon
bindingis challenging, and even when available, extensive protein engi-
neering efforts are generally required to effectively couple themtoa
reporter domain®®. It is therefore desirable to construct modular bio-
sensor platforms that can be easily repurposed to detect different pro-
teintargets of interest. Modular systems have been developed to detect
antibodies”® and small molecules'®", but general protein sensors are a
bigger challenge giventhe great diversity of proteinstructures, sizes and
oligomerization states, and approaches such as semisynthetic protein
platforms™™, or calmodulin switches™*, usually require considerable
screening to find potential candidates owing to limited predictability".

Aproteinbiosensor canbe constructed fromasystemwith two nearly
isoenergetic states, the equilibrium between which is modulated by

the analyte being sensed. Desirable properties in such a sensor are:
(i) the conformational change triggered by an analyte should be inde-
pendent of the details of the analyte, so the same overall system can be
used to sense many different targets; (ii) the system should be tunable
so that analytes with different binding energies and different typical
concentrations can be detected over a large dynamic range; and (iii)
the conformational change should be coupled to a sensitive output.
We hypothesized that these attributes could be attained by inverting
the information flow in de novo designed protein switches in which
binding to atarget protein of interest is controlled by the presence of a
peptide actuator’. We developed a system that consisted of two protein
components: first, a‘lucCage’ that comprises acage domainandalatch
domainthat contains a target-binding motif and a split luciferase frag-
ment (small BiT (SmBiT) 114)*%; and second, a‘lucKey’ that contains akey
peptide thatbinds to the openstate of lucCage and the complementary
split luciferase fragment (large BiT (LgBit) 11S)'® (Fig. 1a). lucCage has
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Fig.1|Denovodesign of multi-state biosensors. a, Sensor schematic
mechanism. The closed form of lucCage (left) cannot bind to lucKey, thus
preventing the split luciferase SmBiT fragment frominteracting with LgBit.
Theopenform (right) canbind to both the target and the key, enabling the
reconstitution of SmBiT and LgBiT for luciferase activity. b, Thermodynamics
of biosensor activation. The free energy cost (AG,,,.,) of the transition from
closed cage (species1) to open cage (species 2) disfavours the association of
key (species 5) and reconstitution of luciferase activity (species 6) in the
absence oftarget. Inthe presence of the target, the combined free energies of
target binding (2-3; AG,;), key binding (3>4; AGy), and SmBiT-LgBiT
association (4->7; AG) overcome the unfavourable AG,,.,, driving the opening
ofthelucCage and reconstitution of luciferase activity. ¢, Thermodynamics of
biosensor design. The designable parameters are AG,,.,and AG; AGgisthe
same foralltargets, and AG,;is pre-specified for each target. For sensitive but
lowbackground analyte detection, AG,,., and AG. must be tuned such that the
closed state (species 1) issubstantially lower in free energy than the open state
(species 6) inthe absence of target, but higher in free energy than the open
stateinthe presenceof target (species 7).

two states: a closed state, in which the cage domain binds to the latch
and sterically occludes the binding motif from binding the target and
SmBIT from combining with LgBit to reconstitute luciferase activity,
and anopenstate,inwhichthese bindinginteractions are not blocked
and lucKey canbind to the cage domain. The association of lucKey with
lucCageresultsinthe reconstitution of luciferase activity (Fig. 1a, right).
The thermodynamics of the system are tuned such that the binding
free energy of lucKey to lucCage (AGy) isinsufficient to overcome the
free energy cost of lucCage opening (AG,,.,) in the absence of target
(AGypen — AGe >> 0), butin the presence of the target, the additional
binding free energy of the latch to the target (AG,;) driveslatch opening
and luciferase reconstitution (AG,pe, ~ AGcx — AG ;<< 0) (Fig.1b, ¢). This
system satisfies properties (i) and (ii) above, as awide range of binding
activities canbe caged, and because the switch is thermodynamically
controlled, the lucKey and target binding energies can be adjusted to
achieveactivationattherelevant target concentrations. Because lucKey
and lucCage are always the same, the system is modular—the same
molecular association can be coupled to the binding of many different
targets. Bioluminescence provides arapid and sensitive readout of the
analyte-driven lucCage-lucKey association, satisfying property (iii).
The states of this biosensor system are in thermodynamic equilib-
rium, with the tunable parameters AG,,,.,and AG.governing the popu-
lations of the possible species, along with the free energy of association

of the analyte to the binding domain AG,; (Fig. 1b). We simulated the
dependence of the sensor system on AG,,., (Extended DataFig. 1a), AG
(Extended DataFig.1b), and the concentration of analyte and the sensor
components (Extended DataFig. 1c, d). The sensitivity of analyte detec-
tionisafunction of AG,, with alower limit of roughly one-tenth of the
dissociation constant (K,;) for analyte binding (Extended DataFig. 1b).
Above this lower limit, varying the concentration of lucCage and lucKey
enables the systemtorespond to different ranges of target concentra-
tion (Extended Data Fig. 1c, d). Sensitivity can be further modulated
by tuning the strength of the intramolecular cage-latch interaction
andtheintermolecular cage-key interaction (AG,,e, and AGy, respec-
tively); for example, too tight cage-latch interaction results in a low
signal in the presence of target, and too weak an interaction results
in a high background signal in the absence of target (Extended Data
Fig.1a,e). Our design strategy aims to find this balance by modulating
AG,,e, and AGg by varying the length of the latch (and key) helix and
byintroducing either favourable hydrophobic or unfavourable buried
polarinteractions at the cage-latch or cage-key interfaces? (Extended
DataFig.1f, g).

Designing tunable lucCage sensors

To design sensors based on these principles, we developed a ‘GraftS-
witchMover’ Rosetta-based method to identify placements of target
binding peptides within the latch such that the resulting protein is
stableinthe closed state and theinteractions with the target are blocked
(Supplementary Methods). As afirst test, we grafted the SmBiT peptide
and the BIM peptide in the closed state of the previously described
optimized asymmetric LOCKR switch? (Extended Data Fig. 2). SmBiT
adoptsaB-strand conformation within the luciferase holoenzyme, but
we assumed that it could adopt a helical secondary structure in the
context of the helical bundle scaffold, because secondary structure can
be context-dependent”. We sampled different placements for the two
peptide sequences across the latch, selected the lowest energy solu-
tions (Extended Data Fig. 2a) and expressed 12 designs in Escherichia
coli. We mixed the designs with lucKeyina1l:1ratio, thenadded BCL-2,
which binds to BIM with nanomolar affinity?°, and observed a rapid
increaseinluminescence (Extended DataFig. 2b, f; we refer to the best of
these as ‘lucCageBIM’), which demonstrates that the LOCKR actuator?
operated inreverse can function as abiosensor. The detection range of
the analyte could be tuned by varying the concentration of the sensor
(lucCage plus lucKey) (Extended Data Fig. 2g), as anticipated in our
model simulations (Extended Data Fig. 1c). lucCageBIM has SmBiT at
position 312 in the latch (SmBiT312) (Extended Data Fig. 2d); the cage
with this placement (lucCage) was used as the base scaffold for the
biosensors described below.

lucCage sensors with miniprotein sensing domains

We next investigated the incorporation of a range of binding modali-
ties for analytes of interest within lucCage by developing methods for
computationally caging target-binding proteins, rather than peptides,
inthe closed state (Supplementary Methods). As atest case, we caged
the de novo designed influenza A H1 haemagglutinin (HA)* binding
protein HB1.9549.2 into a shortened version of the LOCKR switch?
(sCage), optimized to improve stability and facilitate crystallization
efforts (Fig. 2a). Two out of the five designs were functional, and bound
HAinthe presence but not the absence of key (Extended Data Fig. 3b).
The crystal structure of the best design, sCageHA_267-1S, determined
t0 2.0 A resolution (Supplementary Table 1, Protein Data Bank (PDB)
code 7CBC), showed that all HA-bindinginterface residues except one
(Phe273) interact with the cage domain (blocking binding of the latch
tothetarget) asintended by design (Fig. 2a, Extended Data Fig. 3a-c).

With this structural validation of the design concept, we next
sought to develop sensors for Botulinum neurotoxin B (BoNT/B),
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Fig.2|Designand characterization of de novo biosensorsincorporating
small proteins as sensing domains. a, Structural validation of sCageHA _267-
1S, which cages adesigned influenzabinding proteininside a LOCKR switch.
Left, design model of the de novo binder HB1.9549.2 (cyan ribbon) bound to the
stemregion of influenza haemagglutinin (HA, greenribbon)?. Right, crystal
structure (PDB code 7CBC) of sCageHA _267_1S, comprising HB1.9549.2 (cyan)
graftedintoashortened and stabilized version of the LOCKR switch* (sCage,
yellow ribbon). Middle, all residues of HB1.9549.2 involved in binding to HA
(magenta, top) except for F273 are buried in the closed state of the switch
(bottom). The magentalabelsindicate the same set of amino acidsin the two
panels (for example, F2 in the top panel corresponds to F273 in the bottom
panel).b-d, Functional characterization of lucCageBot (b), lucCageProA (c)
andlucCageHER2 (d). Left, structural modelsincorporate ade novo designed
binder for BONT/B (Bot.671.2)* (b) the C domain of protein A (SpAC)*(c) ora
HER2-binding affibody* (d) into lucCage (blueribbon) with caged SmBiT
fragment (gold ribbon). Middle, measurement of luminescence intensity after
the addition of 50 nM of analyte (BoNT/B (b), IgG Fc (c) or HER2 (d)) to a mixture
of10 nM of each lucCage and 10 nM of lucKey. Right, detection over awide
range of analyte concentrations by changing the biosensor (lucCage plus
lucKey) concentration (coloured lines). Allexperiments were performedin
triplicate, representative dataare shown, and dataaremean +s.d.

the immunoglobulin Fc domain and the HER2 receptor. We grafted
a de novo designed binder for Botulinum neurotoxin (Bot.0671.2)%,
the C domain of the generic antibody-binding protein A?* and a
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HER2-binding affibody* into lucCage. After screening a few designs
foreachtarget (Extended DataFigs. 4, 5), we obtained highly sensitive
lucCages (lucCageBot, lucCageProA and lucCageHER2) that can detect
BoNT/B (Fig. 2b, Extended Data Fig. 4), human IgG Fc domain (Fig. 2c,
Extended Data Fig. 5a-d), and HER2 receptor (Fig. 2d, Extended Data
Fig.5e-h), respectively, demonstrating the modularity of the platform.
The designed sensors respond within minutes after the addition of the
target, and their sensitivity can be tuned by changing the concentra-
tion of lucCage and lucKey (Fig. 2). With further development, these
sensors could enable the rapid and low-cost detection of botulinum
neurotoxinsin the food industry?, and detection of serological levels of
soluble HER2 (>15 ng mI%; within the detection range of lucCageHER2)
associated with metastatic breast cancer®,

lucCage sensor for cardiac troponin

We next designed sensors for cardiac troponin |, whichis the standard
early diagnostic biomarker for acute myocardial infarction?. We took
advantage of the high-affinity interactions between cardiac troponins
T, Cand I (cTnT, cTnC and cTnl, respectively) (Fig. 3a) and designed
11 biosensor candidates by inserting 6 truncated cTnT sequences at
different latch positions (Extended Data Fig. 6a). The best candidate,
lucCageTrop627, was able to detect cTnl but not at sufficiently low
levels for clinical use as the rule-in and rule-out levels of cTnl assay for
the diagnosis of patients with acute myocardial infarction are in the
low picomolar range?. Because the limit of detection (LOD) of our
sensor platform is about 0.1 x K, of the latch-target affinity (K1), we
soughttoimprove the sensitivity of lucCageTrop627 by increasing the
cTnl binding affinity. We fused cTnC to the C terminus of the sensor
to take advantage of the high-affinity interaction between the three
cardiac troponins (Extended Data Fig. 6b-d). The resulting sensor,
lucCageTrop, has asingle-digit picomolar LOD that is suitable for the
quantification of clinical samples (Fig. 3b, Extended Data Fig. 6e, ).

lucCage sensors for HBV and SARS-CoV-2 antibodies

The detection of specific antibodies is important for monitoring the
spread of apathogen ina population®, the success of vaccination®, and
levels of therapeutic antibodies’. To adapt our system for serological
antibody analyses, we sought to incorporate linear epitopes recog-
nized by the antibodies of interest into lucCage. We first developed a
sensor for antibodies against the preS1domain of the hepatitis B virus
(HBV) surface protein L**. The best of eight designs tested, termed ‘luc-
CageHBV’, had an approximately 150% increase in luciferase activity
after the addition of the anti-HBV antibody HzKR127-3.2%! (Extended
DataFig.7a-d). To furtherimprove the dynamic range and LOD of luc-
CageHBYV (Extended DataFig. 7e), we introduced a second copy of the
peptideatthe end of the latch toincrease latch affinity with the bivalent
antibody (K\;) (Fig. 3¢, d). The resulting design, termed ‘lucCageHBV«,
had a LOD of 260 pM and a dynamic range of 225% (Fig. 3e, Extended
DataFig. 7g-i), with a luminescence intensity easily detectable with a
camera (Extended Data Fig. 7j). Because the concentrations of most
therapeuticantibodiesinserumarein the low micromolar to nanomolar
range’, this platform should be useful for monitoring the concentra-
tions of therapeutic antibodies in circulation®.

We next sought to use the lucCageHBV sensor to detect HBV surface
antigen. Because our sensors are under thermodynamic control, we
hypothesized that the pre-assembled sensor-antibody complex would
re-equilibrate in the presence of the target HBV surface antigen protein
preS1, with antibody redistributing to bind free preS1instead of the
epitope onlucCageHBV (Fig. 3f). The luminescence of the lucCageHBV
plus HzKR127-3.2 mixture decreased shortly after the addition of the
preS1domain (Fig. 3g); the sensitivity of this readout enabled quan-
tification of the preS1 concentration in the clinically relevant range®
(Fig. 3h, Extended Data Fig. 7f).
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Fig.3|Designand characterization of biosensors for cTnl and an anti-HBV
antibody. a, Design of cTnl sensor. Left, structure of cardiac troponin (PDB
code 4Y99).cTnT, cTnCand cTnlareshownincyan, green and magenta,
respectively. Right, design model of lucCageTrop. b, Left, luminescence signal
increases after the addition of 1nM cTnlto 0.1nM lucCageTrop plus lucKey.
Right, wide detectionrange accessible by changing the concentration of

the sensor components (colouredlines). Grey areaindicates the cTnl
concentration range relevant to the diagnosis of acute myocardial infarction?;
the dotted lineindicates the clinical cut-off for acute myocardial infarction
defined by the World Health Organization (WHO) (0.6 ng ml™, 25 pM). ¢, HBV
sensor design models (gold, SmBiT; grey, linker; magenta, HBV preSlepitope).
d, lucCageHBVa with two epitope copies has higher affinity by biolayer

The COVID-19 pandemic has created an urgent need for diagnostic
tools forboth the SARS-CoV-2 virus and antiviral antibodies>. To design
sensors for anti-SARS-CoV-2 antibodies, we first identified from the
literature highly immunogenic linear epitopes in the proteomes of
SARS-CoV*** and SARS-CoV-2*¢ that are not present in‘common’ strains
of Coronaviridae. Amongthese, we focused on two epitopes in the mem-
brane (M) and nucleocapsid (N) proteins that are recognized by sera
from patients with SARS and COVID-19*?*¢ and for which cross-reactive
animal-derived antibodies are commercially available (Methods). We
designed sensors for each epitope and identified designs that specifi-
cally responded to anti-membrane and anti-nucleocapsid antibodies
(Extended DataFig.8a,b). These sensors reached full signalin 2-5min
and had an approximately 50-70% dynamic range in response to low
nanomolaramounts of antibodies (Fig. 4a, b, Extended DataFig. 8c, d).

lucCage sensors for SARS-CoV-2 spike protein

To create sensors that can detect SARS-CoV-2 viral particles directly,
we integrated a de novo designed picomolar affinity binder to the
receptor-binding domain (RBD) of the SARS-CoV-2 spike proteinnamed
LCB1*into the lucCage format (Fig. 4c). Of13 candidates tested, the best,
whichwerefertoas‘lucCageRBD’, could detectboth monomericRBD and
the full trimeric SARS-CoV2 spike protein® with 15 pM and 47 pM LOD,
respectively, andamore than1,700% dynamic range for the RBD detection
(Fig. 4c, Extended Data Fig. 9). We further increased the dynamic range

l)D 4,000 8,000 12,000 16,000

-1

Time (s) log[PreS1 (nM)]

interferometry for the anti-HBV antibody HzKR127-3.2 (K;=0.68 nM) than
lucCageHBV (K;=20 nM). e, Left, luminescence signal increases after the
addition of 50 nM anti-HBV antibody to 1nM lucCageHBVa plus lucKey. Right,
sensitive anti-HBV antibody detection over awide concentration range.
f,Mechanism for the detection of preS1using lucCageHBV. g, Kinetics of
bioluminescence after the addition of the anti-HBV antibody (‘') and
subsequently preS1(‘2’), which decreases bioluminescence by competing with
thesensor for the antibody. h, The detection of preS1canbeachieved over the
relevant post-HBV infection concentration levels (grey area) by varying the
concentration of antibody (indicated by coloured labels). Allexperiments were
performedintriplicate, representative dataareshown,and dataare mean +s.d.

of lucCageRBD to 5,300% by tuning the cage-key affinity (K ) through
shorteninglucKey (Extended DataFig.10a-c).Inadditionto virus detec-
tion, the RBD sensor could also be used to monitor antibody generation
inresponse to vaccination usingacompetition formatanalogousto that
described above for the detection of HBV antibodies (Fig. 3f)—the abil-
ity to quantify responses over a wide dynamic range and to distinguish
neutralizing antibodies binding at the ACE2-binding site onthe RBD (and
hence competing with LCB1in the sensor) fromnon-neutralizing antibod-
ies binding elsewhere are potential advantages over lateral flow assays.

To evaluate the ability of our sensor platform to functionin complex
biological matrices, we compared RBD detection by lucCageRBD in
buffer, simulated nasal matrix®®, and human serum, and observed only
aminor reduction in the latter two conditions (Fig. 4c). Following a
suggestion by M. Merkx*®, we controlled for variation in absolute lumi-
nescence signal in spiked serum samples from four different donors
and spiked simulated nasal matrix using a BRET reference*° forinternal
calibration, and found that with such calibration the RBD could be
accurately quantified without compromising the sensor dynamic range
(Extended Data Fig.11). These results suggest that the lucCage system
could be used in point-of-care diagnostic devices.

Sensor specificity

To test the specificity of the designed biosensors, we measured the
activation kinetics of each lucCage in response to each of the targets
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Fig.4|Design of high-specificity biosensors for anti-SARS-CoV-2
antibodies and SARS-CoV-2 viral proteins. a, Left, lucCageSARS2-M sensor
incorporates two copies of the SARS-CoV-2 membrane protein1-17 epitope
(red) connected with aflexible spacer. Middle, kinetics of luminescence
activation of 50 nM lucCageSARS2-M plus lucKey after the addition of 100 nM
anti-SARS-CoV-1-M rabbit polyclonal antibodies (pAb) that cross-react with
residues 1-17 of the SARS-CoV-2 membrane protein. Right, response of 5nM
lucCageSARS2-M plus lucKey to varying concentrations of target anti-M
polyclonal antibody. b, Left, lucCageSARS2-Nincorporates two copies of the
SARS-CoV-2 nucleocapsid protein 369-382 epitope (light blue). Middle,
kinetics of luminescence activation of 50 nM lucCageSARS2-N plus lucKey after
the addition of 100 nM anti-SARS-CoV-1-N mouse monoclonal antibody

(clone 18F629.1) thatrecognizes the epitope. Right, response of 50 nM
lucCageSARS2-N plus lucKey to varying concentration of anti-N monoclonal
antibody. ¢, Left, lucCageRBD incorporates a de novo SARS-CoV-2 RBD binder*
(LCB1, magenta). Middle, luminescence intensities increase after the addition
0f16.7 nM SARS-CoV-2RBD or trimeric spike protein to a mixture of 1nM
lucCageRBD plus lucKey. Right, detection over arange of analyte
concentrations in buffer,10% synthetic nasal matrix*® or 10% serum.

d, Biosensor specificity. Each sensor at1nMwas incubated with 50 nM of its
cognate target (magentalines) and the targets for the other biosensors (grey
lines). Targets are BCL-2, BONT/B, humanIgG Fc, HER2, c¢Tnl, anti-HBV antibody
(HzKR127-3.2), anti-SARS-CoV-1-M polyclonal antibody and SARS-CoV-2 RBD.
Allexperiments were performedintriplicate, representative dataare shown,
anddataaremeanzs.d.
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oneatatime. Eachsensor responded rapidly and sensitively toits cog-
natetarget, but not to any of the others (Fig. 4d). For the most part, the
actual sensors (Supplementary Tables 2, 3) performed as predicted
by the simple thermodynamic model; for example, experiments at
varying key and sensor concentrations suggest little coupling between
parameters. However, thereis considerable variation between different
sensorsinthe level of activation at saturating target concentrations or
highlucKey concentrations, which for most is lower than that expected
for the complete luciferase reconstitution predicted by the model
(Extended Data Fig.10d-g, Supplementary Table 4). This may be a
consequence of steric interference between target binding to the latch
and luciferase reconstitution as the target binding motif and the lucif-
erase SmBIT are adjacent to each other in the latch; such interference
couldberesolved by increasing the separation between the twointhe
switch. The potential of the lucCage systemis illustrated by the high
dynamicrange (5,300%) and picomolar sensitivity of the lucCageRBD
sensor:the near optimal K., value resultsinavery low backgroundin
the absence of target without compromising the extent of activation
atlow target concentrations.

Discussion

It is instructive to put our sensors in the context of the many
protein-based biosensor platforms that have been developed over the
years with considerable success (Supplementary Discussion, Supple-
mentary Table 5). Our sensor platformis based on the thermodynamic
coupling between defined closed and open states of the system, and
thus, its sensitivity depends on the free energy change that occurs
after the sensing domain binds to the target but not the specific geom-
etry of the binding interaction (the semi-synthetic small molecule
sensors'®! also have this property). This enables the incorporation
of various binding modalities—including small peptides, globular
mini-proteins, antibody epitopes and de novo designed binders—to
generate sensitive sensors for awide range of protein targets with little
or no optimization. For point of care applications, our system, similar
toother bioluminescence-based protein biosensor platforms® has the
advantages of being homogeneous, no-wash, and anearly instantane-
ous readout; the quantification of luminescence can be performed
withinexpensive and accessible devices such as the camera of amobile
phone®. In hospital settings, the ability to modularly design sensors with
identical readouts for diverse targets could enable the quick readout
of large numbers of different compounds using an array of hundreds
of differentsensors.

Until recently, the focus of de novo protein design was the design of
proteins with new structures that correspond to single deep free energy
minima; our results highlight the progressin the field that now enables
more complex multistate systems to be readily generated. Similar to
other de novo designed proteins, our sensors are expressed at high
levelsincellsand are very stable*, which should considerably facilitate
their manufacturing and distribution. As highlighted by the outstand-
ing performance of the lucCageRBD sensor, there is a strong synergy
betweenthe general ‘molecular device’architecture of our platformand
de novo designed high-affinity mini-protein binders** (these de novo
mini-proteins are also effective with other platforms*). As the power
of computational design continues toincrease, it should become pos-
sible to detect an ever wider range of targets with higher sensitivity
using lucCage sensors. Beyond biosensors, our results highlight the
potential of de novo protein design to create more general solutions
for current day challenges than can be achieved by repurposing native
proteins that have evolved to solve completely different challenges.
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Methods

Design of the sensor system (lucCage and lucKey)

The low affinity SmBiT 114 (VTGYRLFEEIL)*® was grafted into the latch
of the asymmetric LOCKR switch previously described? using GraftS-
witchMover, a RosettaScripts-based protein design algorithm (see Sup-
plementary Methods for details). The grafting sampling range was
assigned between residues 300 and 330. The resulting designs were
energy-minimized, visually inspected and selected for subsequent
gene synthesis, protein production and biochemical analyses. The
best SmBit position on the latch was experimentally determined to
be aninsertion at residue 312, as described in Extended Data Fig. 2.
This design was named lucCage. lucKey was assembled by genetically
fusing the LgBit of NanoLuc'® to the key peptide previously described?.
All protein sequences are listed in Supplementary Table 6.

Computational grafting of sensing domains into lucCage
For peptides and epitopes, the amino acid sequence for each sensing
domain was grafted using Rosettascripts* GraftSwitchMover into all
a-helical registers between residues 325and 359 of lucCage. In the cases
inwhich the desired sequence to beinserted exceeded thelength of the
lucCagelatch, we made use of RosettaRemodel* to model the C termi-
nus extension of lucCage (see Supplementary Methods for details). The
resulting lucCages were energy-minimized using Rosetta fast relax®,
visually inspected and typically less than ten designs were selected for
subsequent protein production and biochemical characterization.
For protein domains, the main secondary structure element seg-
ment forming the interface of the binding protein domain with the
target was identified. The amino acid sequence was extracted and
grafted into lucCage using the GraftSwitchMover or Rosetta Remodel
as described above. Then, we used MergePDBMover and Pymol 2.0
to align, model and visualize the full-length binding domain in the
context of the switch (see Supplementary Methods for details). The
designs were energy-minimized using Rosetta fast relax and visually
inspected for selection.

Synthetic gene construction

The designed protein sequences were codon-optimized for E. coli
expression and ordered as synthetic genes in pET21b+ or pET29b+
E.coliexpression vectors. The synthetic gene wasinserted at the Ndel
and Xholssites of each vector, including an N-terminal hexahistidine tag
followed by a TEV protease cleavage site and a stop codon was added
atthe C terminus.

General procedures for bacterial protein production and
purification

TheE. coliLemo21(DE3) strain (NEB) was transformed with a pET21b+
or pET29b+ plasmid encoding the synthesized gene of interest. Cells
were grown for 24 h in LB medium supplemented with carbenicillin
or kanamycin. Cells were inoculated at a 1:50 ml ratio in the Studier
TBM-5052 autoinduction medium supplemented with carbenicillin
or kanamycin, grown at 37 °C for 2-4 h, and then grown at 18 °C for
anadditional 18 h. Cells were collected by centrifugation at 4,000g at
4 °C for 15 min and resuspended in 30 ml lysis buffer (20 mM Tris-HCI
pH 8.0,300 mM NaCl, 30 mM imidazole, 1 mM PMSF, 0.02 mg m|™
DNase). Cell resuspensions were lysed by sonication for 2.5min (5s
cycles). Lysates were clarified by centrifugation at 24,000g at 4 °C for
20 minand passed through 2 ml of Ni-NTA nickel resin (Qiagen, 30250)
pre-equilibrated with wash buffer (20 mM Tris-HCI pH 8.0, 300 mM
NaCl, 30 mMimidazole). The resin was washed twice with 10 column
volumes (CV) of wash buffer, and theneluted with 3 CV of elution buffer
(20 mM Tris-HCI pH 8.0,300 mM NaCl, 300 mMimidazole). The eluted
proteins were concentrated using Ultra-15 Centrifugal Filter Units (Ami-
con) and further purified by using a Superdex 75 Increase 10/300 GL
(GE Healthcare) size exclusion columnin TBS (25mM Tris-HCI pH 8.0,

150 mM NaCl). Fractions containing monomeric protein were pooled,
concentrated, and snap-frozeninliquid nitrogen and stored at -80 °C.

Invitro bioluminescence characterization

A Synergy Neo2 Microplate Reader (BioTek) was used for all in vitro
bioluminescence measurements. Assays were performed in 50% DPBS
with calcium (Gibco) plus 50% Nano-Glo (Promega) assay buffer for
cTnl sensors and 50% HBS-EP (GE Healthcare Life Sciences) plus 50%
Nano-Glo assay buffer was used for other sensors. 10x lucCage, 10x
lucKey and 10x target proteins of desired concentrations were first
prepared from stock solutions. For each well of awhite opaque 96-well
plate, 10 pl of 10x lucCage, 10 pl of 10x lucKey and 20 pl of buffer were
mixed toreachtheindicated concentrationand ratio. The lucCage and
lucKey components wereincubated for 60 min at room temperature to
enable pre-equilibration. The plate was centrifuged at1,000g for 1min
andincubated at room temperature for afurther 10 min. Then, 50 pl of
50x diluted furimazine (Nano-Glo luciferase assay reagent, Promega)
was added to each well. For assays containing serum or simulated nasal
matrix (110 mM NaCl, 1% (w/v) mucin, 10 pg ml™ human genomic DNA),
buffer composition was replaced by the biological matrix. Biolumines-
cence measurements in the absence of target were taken every 1 min
after injection (0.1 s integration and 10 s shaking during intervals).
After around 15 min, 10 pl of serially diluted 10x target protein plus a
blank was injected and bioluminescence kinetic acquisition contin-
ued for a total of 2 h. To derive half-maximal effective concentration
(ECs,) values fromthe bioluminescence-to-analyte plot, the top three
peak bioluminescence intensities atindividual analyte concentrations
were averaged, subtracted from blank, and used to fit the sigmoidal
4PL curve. To calculate the LOD, the linear region of bioluminescence
responses of sensors to its analyte was extracted and a linear regres-
sion curve was obtained. It was used to derive the standard deviation
ofthe response and the slope of the calibration curve (§). The LOD was
determined as: 3 x (s.d./S).

Detection of spiked RBD in human serum specimens

Serum specimens were derived from excess plasma or sera from
adults (>18 years) of both genders provided by the Director of the
Clinical Chemistry Division, the hospital of University Washington.
Allanonymized donor specimens were provided de-identified. Because
the donors consented to have their excess specimens be used for other
experimental studies, they could be transferred to our study without
additional consent. All samples were passed through 0.22-pum filters
before use. Ten microlitres of 10x serial diluted monomeric RBD (167—
0.69 nM), 5l of 20x lucCage (20 nM), 5 pl of 20x lucKey (20 nM), 5 pl of
20x Antares2 (2nM), and 10, 20, 25 or 50 pl of human donor serum or
simulated nasal matrix were mixed with1:1 HBS:Nano-Glo assay buffer
toreachatotal volume of 75 ul. The plate was centrifuged at 1,000g for
1min. Then, 25 pl of 25x diluted furimazine in buffer was added to each
well. Bioluminescence signals were recorded from both 470/40 nm
and 590/35 nm channels every 1 min for a total of 1h. Theratio at each
time point was calculated by the equation described in Extended Data
Fig. 11b. Monomeric SARS-CoV-2 RBD was expressed and purified as
previously described*®.

Biolayer interferometry

Protein-proteininteractions were measured by using an Octet RED96
System (ForteBio) using streptavidin-coated biosensors (ForteBio).
Eachwell contained 200 pl of solution, and the assay buffer was HBS-EP+
buffer (GE Healthcare Life Sciences,10 MM HEPES pH 7.4,150 mM NaCl,
3 mMEDTA, 0.05% (v/v) surfactant P20) plus 0.5% non-fat dry milk
blotting grade blocker (BioRad). The biosensor tips were loaded with
analyte peptide or protein at 20 pug ml™ for 300 s (threshold of 0.5 nm
response), incubated in HBS-EP+buffer for 60 s to acquire the baseline
measurement, dipped into the solution containing cage and/or key for
600 s (association step) and dipped into the HBS-EP+ buffer for 600 s



(dissociation steps). The binding data were analysed with the ForteBio
Data Analysis Software version 9.0.0.10.

Design and characterization of lucCageBIM

The BIM peptide sequence (EIWIAQELRRIGDEFNAYYA) was threaded
into the lucCage scaffold as described in ‘Computational grafting of
sensing domains into lucCage’. The selected designs were expressed
inE. coli, purified and characterized for luminescence activation. The
bioluminescence detection signal was measured for each design luc-
Cage at 20 nM mixed withlucKey at20 nM, in the presence or absence
of target BCL-2 protein at 200 nM. Recombinant BCL-2 was produced
as previously described®.

Design and characterization of lucCageHER2, lucCageProA,
lucCageBot and lucCageRBD

The main binding motifs of the Bot.0671.2 de novo binder, Staphylo-
coccus aureus protein A domain C (SpaC), the HER2 antibody and the
de novo RBD binder LCB1 were threaded into lucCage as described in
‘Computational grafting of sensing domains into lucCage’ (see Sup-
plementary Tables 3 and 6 for sequences). The selected designs were
expressedin E. coli, purified and characterized for luminescence activa-
tion. The designs were screened by measuring bioluminescence signal
for each design lucCage at 20 nM mixed with lucKey at 20 nM, in the
presence or absence of 200 nM target protein. The target proteins used
were: Botulinum neurotoxin B HcB expressed as previously described*®,
human IgG1 Fc-HisTag (AcroBiosystems, IG1-H5225) and human
HER2-HisTag (AcroBiosystems, HE2-H5225). Monomeric SARS-CoV-2
RBD and the trimeric SARS-CoV-2 spike protein (Hexapro pre-stabilized
version®) were expressed and purified as previously described*®.

Design and characterization of lucCageTrop

The cTnT binding motif sequence was truncated into fragments of dif-
ferent length (Extended DataFig. 6) and threaded into the lucCage scaf-
fold as described in ‘Computational grafting of sensing domains into
lucCage’. The selected designs were expressed in E. coli, purified and
characterized for luminescence activation. The designs were screened
by measuring bioluminescence signal for each design lucCage at20 nM
mixed withlucKey at 20 nMin the presence or absence of 100 nM cTnl
(Genscript, Z03320-50). Subsequently, lucCageTrop, animproved ver-
sion by fusion to cTnC, was created by genetically fusing the following
sequence to the C terminus of lucCageTrop627.

Design and characterization of lucCageHBV and lucCageHBVa
The binding motif (GANSNNPDWDEFN) of the preS1 domain was
threaded into the lucCage scaffold at every position after residues
336 using the Rosetta GraftSwitchMover. Following the Rosetta FastRe-
lax protocol, eight designs were selected for protein production. The
designs were screened by measuring bioluminescence signal for each
design lucCage (20 nM) and lucKey (20 nM) in the presence or absence
ofthe anti-HVB antibody HzKR127-3.2 (100 nM) to select lucCageHBV.
Subsequently, lucCageHBVa was constructed by genetically fusing a
sequence containing a second antigenic motif (GGSGGGSSGFGANS
NNPDWDENPN) to lucCageHBV.

Design and characterization of lucCageSARS2-M and
lucCageSARS2-N

Antigenic epitopes of the SARS-CoV-2 membrane protein (amino
acids 1-31,1-17 and 8-24) and the nucleocapsid protein (amino acids
368-388 and 369-382) were computationally grafted into lucCage
as described in ‘Computational grafting of sensing domains into luc-
Cage’. The selected designs were expressed in E. coli, purified and
characterized for luminescence activation. All designs at 50 nM were
mixed with 50 nM lucKey and experimentally screened for anincrease
inluminescence in the presence of rabbit anti-SARS-CoV membrane
polyclonal antibodies (ProSci, 3527) at100 nM or mouse anti-SARS-CoV

nucleocapsid monoclonal antibody (clone 18F629.1, NovusBio NBP2-
24745) at100 nM.

Design and characterization of sCageHA variants

HB1.9549.2 was embedded into the parental six-helix bundle for
sCage design at different positions along the latch helix of the scaf-
fold. To promote more favourable intramolecular interactions, three
consecutive residues on the latch were intentionally substituted with
glycine to allow for conformational freedom. The five designs were
produced in E. coli. Biolayer interferometry analysis was performed
with purified cages (1uM) and biotinylated influenza A HI HA? loaded
onto streptavidin-coated biosensor tips (ForteBio) in the presence or
absence of the key (2 uM) using an Octet instrument (ForteBio).

Production and purification of HzZKR127-3.2

The synthetic V,, and V, DNA fragments were subcloned into the
pdCMV-dhfrC-cA10A3 plasmid containing the human Cyl and Cy
DNA sequences. The vector was introduced into HEK 293F cells using
Lipofectamine (Invitrogen), and the cells were grown in FreeStyle 293
(GIBCO) in5% CO,in a37 °C humidified incubator. The culture super-
natantwasloaded onto a protein A-sepharose column (Millipore), and
the bound antibody was eluted by the addition of 0.2 M glycine-HCI
(pH 2.7), followed by immediate neutralization with 1 M Tris-HCI
(pH 8.0). The solution was dialysed against 10 mM HEPES-NaOH
(pH 7.4), and the purity of the protein was analysed by SDS-PAGE.

Production and purification of the preS1domain

The DNA fragment encoding the preS1 domain (residues 1-56) was
clonedintothe pGEX-2T (GE Healthcare) plasmid, and the protein was
producedintheE. coliBL21(DE3) strain (NEB) at 18 °Cas a fusion protein
withglutathion-S-transferase (GST) at the N terminus. The cell lysates
were prepared in a buffer solution (25 mM Tris-HCI pH 8.0, 300 mM
NaCl), and clarified supernatant was loaded onto GSTBind Resin
(Novagen). The GST-preS1 domain was eluted with the same buffer
containing additional 10 mM reduced glutathione, further purified
using aSuperdex 75 Increase 10/300 GL (GE Healthcare) size-exclusion
column, and concentrated to 34 uM.

Production of SCageHA_267-1S and its variants
sCageHA_267-1Sand sCageHA_267-1S(E99Y/T144Y) were expressed at
18°CintheE. coliLEMO21(DE3) strain (NEB) as a fusion protein contain-
ing a (His),o-tagged cysteine protease domain (CPD) derived from Vibrio
cholerae® at the C terminus. The protein was purified using HisPur nickel
resin (Thermo), aHiTrap Qanion exchange column (GE Healthcare) and
aHilLoad 26/60 Superdex 75 gel filtration column (GE Healthcare). For
selenomethionine (SelMet)-labelling, anI30M mutation wasintroduced
additionally to generate asCageHA_267-1S(E99Y/T144Y/I30M) variant.
This proteinwas expressed inthe E. coliB834 (DE3) RIL strain (Novagen)
inthe minimal medium containing SeMet, and purified according to the
same procedure for purifying the other variants.

Crystallization and structure determination of sCageHA_267-1S
Two point mutations (Glu99Tyr and Thr144Tyr) wereintroducedinan
attempttoinducefavourable crystal packinginteractions. Good-quality
single crystals of sCageHA_267-1S(E99Y/T144Y/130M) were obtainedin
ahanging-drop vapour-diffusion setting by micro-seedingin asolution
containing 11% (v/v) ethanol, 0.25 M NaCl, 0.1M Tris-HCI (pH 8.5). The
crystals required strict maintenance of the temperature at 25 °C. For
cryoprotection, the crystals were soaked briefly in the crystallization
solutionsupplemented with15% 2,3-butanediol and flash-cooled inthe
liquid nitrogen. A single-wavelength anomalous dispersion dataset was
collected at the Se absorption peak and processed with HKL2000.
Se positions and initial electron density map were calculated using
the AutoSol module in PHENIX®.. The model building and structure
refinement were performed by using COOT*? and PHENIX.
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Statistical analysis

No statistical methods were used to pre-determine the sample size.
No sample was excluded from data analysis, and no blinding was used.
De-identified clinical serum samples were randomly used for spikingin
target proteins. Results were successfully reproduced using different
batches of pure proteins on different days. Unless otherwise indicated,
data are shown as mean +s.d., and error bars in figures represent s.d.
of technical triplicate. Biolayer interferometry data were analysed
using ForteBio Data Analysis Software version 9.0.0.10. All data were
analysed and plotted using GraphPad Prism 8.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Theatomic coordinates of sCageHA_267-1Shavebeendepositedinthe
PDB under accession code 7CBC. The original experimental data that
supports the findings of this work are available from the correspond-
ing authors upon request. Plasmids encoding the biosensor proteins
describedinthis Article are available from the corresponding authors
uponrequest.

Code availability

The design models and RosettaScripts code used in the manuscript have
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Extended DataFig.1|Numerical simulations of the sensor thermodynamic
equilibria showing the tunability of the lucCage platform to optimize
sensitivity and dynamicrange. a-e, Numerical simulations of the coupled
equilibriashowninFig.1b for differentvalues of K., (a), K1 (b), [lucKey], (c),
[lucCagel,. (d) and K., (€). Unless indicated otherwise, the simulations were
performed with fixed values for K., =1x10>M, K ;=10 M, and K =10"* M,
and the concentration of the sensor componentsto10:100 nM
([lucCage],:[lucKeyl,,). a, Increasing AG,., (smaller K,,,.,) shifts the sensor
response to higher analyte concentrations. b, The sensor LOD is approximately
0.1xK,; thedriving force for opening the switch becomes too weak below this
concentration.c,d, The effective target detection range canbe tuned by
changingthe concentrations of the two sensor components. Simulation results
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showninalogarithmicscale (c) or linear scale (d) for target concentration
illustrate that the steepness of the response depends on the ratio of the sensor
concentration to the latch-target bindinginteraction (K ;). e, K values affect
bothspeciesresponsible for background and signal (species 6 and 7 in Fig. 1b,
respectively), leading to different sensor dynamic ranges. f, g, Simulations with
various K., and K values. The formation of species 6 (in Fig. 1b) isincreased
by large K., values and strong lucCage-lucKey interactions (K). f, Aheat map
representing the calculated sensor dynamicrange according to the K,,,.,and
K values. K., exerts a predominant effect on the dynamic range, and K¢y
providesanadditional one-order of tunability. g, Aheat map showing the
fraction of reconstituted luciferase (sensitivity) at saturating target
concentration, indicating a trade-off of K tuning.
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Extended DataFig.2|Determination of the optimal SmBiT positionin
lucCage and characterization of the BCL-2 biosensor lucCageBIM.

a, Protein models showing the different threading positions of SmBiT (gold)
and the BIM peptide (salmon) on the latch helix of the de novo LOCKR switch
(blue). b, Experimental screening of 11de novo BCL-2 sensors. Eleven variants
were generated by combining the SmBiT and BIM positionsinaand
characterized by activation of their luminescence after the addition of BCL-2.
Luminescence measurements were performed with each design (20 nM) and

lucKey (20 nM) in the presence or absence of BCL-2 (200 nM). SmBiT312-BIM339

(hencelucCageBIM) was selected for posterior characterization owingtoits
higher brightness, dynamic range and stability. c-g, Characterization of
lucCageBIM. ¢, Structural design model inribbon representation. d, Close-up
view showing the predicted interface of SmBiT (gold) and cage (blue).

e, Close-up view showing the predicted interface of BIM (salmon) and cage
(blue).f, Kinetic luminescence measurements after the addition of BCL-2
(200 nM) to a mixture of lucCageBIM (20 nM) and lucKey (20 nM). g, Tunable
sensitivity of lucCageBIM to BCL-2 by changing the concentrations of sensor
(lucCageBIM and lucKey) components (coloured curves).
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grafted into a parental six-helix bundle (sCage, yellow) at different positions
alongthe latch helix (magenta), including three consecutive glycineresidues
(green). Theblack arrows indicate the additionally introduced single V255S (1S)
ordouble V255S/1270S (2S) mutation(s) on the latch. b, Experimental validation
of fivesCageHA designs binding to HA in the presence or absence of the key by
biolayerinterferometry. The concentration of the sCages and the key were 1uM
and 2 uM, respectively. Each experiment was performed once.sCageHA_267-1S
exhibited the highest fold of activation. ¢, Structural comparison showing the
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superposed, and anarrow section (black box) is showninan orthogonal view
for detail. The N-terminal helix of HB1.9549.2 is displaced from the latch helix
(a6) by 3.2 A (middle) with a concomitant displacement of a5 and partial
disruption of ahydrogen-bond network involving Q16 and N214 of sCage
(right). d, A close-up view of the intramolecular interactions of sCageHA_267-1S.
The HA-binding residues are highlighted in magenta. Both the N-terminal helix
(cyan al) and the following helix (cyan a2) of HB1.9549.2 interact with the cage.
Theintramolecularinteractions are all hydrophobic. The bulky hydrophobic
side chain of F285 tightly abuts against the backbone atoms of a5 of sCage,
whichis unlikely to happen without abending of aS. Unfavourable interactions
arealsofound:F273is solvent-exposed, and the Y287 hydroxyl groupis buried
intheapolarenvironment. The rightmost panel shows the quality of the
electron density map.
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Extended DataFig. 4 |Designand characterization ofa BoONT/B sensor.

a, Structuralmodels of the BONT/B sensor designs showing the different
threading positions of Bot.0671.2 (green, PDB code 5VID) on the latch of
lucCage (blue). The SmBiT peptideis shownin gold ribbon representation.
1328S and L345S indicate mutationsintroduced to tune thelatch-cage interface
(‘1S’ denotes1328S, 2S’ denotes 1328S/L345S)?, and ‘GGG’ indicates the
presence of three consecutive glycineresidues between the latchand the
grafted protein. The black box shows aclose-up view of the interface of the
cage (blue) and Bot.0671.2 (green) inthe 349_2S design. b, Experimental
screening of nine de novo BoNT/B sensors. Luminescence measurements were
performed for each design (20 nM) and lucKey (20 nM) in the presence or

absence of the BONT/B protein (200 nM). The luminescence values for each
designwere normalized to 100 in the absence of BONT/B. Design 349_2S was
selected as the best candidate owing to high sensitivity and stability,

and was named lucCageBot. ¢, Determination of lucCageBot sensitivity.
Bioluminescence was measured over 6,000 s in the presence of serially diluted
BoNT/B protein. The concentrations of lucCageBot:lucKey (in nM) were 50:5,
5:5,1:10and 0.5:0.5 (from top to bottom). d, LOD calculations for the sensor at
different concentrations. The concentrations of lucCageBot:lucKey (innM)
were 50:5,5:5,1:10 and 0.5:0.5 (from top to bottom). All experiments were
performedintriplicate, representative dataareshown,and dataare mean +s.d.
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Extended DataFig. 5| Design and characterization ofan Fcdomainsensor
(lucCageProA) and aHER2 sensor (lucCageHER2). a, Structural models of
the Fcsensor designs showing the different threading positions of the S. aureus
protein Adomain C (orange, PDB code 4WWI) on the latch of lucCage (blue).
The SmBit peptideisshowningold ribbonrepresentation.1328S and L345S
indicate mutationsintroduced to tune the latch-cage interface asin Extended
DataFig.4a.b, Experimental screening of six de novo Fc domain sensors.
Luminescence measurements were performed for each design (20 nM) and
lucKey (20 nM) inthe presence or absence of recombinant humanIgGl Fc
(200 nM). The luminescence values were normalized to 100 in the absence of
Fc.Design351_2S was selected as the best candidate owing to high sensitivity,
and was named lucCageProA. This experiment was performed using single
replicatesintwoindependentinstances, representative dataare shown.

¢, Determination of the sensitivity of lucCageProA. Bioluminescence was
measured over 6,000sinthe presence of serially diluted Fc protein. The
lucCageBot:lucKey concentrations (in nM) were 5:5 (top), 1:10 (middle)

and 0.5:0.5 (bottom).d, LOD calculations for the sensor at different
concentrations. The lucCageBot:lucKey concentrations (in nM) were 5:5 (top),
1:10 (middle) and 0.5:0.5 (bottom). e, Structural models of the HER2 sensor

designs showing the different threading positions of the HER2 affibody protein
(PDB code3MZW, beige) on the latch of lucCage (blue), asina. The black boxes
showaclose-up view of theinterface of the cage (blue) and the HER2 affibody
(beige) inthe 354_2S design. f, Experimental screening of seven de novo HER2
sensors. Luminescence measurements were taken for each design (20 nM) and
lucKey (20 nM) in the presence or absence of the ectodomain of HER2 (200 nM).
Theluminescence values were normalized to100 in the absence of HER2
ectodomain. This experiment was performed using single replicatesintwo
independentinstances, representative dataare shown. Design 354_2S was
selected as the best candidate owing to high sensitivity and stability, and was
named lucCageHER2. g, Determination of the sensitivity of lucCagerHER2.
Bioluminescence was measured over 6,000s inthe presence of serially diluted
HER2 ectodomain protein. The lucCageBot:lucKey concentrations (innM)
were 5:5 (top), 1:10 (bottom) and 0.5:0.5 (bottom). h, LOD calculations for the
sensor at different concentrations. The lucCageBot:lucKey concentrations
(innM) were 5:5 (top), 1:10 (middle) and 0.5:0.5 (bottom). All experiments were
performed intriplicate unless specifically indicated, representative dataare
shown, and dataare mean +s.d.
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Extended DataFig. 6 | Design, selectionand engineering oflucCageTrop
for cTnldetection. a, Experimental screening of designed sensors for cTnl.
Fragments of cTnT, namely cTnTf1-f6, were computationally grafted into
lucCage at different positions of the latch. All designs were produced in £. coli
and experimentally screened at 20 nM and 20 nM lucKey for anincrease in
luminescenceinthe presence of100 nM cTnl. The luminescence values were
normalized to100 in the absence of cTnl. This experiment was performed using
singlereplicatesintwoindependentinstances, representative dataare shown.
Design336-cTnTf6-K342A was selected as the best candidate (named
lucCageTrop627) on the basis of its sensitivity, activation fold change and
stability. b, Models of lucCageTrop627 and lucCageTrop—animproved version
produced by fusion of cTnC at the C terminus of lucCageTrop627. The models
areshowninribbon representation comprising SmBit (gold) afragment of
¢TnT (cyan) (PDB code 4Y99), and cTnC (green) (PDB code 4Y99). The black box

showsaclose-up view of the interface of the cage (blue) and cTnT (cyan) in the
lucCageTrop design. ¢, The binding affinity of lucCageTrop627 and
lucCageTrop to cTnl was measured by biolayer interferometry. lucCageTrop
showed sevenfold higher affinity to cTnl than lucCageTrop627.d, Comparison
of bioluminescencekinetics between lucCageTrop627 (top) and lucCageTrop
(bottom) inthe presence of serially diluted cTnl. Higher binding affinity leads
toimproved dynamic range and sensitivity of the sensor. e, Determination of
the sensitivity of lucCageTrop. Bioluminescence was measured over 6,000sin
the presence of serially diluted cTnl. The lucCageTrop:lucKey concentrations
(innM)were1:10,1:1,0.5:0.5and 0.1:0.1 (from top to bottom) . f, LOD
calculations for the sensor at different concentrations. The lucCageTrop:lucKey
concentrations (innM)were 1:10,1:1,0.5:0.5and 0.1:0.1(top to bottom). All
experiments were performedin triplicate unless otherwise indicated,
representative dataareshown, and dataare mean +s.d.
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Extended DataFig.7|Design and characterization ofan anti-HBV antibody
sensor. a, Theenergy-minimized models of lucCage designs are shown with
thethreaded segments of SmBiT (gold) and the antigenic motif of preS1
(magenta). Theright box shows a close-up view of the cage-motifinterface of
the HBV344 design. b, Experimental screening of all designs performed by
monitoring the luminescence of each lucCage (20 nM) and lucKey (20 nM) in
the presence or absence of the anti-HBV antibody HzKR127-3.2 (100 nM). The
luminescence values were normalized to 100 in the absence of anti-HBV. This
experiment was performedin duplicateintwoindependentinstances, and
representative dataareshown. The design HBV344 was selected owing toits
better performance and was named lucCageHBV. ¢, d, Determination of
lucCageHBV sensitivity. Bioluminescence was measured over 6,000 s in

the presence of serially diluted HzZKR127-3.2. The lucCageHBV:lucKey
concentrations were 5:5nM (top) and 1:1nM (bottom). The maximum values of
the curvesindare used toobtain the curvesinc.e, LOD calculations for the
sensor at different concentrations. The lucCageHBV:lucKey concentrations
were 5:5nM (top) and 1:1nM (bottom). f, Detection of preS1by competition of
lucCageHBV344 and HzKR127-3.2 shown in Fig. 3f. Luminescence kinetics after
the addition of the antibody (anti-HBYV, first arrow). The anti-HBV antibody

concentrations were 50 nM (top) and12.5nM (bottom). At 6,000 s, different
concentrations of the preS1 domain were injected into the wells (second
arrow), and the decreased luminescence signals were used to detect preS1.

g, Design of lucCageHBVa forimproved detection of an anti-HBV antibody.
Thestructuralmodel of lucCageHBVa is shown with a close-up detail of the
predictedinterface between the preSlepitope (magenta) and lucCage (blue).
The design comprises two copies of the epitope preS1(amino acids 35-46),
spaced by aflexible linker (grey) to enable bivalentinteraction with the
antibody. The SmBit peptideis showningold. h, Determination of
lucCageHBVa detection sensitivity to the presence of the antibody
HzKR127-3.2 (anti-HBV). Bioluminescence was measured over 6,000 sin the
presence of serially diluted HzZKR127-3.2. The lucCageHBVa:lucKey
concentrations (innM) were 1:10 (top) and 0.5:0.5 (bottom). i, The linear region
ofacalibration curve was used to determine the LOD of antibody detection.
j,Bioluminescenceimages acquired with aBioRad ChemiDocimaging system.
ThelucCageHBVa:lucKey concentrations (innM) are 50:5 (top), 5:5 (middle)
and 1:10 (bottom). Changes in bioluminescence levels were detected asa
function of the concentration of HzZKR127-3.2. All experiments were performed
intriplicate unlessspecificallyindicated, and representative dataare mean+s.d.
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Extended DataFig. 8| Design and characterization of sensors for
anti-SARS-CoV-2 antibodies. a, b, Experimental screening of de novo sensors
forantibodies against the SARS-CoV-2 membrane protein (a) and the
nucleocapsid protein (b). Selected epitopes of the membrane protein (M1, M3
and M4) and the nucleocapsid protein (N6 and N62) were computationally
graftedintolucCage at different positions of the latch. Each design comprised
two tandem copies of each epitope, separated by a flexible linker, to take
advantage of the bivalent binding of antibodies. All designs were experimentally
screened foranincreaseinluminescence at 20 nM of each lucCage design and
20 nM oflucKey inthe presence of anti-M rabbit polyclonal antibodies (a) or
anti-N mouse monoclonal antibody at 100 nM (clone 18F629.1) (b). These
experiments were performed in duplicate (a) or single replicates (b) in two
independentinstances, and representative dataare shown. The luminescence
values were normalized to100 in the absence of antibodies. Designs M3 _1-
17_334and N62_369-382_340 were selected as the best candidates owing to
high sensitivity and stability, and were named lucCageSARS2-M and

ucCageSARS2-N, respectively. ¢, Left, structural model of lucCageSARS2-M,
showinga close-up view of the predicted interface between the M3 epitope
(red) and lucCage (blue). Middle, determination of lucCageSARS2-M sensitivity
to anti-M polyclonal antibody. Bioluminescence was measured over 4,000 sin
the presence of serially diluted anti-M polyclonal antibody. The
lucCageSARS2-M:lucKey concentrations (in nM) were 50:50 (top) and 5:5
(bottom). Right, LOD calculations for the sensor at different concentrations. d,
Left, structural model of lucCageSARS2-N, showing a close-up view of the
predictedinterface between the N62 epitope (purple) and lucCage (blue).
Middle,determination of lucCageSARS2-N sensitivity to anti-N monoclonal
antibody. Bioluminescence was measured over 4,000 s for lucCageSARS2-N
pluslucKey at 50 nMin the presence of serially diluted anti-N antibody. Right,
LOD calculations for the sensor. All experiments were performedin triplicate
unless specifically indicated, representative dataareshown, and dataare
meanzs.d.
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Extended DataFig.9|Designand characterization of SARS-CoV-2 RBD
sensors. a, Experimental screening of de novo sensors for the RBD of the
SARS-CoV-2 spike protein. All designs were experimentally screened for
increasesinluminescence at 20 nM of each lucCage design and 20 nM of lucKey
inthe presence of200 nM RBD. The luminescence values were normalized to
100inthe absence of RBD. This experiment was performed in duplicatein
twoindependentinstances, and representative dataare shown. Design
lucCageRBDdelta4_348 wasselected as the best candidate owing to high
sensitivity and stability,and was named lucCageRBD. b, Structural model of
lucCageRBD composed of the LCB1 binder (magenta) grafted into lucCage
(blue) comprising acaged SmBiT fragment (gold). The black boxes show a
close-up view of the interface of cage (blue) and the LCB1binder (magenta) in
thelucCageRBD design. ¢, Determination of the sensitivity of lucCageRBD.
Bioluminescence was measured over10,000 s inthe presence of serially

diluted RBD protein. The concentrations of lucCageRBD:lucKey concentration
(innM) were1:1(top), 1:10 (middle) and 10:10 (bottom). d, LOD calculations

for the sensor at different concentrations. The lucCageRBD:lucKey
concentrations (innM) were 1:1 (top), 1:10 (middle) and 10:10 (bottom).

e, Bioluminescenceimages acquired with aBioRad ChemiDocimaging system.
Changesinbioluminescence levels were detected asa function of the
concentration of RBD with1nMlucCageRBD and 10 nM lucKey. f, Detection of
RBDin10% simulated nasal matrix. Left, bioluminescence was measured
overtimeinthe presence of serially diluted RBD protein. Right, LOD was
calculated tobe 12 pM. g, Detection of spike proteinina20% diluted pooled
serum. Left, bioluminescence was measured overtimein the presence of
serially diluted HexaPro spike protein. Right, LOD was calculated to be 47 pM.
Allexperiments were performedin triplicate unless otherwise indicated,
representative dataareshown,and dataare mean +s.d.
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Extended DataFig.10|lucCageRBD tunability by varying the lucKey length
and concentration and the comparison of bioluminescent signals over a
range of lucKey concentrationsinthe presence of target at saturating
concentration. a, b, Experimental evaluation of the effect of lucKey length
(Kcx) onthe dynamicrange (DR) of lucCageRBD to detect monomeric
SARS-CoV-2RBD. A truncated lucKey (short lucKey), 14 residues shorter than
the full-length key atits C terminus (b), provides better dynamic range than the
full-length lucKey (a) owing to reduced background signal, as predicted by the
simulationin Extended DataFig. 1f, whereas the LOD remains the same.

¢, The effect of lucKey concentration on the dynamic range. Decreasing the
concentration of lucKey increases the dynamic range of lucCageRBD owing to
reduced backgroundsignal, but with accompanying reduced maximum

[lucKey] (nM)

bioluminescencesignal.d, e, lucCageRBD (1nM) wasincubated with20 nM
RBD (d) or 20 nM spike protein (e), which are expected to resultin full
reconstitution of the luciferase activity. In the presence of spike protein, the
same sensor was unable to yield the maximal bioluminescent signal, which
suggests the effect of factors not captured by the simulations such as steric
hindrance against complete luciferase reconstitution. f,lucCageHBVa (1nM)
incubated with 50 nM of the HBV antibody HzKR127-3.2 shows almost complete
activation, but high background signal. g, lucCageTrop (1nM) shows non-ideal
background signaland moderate target-driven activationin the presence of
20 nMcTnl. Allexperiments were performed intriplicate, representative data
areshown,and dataaremean+s.d.
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Extended DataFig.11|See next page for caption.



Extended DataFig.11|Integration of Antares2 as the internal reference for
calibration oflucCageRBD indifferent biological matrices. a, The
bioluminescent emissionspectraoflucCageRBD (left) inresponse to varying
concentrations of RBD. Antares2is an efficient CyOFP1-teLuc-CyOFP1BRET
system*®with a peak emission at 590 nm (middle). The emission spectrawere
recorded froma mixture oflucCageRBD and lucKey (bothat1nM), Antares2
(0.1nM) and RBD at varying concentrations (right). By acquiring the individual
signal from 470/40 nm and 590/35 nm channels, the intensiometric responses
fromlucCageRBD were converted into ratiometric readouts. b, Equations to
calculate the spectrally unmixed ratio. The total signal from the 470/40 nm
channel (7},,) is the sum of the signals from the lucCageRBD sensor (/,,,) and the
Antares2 reference (R,;,), and the total signal from the 590/35 nm channel (To,)
isequal to the sensor signal (/o) plus the reference signal (Rs,,). Because
lucCageRBD gives negligible emission at the 590/35 nm channel, Ty, is
approximately equal to Rseq (Rsog >> Is90)- Riz0 1S Rsoo X f, a predetermined
constant for Antares2, and therefore the unmixed ratio (/,;/Rs90) could be
calculated inreal time during signal acquisition. The constant ffor Antares2
was consistently determined tobe 0.43 by either recording the full spectraor

fromthefilter set.c, Varying concentrations of RBD were spiked in 50%, 25% or
10% pooled serum orin20% simulated nasal fluid. Absolute bioluminescence
intensities and emission kinetics were different across the matrices owing to
matrix inhibition effect and substrate turnover®. By contrast, calibration with
Antares2 resultedin stable ratiometric signals (/,;0/Rs00)- d, The
bioluminescenceintensity of lucCageRBD at saturating RBD concentration
(green curve) is approximately 20-fold higher than the background level.
Reporting the raw ratio (7,,0/Tse0) as a function of the RBD concentration
compromises the sensor dynamic range (black curve) owingto anotable
emission at the 470/40 nm channel (R,;,) from Antares2. After calculation and
conversion of the unmixed ratio, the dynamic range becomes 20-fold higher
thanthe background level with ratiometric readouts (magenta curve).

e, Detection of spiked RBD in four different anonymized human sera (50%)
shows that calibration using spectrally resolved Antares2 as aninternal
reference can minimize the variations of the intensiometric bioluminescence
inthese matrices. Bioluminescent signals and s.d. were measured in triplicate,
and arepresentative oneis shown for emission spectra and emissionkinetics,
respectively. Dataare mean +s.d.
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Data collection  Bioluminescence data acquired on a Synergy Neo2 multi-mode microplate reader (Biotek). Biolayer interferometry data acquired on an Octet
RED96 (ForteBio).

Data analysis Bioluminescence data were analyzed and plotted using GraphPad Prism 8. Target response curves were fitted using a Sigmoidal 4PL fit in
GraphPad Prism 8. Limit of detection calculations were performed using Simple Linear regression in GraphPad Prism 8. BLI data was analyzed
using ForteBio Data Analysis Software version 9.0.0.10 and plotted using GraphPad Prism 8. The model building and structure refinement
were performed by using COOT and PHENIX. The design models and RosettaScripts code used in the manuscript have been deposited to
http://files.ipd.uw.edu/pub/de_novo_design_of_tunable_biosensors_2021/designcode_and_models.zip. The code for the numerical
simulations shown in this manuscript are available at http://files.ipd.uw.edu/pub/de_novo_design_of_tunable_biosensors_2021/
model_simulation.py. All protein structure images were generated using PyMOL 2.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The atomic coordinates of sCageHA_267-1S have been deposited in the Protein Data Bank (http://www.rcsb.org) under an accession code 7CBC. The design models
and RosettaScripts code used in the manuscript have been deposited to http://files.ipd.uw.edu/pub/de_novo_design_of tunable_biosensors_2021/
designcode_and_models.zip. The code for the numerical simulations shown in this manuscript are available at http://files.ipd.uw.edu/pub/

de_novo_design_of tunable_biosensors_2021/model_simulation.py. The original experimental data that support the findings of this work are available from the
corresponding authors upon request. Plasmids encoding the biosensor proteins described in this article are available from the corresponding authors upon request.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to pre-determine the sample size. in vitro experiments were done in triplicate.
Data exclusions | No sample was excluded from data analysis

Replication The results were successfully replicated using different batches of pure proteins on different days.
Randomization  De-identified clinical serum samples were randomly used for the detection of spiked target proteins.

Blinding no blinding was employed since all experiments are in vitro.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies |Z |:| ChiIP-seq
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Palaeontology and archaeology |:| MRI-based neuroimaging
Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Antibodies
Antibodies used 1. SARS-CoV Matrix Antibody (ProSci, Cat. No.: 3527)
2. SARS Nucleocapsid Protein Antibody (18F629.1) (NovusBio Cat. No. NBP2-24745 )
3. HzKR127-3.2
Validation 1. SARS-CoV Matrix Antibody (ProSci, Cat. No.: 3527) is a rabbit IgG polyclonal antibody raised against a peptide corresponding to 13

amino acids near the amino-terminus of human SARS-CoV Matrix protein. The antibody is proven to bind the immunogen by ELISA.
by the manufacturer. This antibody has predicted crossreactivity with SARS-CoV-2 Matrix protein based on immunogen sequence:
human SARS-CoV2 Matrix protein: (identity 77%, homology 93%) by the manufacturer, which is confirmed in this work.

2. SARS Nucleocapsid Protein Antibody (18F629.1) is validated by Western Blot by the manufacturer. The antibody was developed by
immunizing mice with a synthetic peptide corresponding to amino acids 354-385 from the N (SARS Nucleocapsid) for the Human
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SARS coronavirus. Immunogen Percent Identity to SARS-CoV-2 Nucleocapsid Protein predicted to be 100% by the manufacturer and
cross-reactivity confirmed in this work.

3. Validation of the antibody function is thoroughly described here: Kim, J. H. et al. Enhanced humanization and affinity maturation of
neutralizing anti-hepatitis B virus preS1 antibody based on antigen-antibody complex structure. FEBS Lett. 589, 193—-200 (2015). The
antibody was produced by Wi and Hong (Department of Systems Immunology, College of Biomedical Science, Kangwon National
University, Chuncheon 200-701, Republic of Korea).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293F (Invitrogen; No. K9000-01)
Authentication Cells were not further authenticated in the laboratory.
Mycoplasma contamination HEK293F cells were tested negative for Mycoplasma by the provider, and it was not further confirmed in the laboratory
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Human research participants

Policy information about studies involving human research participants

Population characteristics Serum specimens were derived from excess plasma or sera from adults (>18 yo) of both genders kindly provided by the
Director of the Clinical Chemistry Division, the hospital of University Washington. All anonymized donor specimens were
provided de-identified.

Recruitment the donors consented to have their excess specimens be used for other experimental studies, they could be transferred to
our study without additional consent.

Ethics oversight the Clinical Chemistry Division, the hospital of University Washington.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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