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ABSTRACT OF THE DISSERTATION
Investigating Designed Protein Nanocages as a Modular Platform for Synthetic Biology
by
Eric Jinsuk Lee
Doctor of Philosophy in Biochemistry, Molecular and Structural Biology
University of California, Los Angeles, 2024

Professor Todd O. Yeates, Chair

Protein nanocages are abundant throughout nature, comprising many different shapes,
sizes, and functions. However, despite their wide variety, these assemblies share key features,
including a modifiable exterior surface, interior volume, and subunit-subunit interfaces. These
characteristics, in conjunction with general stability and monodispersity, confer on nanocages an
incredible capacity for synthetic biology applications. Already, both natural and designed protein
nanocages have demonstrated exciting potential in therapeutics, imaging, and materials. The
primary focus of the dissertation is to explore the utility of protein nanocages as modular
molecular delivery platforms.

In the first chapter, I briefly review prior works that have studied protein nanocages as
potential molecular carriers and delivery vehicles. The most prominent natural cages featured in
the literature, ranging from small ferritins to large virus-like particles, are discussed. These
examples encompass applications such as small molecule loading and delivery to more complex
chemical and/or genetic modifications. The emergence of designed nanocages as an alternative

to evolved nanocages for synthetic biology is also discussed. However, despite these incredible



advances, the general lack of specificity and modularity in protein cage-based encapsulation and
delivery systems remains an ongoing challenge.

In the second chapter, I present the ligand-operable cage (LOC), a new type of protein
cage that can “open” in response to a specific ligand. These designs aim to address the lack of a
modular nanocage platform with a target-based disassembly mechanism. Uniquely, the opening
mechanism of LOCs relies on the spatial orientation of surface-fused adaptors. In this study, we
fused designed ankyrin repeat proteins (DARPins) to the surface of two different nanocages,
sulfur oxygenase-reductase and the previously designed T33-51 cage. We also developed two
readout assays indicating successful nanocage disassembly: one based on fluorescence
unquenching of an encapsulated fluorophore, and one based on a split-NanoLuc luciferase
assay.

In the third chapter, I discuss the design of three new cages to: 1) demonstrate the
modularity of the LOC platform, and 2) explore their ability to bind cancer targets. The LOC
variants, all based on the same T33-51 core, were designed to bind either BARDI1, BRCAI, or
KRAS, which are all prominently implicated in cancer. We modeled the overall structure of
these designs and their adaptor orientations using AlphaFold-based ColabFold. We discuss the
synthesis and purification of these LOC variants, characterize their assembly, and show
preliminary results from target-triggered disassembly experiments.

In the fourth chapter, I aim to develop a combinatorial DNA-triggered bioswitch
incorporating a protein nanocage. In a prior study, a NanoLuc-Cy3 BRET-beacon was designed
to turn “on” or “off” in response to an oligonucleotide (ODN) trigger. We sought to expand this
existing modular bioswitch by conditionally encapsulating the target ODN (i.e., the bioswitch

trigger) inside of a ligand-operable cage. In this manner, we could add an additional layer of



modular control over the on-off state of the BRET-beacon. We detail the experimental scheme of
this combinatorial switch, the synthesis of its components, and results from initial experiments.
In conclusion, the dissertation demonstrates the utility of protein nanocages as modular
platforms for synthetic biology applications. Though prior works have exceptionally leveraged
evolved cages, such as ferritin, VLPs, and other nonviral cages for molecular storage and
delivery, we sought to address the general lack of a target-based, modular system. To this end,
we demonstrate that our first LOC designs successfully released an encapsulated cargo upon
specific target-binding using fluorescent and luminescent readout assays. Furthermore, we
generated additional LOC variants that aimed to bind cancer-relevant proteins. Finally, we
integrated a designed nanocage with a modular DNA sensor to create a combinatorial bioswitch.
Taken together, these results, in consideration of experimental challenges and future directions,

have exciting implications for future synthetic biology applications using protein nanocages.
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ABSTRACT

Nature has evolved many extraordinary protein assemblies, including filaments, lattices and
other complex architectures. Of these, protein nanocages have been a focus of many emergent
synthetic biology and nanomaterials studies. Ranging from the relatively small, ubiquitous
ferritin to larger, complex viral capsids, protein nanocages have already been used for many
applications, such as therapeutics and imaging. Furthermore, advances in protein design have
made it possible to create wholly new structures composed of non-native building blocks,
expanding the design space for nanocages and their potential as a synthetic platform. This
introductory chapter encompasses a brief history of protein nanocage research, with a focus on
applications for molecular encapsulation and delivery. We discuss early works involving
naturally evolved structures repurposed for various applications, emergent synthetic biology

approaches, advent of designed cages, as well as ongoing challenges in the field.

INTRODUCTION

Nature is replete with complex supramolecular structures — biological assemblies
comprising multiple smaller subunits. Architectures ranging from filaments to complex,
asymmetric molecular machines have long inspired scientists to not only study and understand
their structure and function, but also engineer them for new purposes.

A prominent class of supramolecular assembly is the protein nanocage. These self-
assembling particles comprise repeats of one or more proteins in a symmetrical arrangement,
taking the form of cubes and other polyhedra. Moreover, several characteristic features make
them attractive as a platform for synthetic biology applications'. Firstly, protein nanocages

possess an external surface that allows them to interact with their environment (Figure 1.1A,



left). Secondly, they contain an interior space that can encapsulate molecules of interest (Figure
1.1A, right). Finally, nanocages are composed of symmetrical, self-assembling subunits that
cooperatively associate via interface sidechains (Figure 1.1C). In addition, each of these
characteristic features can be further chemically or genetically modified. Protein nanocages are
also robust, monodisperse, and biocompatible?. Prominent examples include the iron storage
molecule ferritin and its homologues, as well as viral capsids. Advances in modern protein
design have also made it possible to create entirely new, synthetic nanocages. Such designed
assemblies comprise components that otherwise do not interact in nature.

Already, nanocages have been used for diverse studies in materials, therapeutics, and
imaging (Figure 1.2)°%. Notably, nanocages have displayed promise as platforms for molecular
containment and delivery, ranging from the delivery of small molecule drugs to the
encapsulation of whole proteins. Methods for functionalizing nanocages with non-native cargo
range from co-assembly with non-native cargo in solution to more complicated genetic and/or
chemical modifications. In this introductory chapter, I will discuss a brief overview of prior
works exploring both natural and synthetic cages as delivery vehicles, as well as ongoing

challenges in the field.

PRIOR WORKS
Ferritin

Of the many known evolved protein cages, ferritin is one of the most abundantly studied
as a potential nanocarrier. This 24-mer octahedral assembly has been well-characterized in its
structure and function as an iron storage vessel, as well as its ability to store other small

molecules. One of the many early experiments leveraging ferritin as a potential therapeutic



vehicle was performed by Yang et al. in 2006. Their work utilized the pH-triggered assembly
states of ferritin to encapsulate platinum-based cancer drugs’. At neutral pH, ferritin adopts its
characteristic octahedral, enclosed state. However, at extremely acidic pH, the nanocage
disassembles into its dissociated monomeric components. Such pH-dependent properties further
support ferritin as an attractive platform for cancer-related delivery since environmental pH is
often a differentiator between healthy and cancerous tissues. In a similar study Zhang et al.
demonstrated the ability of ferritin to encapsulate anthocyanins, a class of molecule with high
therapeutic potential, but low cellular stability'®. This study importantly demonstrated the ability
of nanocages to protect and delivery otherwise serum-unstable cargo, increasing cellular uptake.
Additional work with ferritin by Chen et al. demonstrated that one could modify the cage’s pH-
dependent disassembly profile via cleavage of the C-terminal helix, allowing the cage to
disassemble at a less acidic pH of 4'!. The same group also demonstrated that DOX-loaded

ferritin can cross the blood-brain barrier'?.

Viruses

Virus-like particles are the next prominent class used for nanocarrier studies. Viral
capsids already demonstrate important biological functions regarding molecular storage, as they
comprise up to hundreds of subunits made to transport viral genetic cargo. Adenoassociated
virus-2, brome mosaic, MS2 phage, cowpea mosaic virus, cowpea chlorotic mosaic virus,
papillomavirus L1 capsid, turnip yellow mosaic virus, cucumber mosaic virus, and human
hepatitis B virus are some examples that have been studied for biotechnology and biomedical
applications, namely the packaging of exogenous nucleic acids'*"'7. For example, Biddlecome et

al. have recently demonstrated the therapeutic potential of mRNA-carrying VLPs.!'® Owing to



their size, viruses have been investigated as whole protein carriers in synthetic biology studies.
Generally, these systems involve an anchoring or shuttling mechanism to load the nanocage with
significantly greater efficiency. For example, Schoonen et al. demonstrated the sortase-mediated
fusion of whole enzymes on the inside of a capsid protein'®. Packaging of proteins into viral
capsids has also been achieved via fusion to Gag proteins?’. Similarly, though not viruses,
bacterial microcompartments have also become a focus of synthetic biology experiments, with

their ability to encapsulate whole sets of enzymes?! 3.

Notable non-viral cages

Vaults are relatively large ribonucleoproteins that have been used as nanocapsules®.
Matsumoto et al. have demonstrated synthetically modified vault protein cages with stimuli-
responsive polymers®*. These findings have culminated in a new type of hybrid material, where
the structure of the synthetic particle is based on the vault protein, but the stimuli response is
dictated by the nature of the conjugated polymer. Vaults have also been identified as candidates
for protein-based drug loading due to their size®®.

E2 protein cages are 60-subunit assemblies derived from pyruvate dehydrogenase
complex. Dalmau et al. and Peng et al. performed separate experiments involving subunit-
subunit interface mutations of a previously characterized E2 scaffold to create a pH-responsive
assembly and disassembly system?’?8. These studies led to disassembled components that were
more soluble and potentially more useful in biologically relevant applications. Ren et al. also
utilized the E2 protein cage to encapsulate maleimide-carrying fluorophore and doxorubicin
molecules via internal cysteine residues, further demonstrating the utility of E2 cages delivery

vehicles?’.



Lumazine synthase, another icosahedral cage, has also been studied as a molecular
delivery vehicle. Lilivivat et al. engineered a variant that could encapsulate nucleic acids via
inserted positive residues in the cage interior’’. Ra et al. used lumazine synthases to deliver
antigens to dendritic cells via recombinant fusion of antigenic peptides®!. Tetter et al. used

directed evolution to create larger lumazine synthase cages to package its own encoding RNA™.

Other synthetic biology studies

Increasingly diverse and novel methods for encapsulation and/or cage assembly have
emerged. For example, Hoersch et al. created a light-gated nanocage by engineering ATP-driven
chaperonins®®. This was achieved by incorporating photoswitchable azobenzene-based molecules
into the structure of the protein complex. This culminated in a protein nanocage that underwent
conformational changes in response to different wavelengths of light. Kang et al. incorporated a
thrombin cleavage site into ferritin to create a protease-responsive delivery platform**. In this
system, protease digestion of the incorporated cleavage site caused the “excision” of an
internally encapsulated alpha helix. This helix was conjugated to a fluorophore, which was
released from the cage interior post-cleavage. It was also demonstrated that hydrostatic pressure
could be used as a trigger for cage disassembly>>. Other methods such as metal coordination,
disulfide formation, and allosteric elements have been studied as stimuli for engineered nanocage

assembly and disassembly®°.

Designed nanocages
Recent advances in protein design have made it possible to create entirely new nanocages

out of non-native protein building blocks. The first of these designed nanocages comprised



multiple copies of a recombinant fusion between two trimeric proteins, leading to a novel
tetrahedral self-assembly*’. This work revealed that independent proteins could be made to form
a symmetric self-assembly provided that their recombinant fusion fit the necessary geometric
constraints to form a cage. An alternative strategy also emerged where, instead of a fusion,
computational interface design was used to make otherwise non-interacting oligomers bind each
other at the correct geometry*! =,

It was recently demonstrated that a designed fusion-type nanocage could be modified to
be cleaved by proteases*’. Basing their design on a previously designed cage core, Miller et al.
incorporated a thrombin and asparagine protease cleavage site in separate design cases. This
allowed them to cause proteolytic cleavage and subsequent disassembly of the cage. These
findings illustrated that designed nanocages can be broken or opened in response to specific,
disease-relevant proteases.

One disadvantage of designed nanocages may be that they are typically not designed with
multiple, defined assembly configurations in mind. In fact, many designed nanocages have found
their use in scaffolding or materials. On the other hand, with ever-emergent structure prediction
methods and software, synthetic cages theoretically have significantly greater design space. New

tools such as ProteinMPNN have even made it possible to create protein cage sequences using

deep learning™®.

ONGOING CHALLENGES AND FUTURE DIRECTIONS
The primary challenge for the wider, general usage of nanocages as nanocarriers is the
general lack of target-specific strategies for cargo release. Existing work primarily relies on

drastic shifts in environmental conditions, which may not be amenable for certain biological or



biomedical studies. For example, a ferritin cage-based nanocarrier that is dependent upon pH
changes to release its cargo may not be applicable in an environment that requires cargo to be
both stored and released under physiological conditions. A more desirable nanocarrier would
instead respond to a particular ligand (e.g., a protein of interest) pertinent to the environment of
interest to release its cargo. The triggerable cages by Kang et al. and Miller et al. are examples
that have sought to address this design challenge by making the cages respond specifically to
certain proteases.

Moreover, there is no known nanocage-based platform that offers sufficient modularity
for widespread applications in synthetic biology. For example, a nanocage engineered to open in
response to a single stimulus may only find utility in said single application. In this case, entirely
new cages would have to be laboriously designed or engineered for alternative applications. The
ideal nanocage-based platform to mitigate this issue would be to base all designs off a
“common” cage core, onto which minor, intuitive mutations and/or modifications can be made.
This way, a single design can be readily “reprogrammed” to respond to many different stimuli.

Despite these current challenges, protein nanocages offer great potential in biotechnology
and medicine as molecular vehicles. Their biocompatibility and multiple modification sites have
made them a very attractive platform for scientists in creating novel materials and therapeutics.
Both viral and non-viral cages of varying shapes and sizes have already demonstrated their
ability to encapsulate cargo primarily via spontaneous coassembly or covalent linkage.
Alternative methods for creating cages that can assemble or disassemble under unique conditions
are ever emergent. Finally, recent studies have shown more targeted strategies for cage

disassembly, such as specific protease degradation. Nevertheless, many challenges, particularly



regarding target specificity and modularity, remain. The following work discussed in the

dissertation proposes design solutions to these important questions.

FIGURES

A Surface residues available Interior volume for
for modification encapsulating moieties

Subunit-subunit interfaces

Figure 1.1. Structural overview of an example nanocage (ferritin) and its characteristics. A)
Left, surface map of nanocage, available for chemical or genetic modifications; right, partial
surface map exhibiting interior volume, available for encapsulating moieties. B) Ribbon model
of nanocage to demonstrate interface residues (right inset) that contribute to overall cooperative

assembly.



10 nm

Ferritin Lumazine
synthase

Y .b .

Padilla fusion T33-51
cage

Figure 1.2. Select examples of nanocages utilized or proposed for encapsulation and
delivery applications. A) Natural cages from left to right: human ferritin, lumazine synthase
from Aquifex Aeolicus, cowpea mosaic virus; PDB: 4V6B; PDB: 1HQK; PDB: INY7. B)
Designed cages from left to right: "Padilla" single-component nanocage, T33-51 two-component

nanocage; PDB: 4QES; PDB: 5CYS5. Structures are approximately scaled.
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ABSTRACT

Protein nanocages have diverse applications in medicine and biotechnology, including
molecular delivery. However, although numerous studies have demonstrated the ability of
protein nanocages to encapsulate various molecular species, limited methods are available for
subsequently opening a nanocage for cargo release under specific conditions. A modular
platform with a specific protein-target-based mechanism of nanocage opening is notably lacking.
To address this important technology gap, we present a new class of designed protein cages, the
Ligand-Operable Cage (LOC). LOCs primarily comprise a protein nanocage core and a fused
surface binding adaptor. The geometry of the LOC is designed so that binding of a target protein
ligand (or multiple copies thereof) to the surface binder is sterically incompatible with retention
of the assembled state of the cage. Therefore, the tight binding of a target ligand drives cage
disassembly by mass action, subsequently exposing the encapsulated cargo. LOCs are modular;
direct substitution of the surface binder sequence can reprogram the nanocage to open in
response to any target protein ligand of interest. We demonstrate these design principles using
both a natural and a designed protein cage as the core, with different proteins acting as the
triggering ligand and with different reporter readouts — fluorescence unquenching and
luminescence — for cage disassembly. These developments advance the critical problem of

targeted molecular delivery and detection.

INTRODUCTION
Advances in rational protein design methods have made it possible to create novel
proteins, enzymes, and higher-order complexes.!* Exploiting principles of symmetric self-

assembly, sophisticated supramolecular architectures in the shapes of cubes and other polyhedra
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can be produced from much simpler protein building blocks.*'* Comparable supramolecular
structures are ubiquitous throughout nature, as exemplified by microtubules, polyhedral viruses,
S-layer proteins, etc.'7?' Recent design studies have led to wholly new sets of novel protein
architectures, opening vast avenues of exploration for synthetic biology.

Chief among these supramolecular classes is the protein nanocage. As an engineering
platform, nanocages offer two key features — a symmetrical surface for polyvalent display and
an interior volume for molecular containment — making them versatile for many synthetic
biology studies.?? Already, nanocages have been leveraged for exciting applications in
biomaterials, therapeutics, and imaging.??* Notably, nanocages have demonstrated potential as
molecular carriers, able to encapsulate functional moieties ranging from small drugs to
macromolecules.? 2

While considerable prior work has focused on creating robustly assembling protein cages,
designing highly targeted mechanisms of cage disruption remains a challenge, thereby limiting
the use of nanocages as molecular delivery vehicles. Previously explored methods of nanocage
opening include changes in pH, hydrostatic pressure, reducing agents, light, and chelators.**
Such approaches are suitable when the desired application admits control of bulk properties and
external conditions. Interest in higher levels of specificity — e.g., discriminating between
different cell states or cell types — calls for new ideas. Two recent works have explored the
design of protein cages that are sensitive to (i.e., destroyed by) the presence of specific
proteases.*># This method offers delivery and response mechanisms for systems in which
specific proteases are naturally present or where they can be expressed. However, even more

specific systems for the targeted opening could be transformative. A platform with ultimate
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specificity would come from a protein cage that could be readily engineered to open in response
to the presence of essentially any protein of interest.

Here, we present Ligand-Operable Cages (LOCs), a new and modular class of protein
nanocages with a capacity for target-based disruption. LOCs are primarily composed of an
assembled nanocage core with fused binding adaptors on their surface. The binding adaptors are
configured in such a way that binding of a cognate protein to the binding adaptor is incompatible
with retention of the overall nanocage assembly. This feature leads to cage opening upon binding
a specific target protein. We describe key design principles for LOCs and present two prototype
cases, one based on a natural protein cage, and another on a designed nanocage core.** We
demonstrate the generality of the system with respect to the nanocage core, the programmed

target ligand, and the molecular mechanism for signaling disassembly.

RESULTS AND DISCUSSION
LOC Design Principles

Our design ideas aim to create protein nanocages with external binding adaptors
specifically situated so that the nanocage opens upon binding a cognate protein ligand. The
platform comprises two essential components: (1) a symmetric self-assembling protein cage core
built from multiple copies of one or sometimes two distinct subunit types and (2) an adaptor
protein for binding the protein ligand of interest (Figure 2.1A). Suitable cage cores typically take
the form of a cubic shape (or other Platonic solid), with an interior cavity.

Connecting the adaptor to the nanocage core subunit by using genetic fusion leads to
assemblies with defined oligomeric compositions and configurations. Multiple copies of the

binding adaptor are presented on the cage surface. The specific 3-dimensional configuration of
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the protruding adaptors plays a critical role in the behavior of the nanocage. In the absence of the
target ligand, the unbound form of the nanocage suffers from no steric collisions. In contrast, and
by design, the binding of the cognate ligand, or many copies thereof, is sterically incompatible
with retention of cage assembly (Figure 2.1B). This creates a geometric conflict. According to
established principles of thermodynamics, addition of a high-affinity ligand to such a system —
assuming a sufficient degree of dynamics are at play — will drive the system to disassemble by
mass-action. Somewhat related ideas involving steric collision have been employed in other
molecular systems.** A third, optional, component is a passenger molecule or other inward-
facing molecular moiety — e.g., a fluorescent molecule or other bioactive marker — which can be
used as a readout for assembly disruption. The incorporation of specific interior components
endows LOCs with diverse utilities.

For our design studies, we used Designed Ankyrin Repeat Proteins (DARPins) as our
binding adaptor protein. Similar to nanobodies and related immunoglobulin-based protein
domains, DARPins have proven highly amenable to sequence selection in their loop regions —
producing variants that bind tightly to practically any protein ligand of interest.*>' DARPins,
however, offer a distinctive feature: their highly alpha helical composition suits them for making
continuous alpha helical connections to other protein domains that also have terminal
helices.??%27% Such an unbroken helix spanning both components contributes to rigidity. We
reasoned that connecting a DARPin adaptor domain to the cage core using a continuous alpha
helical linker would help physical forces (originating from sterically restricted ligand binding)
propagate from the adaptors to the cage core. Based on these ideas, we hypothesized that a LOC
platform could be programmed to open in response to diverse protein ligands, with disassembly

then signaling through various reporter mechanisms.
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Design of a LOC Based on a Natural Protein Cage

We elected to begin our LOC design study using a natural nanocage core. We employed
the oligomeric enzyme sulfur oxygenase reductase (SOR), which forms a 24-subunit cube-
shaped assembly with octahedral symmetry.* Among a small set of natural protein assemblies
with cubic symmetry, SOR was an appropriate candidate because it presents C-terminal helices
on its surface, permitting fusion to the N-terminal helix of a DARPin adaptor.? For this trial, we
used a previously reported DARPin sequence that binds superfolder green fluorescent protein
(sfGFP).26:5257.58

We generated a model of the SOR-based LOC (SOR-LOC) using PyMOL. To achieve
this, each SOR monomer’s C-terminal helix was aligned with and then extended into an ideal
polyalanine helix. The N-terminal helix of the sfGFP-binding DARPin was then aligned with the
opposite end of the ideal helix. This resulted in a final construct comprising an SOR monomer
fused to the sfGFP-binding DARPin via an Ala—Gln linker. The DARPins were configured such
that their binding sites would face inward, e.g., toward an axis of symmetry or another cage
protein subunit.

As modeled, the full SOR-LOC assembly is composed of a native octahedral core
structure with 24 protruding DARPin domains (Figure 2.2A, right). A closer view at one of the
four-fold axes of the SOR-LOC octahedral assembly shows no steric clashing in the absence of
the cognate target, stGFP (Figure 2B, left). However, in a hypothetical sfGFP-bound form, major
steric clashes would occur between each DARPin-bound sfGFP molecule and the neighboring

DARPin (Figure 2.2B, right). Thus, the stGFP-bound form would be incompatible with retention
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of the cage core assembly. Therefore, we expected the high affinity binding of sftGFP to drive
disassembly of the SOR-LOC.

We performed size-exclusion chromatography (SEC) to verify the assembly and
subsequent sfGFP-induced disassembly of SOR-LOC. SEC analysis of SOR-LOC alone resulted
in an elution volume profile featuring a prominent peak corresponding to the full assembly,
approximately 1.26 MDa, in addition to some partial subassemblies (Figure 2.2C). After the
addition of 50 uM sfGFP (2% molar excess of SOR-LOC DARPins), we observed that essentially
all SOR-LOC and sfGFP in the sample aggregated. Following sample centrifugation and
clarification of aggregates, the size-exclusion chromatogram of SOR-LOC incubated with sfGFP
showed little to no A280 signal corresponding to assembled cages or partial subassemblies. This
indicated that sfGFP binding caused almost complete disassembly and subsequent aggregation of
the assembled SOR-LOC cages.

Furthermore, we isolated the peak fraction corresponding to assembled SOR-LOC cages
and examined the sample via negative-stain electron microscopy. We observed relatively
monodisperse assemblies of approximately the correct size (15 nm diameter) at high particle
density (Figure 2.2D, left). However, after we mixed the isolated SOR-LOC cages with sfGFP
(2% molar excess of SOR-LOC DARPins), we observed an apparent reduction in monodispersity
and particle density as well as an apparent increase of aggregates (Figure 2.2D, right).

Lastly, we performed a dynamic light scattering (DLS) experiment on samples containing
isolated SOR-LOC cages after incubation with and without sfGFP. We observed a relatively
monodisperse signal peak at an approximately 7—8 nm radius for samples containing isolated

SOR-LOC cages (Figure 2.3A). In contrast, SOR-LOC cages incubated with sfGFP yielded
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essentially no signal at 7-8 nm radius, which supported results obtained by SEC and negative

staining EM (Figure 2.3B).

Creation of a LOC Based on a Designed Protein Cage Core

We sought to extend the LOC concept using a designed protein assembly as the nanocage
core. For the designed protein nanocage, we chose a tetrahedral assembly (known as T33-51)
composed of two distinct subunit types, A and B, with stoichiometry A12B12 (4 trimers of each
A and B), known for its solubility and stable assembly.* Furthermore, we wanted to test the
modularity of our LOC design approach. Therefore, instead of using the stGFP-binding DARPin
employed above, we used a maltose binding protein (MBP)-binding DARPin as the binding
adaptor to demonstrate that LOCs can respond to diverse protein targets.*

We generated a model of the T33-51-based LOC (T33-51-LOC) in the same manner as
that described above. We aligned an ideal helix onto the C-terminus of the A subunit of the T33-
51 cage. We then aligned the MBP-binding DARPin with the ideal helix. This resulted in a
modified T33-51 A subunit with the MBP-binding DARPin fused via an Ala—GlIn linker. As
before, the DARPins were arranged such that the MBP-binding sites faced toward any axis of
symmetry. To permit internal chemical labeling, we inserted a cysteine residue at the N-terminus
of the A subunit. The B subunit of the T33-51 cage was left unchanged.

As modeled, T33-51-LOC comprises its original tetrahedral core assembly with 12
protruding DARPin domains (Figure 2.4A). Based on the positioning of the DARPin binding
sites, individual MBP molecules could be bound without steric collision (Figure 2.4B, left and

middle panels), but binding of two (or more) MBP molecules at a single vertex would lead to
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steric collisions at the 3-fold axis (Figure 2.4B, right panel). We therefore hypothesized that the
high-affinity binding of MBP to the surface DARPins would drive the disruption of T33-51-LOC
via mass action.

We performed SEC and native polyacrylamide gel electrophoresis (native-PAGE) to
characterize the T33-51-LOC assembly and MBP-binding. SEC of T33-51-LOC yielded a
prominent peak at an elution volume of correct size, approximately 680 kDa, in the absence of
the MBP ligand (Figure 2.4C). Addition of 75 uM MBP (3% molar excess of T33-51-LOC
DARPiIns) caused a slight leftward shift of the assembled cage peak, indicating an increased
molecular weight due to MBP binding (Figure 2.4C). However, when we performed native-
PAGE on the SEC fractions corresponding to assembled cages and cages bound to MBP, we
observed a significant decrease in the band intensity corresponding to assembled cages (Figure
2.4E). While minor assembled species remained (likely representing T33-51-LOC cages with
only one MBP bound at any vertex), the majority were disrupted.

Additionally, we examined isolated T33-51-LOC cages incubated with and without MBP
via negative stain EM. Cage samples incubated with only saline displayed monodisperse
particles of correct size, approximately 10 nm, and apparent tetrahedral symmetry (Figure 2.4F,
left). Upon adding MBP to T33-51-LOC, we observed an increase in polydispersity, a loss of
symmetry, and fewer ordered particles (Figure 2.4F, right).

Finally, we performed a DLS experiment on isolated T33-51-LOC cages incubated with
and without MBP. Cages without MBP (i.e., mixed with mock buffer) demonstrated that most of
the sample — in terms of number and mass — exhibited a radius in the correct range of 6—7.5 nm
(Figure 2.5A). Cages mixed with MBP exhibited significantly reduced numbers and masses of

assembled T33-51-LOC, supporting results from native-PAGE and electron microscopy (Figure
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2.5B). With these initial observations confirming our anticipated disruption of cages upon the
addition of MBP, we expanded the system to incorporate alternative readouts of nanocage

disruption and concomitant cargo exposure.

A LOC That Signals by Disruption-Based Fluorescence Unquenching

We designed a first LOC-based readout experiment using fluorescence as an indicator of
disruption. To do this, we chemically labeled the interior cysteine of T33-51-LOC with Oregon
Green 488 maleimide (labeled form referred to as og-T33-51-LOC). In the assembled state,
multiple Oregon Green dye molecules exhibit a self-quenching property due to mutual proximity
of the dyes (Figure 2.6A).® When the distance between the dye molecules increases, the
quenching effect is attenuated, leading to an increase in the fluorescence intensity. Therefore, we
expected to observe an increase in fluorescence intensity at 535 nm upon incubation of og-T33-
51-LOC with increasing concentrations of MBP, as the high-affinity binding of MBP to the
surface DARPins drives disassembly of the og-T33-51-LOC nanocage.

Indeed, we observed that the fluorescence intensity increased as og-T33-51-LOC was
incubated with higher concentrations of MBP (Figure 2.6B). While all concentrations of MBP
led to a gradual increase in fluorescence over time at room temperature, we observed larger
differences in the presence of increasing amounts of MBP, as well as a prominent secondary
increase in fluorescence signal at around 40 to 50 min, unique to conditions with bound ligand.
Furthermore, at higher concentrations of MBP, this second signal spike occurred earlier. We
were able to determine an approximate half-saturation threshold of binding in the low
micromolar range (Figure 2.6C), taking the background signal from the unbound form as the

baseline for subtraction. In addition to the main effect of ligand-driven disruption, the
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experiments showed additional complex behaviors, which were reproducible. These are not
understood at present, but likely reflect the complex multicomponent nature of the underlying

system.

A LOC That Signals by Complementation-Based Luminescence

Finally, we sought to couple a LOC disruption event to a bioactive readout. To achieve
this, we modified our initial T33-51-LOC design by replacing the internal cysteine residue with a
split-NanoLuc luciferase complementation peptide. This peptide is a C-terminal fragment of an
engineered split-NanoLuc luciferase enzyme, previously used to study protein—protein
interactions via luminescence.® This modified version of our design is referred to as the nL-T33-
51-LOC.

In this system, the assembled state of nL.-T33-51-LOC does not sterically permit
NanoLuc complementation because the peptide is encapsulated and not surface-exposed. We
expected a cage opening event to expose the encapsulated peptide and permit complementation
of split-NanoLuc, reconstituting luminescent enzyme activity (Figure 2.7A). That is, we
expected an increase in luminescent light production after incubating nL.-T33-51-LOC with
higher concentrations of MBP, which is the cognate ligand.

We performed SEC to verify the assembly of nL-T33-51-LOC. A prominent peak at the
correct elution volume (approximately 683 kDa assembly) was observed following the
purification of nL-T33-51-LOC by SEC (Figure 2.7B). Upon incubation of nL-T33-51-LOC
with increasing concentrations of MBP, we observed an increase in luminescence compared to
samples incubated with a mock or noncognate ligand (lysozyme) (Figure 2.7C). Concentrations

of the cognate target protein (MBP) in the low micromolar range were sufficient to generate a
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significant increase in signal. In principle, other split enzyme systems would be amenable to use
in signaling. And of course, other, nonenzymatic, biological motifs could be employed to signal

upon exposure by binding to downstream targets.

CONCLUSIONS

Our studies describe key design principles and initial demonstrations for ligand-operable
cages (LOCs): protein cages tailored to open or disassemble in response to highly specific
molecular binding events. We demonstrated the scope and modularity of the design approach by
using two different protein cage cores (one natural and one designed), two different protein
ligands as the effector (sfGFP and MBP), and two different mechanisms for readout of cage
opening (one based on fluorescence unquenching, and one based on split-enzyme
complementation). Many other design schemes are possible for LOCs. For applications in broad
areas of synthetic biology and molecular medicine, these systems provide a facile way to detect a
specific protein of interest (e.g., using a spectroscopic readout) or to generate specific biological
effects in response to a protein of interest (e.g., by exposure of inward-facing biological motifs).
While the LOC framework opens broad new possibilities, it also exposes interesting areas for
deeper exploration on both fundamental and practical fronts. Regarding practical applications,
further developments are needed to investigate cell-based utility for LOCs.

Binding affinities and protein ligand concentrations will also be critical concerns, as these
determine the driving forces for cage disassembly. Certain cell-surface applications could be
well-suited given the high local concentrations of receptors in many natural systems. Practical
applications will also have to consider relevant time scales. In our initial experiments, the time

scales for significant cage disassembly were in the range of several minutes (Figure 2.6B). The
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particular LOC examples we demonstrate here can be converted readily to respond to other
protein ligands and to signal in different ways. But further protein engineering could be
important in tuning LOCs to disassemble at different concentrations of a ligand. For instance,
mutations that slightly destabilize the subunit interfaces in the cage core tend to lower the ligand
concentration required for disassembly. Further design improvements and variations could be
important in cases in which well-behaved disassembly is needed. In some applications, the
protein aggregation observed upon cage disassembly could be compatible with the release of
triggering ligands, while the production of soluble subcomponents upon disassembly could be
important in other situations.

A number of theoretical issues are also worth exploring, particularly concerning the
interplay of competing thermodynamic processes in LOCs (i.e., binding/unbinding vs
assembly/disassembly). One notable observation is that the concentration of ligand required to
disassemble an LOC is substantially higher than the KD for binding of the protein ligand to the
adaptor protein in isolation. For the og-T33-51 LOC, half-disruption of the cage occurred for
ligand (MBP) concentrations in the high nanomolar to low micromolar range, whereas the K, of
the DARPin for MBP in isolation is reported to be in the low nanomolar range.* This is
consistent with expectation, considering the basic principles of competing forces. A deeper,
perhaps even predictive, understanding of these systems might be possible with a more detailed
modeling. In the presence of the protein ligand of interest, LOC modeling would involve
complex ensembles of species (e.g., different patterns of binding site occupancy, different
patterns of interface disruption and cage breaking, etc.). Questions could be addressed
concerning whether these molecular systems might tend to behave cooperatively or

anticooperatively as a function of ligand concentration; experiments tailored to detect populated
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disassembly intermediates could be informative on that point. This could be important, given that
cooperative behavior is often advantageous for response tuning and circuit design. There are also
open questions concerning design. Our experiments showed success under particular design
choices that we took to be favorable, a notable one being our use of DARPins as the binding
adaptors to exploit their capacity for continuous alpha helical fusions at their termini. Our studies
did not address whether viable LOC designs could be realized using more flexible modes of
adaptor attachment, for example, if nanobodies were employed as the adaptors. Further work

should shed light on these open questions.

MATERIALS AND METHODS
LOC Design and Modeling
Modeling and visualization of test LOCs were performed by using PyMOL and UCSF

ChimeraX.

SOR-LOC: A Design Based on a Natural Protein Cage Core

First, the N-terminus of an ideal polyalanine helix was superimposed onto the C-terminal
helix of an SOR subunit. Any residues that composed the actual C-terminus of the full-length
SOR sequence but were not helically structured were ignored for the purposes of alignment and
subsequently deleted to accommodate a fully helical extension. Then, the N-terminal helix of
sfGFP-binding DARPin was superimposed onto the C-terminus of the same ideal helix. This
SOR-helix-DARPin model “monomer” was then symmetry-expanded, allowing us to model the
DARPIn orientations on the surface of a full, 24-mer SOR-helix-DARPin assembly. Modeled

DARPins were rotated by adjusting the superimposed length along the ideal helix, and all

32



DARPins on the 24-mer assembly were subjected to the same rotations. Bound sfGFP molecules
were modeled by superimposing the structures of stGFP-DARPin complexes (PDB code:
6NHV) with unbound SOR-LOC DARPins. StGFP-bound DARPin rotations were performed in
the same way until we obtained a configuration that fit the following criteria: (1) in the absence
of bound sfGFP, no clashes were observed between the DARPins and/or the SOR subunits, and
(2) in the sftGFP-bound form, clashes were observed between any sfGFP molecule, neighboring
sfGFP molecule, neighboring DARPin, and/or cage surface. Once the final configuration was
chosen, residues of the ideal helix that overlapped with terminal SOR or DARPin residues were
discarded and any remaining ideal helix residues comprised the linker sequence. Linker
sequences were then designed such that no additional clashes were observed between the linker
residues and any part of the cage, avoiding prolines and glycines in the sequence. Our final
model comprised the SOR fused to DARPin by an Ala—GlIn linker. SOR-LOC was also tagged

with a C-terminal polyhistidine motif for affinity purification.

T33-51-LOC: A Design Based on a Designed Protein Cage Core

First, the N-terminus of an ideal polyalanine helix was superimposed onto the C-terminal
helix of T33-51-A. Any residues that composed the actual C-terminus of the full-length T33-51-
A sequence but were not helically structured were ignored for the purposes of alignment and
subsequently deleted to accommodate a fully helical extension. Then, the N-terminal helix of
MBP-binding DARPin (PDB code: 1SVX) was superimposed onto the C-terminus of the same
ideal helix. T33-51-A-DARPin and T33-51-B were then symmetry-expanded, allowing us to
model the DARPIn orientations on the surface of a full A12B12 T33-51-LOC assembly. Bound

MBP molecules were modeled by aligning the structures of MBP-DARPin complexes (PDB
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code: 1SVX) with unbound DARPins. MBP-bound DARPin rotations were performed as above
until we obtained a configuration that fit the same criteria as those above for SOR-LOC. Once
the final configuration was chosen, leftover residues from the superimposed ideal helix were
discarded as above. Linker sequence was designed as above. Our final model comprised T33-51-
A fused to the MBP-binding DARPin by an Ala—Gln linker. T33-51-A was also tagged with an
N-terminal (internal) cysteine residue via a flexible polyglycine linker for chemical modification.
For nL-T33-51-LOC, component A instead was tagged with an N-terminal NanoLuc
complementation peptide (peptide “1017). (54) T33-51-B was tagged with a C-terminal

polyhistidine motif for affinity purification.

Recombinant Protein Expression and Purification

All gene fragments encoding SOR-LOC, T33-51-LOC, nL-T33-51-LOC, stGFP, MBP,
and the split NanoLuc component (11S) were purchased from Integrated DNA Technologies.
Plasmid sequences were verified via Sanger Sequencing (Azenta Life Sciences/Genewiz). All
genes were inserted into a pET-22b+ vector (Novagen) via Gibson assembly with a NEBuilder
HiFi DNA Assembly Master Mix (New England Biolabs). DNA manipulations and amplification
were carried out in Escherichia coli XL2 cells (Agilent).

For T33-51-LOC and nL-T33-51-LOC, both A and B components were generated via
polycistronic expression. All of the other constructs were expressed from a single cistron.
Expression was performed using Escherichia coli BL21 (DE3) cells (New England Biolabs).
Transformed cells were grown in Luria—Bertani (LB) Broth supplemented with 100 pg/mL
ampicillin at 37 °C to an OD600 between 0.8 and 1.0, then 100 uM isopropyl p-d-1-

thiogalactopyranoside (IPTG) was added to induce protein expression. Following induction,
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cultures were grown overnight at 18 °C before harvesting via centrifugation at 3500g for 15 min
at 4 °C.

Cells expressing SOR-LOC were resuspended in 100 mM Tris at pH 8, 150 mM NaCl, 5
mM BME, and 20 mM imidazole. Cells expressing T33-51-LOC and nL-T33-51-LOC were
resuspended in 50 mM Tris-HCI (pH, 8.0), 2% w/v glycerol, 5 mM TCEP-HCI, 500 mM NaCl,
and 20 mM imidazole. Cells expressing MBP and 11S were resuspended in 50 mM Tris-HCI
(pH, 8.0), 2% (w/v) glycerol, 5 mM TCEP-HCI, 250 mM NacCl, and 20 mM imidazole. Prior to
lysis, resuspension buffers were supplemented with an EDTA-free protease inhibitor tablet
(Pierce), 10 U/mL benzonase nuclease, and 0.1 mg/mL lysozyme. Resuspended cells were then
pressure-homogenized using an Emulsiflex C3 Homogenizer (Avestin). Lysates were clarified
via centrifugation at 20,000g at 4 °C for at least 30 min.

For SOR-LOC, clarified lysates were loaded onto Ni-NTA resin (Thermo Fisher
Scientific) that was pre-equilibrated in resuspension buffer, then washed/eluted with purification
buffers (100 mM Tris-HCI pH 8.0, 150 mM NaCl, further supplemented with 50, 75, 100, or 500
mM imidazole). SOR-LOC cages were then further purified via an NGC chromatography system
(Bio-Rad) over a Superose 6 Increase 10/300 GL resin column (Cytiva). Sample runs were
conducted in 50 mM Tris-HCI at pH 8.0, 150 mM NaCl, and 20 mM imidazole at 4 °C with a
flow rate of 0.3 mL/min.

For MBP, 118, T33-51-LOC, and nL.-T33-51-LOC, clarified lysates were loaded onto
Ni-NTA resin (Thermo Fisher Scientific) that was pre-equilibrated in respective resuspension
buffers and then washed/eluted with purification buffers (50 mM Tris-HCI pH 8.0, 2% w/v
glycerol, and 250 mM NacCl, further supplemented with 20, 50, 100, or 250 mM imidazole).

T33-51-LOC samples were instead eluted at pH 7.5 and additionally supplemented with 5 mM
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TCEP-HCI prior to chemical labeling (see below). NL-T33-51-LOC cage proteins were further
purified via an NGC chromatography system (Bio-Rad) on a Superose 6 Increase 10/300 GL
resin column (Cytiva). Sample runs were conducted in SEC buffer (50 mM Tris-HCI pH 8.0, 150

mM NaCl, 2% w/v glycerol) at 4 °C with a flow rate of 0.3 mL/min.

Determination of Protein Cage Concentration

A single monomer of SOR-LOC was treated as a single molecule of cage protein for the
purposes of determining the protein cage concentration.
T33-51-LOC and nL-T33-51-LOC components A and B were combined into a single continuous
amino acid sequence before the molar mass and absorptivity. A unit comprising one copy of
component A and one copy of component B was used as the basis for reporting protein cage

concentrations.

Negative Stain Electron Microscopy

A 5 pL aliquot of purified nanocages from size exclusion chromatography samples
(ranging from 0.01 to 0.05 mg/mL) was stained with 2% uranyl acetate on glow-discharged 300-
mesh copper grids (Ted Pella, Inc.). Nanocages were imaged using an FEI Tecnai T12
transmission electron microscope at 120 kV. Samples mixed with cognate ligand were prepared
in a molar ratio of 1:2 cage protein to ligand for SOR-LOC and sfGFP, and a ratio of 1:3 cage

protein to ligand for T33-51-LOC and MBP.

SOR-LOC Disassembly Assay
A 25 uM aliquot of Ni-NTA affinity-purified SOR-LOC cage protein was incubated with

50 uM sfGFP or buffer mock for at least 5 min at 25 °C. Samples were then centrifuged at
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10,000g for 5 min to eliminate aggregates before they were injected and analyzed via SEC as

previously described for SOR-LOC cages.

T33-51-LOC MBP-Binding Assay

A 25 uM aliquot of Ni-NTA affinity-purified T33-51-LOC cage protein was incubated
with 75 uM MBP or buffer mock for at least 1 h at 25 °C. Samples were then centrifuged at 10
000g for 5 min to eliminate aggregates before they were injected and analyzed via SEC as

previously described for T33-51-LOC cages.

SDS-PAGE

Protein samples were mixed with SDS loading dye (0.004% Bromophenol blue, 6%
glycerol, 2% sodium dodecyl sulfate, 50 mM Tris-HCI pH 6.8, 5 mM DTT) before boiling for at
least 2 min. Samples were loaded onto a Mini-Protean TGX polyacrylamide gel (BioRad).
Electrophoresis was performed at 200 V for 30 min. Gels were stained with Coomassie Blue and

destained.

Native-PAGE

Assembled cage and ligand-bound cage fractions collected from SEC were mixed with
native sample buffer (30 mM Tris-HCIL, pH 6.8, 20% glycerol, 0.005% Bromophenol blue)
before loading onto a Mini-Protean TGX polyacrylamide gel (BioRad). Electrophoresis was

performed on ice at 170 V for 120 min. Gels were stained with Coomassie Blue and destained.
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Dynamic Light Scattering

For SOR-LOC disassembly analysis, 100 nM isolated cages from SEC were mixed with
elution buffer (mock) or 200 nM sfGFP and incubated at 25 °C for 5 min. For T33-51-LOC
disassembly analysis, 100 nM isolated cages from SEC were mixed with elution buffer (mock)
or MBP and incubated at 25 °C for 1 h. All reads were collected at 25 °C on a DynaPro

Platereader-I1 (Wyatt Technology).

Fluorescence Unquenching Assay

Ni-NTA affinity-purified T33-51-LOC cages were labeled with Oregon green 488
maleimide using a commercial thiol-labeling protocol (Thermo Scientific). 10-fold molar excess
of Oregon green 488 maleimide dye (predissolved in DMSO) was added (no more than 5% v/v)
to 25-50 uM T33-51-LOC and incubated at RT in 50 mM Tris-HCI pH 7.5, 250 mM NaCl, 2%
w/v glycerol, 5 mM TCEP-HCI, and 250 mM imidazole for at least 2 h. Oregon green 488-
labeled T33-51-LOC (og-T33-51-LOC) cages were then purified over a Superose 6 Increase
10/300 GL resin column (Cytiva) in 50 mM Tris-HCI pH 8.0, 150 mM NacCl, and 2% w/v
glycerol.

A 10 nM amount of SEC-purified og-T33-51-LOC was added to an assay solution
containing 250 mM NaCl, 5% w/v glycerol, 50 mM Tris pH 8.0, and varying concentrations of
MBP (0-3 uM).

Fluorescence intensity readings were taken on a SpectraMax 1D3 plate reader (Molecular

Devices) at 20 °C for an hour.
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Split-NanoLuc Complementation Assay

50 nM nL-T33-51-LOC was added to assay solutions containing 50% v/v SEC buffer (50
mM Tris-HCI pH 8.0, 150 mM NaCl, 2% w/v glycerol) and 50% v/v Nanoglo assay buffer
(Promega). Assay solutions also contained 20 pM split-NanoLuc component (11S), as well as 0—
20 uM MBP or 20 uM lysozyme. Assay mixtures were incubated at room temperature for at least

30 min. Luminescence readings were taken on an Infinite M1000 PRO plate reader (TECAN).
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Figure 2.1. Concept of disrupting nanocages by ligand binding. A) Example self-assembling
protein cage components “a” (gray) and “b” (dark gray) (top left panel); example pairs of
binding adaptors and protein ligands (bottom left panel; adaptors represented in gray, cognate
protein ligands in variable colors); self-assembled nanocages, without adaptors (right panel, top)
and with fused adaptors (right panel, bottom). B) Bound adaptor—ligand complex is incompatible
with the assembled state of the nanocage, driving disruption of the assembly; internalized cargo

(star) can be used as a reporter of nanocage opening — e.g., based on chemical label (top inset) or

on a new protein—protein interaction (bottom inset).
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Figure 2.2. Design of a ligand-operable cage (LOC) based on sulfur oxygenase reductase
(SOR). A) Biological assembly of sulfur oxygenase reductase (SOR) (PDB: 2YAV) (left); sulfur
oxygenase reductase with fused sfGFP-binding DARPins (a.k.a., SOR-LOC; SOR in green,
DARPIns in various colors). B) Alternate view of select SOR-LOC DARPins (SOR surface in
green, DARPins in blue, yellow, white): without cognate protein ligand (sfGFP), steric clashes
are absent (left panel); in the sSftGFP-bound form (sfGFP in light blue bound to DARPin in blue,
right panel), steric clashes are observed between the bound sfGFP and neighboring DARPin
(white); alternate, magnified view of clashes (inset). C) SEC analysis of SOR-LOC (blue trace)
and SOR-LOC with sfGFP (red trace) following sample centrifugation; A280 (whole protein) for
SOR-LOC alone shows a prominent peak at approximately 12 mL elution volume, indicating
assembled cages; addition of sfGFP causes significant reduction in overall A280 signal following
elimination of aggregates. D) Representative negative-stain electron micrographs of assembled

SOR-LOC cage incubated with mock ligand solution (left) and incubated with sfGFP (right).
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Figure 2.3. DLS analysis of the sftGFP-triggered SOR-LOC disassembly. A) Percent mass

(top) and percent number (bottom) particle radius histograms for SOR-LOC. B) Percent mass

(top) and percent number (bottom) particle radius histograms for SOR-LOC incubated with

sfGFP.
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Figure 2.4. Design and synthesis of LOCs using designed nanocage T33-51. A) Design model
of T33-51 nanocage core (magenta and cyan, PDB: 5CY5) with surface-fused MBP-binding
DARPins (various colors) (whole assembly referred to as T33-51-LOC). B) Magnified view of
select T33-51-LOC DARPins: in the absence of cognate protein ligand (MBP), no steric clashes
are observed (left); single MBP (purple) binding to DARPin (red) is permitted without steric
clashes (middle); second MBP (light green) binding to DARPin (dark green) is sterically
incompatible with cage assembly (right). C) SEC chromatogram of T33-51-LOC (blue trace),
T33-51-LOC with MBP (red trace), and MBP (green trace); A280 (whole protein) for T33-51-

LOC alone shows prominent peak at approximately 12.5 mL elution volume, indicating
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assembled cages; addition of MBP causes a leftward shift of assembled cage peak. D) Alternate
view of assembled T33-51-LOC cage peak and associated MBP-bound shift. E) Native-PAGE
analysis of associated T33-51-LOC and T33-51-LOC + MBP fractions from (D). F)
Representative negative-stain electron micrographs of assembled T33-51-LOC cage incubated

with mock (left) and incubated with MBP (right).
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Figure 2.5. DLS analysis of MBP-triggered T33-51-LOC disassembly. A) Percent number
(top) and percent mass (bottom) particle radius histograms for T33-51-LOC. B) Percent number
(top) and percent mass (bottom) particle radius histograms for T33-51-LOC incubated with

MBP.
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Figure 2.6. Fluorescent reporter readout of the T33-51-LOC disruption. A) Cartoon
representation of readout experiment: T33-51-LOC cages (cyan and magenta) with internally
conjugated Oregon green 488 dye molecules (stars) exhibit attenuated fluorescence due to self-
quenching (left); following addition of cognate ligand, MBP (yellow), nanocages are driven to
disassemble, thereby unquenching the fluorophores. B) Plot of fluorescence intensity versus time
of Oregon green 488-labeled T33-51-LOC (0g-T33-51-LOC): incubation of 0og-T33-51-LOC
with increasing concentrations of MBP leads to increased fluorescence over time. C) Plot of
fluorescence intensity of 0og-T33-51-LOC at signal equilibrium from (B) versus MBP
concentration; half-saturation threshold (using unbound signal as baseline) approximately

marked by dashed lines.
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Figure 2.7. Bioluminescent reporter readout of the T33-51-LOC disruption. A) Cartoon
representation of the readout experiment: T33-51-LOC with internally fused split-NanoLuc
luciferase peptide (nL-T33-51-LOC) (left, cage subunits in cyan and magenta, NanoLuc peptide
in red); following addition of cognate ligand, MBP (yellow), nanocages are driven to
disassemble, thereby exposing the split-NanoLuc peptide; exposed peptide complements split-
NanoLuc component 118 (green), leading to luminescent light production (right inset). B) SEC
chromatogram of nL-T33-51-LOC assembled in the absence of MBP; assembled cage fraction
highlighted in green. C) Plot of RLU vs ligand concentration following incubation of nL-T33-51-
LOC with noncognate (lysozyme) or cognate protein (MBP), in the presence of free 11S and

furimazine substrate in solution.
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Sequences

Protein

Amino acid sequence

SOR-LOC

MPKPYVAINMAELKNEPKTFEMFASVGPKVCMVTARHPGFVGF
QNHIQIGILPFGNRYGGAKMDMTKESSTVRVLQYTFWKDWKDH
EEMHRQNWSYLFRLCYSCASQMIWGPWEPIYEIIYANMPINTE
MTDFTAVVGKKFAEGKPLDIPVISQPYGKRVVAFAEHSVIPGKE
KQFEDAIVRTLEMLKKAPGFLGAMVLKEIGVSGIGSMQFGAKGF
HQVLENPGSLEPDPNNVMYSVPEAKNTPQQYIVHVEWANTDAL
MFGMGRVLLYPELRQVHDEVLDTLVYGPYIRILNPMMEGTFWR
EYLNEAAAQGKKLLEAARAGQDDEVRILMANGADVNAADDVGV
TPLHLAAQRGHLEIVEVLLKCGADVNAADLWGQTPLHLAATAG
HLEIVEVLLKNGADVNARDNIGHTPLHLAAWAGHLEIVEVLLKYG
ADVNAQDKFGKTPFDLAIDNGNEDIAEVL QKAAHHHHHH

T33-51-LOC-A

MCGGGRITTKVGDKGSTRLFGGEEVWKDDPIIEANGTLDELTSF
IGEAKHYVDEEMKGILEEIQNDIYKIMGEIGSKGKIEGISEERIKWL
AGLIERYSEMNKLSFVLPGGTLESAKLDVCRTIARRAERKVATVL
REFGIGTLAAIYLALLSRLLFLLARVIEIEKNKLAQGRKLLEAARA
GQDDEVRILMANGADVNAADNTGTTPLHLAAYSGHLEIVEVLLK
HGADVDASDVFGYTPLHLAAYWGHLEIVEVLLKNGADVNAMDS
DGMTPLHLAAKWGYLEIVEVLLKHGADVNAQDKFGKTAFDISID
NGNEDLAEILQKLN

nL-T33-51-LOC-A

MVTGYRLFEKESGSGSTRLFGGEEVWKDDPIIEANGTLDELTSF
IGEAKHYVDEEMKGILEEIQNDIYKIMGEIGSKGKIEGISEERIKWL
AGLIERYSEMVNKLSFVLPGGTLESAKLDVCRTIARRAERKVAT
VLREFGIGTLAAIYLALLSRLLFLLARVIEIEKNKLAQGRKLLEAAR
AGQDDEVRILMANGADVNAADNTGTTPLHLAAYSGHLEIVEVLL
KHGADVDASDVFGYTPLHLAAYWGHLEIVEVLLKNGADVNAMD
SDGMTPLHLAAKWGYLEIVEVLLKHGADVNAQDKFGKTAFEDISI
DNGNEDLAEILQKLN

T33-51-LOC-B (same as
nL-T33-51-LOC-B)

MFTRRGDQGETDLANRARVGKDSPVVEVQGTIDELNSFIGYAL
VLSRWDDIRNDLFRIQNDLFVLGEDVSTGGKGRTVTMDMIIYLIK
RSVEMKAEIGKIELFVVPGGSVESASLHMARAVSRRLERRIKAA
SELTEINANVLLYANMLSNILFMHALISNKRLNIPEKIWSIHRVSLE
HHHHHH

Split NanoLuc
component (11S)

MHHHHHHGSGVFTLEDFVGDWEQTAAYNLDQVLEQGGVSSLL
QNLAVSVTPIQRIVRSGENALKIDIHVIIPYEGLSADQMAQIEEVF
KVVYPVDDHHFKVILPYGTLVIDGVTPNMLNYFGRPYEGIAVFD
GKKITVTGTLWNGNKIIDERLITPDGSMLFRVTINS

SfGFP

MSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLT
LKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSA
MPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFK
EDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGS
VQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHM
VLLEFVTAAGITHHHHHH

His-MBP

MHHHHHHLVPRGSGSGSMKTEEGKLVIWINGDKGYNGLAEVG
KKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFG
GYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEAL
SLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFT
WPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKN
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KHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGV
TVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDE
GLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPN
IPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTGSGGTPGRP
AAKLN

Table 2.S1. Amino acid sequences of all LOC cages, cognate protein ligands, and assay
components. Underlined amino acids indicate internally fused residues. Underlined and bolded

amino acids indicate helical linker. Underlined and italicized amino acids indicate DARPIin.

Score
Exp. g- Sequest
Protein FDR value: HT: Found
Confidence:  Sequest Coverage # # Unique # MW Sequest in
Protein Checked Sequest HT HT [%] Peptides  Peptides AAs [kDa] HT Sample
SOR-
LOC TRUE High 0 90 179 174 473 527 4291 High
T33-
51-
LOC-A TRUE High 0 70 42 38 327 357 133.42 High
T33-
51-
LOC-B TRUE High 0 95 35 35 185 21 97.74 High

Table 2.S2. Mass spectrometry verification of designed cages.
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Figure 2.S1. SDS-PAGE analysis of purified LOC components following Ni-NTA gravity

purification. A) SOR-LOC. B) sfGFP. C) T33-51-LOC-A (top band), T33-51-LOC-B (bottom
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band). D) From left to right: His-MBP; His-11S; nL-T33-51-LOC-A (top), T33-51-LOC-B

(bottom).
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Figure 2.S2. Size exclusion chromatography of SOR-LOC and sfGFP-induced disassembly.
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A) SOR-LOC elution profile (blue trace) superimposed with molecular weight standard (grey

trace). B) SOR-LOC elution profile (blue trace) superimposed with SOR-LOC with sfGFP (red

trace), as well as free sSfGFP monomers (green trace).
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ABSTRACT

Recent advances in nanoparticle (NP)-based drug delivery have demonstrated exciting potential
in cancer therapy. These systems range from pro-apoptotic metal NPs to small molecule-
encapsulating protein assemblies. In general, a nanomaterials-based approach to cancer therapy
is attractive due to biocompatibility and low invasiveness of treatment. Despite these advances,
however, many drug delivery systems are either susceptible to off-target effects or require
laborious engineering to achieve high specificity against a single target. Therefore, a facile
platform that can achieve both modularity and specificity for a wide range of targets is desirable.
Previously, our group demonstrated a new type of protein nanocage, the ligand-operable cage
(LOC), which has the potential to release an encapsulated cargo upon binding a target protein. In
this work, we aimed to explore the modularity of the LOC platform and their ability to target
different cancer proteins. We designed new variants of the original T33-51-LOC nanocages that
bind KRAS, BARDI1, and BRCAI1. The aberrant expression and/or mutagenesis of these targets
are implicated in multiple clinical cancers. Here we discuss the design, synthesis, and

characterization of these new LOC designs, as well as challenges and future directions.

INTRODUCTION

Cancer treatment research has been a global imperative for over a century'. Current
methods primarily comprise surgery, radiotherapy, chemotherapy, and immunotherapy?>. While
these remain the standard of care for many patients, their limitations are apparent in more

extreme cases, such as late-stage metastatic cancers®’. Thus, the field of nanomaterials-based
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drug delivery has emerged to meet this challenge. Already, many nanoparticle-based treatments
have demonstrated clinical potential, with a few approved for commercial use®.

Among the emergent approaches are protein nanocage-based drug delivery systems,
mostly involving drug-loaded ferritin®!!. Protein nanocages generally possess favorable
characteristics for engineering, such as an exterior surface for surface modification and an
interior cavity for cargo storage'. Previous work has demonstrated the ability to leverage these
features for a diverse range of applications, including materials, therapeutics, encapsulation, and
delivery'*~'®. However, prior studies for protein nanocage-based drug delivery mainly rely on
spontaneous or environmentally triggered disassembly of the cage to release drug cargo, which
could lead to off-target effects.

We previously demonstrated a new type of nanocage - the ligand-operable cage (LOC) -
which possesses the ability to disassemble upon specifically binding a target protein'®. This was
achieved by fusing target-specific designed ankyrin repeat proteins (DARPins) to the surface of
the nanocage?®!. Furthermore, these DARPins were arranged in a specific orientation, such that
binding of many cognate ligands (i.e., the target protein) to the surface DARPins was sterically
incompatible with the intact cage assembly. Therefore, high ligand concentrations drove

disassembly of the nanocage.

In this work, we aimed to reprogram one of our previously designed LOCs to bind
alternative, cancer-implicated proteins. To this end, we generated new designs derived from the
original T33-51-LOC that bind Kirsten rat sarcoma viral oncogene homologue (KRAS), breast
cancer gene 1 (BRCA1), and BRCA1-associated ring domain 1 (BARDI) proteins. KRAS is one
of the most extensively characterized oncogenes, associated with multiple fatal cancers and

possessing the highest mutation rate?>. BRCA1-BARDI] is a tumor suppressor complex,
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mutations of which lead to various cancers including breast and ovarian cancer®>2°. We chose
these targets not only due to their therapeutic significance, but also the availability of DARPin
sequences that bind them. Designs were recombinantly expressed in E. coli, purified, and
characterized by size exclusion chromatography (SEC), dynamic light scattering (DLS), and
negative-stain electron microscopy (nsEM). We discuss preliminary findings, experimental

challenges, and future directions.

RESULTS AND DISCUSSION
Design of tKRAS-, aBARD1-, and aBRCA1-LOCs

We based our cancer-targeting LOC designs on the original T33-51-LOC described in
previous work (Figure 3.1A)". The LOC variants discussed in this work follow the same general
design and assembly principles. All variants were designed with the T33-51 nanocage core,
which had been previously characterized?’. Surface adaptors used in this study also comprised
DARPins, which were recombinantly fused to the surface residues of T33-51 via helical linker.
Furthermore, the BARD1 and the BRCA1 constructs used in this study comprised the C-terminal

domain of each protein?® 3.

We generated models of tKRAS-LOC, aBARD1-LOC, and aBRCA1-LOCs via
AlphaFold*!. To do this, we replaced the MBP-binding DARPin domain of the original T33-51-
LOC with the respective KRAS, BARDI, or BRCA1-binding DARPin sequence and used these
new sequences as our structure prediction query on ColabFold*?. All input sequences returned a
virtually identical secondary structure prediction as the original T33-51-LOC, indicating that the

new DARPins did not affect the overall orientation of the adaptor binding sites'®. We
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demonstrated that, using a previous KRAS-bound DARPin structure, the mode of ligand-based
disruption was nearly identical to that of the original T33-51-LOC with MBP (Figure 3.2A-
C)!3. That is, in the unbound state, no steric clashes were observed in the modeled assembly.
However, upon binding of multiple KRAS molecules, we observed a steric incompatibility
between the bound ligand molecules and the intact cage assembly. Therefore, we hypothesized
that higher concentrations of KRAS would drive disassembly of the nanocage. Lacking structural
data on BRCA1- and BARD1-bound DARPin, we continued with the assumption that, due to the
orientation of DARPin binding sites, if BRCA1 and BARDI1 could bind they would drive

disassembly of their respective LOCs in a similar manner.

Expression and purification of tKRAS-, aBARD1-, and aBRCA1-LOCs

All ligands and LOC variants appeared to pass initial small-scale expression screening
(Figure 3.3A). SDS-PAGE analysis was performed following scaled-up expression and affinity
purification of proteins (Figure 3.3B). Following scaled-up expression, purified eluate fractions
containing aKRAS-LOC and aBRCA1-LOC demonstrated only faint band intensity at their
expected molecular weights. These observations were consistent across different expression
conditions, including autoinduction, which did not noticeably improve expression levels. Due to
the lack of adequate BARD1 and aBARD1-LOC expression following upscaled production, we
did not pursue additional experimentation with these designs, and instead further scaled up

aKRAS-LOC and aBRCA1-LOC production (Figure 3.3C-D).

Size-exclusion chromatography (SEC) was performed on concentrated elution fractions

of tKRAS and aBRCA1-LOC cages. Resulting chromatographs revealed that most of the
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protein for both designs did not elute at the volume corresponding to assembled cages, which is
approximately 13 mL (Figure 3.3E-F). This indicated that most of the cage proteins in both
samples were already disassembled or favored smaller subassemblies in the absence of their

respective ligand.

Characterization of t KRAS- and aBRCA1-LOC assembly and ligand binding

To characterize aKRAS- and aBRCA1-LOC assembly, we first examined the SEC-
purified cage proteins via NSEM. SEC fractions collected between 13-14 mL demonstrated the
most cage-like assemblies, with particles closest to expected size and symmetry (Figure 3.4).
Following concentration of purified cage proteins, aBRCA1-LOC yields were extremely low, as
demonstrated by little to no particle density apparent under nsEM (Figure 3.4A). Furthermore,

the few aBRCA1-LOC assemblies present in samples were polydisperse with no clear symmetry.

aKRAS-LOC, on the other hand, demonstrated stronger particle density with cage-like
assemblies of expected pseudo four-fold symmetry and approximately 10 nm diameter core (the
surface DARPins, which would contribute additional 5 nm diameter, could not be resolved)
(Figure 3.4B). We therefore pursued further imaging experiments using the same purified
aKRAS-LOC proteins and incubated them with threefold molar excess of purified KRAS. NsEM
images were then collected following approximately 30 minutes post-incubation; however, no

significant changes in cage particle density or polydispersity were clearly observed (Figure

3.40).

We sought a more quantitative method to characterize the nanocages’ assembly and

ligand-binding capability. To this end, we used dynamic light scattering (DLS) to examine the
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assembly states of tKRAS-LOC and aBRCA1-LOC when incubated with mock buffer or
cognate ligand (Figure 3.5). For tBRCA1-LOC, in the absence of BRCA1, we observed that
most particles in solution lied between 6 and 7 nanometers in radius, which is slightly smaller
than the expected, approximately 7.5 nm radius (Figure 3.5A). Notably, these results contrasted
with our observations from nsEM. After incubating aBRCA1-LOC with BRCA1, however, we
observed a shift in the radius towards approximately 1 nm radius in some samples, which
suggests that tBRCA1-LOC was disassembling upon binding BRCA1. For aKRAS-LOC,
samples containing only cages yielded a majority particle radius of 7 to 8 nm (Figure 3.5B).
Upon addition of KRAS, we observed that some samples demonstrated a decrease in particle
radius, though these results suggested the appearance of small, polydisperse subassemblies,
rather than completely disassembled particles. Notably, these observations for the ligand-
triggered disassembly of aKRAS-LOC and aBRCA1-LOC could not be consistently replicated,

and further experimental optimization is required for conclusive analysis.

CONCLUSIONS

In this work, we designed new LOCs with cancer protein-binding adaptors. These designs
were based on our original T33-51-LOC core, reprogrammed to bind different targets. This was
achieved by substituting alternative DARPin sequences for the original T33-51-LOC MBP-
binding DARPin sequence. AlphaFold predictions of these designs yielded virtually identical
secondary structure models to the original T33-51-LOC. This was within our expectations, as
rigid, helical-based platforms should share the same overall structure provided only the

sequences of the variable binding regions are mutated.
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While the backbone structures of the new designs were supported by AlphaFold, the
expression levels of these proteins remained extremely low compared to the original T33-51-
LOC. Since the DARPins are the only source of sequence deviation from the original T33-51-
LOC, it follows that the new DARPin sequences are the probable cause of low expression.
Further codon optimization could be performed for tBARD-, aKRAS-, and aBRCA1-LOC,
where silent mutations are incorporated into respective DARPin repeats. However, it is also
possible that, regardless of codon optimization, certain DARPin amino acid sequences may have
unforeseen folding consequences during recombinant expression. Since the original T33-51-LOC
core is nearly entirely helical, as are the DARPins themselves, it is possible that non-specific
affinity between helical regions interact during the folding process, leading to undesired
intermediates or subassemblies.

Furthermore, our findings did not clearly indicate that tKRAS-LOC and aBRCA1-LOC
bound their respective target ligand and subsequently disassembled. Although DLS experiments
demonstrated that some cage samples experienced a significant decrease in average apparent
particle radius upon incubation with their cognate ligand, these observations were not readily
replicated (Figure 3.5A-B). This is likely because neither tKRAS-LOC nor aBRCA1-LOC were
readily purified as monodisperse particles, causing inconsistencies between sample preparations
(Figure 3.4A-B). However, if additional optimization was performed such that tKRAS-LOC and
aBRCA1-LOC could be isolated as monodisperse cages, the ensuing binding experiments may
be more informative.

In theory, the modularity of a designed LOC spans as wide as the sequence diversity of
its fused adaptor (in this case, the diversity of available DARPin sequences raised against

therapeutic targets). For example, studies using other exemplary cancer targets such as HER2,
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VEGTF, and various interleukins (all possessing an associated DARPin binder) offer avenues for
experimentation. Furthermore, investigations into the relative viability of certain LOC targets
versus others based on various characteristics (size, shape, affinity, etc.) would be highly
informative, considering the diversity of known adaptor targets. Other helical binders, such as
affibodies, may prove useful as alternative adaptors to DARPins**. Affibodies are also
significantly shorter than DARPins, which may affect overall cage stability and/or expression
levels. Nanobodies, which are not helical, would also be interesting to test as the choice adaptor
of cancer-targeting LOCs>>. Since many cancer targets possess high molecular weight (often
large extracellular domains of transmembrane proteins), it may not be as necessary to have a
LOC adaptor that is rigidly fused via helical connection to drive disassembly of the nanocage.

Future experiments may shed light on these open questions.

MATERIALS AND METHODS
Sequence redesign of LOC variants

Sequences for BARD1 and BRCA1 BRCT domains, and their associated DARPins, were
graciously provided by Dr. Mark Arbing from UCLA-DOE.

All LOC variants were initially based on the original T33-51-LOC core, the creation of
which was discussed previously!'®. The T33-51-LOC amino acid sequence was modified only in
the DARPin-coding region, where the sequence of MBP-binding DARPin was replaced with that
of either KRAS-, BARDI1-, or BRCA1-binding DARPin. The rest of the amino acid sequence
was kept identical. This produced variants where the overall cage architectures were virtually

identical, except for the variable binding sites of the surface-fused DARPins. All recombinant
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LOCs comprised two genetic components: component A, which comprised one of the trimeric
proteins, a helical linker, and the fused DARPin; and component B, which comprised the other

trimeric protein and a polyhistidine tag.

AlphaFold-supported modeling of LOC variants

The component A trimer structure of each LOC variant was predicted using AlphaFold-
based Collab fold*!*2. The amino acid sequence for each LOC-A variant was input as a trimer.

For aKRAS-LOC component A, the predicted trimer structure of was superimposed with
1-3 copies of KRAS-bound DARPin (PDB: 6H46)**. Curative modeling was performed on
PyMOL?®. This ensured that the binding of multiple KRAS molecules would be sterically
incompatible with the assembly of the trimer, and therefore the overall nanocage. For aBARD1-
LOC and aBRCA1-LOC, no structural information was available for their ligand-bound

DARPIns.

Recombinant Protein Expression and Purification

All gene fragments encoding BARD1, BRCA1, KRAS, aBARD-, aKRAS-, and
aBRCA1-LOC were purchased from Twist Bioscience. Plasmid sequences were verified via
Sanger Sequencing (Azenta Life Sciences/Genewiz). All genes were inserted into a pET-22b+
vector (Novagen) via Gibson assembly with a NEBuilder HiFi DNA Assembly Master Mix
(New England Biolabs). DNA manipulations and amplification were carried out in Escherichia
coli XL2 cells (Agilent). For all LOC variants, both A and B components were generated via

polycistronic expression. All other constructs were generated as a single cistron.
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Expression was performed using Escherichia coli BL21 (DE3) cells (New England
Biolabs). Transformed cells were grown in Luria—Bertani (LB) Broth supplemented with 100
pug/mL ampicillin at 37 °C to an OD600 between 0.8 and 1.0 for LOC variants, and between 0.6
and 0.8 for all other proteins. 100 uM isopropyl B-d-1-thiogalactopyranoside (IPTG) was added
to induce protein expression. Following induction, cultures were grown overnight at 18 °C
before harvesting via centrifugation at 3500g for 15 min at 4 °C.

Harvested cells were resuspended in 50 mM Tris-HCI (pH, 8.0), 2% w/v glycerol, 5 mM
TCEP-HCI, 250 mM NaCl, and 20 mM imidazole. Prior to lysis, resuspension buffers were
supplemented with an EDTA-free protease inhibitor tablet (Pierce), 10 U/mL benzonase
nuclease, and 0.1 mg/mL lysozyme. Resuspended cells were then pressure-homogenized using
an Emulsiflex C3 Homogenizer (Avestin). Lysates were clarified via centrifugation at 20,000g at
4 °C for at least 30 min.

Clarified lysates were loaded onto Ni-NTA resin (Thermo Fisher Scientific) that was pre-
equilibrated in resuspension buffer, then washed/eluted with purification buffers (50 mM Tris-
HCI pH 8.0, 2% w/v glycerol, and 250 mM NaCl, further supplemented with 20, 50, 100, or 250
mM imidazole). LOC variants were further purified via an NGC chromatography system (Bio-
Rad) over a Superose 6 Increase 10/300 GL resin column (Cytiva). Sample runs were conducted
in 50 mM Tris-HCI at pH 8.0, 150 mM NacCl, and 2% w/v glycerol at 4 °C with a flow rate of

0.3 mL/min.

Negative-stain electron microscopy
A 5 uL aliquot of purified nanocages from size exclusion chromatography samples

(ranging from 0.01 to 0.05 mg/mL) was stained with 2% uranyl acetate on glow-discharged 300-
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mesh copper grids (Ted Pella, Inc.). Nanocages were imaged using an FEI Tecnai T12
transmission electron microscope at 120 kV. Samples mixed with cognate ligand were prepared

in a molar ratio of 1:3 cage protein to ligand.

Dynamic light scattering
For LOC assembly and disassembly analysis, 100 nM isolated cages from SEC were
mixed with elution buffer (mock) or 300 nM cognate ligand and incubated at 25 °C for at least

30 min. All reads were collected at 25 °C on a DynaPro Platereader-11 (Wyatt Technology).

SDS-PAGE

Protein samples were mixed with SDS loading dye (0.004% Bromophenol blue, 6%
glycerol, 2% sodium dodecyl sulfate, 50 mM Tris-HCI pH 6.8, 5 mM DTT) before boiling for at
least 2 min. Samples were loaded onto a Mini-Protean TGX polyacrylamide gel (BioRad).
Electrophoresis was performed at 200 V for 30 min. Gels were stained with Coomassie Blue and

destained.
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FIGURES

Figure 3.1. Reprogramming T33-51-LOC. (A) Previously designed T33-51-LOC with MBP-

specific surface adaptors (far left); binding of ligand (yellow) to adaptors (cyan) leads to
disassembly and exposure of cargo element (star), which can be coupled to a fluorescent (top
inset) or protein-protein interaction (bottom inset) readout. (B) Original T33-51-LOC platform
(left) can be readily modified to bind different proteins of interest (middle, red; and right, purple)

by substituting adaptor sequences.
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A DARPins B 15t hound MBP,

DARPins no clashes clashes with 1t MBP

Figure 3.2. Modeling of T33-51-LOC variants. A) Design model of T33-51 nanocage core
(magenta and cyan, PDB: 5CY5) with surface-fused MBP-binding DARPins (various colors)
(whole assembly referred to as T33-51-LOC). B) Magnified view of select T33-51-LOC
DARPins: in absence of cognate protein ligand (MBP), no steric clashes observed (left); single
MBP (purple) binding to DARPin (red) is permitted without steric clashes (middle); second
MBP (light green) binding to DARPin (dark green) is sterically incompatible with cage assembly
(right). (C) AlphaFold-generated model of T33-51-LOC with surface-fused KRAS-binding
DARPins: in absence of cognate protein ligant (KRAS), no steric clashes observed (left); single
KRAS (orange) binding to DARPin (pink) is permitted without steric clashes (middle); second

MBP (dark blue) binding to DARPin (green) is sterically incompatible with cage assembly

(right).
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Figure 3.3. Expression and purification of T33-51-LOC variants. (A) SDS-PAGE analysis of

T33-51-LOC variants and target ligands following small-scale expression test. (B) SDS-PAGE
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analysis of affinity chromatography-purified T33-51-LOC variants and target ligands following
scaled-up expression. (C) SDS-PAGE analysis of further scaled-up purification fractions of
BRCA and KRAS. (D) SDS-PAGE analysis of further scaled-up purification of aBRCA-LOC
and aKRAS-LOC. (E) SEC chromatograph of aBRCA-LOC following affinity chromatography.

(F) SEC chromatograph of aKRAS-LOC following affinity chromatography.
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Figure 3.4. Representative negative-stain electron micrographs of T33-51-LOC variants
following SEC purification. (A) aBRCA1-LOC protein cages. (B) aKRAS-LOC protein cages

incubated with mock and (C) with KRAS. 50 nm scale bars.
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Figure 3.5. Example DLS analysis of T33-51-LOC variants. Percent particle number versus
apparent particle radius of (A) aBRCA1-LOC incubated without (left) and with ligand (right) in
some samples; (B) aKRAS-LOC incubated without (left) and with ligand (right) in some
samples. Results from both (A) and (B) could not be consistently replicated between

experiments.
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Protein

Amino acid sequence

aBARD1-T33-51-
LOC-A

MCGGGRITTKVGDKGSTRLFGGEEVWKDDPIIEANGTLDELTSFIGEA
KHYVDEEMKGILEEIQNDIYKIMGEIGSKGKIEGISEERIKWLAGLIERYS
EMNKLSFVLPGGTLESAKLDVCRTIARRAERKVATVLREFGIGTLAAIYL
ALLSRLLFLLARVIEIEKNKLAQGKKLLEAARAGQDDEVRILMANGADV
NASNWWGWTPLHAAATNGHLEIVDVLLANGADVNASDDDGETPLHS
AAYDGHLEIVDVLLAYGADVNASDEWGQTPLHSAAHQGHLEIVDVLLA
YGADVNAQDKFGKTPFDLAIDNGNEDIAEVLQKAA

oBRCA1-T33-51-
LOC-A

MCGGGRITTKVGDKGSTRLFGGEEVWKDDPIIEANGTLDELTSFIGEA
KHYVDEEMKGILEEIQNDIYKIMGEIGSKGKIEGISEERIKWLAGLIERYS
EMNKLSFVLPGGTLESAKLDVCRTIARRAERKVATVLREFGIGTLAAIYL
ALLSRLLFLLARVIEIEKNKLAQGKKLLEAARAGQDDEVRILMANGADV
NASDHAGTTPLHAAAEWGHLEIVDVLLAHGADVNASDYWGYTPLHAA
AEHGHLEIVDVLLAHGADVNASDWYGWTPLHLAADSGHLEIVDVLLAY
GADVNAQ

oKRAS-T33-51-
LOC-A

MCGGGRITTKVGDKGSTRLFGGEEVWKDDPIIEANGTLDELTSFIGEA
KHYVDEEMKGILEEIQNDIYKIMGEIGSKGKIEGISEERIKWLAGLIERYS
EMNKLSFVLPGGTLESAKLDVCRTIARRAERKVATVLREFGIGTLAAIYL
ALLSRLLFLLARVIEIEKNKLAQGKKLLEAARAGQDDEVRILMANGADV
NASDRWGWTPLHLAAWWGHLEIVEVLLKHGADVNAADLHGQTPLHL
AAMVGHLEIVEVLLKYGADVNAKDTMGATPLHLAAQSGHLEIVEVLLK
NGADVNAQDKFGKTAFDISIDNGNEDLAEILQK

T33-51-LOC-B

MFTRRGDQGETDLANRARVGKDSPVVEVQGTIDELNSFIGYALVLSR
WDDIRNDLFRIQNDLFVLGEDVSTGGKGRTVTMDMIIYLIKRSVEMKAE
IGKIELFVVPGGSVESASLHMARAVSRRLERRIKAASELTEINANVLLYA
NMLSNILFMHALISNKRLNIPEKIWSIHRVSLEHHHHHH

His-KRAS (G12C)

MGSSHHHHHHSSGENLYFQSMTEYKLVVVGAGGVGKSALTIQLIQN
HFVDEYDPTIEDSYRKQVVIDGETCLLDILDTAGQEEYSAMRDQYMRT
GEGFLCVFAINNTKSFEDIHHYREQIKRVKDSEDVPMVLVGNKCDLPS
RTVDTKQAQDLARSYGIPFIETSAKTRQGVDDAFYTLVREIRKHKEK

His-SUMO-
BARD1 BRCT

MGSSHHHHHHSSGLVPRGSHMASMSDSEVNQEAKPEVKPEVKPETH
INLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQ
ADQTPEDLDMEDNDIIEAHREQIGGSLEVLFQGPGLNDIFEAQKIEWHE
ENLYFQSMKRNHRGETLLHIASIKGDIPSVEYLLQNGSDPNVKDHAG
WTPLHEACNHGHLKVVELLLQHKALVNTTGYQNDSPLHDAAKNGHV
DIVKLLLSYGASRNAVNIFGLRPVDYTDDESMKSLLLLPEKNESSSAS
HCSVMNTGQRRDGPLVLIGSGLSSEQQKMLSELAVILKAKKYTEFDS
TVTHVVVPGDAVQSTLKCMLGILNGCWILKFEWVKACLRRKVCEQE
EKYEIPEGPRRSRLNREQLLPKLFDGCYFYLWGTFKHHPKDNLIKLV
TAGGGQILSRKPKPDSDVTQTINTVAYHARPDSDQRFCTQYIIYEDLC
NYHPERVRQGKVWKAPSSWFIDCVMSFELLPLDS

His-SUMO-
BRCA1 BRCT

MGSSHHHHHHSSGLVPRGSHMASMSDSEVNQEAKPEVKPEVKPETH
INLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQ
ADQTPEDLDMEDNDIIEAHREQIGGSSLEVLFQGPGLNDIFEAQKIEWH
EENLYFQSSTERVNKRMSMVVSGLTPEEFMLVYKFARKHHITLTNLIT
EETTHVVMKTDAEFVCERTLKYFLGIAGGKWVVSYFWVTQSIKERKM
LNEHDFEVRGDVVNGRNHQGPKRARESQDRKIFRGLEICCYGPFTN
MPTDQLEWMVQLCGASVVKELSSFTLGTGVHPIVVVQPDAWTEDNG
FHAIGQMCEAPVVTREWVLDSVALYQCQELDTYLIPQIPSHY
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Table 3.S1. Amino acid sequences of LOC variants and cancer targets. Underlined and
bolded amino acids indicate helical linker. Underlined and italicized amino acids indicate

DARPin. Bolded regions indicate cancer protein.
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ABSTRACT

The development of novel bioactive switches is a prominent goal of protein engineering. These
systems critically comprise an engineered “input domain” that is designed to respond to a
specific stimulus to turn “on” or “off.” One ongoing design challenge in the field is the lack of
modularity in many protein-based switch systems. However, recent work has demonstrated that
the integration of nucleic acids in the input domains may permit greater modularity, since the
input domain can be readily redesigned to bind different targets via complementary base
substitutions. An even more advanced switch system, however, would be one that integrates
multiple switches, where one modular switch acts as the input for another modular switch. To
this end, we incorporated a ligand-operable cage (LOC) into an existing DNA-triggered protein
switch. In this work, we discuss the design, initial results, and challenges of developing such a

system.

INTRODUCTION

A major goal of protein engineering is the creation of bioactive switches, a.k.a.
“bioswitches,” that can turn protein activity “on” or “off.” To achieve this, a designed “input”
component interacts with a target protein to achieve a specific response. Current methodologies
for developing bioswitches generally involve incorporating an input “domain” via fusion to the
target protein'. The input domain then effectively functions as a signal “receptor,” recognizing a
specific stimulus and thereby causing a desired change in the protein’s activity, typically in the
form of target binding, enzymatic activity, fluorescence, and/or luminescence?>. However, such
protein-based bioswitches require specific conformational changes and/or structural features to

function, which may not be transferrable between different trigger-response systems'. In such
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cases, readily adapting a particular protein-based biosensor to adequately respond to different
stimuli may be impractical or laborious, thereby limiting modularity of protein-based switches.

Consequently, an emergent class of engineered switches is nucleotide-based biosensors.
Oligonucleotides have a distinct advantage over protein-based switches because they rely solely
on base-pairing for complementation. Modifying such a switch requires only altering the base-
pairing nucleotides to recognize a different target, allowing for greater modularity when
compared to purely protein-based bioswitches.

One recent example of a nucleotide-based bioswitch is the oligodeoxyribonucleotide
(ODN)-conjugated NanoLuc BRET-beacon created by Engelen et al.”. In this system, a NanoLuc
luciferase is conjugated to a single-stranded ODN “handle” component, which complements
another ODN that possesses a stem loop region and a terminal Cy3 fluorophore (Figure 4.1). The
purpose of this BRET-beacon is to turn “on” or “off”” depending on the stem loop recognition of
a “target” ODN trigger. In the target-unbound state, the stem loop retains its structure and BRET
is permitted due to proximity of the stem loop Cy3 to the NanoLuc. In the target-bound state, the
Cy3 fluorophore is displaced due to stem loop unfolding, turning BRET signal “off.”

In this work, we aimed to further expand this system by coupling the bioswitch output to
the “open” or “closed” state of a protein nanocage carrier. By encapsulating the target ODN
trigger, we can introduce an additional condition of bioswitch activation (i.e., the opening of the
nanocage). To achieve this, we used our previously designed ligand-operable cage (LOC) as the
carrier. Because LOCs themselves are also theoretically modular and depend on specific ligand
“input” to open, this would result in a complex, combinatorial bioswitch. That is, by coupling the
output of the DNA-triggered bioswitch, which is modular, to the opening of a LOC, which itself

is also modular, we can theoretically generate combinations of inputs that lead to a desired
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output. In this work, we discuss the design and characterization of ODN-containing LOCs
(ODN-LOCs), as well as the experimental challenges of developing a modular, combinatorial

bioswitch.

RESULTS AND DISCUSSION
Experimental scheme of BRET-beacon reporter incorporating a protein nanocage

To create a cage-integrated oligonucleotide reporter system, we based our experiment on
work by Engelen et al.’. This system uses bioluminescent resonance energy transfer (BRET),
where differences in intermolecular distance between NanoLuc luciferase and Cy3 fluorophore
drive the readout for the “on” and “off” states of the bioswitch. The interaction is based on a
“handle” ODN that is conjugated to the NanoLuc and a stem loop-containing “antihandle” ODN
that is conjugated to a Cy3 fluorophore (Figure 4.1A). The final component of this system is a
“target” ODN trigger, which complements the stem loop region of the antihandle, causing it to
“unravel” and displace the Cy3 molecule (Figure 4.1B). Therefore, the system can exist in two
states: the target-unbound form, where the Cy3 is in BRET proximity to the NanoLuc, and the
target-bound form, where the Cy3 is displaced due to antihandle unraveling, causing a loss of
BRET. In this manner, the assay reports loss of BRET (i.e. relative increase in NanoLuc
luminescence and/or relative decrease in Cy3 fluorescence) as a readout for target ODN binding.

We sought to couple this bioswitch readout assay to the opening of a ligand-operable
cage. To do this, we encapsulated the target ODN by conjugating it to interior residues of T33-
51-LOC (conjugated form henceforth titled “ODN-LOC”) (Figure 4.1A)!°. We had previously
demonstrated that T33-51-LOC “opens” (i.e., disassembles) upon binding maltose-binding

protein (MBP) via surface-fused designed ankyrin repeat proteins (DARPins). Consequently, we
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hypothesized that ODN-LOC, in the absence of MBP, would remain intact and occlude the
encapsulated target ODN and prevent its complementation to the BRET-beacon stem loop,
thereby maintaining Cy3 fluorescence (Figure 4.2B). However, upon addition of MBP and
subsequent MBP-DARPin binding, we hypothesized that ODN-LOC would disassemble and
expose the encapsulated target ODN (Figure 4.2C). As a result, target ODN would then bind the
BRET-beacon stem loop, causing displacement of Cy3 fluorophore, and therefore a relative

decrease in Cy3 fluorescence and a relative increase in NanoLuc luminescence.

Synthesis of ODN-LOCs

LOC synthesis was performed as previously established!®. Following expression in E.
coli, cell lysates were processed via affinity chromatography to purify recombinant cage proteins
(Figure 4.3A). Oligonucleotides were conjugated to residues in the cage interior via thiol-
reactive labeling. Post-labeling reaction samples were further purified via size-exclusion
chromatography (SEC). ODN-labeled NanoLuc eluted at the expected volume at approximately
17-18 mL (Figure 4.3B), and a small yield of ODN-T33-51-LOC eluted at the expected volume
at approximately 13 mL (Figure 4.3C). These isolated peak fractions were used for further

experimentation.

Combinatorial ODN-LOC and BRET-beacon switch assay

We then investigated whether an ODN-LOC opening event could be coupled to BRET-
beacon activity. To achieve this, we performed a wavelength emission scan of wells containing
NanoLuc BRET-beacon and ODN-LOCs, comparing signal changes between samples incubated

with either mock or cognate ligand (MBP). Our initial findings suggested that NanoLuc
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luminescence (emission maximum 460 nm) increased in wells containing MBP relative to wells
containing mock, but we observed little to no fluorescence of Cy3 (emission maximum 560 nm)
in any of the samples (Figure 4.4A). One possible explanation for the lack of Cy3 fluorescence is
that at extremely low BRET-beacon concentrations (the assays were conducted in the picomolar
range of BRET-beacon), Cy3 fluorescence may be too dim to resolve. On the other hand,
NanoLuc is known to provide strong signal at such concentrations. Furthermore, these results
could not be consistently replicated, as the relative increase in NanoLuc luminescence due to
LOC-ligand binding was only observed in some experiments.

Despite these limitations, our findings suggested that the ligand-triggered opening of
ODN-LOC and subsequent target ODN release may have affected the BRET-beacon at low
levels. We supposed that in the absence of MBP, ODN-LOC would remain closed, preventing
the encapsulated target ODN from interfacing with the BRET-beacon stem loop, permitting
NanoLuc-Cy3 BRET (Figure 4.4B). In this case, it is possible that, in the initial “on” state, the
dim Cy3 fluorophore is still acting as a NanoLuc quencher, due to molecular proximity.
Conversely, in the presence of MBP, we hypothesized that the target ODN would be exposed
due to cage opening, which would permit the binding of target ODN to the BRET beacon stem
loop, causing loss of BRET (Figure 4.4C). Therefore, this could still explain the relative increase
in NanoLuc luminescence in wells containing ODN-LOC and BRET-beacon following
incubation with MBP. However, further experimental optimization is required for clearer

analysis.
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CONCLUSIONS

We sought to integrate a trigger-responsive protein nanocage with an existing DNA
sensor to create a combinatorial, bioactive switch. This design aimed to further push the
modularity and complexity of a previously characterized BRET-beacon by encapsulating its
input trigger inside a protein nanocage. The nanocage, based on the previously designed T33-51-
LOC, can only open in response to a specific ligand, thereby adding a conditional layer for
achieving a desired switch output.

To achieve this, we modified the original T33-51-LOC by covalently labeling the interior
cavity residues with the BRET-beacon trigger (i.e., the target ODN). We hypothesized that the
target ODN would then only affect the BRET-beacon if ODN-LOC first “opened” in response to
its own specific stimulus (in this case, MBP).

Our findings did not clearly indicate that ODN-LOC successfully delivered its target
ODN cargo to the BRET-beacon. While initial results from the combinatorial ODN-LOC BRET-
beacon switch assay suggested the possibility of a relative increase in NanoLuc luminescence
post-MBP binding, these results were ultimately difficult to reproduce. Furthermore, the apparent
lack of Cy3 fluorescence in the target ODN-free, “on” state of the BRET-beacon calls into
question the cause of increase NanoLuc luminescence.

Furthermore, there are multiple experimental components that may have adversely
affected the experiment. A major goal of future experiments is the optimization of the thiol-
reactive labeling of LOC with target ODN cargo. Under the current experimental setup, it is
difficult to quantify the exact labeling efficiency, and therefore the working concentration, of
target ODN to LOC. This was because overall absorbance values at A280 (protein) versus A260

(DNA) obtained for proteins both pre- and post-labeling had very low signal over noise. Future
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experiments where the target ODN is labeled with a fluorophore that does not interfere with
NanoLuc-Cy3 BRET may be helpful for sample preparation. This would allow the tracking of
target ODN throughout the purification process, which would be especially informative during
SEC. Another method may also be to analyze the UV-fluorescence of ODN-labeled components
following gel electrophoresis. This way, the resulting fluorescent signal of ODN-labeled
components can be compared to a standard curve of UV-fluorescence vs known DNA
concentrations, permitting the deduction of ODN-labeling efficiency.

Other potential sources of error are the concentrations of each component in the assay,
such as ligand, cage, etc. Originally, the Kp between the stem loop of the active beacon and the
target oligonucleotide was reported to be in the nanomolar range. However, the affinity of the
cargo oligonucleotide to the stem loop could be affected by its conjugation to the protein cage
cavity. Further experiments testing various concentrations of each component may be
informative.

For our experiments, we only investigated one type of cage, T33-51-LOC, and one type
of bioswitch. Alternative approaches, utilizing different combinations of cages and reporter
systems, are theoretically possible. Options such as a protease-triggered cages may provide
different avenues for design and may have different levels of successful cargo release compared
to LOCs.!!"!2 Other DNA-based reporter systems, such as the previously established GCN4-nLuc
biosensor offers an interesting alternative to the NanoLuc BRET-beacon presented in this
work.!3 In this system, the interaction between the trigger and the bioswitch is based on DNA-
induced conformational changes of a protein, rather than DNA-DNA complementation. Most
famously, Cas enzymes also offer exciting opportunities for synthetic biology work integrating

protein nanocages.!*!” For example, a gRNA-carrying nanocage that can open in response to a
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cancer metalloprotease, is one of many potential ideas. Other useful experiments would be to
investigate alternative methods for the encapsulation of target ODN molecules in designed
nanocages. Strategies involving spontaneous coassembly of the ODN cargo within the cage (e.g.,
via charge-charge interactions) instead of covalent labeling may yield better results. However,
these approaches may require the usage of larger cages, so that repulsive between negative
charges of packed ODN cargo do not interfere with assembly or storage. Additional designs

should be explored to answer these questions.

MATERIALS AND METHODS
Cloning, expression, and purification

The LOC and MBP sequences used in this study were described previously'’. The
sequence design of NanoLuc luciferase was previously described’. All gene fragments were
purchased from Twist Bioscience. Plasmid sequences were verified via Sanger Sequencing
(Azenta Life Sciences/Genewiz). All genes were inserted into a pET-22b+ vector (Novagen) via
Gibson assembly with a NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs).
DNA manipulations and amplification were carried out in Escherichia coli XL2 cells (Agilent).
Expression was performed using Escherichia coli BL21 (DE3) cells (New England Biolabs).
Induction, harvesting, lysis, and purification procedures were performed as previously

described!®.

Thiol-reactive ODN labeling of proteins
Proteins for labeling were eluted from Ni-NTA affinity columns into labeling buffer (50

mM Tris-HCI pH 7.0, 250 mM NaCl, 2% w/v glycerol, 5 mM TCEP-HCI). Proteins were labeled
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with associated ODN-maleimide molecules (BioSyn) using a commercial thiol-labeling protocol
(Thermo Scientific). 10-fold molar excess of ODN-maleimide (resuspended in 90% v/v
DMSO/water) was added (no more than 5% v/v) to 5—15 uM protein and incubated at RT in 50
mM Tris-HCI pH 7.0, 250 mM NacCl, 2% w/v glycerol, 5 mM TCEP-HCI, and 250 mM
imidazole for at least 2 h. ODN-labeled proteins were then purified over a Superose 6 Increase
10/300 GL resin column (Cytiva) in 50 mM Tris-HCI pH 8.0, 150 mM NacCl, and 2% w/v

glycerol at 4 °C, flow rate 0.3 mL/min.

ODN-LOC BRET-beacon switch assay

Prior to the assay, 5-15 uM ODN handle-labeled NanoLuc was incubated with threefold
molar excess of ODN-stem-Cy3 in labeling buffer for at least 30 minutes at 25 °C.

50 nM ODN-LOC, 20 pM NanoLuc-Cy3, and either mock (labeling buffer) or 20 uM
MBP (all pre-equilibrated to 25 °C) were added to assay solutions containing 50% v/v SEC
buffer (50 mM Tris-HCI pH 8.0, 150 mM NacCl, 2% w/v glycerol) and 50% v/v Nanoglo assay
reagent (Promega). Assay samples were incubated at room temperature for at least 5 min.

Wavelength emission scans were taken at 25 °C on a SpectraMax iD3 (Molecular Devices).

SDS-PAGE

Protein samples were mixed with SDS loading dye (0.004% Bromophenol blue, 6%
glycerol, 2% sodium dodecyl sulfate, 50 mM Tris-HCI pH 6.8, 5 mM DTT) before boiling for at
least 2 min. Samples were loaded onto a Mini-Protean TGX polyacrylamide gel (BioRad).
Electrophoresis was performed at 200 V for 30 min. Gels were stained with Coomassie Blue and

destained.
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FIGURES
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Figure 4.1. Diagram of ODN-triggered NanoLuc BRET beacon. (A) In the intact BRET-
beacon state, stem loop-Cy3 (stem loop region in red, non-stem region in black, Cy3 in magenta)
is base-paired with ODN handle (black), permitting BRET between NanoLuc (blue) and Cy3.
(B) In the target ODN (green)-bound state, the stem loop region is unraveled, prohibiting BRET
interaction between Cy3 and NanoLuc due to increased intermolecular distance. Figure redrawn

from Engelen et al., 2017°.
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Figure 4.2. Diagram of LOC-switch assay. (A) Previously designed T33-51-LOC, modified to
encapsulate target ODN (green): intact form occludes target ODN (left); ligand-bound, disrupted
state exposes target ODN (right). (B) BRET-beacon is "on" in absence of disrupted ODN-LOCs.

(C) BRET-beacon is "off" in presence of disrupted ODN-LOCs.
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Figure 4.3. Expression and purification of LOC-switch assay components. (A) SDS-PAGE
of assay proteins following affinity chromatography; T33-51-LOC, MBP, and NanoLuc wash
(W) and eluate (E) fractions. (B) SEC chromatograph of NanoLuc following thiol-reactive
labeling with Handle ODN. (C) SEC chromatograph of T33-51-LOC following thiol-reactive

labeling with Target ODN.
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Figure 4.4. LOC-switch BRET beacon-binding assay. (A) Wavelength emission spectrum
versus emission intensity: odn-T33-51-LOC + mock + NanoLuc BRET-beacon (blue trace); odn-
T33-51-LOC + ligand (MBP) + NanoLuc BRET-beacon (orange trace). (B) Diagrammatic
hypothesis of blue trace (no ligand, ODN-LOC:s intact, target ODN cargo occluded). (C)
Diagrammatic hypothesis of orange trace (ligand-incubated, ODN-LOCs disrupted, target ODN

cargo exposed).
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Protein

Amino acid sequence

T33-51-LOC-A

MCGGGRITTKVGDKGSTRLFGGEEVWKDDPIIEANGTLDELTSFIGE
AKHYVDEEMKGILEEIQNDIYKIMGEIGSKGKIEGISEERIKWLAGLIER
YSEMNKLSFVLPGGTLESAKLDVCRTIARRAERKVATVLREFGIGTLA
AIYLALLSRLLFLLARVIEIEKNKLAQGRKLLEAARAGQDDEVRILMAN
GADVNAADNTGTTPLHLAAYSGHLEIVEVLLKHGADVDASDVFGYTP
LHLAAYWGHLEIVEVLLKNGADVNAMDSDGMTPLHLAAKWGYLEIV
EVLLKHGADVNAQDKFGKTAFDISIDNGNEDLAEILQKLN

T33-51-LOC-B

MFTRRGDQGETDLANRARVGKDSPVVEVQGTIDELNSFIGYALVLS
RWDDIRNDLFRIQNDLFVLGEDVSTGGKGRTVTMDMIIYLIKRSVEM
KAEIGKIELFVVPGGSVESASLHMARAVSRRLERRIKAASELTEINAN
VLLYANMLSNILFMHALISNKRLNIPEKIWSIHRVSLEHHHHHH

NanolLuc
luciferase (C164S,
G180C)

MWSHPQFEKMVFTLEDFVGDWRQTAGYNLDQVLEQGGVSSLFQN
LGVSVTPIQRIVLSGENGLKIDIHVIIPYEGLSGDQMGQIEKIFKVVYPV
DDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVFDGKKITVTGTL
WNGNKIIDERLINPDGSLLFRVTINGVTGWRLSERILAAAALELPETG
CHHHHHH

His-MBP

MHHHHHHLVPRGSGSGSMKTEEGKLVIWINGDKGYNGLAEVGKKF
EKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQS
GLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLL
PNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAF
KYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAA
FNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVL
SAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEE
ELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQT
VDEALKDAQTGSGGTPGRPAAKLN

Table 4.S1. Amino acid sequences of LOC and BRET-beacon assay proteins. Underlined

amino acids indicate terminal cysteine for thiol-reactive labeling. Underlined and bolded amino

acids indicate helical linker. Underlined and italicized amino acids indicate DARPIin.

ODN

Nucleotide sequence

Target ODN

[maleimide] CAGCACATTCAA

NanoLuc handle

[maleimide] GTGATGTAGGTGGTAGAGGAA

Antihandle stem loop

TTCCTCTACCACCTACATCACACAGCTGGAGACGTAGGGTATTG
AATGTGCTGT[Cy3 fluorophore]

Table 4.S2. Nucleotide sequences of BRET-beacon assay ODN components. All sequences

read 5’ to 3’ end. Bracketed regions indicate chemical modifications. Underlined and bolded
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bases indicate stem loop or stem loop-complementary region. Underlined and italicized bases

indicate handle or handle-complementary region. Sequences taken from Engelen et al., 2017.°
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Chapter V: Summary and conclusions
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Designed protein cages are an emergent technology that has exciting applications for
materials, therapeutics, and synthetic biology. These particles possess several features that make
them attractive as a platform for synthetic biology applications. Firstly, they are generally
monodisperse, stable, and biocompatible. Furthermore, they comprise an external surface that
can be decorated with adaptors and/or antigens, and an interior volume that can store moieties of
interest. Nanocages are also readily modified post-assembly, or genetically fused with various
tags or biomarkers per intended function.

Already, protein nanocages have demonstrated their potential as molecular containers and
delivery vehicles. Prior works involving ferritin, VLPs, and other notable nonviral cages have
demonstrated the ability for these cages to not only encapsulate non-native cargo, but also
disassemble and release their cargo under certain environmental conditions. Advent synthetic
biology approaches have led to further engineering of these assemblies, allowing them to
respond to various, unique stimuli such as light, pressure, etc.

Despite these achievements, there has been a general lack of specific, target-based
systems of nanocage disassembly and cargo delivery. Some recent works have integrated
proteolysis sites into a designed nanocage, which enabled more specific conditions of cage
opening. Overall, a nanocage-based delivery platform that can be triggered to open with a target
molecule-specific mechanism is highly desirable. Such a platform, if also made modular, would
greatly impact the field.

To address this challenge, we created a new class of designed nanocages, the ligand-
operable cage (LOC). LOCs comprise a self-assembling nanocage core and surface-fused, target-
specific adaptors. These adaptors are further oriented such that binding of their specific target is

sterically incompatible with the retention of the overall cage assembly. Therefore, we
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hypothesized that high concentrations of target ligand would drive disassembly of the cage. We
demonstrated two test cases using a natural and a designed cage as a core and fused DARPins as
adaptors. The first was based on sulfur oxygenase-reductase (SOR) fused to designed ankyrin
repeat proteins (DARPins) that bound sfGFP. The second was based on the previously designed
T33-51 two-component cage, fused to DARPins that bound MBP. The helical termini of these
cage proteins and DARPins permitted facile fusion and linker modeling, resulting in rigid
assemblies. Our findings showed that the engineered SOR-LOC and T33-51-LOC proteins
successfully assembled as cages following expression and purification. We demonstrated
successful ligand-triggered disassembly using SEC, nsEM, native-PAGE, and DLS.
Furthermore, we developed two readout assays to detect successful ligand-triggered exposure of
a cargo molecule: one based on the fluorescence unquenching of an internal fluorophore, and
another based on complementation of a cage-encapsulated peptide to an external luciferase.

Next, we sought to test the viability and modularity of LOCs in targeting cancer proteins.
New LOC variants were generated by modifying the original T33-51-LOC by replacing the
MBP-binding DARPin with one that binds KRAS, BARDI1, or BRCA1. We modeled these new
designs using AlphaFold and characterized their assembly and ligand-binding via SDS-PAGE,
SEC, nsEM, and DLS. Our preliminary findings suggested that tKRAS-LOC and aBRCA1-
LOC may be able to bind their target and disassemble. Overall, further investigations, especially
with improved LOC variant expression and assembly yield, may be highly informative.

Finally, we attempted to design and characterize a combinatorial DNA-triggered
bioswitch incorporating a protein nanocage. This system comprised the previously designed T33-
51-LOC and a previously published DNA-triggered BRET-beacon. We aimed to integrate these

systems by encapsulating the BRET-beacon trigger inside the LOC, which itself can be triggered
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to open. This approach permits the combination of two otherwise independent, target-specific
systems, creating a complex, multiconditional bioswitch that is also highly modular. From our
initial wavelength emission scan experiments, we found that the binding of ODN-LOC to its
triggering ligand may have caused successful target ODN delivery. We observed a shift in the
BRET-beacon reporter readout, suggesting that the released target ODN was able to successfully
bind the BRET-beacon following the ligand-triggered disassembly of ODN-LOC. Further
experimentation, in conjunction with improved yield of assay components, would greatly benefit
this work.

In review, these findings demonstrate the potential of designed protein nanocages as a
platform for highly specific and modular synthetic biology applications. Despite ongoing
experimental challenges, this technology may have significant implications for future protein
engineering studies. Furthermore, the work discussed in the dissertation ultimately encompasses
a miniscule number of designs relative to the total, vast design space for these assemblies.
Myriad alternatives await exploration, and, considering the recent pace of upcoming protein
design tools, we may see novel synthetic cages emerge as a new standard for biotechnology in

the near future.
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