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Abstract 

Functional De Novo Proteins as Custom Molecular Tools for Bioengineering: from Targeted 

Cancer Immunotherapy to Modular Biosensors 

Alfredo Quijano Rubio 

Chair of the Supervisory Committee: 

 David Baker  

Department of Biochemistry 

Traditional protein engineering methods use naturally existing proteins as a starting point and are 

intrinsically limited to small perturbations of a protein’s original structure and function. 

Computational de novo protein design is free of such limitations and enables the creation of 

designer proteins with custom functions and ideal biochemical properties, which make excellent 

tools to address diverse bioengineering challenges. In this work, I focus on two applications. 

First, I describe the development of conditionally active cytokine mimics for targeted cancer 

immunotherapy. We take advantage of the robust folding of a de novo designed Interleukin-2 

mimetic protein to design a split version consisting of two components that do not elicit 

signaling individually but regain activity when co-localized. With this approach, we aim to 

overcome the severe side-effects of systemic cytokine therapies. Second, I describe the design of 

modular and tunable biosensors from broadly applicable design principles by using a robust de 

novo designed protein switch. We demonstrate the modularity of this biosensor platform by 

designing functional biosensors for multiple analytes of interest.
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Chapter 1 

Introduction: The advent of de novo proteins as tools for cancer immunotherapy 

and synthetic biology 

 
Adapted from: Quijano-Rubio, A., Ulge, U. Y., Walkey, C. D., & Silva, D.-A. (2020). The advent of de novo proteins 

for cancer immunotherapy. Current Opinion in Chemical Biology, 56, 119–128.  

 

Abstract 

Traditional protein engineering methods use naturally existing proteins as a starting point and, 

therefore, are intrinsically limited to small perturbations of a protein’s natural structure and 

function. Conversely, computational de novo protein design is free of such limitations since it can 

produce a virtually infinite number of novel protein sequences, folds, and functions. Recent 

advances in de novo protein design have enabled the creation of designer proteins with custom 

functions and ideal biochemical properties, which make excellent tools to address diverse 

bioengineering challenges. This chapter describes some of the characteristics that make de novo 

proteins promising candidates to create novel therapeutic and synthetic biology tools, such as their 

extreme stability, high binding affinity, mutational robustness, unique sequence and 

re‑engineerability. These properties can help overcoming many of the challenges usually 

associated with protein drug development, such as instability, manufacturability or 

immunogenicity. While this chapter focuses primarily on the promise of de novo protein design to 

create novel therapeutic proteins, the unique properties of de novo proteins can also be exploited 

to solve challenges in other fields, such as the development of highly modular and tunable 

biosensors.  
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Introduction  

During the last decade, immunotherapy has revolutionized cancer treatment and become the 

forefront of oncology 1,2. This revolution stemmed from engineering efforts aimed at developing 

more effective (mostly protein-based) cancer therapeutics 3. Remarkably, the advent of antibody-

based checkpoint inhibitors (engineered antibodies that selectively inhibit immunosuppressive 

pathways in immune cells 4,5) and Chimeric Antigen Receptors (engineered receptors that arm T 

cells against malignant cells 6,7) have shown the potential of protein engineering to enable novel 

immunotherapeutic approaches. Protein engineering is spearheading immuno-oncology 

innovation, and new advances in this field may bring a revolution in medicine. 

 

The development of protein immunotherapeutics has traditionally required the modification of 

naturally occurring proteins. Earlier immuno-oncology therapies relied on the inherent 

immunomodulatory properties of natural proteins, such as interferon-α 8 and interleukin-2 9,10. 

While effective to a certain degree, many of these therapies have resulted in severe adverse effects 

limiting their therapeutic use 11,12. Since then, more advanced protein engineering techniques have 

been applied to improve the efficacy and reduce the toxicity of novel therapeutics. Notably, 

techniques such as directed evolution 13,14, chemical modification 15 and antibody/antibody-

fragment engineering 16–18, have been pivotal for engineering highly specialized 

immunotherapeutic proteins. Some examples include bispecific antibodies 19, immunocytokines 
20,21, bispecific T-cell engagers 22 and antibody-drug conjugates 23. These advances have led to 

many clinical trials, and several approved drugs for use in humans 24.  

 

Despite the success of traditional protein engineering approaches, there is still much room for 

improvement. The reliance on natural proteins as building blocks imposes several constraints in 

the design of novel therapeutics. For instance, the biochemical properties of the final products, 

such as stability, (fundamental) mode of action, and protein-sequence are inherently tied to the 

protein used as a starting point. Furthermore, natural proteins often only tolerate a limited number 

of modifications before they are rendered unstable or non-functional 25. As a consequence, 

therapeutic proteins developed from natural proteins frequently exhibit poor stability and 

manufacturability, and in many cases, significant immunogenicity 26–28. 

 

The recent advent of de novo protein design has enabled the creation of a new class of proteins 

(i.e., designer-proteins) that share no homology with natural ones 29. De novo protein design 

creates proteins using computational algorithms, and it can access an exponentially larger protein-

sequence space than what nature has sampled through evolution to find new sequences that could 

solve challenges unmet by natural proteins (Fig. 1) 29–31. Algorithms used in de novo protein design 

apply our understanding of biophysics to create ideal protein structures 32, allowing us to confer 

them with unique and potentially superior biochemical properties and enhanced and/or novel 

functions 33,34. De novo designed proteins offer an innovative way to overcome the inherent 

constraints of natural protein building blocks, opening the door to new tools with a wide range of 

applications from therapeutics and synthetic biology. 

Exploring new functions through computational de novo protein design 

The advent of computational protein design has been made possible by a combination of advances 

in computational power, gene synthesis technologies, and protein-structure prediction and design 

algorithms 29,33,35. Rosetta is currently the leading software suite for protein modeling and design 



 

 

5 

35. Since initially developed more than two decades ago, it has continuously been improved by the 

scientific community, and new methods have been instrumental in enabling the rapid evolution of 

the field. The first applications of computational protein design focused on redesigning natural 

proteins, and its functional efforts aimed to solve a variety of challenges in biomedicine and 

synthetic biology 36,37. Examples are the stabilization of proteins 38,39 for the development of more 

effective vaccines against malaria 40, enhanced enzymes to treat celiac disease 41, self-assembling 

nanoparticles for the presentation of immunogenic epitopes 42, and the optimization of numerous 

antibodies 43–47. Nevertheless, these approaches still relied on the use of natural proteins as starting 

points, which limited the overall scope to the improvement (or adaptation) of pre-existing natural 

protein structures and functions. 

 

Eventually, computational protein design methods advanced to a point where it became possible 

to create fully de novo proteins, free of the constraints imposed by evolution into natural proteins 
29. Initial efforts in de novo design focused on establishing the basic design principles that could 

allow the systematic generation of de novo proteins 35,48–50. The great effort invested in early 

research paid off, not only by producing proteins with new folds but also by delivering novel 

proteins with remarkable stability 48. Ultimately, the first examples of de novo designed proteins 

demonstrated that computational protein design can be applied to accurately engineer entirely new 

proteins with physicochemical properties that can (often) exceed those of naturally occurring 

proteins. Nevertheless, none of these de novo proteins was designed for (or capable of) 

accomplishing a biologically relevant function. Since then, a large number of de novo "protein 

scaffolds" (i.e. well-folded protein structures without function) spanning a wide range of shapes 

and sizes have been designed and confirmed experimentally 51–59. Such a diverse repertoire of 

novel hyper-stable proteins can indeed also serve as starting points for the development of new 

functional proteins. For instance, introducing functional motifs into such inert de novo protein 

scaffolds (known as motif grafting) allowed protein designers to create the first examples of 

functional de novo proteins 60,61. More recently, studies have demonstrated that this approach is 

widely applicable and that a broad array of functions can be grafted into suitable (previously inert) 

de novo proteins. Remarkable examples include the creation of thousands of high-affinity mini-

proteins with (inhibitory) therapeutic potential against influenza and botulinum neurotoxin (Fig. 

2A)62 and bioactive protein switches with customizable cellular functions (Fig. 2D)63. These 

designed protein switches were subsequently used to develop designed protein logic for cell 

targeting 64 , biological feedback control 65, and modular biosensors (Chapter 3) showcasing their 

broad use in synthetic biology. 

 

A second, more challenging approach, is creating functional de novo proteins that are tailored from 

their conception to achieve a given desired function. Simultaneously designing a protein-fold and 

its function can be more challenging than adapting/functionalizing an existing protein scaffold. 

Such a "purposefully-functional" de novo protein design requires a high level of control over the 

shape, size, and function of the final designs (as well as prior knowledge/or/assumptions about the 

structure of the targeted functional site). Thus, the de novo design of functional proteins remained 

an elusive landmark in the field. The earliest successes of this design paradigm include the design 

of an Epstein-Barr viral protein inhibitor 66, a designed scaffold for stabilizing a neutralizing 

epitope of the respiratory syncytial virus 67, and a transmembrane Zn2+-transporting helical protein 
68. More recently, designers have achieved the development of pH-sensitive protein oligomers 

(Fig. 2C) 69; a de novo designed fluorescent protein (Fig. 2B) 70; and Neo-2/15, a de novo protein 
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with biologically-relevant immunomodulatory function (Fig. 2F) 71. Altogether, these examples 

illustrate how advances in de novo computational protein design are enabling the creation of novel 

proteins with functions and (potential) applications in a wide range of scientific and technological 

fields. 

De novo designed proteins exhibit exceptional robustness 

Natural protein evolution, in most cases, prioritizes protein function over stability 25,72. As a result, 

most natural proteins have structural irregularities, which translate in non-ideal properties that pose 

challenges for the development of therapeutic applications, such as low solubility and poor 

mutational robustness 25. While these irregularities may not compromise the function of natural 

proteins in their natural context, they can severely hinder the process of repurposing them as 

therapeutic agents 28. De novo proteins can overcome many of the limitations imposed by natural 

proteins because they can be designed to follow the principles of an idealized protein structure: 

regular secondary structure elements with short and structured connecting loops, well-packed 

hydrophobic cores, mostly polar exposed-surfaces, and highly satisfied polar interactions. 

Furthermore, current protein design methods excel at creating molecules with strong 

intramolecular interactions (in particular between consecutive residues), which frequently results 

in de novo proteins with unusually high intrinsic stability and folding propensity (when compared 

to natural proteins) 32,58,73. As a result, de novo proteins with idealized structures regularly exhibit 

unusual/enhanced biochemical properties, such as extreme thermostability and mutational 

robustness 30,38,74.  

 

Figure 3 illustrates some examples of the unusual thermostability of de novo functional proteins. 

Furthermore, it has been demonstrated that further enhancement of a de novo protein’s stability is 

frequently an easily attainable task (due to the aforementioned mutational robustness). In general, 

the improvement (for therapeutic/application purposes) of de novo proteins can be approached 

computationally by a myriad of methods such as introducing further-stabilizing mutations or 

introducing designed chemical protein-staples (e.g. disulfide bridges) 54,62,71,75 (Fig. 3D). 

Additionally, it is within the realm of de novo proteins to easily introduce designed chemical-

handles using natural-amino acids (e.g. cysteine residues), that for instance can be used to enhance 

the physical properties of the final conjugated molecule (Fig. 3E). Such modifications can, in 

general, be achieved without significantly affecting the protein’s function.  

 

In summary, de novo proteins can, by design, overcome many of the biochemical limitations 

inherent to natural proteins, thereby enabling the creation of potentially therapeutic proteins with 

highly desirable biochemical properties such as high-thermostability, manufacturability, 

solubility, and tunability. 

De novo design can be used to build potent proteins for immunotherapy 

We recently described the first example of a de novo protein immunotherapeutic: Neo-2/15, a de 

novo mimic of the function of both interleukin-2 (IL-2) and interleukin-15 (IL-15)71. Recombinant 

interleukin-2 (rIL-2), also known as aldesleukin, was the first immunotherapy approved for the 

treatment of melanoma and renal cell carcinoma 9, but its clinical use has been limited due to 

severe dose-limiting toxicities 11,76,77. To accomplish its biological function, IL-2 induces the 

hetero-dimerization of two IL-2 cell-membrane receptors, namely the IL-2 beta (IL-2Rβ) and the 

common-gamma (γc or IL-2Rγ) receptors, also called the IL-2Rβγ complex. The dimerization of 
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IL-2Rβγ initiates a signaling cascade that ultimately stimulates immune cells (expressing the 

receptors), including those with anti-tumor function, such as naive effector T-cells and Natural 

killer cells (NK). However, many off-target cell types express a higher-affinity 3-component IL-

2-receptor containing, in addition, the IL-2 alpha subunit (IL-2Rα, or CD25). Although CD25 is 

not directly involved in IL-2 signal transduction, its presence greatly enhances the affinity and 

activity of IL-2 (i.e., IL-2Rαβγ >> IL-2Rβγ, meaning that CD25 is a potent (allosteric) activator 

of IL-2). As a result, off-target CD25+ cells, including endothelial cells and immunosuppressive 

regulatory T-cells, respond to IL-2 therapy with much higher potency than the intended target cells 

(e.g. CD8+ naive T-cells). The strong bias towards the activation of cells expressing CD25 leads 

to severe side effects and a mixed, pleomorphic immune response 77,78. 

 

Many efforts have been devoted to trying to improve the safety and efficacy of IL-2 by targeting 

to eliminate its natural binding preference for CD25. Nevertheless, all efforts have failed to 

completely abrogate CD25 binding (while preserving IL-2Rβγ binding), and most of these 

reengineered IL-2 proteins have simultaneously introduced significant challenges to the potency, 

manufacturability, and/or stability 79–81. To solve this decades-long challenge, we built on current 

Rosetta design methodology (extensively described in these two reviews 32,33) to develop a de novo 

computational and experimental protein design method to designing proteins capable of replicating 

the potent immunostimulatory function of IL-2 (and IL-15), while fully eliminating the binding 

site (and hence the dependency) for CD25 (or IL-15Rα, also known as CD215). Our scientific 

efforts resulted in the creation of a novel and robust de novo computational design method and a 

number of fully de novo IL-2/IL-15 protein-mimetics that are truly independent of CD25 and 

CD215. The best-optimized design, Neo-2/15 (Fig. 2F), is a highly thermostable (Fig. 3B), tunable 

(Fig 3C-E), easily manufactured protein that demonstrates potent signaling on both human and 

mouse cells, and exhibits anti-tumor activity in syngeneic mouse tumor models with less toxicity 

than recombinant IL-2 (rIL-2)71.  

Discussion, opportunities, and challenges 

The exploration of novel protein functions through de novo design is enabling the development of 

new proteins with promising synthetic biology and therapeutic applications 62,71. In just two 

decades, computational protein engineering has advanced from being able to optimize natural 

proteins, to creating entirely de novo proteins with extreme stability, a wide range of shapes, and 

custom functions. In contrast to current antibody-based therapies, de novo proteins can be small, 

thermally stable, easy to manufacture (usually in recombinant bacterial systems), and highly 

tunable. For the first time, we are now able to design custom proteins with a predefined functional 

purpose. The emerging understanding that we have acquired in creating de novo proteins is already 

allowing us to create a new class of custom-built proteins with unique (and potentially superior) 

biochemical properties. Furthermore, de novo design can enable more complex protein systems, 

such as conditionally-active signaling proteins (Chapter 2) or modular and tunable protein 

biosensors (Chapter 3). We anticipate that future iterations of these methods will be a powerful 

driver for the development of next-generation diagnostics and therapeutics. It is certainly an 

exciting time in de novo protein design! With the emergence of the first examples of biologically-

relevant designed de novo proteins, it is clear that the field is coming of age. 
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Figures and figure legends 

 

 

Figure 1. De novo protein design enables the exploration of new protein sequences, 

structures, and functions. (a) The vast number of sequences possible for proteins remains largely 

unexplored by nature (yellow squares). If we consider a protein of 100 residues, the possible 

number of sequences combining all 20 natural amino acids is approximately 10123. However, the 

total number of proteins sampled through evolution and protein engineering is estimated to be on 

the order of 1020 different sequences (blue square)30, which is a very small fraction of the available 

sequence space. (b) Representation of natural protein scaffolds (blue) and de novo designed protein 

scaffolds (yellow). Left panel: Interferon-γ (PDB ID: 1HIG), an antibody (PDB ID: 1IGT) and 

Interleukin-2 (PDB ID: 1QYS). Right panel: Top7 (PDB ID: 1HIG) 48, a de novo designed helical 

bundle oligomer (PDB ID: 6MSR) 53, and a de novo designed beta-barrel (PDB ID: 6D0T) 70. (c) 

Advances in computational protein design methods are enabling the creation of de novo proteins 

with new functions. De novo design shows promise for solving current limitations of traditional 

protein engineering, enabling the creation of custom proteins for the next generation of 

immunotherapeutics and other medical areas. 
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Figure 2. Recent de novo designed proteins with novel functions. (a) The left panel shows the 

structure of the de novo designed mini-protein inhibitor, HB1.6928.2.3 (red, cartoon 

representation), binding the stem region of influenza HA1 protein (beige, surface representation) 

(PDB ID: 5VLI) 58. This protein showed improved efficacy neutralizing H1N1 CA09 (gray 

columns) and H1N1 PR8 (black columns) viral infection of canine kidney cells (right panel), 

compared to a previously designed binder (HB36.6) and the widely validated FI6v3 neutralizing 

antibody. (b) Structure of the de novo designed beta-barrel, mFAP1, bound to the DFHBI 

fluorophore group (PDB ID: 6CZI). The right panel shows the weak fluorescence intensity of free 

DFHBI (yellow line), which is significantly increased when DFHBI is bound to two mFAP protein 

variants (green and cyan lines) 70. (c) Structure of a pH-responsive helical protein homotrimer with 

designed hydrogen bond networks in the core. These networks contain pre-organized histidine 

residues, which can be protonated at low pH, causing a disruption of core interactions and 

disassembly of the trimer (right panel, black line) into monomers (right panel, gray line) 69. (d) 

Structure of a bioactive protein switch with customizable cellular functions. A small bioactive 

peptide (e.g. BIM, orange protein helix in cartoon representation) can be strategically grafted into 

the de novo scaffold (blue protein in cartoon representation) to “cage” (or “sequester”) it, 

effectively making it inactive. In the presence of a high-affinity competitive peptide, called “key” 

(red protein in cartoon representation), the protein switch changes conformation, releasing the 

previously caged peptide, which can then perform its function (e.g., recruitment of Bcl2, purple 

protein in cartoon representation)63. (e) De novo designed IL-2 and IL-15 mimetic (Neo-2/15) 

tailored for high biological activity with no dependency on the IL-2Rα receptor. The upper panel 

compares the structure of IL-2 bound to the receptors IL-2Rα, IL-2Rβ and γc; and the structure of 
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Neo-2/15 bound to IL-2Rβ and γc. The lower panel shows Surface Plasmon Resonance binding 

experiments of IL-2 (blue lines) and Neo-2/15 (red lines) binding to the IL-2 receptors. Neo-2/15 

shows no binding to IL-2Rα, but very potent binding to IL-2Rβ and γc receptors71. 
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Figure 3. De novo proteins present superior biophysical properties. (a) Circular dichroism 

(CD) experiments illustrating the extreme thermostability of some de novo proteins. The plots 

show the spectra for four proteins, a de novo helical bundle homooligomer 2L4HC2_23 53, 

HB1.6928.2.3 58, BB1 de novo beta-barrel 70 and Neo-2/15 71. The proteins were incubated 

sequentially at 25°C, 95°C and then again at 25°C to evaluate re-folding. As with most de novo 

proteins, the examples here demonstrate extreme stability and nearly complete reversibility of 

thermal denaturation after heating. (b) The ability of Neo-2/15, mIL-2 and Super-2 79 to expand 

murine splenocytes ex vivo was evaluated before and after heat incubation at 95°C. Neo-2/15 

resisted the treatment and maintained its function 71. (c) De novo proteins have been proven to be 

amenable to extensive modifications to improve their properties. For example, disulfide bridges 

can be seamlessly engineered into these proteins to improve their thermostability. The upper panel 

shows the structural models of two disulfide-stabilized variants of Neo-2/15 (grey), superposed on 

the ternary crystal structure of Neo-2/15 (red). The thermal melting of each variant demonstrated 

that the variants with disulfide bonds are indeed more thermostable than the parent protein 71. (d) 

Mutational robustness of de novo proteins was demonstrated by introducing individual cysteine-

mutations on the surface of Neo-2/15 scaffold (at non-interface/hotspot positions). As expected 

from the in-silico design, these mutations had minimal effect on the function or stability of the 

protein, at the same time they enable an easy and powerful way to perform chemical conjugations 

to the protein 71. 
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Chapter 2 

Targeted immunotherapy with a designed conditionally active IL-2 mimic 

Abstract 

Human IL-2 (IL-2) is a potent pleiotropic cytokine approved for treating melanoma and renal cell 

carcinoma 1, but its therapeutic potential is limited by preferential activation of CD25-positive 

cells and severe dose-limiting toxicities associated with systemic IL-2 activity 2. The de novo 

designed IL-2 mimic Neoleukin-2/15 (Neo-2/15) does not bind CD25 and has superior therapeutic 

activity and lower toxicity than natural IL-2 in mouse tumor models 3. Taking advantage of the 

robust folding of Neo-2/15, we designed conditionally active cytokine mimics consisting of two 

components that do not elicit IL-2 signaling individually, but fully regain activity when co-

localized. The fragments can be independently targeted to cells expressing specific surface 

markers, and we demonstrate their use in trans-activating immune cells surrounding targeted tumor 

cells, and in cis-activating directly targeted immune cells. In trans-activation mode, tumor-antigen 

targeting of the two components enhanced antitumor activity and attenuated toxicity compared to 

systemic treatment with Neo-2/15 in a syngeneic murine melanoma model. In cis-activation mode, 

immune cell targeting of the two components selectively expanded CD8+ T cells in a syngeneic 

mouse melanoma model, and promoted CAR T cell function in a lymphoma xenograft model, 

enhancing antitumor efficacy in both cases. Conditionally active de novo cytokine mimetics 

provide a general route to overcoming long-standing limitations imposed by the severe side-effects 

of systemic cytokine therapies. 
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Main Text 

Immunostimulatory cytokines are central regulators of the immune system and have shown great 

potential as immunotherapeutic agents 4,5. However, their clinical use has been limited due to 

severe toxicity resulting from undesired systemic immune activation 2,5. Fusions of cytokines to 

monoclonal antibodies or antibody fragments (immunocytokines) 6–8 have been developed with 

the aim of improving efficacy and reducing systemic toxicity by targeting cytokine activity. 

However, due to the high affinity of the cytokines for their cognate receptors (and the broad 

systemic distribution of these receptors), these approaches have shown limited success in 

mitigating toxicity and improving efficacy 9,10. Several strategies have been explored to further 

limit systemic cytokine signaling: reducing the affinity of the cytokine moiety to improve targeting 
9,11–14, cytokine fusions to inhibitory moieties that can be cleaved by tumor-associated proteases 
15,16, and conditionally active versions of oligomeric cytokines that are activated by colocalizing 

the monomeric subunits 17,18. However, for monomeric cytokines such as IL-2, the development 

of immunotherapeutics with effective “activity on-demand” has remained elusive.  

 

Like most natural proteins, IL-2 has structural irregularities that translate into non-ideal 

biochemical properties, such as low solubility and poor mutational robustness 19,20, which hampers 

efforts to repurpose it as a conditionally active therapeutic agent. Recent advances in 

computational protein design 21 enabled the generation of highly stable functional proteins that 

fully recapitulate the activity of natural cytokines, but with improved biochemical and therapeutic 

properties 3,22. Neoleukin-2/15 (Neo-2/15) is a de novo IL-2 mimic that reproduces the 

immunostimulatory function of IL-2 and IL-15, but is fully independent of CD25 and CD215 3. In 

preclinical cancer models, Neo-2/15 induces potent immunotherapeutic effects with reduced 

toxicity when compared to natural IL-2, but at high doses the systemic administration of 

Neoleukin-2/15 can still be toxic. We reasoned that the high stability and robust folding of Neo-

2/15 could be leveraged to create a conditionally active cytokine, and set out to design two-

component split versions of Neo-2/15 that are active only upon co-localization of the two 

disjointed fragments.  

Development of functional Split Neo-2/15 variants 

In Neo-2/15, helix H3 interacts with IL-2Rβ, H4 interacts with IL-2Rγ, and H1 interacts with both 

receptors (Fig. 1a). We aimed to separate one of these helices from the others so that receptor 

heterodimerization could only be achieved in the presence of both fragments. We tested three pairs 

of split versions for Neo-2/15: (i) between the helical elements H1 and H3-H2’-H4, (ii) between 

the helical elements H1-H3 and H2’-H4, or (iii) between the helical elements H1-H3-H2’ and H4. 

In all three cases, much stronger IL-2 receptor binding and signaling was observed when the two 

fragments were combined than for either fragment alone (Fig. 1b,c, Extended Data Fig. 1). For the 

split pair H1 and H32’4, neither fragment alone showed any activity even at high concentrations 

(Extended Data Fig. 1a). We selected this pair for subsequent studies and the H1 and H32’4 split 

fragments are henceforth referred to as Neo2A and Neo2B, respectively. Further characterization 

of the fragments revealed that Neo2A is unfolded in solution, while Neo2B remains helical 

(Extended Data Fig. 2a). The two split fragments have low affinity for each other in absence of 

the IL-2 receptor subunits (Kd ~4.5 µM) but form a much higher affinity complex in the presence 

of the soluble IL-2Rβ and IL-2Rγ (Kd = 50.8 nM), a desirable property to ensure on-target 

reconstitution (Extended Data Fig. 2b-c).  
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Split Neo-2/15 is selectively reconstituted on target cells  

We next sought to evaluate whether selective targeting of the Split Neo-2/15 components to the 

surface of cells could reconstitute activity at sub-micromolar concentrations through co-

localization. We fused the fragments to designed ankyrin repeat proteins (DARPins) that target the 

extracellular domains of Her2 (G3 DARPin23) and the EGFR (E01 DARPin24). Intact Neo-2/15 

and the split fragments thereof retained their function after either N- or C-terminal fusion to the 

targeting domains and irrespective of linker length (Extended Data Fig. 3a-e). The targeted split 

fragments were added to a mixture of four K562 cell lines engineered to express EGFR-iRFP, 

Her2-eGFP, both, or neither 25 (Figure 2a), and reconstitution of Neo-2/15 activity on the surface 

of target cells was measured by recruitment of soluble IL-2Rβγ complex (Fig. 2a). IL-2Rβγ was 

specifically recruited to Her2+ cells when both Neo2A and Neo2B split fragments were targeted 

to Her2 (αHer2-Neo2A + αHer2-Neo2B) with similar activity to Her2-targeted intact Neo-2/15 

(αHer2-Neo2/15), demonstrating co-localization-dependent receptor binding (Fig. 2b, Extended 

Data Fig. 4a). IL-2Rβγ bound with high selectivity to the surface of double-positive Her2+/EGFR+ 

when one split fragment was targeted to Her2 and the other to EGFR (Fig. 2b, Extended Data Fig. 

4b), demonstrating the feasibility of this approach to target two different antigens on the same cell 

surface. Similar selectivity was observed for other split pair variants (Extended Data Fig. 4c-d), 

but at high concentrations, their single fragments showed residual receptor binding capacity 

(Extended Data Fig. 4e).  

Split Neo-2/15 trans-activates immune cells 

To evaluate whether the targeted Split Neo-2/15 proteins could trans-activate immune cells when 

bound to target tumor cells, we first targeted the fragments to the double-positive Her2+/EGFR+ 

K562 cell line described above in the presence of an IL-2 responsive human natural killer cell line 

(YT-1) and assessed STAT5 phosphorylation as a readout for IL-2 signaling (Fig. 2c). Selective 

activation was observed for the targeted Neo2A and Neo2B pair (Fig. 2d, Extended Data Fig. 5a), 

but required a high ratio (20:1) of tumor cells to immune cells. We hypothesized that more potent 

trans-activation could occur for antigen-specific immune cells, since the immune synapse between 

the immune cell and the tumor cell would bring them into close proximity for an extended period 

of time, allowing the targeted cytokine to more efficiently dimerize the receptor subunits and 

activate the immune cell. To test this hypothesis, we targeted Neo2A and Neo2B to B16 melanoma 

cells overexpressing PD-L1 26 by fusing them to the αPD-L1 nanobody B3 27,28 and co-cultured 

them overnight with melanoma antigen-specific αTrp-1 CD8+ T cells (Fig. 2e) in the presence of 

an αCD28 antibody to provide co-stimulation. The Split Neo-2/15 fragments targeted to the surface 

of B16 cells efficiently trans-activated the antigen-specific T cells (Fig. 2f, Extended Data Fig. 

6a). This activation was dependent on targeting: fusions to a control nanobody with irrelevant 

specificity (1B7, which recognizes a Toxoplasma gondii kinase29) did not activate T cells, and 

addition of an excess of soluble ɑPD-L1 nanobody to compete out cell surface binding 

considerably reduced trans-activation (Fig. 2g, Extended Data Fig. 6b). 

Split Neo-2/15 reduces dose-limiting toxicity in murine models  

We next sought to evaluate the safety profile and therapeutic activity of Split Neo-2/15. IL-2 

immunotherapy induces toxicities such as pulmonary edema and weight loss in mice 2. We 

previously showed that treatment with Neo-2/15 has significantly lower systemic toxicity than IL-

2 in preclinical models 3. We hypothesized that the conditional activity of Split Neo-2/15 could 

further expand the therapeutic window by preventing systemic activity of the individual fragments 
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until co-localized to the desired site. We treated healthy C57BL/6J mice with equimolar doses of 

Neo-2/15, targeted and untargeted Neo-2/15 fusion proteins (ɑPD-L1-Neo2/15 and Ctrl-Neo2/15), 

and targeted and untargeted Split Neo-2/15 fusion proteins (Fig. 3a) at a daily dose of 2.6 nmol 

(equivalent to 30 μg of Neo-2/15, higher than previously reported and anticipated to show 

moderate toxic effects 3). Signs of toxicity were evident in mice treated with Neo-2/15 and Ctrl-

Neo2/15 at 23 days post-treatment due to the high dose (Fig. 3a, Extended Data Fig. 7). The ɑPD-

L1-Neo-2/15 fusion protein was found to be toxic just days into treatment, possibly due to 

accumulation by unwanted localization to PD-L1 expressing cells such as myeloid dendritic cells 

and brown adipocytes 27. As anticipated, neither the untargeted nor the targeted Split Neo-2/15 

fragment combinations showed any signs of toxicity at this dose. 

Targeted Split Neo-2/15 induces potent antitumor effects in syngeneic melanoma models  

We evaluated the antitumor effects of Split Neo-2/15 in syngeneic murine models of PD-L1-

overexpressing B16 melanoma tumors 29. First, we compared the therapeutic effect of intact Neo-

2/15 fusion proteins (untargeted or targeted to PD-L1) with that of the Split Neo-2/15 fusion 

protein (untargeted or targeted to PD-L1). The therapeutic molecules were administered at the 

highest non-toxic dose, i.e., intact targeted Neo-2/15 controls (ɑPD-L1-Neo-2/15 and Ctrl-Neo-

2/15) at 12 µg/mouse/day (430pmol), whereas the split fragments were dosed at a ~20-fold higher 

molar ratio (200 µg/mouse/day, 8 nmol). All proteins were administered intraperitoneally, except 

the Neo2B fusions, which were administered subcutaneously at the opposite flank of the tumor to 

prevent potential association of the split molecules before injection. The molecules were 

administered as single-agent therapeutics (Extended Data Fig. 8a) or in combination with the anti-

melanoma antibody TA99 (Fig. 3b). Survival and tumor growth were evaluated for all groups. The 

antitumor efficacy of the PD-L1-targeted split fragments (ɑPD-L1-Neo2A + ɑPD-L1-Neo2B) was 

superior to that of the untargeted split fragments (Ctrl-Neo2A + Ctrl-Neo2B) as well as the targeted 

and untargeted intact Neo-2/15 fusion proteins, resulting in extended survival and complete tumor 

clearance in two mice (Fig. 3b). As expected, the individual fragments did not show any antitumor 

therapeutic activity. Consistent with these efficacy results, ɑPD-L1-Neo2A + ɑPD-L1-Neo2B 

therapy resulted in expansion and activation of CD8+ T cell expansion in peripheral blood 

(Extended Data Fig. 8c-d). Intact Neo-2/15 fusions (ɑPD-L1-Neo2/15 and Ctrl-Neo2/15) did not 

show a potent antitumor effect due to dose-limiting toxicity, as predicted by the safety studies 

presented in Fig. 3a and Extended Data Fig. 8b. Both intact Neo-2/15 fusions performed similarly 

regardless of targeting, in agreement with previous reports showing that efficacy of a targeted fully 

active IL-2-mimetic molecule is mainly mediated by systemic activity9.  

 

We next carried out a more extensive comparison of the antitumor efficacy of Neo-2/15 compared 

to untargeted and targeted Split Neo-2/15 (Fig. 3c). The ɑPD-L1 Split Neo2/15 molecules showed 

little toxicity and exhibited superior efficacy and safety compared to intact Neo-2/15 (Fig. 3d). 

The enhanced therapeutic effect was likely a result of increased on-tumor accumulation of active 

Neo-2/15 due to a higher tolerated dose and reduced systemic effects. In the case of mice treated 

with untargeted control Split Neo-2/15 at the high 8 nmol dose, we observed signs of systemic 

toxicity, further highlighting the benefit of targeting the conditionally-active cytokines to 

concentrate their activity at the tumor site. Remarkably, among all the treatment groups, the cohort 

treated with ɑPD-L1 Split Neo-2/15 was the only group in which some mice achieved complete 

tumor remission (Fig. 3e). We evaluated the durability of this effect by re-challenging the “cured” 

mice with new B16 tumors (Fig. 3f). Rechallenged mice showed improved survival (one mouse 
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again achieved complete remission) and had higher numbers of tumor-specific (anti-Trp1) CD8+ 

T cells compared to mice receiving a primary challenge, demonstrating immunologic memory. 

Overall, these results demonstrate the therapeutic potential of the targeted Split Neo-2/15 

molecule, highlighting its ability to overcome dose-limiting toxicities often observed in the 

development of immunocytokines.  

Specific cis-activation of immune cells with Split Neo-2/15 for immunotherapy  

The results above illustrate the potential of Split Neo-2/15 for targeting solid tumors to locally 

expand immune cell populations (trans-activation of immune cells). Some immunotherapeutic 

strategies benefit from cytokine-mediated systemic amplification of specific immune cell subtypes 

to promote antitumor effects (cis-activation), for instance potentiating pre-existing cytotoxic 

CD8+ T cells 13,30 or Chimeric antigen receptor T (CAR-T) cells in adoptive cell therapy 

applications 31. Whereas unwanted activation and expansion of CD25+ regulatory T cells (Tregs) 

has limited many IL-2 based immunotherapies 10,32, Neo-2/15 is CD25-independent and is thus not 

biased to preferentially activate CD25+ Tregs 3, which is one of its main advantages as a cancer 

therapeutic over IL-2. To specifically target CD8+ cytotoxic T cells, we fused the Split Neo-2/15 

proteins to an ɑCD8 nanobody targeting domain 33 (Fig. 4a). First, we confirmed the in vitro 

capacity of the resulting ɑCD8 Split Neo-2/15 to selectively expand CD8+ T cells in cultures of 

splenocytes (containing both CD8+ and CD4+ T cells, Extended Data Fig. 9a-b). We then dosed 

ɑCD8 Split Neo-2/15, ɑCD8 intact Neo-2/15, and untargeted controls in healthy Foxp3-GFP mice 

and assessed the extent of selective expansion of CD8+ T cells over other T cell subtypes, such as 

Tregs (Fig. 4b, Extended Data Fig. 9c-d). We observed increased CD8+ frequencies in lymph node 

and spleen in animals treated with ɑCD8-Neo2/15 and ɑCD8 Split Neo-2/15. The cohort treated 

with targeted Split Neo-2/15 induced greater CD8+ T cell-specific proliferation compared to the 

cohort treated with targeted intact Neo-2/15, likely due to reduced off-target effects of the 

conditionally-active molecule. We then evaluated the antitumor efficacy of CD8-specific Split 

Neo-2/15 in the B16 mouse model of melanoma. Intact Neo-2/15 and split fragment fusion proteins 

were dosed as single agents (Extended Data Fig. 9e) and in combination with Ta99 (Fig. 4c). 

Consistent with our targeted activation studies, we observed delayed tumor growth and improved 

survival in mice treated with the ɑCD8 Split Neo-2/15 compared to both untreated mice and mice 

treated with untargeted split pair. 

 

CAR-T therapies have achieved success in a subset of patients with B cell malignancies, but many 

patients do not respond to these treatments and additional challenges remain for their clinical 

application in solid tumors 34,35. For instance, insufficient CAR-T cell expansion is correlated with 

treatment failure in hematological malignancies 36, and poor CAR-T cell accumulation at the tumor 

site is believed to lessen effectiveness in the treatment of epithelial cancers 37,38. We hypothesized 

that highly-specific targeting of Split Neo-2/15 to the CAR-T cells would result in improved 

therapy through the selective expansion of CAR-T cells and reduced interaction with other immune 

cells that can lead to toxicity by immune overactivation. We engineered CD19 CAR-T cells that 

co-express truncated Her2 as a transduction marker for use as target for the split Neo-2/15 αHer2 

fusion proteins described above (Fig. 4d). Split Neo-2/15 fragments fused to an EpCam binding 

DARPin (Ec1)39 were used as an untargeted controls. The ɑHer2 Split Neo-2/15 molecules 

selectively activated IL-2 signaling leading to STAT5 phosphorylation in CAR transduced Her2+ 

cells, whereas ɑHer2 intact Neo-2/15 activated either transduced (Her2+) or untransduced (Her2-) 

cells (Fig. 4e). In a lymphoma xenograft model (Raji), co-treatment with CAR-T cells and targeted 
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split Neo2/15 exhibited improved tumor control and prolonged survival compared to CAR T-only 

treated control mice and compared to the untargeted split Neo2/15 (Fig. 4f, Extended Data Fig. 

10). Taken together, these cis-activation studies illustrate the potential of our targeted conditional 

activation approach in cancer immunotherapy. 

Discussion  

Split Neo-2/15 is, to our knowledge, the first example of an IL-2-like molecule with designed 

conditional activity. The two components have no activity on their own, allowing for effective 

localization of the cytokine activity to the desired site of action, overcoming problems with 

residual systemic activity observed with intact immunocytokines fused to targeting domains 9. 

Targeting the two components to the tumor to elicit trans-activation results in an increased 

therapeutic index and leads to complete remissions in syngeneic melanoma tumor models. 

Targeting the components to specific immune cells to elicit cis-activation enhances antitumor 

immunotherapeutic effects in syngeneic melanoma and lymphoma xenograft models in mice. Our 

approach can be readily extended to target other immune cells subsets of interest, such as NK cells 

to potentiate their innate anti-tumor immunity 40,41, or Tregs for treatment of autoimmune disorders 
42,43. Our approach also enables simultaneously targeting of two different cell surface antigens (i.e. 

AND logic25,44) that can be present on either the tumor cells (trans-activation) or the immune cells 

(cis-activation). More generally, this work highlights how the robust folding and high stability of 

de novo designed proteins can be exploited to create conditionally active signaling molecules that 

function robustly in animals, opening the door to a broad range of therapeutic and synthetic biology 

applications.  
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Figures and figure legends 

 

Figure 1. Neoleukin-2/15 can be 

split into two fragments that 

reconstitute activity when 

combined. a, Splitting strategy for 

Neo-2/15. Structure of Neo-2/15 

(cylinder representation) and murine 

IL-2 Receptors β and γ (beige and pink 

surface representations respectively, 

PDB ID: 6dg5). Dashed line 

represents the selected split site 

between helix H1 (Neo2A), involved 

in the interface with both receptors, 

and helix H32’4 (Neo2B). b, Binding 

of Split Neo-2/15 fragments to the IL-

2 Receptor. Biolayer interferometry 

binding assay illustrating the binding 

kinetics of intact Neo-2/15 (black 

line), Neo2A (blue), Neo2B (purple) and the combination of Neo2A + Neo2B (magenta) (1 μM 

concentration) binding to biotinylated human IL-2Rγ immobilized on an Octet streptavidin sensor 

in the presence of 250nM soluble hIL-2Rβ. Full titrations are provided in Extended Data Fig. 1a. 

c, Signaling of Split Neo-2/15 on human YT-1 cells. STAT5 phosphorylation in YT-1 cells 

following treatment with intact Neo-2/15 (black line), Neo2A (blue), Neo2B (purple), or the 

combination of Neo2A + Neo2B (magenta). Treatment with the split pair reconstitutes Neo-2/15 

activity.  
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Figure 2. Trans-activation of immune cells through targeted reconstitution of Split Neo-2/15 

on the surface of tumor cells. a, In vitro assay for reconstitution of Split Neo-2/15 binding activity 

on the surface of on-target K562 cells expressing Her2 and EGFR. Neo2A (H1) and Neo2B (H32’4) 

split protein variants were fused to anti-EGFR and anti-Her2 DARPin targeting domains, 

respectively. K562 cells (gray) and engineered K562 cell lines transduced with Her2-eGFP 

(purple), EGFR-iRFP (blue), or both Her2-eGFP and EGFR-iRFP (pink) were mixed in an 

equivalent ratio, incubated with an equimolar ratio of targeted Split Neo-2/15 proteins, washed, and 

then incubated with a mixture of: soluble hIL-2Rβ, soluble biotinylated hIL-2Rγ, and streptavidin-

phycoerythrin fluorophore conjugate (PE). Reconstitution of Neo-2/15 binding activity on the cell 

surface was measured by recruitment of PE-labelled hIL-2Rβγ. Quantification of hIL-2Rbg binding 

to K562 cells incubated with the indicated Neo-2/15 and split Neo-2/15 fragment fusion proteins, 

as shown in (a). When the two split fragments were targeted to different surface markers (αEGFR-

Neo2A + αHer2-Neo2B), selective reconstitution on the surface of double-positive Her2+/EGFR+ 

cells was observed. c, Cellular assay to detect trans-presentation of split Neo-2/15 on the surface of 

tumor cells to immune cells. Untransduced Her2-/EGFR- K562 cells (Off-target) or Her2+/EGFR+ 

co-expressing K562 cells (On-target) were co-cultured with human YT-1 NK cells in a 20:1 ratio 

(K562:YT-1) in the presence of ɑHer2-Neo2A and ɑEGFR-Neo2B fragment fusion proteins. YT-

1 cell activation was analyzed by measuring STAT5 phosphorylation. d, STAT5 phosphorylation 
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of YT-1 cells from the experiment shown in (c). Strong signaling was observed for on-target 

Her2+/EGFR+ K562 cells incubated with ɑHer2-Neo2A + ɑEGFR-Neo2B, demonstrating trans-

activation of immune cells from the surface of target-expressing cells. e, Cellular assay to detect 

trans-activation of antigen-specific αTrp-1 CD8+ T cells by split Neo-2/15 on the surface of B16 

melanoma cells overexpressing PD-L1, allowing trans-activation of antigen-specific αTrp-1 CD8+ 

T cells in co-culture. Split Neo-2/15 proteins were fused to a nanobody (VHH) with irrelevant 

specificity (Ctrl) or an αPD-L1 nanobody (B3). f, Trans-activation of T cells in the co-culture assay 

described in (e), as measured by expression of the activation marker CD25. αCD3 and αCD28 

antibody treatment was used as a positive control for T cell activation. OVA peptide was used to 

quantify basal CD25 expression levels in co-culture conditions. All samples were incubated with 

an ɑCD28 antibody to provide co-stimulation. g, B16 and CD8+ T cells were co-cultured in the 

presence of activating proteins, as described in (e). Addition of excess soluble ɑPD-L1 nanobody 

(VHH) to competitively inhibit binding of targeted split fusion proteins to the B16 cell surface 

resulted in attenuated T cell activation, confirming trans-activation of immune cells from the 

surface of tumor cells. 

 

 

 

 

 

 

 

 

 

 

 

 

   



 

 

25 

 
 

Figure 3. Targeting Split Neo-2/15 to tumors increases safety and enhances anti-tumor 

efficacy. a, Safety study in immunocompetent C57BL/6J mice (n=5/group) treated with targeted 

Neo-2/15 and targeted Split Neo-2/15. Mice were treated daily with equivalent doses of the 

indicated proteins (2.6 nmol, equivalent to 30 µg/mouse of Neo-2/15). Weight change and survival 

(Extended Data Fig. 7a) were monitored to evaluate toxicity of the molecules. b, Efficacy study in 

C57BL/6J mice (n=5/group) bearing B16 PD-L1-overexpressing melanoma cells in the flank. 

Starting on day 5 after tumor cell inoculation, mice were administered daily with therapeutic doses 

of αPD-L1-Neo2/15 and Ctrl-Neo2/15 at 430 nmol (12 µg/mouse) (intraperitoneally) or targeted 

split Neo-2/15 fragments were administered at 8 nmol (200 µg/mouse) (Neo2A fusions given 

intraperitoneally, and Neo2B fusions given subcutaneously at the opposite flank of the tumor). All 

groups were co-treated with Ta99, an αTrp1 melanoma-specific antibody administered bi-weekly 

starting on day 3 (150 µg/mouse). “Ctrl” represents fusion to an irrelevant nanobody as untargeted 

control (1B727). c, Efficacy study in C57BL/6J mice bearing B16 PD-L1-overexpressing 

melanoma cells in the flank (n=5 for PBS and TA99 groups, n=10 for other groups). Starting on 

day 5 after tumor cell inoculation, mice were administered daily with each test article at therapeutic 
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doses (Neo-2/15 at 2.6nmol (30 µg/mouse) and the split Neo-2/15 fragments at 8 nmol (~200 

µg/mouse)). The indicated groups were co-treated with Ta99 mAb administered bi-weekly starting 

on day 3 (150 µg/mouse). d, Weight change in (c) to evaluate the toxicity of Neo-2/15 (2.6 nmol) 

and the αPD-L1 splits Neo-2/15 fusions (8 nmol) at full therapeutic doses. e, Summary of outcomes 

for efficacy studies shown in (b) and (c). f, Surviving αPD-L1 split Neo-2/15 fragment-treated 

mice were re-challenged alongside control mice receiving a primary challenge (n=5/group). CD8+ 

T cells from the treated mice were analyzed for recognition of tumor cells via presence of anti-

Trp1-MHCI tetramer (right panel). 
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Figure 4. Targeting Split Neo-2/15 to specific immune cell subtypes enhances efficacy of 

immunotherapy. a, Depiction of the cis-activation mechanism of Split Neo-2/15 targeted to CD8 

on the surface of T cells. b, ɑCD8 Split Neo-2/15 promotes specific CD8+ T cell proliferation in 

healthy mice. Proteins were administered daily to non-tumor bearing Foxp3-GFP mice for five 

days at 12 µg/mouse/day (500 pmol) for the intact Neo-2/15 fusions and 10 µg/mouse/day (500 

pmol) for the Split Neo-2/15 fusions. On day 6, mice were euthanized, spleen and both inguinal 

lymph nodes were collected and cell populations were investigated by flow cytometry to evaluate 

specific expansion of CD8+ T cell populations. The Split Neo-2/15 fragments were also fused to 

an irrelevant targeted nanobody as untargeted control (Ctrl-Neo2A and Ctrl-Neo2B). * indicates 

P<0.05; ** indicates P<0.01, unpaired Student’s t test. c, Efficacy study in C57BL/6J mice bearing 

B16 melanoma treated with ɑCD8 Split Neo-2/15 and Ta99. B16 melanoma tumors were 

inoculated subcutaneously on the left flank of B6 mice on day 0. Ta99 was administered biweekly 

starting on day 3 (150 µg/mouse) and all other proteins were administered daily starting on day 5. 

Neo2A splits were administered subcutaneously and Neo2B splits were administered 
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intraperitoneally at 500 pmol each. Tumor growth (left) and mouse survival (right) are shown 

(n=10 mice per group for split Neo-2/15 treated mice, n=5 for controls). * indicates P = 0.0303, 

Mantel−Cox log rank. d, Depiction of the cis-activation mechanism of Split Neo-2/15 targeted to 

Her2 expressed as a transduction marker on the surface of ɑCD19 CAR-T cells. e, STAT5 

phosphorylation of untransduced Her2- primary CD8+ T-cells (left) or transduced Her2+ CD8+ T 

cells expressing the ɑCD19 CAR (right). An EpCam binding DARPin (Ec1) was fused to the split 

Neo-2/15 fragments as an untargeted control. f, Efficacy of ɑCD19 CAR-T cells and co-treatment 

with CAR-T-targeted split Neo-2/15 fragments in a lymphoma xenograft model. Both Her2-

tageted and EpCam-targeted (control) split Neo-2/15 fragments were dosed at 7.5 mg/kg (n=5 

mice per group). 
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Extended Data Figures and Tables 

 
Extended Data Table 1. Split Neoleukin-2/15 variants sequences 

Split Neoleukin-2/15 

variants 

Sequence 

H1 PKKKIQLHAEHALYDALMILNIVKTNS 

H3-H2’-H4 TNSPPAEEKLEDYAFNFELILEEIARLFESGDQKDEAEKAKRMKEWM

KRIKTTASEDEQEEMANAIITILQSWIFS 

H1-H3-H2’ PKKKIQLHAEHALYDALMILNIVKTNSPPAEEKLEDYAFNFELILEEIA

RLFESGDQKDEAEKAKRMKEWMKRIKTTAS 

H4 TTASEDEQEEMANAIITILQSWIFS 

H1-H3 PKKKIQLHAEHALYDALMILNIVKTNSPPAEEKLEDYAFNFELILEEIA

RLFESGD 

H2’-H4 DQKDEAEKAKRMKEWMKRIKTTASEDEQEEMANAIITILQSWIFS 
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Extended Data Figure 1. IL-2 receptor binding and immune cell signaling activity of Split 

Neo-2/15 pairs. Binding to immobilized IL-2Rβγ measured via biolayer interferometry (left) and 

STAT5 phosphorylation response (right) of YT-1 human NK cells for Neo-2/15 (black), one split 

fragment (blue), a second split fragment (purple) and the combination of the two split fragments 

(magenta). Results are shown for three split pairs: H1+H32’4 (a); H13+H2’4 (b); and H132’+H4 

(c). The H1+H32’4 (Neo2A + Neo2B) pair demonstrates the optimal conditional activation profile. 

The calculated EC50 values for the STAT5 phosphorylation (a-c, right panels) are: Neo-2/15 0.187 

nM; H1+H32’4 14 nM; H13+H2’4 34.6 nM; H132’+H4 28.3 nM; H1 >40 µM; H32’4 >40 µM; 

H13 >40 µM; H2’4 >40 µM; H132’ 171 nM; H4 >40 µM. Experiments were performed in 

triplicate three times with similar results. Error bars represent s.d. 
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Extended Data Figure 2. Biophysical analyses of split Neo-2/15 fragments Neo2A and Neo2B. 

a, Left: Circular dichroism spectra of Neo-2/15 (black) and the Split Neo-2/15 fragments 

individually (blue and purple) or in combination (magenta). Neo2B shows negative ellipticity at 

210 and 222 nm, indicating an alpha helical secondary structure. Neo2A does not show significant 

absorbance at that wavelength, indicating lack of structural organization. Right: Thermal melts of 

each split fragment, monitored by their signal at 222 nm during heating from 25ºC to 95ºC (heating 

rate ~2ºC/min). b, Biolayer interferometry binding analysis of Neo2A binding to Neo2B. 

Biotinylated-Neo2A was immobilized on streptavidin-coated tips and analyzed for binding in the 

presence of serial dilutions of Neo2B (left panel) or Neo2A (right panel). The calculated KD 

between Neo2A and Neo2B is 4.6 μM. Clored lines represent the concentration of analyte in nM. 

c, Biolayer interferometry binding analysis of Neo2A binding to Neo2B in the presence of soluble 

hIL-2Rβ and hIL-2Rγ. Biotin-Neo2A was bound to Streptavidin-coated tips and analyzed for 

binding with serially diluted Neo2B in presence of the soluble IL-2 receptor subunits hIL-2Rβ and 

hIL-2Rγ. The calculated KD for the complex is 50.8 nM. Colored lines represent equimolar 

concentration of Neo2B, hIL-2Rβ and hIL-2Rγ in nM. 
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Extended Data Figure 3. Immune cell signaling activity of targeted Split Neo-2/15 pairs. a-c, 

STAT5 phosphorylation response in YT-1 human NK cells following treatment with intact Neo-

2/15 or split Neo-2/15 fragments fused to Her2- or EGFR-targeted DARPins. Results are shown 

for three split pairs: H1+H32’4 (a); H13+H2’4 (b); and H132’+H4 (c). All Split Neo-2/15 variants 

remain functional after fusion to DARPin targeting domains. The calculated EC50 values are: (a) 

Neo-2/15 0.201 nM; ɑHer2-H1 4.09 µM; ɑEGFR-H132’ 4.20 µM; ɑHer2-H1+ɑEGFR-H32’4 43.9 

nM; (b) ɑHer2-H13 5.51 µM; ɑEGFR-H2’4 6.73 µM; ɑHer2-H13+ɑEGFR-H2’4 43.9 nM; (c) 

ɑHer2-H132’ 9.87 µM; ɑEGFR-H4 2.03 µM; ɑHer2-H132’+ɑEGFR-H4 3.07 nM; d, Increasing 

length of the linker separating the Neo-2/15 split fragments from the DARPin targeting domain 

from 15 to 30 amino acids does not affect activity. The calculated EC50 values are: Neo-2/15 0.99 

nM; 15 residue linker ɑHer2-H1+ɑEGFR-H32’4 68.3 nM; 30 residue linker ɑHer2-H1+ɑEGFR-
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H32’4 68.1 nM; H1+H32’4 67.8 nM. e, Intact Neo-2/15 fused to Her2- or EGFR-targeted 

DARPins retains full activity, as measured by STAT5 phosphorylation response in YT-1 human 

NK cells. Experiments were performed in triplicate three times with similar results. Error bars 

represent s.d. 
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Extended Data Figure 4. Targeted reconstitution of Split Neo-2/15 targeted to the surface of 

transduced K562 cells. a-c, Dilution series of targeted Split Neo-2/15 variants were evaluated by 

flow cytometry using the experimental setup shown in Fig 2a. Reconstitution of IL-2 receptor 

binding activity is measured by recruitment of fluorescently-labelled hIL-2Rβγ (resulting from a 

mixture of IL-2Rβ, biotinylated IL-2Rγ, and PE-conjugated streptavidin). Data are shown for 

Her2-targeted intact Neo-2/15 (a) and three split pairs: H1+H32’4 (b); H13+H2’4 (c); and 

H132’+H4 (d). e, Activity of the individual split Neo-2/15 fragment fusion proteins (810 nM 

concentration) was tested to evaluate the potential for off-target activity. The dilution series were 

performed in a single replicate (n = 1). 
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Extended Data Fig. 5. Trans-presentation of split-Neo-2/15 on the surface of K562 to YT-1 

cells has limited potency in the absence of an immunological synapse. Untransduced Her2-

/EGFR- K562 (off-target) cells or double-positive Her2+/EGFR+ K562 (on-target) cells were co-

cultured with YT-1 human NK cells in varying K562:YT-1 cell ratios in the presence of ɑHer2-

Neo2A and ɑEGFR-Neo2B or other split Neo-2/15 fragment pairs. STAT5 phosphorylation of 

immune cells was observed for high K562:YT-1 cell ratios, demonstrating trans-activation of 

immune cells from the surface of target-expressing cells. The experiments were performed in 

triplicate three times with similar results. Error bars represent s.d. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

40 

 
Extended Data Figure 6. CD69 upregulation data from CD8+ T cell trans-activation study 

shown in Fig. 2e. a, PD-L1-overexpressing B16 melanoma cells and αTrp-1 CD8+ T cells were 

co-cultured in the presence of the listed activating proteins at 1.0 μM concentrations. CD69 

expression was measured to assess T cell activation. αCD3 and αCD28 antibodies were used as 

positive control for T cell activation. OVA peptide was used to quantify basal CD69 expression 

levels in co-culture conditions. All samples were incubated with an ɑCD28 antibody to provide a 

co-stimulatory signal. b, Addition of excess soluble ɑPD-L1 nanobody (VHH) to competitively 

inhibit binding of targeted split fusion proteins to the B16 cell surface reduced T cell activation, 

confirming trans-activation of immune cells from the surface of tumor cells. The experiments were 

performed in triplicate three times with similar results. Error bars represent s.d. 
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Extended Data Figure 7. Supplementary data for in vivo safety study presented in Figure 3a. 

Immunocompetent C57BL/6J mice (n=5/group) were treated with targeted Neo-2/15 and targeted 

Split Neo-2/15. Mice were treated daily with equivalent doses of the indicated proteins (2.6 nmol). 

Spleen and lungs were harvested upon euthanasia. Organs from mice in the Neo-2/15, Ctrl-

Neo2/15, and αPD-L1-Neo2/15 cohorts were obtained and analyzed on different days, when the 

euthanasia criteria were met. Organs from the mice in the PBS and split cohorts were obtained on 

day 60, at the conclusion of the study. a, Survival curve. b, subjected to immunophenotyping by 

flow cytometry to quantify expansion of CD8+ T cells. c, The spleens and lungs were weighed to 

assess potential toxicity of treatment. Wet lung masses are reported. * indicates P<0.05; ** 

indicates P<0.01, **** indicates P<0.001 , unpaired Student’s t-test. Error bars represent s.d. 
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Extended Data Figure 8. Supplementary data and peripheral blood analysis for the efficacy 

study presented in Figure 3b. C57BL/6J mice (n=5/group) bearing PD-L1-overexpressing B16 

melanoma tumors in the flank were treated with the Neo-2/15 and Split Neo-2/15 fusion proteins 

as indicated. a, This efficacy experiment was carried out identically (and in parallel) to the efficacy 

experiment shown in Figure 3b. Data shown here were collected from mice that were not co-treated 

with Ta99. b, Weight change after one week of treatment for mice in the efficacy study shown in 

Figure 3b. c, Peripheral blood cell analysis of mice from the study shown in Figure 3b. Peripheral 

blood was collected at day 15 of treatment and analyzed by flow cytometry. Relative expansion of 

CD8+ T cells was measured to quantify in vivo activity of the Neo-2/15 and Split Neo-2/15 

constructs. d, Expression of surface CD25 and CD69 on cells analyzed in (c) was measured to 

evaluate Split Neo-2/15-mediated T cell activation. Error bars represent s.d. 
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Extended Data Figure 9. CD8-targeted Split Neo-2/15 mediated T cell cis-activation. a-b, 

Splenocytes from WT B6 mice were cultured with the indicated Neo-2/15 and Split Neo-2/15 

fusion proteins. After four days, cells were harvested and analyzed by flow cytometry. The change 

in the ratio of CD8:CD4 T cells was quantified to measure selective expansion of CD8+ T cells by 

the targeted constructs (b). c-d, Healthy FoxP3-GFP mice were dosed daily with the indicated 

constructs. After 5 days, the mice were euthanized and their spleens and lymph nodes were 

harvested. The CD8:CD4 ratios in the spleen cells (c) and lymph node cells (d) were quantified by 

flow cytometry to assess the extent of selective expansion of CD8+ T cells in vivo. e, Anti-tumor 

efficacy of CD8-specific Split Neo-2/15 in a syngeneic mouse model of B16 melanoma. This 

efficacy experiment was carried out with the same conditions and in parallel to the study shown in 

Fig. 4c. Mice shown here were not co-treated with Ta99. * indicates P<0.05; ** indicates P<0.01, 

unpaired Student’s t-test. Error bars represent s.d.  
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Extended Data Figure 10. Tumor growth following co-therapy with anti-CD19 CAR T cells 

and targeted Split Neo-2/15 in a lymphoma model. NSG mice inoculated with 0.5x106 RAJI 

tumor cells were treated with 0.8x106 anti-CD19 CAR-T cells 7 days post-tumor inoculation. 

ɑHer2-Neo2A + ɑHer2-Neo2B or control ɑEpCam-Neo2A + ɑEpCam-Neo2B were injected 

intraperitoneally at 7.5mg/kg daily from day 1 to 3, day 6 to 10 and day 13 to 15 after CAR-T cell 

injection. RAJI tumor cells were transduced with (ffLuc)-eGFP to assess tumor growth via 

bioluminescence imaging. The experiment was performed once. 
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Methods 

 

Synthetic gene construction  

The designed protein sequences were codon optimized for E. coli expression and ordered as 

synthetic genes in pET29b+ E. coli expression vectors (Genscript). The synthetic gene was 

inserted at the NdeI and XhoI sites of each vector, including an N-terminal hexahistidine tag 

followed by a TEV protease cleavage site and a stop codon was added at the C terminus. The 

VHH fusion proteins were also inserted in pCMV/R for mammalian cell expression cloned 

between NheI and AvrII sites and including an N-terminal signal peptide 

(MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAGSDG) (Genscript).  

 

Protein production and purification in E. coli 

All DARPin protein fusions, H132’ and H32’4 were expressed in the E. coli Lemo21(DE3) 

strain (NEB). The VHH fusion proteins were expressed in E. coli SHuffle T7 strain (NEB). 

Bacteria were transformed with a pET29b+ plasmid encoding the synthesized gene of interest. 

Cells were grown for 24 hours in LB media supplemented with kanamycin. Cells were 

inoculated at a 1:50 mL ratio in the Studier TBM-5052 autoinduction media supplemented with 

carbenicillin or kanamycin, grown at 37 °C for 2-4 hours, and then grown at 18 °C for an 

additional 18 h. Cells were harvested by centrifugation at 4000g at 4 °C for 15 min and 

resuspended in 30 ml lysis buffer (20 mM Tris-HCl pH 8.0, 300 mM NaCl, 30 mM imidazole, 1 

mM PMSF, 0.02 mg/mL DNAse). Cell resuspensions were lysed by sonication for 2.5 minutes 

(5 second cycles). Lysates were clarified by centrifugation at 24,000g at 4 °C for 20 min and 

passed through 2 ml of Ni-NTA nickel resin (Qiagen, 30250) pre-equilibrated with wash buffer, 

(20 mM Tris-HCl pH 8.0, 300 mM NaCl, 30 mM imidazole). The resin was washed twice with 

10 column volumes (CV) of wash buffer, and then eluted with 3 CV of elution buffer (20 mM 

Tris-HCl pH 8.0, 300 mM NaCl, 300 mM imidazole). The eluted proteins were concentrated 

using Ultra-15 Centrifugal Filter Units (Amicon) and further purified by using a SuperdexTM 75 

Increase 10/300 GL (GE Healthcare) size exclusion column in Tris Buffered Saline (TBS; 25 

mM Tris-HCl pH 8.0, 150 mM NaCl). Fractions containing monomeric protein were pooled, 

concentrated, the concentration was measured by absorbance at 280 nm (nanodrop), and snap-

frozen in liquid nitrogen and stored at -80 °C. Proteins used in animal studies were further 

purified to remove endotoxin using NoEndoTM High Capacity Spin Columns (Protein Ark). The 

endotoxin levels were measured with Endosafe® LAL Cartridge, PTS201F 0.1EU/mL sensitivity 

(Charles River) in an Endosafe nexgen-MCS (Charles River). 

 

Protein production in 293-6E cells 

The nanobody (VHH) fusion proteins used in animal studies were expressed in 293-6E cells. Four 

liters of 293-6E cells were transfected using linear polyethylenimine (PEI). The cultures were 

harvested when the average viability was ≤90% (4-6 days). Protein expression was in the culture 

supernatant and total cell lysate was analyzed by reducing and non-reducing SDS-PAGE. The His-

tagged proteins were purified from the clarified culture supernatant via Ni-NTA affinity 

chromatography. Then, the proteins were dialyzed overnight into PBS pH 7.4, concentrated using 

Ultra-15 Centrifugal Filter Units (Amicon) and analyzed by reducing and non-reducing SDS-

PAGE and analytical SEC. Finally, the concentration was measured by absorbance at 280 nm 

(nanodrop) and aliquots were snap-frozen in liquid nitrogen and stored at -80 °C. 
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Peptide Synthesis 

Peptides H1 (Neo2A), H13, H2’4 and H4 were synthesized to >85% purity by Genscript. For 

Biolayer interferometry assays measuring the affinity between Neo2A and Neo2B, the Neo2A 

peptide was biotinylated at the N-terminus and a flexible linker was added avoid steric hindrance 

(Biotin-GGGSGGGSPKKKIQLHAEHALYDALMILNIVKTNS) 

 

Bio-Layer Interferometry 

Binding data were collected in an Octet RED96 (ForteBio) and processed using ForteBio Data 

Analysis Software version 9.0.0.10. Biotinylated analyte human IL-2Rγ (Acro Biosystems Cat no. 

ILG-H85E8) was immobilized on streptavidin-coated biosensors (SA ForteBio) at 5 μg/ml in 

binding buffer (10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, 0.05% surfactant P20, 

0.5% non-fat dry milk) until reaching 0.5 nm . After loading the IL-2Rγ receptor onto the 

biosensor, baseline measurement was performed dipping the biosensors in binding buffer alone 

(60 seconds), then, the binding kinetics were monitored by dipping the biosensors in wells 

containing the target analyte protein (association step) and then dipping the sensors back into 

baseline/buffer (dissociation). For the association step, analyte proteins were diluted from 

concentrated stocks into binding buffer to the indicated final concentration. Human IL-2Rβ (Acro 

Biosystems Cat no. CD2-H5221) was added in solution at the indicated concentration. The 

experiments using Biotin-Neo2A were performed following the same method, except Biotin-

Neo2A was loaded on the SA sensors and human IL-2Rγ-Fc (Acro Biosystems Cat no. ILG-

H5256) was also added in solution during association.  

 

Circular dichroism 

Far-ultraviolet circular dichroism measurements were carried out with an AVIV spectrometer 

model 420 in PBS (pH 7.4) in a 1 mm path length cuvette with a protein concentration of ~0.20 

mg/ml (unless otherwise mentioned in the text). Temperature melts were performed from 25 to 

95 °C and monitored absorption signal at 222 nm (steps of 2 °C/min, 30 s of equilibration by step). 

Wavelength scans (195–260 nm) were collected at 25 °C and 95 °C, and again at 25 °C after fast 

refolding (~5 min). 

 

Cell culture 

YT-1 human NK and K562 human leukemia cell lines (including K562 cells transduced with 

EGFR-iRFP, Her2-eGFP, both, or neither 25) were cultured in RPMI 1640 medium supplemented 

with 10% fetal bovine serum, 2 mM L-glutamine, 1% non-essential amino acids, 1 mM sodium 

pyruvate, 15 mM HEPES, and 1% penicillin/streptomycin (RPMI complete medium, Gibco). PD-

L1-overexpressing B16 melanoma cells29 were cultured in RPMI media supplemented with 10% 

FBS, 2 mM L-glutamine, 1% penicillin/streptomycin, 1% non-essential amino acids, 1 mM 

sodium pyruvate, (Gibco) and 0.1 mM β-mercaptoethanol. All cells were maintained at 37ºC in a 

humidified incubator with 5% CO2. Murine IFNɣ was purchased from Peprotech and used at the 

indicated concentrations. Cells used for in vivo experiments had been passaged for less than 2 

months, were negative for known mouse pathogens, and were implanted at >95% viability.  

 

YT-1 cell STAT5 phosphorylation studies.  

Approximately 2x105 YT-1 cells were plated in each well of a 96-well plate and re-suspended in 

RPMI complete medium containing serial dilutions of targeted or untargeted intact or Split Neo-

2/15 proteins. Cells were stimulated for 20 min at 37ºC and immediately fixed by addition of 
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formaldehyde to 1.5% and 10 min incubation at room temperature. After fixation, cells were 

permeabilized by resuspension in ice-cold 100% methanol for 30 min on ice. Fixed and 

permeabilized cells were washed twice with PBSA buffer (phosphate-buffered saline [PBS] pH 

7.2 containing 0.1% bovine serum albumin) and then incubated with Alexa Fluor® 647-conjugated 

anti-STAT5 pY694 antibody (BD Biosciences) diluted 1:50 in PBSA buffer for 2 hr at room 

temperature. Cells were washed twice in PBSA buffer and Alexa Fluor® 647 was analyzed on a 

CytoFLEX flow cytometer (Beckman-Coulter). Dose-response curves were fitted to a logistic 

model and half-maximal effective concentrations (EC50s) were calculated using GraphPad Prism 

data analysis software after subtraction of the mean fluorescence intensity (MFI) of unstimulated 

cells and normalization to the maximum signal intensity. Experiments were conducted in triplicate 

and performed three times with similar results. 

 

In vitro K562 cell targeting 

The four K562 cell lines (Engineered K562 tumor cell lines transduced for expression of 

Her2+/eGFP+, EGFR+/iRFP+ or Her2+/eGFP+ and EGFR+/iRFP+ surface markers) were mixed 

in equivalent ratios. The cell mixtures were washed with flow buffer (20 mM Tris pH 8.0, 150 mM 

NaCl, 1 mM MgCl2, 1 mM CaCl2 and 1% BSA) and aliquoted into V-bottom plates with 200,000 

cells/well. Serially diluted Split Neo-2/15 fusion proteins were made from concentrated stocks, 

and then added to the cells in a 50 μl volume and incubated for 30 minutes. Subsequently, the cells 

were washed with 150 μl of flow buffer and incubated with a mixture of biotinylated human IL-

2Rγ (Acro Biosystems Cat no. ILG-H85E8), human IL-2Rβ (Acro Biosystems Cat no. CD2-

H5221) and a fluorescent streptavidin-phycoerythrin conjugate (SA-PE, Invitrogen) for 15 

minutes. Data were acquired on a LSRII or FACSCelesta (BD Biosciences). 

 

YT-1:K562 cell trans-activation assays 

Approximately 2x105 YT-1 cells and the indicated ratio (K562:YT-1=20:1, 6:1, or 2:1) (either 

untransduced Her2-/EGFR- K562 cells or transduced double-positive Her2+/EGFR+ K562 cells) 

were used in each well for trans-activation studies. K562 cells were plated in each well of a 96-

well plate and re-suspended in RPMI complete medium containing serial dilutions of Split Neo-

2/15 proteins. Cells were incubated for 30 min at 37ºC and then washed once with PBSA buffer. 

YT-1 cells were added to each well and co-cultured with K562 cells for 30 min at 37ºC. Cells were 

stained with BV421-conjugated anti-CD132 antibody (BD Biosciences) for 30 min at 4ºC and 

washed once with PBSA buffer. After the wash, immediately fixed by addition of formaldehyde 

to 1.5% and 10 min incubation at room temperature. After fixation, cells were permeabilized by 

resuspension in ice-cold 100% methanol for 30 min on ice. Fixed and permeabilized cells were 

washed twice with PBSA buffer (phosphate-buffered saline [PBS] pH 7.2 containing 0.1% bovine 

serum albumin) and then incubated with Alexa Fluor® 647-conjugated anti-STAT5 pY694 

antibody (BD Biosciences) diluted 1:50 in PBSA buffer for 2 hr at room temperature. Alexa 

Fluor® 647 fluorescence on YT-1 cells (gated based on the CD132 expression) cells was measured 

on a CytoFLEX flow cytometer (Beckman-Coulter). Dose-response curves were fitted to a logistic 

model and half-maximal effective concentrations (EC50s) were calculated using GraphPad Prism 

data analysis software after subtraction of the mean fluorescence intensity (MFI) of unstimulated 

cells and normalization to the maximum signal intensity. Experiments were conducted in duplicate 

and performed twice with consistent results. 
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In vitro T cell:B16 trans-activation experiments 

B16 cells overexpressing PD-L1 were treated overnight with 20 ng/mL IFNg, washed, coated with 

1.0 μM desired protein (i.e., OVA, Neo-2/15, Ctrl-Neo2A, etc.) for 10 min, washed and 

resuspended repeatedly, and replated in a U-bottom plate. Mouse trp1-specific CD8 T cells (JAX 

Stock No: 030958) were isolated via a negative isolation kit (Stemcell Cat # 19853) and plated in 

the listed conditions either alone, or in co-culture with B16 cells at a 1:1 ratio for 1 day. To confirm 

trans-activation, 1.0 μM αPD-L1 or Ctrl VHHs were added at the start of co-culture. The T cells 

were then harvested 24-36 hours after and analyzed by flow cytometry for expression of activation 

markers CD25 (Biolegend Cat # 102018) and CD69 (Biolegend Cat # 104507). T cells were gated 

apart from B16 cells via FSC/SSC gating and CD8 staining (Biolegend Cat # 100728). 

 

Melanoma in vivo experiments  

All animal protocols were approved by the Dana-Farber Cancer Institute Committee on Animal 

Care (protocols 14-019 and 14-037) and are in compliance with the NIH/NCI ethical guidelines 

for tumor-bearing animals. At day 0, 6-8 week-old B6 mice (JAX Stock No: 000664) were 

inoculated with 80-90% confluent B16 F10 cells that overexpress PD-L1 (500k cells/mouse). 

Beginning day 3, mice were treated twice a week with 150 μg TA99 mAb. Beginning day 5, mice 

(N = 5 or 10 mice/group) were treated daily with the listed proteins (i.e. Neo-2/15,αPD-L11-

Neo2A, etc.). The H32’4 (Neo2B) parts were injected subcutaneously on the non-tumor bearing 

flank, while the H1 parts (Neo2A) were injected intraperitoneally. Native Neo-2/15 and its 

conjugates with 1B7 (Ctrl) and B3 (αPD-L1) VHHs were also injected intraperitoneally. Mice 

were euthanized if they lost 10% body weight or if their tumors ulcerated or reached 2000 mm3 in 

volume.  

 

In vitro X118 experiments  

Splenocytes were harvested from a WT B6 mouse and plated together with Neo2 splits in a 96-

well plate in RPMI complete. After four days, cells were harvested and stained for flow 

cytometry. X axis denotes final molar concentration of each individual Split Neo-2/15 construct. 

Negative control single split constructs wells were plated at 50nM. 

 

In vivo expansion in Foxp3-GFP mice 

Split Neo-2/15 fusion proteins (or intact Neo2 constructs) were administered daily to non-tumor 

bearing Foxp3-GFP mice (JAX Stock No: 006772) for five days. Neo2A fusions were injected 

subcutaneously in the scruff of the neck, while Neo2B fusions, PBS, and intact Neo-2/15 

constructs were injected intraperitoneally. Intact Neo-2/15 fusions were dosed at 500 pmol (12 

µg/mouse/day). Split Neo-2/15 fusions were dosed at 500pmol (10 µg/mouse/day) and 250 pmol 

(4 µg/mouse/day). On day 6, mice were euthanized, spleen and both inguinal lymph nodes 

collected and homogenized into single cell suspensions (and spleen resuspended briefly in ACK 

lysis buffer to lyse red blood cells), and cell populations investigated by flow cytometry. 

 

CAR-T cell experiments 

In vitro STAT5 phosphorylation assay: Primary human CD8 T cells were obtained from healthy 

donors with written informed consent for research protocols approved by the Institutional Review 

Board of the FHCRC. Peripheral blood mononuclear cells (PBMC) were isolated using 

lymphocyte separation medium (Corning). T cells were isolated using EasySep CD8 negative 

isolation kits (Stemcell Technologies). CAR-T cells were generated by stimulating thawed CD8 
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with anti-CD3/CD28 Dynabeads (Gibco) at three beads to one T cell ratio in medium 

supplemented with 50 IU/ml (3.1 ng/ml) IL-2. Next day, T cells were transduced with lentivirus 

encoding the anti-CD19 CAR by spinoculation for 90mins at 800g or left untransduced. Beads 

were removed five days post stimulation. CAR positive cells were FACS sorted by the Her2 

transduction marker on day 8. On day 10, CAR-T cells or untransduced T cells were cultured in 

indicated concentrations of Neo2 variants in 96 well plates for 12mins. T cells were then methanol 

fixed, permeabilized and stained for pSTAT5 for flow cytometry. In vivo RAJI experiment: the 

FHCRC Institutional Animal Care and Use Committee approved all mouse experiments. Six-to-

eight-week-old NSG mice were obtained from the Jackson Laboratory. RAJI tumor cells (0.5x106) 

transduced with (ffLuc)-eGFP were injected into the tail veins of NSG mice. CAR-T cells were 

produced as described above, except that CAR-T cells were expanded as described in Terakura et 

al, Blood 2012 post FACS sorting. Seven days after tumor injection, lentiviral transduced anti-

CD19 Her2+ CART cells (0.8x106) were infused intravenously into mice. ɑHer2-Neo2A + ɑHer2-

Neo2B or ɑEpCam-Neo2A + ɑEpCam-Neo2B at 7.5mg/ kg were injected into the peritoneum on 

days 1-3, day 6-10 and day 13-15 post T cell injection.  
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Chapter 3 

De novo design of modular and tunable protein biosensors  

 

As originally published in Quijano-Rubio, A., Yeh, H.-W., Park, J., Lee, H., Langan, R. A., Boyken, S. E., 

Lajoie, M. J., Cao, L., Chow, C. M., Miranda, M. C., Wi, J., Hong, H. J., Stewart, L., Oh, B.-H., & Baker, D. 

(2021). De novo design of modular and tunable protein biosensors. Nature, 591(7850), 482–487. 

Abstract 

Naturally occurring protein switches have been repurposed for developing novel biosensors and 

reporters for cellular and clinical applications1, but the number of such switches is limited, and 

engineering them is often challenging as each is different. Here, we show that a very general class 

of protein-based biosensors can be created by inverting the flow of information through de novo 

designed protein switches in which binding of a peptide key triggers biological outputs of interest2. 

The designed sensors are modular molecular devices with a closed dark state and an open 

luminescent state; binding of the analyte of interest drives switching from the closed to the open 

state. Because the sensor is based purely on thermodynamic coupling of analyte binding to sensor 

activation, only one target binding domain is required, which simplifies sensor design and allows 

direct readout in solution. We demonstrate the modularity of this platform by creating biosensors 

that, with little optimization, 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 (HBV) antibody that achieve the sub-nanomolar sensitivity 

necessary to detect clinically relevant concentrations of these molecules. Given the current need 

for diagnostic tools for tracking COVID-193, we used the approach to design sensors of antibodies 

against SARS-CoV-2 protein epitopes and of the receptor-binding domain (RBD) of the SARS-

CoV-2 Spike protein. The latter, which incorporates a de novo designed RBD binder4, has a limit 

of detection of 15 pM and a signal over background of over 50-fold. The modularity and sensitivity 

of the platform should enable the rapid construction of sensors for a wide range of analytes and 

highlights the power of de novo protein design to create multi-state protein systems with new and 

useful functions. 
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Main text 

Protein-based biosensors play important roles in synthetic biology and clinical applications, but 

thus far, biosensor design has been mostly limited to reengineering natural proteins1. However, 

finding analyte-binding domains that undergo sufficient conformational changes is challenging, 

and even when available, extensive protein engineering efforts are generally required to effectively 

couple them to a reporter domain5,6. Hence it is desirable to construct modular biosensor platforms 

that can be easily repurposed to detect different protein targets of interest. Modular systems have 

been developed for detecting antibodies7–9 and small molecules10,11, but systems for detecting 

proteins with very different structures, sizes and oligomerization states using semisynthetic protein 

platforms12–14 or based on calmodulin switches15,16, usually require considerable screening to find 

potential candidates due to limited predictability17.  

A protein biosensor can be constructed from a system with two nearly isoenergetic states, the 

equilibrium between which is modulated by the analyte being sensed. Desirable properties in such 

a sensor are (i) the analyte triggered conformational change should be independent 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 at relevant 

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 a target 

protein of interest is controlled by the presence of a peptide actuator2. We developed a system 

consisting of two protein components: (a) a ‘lucCage’ comprising a cage domain and a latch 

domain containing a target binding motif and a split luciferase fragment (SmBiT 11418), and (b) a 

“lucKey”, containing a key peptide which binds to the open state of lucCage and the 

complementary split luciferase fragment (LgBit 11S18, Fig. 1a). lucCage has two states: a closed 

state in which the cage domain binds the latch and sterically occludes the binding motif from 

binding target and SmBiT from combining with LgBit to reconstitute luciferase activity, and an 

open state in which these binding interactions are not blocked, and lucKey can bind the cage 

domain. Association of lucKey with lucCage results in the reconstitution of luciferase activity (Fig. 

1a, right). The thermodynamics of the system are tuned such that the binding free energy of lucKey 

to lucCage (ΔGCK) is insufficient to overcome the free energy cost of lucCage opening (ΔGopen) in 

the absence of target (ΔGopen - ΔGCK >> 0), but in the presence of the target, the additional binding 

free energy of the latch to the target (ΔGLT) drives latch opening and luciferase reconstitution 

(ΔGopen - ΔGCK - ΔGLT << 0) (Fig. 1b,c). This system satisfies properties (i) and (ii) above, as a 

wide range of binding activities can be caged, and since the switch is thermodynamically 

controlled, the lucKey and target binding energies can be adjusted to achieve activation at the 

relevant 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 a rapid and sensitive readout of analyte driven lucCage-lucKey 

association, satisfying property (iii). 

 

The states of this biosensor system are in thermodynamic equilibrium, with the tunable parameters 

ΔGopen and ΔGCK governing the populations of the possible species, along with the free energy of 

association of the analyte to the binding domain ΔGLT (Fig. 1b). We simulated the dependence of 

the sensor system on ΔGopen (Extended Data Fig. 1a), ΔGLT (Extended Data Fig. 1b), and the 

concentration of analyte and the sensor components (Extended Data Fig. 1c,d). The sensitivity of 

analyte detection is a function of ΔGLT, with a lower limit of roughly one-tenth the KD for analyte 
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binding (Extended Data Fig. 1b). Above this lower limit, varying the concentration of lucCage and 

lucKey enables responding to different target concentration ranges (Extended Data Fig. 1c,d). 

Sensitivity can be further modulated by tuning the strength of the intramolecular cage-latch 

interaction and the intermolecular cage-key interaction (ΔGopen and ΔGCK): for example too tight 

cage-latch interaction results in low signal in the presence of target, and too weak an interaction 

results in high background in the absence of target (Extended Data Fig. 1a,e). Our design strategy 

aims to find this balance through modulating ΔGopen and ΔGCK by varying the length of the latch 

(and key) helix and by introducing either favorable hydrophobic or unfavorable buried polar 

interactions at the cage-latch/key interface2 (Extended Data Fig. 1f,g). 

Designing tunable lucCage sensors 

To design sensors based on these principles, we developed a “GraftSwitchMover” Rosetta-based 

method to identify placements of target binding peptides within the latch such that the resulting 

protein is stable in the closed state and the interactions with the target are blocked (see 

Supplementary methods). As a first test, we grafted the SmBiT peptide and the Bim peptide in the 

closed state of the optimized asymmetric LOCKR switch described in Langan et al,2 (Extended 

Data Fig. 2). SmBiT adopts a β-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, since secondary structure can be context dependent19. We sampled different threadings 

for the two peptide sequences across the latch, selected the lowest energy solutions (Extended Data 

Fig. 2a) and expressed twelve designs in E. coli. We mixed the designs with lucKey in a 1:1 ratio, 

then added Bcl-2, which binds with nanomolar affinity to Bim20, and observed a rapid increase in 

luminescence (Extended Data Fig. 2b,f; we refer to the best of these as lucCageBim), showing that 

the LOCKR actuator2 operated in reverse can function as a biosensor. The analyte detection range 

could be tuned by varying the concentration of the sensor (lucCage + 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 modalities for analytes of interest 

within lucCage by developing methods for computationally caging target-binding proteins, rather 

than peptides, in the closed state (See supplementary methods). As a test case, we caged the de 

novo designed Influenza A H1 hemagglutinin (HA)21 binding protein HB1.9549.2 into a shortened 

version of the LOCKR switch22 (sCage), optimized to improve stability and facilitate 

crystallization efforts (Fig. 2a). Two of five designs were functional, and bound HA in the presence 

but not the absence of key (Extended Data Fig. 3b). The crystal structure of the best design, 

sCageHA_267-1S, determined to 2.0 Å resolution (Table S1, PDB ID: 7CBC), showed that all 

HA-binding interface residues except one (F273) interact with the cage domain (blocking binding 

of the latch to the target) as intended 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), the immunoglobulin Fc domain, and the Her2 receptor. To do 

so, we grafted a de novo designed binder for Botulinum neurotoxin (Bot.0671.2)21, the C domain 

of the generic antibody binding protein Protein A23, and a Her2-binding affibody 24, into lucCage. 

After screening a few designs for each target (Extended Data Fig. 4-5), we obtained highly 

sensitive lucCages (lucCageBot, lucCageProA, and lucCageHer2) that can detect BoNT/B (Fig. 
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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 upon adding the target, and their sensitivity 

can be tuned by changing the concentration of lucCage and lucKey (Fig. 2). With further 

development, these sensors could enable rapid and low-cost detection of botulinum neurotoxins in 

the food industry25, and detection of serological levels of soluble Her2 (>15 ng/mL; within the 

detection range of lucCageHer2) associated with metastatic breast cancer26. 

lucCage sensor for cardiac troponin 

We next designed sensors for cardiac troponin I (cTnI), which is the standard early diagnostic 

biomarker for acute myocardial infarction (AMI)27. We took advantage of the high-affinity 

interaction between cTnT, cTnC, and cTnI (Fig. 3a) and designed eleven biosensor candidates by 

inserting 6 truncated cTnT sequences at different latch positions (Extended Data Fig. 6a). The best 

candidate, lucCageTrop627, was able to detect cTnI but not at sufficiently low levels for clinical 

use because the rule-in and rule-out levels of cTnI assay for diagnosis of AMI in patients are in 

the low pM range27. As noted above, the limit of detection (LOD) of our sensor platform is about 

0.1 x Kd of the latch-target affinity (KLT), we further increased the affinity of our sensor to cTnI 

by fusing cTnC to its terminus (Extended Data Fig. 6b-d). The resulting sensor, lucCageTrop, has 

a single-digit pM LOD suitable for quantification of clinical samples (Fig. 3b, Extended Data Fig. 

6e,f). 

lucCage sensors for anti-HBV and anti-SARS-CoV-2 antibodies 

Detection of specific antibodies is important for monitoring the spread of a pathogen in a 

population28, the success of vaccination29, and levels of therapeutic antibodies9. To adapt our 

system for antibody serological analyses, we sought to incorporate linear epitopes recognized by 

the antibodies of interest into lucCage. We first developed a sensor for antibodies against the PreS1 

domain of the hepatitis B surface protein L30. The best of 8 designs tested, lucCageHBV had a 

~150% increase in luciferase activity upon addition of the anti-HBV antibody HzKR127-3.231 

(Extended Data Fig. 7a-d). To further improve the dynamic range and LOD of lucCageHBV (~2 

nM, Extended Data Fig. 7e), a second copy of the peptide was introduced at the end of the latch to 

increase latch affinity with the bivalent antibody (KLT) (Fig. 3c,d). The resulting design, 

lucCageHBVα, had a LOD of 260 pM and a dynamic range of 225% (Fig. 3e; Extended Data Fig. 

7g-i), with a luminescence intensity easily detectable with a camera (Extended Data Fig. 7j). Hence 

the platform is applicable to detecting specific antibodies with a LOD in the range for monitoring 

therapeutic antibodies32.  

 

We next sought to use the lucCageHBV sensor to detect hepatitis B surface antigen (HBsAg). 

Since our sensors are under thermodynamic control, we hypothesized that the pre-assembled 

sensor-antibody complex would re-equilibrate in the presence of the target HBsAg protein, PreS1, 

with antibody redistributing to bind free PreS1 instead of the epitope on lucCageHBV (Fig. 3f). 

Indeed, the luminescence of lucCageHBV plus HzKR127-3.2 mixture decreased shortly upon 

addition of the PreS1 domain (Fig. 3g); the sensitivity of this readout enabled quantification of 

PreS1 concentration in a clinically relevant range33 (Fig. 3h, Extended Data Fig. 7f). 

The COVID-19 pandemic has showcased the urgent need for diagnostics for both the SARS-CoV-

2 virus and antiviral antibodies3. To design sensors for anti-SARS-CoV-2 antibodies, we first 

identified from the literature highly immunogenic linear epitopes in the SARS-CoV34,35 and 
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SARS-CoV-2 proteomes36 that are not present in “common” strains of coronaviridae. Among 

these, we focused on two epitopes in the Membrane (M) and Nucleocapsid (N) proteins found to 

be recognized by SARS and COVID-1935,36 patient sera for which cross-reactive animal-derived 

antibodies are commercially available (see Methods). We designed sensors for each epitope and 

identified designs that specifically responded to anti-M and anti-N antibodies (Extended Data Fig. 

8a,b). These sensors reached full signal in 2-5 minutes and had a ~50-70% dynamic range in 

response to low nanomolar amounts of antibodies (Fig. 4a,b, Extended Data Fig. 8c,d). For robust 

serological analysis, generation of an expanded set of more sensitive sensors spanning multiple 

SARS-CoV-2 epitopes recognized will be necessary. 

lucCage sensors for SARS-CoV-2 Spike protein 

To create sensors capable of detecting 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 protein named LCB14 into the lucCage format (Fig. 4c). Of 13 candidates tested, the best, 

which we refer to as lucCageRBD, was able to detect both monomeric RBD and the full trimeric 

SARS-CoV2 spike protein37 with 15 pM LOD and >1700% dynamic range for the RBD detection 

(Fig. 4c, Extended Data Fig. 9). We further increased the dynamic range of lucCageRBD to 5300% 

by using a short version of lucKey to tune KCK (Extended data Fig. 10a-c). 

To evaluate the ability of our sensor platform to function in complex biological matrices, we 

compared RBD detection by lucCageRBD in buffer, simulated nasal matrix38, and human serum, 

and observed only a minor reduction in the latter two conditions (Fig. 4c). Following a suggestion 

by Maarten Merkx39, we controlled for variation in absolute luminescence signal in spiked serum 

samples from four different donors and spiked simulated nasal matrix using a BRET internal 

reference40 for internal calibration, and found that with such calibration the RBD could be 

accurately quantified without compromising sensor dynamic range (Extended Data Fig. 11). These 

results suggest that it should be feasible to implement the lucCage system for future point-of-care 

applications.  

 

To test the specificity of the biosensors developed in this work, we measured the activation kinetics 

of each lucCage in response to all target proteins used in this work. Each sensor responded rapidly 

and sensitively to its cognate target, but not to any of the others (Fig. 4d). For the most part, the 

actual sensors (see Table S2 and Table S3) perform as predicted by the simple thermodynamic 

model; for example, experiments at varying key and sensor concentrations suggest little coupling 

between parameters. However, there is considerable variation between different sensors in the 

level of activation at saturating target concentrations or high lucKey concentrations, which for 

most is lower than that expected for the complete luciferase reconstitution predicted by the model 

(Extended Data Fig. 10d-g and Table S4). This may be a consequence of steric interference 

between target binding to the latch and luciferase reconstitution as the target binding motif and the 

luciferase SmBiT are adjacent to each other in the latch; such interference could be resolved by 

increasing the separation between the two in the switch. The potential of the lucCage system is 

illustrated by the high dynamic range (5300%) and picomolar sensitivity of the lucCageRBD 

sensor: the near optimal Kopen value results in a very low background in the absence of target 

without compromising the extent of activation at low target concentrations.  
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Discussion 

It is instructive to put our sensors in the context of the multiple protein-based biosensor platforms 

that have been developed over the years with considerable success (see Supplementary discussion, 

and Table S5). Our sensor platform is based on the thermodynamic coupling between defined 

closed and open states of the system, thus, its sensitivity depends on the free energy change upon 

the sensing domain binding to the target but not the specific geometry of the binding interaction 

(the semi-synthetic small molecule sensors10,11 also have this property). This enables the 

incorporation of various binding modalities, including small peptides, globular miniproteins, 

antibody epitopes and de novo designed binders, to generate sensitive sensors for a wide range of 

protein targets with little or no optimization. For point of care (POC) applications, our system, like 

other luminescence based protein biosensor platforms8, has the advantages of being homogeneous, 

no-wash, and a nearly instantaneous readout; the quantification of luminescence can be carried out 

with inexpensive and accessible devices such as a cell phone camera8. In hospital settings, the 

ability to modularly design sensors with identical readouts for diverse targets could enable quick 

readout of large numbers of different compounds using an array of hundreds of different sensors.  

Up until recently, the focus of de novo protein design was on the design of proteins with new 

structures corresponding to single deep free energy minima; our results highlight the progress in 

the field which now enables more complex multistate systems to be readily generated. Our sensors, 

like other de novo designed proteins, are expressed at high levels in cells and are very stable, which 

should considerably facilitate their manufacturing and distribution. As highlighted by the 

outstanding performance of the lucCageRBD sensor, there is a strong synergy between the general 

“molecular device” architecture of our platform and de novo designed high-affinity miniprotein 

binders4,21 (these de novo miniproteins also synergize with other platforms41). As the power of 

computational design continues to increase, it should become possible 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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Figures and figure legends 

 

 

 

 
 

Fig. 1 De novo design of multi-state biosensors. a, Sensor schematic mechanism. The closed 

form of lucCage (left) can not bind to lucKey, thus preventing the split luciferase SmBiT fragment 

from interacting with LgBit. The open form (right) can bind both target and key, allowing the 

reconstitution of SmBiT and LgBiT for luciferase activity. b, Thermodynamics of biosensor 

activation. The free energy cost ΔGopen of the transition from closed cage (species 1) to open cage 

(species 2) disfavors association of key (species 5) and reconstitution of luciferase activity (species 

6) in the absence of target. In the presence of the target, the combined free energies of target 

binding (2→3; ΔGLT), key binding (3→4; ΔGCK), and SmBiT-LgBiT association (4→7; ΔGR) 

overcome the unfavorable ΔGopen, driving opening of the lucCage and reconstitution of luciferase 

activity. c, Thermodynamics of biosensor design. The designable parameters are ΔGopen and ΔGCK; 

ΔGR is the same for all targets, and ΔGLT is pre-specified for each target. For sensitive but low 

background analyte detection, ΔGopen and ΔGCK must be tuned such that the closed state (species 

1) is substantially lower in free energy than the open state (species 6) in the absence of target, but 

higher in free energy than the open state in the presence of target (species 7).  
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Fig. 2. Design and characterization of de 

novo biosensors incorporating small 

proteins as sensing domains. a, Structural 

validation of sCageHA_267-1S, caging 

small protein domains into a LOCKR 

switch. Left: design model of the de novo 

binder HB1.9549.2 (cyan ribbon) bound to 

the stem region of influenza hemagglutinin 

(HA, green ribbon)21. Right: crystal structure 

(PDB ID: 7CBC) of sCageHA_267_1S, 

comprising HB1.9549.2 (cyan) grafted into 

a shortened and stabilized version of the 

LOCKR switch22 (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 labels in 

magenta indicate the same set of amino acids 

in the two panels (e.g., F2 in the top panel 

corresponds to F273 in the lower panel). b-

d, Functional characterization of 

lucCageBot, lucCageProA, and 

lucCageHer2. Left: structural models 

incorporate a de novo designed binder for 

BoNT/B (Bot.671.2) 21, the C domain of 

Protein A (SpaC)23 or a Her2-binding 

affibody24, respectively, into lucCage (blue 

ribbon) with caged SmBiT fragment (gold 

ribbon). Middle: Measurement of 

luminescence intensity upon addition of 50 

nM of analyte (BoNT/B, IgG Fc, or Her2) to 

a mixture of 10 nM of each lucCage and 10 nM of lucKey. Right: detection over a wide range of 

analyte concentrations by changing the biosensor (lucCage + lucKey) concentration (colored 

lines). All experiments were performed in triplicate, representative data are shown, and data are 

presented as mean values +/- s.d. 
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Fig. 3 Design and characterization of biosensors for cardiac troponin I and an anti-HBV 

antibody. a, Design of cardiac Troponin I sensor. Left: Structure of cardiac troponin (PDB ID: 

4Y99); Troponin T, C and I (cTnT, cTnC and cTnI) are shown in cyan, green, and magenta, 

respectively. Right: Design model of lucCageTrop. b, Left: Kinetics of luminescence increase 

upon addition of 1 nM cTnI to 0.1 nM lucCageTrop+lucKey. Right: Wide detection range 

accessible by changing the concentration of the sensor components (colored lines). Grey area 

covers the cTnI concentration range relevant to the diagnosis of acute myocardial infarction (AMI) 
27; the dotted line indicates clinical AMI cut-off defined by W.H.O. (0.6 ng/mL, 25 pM). c, HBV 

sensor design models (gold, SmBiT; grey, linker; magenta, HBV PreS1 epitope). d, lucCageHBVα 

with two epitope copies shows higher affinity by biolayer interferometry for the anti-HBV 

antibody HzKR127-3.2 (Kd=0.68 nM) than lucCageHBV (Kd=20 nM). e, Left: Kinetics of 

bioluminescence increase upon addition of 50 nM anti-HBV antibody to 1 nM 

lucCageHBVα+lucKey. Right: Sensitive anti-HBV antibody detection over a wide concentration 

range. f, Mechanism for PreS1 detection using lucCageHBV. g, Kinetics of bioluminescence 

following addition of the anti-HBV antibody (“1”) and subsequently PreS1 (“2”), which decreases 

bioluminescence by competing with the sensor for the antibody. h, Detection of PreS1 can be 

achieved over the relevant post-HBV infection concentration levels (grey area) by varying the 

concentration of antibody (indicated by colored labels). All experiments were performed in 

triplicate, representative data are shown, and data are presented as mean values +/- s.d.  
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Fig. 4. Design of highly specific biosensors for the detection of anti-SARS-CoV-2 antibodies 

and SARS-CoV-2 viral proteins. a, Left panel: lucCageSARS2-M sensor incorporates two 

copies of the SARS-CoV-2 membrane protein 1-17 epitope (red) connected with a flexible spacer. 

Middle panel: kinetics of luminescence activation of 50 nM lucCageSARS2-M+lucKey upon 

addition of 100 nM anti-SARS-CoV-1-M rabbit polyclonal antibodies (ProSci, 3527) that cross-

react with residues 1-17 of the SARS-CoV-2-M. Right panel: response of 5 nM lucCageSARS2-

M+lucKey to varying concentrations of target anti-M pAb. b, Left panel: lucCageSARS2-N 

incorporates two copies of the SARS-CoV-2 nucleocapsid protein 369-382 epitope (light blue). 

Middle panel: kinetics of luminescence activation of 50 nM lucCageSARS2-N+lucKey upon 

addition of 100 nM anti-SARS-CoV-1-N mouse monoclonal antibody (clone 18F629.1), that 

recognizes the epitope. Right panel: response of 50 nM lucCageSARS2-N+lucKey to varying 

concentration of anti-N mAb. c, Left panel: lucCageRBD incorporates a de novo SARS-CoV-2 

RBD binder4 (LCB1, magenta). Middle panel: luminescence intensity upon addition of 16.7 nM 

SARS-Cov-2 RBD or trimeric spike protein to a mixture of 1 nM lucCageRBD+lucKey. Right 

panel: detection over a range of analyte concentrations in buffer, 10% synthetic nasal matrix38 or 
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10% serum. d, Biosensor specificity. Each sensor at 1 nM was incubated with 50 nM of its cognate 

target (magenta lines) and the targets for the other biosensors (grey lines). Targets are Bcl-2, 

BoNT/B, human IgG Fc, Her2, cardiac Troponin I, anti-HBV antibody (HzKR127-3.2), anti-

SARS-CoV-1-M polyclonal antibody and SARS-CoV-2 RBD. All experiments were performed in 

triplicate, representative data are shown, and data are presented as mean values +/- s.d. 
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Methods 

 

Design of the sensor system: lucCage and lucKey 

The low affinity SmBiT 114 (VTGYRLFEEIL)18 was grafted into the latch of the asymmetric 

LOCKR switch described in Langan et al, 20192 using GraftSwitchMover, a RosettaScripts-based 

protein design algorithm (See Supplementary methods for details). The grafting sampling range 

was assigned between residues 300-330. 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 an insertion 

at residue 312, as described in Extended Data Fig. 2. This design was named lucCage. lucKey was 

assembled by genetically fusing the LgBit of NanoLuc18 to the key peptide described in Langan et 

al, 2019. All protein sequences are listed in Table S6. 

  

Computational grafting of sensing domains into lucCage 

Peptides and epitopes: The amino acid sequence for each sensing domain was grafted using 

Rosettascripts42 GraftSwitchMover into all α-helical registers between residues 325-359 of 

lucCage. In the cases where the desired sequence to be inserted exceeded the length of the lucCage 

latch, we made use of Rosetta Remodel 43 to model the C-terminus extension of lucCage (See 

Supplementary methods for details). The resulting lucCages were energy-minimized using Rosetta 

fast relax44, visually inspected and typically less than ten designs were selected for subsequent 

protein production and biochemical characterization.  

Protein domains: the main secondary structure element segment 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. coli expression vectors. The synthetic gene was 

inserted at the NdeI and XhoI sites of each vector, including an N-terminal hexahistidine tag 

followed by a TEV protease cleavage site and a stop codon was added at the C terminus. 
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General procedures for bacterial protein production and purification  

The E. coli Lemo21(DE3) strain (NEB) was transformed with a pET21b+ or pET29b+ plasmid 

encoding the synthesized gene of interest. Cells were grown for 24 hours in LB media 

supplemented with carbenicillin or kanamycin. Cells were inoculated at a 1:50 mL ratio in the 

Studier TBM-5052 autoinduction media supplemented with carbenicillin or kanamycin, grown at 

37 °C for 2-4 hours, and then grown at 18 °C for an additional 18 h. Cells were harvested by 

centrifugation at 4000g at 4 °C for 15 min and resuspended in 30 ml lysis buffer (20 mM Tris-HCl 

pH 8.0, 300 mM NaCl, 30 mM imidazole, 1 mM PMSF, 0.02 mg/mL DNAse). Cell resuspensions 

were lysed by sonication for 2.5 minutes (5 second cycles). Lysates were clarified by 

centrifugation at 24,000g at 4 °C for 20 min and passed through 2 ml of Ni-NTA nickel resin 

(Qiagen, 30250) pre-equilibrated with wash buffer, (20 mM Tris-HCl pH 8.0, 300 mM NaCl, 30 

mM imidazole). The resin was washed twice with 10 column volumes (CV) of wash buffer, and 

then eluted with 3 CV of elution buffer (20 mM Tris-HCl pH 8.0, 300 mM NaCl, 300 mM 

imidazole). The eluted proteins were concentrated using Ultra-15 Centrifugal Filter Units 

(Amicon) and further purified by using a SuperdexTM 75 Increase 10/300 GL (GE Healthcare) size 

exclusion column in Tris Buffered Saline (TBS; 25 mM Tris-HCl pH 8.0, 150 mM NaCl). 

Fractions containing monomeric protein were pooled, concentrated, and snap-frozen in liquid 

nitrogen and stored at -80 °C. 

 

In vitro bioluminescence characterization 

A Synergy Neo2 Microplate Reader (BioTek) was used for all in vitro bioluminescence 

measurements. Assays were performed in 1:1=DPBS (with calcium, Gibco):Nano-Glo (Promega) 

assay buffer for cTnI sensors while 1:1=HBS-EP (GE Healthcare Life Sciences) :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 a white opaque 96-well 

plate, 10 μL of 10X lucCage, 10 μL of 10X lucKey, and 20 μL of buffer were mixed to reach the 

indicated concentration and ratio. The lucCage and lucKey components were incubated for 60 

minutes at RT to enable pre-equilibration. The plate was centrifuged at 1000 × g for 1 min and 

incubated at RT for additional 10 min. Then, 50 μL of 50X diluted furimazine (Nano-Glo 

luciferase assay reagent, Promega) was added to each well. For assays containing serum or 

simulated nasal matrix (110mM NaCl, 1% w/v mucin, 10µg/mL human genomic DNA38), buffer 

composition was replaced by the biological matrix. Bioluminescence measurements in the absence 

of target were taken every 1 min post-injection (0.1 s integration and 10 s shaking during intervals). 

After ~15 min, 10 μL of serially diluted 10X target protein plus a blank was injected and 
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bioluminescence kinetic acquisition continued for a total of 2 h. To derive EC50 values from the 

bioluminescence-to-analyte plot, the top three peak bioluminescence intensities at individual 

analyte concentrations were averaged, subtracted from blank, and used to fit the sigmoidal 4PL 

curve. To calculate the limit of detection (LOD), the linear region of bioluminescence responses 

of sensors to its analyte was extracted and a linear regression curve was obtained. It was used to 

derive the standard deviation (s.d.) of the response and the slope of the calibration curve (S). The 

LOD was determined as 3×(s.d./S).  

 

Detection of spiked RBD in human serum specimens  

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. Since 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 μm 

filters before use. 10 μL of 10X serial diluted monomeric RBD (167-0.69nM), 5 μL of 20X 

lucCage (20nM), 5 μL of 20X lucKey (20nM), 5 μL of 20X Antares2 (2nM), and 10, 20, 25, or 50 

μL of human donor serum or simulated nasal matrix were mixed with 1:1=HBS:Nano-Glo assay 

buffer to reach a total volume of 75 μL. The plate was centrifuged at 1000 × g for 1 min. Then, 25 

μL 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. Ratio at each 

time point was calculated by the equation described in Extended Data Figure 11b. Monomeric 

SARS-CoV-2 RBD was expressed and purified as described elsewhere45. 

 

Biolayer interferometry (BLI) 

Protein-protein interactions were measured by using an Octet® RED96 System (ForteBio) using 

streptavidin-coated biosensors (ForteBio). Each well contained 200 μL of solution, and the assay 

buffer was HBS-EP+ Buffer (GE Healthcare Life Sciences, 10 mM HEPES pH 7.4, 150 mM NaCl, 

3 mM EDTA, 0.05% v/v Surfactant P20) + 0.5% Non-fat dry milk blotting grade blocker (BioRad). 

The biosensor tips were loaded with analyte peptide/protein at 20 μg/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 analyzed with the 

ForteBio Data Analysis Software version 9.0.0.10. 
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Design and characterization of lucCageBim 

The Bim peptide sequence (EIWIAQELRRIGDEFNAYYA) was threaded into the lucCage 

scaffold as described in the “Design of sensing domains into lucCage” section. The selected 

designs were expressed in E. coli, purified and characterized for luminescence activation. The 

bioluminescence detection signal was measured for each design lucCage at 20 nM mixed with 

lucKey at 20 nM, in the presence or absence of target Bcl-2 protein at 200nM. Recombinant Bcl-

2 was produced as described somewhere else46. 

 

Design and characterization of lucCageHer2, lucCageProA, lucCageBot and lucCageRBD 

The main binding motifs of the Bot.0671.2 de novo binder, S. aureus Protein A domain C (SpaC), 

the Her2 affibody and the de novo RBD binder LCB1 were threaded into lucCage as described in 

the “Design of sensing domains into lucCage” section (See Table S3 and Table S6 for sequences). 

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 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 

described47, human IgG1 Fc-HisTag (AcroBiosystems, Cat. No. IG1-H5225) and human Her2-

HisTag (AcroBiosystems, Cat. No. HE2-H5225). Monomeric SARS-CoV-2 RBD and the trimeric 

SARS-CoV-2 spike protein (Hexapro pre-stabilized version37) were expressed and purified as 

described previously45. 

 

Design and characterization of lucCageTrop 

The cardiac Troponin T (cTnT) binding motif sequence was truncated into fragments of different 

length (see Extended Data Fig. 6) and threaded into the lucCage scaffold as described in the 

“Design of sensing domains into lucCage” section. 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 at 20 nM mixed with lucKey at 20 nM in the 

presence or absence of 100 nM cardiac Troponin I (Genscript, Cat. No. Z03320-50). Subsequently, 

lucCageTrop, an improved version by fusion to cardiac Troponin C (cTnC), was created by 

genetically fusing the following sequence to the C terminus of lucCageTrop627. 

 

Design and characterization of lucCageHBV and lucCageHBVα 

The binding motif (GANSNNPDWDFN) of the PreS1 domain was threaded into the lucCage 

scaffold at every position after residues 336 using the Rosetta GraftSwitchMover. Following the 
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Rosetta FastRelax 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 of the anti-HVB antibody HzKR127-3.2 (100 nM) to select 

lucCageHBV. Subsequently, lucCageHBVα was constructed by genetically fusing a sequence 

containing a second antigenic motif (GGSGGGSSGFGANSNNPDWDFNPN) to lucCageHBV.  

 

Design and characterization of lucCageSARS2-M and lucCageSARS2-N 

Antigenic epitopes of the SARS-CoV-2 membrane protein (a.a. 1-31, 1-17 and 8-24) and the 

nucleocapsid protein (a.a. 368-388 and 369-382) were computationally grafted into lucCage as 

described in the “Design of sensing domains into lucCage” section. The selected designs were 

expressed in E. coli, purified and characterized for luminescence activation. All designs at 50nM 

were mixed with 50nM lucKey and experimentally screened for an increase in luminescence in 

the presence of rabbit anti-SARS-CoV Membrane polyclonal antibodies (ProSci, Cat. No.: 3527) 

at 100nM or mouse anti-SARS-CoV Nucleocapsid monoclonal antibody (clone 18F629.1, 

NovusBio Cat. No. NBP2-24745) at 100 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 scaffold. To promote more favorable 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 (1 µM) and biotinylated Influenza A 

H1 hemagglutinin (HA)21 loaded onto streptavidin-coated biosensor tips (ForteBio) in the presence 

or absence of the key (2 µM) using an Octet instrument (ForteBio). 

 

Production and purification of HzKR127-3.2 

The synthetic VH and VL DNA fragments were subcloned into the pdCMV-dhfrC-cA10A3 plasmid 

containing the human Cγ1 and C𝜅 DNA sequences. The vector was introduced into HEK 293F 

cells using Lipofectamine (Invitrogen), and the cells were grown in FreeStyle 293 (GIBCO) in 5% 

CO2 in a 37 °C humidified incubator. The culture supernatant was loaded onto a protein A-

sepharose column (Millipore), and the bound antibody was eluted by the addition of 0.2 M 

glycine–HCl (pH 2.7), followed by immediate neutralization with 1 M Tris–HCl (pH 8.0). The 

solution was dialyzed against 10 mM HEPES-NaOH (pH 7.4), and the purity of the protein was 

analyzed by SDS-PAGE. 
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Production and purification of the PreS1 domain 

The DNA fragment encoding the PreS1 domain (residues 1-56) was cloned into the pGEX-2T (GE 

Healthcare) plasmid, and the protein was produced in the E. coli BL21(DE3) strain (NEB) at 18 

oC as a fusion protein with glutathion-S-transferase (GST) at the N-terminus. The cell lysates were 

prepared in a buffer solution (25 mM Tris-HCl 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 a SuperdexTM 75 

Increase 10/300 GL (GE Healthcare) size exclusion column, and concentrated to 34 µM. 

  

Production of SCageHA_267-1S and its variants 

sCageHA_267-1S and sCageHA_267-1S(E99Y/T144Y) were expressed at 18 °C in the E. coli 

LEMO21(DE3) strain (NEB) as a fusion protein containing a (His)10-tagged cysteine protease 

domain (CPD) derived from Vibrio cholerae 48 at the C-terminus. The protein was purified using 

HisPurTM nickel resin (Thermo), a HiTrap Q anion exchange column (GE Healthcare) and a 

HiLoad 26/60 Superdex 75 gel filtration column (GE Healthcare). For Selenomethionine (SelMet)-

labeling, an I30M mutation was introduced additionally to generate a sCageHA_267-

1S(E99Y/T144Y/I30M) variant. This protein was expressed in the E. coli B834 (DE3) RIL strain 

(Novagen) in the minimal media 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) were introduced in an attempt to induce favorable 

crystal packing interactions. Good-quality single crystals of sCageHA_267-

1S(E99Y/T144Y/I30M) were obtained in a hanging-drop vapor-diffusion setting by micro-seeding 

in a solution containing 11% (v/v) ethanol, 0.25 M NaCl, 0.1 M TrisHCl (pH 8.5). The crystals 

required strict maintenance of the temperature at 25 °C. For cryoprotection, the crystals were 

soaked briefly in the crystallization solution supplemented with 15% 2,3-butanediol and flash-

cooled in the liquid nitrogen. A single-wavelength anomalous dispersion (SAD) data set was 

collected at the Se absorption peak and processed with HKL200049. Se positions and initial electron 

density map were calculated using the AutoSol module in PHENIX 50. The model building and 

structure refinement were performed by using COOT 51 and PHENIX.  
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Extended Data figures legends 

 
Extended Data Figure 1. Numerical simulations of the sensor thermodynamic equilibria 

showing the tunability of the lucCage platform to optimize sensitivity and dynamic range. 

Numerical simulations of the coupled equilibria shown in Fig. 1b for different values of (a) Kopen, 

(b) KLT, (c)(d) [lucKey]tot and [lucCage]tot and (e) Kopen. KLT and KCK were set to 1 × 10−3, 10−9 M, 

and 10−8 M respectively, and the concentration of the sensor components to 10:100 nM 

([lucCage]tot:[lucKey]tot) except where explicitly indicated. a, Increasing ΔGopen (smaller Kopen) 

shifts the sensor response to higher analyte concentrations. b, The sensor LOD is approximately 

0.1 × KLT; the driving force for opening the switch becomes too weak below this concentration. c-

d, The effective target detection range can be tuned by changing the concentrations of the two 

sensor components. Simulation results shown in a logarithmic scale (c) or linear scale (d) for target 

concentration illustrate that the steepness of the response depends on the ratio of the sensor 
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concentration to the KD of the binding interaction (KLT). e, KCK values affect both species 

responsible for background and signal (species 6 and 7 in Fig. 1b, respectively), leading to different 

sensor dynamic ranges. f-g, Simulations with various Kopen and KCK values. Too large Kopen value 

and strong lucCage-lucKey interaction (KCK) increase the formation of the species 6 (in Fig. 1b). 

f, A heatmap representing the calculated sensor dynamic range according to the Kopen and KCK 

values. Kopen exerts a predominant effect on the dynamic range, while KCK provides an additional 

one-order of tunability. g, A heatmap showing the fraction of reconstituted luciferase (sensitivity) 

at saturating target concentration, indicating a trade-off of KCK tuning. 
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Extended Data Figure 2. Determination of the optimal SmBiT position in lucCage and 

characterization of lucCageBim, a Bcl-2 biosensor. 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 11 de novo Bcl-2 sensors. Eleven 

variants were generated by combining the SmBiT and Bim positions in (a) and characterized by 

activation of their luminescence upon 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 (hence referred to as lucCageBim) was selected for posterior 
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characterization due to its higher brightness, dynamic range and stability. c-g, Characterization of 

lucCageBim. c, Structural design model in ribbon 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 upon addition 

of Bcl-2 (200 nM) to a mix 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 (colored curves).  
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Extended Data Figure 3. Functional screening of sCageHA designs and crystal structure of 

sCageHA_267-1S. a, Structural models of sCageHA designs with the embedded de novo binder 

HB1.9549.2. The HB1.9549.2 protein (cyan) was grafted into a parental six-helix bundle (sCage, 

yellow) at different positions along the latch helix (magenta) including three consecutive glycine 

residues (green). The black arrows indicate the additionally introduced single V255S (1S) or 

double V255S/I270S (2S) mutation(s) on the latch. b, Experimental validation of five sCageHA 

designs binding to HA in the presence or absence of the key by biolayer interferometry. The 

concentration of the sCages and the key were 1 µM and 2 µM, respectively. Each experiment was 

performed once. sCageHA_267-1S exhibited the highest fold of activation. c, Structural 

comparison showing the flexible nature of sCage to enable caging of HB1.9549.2. The structural 

model of sCage (grey) and the crystal structure of sCageHA_267-1S (gold) are superposed, and a 
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narrow section (black box) is shown in an orthogonal view for detail. The N-terminal helix of 

HB1.9549.2 is displaced from the latch helix (⍺6) by 3.2 Å (middle panel) with a concomitant 

displacement of ⍺5 and partial disruption of a hydrogen-bond network involving Q16 and N214 

of sCage (right panels). 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 ⍺1) and 

the following helix (cyan ⍺2) of HB1.9549.2 interact with the cage. The intramolecular 

interactions are all hydrophobic. The bulky hydrophobic side chain of F285 tightly abuts against 

the backbone atoms of α5 of sCage, which is unlikely to happen without a bending of α5. 

Unfavorable interactions are also found: F273 is solvent-exposed, and the Y287 hydroxyl group 

is buried in the apolar environment. The rightmost panel shows the quality of the electron density 

map. 
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Extended Data Figure 4. Design and characterization of a Botulinum neurotoxin B sensor. 

a, Structural models of the botulinum neurotoxin B (BoNT/B) sensor designs showing the different 

threading positions of Bot.0671.2 (green, PDB ID: 5VID) on the latch of lucCage (blue). The 

SmBiT peptide is shown in gold ribbon representation. I328S and L345S indicate mutations 

introduced to tune the latch-cage interface (1S=I328S, 2S=I328S/L345S) 2, and “GGG” indicates 

the presence of three consecutive glycine residues between the latch and the grafted protein. The 

black box shows a close-up view of the interface of Cage (blue) and Bot.0671.2 (green) in the 

349_2S design. b, Experimental screening of 9 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 design were 

normalized to 100 in the absence of BoNT/B. Design 349_2S was selected as the best candidate 

due to high sensitivity and stability, and was named lucCageBot. c, Determination of lucCagerBot 

sensitivity. Bioluminescence was measured over 6000 s in the presence of serially diluted BoNT/B 
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protein. From top to bottom - lucCageBot:lucKey concentration (nM) = 50:5, 5:5, 1:10, 0.5:0.5. d, 

Limit of detection (LOD) calculations for the sensor at different concentrations. From top to 

bottom - lucCageBot:lucKey concentration (nM) = 50:5, 5:5, 1:10, 0.5:0.5. All experiments were 

performed in triplicate, representative data are shown, and data are presented as mean values +/- 

s.d. 
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Extended Data Figure 5. Design and characterization of an Fc domain sensor (lucCageProA) 

and a Her2 sensor (lucCageHer2). a, Structural models of the Fc sensor designs showing the 

different threading positions of the S. aureus Protein A domain C (orange, PDB ID: 4WWI) on the 

latch of lucCage (blue). The SmBit peptide is shown in gold ribbon representation. I328S and 

L345S indicate mutations introduced to tune the latch-cage interface, (1S=I328S, 

2S=I328S/L345S) 2, and “GGG” indicates the presence of three consecutive glycine residues 
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between the latch and the grafted protein. b, Experimental screening of 6 de novo Fc domain 

sensors. Luminescence measurements were performed for each design (20 nM) and lucKey (20 

nM) in the presence or absence of recombinant human IgG1 Fc (200 nM). The luminescence values 

were normalized to 100 in the absence of Fc. Design 351_2S was selected as the best candidate 

due to high sensitivity and stability, and was named lucCageProA. This experiment was performed 

using single replicates in two independent instances, representative data are shown. c, 

Determination of lucCageProA’s sensitivity. Bioluminescence was measured over 6000 s in the 

presence of serially diluted Fc protein. From top to bottom - lucCageBot:lucKey concentration 

(nM) = 5:5, 1:10, 0.5:0.5. d, LOD calculations for the sensor at different concentrations. From top 

to bottom - lucCageBot:lucKey concentration (nM) = 5:5, 1:10, 0.5:0.5. e, Structural models of 

the Her2 sensor designs showing the different threading positions of the Her2 affibody protein 

(PDB ID: 3MZW, beige) on the latch of lucCage (blue). The SmBiT peptide is shown in gold 

ribbon representation. I328S and L345S indicate mutations introduced to tune the latch-cage 

interface, (1S=I328S, 2S=I328S/L345S) 2, and “GGG'' indicates the presence of three consecutive 

glycine residues between the latch and the grafted protein. The black boxes show a close-up view 

of the interface of Cage (blue) and the Her2 affibody (beige) in the 354_2S design. f, Experimental 

screening of 7 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). The 

luminescence values were normalized to 100 in the absence of Her2 ectodomain. This experiment 

was performed using single replicates in two independent instances, representative data are shown. 

Design 354_2S was selected as the best candidate due to high sensitivity and stability, and was 

named lucCageHer2. g, Determination of lucCagerHer2’s sensitivity. Bioluminescence was 

measured over 6000 s in the presence of serially diluted Her2 ectodomain protein. From top to 

bottom - lucCageBot:lucKey concentration (nM) = 5:5, 1:10, 0.5:0.5. h, Limit of detection (LOD) 

calculations for the sensor at different concentrations. From top to bottom - lucCageBot:lucKey 

concentration (nM) = 5:5, 1:10, 0.5:0.5. All experiments were performed in triplicate unless 

specifically indicated, representative data are shown, and data are presented as mean values +/- 

s.d. 
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Extended Data Figure 6. Design, selection, and engineering of lucCageTrop for cardiac 

Troponin I detection. a, Experimental screening of designed sensors for cardiac Troponin I 

(cTnI). Fragments of cardiac Troponin T, namely cTnTf1-f6, were computationally grafted into 

lucCage at different positions of the latch. All designs were produced in E. coli and experimentally 

screened at 20 nM and 20 nM lucKey for an increase in luminescence in the presence of cTnI (100 

nM). The luminescence values were normalized to 100 in the absence of cTnI. This experiment 
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was performed using single replicates in two independent instances, representative data are shown. 

Design 336-cTnTf6-K342A was selected as the best candidate (named lucCageTrop627) based on 

its sensitivity, activation fold-change, and stability. b, Models of lucCageTrop627 and 

lucCageTrop, an improved version by fusion of cardiac Troponin C (cTnC) at the C-terminus of 

lucCageTrop627. The models are shown in ribbon representation comprising SmBit (gold) a 

fragment of cTnT (cyan, PDB ID: 4Y99), and cTnC (green, PDB ID: 4Y99). The black box shows 

a close-up view of the interface of Cage (blue) and cTnT (cyan) in the lucCageTrop design. c, The 

binding affinity of lucCageTrop627 and lucCageTrop to cTnI was measured by biolayer 

interferometry. lucCageTrop showed 7-fold higher affinity to cTnI than lucCageTrop627. d, 

Comparison of bioluminescence kinetics between lucCageTrop627 (top) and lucCageTrop 

(bottom) in the presence of serially diluted cTnI. Higher binding affinity leads to improved 

dynamic range and sensitivity of the sensor. e, Determination of lucCageTrop’s sensitivity. 

Bioluminescence was measured over 6000 s in the presence of serially diluted cTnI. From top to 

bottom - lucCageTrop:lucKey concentration (nM) = 1:10, 1:1, 0.5:0.5, 0.1:0.1. f, LOD calculations 

for the sensor at different concentrations. From top to bottom - lucCageTrop:lucKey concentration 

(nM) = 1:10, 1:1, 0.5:0.5, 0.1:0.1. All experiments were performed in triplicate unless otherwise 

indicated, representative data are shown, and data are presented as mean values +/- s.d. 
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Extended Data Figure 7. Design and characterization of an anti-HBV antibody sensor. 

a, The energy-minimized models of lucCage designs are shown with the threaded segments of 

SmBiT (gold) and the antigenic motif of PreS1 (magenta). The right box shows a close-up view 
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of the cage-motif interface 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 performed in duplicate 

in two independent instances, representative data are shown. The design HBV344 was selected 

due to its better performance and was named lucCageHBV. c,d, Determination of lucCageHBV 

sensitivity. Bioluminescence was measured over 6000 s in the presence of serially diluted 

HzKR127-3.2. From top to bottom - lucCageHBV:lucKey concentration (nM) = 5:5, 1:1. The 

maximum values of the curves in d, are used to obtain the curves in c. e, LOD calculations for the 

sensor at different concentrations. From top to bottom - lucCageHBV:lucKey concentration (nM) 

= 5:5, 1:1. f, Detection of PreS1 by competition of lucCageHBV344 and HzKR127-3.2 shown in 

Fig. 3f. Luminescence kinetics after the addition of the antibody (anti-HBV, first arrow). From top 

to bottom - anti-HBV antibody concentrations = 50, 12.5 nM. At 6000 s, different concentrations 

of the PreS1 domain were injected into the wells, and the decreased luminescence signals were 

used to detect PreS1. g, Design of lucCageHBVα for improved detection of an anti-HBV antibody. 

The structural model of lucCageHBVα is shown with a close-up detail of the predicted interface 

between the PreS1 epitope (magenta) and lucCage (blue). The design comprises two copies of the 

epitope PreS1 (a.a. 35-46), spaced by a flexible linker (grey) to enable bivalent interaction with 

the antibody. The SmBit peptide is shown in gold. h, Determination of lucCageHBVα detection 

sensitivity to the presence of the antibody HzKR127-3.2 (anti-HBV). Bioluminescence was 

measured over 6000 s in the presence of serially diluted HzKR127-3.2. From top to bottom - 

lucCageHBVα:lucKey concentration (nM) = 1:10, 0.5:0.5. i, The linear region of a calibration 

curve was used to determine the LOD and the dynamic range of antibody detection. j, 

Bioluminescence images acquired with a BioRad ChemiDoc imaging system. From top to bottom, 

lucCageHBVα:lucKey concentration (nM) = 50:5, 5:5, 1:10. Changes in bioluminescence intensity 

levels were detected as a function of the concentration of HzKR127-3.2. All experiments were 

performed in triplicate unless specifically indicated, and representative data are presented as mean 

values +/- s.d. 
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Extended Data Figure 8. Design and characterization of sensors for anti-SARS-CoV-2 

antibodies. a-b, Experimental screening of de novo sensors for antibodies 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 

grafted into lucCage 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 for increase in luminescence at 20nM of 

each lucCage design and 20nM of lucKey in the presence of anti-M rabbit polyclonal antibodies 

(ProSci, 3527) (a) or anti-N mouse monoclonal antibody at 100nM (clone 18F629.1) (b). These 
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experiments were performed in duplicate (a) or single replicate (b) in two independent instances, 

representative data are shown. The luminescence values were normalized to 100 in the absence of 

antibodies. Designs M3_1-17_334 and N62_369-382_340 were selected as the best candidates due 

to high sensitivity and stability, and were named lucCageSARS2-M and ucCageSARS2-N 

respectively. c, Left panel: structural model of lucCageSARS2-M, showing a close-up view of the 

predicted interface between the M3 epitope (red) and lucCage (blue). Middle panel: determination 

of lucCageSARS2-M sensitivity to anti-M pAb. Bioluminescence was measured over 4000 s in 

the presence of serially diluted anti-M pAb. From top to bottom - lucCageSARS2-M:lucKey 

concentration (nM) = 50:50, 5:5. Right panel: LOD calculations for the sensor at different 

concentrations. d, Left panel: structural model of lucCageSARS2-N, showing a close-up view of 

the predicted interface between the N62 epitope (purple) and lucCage (blue). Middle panel: 

determination of lucCageSARS2-N sensitivity to anti-N mAb. Bioluminescence was measured 

over 4000 s for lucCageSARS2-N + lucKey at 50 nM in the presence of serially diluted anti-N 

antibody. Right panel: LOD calculations for the sensor. All experiments were performed in 

triplicate unless specifically indicated, representative data are shown, and data are presented as 

mean values +/- s.d. 
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Extended Data Figure 9. Design and characterization of SARS-CoV-2 RBD sensors. a, 

Experimental screening of de novo sensors for the receptor-binding domain (RBD) of the SARS-

CoV-2 Spike protein. All designs were experimentally screened for increase in luminescence at 20 

nM of each lucCage design and 20 nM of lucKey in the presence of 200 nM RBD. The 

luminescence values were normalized to 100 in the absence of RBD. This experiment was 

performed in duplicate in two independent instances, representative data are shown. Design 

lucCageRBDdelta4_348 was selected as the best candidate due 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 a caged SmBiT fragment (gold). The black 

boxes show a close-up view of the interface of Cage (blue) and LCB1 binder (magenta) in the 

lucCageRBD design. c, Determination of lucCagerRBD’s sensitivity. Bioluminescence was 

measured over 10000 s in the presence of serially diluted RBD protein. From top to bottom - 

lucCageRBD:lucKey concentration (nM) = 1:1, 1:10, 10:10. d, LOD calculations for the sensor at 
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different concentrations. From top to bottom - lucCageRBD:lucKey concentration (nM) = 1:1, 

1:10, 10:10. e, Bioluminescence images acquired with a BioRad ChemiDoc imaging system. 

Changes in bioluminescence intensity levels were detected as a function of the concentration of 

RBD with lucCageRBD at 1 nM and lucKey at 10 nM. f, Detection of RBD in 10% simulated 

nasal matrix. Left: Bioluminescence was measured overtime in the presence of serially diluted 

RBD protein. Right: LOD was calculated to be 12 pM. g, Detection of spike protein in a 20% 

diluted pooled serum. Left: Bioluminescence was measured overtime in the presence of serially 

diluted HexaPro spike protein. Right: LOD was calculated to be 47 pM. All experiments were 

performed in triplicate unless otherwise indicated, representative data are shown, and data are 

presented as mean values +/- s.d. 
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Extended Data Figure 10. lucCageRBD tunability by varying the lucKey length (KCK) and 

lucKey concentration (a-c) and the comparison of bioluminescent signals over a range of 

lucKey concentrations in the presence of target at saturating concentration (d-g). a-b, 

Experimental evaluation of the effect of KCK on the dynamic range (DR) of lucCageRBD to 

detect monomeric SARS-CoV-2 RBD. A truncated lucKey (short lucKey), 14 residue shorter 

than the full-length key at its C-terminus (b), provides better dynamic range than the full-length 

lucKey (a) owing to reduced background signal, as predicted by the simulation in Extended Data 

Fig. 1f while the LOD remains the same. c, The effect of lucKey concentration on the dynamic 

range. Decreasing lucKey concentration increases the dynamic range of lucCageRBD due to 

reduced background signal, but with accompanying reduced maximum bioluminescence signal. 

d-e, lucCageRBD (1 nM) was incubated with RBD (20 nM, d) or spike protein (20 nM, e), 

which are expected to result in full reconstitution of the luciferase activity. In the presence of 
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spike protein, the same sensor was unable to yield the maximal bioluminescent signal, 

suggesting the effect of factors not captured by the simulations such as steric hindrance against 

complete luciferase reconstitution. f, lucCageHBVα (1 nM) incubated with 50 nM of the HBV 

antibody HzKR127-3.2 shows almost complete activation, but suffers from high background 

signal. g, lucCageTrop (1 nM) shows non-ideal background signal and moderate target-driven 

activation in the presence of 20 nM cTnI. All experiments were performed in triplicate, 

representative data are shown, and data are presented as mean values +/- s.d. 
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Extended Data Figure 11. Integration of Antares2 as the internal reference for calibration 

of lucCageRBD in different biological matrices. a, The bioluminescent emission spectra of 

lucCageRBD (Left) in response to varying concentrations of RBD. Antares2 is an efficient 

CyOFP1-teLuc-CyOFP1 BRET system40 with a peak emission at 590 nm (Middle). The emission 

spectra were recorded from a mixture of lucCageRBD and lucKey (both at 1 nM), Antares2 (0.1 

nM) and RBD at varying concentrations (Right). By acquiring the individual signal from 470/40 

nm and 590/35 nm channels, the intensiometric responses from lucCageRBD were converted into 

ratiometric readouts. b, Equations to calculate the spectrally unmixed ratio. The total signal from 

the 470/40 nm channel (T470) is the sum of the signals from the lucCageRBD sensor (I470) and the 

Antares2 reference (R470), while the total signal from the 590/35 nm channel (T590) is equal to the 

sensor signal (I590) plus reference signal (R590). Since lucCageRBD gives negligible emission at 

590/35 nm channel, T590 is approximately equal to R590 (R590>>I590). R470 is R590 × f, a 

predetermined constant for Antares2, and therefore the unmixed ratio (I470/R590) could be 

calculated in real time during signal acquisition. The constant f for Antares2 was consistently 

determined to be 0.43 by either recording the full spectra or from the filter set. c, RBD at varying 

concentrations were spiked in 50%, 25%, 10% pooled serum or in 20% simulated nasal fluid. 

Absolute bioluminescence intensities and the emission kinetics were different across the matrices 

due to matrix inhibition effect and substrate turnover. In contrast, calibration with Antares2 

resulted in stable ratiometric signals (I470/R590). d, The bioluminescence intensity of lucCageRBD 

at saturating RBD concentration (green curve) is ~20 folds higher than the background level. 

Reporting the raw ratio (T470/T590) as a function of the RBD concentration compromises the sensor 

dynamic range (black curve) due to a significant emission at 470/40 nm channel (R470) from 

Antares2. After calculation and conversion of the unmixed ratio, the dynamic range becomes ~20 

folds over the background 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 an internal reference can minimize the variations of the intensiometric 

bioluminescence in these matrices. Bioluminescent signals and s.d. were measured in triplicate, 

and a representative one is shown for emission spectra and emission kinetics, respectively. Data 

are presented as mean values +/- s.d. 
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Supplementary Information  

 

Supplementary discussion:  

Sensor proteins have emerged as an active area of research. Traditional ELISA methods require 

multiple liquid-handling steps, preventing its use at the bedside. Lateral flow 

immunochromatographic assays are fast and cheap, but they have limited sensitivity, 

reproducibility, and poor quantitative performance 1. ELISA and lateral flow also require two 

binding modules for the target being sensed, one for capture and the other for readout. Sensor 

proteins capture analytes with excellent molecular precision and generate signals in a 

homogeneous way that do not require time-consuming incubation and washing steps of traditional 

immunoassays. A typical sensor protein is composed of two components - an analyte-binding 

domain for target capturing, and a reporter component to convert and amplify the actuation into a 

measurable signal. The main hurdle of the protein sensor construction is finding analyte binding 

domains that undergo sufficient conformational changes. The most commonly used binding 

domains (e.g., antibodies) undergo only minor structural changes of the loops upon ligand binding. 

Coupling an appropriate reporter with optimal geometry to amplify the conformational change is 

also key to a successful biosensor. Protein engineers have devoted considerable work to build 

biosensors for a specific application, constructing tailored protein sensors remains a major 

challenge 2,3. Computational 4, synthetic 5, and semisynthetic 6 strategies have also aimed to 

develop generalizable platforms for arbitrary biosensors. However, computationally designing 

small molecule binding sites into protein interfaces and generating semisynthetic protein sensors 

are both quite challenging problems currently. Therefore, generalized approaches for designing 

biosensors with a simple and robust computational protocol that requires little empirical 

optimization are needed. 

  

Herein, we select and compare several state-of-the-art sensor configurations and design strategies 

that seek to detect protein targets (Supplementary Fig. 1 and Table S5). These strategies generally 

include a protein switch at an initial “closed” state by an intramolecular β-lactamase-to-inhibitor 

(Supplementary Fig. 1a), Src domain-to-proline rich peptide (Supplementary Fig. 1b), or 

benzenesulfonamide-to-carbonic anhydrase (Supplementary Fig. 1c) interaction. Upon binding to 

the target, the conformational change triggers the dissociation of these interactions eventually to 

an “open” state, resulting in the active β-lactamase for colorimetric assay (Supplementary Fig. 1a) 

or a decreased BRET efficiency (Supplementary Fig. 1b,c). Both assays exhibit ideal features for 

POC diagnostics such as wash-free, sensitive (pM-nM), fast (min), and simple readout (camera) 

to detect therapeutic antibodies, protein biomarkers, and virus particles in patients’ serum or 

plasma 7–10. In terms of design, their target specificity can be easily switched by swapping known 

binding domains (epitope, affimer, or inhibitor). The length and type of semiflexible linkers play 

the most critical role in the success rate, which has to be re-designed or re-optimized for each 

binding domain swap. In some cases, the interaction partners to hold the switch at a “close” state 

also need to be re-evaluated 11. The abovementioned engineering work is unavoidable primarily 

due to the limited understanding of the dynamic nature of protein interaction, folding, and 

flexibility. Our generalized protein sensory system based on a de novo switch (Supplementary Fig. 

1d) relies on the thermodynamic coupling (see Fig. 1) between a defined close state (Kopen) and an 

open state (KLT and KCK). With our system (Table S5), the target specificity to arbitrary targets can 

be achieved not only by incorporating known binding domains but also de novo binders where we 

have full control over protein fold and geometry. Because there is no flexible or semi-flexible 
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linker in our system and we are capable of designing different types of interaction to cage binding 

domains, the conformational change is thus decoupled from the binder-target interaction, which 

makes this system more structurally predictable at open state. A newly developed 

GraftSwitchMover in Rosetta allows sensor design in one step, bypassing the need with the other 

formats to empirically re-engineer sensor configuration. The intermolecular association of the 

LucKey with the open form of the sensor generates the luminescent signal, providing an additional 

tunable parameter KCK that can be optimized along with Kopen to maximize sensor dynamic range, 

analytical range, and sensitivity. 

  

It is important to note that the sensors we describe here have not been extensively optimized for 

POC settings. Fluorescence- or colorimetric-based assays suffer from autofluorescence, light 

scattering, and interference in whole-blood samples, limiting these assays for immediately 

quantifiable POC applications 12. Background-free bioluminescence readout is ideal and ~100-fold 

more sensitive than fluorescence 13,14, but the absolute bioluminescence intensity is known to be 

influenced by factors in serum or whole blood not related to analyte 15,16. Incorporating an internal 

reference as we showed here or transition to a ratiometric BRET response would facilitate the 

adaptation of the sensors for optimal POC settings. Furthermore, the sensitivity of protein sensors 

described here has not been fully tuned to cover the complete linearity of the clinical diagnostic 

range. In addition, there are pros and cons for two-component sensors where the performance and 

sensitivity depend on sensor component concentrations 17. This tunability can be advantageous at 

the developmental stage but could become problematic for accurate and reproducible 

quantification in clinical settings. To avoid such problems, the lucKey could be attached to 

lucCage through a flexible linker.  
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Supplementary methods 

 

1. Thermodynamic model 

The thermodynamic model shown in Fig. 1b was adapted and modified from the previously 

published de novo switch model 18. The equilibrium constants were defined as Kopen for latch 

opening (Equation 1), KCK for the dissociation constant of the lucCage and lucKey (Equation 2 

and 3), and KLT for the dissociation constant of the latch and target (Equation 4 and 5). KR describes 

the equilibrium of the reconstituted luciferase, which is determined by the reported dissociation 

constant of the NanoBit system (190 μM 19) and the effective local concentration (Ceff) of split 

counterparts (Equation 6 and 7). We set Ceff to 1 mM here as the literature suggested high 

micromolar to low millimolar range for intramolecular interaction partners 20, and our modular 

switch should span much shorter distance than flexible linkers. The total amount of each 

component is constant, so Equations 8, 9, and 10 were introduced. Given four equilibrium 

constants (Kopen, KCK, KLT, and KR) and three total concentrations ([lucCage]total, [lucKey]total, and 

[target]total), python module sympy.nsolve was used to solve these ten equations numerically and 

find the concentration of each species at equilibrium. The total concentration of luminescent 

species 6 and 7 was extracted from the solution, divided by [lucCage]total, and plotted for 

corresponding figures with various Kopen for Extended Data Fig. 1a, KLT for Extended Data Fig. 

1b, [lucCage]total, [lucKey]total for Extended Data Fig. 1c,d and KCK for Extended Data Fig. 1e. The 

fraction of reconstituted luciferase is normalized between 0-1. Rmax and Rmin are the fraction of 

reconstituted luciferase at saturating and at low target concentration respectively. The sensor 

dynamic range is derived from the equation (Rmax – Rmin) / Rmin x 100%. The heatmaps in Extended 

Data Fig. 1f and 1g were generated with a 2D array of indicated Kopen and KCK values, to plot the 

dynamic range and the fraction of reconstituted luciferase at saturated concentration, respectively. 

The code for the numerical simulations shown in this work are available at 

http://files.ipd.uw.edu/pub/de_novo_design_of_tunable_biosensors_2021/model_simulation.py 
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2. Computational grafting of sensing domains into lucCage  

The main feature sought for when incorporating new sensing domains into lucCage is whether a 

target-binding interface can be blocked by the cage domain. Finding the right orientation is usually 

simple when grafting small peptides. In the case of globular proteins being used as sensing 

domains, finding the right orientation is often facilitated by finding target-binding interfaces 

neighboring the N-terminus of the sensing domain. In our experience, sensing domains with an α-

helical segment at the N-terminus are preferable to ensure a more predictable design process, 

though this is not a requirement. Binding domains with other secondary structure elements have 

been effectively incorporated into lucCage, as shown here with the SmBiT peptide (β-strand), and 

the PreS1 peptide and SARS-CoV-2 epitopes (loops). These features of the lucCage platform make 

it compatible with diverse sensing domains, however, it can be challenging to use analyte binding 

domains with complex and/or distant target-binding interfaces or that are bigger in size than the 

lucCage itself.  

 

The structural models of the lucCage sensors were created by grafting each sensing domain onto 

the latch of the lucCage scaffold (See Table S3). The design was performed using a 

RosettaScripts21 protocol, ({name}_GraftSwitchMover_relax.xml, See Code availability) to thread 

each sensing domain sequence into the model of lucCage (lucCage.pdb, See Code Availability). 

A bash script (run_rosettascripts.sh) was used to call RosettaScripts. This protocol uses two 

successive Rosetta movers: (i) GraftSwitchMover to thread the desired sensing domain sequence 

into a defined region of the lucCage latch (amino acids 325-359) and to select designs with the 

defined “important residues'' that are buried in the cage/latch interface; (ii) and MultiplePoseMover 

to capture all models generated by GraftSwitchMover, minimize them (FastRelax22 to find the 

lowest energy structure given the mutations from the previous mover.) and score each output 

model. The resulting designs were further evaluated by eye in PyMol 2.0. This was done by 

selecting designs showing favorable hydrophobic packing interactions between the newly threaded 

sequence and the cage and discarding designs with unfavorable buried hydrophilic residues that 

could destabilize the closed state of the sensor (unless these residues were identified as “important 

residues”). At the time of publication, GraftSwitchMover is limited to inserting a sequence within 

the range of the input structure (i.e., the inserted sequence cannot exceed the full length of the 

initial lucCage model being used). In order to design sensors that would extend the latch of lucCage 

(e.g., insertion of cTnT), we used Rosetta Remodel23 to model the extended C-terminus of lucCage 

({name}_Remodel_relax.xml), which uses a blueprint file ({name}.bp) called by a bash script 

containing all necessary flags (run_rosetta_scripts_REMODEL.sh). 

 

For grafting mini-protein binders with a pre-defined tertiary structure (i.e., Bot.671.2, SpaC, the 

Her2 affibody, and LCB1) we first identified the primary interaction surface of the binding protein 

to its target and identified the main secondary structure elements involved in it. We identified the 

main amino acid sequence of the N-terminal secondary structure element and threaded it into 

lucCage ({name}_GraftSwitchMover_relax.xml), to obtain output protein models including the 

partial sequence of a sensing domain onto the latch. At this point, any latch residues remaining 

after the sensing domain were manually removed from the pdb file to prepare the protein model 

for the next step. Then, we used an additional script ({name}_MergePDB_relax.xml) to align the 

resulting lucCage designs with the model (or crystal structure) of the full-length sensing domain, 

create a complete model including the full sensing domain in the context of the switch, and energy-

minimize the designs. The input sensing domains used are named as: Her2_3mzw.pdb, 
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Bot_5vid.pdb, ProA_4WWI.pdb, LCB1_7jzu.pdb, and delta4LCB1_7jzu.pdb. Finally, the best 

designs were selected by eye using PyMol 2.0. The design models and RosettaScripts code used 

in this work have been deposited to 

http://files.ipd.uw.edu/pub/de_novo_design_of_tunable_biosensors_2021/designcode_and_mode

ls.zip 
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Supplementary Fig. 1. Working mechanisms of recent biosensor platforms to detect protein 

targets. a, An antibody-sensing enzyme-inhibitor switch. The initially inactive TEM1-β-lactamase 

(BLA) is tethered to its inhibitor protein (BLIP) via a semi-flexible linker. Antibody binding to 

two epitopes in the semi-flexible linker triggers the dissociation of BLA-BLIP, leading to active 

BLA as the reporter24. b, LUMinescent AntiBody Sensor platform, LUMABS. High BRET 

efficiency is achieved when the luciferase (Luc) donor and the GFP acceptor are in close proximity 

mediated by an interaction between a Src Homology 3 domain and a proline-rich peptide (helper 

domain). Binding of an antibody to epitope sequences in the linker disrupts the interaction between 

these helper domains, resulting in loss of BRET efficiency7. c, Chemical ligand–associated steric 

hindrance platform, CLASH. The intramolecular tether contains one benzenesulfonamide ligand 

for human carbonic anhydrase (HCA) binding and one benzylguanine moiety for SNAP-tag. One 

additional synthetic biotin on the tether can bind to streptavidin as a specific effector protein, which 

increases the overall steric hindrance and prevents the interaction of benzenesulfonamide to the 

HCA domain, leading to a low BRET efficiency open state25. d, Modular biosensor platform based 

on a de novo switch. A structurally preorganized lucCage containing a caged sensing domain (or 

epitope) stabilizes the complex in a closed state. The sensing domain binding to the target of 

interest (or the epitope binding to the antibody of interest) facilitates the association of lucCage 

and lucKey into an open state, which is reported by bioluminescence emission after split-luciferase 

reconstitution. 
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Table S1. X-ray data collection and structure refinement statistics. 

Data Collection SelMET-sCageHA_267-1S(E99Y/T144Y/I30M) 

Space group C2 

Unit cell dimensions   

a, b, c (Å) 178.993 60.127 71.799 

a, β, γ (°) 90, 112.463, 90 

Wavelength (Å) 0.9794 

Resolution (Å) 50-2.03 (2.03-2.00)a 

Rsym 6.6 (16.5)a 

I/σ(I) 24.0 (3.5)a 

Completeness (%), >1σ 70.6 (33.8)a 

Redundancy 2.5 (1.6)a 

Refinement   

Resolution (Å) 46.09-1.99 (2.06-1.99)a 

No. of reflections 37603 

Rwork / Rfree 0.2078/0.2515 

R.m.s deviations   

bond (Å) / angle (º) 0.007/0.910 

Average B-values (Å2) 38.19 

Ramachandran plot (%)   

Favored / Additional 

allowed 

97.7/2.3 

Generously allowed 0.0 

aThe numbers in parentheses are the statistics from the highest resolution shell. 
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Table S2. Summary of biosensors in this work 

Biosensor Analytical target Dynamic 

rangea 

LOD (nM) Detection 

range (nM) 

lucCageBim Bcl-2 360% 0.2 0.2-12.5 

lucCageBoT Botulinum 

neurotoxin B 

130% 0.4 0.4-50 

lucCageProA Fc domain 350% 0.39 0.39-12.5 

lucCagHer2 Her2 receptor 380% 0.23 0.23-25 

lucCageTrop Troponin I 250% 0.009 0.009-0.3 

lucCageHBV Anti-HBV antibody 

(HzKR127-3.2) 

98% 2 2-100 

lucCageHBVα Anti-HBV antibody 

(HzKR127-3.2) 

225% 0.26 0.26-100 

lucCageHBV+ 

HzKR127-3.2 

PreS1 80% 0.6 0.6-100 

lucCageSARS2-M anti-SARS-Cov-M 50% 2.9 2.9-250 

lucCageSARS2-N anti-SARS-Cov-NP 70% 3.0 3.0-100 

lucCageRBD SARS-CoV-2 RBD 1700% 0.015 0.015-6 

 

aDefined as intensiometric change (△E/Emin) of total bioluminescence intensity. △E = Emax - Emin 

where Emax is the maximal bioluminescence intensity at saturating target concentration and Emin 

is the emission in the absence of the analytical target. 
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Table S3. List of sensing domains used in this work 

Biosensor Sensing domain Sensing domain sequence 

lucCageBim Bim EIWIAQELRRIGDEFNAYYA 

lucCageBoT Bot.0671.2 MFAELKAKFFLEIGDRDAARNALRKAGYSDEEAERIIRKYELE 

lucCageProA Protein A domain C (SpaC) EQQNAFYEILHLPNLTEEQRNGFIQSLKDDPSVSKEILAEAKKLNDA

QAPK 

lucCagHer2 Her2 affibody EMRNAYWEIALLPNLNNQQKRAFIRSLYDDPSQSANLLAEAKKLNDA

QAPK 

lucCageTrop cTnI + cTnC EDQLREKAKELWQTIYNLEAEKFDLQEKFKQQKYEINVLRNRINDNQ

KVSKTKDDSKGKSEEELSDLFRMFDKNADGYIDLEELKIMLQATGET

ITEDDIEELMKDGDKNNDGRIDYDEFLEFMKGVE 

lucCageHBV preS1 (a.a. 35–46) GANSNNPDWDFN 

lucCageHBVα preS1 (a.a. 35–46) 2x GANSNNPDWDFNGGSGGGSSGFGANSNNPDWDFNPN 

lucCageSARS2-M SARS-CoV-2 nucleocapsid 

protein (a.a. 369-382) 2x 

MADSNGTITVEELKKLLEGGSGGMADSNGTITVEELKKLLE 

lucCageSARS2-N SARS-CoV-2 membrane 

protein (a.a. 1-17) 2x 

KKDKKKKADETQALGGSGGKKDKKKKADETQAL 

lucCageRBD LCB1 ILQKIYEIMRLLDELGHAEASMRVSDLIYEFMKKGDERLLEEAERLL

EEVER 
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Table S4. Comparison of background intensity and dynamic range between the lucCage 

sensors under the same experimental conditions 

Biosensor No target  

(% ± SD) 

Saturating target  

(% ± SD) 

Fold Activation  

lucCageBim 6.685 ± 0.056 21.689 ± 0.223 3.24 

lucCageBoT 1.261 ± 0.030 2.419 ± 0.022 1.92 

lucCageProA 11.403 ± 0.030 42.503 ± 0.786 3.73 

lucCagHer2 2.989 ± 0.010 9.562 ± 0.300 3.20 

lucCageTrop 8.773 ± 0.057 30.717 ± 0.420 3.50 

lucCageHBVα 62.945 ± 0.896 87.414 ± 0.385 1.39 

lucCageSARS2-M 22.286 ± 0.432 28.357 ± 0.836 1.27 

lucCageRBD 7.340 ± 0.126 100 ± 1.731 13.62 

Percentages calculated assuming activation of lucCageRBD at saturating target concentration as 

100% luciferase intensity.  

Experimental conditions: (1nM lucCage + 1nM lucKey in 1:1 of buffer 0.01 M HEPES pH 7.4, 

0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20 Nano-Glo assay buffer). These conditions 

may differ from optimal experimental conditions for some lucCage sensors, hence, the reduced 

dynamic range for some of them was observed.  
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Table S5. Summary of recent biosensor platforms to detect protein targets 

 

Platform Enzyme–inhibitor 

switch 

LUMABS CLASH lucCage-lucKey  

(this work) 

Switch module BLA-BLIP SH3-PRP HCA-Nluc-p30-SNAP Two components 

(lucCage and lucKey) 

Switch 

tunability 

Introducing point 

mutations 

Replacing helper domain Changing the affinity of 

tethered ligands 

Computational interface 

design 

Binder 

geometry 

Small linear epitope or 

affimer 

Small linear epitope or 

mimotope 

Small molecule-target 

interaction 

De novo binders, 

affibody, linear epitope, 

natural binders 

No. of Binding 

sites required 

2 2 1 1 

Linker module Semi-flexible or 

flexible linker 

Semi-flexible linker 30-proline linker No linker 

Readout Colorimetric by 

nitrocefin 

BRET (450/517nm) BRET (450/570nm) Intensiometric in 

luminescence 

Target 

tunability 

Swapping binding 

motif 

Swapping binding motif Changing ligand Swapping binding motif 

Sensitivity pM pM nM pM 

Sensitivity 

tunability 

Monovalent affinity & 

avidity 

Monovalent affinity & 

avidity 

Mutations in the receptor 

protein 

Monovalent affinity & 

avidity (KLT) 

Dynamic range 

tunability 

Linker optimization Replacing helper domain Geometry optimization Cage-latch & Cage-key 

interface design (Kopen & 

KCK). 

Key length.  

Number of 

sensors built 

3: Herceptin, hCRP, 

plant virus 

7: therapeutic antibodies 2: streptavidin, DHFR 10: Bcl-2, BoNT/B, Fc, 

Her2, cTnI, anti-HBV, 

HBV PreS1, SARS-CoV-

2 RBD, anti-SARS-CoV-

N, anti-SARS-CoV-M 
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