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We stand not on the shoulders of giants, but on a mountain of dreams discarded by

young scientists.
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ABSTRACT
Protein-protein interactions (PPIs) are critical to nearly all cellular functions. Despite
more than 30 years of research detailing the impacts of specific PPIs in disease, there
remain numerous undruggable interactions that lead to negative health outcomes. A
major complication in the field of PPIs is understanding how multiprotein networks and
complexes interact with one another over time. In particular, one challenge is a lack of
methods to study the selective inhibition of one PPI vs. several others in a native
cellular context. Another challenge is a lack of tools to selectively induce two proteins to
interact with one another, enabling the control of cellular functions. In this thesis, | begin
by discussing the character and importance of PPIs. | then detail a proof-of-concept
method to study PPI networks and their selective inhibition in live mammalian cells,
including a practical guide for using this method and expanding its use in the future.
Finally, | describe a new directed evolution method for the rapid evolution of protein-
protein interaction glues (rePPI-G) that is capable of evolving bivalent PPl inducers
within a matter of days. Development of this new method also resulted in observations
about optimal bivalent ligand design, presaging utility of the principles for optimizing
small molecule bivalent glues. It is my hope that this work will catalyze new
methodologies focused on modifying and studying multiprotein systems, which in turn

fuels advancements in pharmacological tools to understand and treat human disease.
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CHAPTER 1

INTRODUCTION TO PROTEIN-PROTEIN INTERACTIONS
1.1 Forces and Composition of PPls
All organisms rely on multipurpose biopolymers from DNA to branched carbohydrates.
The biopolymers of particular interest in this thesis are proteins. Despite being
composed of just five elements (H, C, N, O, S) and 20 repeating units, amino acids,
proteins are capable of performing diverse functions. However, just as human
civilization is defined by interpersonal coordination and cooperation rather than
individuals, cells are defined by proteins interacting with a diverse suite of molecules
including other proteins or even copies of themselves. Interactions between proteins,
protein-protein interactions (PPIs), are abundant, necessary, and constantly shifting
over time and space within every organism. Aberrations in PPIs are known to drive
numerous diseases including autoimmunity and cancer.’3 Selective and effective
modulation of PPIs, however, remains a challenge in disease contexts, despite the
validation of PPIs as therapeutic targets more than 30 years ago. Before discussing the
implications of PPIs in disease and cellular biology more broadly, | will first discuss the
biophysical characteristics of PPls. Understanding the forces that drive proteins to
interact with one another, and indeed themselves, help the scientific community better

understand and accurately predict PPl dynamics in diverse contexts.

Two specific phenomena dominate noncovalent protein interactions — electrostatic
interactions and the hydrophobic effect. Electrostatic interactions take many forms. A

common and intuitive interaction occurs between positively charged amino acids such



as lysine or arginine and negatively charged amino acids such as aspartate and
glutamate. These fully charged interactions contribute 3-4 kcal/mol (3% of a C-H bond)
to protein binding when poised < 3A from one another.# Another important and
common electrostatically driven interaction are hydrogen bonds. These atomic-scale
interactions occur when an electronegative atom, such as oxygen or nitrogen, is
covalently bonded to hydrogen atoms. The electronegative atom possesses a higher
average electron density than their covalently bonded hydrogen atoms, creating
electrostatic dipoles along the hydrogen bonds that can interact with one another or
other electrostatic charges.® Hydrogen bonds between the amide backbone of proteins
create repetitive nano-scale structures such as alpha helices and beta sheets. These
structures organize amino acids and limit them to a particular suite of possible
conformations, enabling proteins to display a selective and semi-stable interaction

interface.

The hydrophobic effect is another dominant force shaping protein structures and
interactions. The hydrophobic effect is an effect unique to hydrophobic molecules in
environments surrounded by hydrogen bonds. For example, when a hydrophobic lipid
enters water, the water molecules are forced in close proximity with the lipid to prevent
formation of a special vacuum. The water molecules then orient themselves into
discrete and semi-stable structures in order to form energetically favorable hydrogen
bonds, but at a high entropic cost. Any change in the system to decrease the amount of
exposed hydrophobic surface area will allow water molecules to move freely while

retaining hydrogen bonds. Thus, decreasing hydrophobic surface area in a hydrogen



bond environment is energetically favorable, and referred to as the hydrophobic effect.
Nearly half of the amino acids in biology have hydrophobic side chains. A protein chain
typically folds in such a way to prevent exposing those hydrophobic regions to the
surrounding water, but there are also hydrophobic patches that can interact tightly with
patches on other proteins in order to prevent formation of those frozen waters.®
Furthermore, there are narrow channels or pockets that are formed within proteins that

selectively accept hydrophobic molecules with a specific structure and orientation.

Understanding the theoretical means by which proteins interact is important, but
analyzing the motifs and components that repeat throughout the proteome can help us
design proteins with new functions that also interface with the current endogenous
protein interaction landscape. Categorizing and detailing different specific amino acid
motifs has been carried out for over two decades.”!" Rather than detailing specific
protein interaction domains, we will discuss the general principles that dictate all PPI
interfaces. Analysis of crystal structures to determine which amino acids are
overrepresented at PPl interfaces versus the protein’s core or noninteracting outer shell
revealed PPl interfaces are selectively enriched for particular amino acids.'> '® Three
amino acids are overrepresented in PPI interfaces compared to the protein surface —
tyrosine, tryptophan, and arginine. Tryptophan is a relatively rare amino acid,
accounting for roughly 1% of protein surface area, but is amplified significantly (3-5%) at
PPl interfaces. Arginine is only moderately amplified at PPI interfaces (~6-8% versus 9-
10%), but this slight increase is a dramatic enrichment compared to other charged

amino acids, which are all underrepresented at PPl interfaces.



The most consistently over enriched amino acid at PPl interfaces is Tyrosine. One study
found that tyrosine comprises only 3% of the antibody surface area, but account for over
16% of protein interaction surface area.' Fellouse et al. performed phage-display
based selections to determine if libraries of binding regions composed of only four
unique amino acids could effectively discover protein binders.' They found that four
amino acid combinations that contained tyrosine were most successful, with other
combinations of amino acids failing to discover a single protein binder. Moreover, they
crystallized their new binders and found that in some cases tyrosines made up 70% of
the binding surface area. As a follow up study, the same group used binding regions
consisting of only tyrosine and serine." These minimal libraries discovered four
antibody fragments with selective, low nanomolar affinity for diverse protein targets.
Crystal structures revealed remarkable stacking interactions between tyrosine residues
that reduced exposed hydrophobic phenyl rings, thus locking the tyrosine-containing
region into a particular conformation that then makes selective contact with the protein
target. Another crystal structure showed an alpha helix with serine amino acids
performing a stabilizing backbone role and tyrosine amino acids branching in numerous
directions from the helix core to form selective interactions. This study demonstrated the
power of tyrosine in particular to not only interact with diverse targets, but also interact
with other tyrosine molecules to generate structures capable of unique protein target

recognition.



Considering electrostatic forces and the hydrophobic effect, along with the basic
physical principles that no two atoms can occupy the same space and vacuums in
space have an enormous energetic cost, allow us to predict how amino acid changes
might result in increased or decreased PPI affinity. Later in this thesis we discover a
mutation that switched an amino acid’s charge resulting in a salt bridge that had a
measurable contribution to interaction affinity. However, these changes are not always
so clear from simple amino acid sequence. A simple binary code consisting of tyrosine
and serine is capable of selectively recognizing unique protein targets. Moreover,
crystal structures revealed the complex network of interactions formed by multiple
tyrosine molecules that produced an orientation precisely fitting the protein target.
Overall, understanding the fundamentals of PPls is important when initially designing
molecules or investigating the resulting impacts of mutations, but discovering and

optimizing a PPl is still best left to nature’s most powerful tool — evolution.

1.2 Targeting PPIs in Disease

The human genome contains ~20,000 proteins, but with an estimated 650,000 PPIs
each protein interacts with dozens of others on average.'® PPIs occur between
intersecting networks of proteins, with a single protein playing multiple roles depending
on the cellular environment. The cellular PPI network contains carefully balanced
complexities and dynamics of to maintain cell homeostasis under equally complex and
dynamic conditions. Thus, it follows that genetic mutations or environmental factors that
modulate PPIs can disrupt cell homeostasis and in turn cause disease in humans. In

this section | will discuss two cases where inhibiting select PPIs has a dramatic impact



on human disease. Analyzing these case studies will reveal the successes and current
challenges in pharmacological PPl modulation and study. | will also discuss the status
of PPl inducers in the treatment of disease. The research carried out in this thesis will

hopefully reduce challenges faced in translational research, resulting in improved

patient outcomes in the future.

The most common strategy in pharmacological modification of disease is inhibition of
protein activity. Statistical analysis of commonly mutated genes in cancers identified
numerous protein targets that drive disease, including extracellular signaling receptors
such as GPCRs and intracellular kinases such as in the MAPK pathway, and triggered
successful drug discovery campaigns for those protein targets.'” '® These genetic, and
later biochemical, studies between 1980 and 2000 also identified several drivers of
cancer that caused disease primarily via PPIs. Two genes or gene families we will
discuss here are the B-cell lymphoma 2 (BCL2) family and the human epidermal growth

factor receptor 2 (HER2).19- 20

The discovery and treatment of BCL2 family proteins revolves around PPI inhibition.
The BCL2 gene was first identified as linked to cancer in 1985, and subsequent studies
found that the Bcl-2 protein served as a guardian of apoptosis, or cell suicide.?’ Genetic
alterations that amplify the amount of Bcl-2 protein in cells will prevent apoptosis, a
necessary step in cancer progression given cancer cells must maximize growth and
minimize death. Later biochemical characterization discovered Bcl-2 proteins bind and

sequester a suite of proapoptotic peptides that are unstructured except for a Bcl-2



homology 3 (BH3) domain, earning them the name BH3-only peptides.?? If left unbound
within a cell, BH3-only peptide triggers apoptosis at the surface of mitochondria by
binding the Bcl-2 associated X (BAX) protein.?® Furthermore, researchers discovered
there are multiple proteins that play homologous roles to Bcl-2, including myeloid
leukemia cell differentiation protein 1 (Mcl1) and B-cell ymphoma-extra large (Bclx.).
Given many cancers upregulate the expression of Bcl-2 protein, researchers
hypothesized that if the PPI between Bcl-2 and BH3-only proteins is disrupted it would

cause cancer cells to undergo apoptosis.

With this goal in mind, various companies began searching for inhibitors of the Bcl-2
protein’s interactions with BH3-only peptides. In 1996 the crystal structure of Bcly.
bound to a BH3-only peptide, enabling structure guided small molecule design.?* In
2007 a small molecule that targeted Bcl-2 and its homologue Bclx., navitoclax, entered
phase | clinical trial.?> Unfortunately, human thrombocytes rely on Bclx. expression to
avoid apoptosis and so patients experienced severe thrombocytopenia that even
resulted in death. Four years later, and 27 years after the initial correlation between Bcl-
2 and cancer, a new small molecule that selectively targets the Bcl-2 protein,
venetoclax, entered phase | clinical trials.?® This drug was approved for the treatment of
chronic lymphocytic leukemia with alterations in Bcl-2 protein expression in 2016. The
story of Bcl-2 is one of perseverance and success in pharmacology. Sadly, venetoclax
remains the only successful drug discovery campaign for an intracellular PPI inhibitor.

Many other PPI inhibitors enter preclinical or clinical trials, but ultimately fail to treat



disease effectively or in a safe manner.?” Thankfully for patients an alternative pipeline

for PPI inhibitor discovery was optimized in the 1990'’s, but only for extracellular targets.

The inhibition of the HER2 PPI was not an outlier. In some ways research around HER2
sparked a 30+ year golden age in non-small molecule therapeutics. HER2 was first
correlated with cancer in 1987 when it was observed to be hyper amplified in many
breast cancer patients.?° Mechanistic research identified HER2 as a membrane bound
signaling receptor that activated cell growth upon extracellular binding of growth factors
such as epidermal growth factor (EGF).?8 It was clear that cancerous cells
overexpressed HER2 in order to more sensitively respond to these growth factors, thus
maintaining an active growth state despite minimal growth signals. Moreover, HER2
activity is dependent on protein dimerization, which is also amplified when more HER2
proteins are expressed.?® Inhibiting HER2's PPIs with itself and growth factors became

a target in drug discovery campaigns.

In the 1990’s a new class of protein modulator became viable as a pharmaceutical —
antibodies. Advances in humanizing antibodies discovered in mice finally allowed safe
and efficacious binding of extracellular proteins in humans.?° Only five years after
correlating HER2 to breast cancer, an antibody that binds to and inhibits HER2 PPls
enters phase | clinical trials.3! Six years later this antibody therapeutic, Herceptin, is
approved by the FDA for the treatment of HER2 positive breast cancer.3? Unlike Bcl-2,
the discovery of Herceptin was not a one-off. There are now over 80 FDA approved

antibody therapeutics that operate via PPI modulation, including one that was approved



in after only one year for use treating SARS-COV-2 infection.3® 34 The success of
antibodies in part can be attributed to the power of the mammalian immune system,
which discovers protein binders through a process of rapid continuous directed
evolution. One might ask why an antibody therapy was not developed for inhibiting the
Bcl-2 protein’s interactions. Antibodies are limited to extracellular protein targets due to
disulfide bonds and their large size, which complicates their intracellular delivery.3®
Moreover, antibody treatments are extremely expensive with one year costing over

$90,000 on average.%¢

Another strategy for positively influencing human disease is inducing rather than
inhibiting a particular protein’s activity or interactions. A PPl inducer is a molecule that
either binds to two proteins, bringing them in close proximity, or binds to one protein to
change its conformation in such a way to bind another protein. The clinical success of
the few known PPI inducers speaks for itself. Although less than 100 small molecule
PPl inducers are known, seven are FDA approved.?” These include not only natural
products like Rapamycin, Taxol, Cyclosporin A, and FK506 that were evolved over the
course of millennia to selectively induce a particular PPI, but also synthetic PPI inducers
like, tafamidis, dexrozoxane, and thalidomide and its derivatives. Despite their success,
campaigns to discover PPl inducers remain rare in both academia and industry. The
biggest challenge facing the use of PPl inducers in the clinic is PPI validation. There is a
limited set of endogenous PPls, ~650,000 interactions, that already exist and so are
targets for selective PPI inhibition. However, the number of PPIs that could be induced

is upwards of 200,000,000 in theory given ~20,000 human genes.'® Molecular biologists



need a method capable of rapidly generating high quality PPI inducers to begin
validating or invalidating the most promising interactions. Antibody development allows
these researchers to quickly begin screening extracellular targets, but as with PPI
inhibitors, intracellular targets remain elusive with no versatile method exists to target

these interactions.

Antibody therapies based on PPI induction are rare, there are only two FDA antibody
therapies that induce PPls, but as challenges in antibody engineering are overcome
dozens more are in clinical trials for treating various cancers.38 3° Many of these
therapies operate by performing a herculean feat — acting as a molecular bridge to
induce the interaction between two cells. For example, blinatumomab is a bispecific
antibody FDA approved in 2014 that kills B-cell lymphomas by bridging the interaction
between two cell surface receptors, CD3 and CD19.4° CD3 is overexpressed on T-cells
while CD19 is a receptor commonly overexpressed on cancerous B-cells. When
blinatumomab induces this new interaction it both stimulates the T-cell to destroy bound
cells and brings the cancerous B-cell into the T-cell’s killing range. Although still in their
early stages, bispecific antibodies are a promising PPI inducer scaffold for extracellular
targets. Again, mammalian immunity is a directed evolution system capable of
producing excellent PPl modulators, but is limited to extracellular targets due to the

antibody scaffold.

The examples of PPl modulators in disease described above make it clear that the

scientific community needs a versatile directed evolution method similar to mammalian

10



immunity in order to discover PPl modulators with scaffolds amenable to intracellular
delivery. Even when these modulators are initially discovered, it’s also critically
important that a suite of downstream mammalian cell assays are available to assess
both how selective the modulator is for a given PPl and whether the modulator impacts
PPI network dynamics in unexpected ways. The two methods described in this thesis
represent the foundations for accomplishing both PPl modulator discovery and

assessment.
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CHAPTER 2
RNA POLYMERASE TAGS TO MONITOR MULTIDIMENSIONAL PROTEIN-PROTEIN
INTERACTIONS REVEAL PHARMACOLOGICAL ENGAGEMENT OF BCL-2
PROTEINS

2.1 Introduction

As stated above, protein-protein interactions (PPls) are fundamental to cellular
organization, regulation, and cell signaling*'-43. Although often considered
‘undruggable”, the centrality of dysregulated PPIls in many complex disease states
makes these biomolecular interactions enticing targets for therapeutic development*4-47.
A key challenge to understanding the physiological and pathological roles of target PPIs
are a lack of tools for measuring competitive interactions within complex PPI networks
in native biological contexts. An exemplar of both the challenges and opportunities in
PPI-targeted therapeutics is the B cell lymphoma 2 (Bcl-2) family of apoptotic regulatory
proteins, which function through highly interconnected and competitive interaction

networks to control cell death?s.

A key hallmark of cancer is evasion of apoptosis, which is mediated by anti-
apoptotic Bcl-2 family proteins such as Bcl-2, Bcl-X. and myeloid cell leukemia 1 (Mcl-
1). These proteins maintain cell survival by binding and sequestering their pro-apoptotic
multidomain counterparts, such as Bcl-2-associate X protein (BAX) and Bcl-2 antagonist
killer 1 (BAK), and Bcl-2 homology 3 (BH3)-only proteins such as Bcl-2 antagonist of
cell death (BAD), truncated BH3-interacting domain death agonist (tBID), and
Bcl-2-interacting mediator of cell death (BIM)* %, through competitive PPIs.

Venetoclax, a recently approved Bcl-2 inhibitor and first FDA approved intracellular PPI

12



inhibitor, is effective in patients with hematologic malignancies®'. Mcl-1 dysregulation is
a key mode of resistance to both Bcl-2 inhibitors such as Venetoclax®?, and
chemotherapy more broadly, driving myriad cancers. Mcl-1 inhibitors, therefore, are a
current focal point of cancer drug discovery efforts®3-56. The complexity and
interconnectivity of Bcl-2-family apoptotic regulation illustrates the need for tools to
monitor the interactions in a native biological context, but is also representative of the
broader challenges and opportunities in both understanding and exploiting disease-

relevant PPlIs.

A multitude of live cell-deployable technologies for measuring PPIs have been
developed®’-%6. The yeast 2-hybrid system (Y2H) is being utilized to catalog the potential
binary PPls across the entire human proteome®”. However, a key limitation of such
yeast-based studies is that biological relevance is not guaranteed for each identified
interaction, and the interactions may be differentially regulated in mammalian systems.
Forster/bioluminescent resonance energy transfer (FRET/BRET)-based sensors permit
detection of subtle changes in distance with high spatiotemporal resolution®®, and have
even been adapted to rapidly and temporally measure changes in 40 cell signals under
identical conditions®®. Another widespread method for measuring PPls in live
mammalian cells is protein fragment complementation (PFC), which involves tagging

two potential binding partners of interest with separate halves of a split protein reporter.
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PFC systems have been
developed for a variety
of imaging modalities,
such as green
fluorescent protein
(GFP)61 70-72,
luciferase’ 74, and
horseradish peroxidase
(HRP)’>, as well as other
reporter systems such
as tobacco etch virus
(TEV) protease’® 77,
ubiquitin”®, and BS2
esterase.”® The key
advantage of most PFC
technologies is that PPIs
can be measured in
real-time using simple
imaging techniques.

However, multiplexed
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Figure 2.1. Split RNAP biosensors can detect Bcl-2 family
PPIs in E. coli. (A) Schematic of split T7 RNAP tags to
monitor Bcl-2-family PPIs. A target Bcl-2 protein is fused to a
C-terminal T7 RNAP variant (RNAPc) and a target BH3-only
protein ligand is fused to an evolved proximity-dependent N-
terminal T7 RNAP variant (RNAPN). Interaction between the
fusion proteins results in assembly of the RNAP and a
transcriptional output signal. (B) Vector system to test Bcl-2
split RNAP detection system in E. coli. (C) Transcriptional
output of split RNAPs with a series of Bcl-2 proteins
interaction with a set of BH3-only peptides assayed in E. coli
using the vectors shown in (B). Cells were induced for 3 h
with arabinose and then analyzed for luminescence. Error
bars are + s.e.m., n = 4. “deadBID” is a modified tBID BH3-
only peptide with the key binding portions removed as a
negative control.
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and/or competitive detection of PPIs has only been reported in proof-of-concept

demonstrations®°-83, and at most for a trimolecular PPI system. Although the need for

multidimensional PPI analysis techniques is widely acknowledged®®, challenges with
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spectral overlap of reporters, incompatible PFC technologies, and differential
sensitivities have largely precluded their development. Therefore, there is a need for
generalizable PFC technologies to detect multidimensional PPls in a competitive

manner within mammalian systems.

Our group developed a proximity-dependent split RNA polymerase (RNAP)
reporter system as a new method to measure target interactions in biological systems&*,
This involved evolving an N-terminal split RNAP tag, RNAP\, to assemble with a C-
terminal split RNAP tag, RNAPc, in a PPI-dependent manner. The advantage of an
RNAP-based reporter is that the RNA signal can be measured in a variety of sensitive
ways, including fluorescence, sequencing, nanoparticle detection, etc.8%°, and can be
amplified by polymerase chain reaction (PCR)®® or recombinase polymerase
amplification (RPA)®" for even more sensitive detection. Moreover, unlike optical
reporters, RNAP-based reporters are not limited by spectral overlap considerations, as
unique “barcode” sequences can, in principle, be encoded in orthogonal RNA outputs®
92 Indeed, we recently demonstrated the possibility of performing multidimensional
biochemical assays in mammalian cells using orthogonal protease-responsive
RNAPs®. Finally, an RNA output offers control over genomic and transcriptomic
processing through the production of MRNA, RNAI, or even gRNA, all of which have

important applications in genetic screens and synthetic biology®4-8.

In principle, the evolved proximity-dependent split RNAP system lays the
foundation for the generation of a new set of RNAP tags that encode multidimensional
PPIs in RNA signals. The key to realizing such a technology is developing the

approaches to deploy the tools in mammalian cells and the creation of a set of
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orthogonal proximity-dependent split RNAPs that drive transcription from unique DNA
promoters based on a target PPI, thereby producing a unique RNA output. In this report,
we develop a series of orthogonal split RNAP tags for interrogating PPIs in mammalian
systems and apply the new tools to probe Bcl-2-family interactions and their
pharmacological engagement. Application of the tools in “one-by-four” interactome
analyses of the Bcl-2 pathway reveals endogenous ligand competition and selectivity
profiling of both clinical and preclinical drug candidates. Together, this work establishes
split RNAPs as a versatile new addition to the PPI analysis toolbox, with particular
advantages for multidimensional and competitive PPI interrogation, and future synthetic

biology applications.

2.2 Results and Discussion

We first tested whether the proximity-dependent split RNAP tags can detect Bcl-2
family PPIs (Figure. 2.1A). To validate and optimize the protein sensors, we deployed
an E. coli-based transcriptional reporter system® %°_\We cloned expression vectors that
constitutively express the BH3 binding domains of tBID and NOXA each fused to the
evolved RNAPN tag through a flexible linker. We also cloned a negative control,
deadBID, that consists of tBID devoid of its necessary BH3 domain?3 1%, In conjunction,
we cloned a series of anti-apoptotic proteins including Bcl-2, Bcl-W, Bcl-XL and Mcl-1,
each fused to the T7 RNAPc tag, into an arabinose-inducible vector. To monitor in vivo
transcriptional output of the assembled T7 RNAP, we used a reporter vector that
produces luciferase in response to transcription from the T7 promoter. Reporter E. coli

cells were then cotransformed with the three vectors, induced with arabinose, and
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Figure 2.2. Split RNAP biosensors can detect Bcl-2
family PPIs in mammalian cells. (A) Vector system

to test binary Bcl-2 split RNAP PPI detection
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and Bcl-W, are readily detected compared to
control, while NOXA is much more selective for
interaction with Mcl-1. (C) Quantification of (B)

(error bars are = s.e.m, n = 5). Student’s t-test; **P

< 0.001. 100 um scale bar shown.
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analyzed for luminescence output
(Figure 2.1B). As expected,
because all four Bcl-2-family
proteins are known to interact with
tBID?2, interactions of Bcl-2, Bcl-W,
Bcl-X., and Mcl-1 with tBID each
produced a robust enhancement of
RNAP activity compared to the
deadBID control, with between a
24-fold and 207-fold dynamic
range (Figure 2.1C). More striking
was that the NOXA-fused RNAPnN
only showed significant
transcriptional output (34-fold)
when combined with Mcl-1-fused
RNAPc, confirming NOXA
selectively binds to Mcl-1 over the
other anti-apoptotic proteins
assayed?? 19! These experiments
indicate that the split RNAP tags
can reproduce known in vitro

affinity measurements in live E.



coli with a robust RNA output signal.

Upon validating that the split RNAP tags can detect Bcl-2-family PPIs in E. coli,
we sought to measure the performance of the system in a more physiologically relevant
setting, mammalian HEK293T cells. We adapted the expression vectors for mammalian
cell deployment by cloning a CMV-driven vector for each of the RNAPn-tagged BH3-
only protein fusions (Figure 2.2A). Next, we cloned a series of vectors that each
featured a CMV-driven RNAPc tagged anti-apoptotic protein fusion, as well as a T7
promoter-driven GFP mRNA circuit®® 192, PPI-dependent RNAP assembly could
therefore easily be measured by imaging GFP fluorescence, which is resultant from
RNAPN and RNAPc reassembly, mRNA transcription, and GFP translation. Due to the
signal amplification of this output, the data is qualitative, but the ease of analysis
permits facile system optimization and validation. Cotransfection of any anti-apoptotic-
RNAPc construct with the RNAPN-deadBID vector resulted in cells with very low GFP
fluorescence (Figure 2.2B, C). However, cotransfection of RNAPn-tBID with each Bcl-2
family RNAPc fusion resulted in a dramatic enhancement of GFP fluorescence. Similar
to the results in E. coli, and as expected based on in vitro measurements, RNAPn-
NOXA only induced robust GFP fluorescence when cotransfected with Mcl-1-RNAP¢
(Figure 2.2B, C). These imaging experiments indicate that the split RNAP tags are

capable of measuring binary PPIs between Bcl-2-family proteins in mammalian cells.

Once we validated that split RNAP tags could measure single binary PPIs in
mammalian cells, we sought to test whether we could detect two competing PPls
simultaneously. The goal would be to allow one BH3-only protein to interact with two

different anti-apoptotic proteins in the same cell, such that each interacting pair drives a
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different RNA output. Previously, we utilized an orthogonal RNAPc84, RNAP¢(CGG), that
selectively transcribes from the “CGG” promoter upon assembly with the RNAPN. In
order to deploy this orthogonal system in conjunction with the T7-based system, we
cloned a mammalian expression vector that produces Mcl-1-RNAPc(CGG) and RFP
expression via the CGG promoter. We first deployed this other reporter vector system
with the Bcl-2-RNAPc(T7) reporter and each of the RNAPn-BH3-only proteins by
cotransfecting cells with all three vectors and measuring GFP and RFP fluorescence
(Figure 2.3A). This way, the interaction between the BH3-only protein and Bcl-2 would
produce GFP fluorescence, while the interaction between the BH3-only protein and Mcl-
1 would produce RFP fluorescence. Cells with RNAPn-deadBID displayed low
fluorescence in both channels, as expected (Figure 2.3B, C). However, RNAP\-tBID
produced robust fluorescent signal in both the RFP and GFP channels. Moreover,
RNAPN-NOXA produced more RFP than GFP fluorescence, recapitulating the in vitro
and E. coli measurements in live mammalian cells. Intriguingly, in this competitive
experiment tBID gave less signal than NOXA with Mcl-1, which is not what was
observed in the individual PPI assays (Figure 2.2). This type of competitive binding
effect can only be observed by monitoring multiple PPIs simultaneously. These results
confirm that two PPIs can be monitored simultaneously in mammalian cells using this
set of orthogonal split RNAP tags.

With the system to simultaneously measure two competitive PPIs in hand, we
next sought to detect pharmacological engagement of PPI inhibitors in live cells. We
tested the recently FDA approved Bcl-2 inhibitor ABT-199%¢ 193 (Venetoclax) and the

preclinical Mcl-1 inhibitor A-1210447'%4 (A121). Treatment with ABT-199 blocked the
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interaction between Bcl-2 and tBID (Figure 2.4A, B), while treatment with A-1210477
blocked the interaction between Mcl-1 and tBID. Coadministration of both inhibitors in a
combination therapy experiment blocked both PPIs, though the level of Mcl-1 inhibition

was less than in the single treatment conditions.

Intriguingly, the measured signal between Mcl-1 and tBID in the presence of
competition with either Bcl-2 or Bcl-X. was lower than when measured as a single
binary interaction without competition (Figure 2.3 vs Figure 2.2). This is in-principle
expected, because Mcl-1 is a roughly equal (Bcl-2) or lower (Bcl-X.) affinity binder to
tBID?2, and suggests that our dual-monitoring approach can recapitulate endogenous
competitive interactions. Moreover, coadministration of both an Mcl-1 and Bcl-2 inhibitor

in the competitive environment caused the Mcl-1 inhibitor to be less effective (Figure
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Figure 2.3. Split RNAP biosensors can
monitor two Bcl-2 family PPls
simultaneously in mammalian cells. (A)
Vector system to simultaneously monitor
competitive interactions between Bcl-2
and Mcl-1 with BH3-only proteins in
mammalian cells using mRNA for GFP
and RFP as the two orthogonal RNA
outputs from each PPI. (B) HEK293T
cells cotransfected with the plasmids
shown in (A). 30 h after transfection, the
cells were analyzed for GFP and RFP
expression by fluorescence microscopy.
Bcl-2 and Mcl-1 were both found to
interact with tBID, while NOXA was found
to interact more with Mcl-1. (C)
Quantification of (B) (error bars are +
s.e.m, n = 5). Student’s t-test; **P <
0.001. 100 pm scale bar shown.
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Figure 2.4. Spit RNAP biosensors can
simultaneously monitor pharmacological
engagement of two PPlIs in live cells. (A)
HEK293T cells cotransfected with the
plasmids shown in Figure 2.3A. Upon
transfection, DMSO carrier control, 0.5 uM
ABT-199, 10 yM A1210477, or a
combination of both 0.5 yM ABT-199 and
10 uM A1210447 were added to the cells.
After 30 h, the cells were analyzed for
GFP and RFP expression by fluorescence
microscopy. (B) Quantification of (A) (error
bars are + s.e.m, n = 5). Student’s t-test;
*P<0.01, **P < 0.001 (relative to control
when not otherwise indicated). n.s. = not
significant. 100 ym scale bar shown.
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2.4B), presumably because more tBID was
accessible in the system when not bound to
Bcl-2 and may reflect differences in affinity
between NOXA and tBID'%, or differences

in pharmacological effectiveness.

Collectively, these data illustrate why multidimensional PPl analysis in live cells is critical
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for understanding pharmacological engagement of competitively-interacting PPI

networks.

Unlike fluorescent reporters, RNAP-based reporter systems are not limited by
spectral overlap, and should therefore be capable of measuring higher-order PPI
networks. In our spit RNAP system, orthogonality comes from the RNAPc tags that each
drive transcription from unique DNA promoters upon RNAP assembly, thereby
permitting the transcription of unique output RNA signals. Thus far, only T7 and CGG
RNAPc tags have been developed as proximity-dependent split RNAP reporters.
Therefore, we next sought to expand the approach by generating a panel of orthogonal

tags for deployment in PPI network analysis experiments.

We mined the literature for mutations within our RNAPc tags that alter its DNA
promoter specificity’®: %7 and cloned these variants into our E. coli luciferase reporter
system to assay their ability to function as proximity-dependent split RNAP reporters.
First, we tested orthogonality by measuring a series of eight putative RNAP¢ variants on
a panel of five different DNA promoters, T7, CGG, K1F, CTGA, and T3. All of the
variants displayed robust activity on their target promoter, but the variants differed in
terms of overall activity and off-target activity on the other promoters (Figure 2.5A, B).
Based on overall activity and selectivity, we selected T7, K1F-b, CTGA, and T3 RNAP¢
variants, along with their respective promoter sequences, as a series of four orthogonal
RNAPCc tags to pursue further. We omitted the CGG variant used in the one-by-two
interaction analysis because it showed crosstalk with both the CTGA and T3 promoters.
Critically, all of the variants, especially those selected for further study, maintained very

good dynamic range for PPI detection when paired with the evolved RNAPy and split
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isoleucine zipper peptides used previously®+ 1% displaying a 134-fold to 300-fold

dynamic range (Figure 2.5C).
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Figure 2.5. Uncovering a series of orthogonal proximity-dependent C-terminal split
RNAPs. (A) E. coli transcriptional reporter assay for DNA promoter orthogonality of a
series of split C-terminal T7 RNAP variants fused to ZB (ZB-RNAPc) on putative DNA
promoter sequences. Sequences for the five target DNA promoters are shown (T7-blue,
CGG-orange, K1F-green, CTGA-magenta, T3-red). E. coli transformed with the vector
system shown in Figure 2.1B: 1) an expression vector for an evolved N-terminal RNAP
fused to ZA (RNAPN-ZA), 2) an expression vector for a target RNAP¢ variant to be
tested, and 3) a reporter vector that drives luciferase based on a target DNA promoter
sequence. Cells were induced for 3 h with arabinose and then analyzed for
luminescence. Error bars are + s.e.m., n = 4. (B) Mutations shown for each RNAP¢
variant tested. (C) Proximity-dependent assembly of the series of ZB-RNAPc variants.
E. coli transformed with the vector system shown in Figure 2.1B: 1) an expression
vector for RNAPy fused to either nothing as a negative control or to ZA, 2) an
expression vector for a target RNAP¢ variant to be tested, fused to ZB, and 3) a reporter
vector that drives luciferase based on the target DNA promoter sequence of the variant
being tested. Cells were induced for 3 h with arabinose and then analyzed for
luminescence. Error bars are + s.e.m., n = 4. The variants that were selected for further
study are color-coded in blue.
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With the four orthogonal RNAP¢ variants and four orthogonal promoters
validated, we next sought to test whether we could monitor four Bcl-2 family PPIs
simultaneously in mammalian cells. We envisioned a system in which one vector would
express a target binding partner fused to RNAPN, and a series of four other vectors
would each express different protein targets fused to the four orthogonal RNAPc
variants (T7, K1F-b, CTGA, and T3) (Figure 2.6A). The RNAPc expression vectors
would also each contain gene circuits that drive transcription of unique RNA outputs
from the four orthogonal promoters, thereby “encoding” each PPl in a separate RNA
signal (Figure 2.6B).

To test the feasibility of a 1x4 interactome analysis with the split RNAP system,
we cloned the orthogonal RNAPc variants into each of the Bcl-2 fusion vectors and
swapped out the T7 promoter for the corresponding orthogonal promoter sequence
matching each RNAPc variant. Rather than attempting to use four orthogonal
fluorescent proteins, we aimed instead to measure each split RNAP assembly by direct
quantitative RNA analysis. Aside from opening up future possibilities of doing even
higher-order interaction analysis where spectral overlap of fluorescent proteins
becomes prohibitive, we postulated that analyzing the RNA directly would also offer
kinetic advantages and a more quantitative assay. Degradation of most fluorescent
proteins is quite slow'®, meaning that even once we inhibit a PPI, the time it takes for
that inhibition to change the intracellular fluorescent protein concentration is long.
However, RNA turnover is much faster, meaning we should be able to detect inhibition
of a target PPl in a more dynamic manner. To enable this approach, we then changed

the RNA output on each orthogonal RNAPc fusion vector to a unique, arbitrary
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sequence, and designed corresponding unique qPCR primers to analyze each output
RNA. It should be noted that due to differences in primer efficiencies and promoter
strengths, differences in outputs can only be measured in a relative manner between

different conditions.

We transfected the set of 1x4 interactome vectors into HEK293T cells, allowed
the cells to grow for 40 h, isolated total RNA from the cells, and then analyzed each
unique PPI-dependent RNA output signal by quantitative reverse transcription PCR (RT-
gPCR). First, we assayed whether we could recapitulate the deadBID, tBID, and NOXA
binding interactions. As observed in the binary PPI analysis, we detected increased
RNA production between all four Bcl-2 family proteins when the RNAPN was fused to
tBID compared to dBID, but the NOXA fusion only showed enhanced RNA synthesis
from the Mcl-1 fusion (Figure 2.7A). Furthermore, we again observed increased signal
from the NOXA-Mcl-1 interactions compared to the tBID-Mcl-1 interactions in this
competitive environment. Next, we assayed whether we could monitor competitive
inhibition upon ABT-199 treatment in the context of tBID binding. We delivered the 1x4
interactome vectors using the RNAPN-tBID binding partner and tested whether loading
the cells with ABT-199 for 3 h, 24 h, or 40 h resulted in measurable PPl inhibition, and
which PPls were affected. We observed selective Bcl-2/tBID PPI inhibition at 3 h with
enhanced inhibition at 24 h. At 3 h, we detected no other off-target inhibition. However,
we observed Bcl-X/tBID PPl inhibition at the longer, 24 h, time point. This off-target
activity has not previously been observed at the concentration used?®, but has been
noted at higher concentrations. Because the kinetics of the inhibition differ between

targets, this off-target effect could be due to pharmacological cross-talk, or biological
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effects such as changes in endogenous Bcl-2-family binding partner levels. Collectively,
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Figure 2.6. Schematic of a system to detect 4 multidimensional PPIs simultaneously.
(A) Design of mammalian vector system to measure a one-by-four PPI network.
Expression vectors for a series of anti-apoptotic-RNAP¢ using the orthogonal RNAPc
variants developed in Figure 2.5 were engineered with a gene circuit that produces an
orthogonal RNA output signal from transcription on the orthogonal DNA promoter. Four
orthogonal vectors were created, which can then be deployed along with a BH3-only-
RNAPN expression vector. (B) Schematic of one-by-four RNAP tagging system for
multidimensional PPI analysis. The BH3-only peptide fusion on the RNAP\ tag can
competitively bind to a series of Bcl-2-family proteins, each themselves fused to
orthogonal RNAPCc tags. Interactions between each Bcl-2-family protein with the target
results in the assembly of an orthogonal RNAP, which in turn transcribes an output
RNA signal from an orthogonal DNA promoter. The relative amount of each PPI can be
measured by RT-gPCR analysis of the output RNA signals.

these experiments indicate that the split RNAP PPI detection system can
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simultaneously monitor four PPls in mammalian cells and detect competitive PPI

inhibition on relatively short time scales using RNA analysis techniques.

2.3 Conclusion

In conclusion, we developed and validated a series of split RNAP biosensors to
monitor multidimensional PPI networks in live mammalian cells. Measuring endogenous
biomolecular interactions in mammalian systems remains a substantial challenge, but
an increasingly important problem as PPl modulators continue to gain momentum in the
laboratory and clinic. The split RNAP biosensor approach described here can synergize
with advances in nucleic acid sequencing technologies, by encoding new types of
biological information in the high-throughput sequencing (HTS) data flow. Coupling the
tools disclosed here with cell identifying bar-coding sequences in the RNA outputs or
with direct in situ RNA sequencing technologies® would permit single-cell analysis of
multidimensional PPI networks. By leveraging advances in nucleic acid computation%®:
0 the RNA outputs of the split RNAP sensors could be adapted for complex genetic
screens, in which a series of interactions in a network are screened in parallel for
specific effects. The RNA outputs could easily be engineered to mediate cell viability,
leading to a very simple and inexpensive mammalian genetic screening platform.
Moreover, proteins of interest could be genomically-tagged, improving physiological
relevance and single-cell consistency. This would also allow even higher-order networks
to be probed and screened for. Although we found that transient transfection worked
well for the experiments presented here, removing the complications due to

heterogeneity in transfection efficiency will likely decrease variability and sensitivity to
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subtle effects. Finally, for synthetic biology applications, multiple split RNAP biosensors
could analyze individual cells’ interactomes to determine cell type or disease state and

drive a therapeutic outcome, as has been done for microRNA detection systems™'".

We selected Bcl-2 family PPls as a test bed to develop our split RNAP biosensor
technology due to the availability of known small molecule inhibitors, which provided us
with robust positive controls. Our observations of competitive effects of PPIs for the
same target ligand upon pharmacological engagement of the Bcl-2 proteins is an
excellent illustration as to why targeting PPIs therapeutically is so challenging. In future
work, we will explore whether other therapeutically-relevant PPIs with known off-targets
can also be assayed in our system. Integrating our rapid endogenous multidimensional
PPI analysis approaches in the drug discovery process could substantially benefit the
selection of pre-clinical molecules for both in cellulo efficacy and off-target interactions,
thereby improving the drug discovery pipeline. Moreover, rather than measuring
secondary treatment effects, direct PPI disruption measurements can be used to
validate mechanisms of new therapeutic agents to gain enhanced understanding of

targeted therapies prior to further preclinical development.
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Figure 2.7. Detection of 1x4 Bcl-2 family PPIs simultaneously in mammalian cells
by RT-gPCR analysis of the unique RNA outputs. (A) HEK293T cells were
cotransfected with the plasmids shown in Figure 2.6A with the fusions indicated,
grown for 40 h, lysed, and then total RNA was isolated and quantified by RT-
gPCR. Separate PCR primers were used for each of the four unique RNA
outputs to measure split RNAP assembly with each target. The data displayed is
the delta-Ct value in comparison to cells transfected with the RNAPN-deadBID
“negative control”’. Therefore, a more negative value indicates more of a
particular RNA is generated, and therefore more of a given interaction was
present. (B) HEK293T cells were cotransfected with the plasmids shown in
(Figure 2.6A) with the tBID-RNAP\ fusion, grown for 40 h with 0.5 yM ABT-199
added at different time points, lysed, and then total RNA was isolated and
quantified by RT-gPCR as described in (A). The data displayed is the delta-Ct
value in comparison to cells transfected with the RNAPn-deadBID “negative
control”. Error bars are + s.e.m., n = 4. Student’s t-test; *P < 0.05, **P < 0.0005.
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2.4 Experimental Details

Cloning. All plasmids were constructed by Gibson Assembly''? from PCR
products generated using Q5 DNA Polymerase (NEB) or Phusion Polymerase. All
plasmids were sequenced at the University of Chicago Comprehensive Cancer Center
DNA Sequencing and Genotyping Facility. Full vector sequences and annotated vector

maps are available upon request.

Luciferase-based transcription assays of Bcl-2 proteins in E. Coli. Experiments
were conducted as previously described®*. Briefly, S1030 cells'® were transformed by
electroporation with three plasmids: (/) a T7 RNAPn-linker-BH3 only expression plasmid,
(ify an Bcl-2 family protein-linker-T7 RNAP¢ expression plasmid, and (iii) a reporter
plasmid that encodes luciferase under control of a T7 RNA polymerase promoter. Single
colonies were then grown to saturation overnight at 37 °C, and then each well of a 96-
well deep well plate containing 0.54 mL of LB with antibiotics and 10 mM arabinose was
inoculated with 60 pL of the overnight culture. After growth with shaking at 37 °C for 3
h, 150 L of each culture was transferred to a 96-well black wall, clear bottom plate
(Nunc), and luminescence and ODesoo was measured on a Synergy Neo2 Hybrid Multi-
Mode Reader (BioTek). The data were analyzed by dividing the luminscence values by
the background-corrected ODeoo value, then subtracting out the background from the
reporter vector alone. All values were then normalized to the transcription from Bcl-
2/deadBID, which was assigned an arbitrary value of 1, allowing the values from each

luminescence plot to be compared to one another.

Luciferase-based transcription assays of orthogonal C-terminal RNAP variants in

E. Coli. Experiments were conducted as previously described® and similar to as noted
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above. Briefly, S1030 cells''® were transformed by electroporation with three plasmids:
(/) a T7 RNAPN-linker-ZA expression plasmid, (i) a ZB-linker-RNAPc expression
plasmid with the listed mutations, and (iii) a reporter plasmid that encodes luciferase
under control of a given target promoter sequence. Single colonies were then analyzed
as described above. The data were analyzed by dividing the luminescence values by
the background-corrected ODeoo value, then subtracting out the background from the
reporter vector alone. The experiment was then repeated, but this time only assaying
each variant on its target promoter and assessing proximity-dependence by comparing
assembly with RNAPN-linker-ZA with a plasmid that has no ZA fusion. For both
experiments, values were then normalized to the transcription from the T7 RNAPc on
the T7 promoter, which was assigned an arbitrary value of 100. Each variant was

screened across all five promoters in this way.

Cell culture. HEK293T cells (ATCC) were maintained in DMEM (high glucose, L-
glutamine, phenol red, sodium pyruvate; obtained from Gibco or Hyclone)
supplemented with 10% fetal bovine serum (FBS, Gibco/Life Technologies, Qualified US
origin) and 1% penecillin/streptomycin (P/S, Gibco/Life Technologies). Multiple
biological replicates were performed with cells from different passages and freshly

thawed aliquots.

Mammalian fluorescence imaging and inhibitor assay. HEK293T cells were
cultured in DMEM (high glucose, glutamine, phenol red, pyruvate; Gibco/Life
Technologies) supplemented with 10% fetal bovine serum (FBS, Gibco/Life
Technologies, Qualified US origin). The cells were plated on an 8-well coverglass slide

(Labtek) and transfected in the next day with 300 ng of Bcl2-family vector and 300 ng of
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a BH3-only vector using 1.8 pL of Lipofectamine 3000 (ThermoFisher Scientific)
following the standard protocol. For the inhibitor experiments, 500 nM ABT-199, 10 yM
A-1210477, or DMSO control was added during cell culture and post transfection. The
cells were imaged on an Olympus BX53 microscope using a GFP and RFP filter set and

a 10x objective.

Image processing and quantification. For image analysis of fluorescent protein
outputs, we counted the number of positive cells in each channel. Each image for a
given condition was processed using identical conditions to adjust brightness and
contrast to a level where background fluorescence was observed for control samples in
Imaged (Wayne Rasband, NIH). The fluorescent spots in each GFP image were
counted as fluorescent cell number in ImagedJ for quantification analysis. A macro batch
script for each analysis was used to ensure the settings for each group were identical.
The following script was used in the “Batch Process” of ImageJ: “setThreshold(239,
5000); setOption("BlackBackground", false); run("Convert to Mask"); run("Watershed");
run("Analyze Particles...", "size=100-Infinity pixel include summarize in_situ" “. The

“Count” results were then used for quantification analysis. We found that counting the

number of GFP-positive cells yielded the most reproducible results.

RT-gPCR analysis. HEK293T cells were transfected with split RNAP vectors. 400
ng for each of the five plasmids showed in Fig. 6A. 6 pL of Lipofectamine 3000
(ThermoFisher Scientific) was used for the transfection in 12-well plates (Corning) and
biological replicates were performed in quadruplicate for each condition. The inhibitor
ABT-199 was omitted, added during transfection, or added 16 h or 37 h after

transfection, and the cells were harvested at 40h after transfection. RNA was purified
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using an RNeasy Kit (Qiagen) and was reverse-transcribed using PrimeScript TM RT
reagent Kit (TaKaRa). The transcribed cDNA was used as the gPCR template and the
PCR reactions were performed on a LightCycler 96 Instrument (Roche) using FastStart

Essential DNA Green Master (Roche).
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CHAPTER 3
SPLIT T7 RNA POLYMERASE BIOSENSORS TO STUDY MULTIPROTEIN
INTERACTION DYNAMICS: A PRACTICAL GUIDE
3.1 Introduction
Protein-protein interactions (PPls) are involved in nearly all cellular processes,

particularly in higher organisms. For example, although there are only approximately
21,000 protein coding genes in the human genome there are an estimated 650,000
unique PPls, ranging from simple binary interactions to multiprotein complexes 8.
These interactions regulate information flow through the central dogma, cell signaling,
metabolic processes, and more 14116 As the PPI estimation implies, individual proteins
can take part in any number of distinct PPIs, with each one potentially involved in a
different cellular process. Therefore, traditional methods for studying protein function,
e.g., protein overexpression and knockdown, can impact several pathways
simultaneously, convoluting experimental results. There are numerous instances where
genetic aberrations cause human disease via PPI dysregulation or can be alleviated by
manipulating selective PPIs ''7: 118 This central role of PPIs has led researchers to
develop tools to study natural PPIs, and even to manipulate biology via synthetic PPI

signaling '°.

34



Split Protein

v

~
~r

FRET Chemical Ligation

Figure 3.1. Schematic of several common methods for detecting PPIs. This chapter
focuses on the split T7 RNAP, and so split proteins, which can produce diverse signals
such as light, cytotoxic small molecules, or RNA, are highlighted.

A variety of methods have been developed to study PPls, ranging from fixed-cell
antibody-based endogenous coimmunohistology to live-cell FRET-based kinase
sensors (Figure 3.1) 20121 " |n this chapter, we will focus on measuring PPlIs in live
cells. In the context of live-cell PPI detection, protein fragment complementation (PFC)
is one of the most widely-used and powerful approaches 2. PFC assays work by
splitting a reporter protein (GFP, luciferase, etc.) and genetically tagging each split
protein fragment to different proteins of interest. Only when the tagged proteins come
within close proximity to one another does the split reporter reassemble to produce an

output signal. Indeed, this approach has been widely used with light-emitting reporters,
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including GFP and luciferase, to study and discover chemical inhibitors of PPIls 80, 123-125,
More recently developed PFCs such as split horseradish peroxidase and split BS2
esterase convert PPIs into activation of chemical probes that release light, kill
surrounding cells, or label surrounding proteins with chemical tags 7> 7°. While these
aforementioned PFC tools are powerful for measuring a single PPI, they are often
unable to measure or discern signals from multiple simultaneous interactions, largely
due to a lack of orthogonal split components, or spectral overlap in output signals. Split
RNAP-based biosensors, however, benefit from the vast information storage capacity of
RNA to in principle encode an array of molecular interactions for subsequent
multiplexed analysis. This chapter will therefore describe the evolved split T7 RNA
polymerase (RNAP) as a novel PFC capable of converting multiple PPls into unique
RNA outputs simultaneously in live cells. This chapter represents an in-depth practical
guide to deploying the split RNAP in various contexts, expanding on the research

discussed in chapter 2.

3.2 Evolution of the split T7 RNA polymerase biosensor
3.2.1 Split T7 RNAP biosensor history and nomenclature

In 198526 it was discovered that the T7 RNAP, a single-domain, highly active,
RNAP retained its transcriptional activity upon proteolysis into two fragments. Much
later, Shis et al. confirmed the two fragments could reassemble when coexpressed '27.
In 2014 Segal-Shapiro et al. discovered that there are in fact multiple locations in T7
RNAP that are amenable to splitting and reassembly to produce a fully functional RNAP

197 One split site at amino acid position 181 produced particularly robust signal when
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the N-terminal half of the RNAP (aa’s 1-180; wtRNAPN) was co-expressed with the C-
terminal half of the RNAP (aa’s 181-883; RNAPc), which contains the protein domain
that recognizes the DNA promoter sequence. This group went on to introduce known
amino acid mutations into this promoter recognition domain, generating a series of
unique RNAPCc'’s that recognize orthogonal DNA promoters. For example, the wild type
RNAPc recognizes the T7 DNA promoter, and is termed the T7-RNAPc, but an RNAP¢
mutant only recognizes the orthogonal CGG DNA promoter (CGG-RNAPc).

The Voigt group also discovered that RNA output in e. coli increased 5-7 fold
over that of background assembly when positive interacting proteins were fused to each
half of the RNAP. This foundational work inspired our group to evolve the split RNAPx
to reassemble with any RNAPc only when interacting proteins are fused to each half
(Figure 3.2.a). In brief, we used a new modified Phage-Assisted Continuous Evolution
(PACE) system to evolve proximity-dependency in the split RNAP system, thereby
making it into a biosensor platform. See the following reference for an in depth look at
the evolution in e. coli and initial characterization of the evolved RNAPN (eERNAPN) in
both mammalian and e. coli cells, as well as our recent review that compares the split

T7 RNAP biosensor to other PFC technologies 8 122,

37



A)
% Evolution
|£CE> é PPI Analysis
Inducible Cas9
X

B) 1.E+07 7 RNAPx fusion: 1 E+06
.E+06 1
atsID RNAPG fusion:
BNOXA
g 1.E+06 . 8 BKRAS wt
g ONo Fusion e D Off Target
(5] o
é 1 E+05 é 1.E+05 1
€ €
3 3
8 1.E+04 B
N N
= T 1.E+04
£ E
S 1E+03 S
1.E+02 1.E+03 4
Bcl-2 Mcl-1 Bcl-w Bel-xL RAF wt RAF R89L RAF K84A RAF Q66A
RNAPc fusion RNAPNy fusion
100 40 3000
[ @ o
g g § 2500
g 80 g 30 3
2 60 e “E’ 2000 ODark
€ € 20 S
2 40 2 5 1500 mLight
@ 51 4
N N 10 X 1000
T 20 T E
g § 5 500
z O0e ’ T T \ =z 0O e + T " z
0.01 0.1 1 10 100 0.0 1.0 100.0  10000.0 0

Rapamycin (uM) Abscisic Acid (uM) iLID
Figure 3.2. Example interactions detected via the evolved split RNAP biosensor. A)
representation of the split T7 RNAP’s PPI detection properties prior to and after
evolution of the RNAPN. The wild type RNAPN will assemble even without interacting
fusion proteins (left), whereas the evolved RNAPN only assembles when interacting
proteins are fused to each fragment (middle). B) e. coli luciferase assay results with Bcl-
2 family (left) and KRas-Raf (right) interactions. C) e. coli luciferase assay results with
the small molecule and light inducible PPIs FRB-FKBP (left), PYL-ABI (middle), and
iLID (right).

3.2.2 eRNAP: applications and advances
Overall, evolution of the split RNAP increased the signal-to-noise ratio from 5-fold
to 300-fold over background in e. coli. The evolved split RNAP not only provided robust

signal-to-noise (Figure 3.2.b), but also tolerated fusion to interacting proteins with

diverse structures and activities including short helix proteins, globular proteins, and
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even activity-dependent PPIs that require small molecules or light to induce binding
(Figure 3.2.c). We have recently used our evolved RNAP in two general ways: to study
PPIs and for synthetic biology applications. For our usage in evolution and small
molecule-induced Cas9 gene circuits, see the following references; 84 128129 Recently,
our group employed the RNAP biosensor in two contexts. First, to rapidly screen
thousands of amino acid mutations across a PPl interface and assess their effects on
protein binding 3. In this work, we used Darwinian evolutionary principles combined
with high throughput sequencing to perform a deep mutational scan of the Ras/Raf
binding interface. Second, we used the RNAP biosensor to perform numerous
evolutions of modern and ancestral sequences of Bcl-2 family proteins, enabling the
calculation of chance versus contingency in PPI evolution. 3

In this chapter we will focus on our work using the RNAP biosensor in live
mammalian cells to monitor up to four PPIs simultaneously, and to interrogate
pharmacological inhibition of the competitive PPI network 132, Along with these major
advances, this technology is still undergoing development and characterization, and so
nuances regarding its mechanism, advantages, and disadvantages remain open to
exploration. Notably, however, our group’s recent and ongoing work has identified
several key factors to consider when designing an experiment utilizing the evolved split

RNAP.

3.2.3 Considerations when using the split RNAP

One major consideration whenever deploying the split RNAP biosensor is its

access to a DNA template. In eukaryotic cells, DNA is separated from most proteins by

39



lipid barriers that form the nucleus and other organelles. These physical barriers
prevent the split RNAP from binding to its DNA promoter and subsequently transcribing
an RNA signal. This is not usually a consideration when working with e. coli because
they do not sequester DNA within compartments. Two notable exceptions are when
investigating PPIs in the periplasm or extracellular space where DNA is inaccessible.
Access to DNA is, however, a more pressing consideration when deploying this
biosensor in mammalian cells, where many PPIs are localized within organelles that do
not contain DNA, e.g., the Golgi or endoplasmic reticulum. Similarly, studying PPIs in
the extracellular space and outer plasma membrane via the split RNAP is unlikely given
that high concentrations of extracellular nucleotide triphosphates (NTPs), which are
necessary to transcribe RNA, are toxic to cells'3. The nucleus is therefore an optimal
compartment for RNAP deployment because access to both DNA and NTPs is of
minimal concern. Looking towards other compartments, manipulation of mitochondrial
DNA to encode RNAP promoters, or DNA delivery techniques to endosomes/lysosomes
in theory could enable PPI analysis via split RNAPs in these compartments’34.

A second major consideration when using the RNAP biosensor is the
requirement for protein fusion. The RNAP tolerates different types of protein fusions, as
our previous work has demonstrated. Yet, initially the RNAP¢ could not accept a C-
terminal fusion because the wt RNAPc C-terminus is necessary for RNA transcription.
In recent work, we overcame this disadvantage by evolving the RNAPc C-terminus to
tolerate a protein fusion while retaining transcriptional capability'?®. With this advance,
both RNAP halves can now tolerate fusions to either termini, as long as the fusion

proteins themselves drive reassembly of the RNAP. It is important to investigate
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whether a new PPI of interest, therefore, can properly orient the RNAP fragments. In
our experience, there is a higher probability that protein fusions will be successful in the
split T7 RNAP system if the proteins of interest have been previously used in other
similar technologies, such as split GFP or split luciferase assays. If there is no
precedent for protein fusion, then we find that crystal structure-based modeling or
biochemical assays that reveal the roles of N- or C-termini in protein function, folding,
and binding can greatly increase success when using the split T7 RNAP biosensor.

A third major consideration when deploying the split RNAP biosensor is the
degradation, stability, folding, and overall activity of the fusion proteins. A relatively
insoluble or unstable protein of interest fused to the RNAP fragments may result in
differential expression of the resultant fusion protein, and in turn alter RNAP
reassembly. As with all protein fusion approaches, the potential context-dependencies
in protein stability or RNAP activity thus affect comparisons between PPIs. One PPI
may produce a greater RNA signal simply due to improved RNAP
folding/stability/activity rather than increased strength or frequency of the PPl in
question. For this reason, it is crucial to run appropriate control experiments,
particularly when comparing unique protein fusions to one another, or when assaying
PPIls under different experimental conditions.

When designing experiments using the RNAP it is important to assess all of
these factors and how they may change under each experiment’s unique conditions. To
ensure that results specifically reflect changes in PPIs of interest, and not changes in
RNAP, the correct controls are critical. In the protocol below, we use our previous study

of multiprotein interaction networks in live mammalian cells to describe the general
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workflow for designing a PP detection experiment using proximity-dependent split
RNAPs. Within this protocol we include troubleshooting tips and additional protocols for

control experiments that are particularly useful when testing new protein fusions.
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Figure 3.3. Plasmid designs for e. coli and mammalian assays and general workflow
when using the split RNAP biosensor. Plasmid designs for measuring PPIs via bacterial
luciferase in e. coli with arabinose induction of the RNAPc or IPTG induction of the
RNAPN. B) Mammalian expression plasmid designs for use in imaging and RT-gPCR
analyses. C) General workflow when deploying RNAP biosensors to study proteins of
interest. For more detailed assistance in designing experiments see “troubleshooting
and advice” sections of each protocol.



3.3 RNAP analysis of Bcl-2 family PPIs

Many PPls exist within networks that operate via selective interactions. Most methods
only study these PPlIs individually. However, crosstalk between PPlIs is important to
understand and quantify, particularly in the case of pharmacology. Bcl2 family proteins
have been targeted by PPI inhibitors for cancer treatment, but resistance and off-target
effects demand a holistic analysis of the Bcl-2 PPI-network. Three protocols below
detail experiments to study: 1) individual PPIs in e. coli using bacterial luciferase, 2) two
PPIls simultaneously with small molecule inhibition by fluorescence microscopy, and 3)
four PPIls simultaneously with small molecule inhibition via RNA quantification. For
protocols on basic techniques such as cloning, e. coli transformation, mammalian cell

transfection, etc. see referenced materials in “precursor techniques” section below.

3.3.1 Materials, equipment and reagents

LightCycler 96 qPCR (Roche)

Synergy Neo2 Hybrid Multi-Mode Plate Reader (BioTek)

BX53 fluorescence microscope (Olympus)

Sterile Gard biosafety cabinet (Baker)

Cell culture incubator 5% CO- (Thermofisher Scientific)

NanoDrop 8000 (Thermofisher Scientific)

HEK293T mammalian cells (ATCC)

DMEM with high glucose, L-glutamine, phenol red, sodium pyruvate (Gibco or Hyclone)
Fetal Bovine Serum (Gibco)

Penecillin/streptomycin (Gibco/Life Technologies)
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8-well cover glass slides (Labtek)

Lipofectamine 3000 (Thermofisher Scientific)

ImagedJ image processing software (Wayne Rasband, NIH)
12-well plates (Corning)

RNeasy Kit (Qiagen)

PrimeScript TM RT reagent Kit (TaKaRa)

FastStart Essential DNA Green Master (Roche)

Opti-MEM | Reduced Serum Media (Thermofisher Scientific)
S1030 e. coli cells (Addgene)

96-well black wall clear bottom plate (Nunc)

Plasmids and sequence maps can be found on addgene

3.3.2 Protocols
3.3.2.1 Individual interactions in E. Coli
1. Transform 1030 e. coli cells '3 with 2-22 reporter plasmid, 8-1 RNAPN-tBID
expression plasmid, and 7-79 BcIxL-T7-RNAP¢ expression plasmid OR 2-39 ZB-
T7-RNAPc expression plasmid (links to electronic maps found in '32). General
plasmid design found in Figure 3.3.a. Grow cells on agar plates containing all
four antibiotics (tet, carb, chlor, spec) and glucose (to repress RNAPc
expression) for 14-18 hours at 37 degrees Celsius.
2. Grow four colonies of each plasmid combination in a 96 deep well plate until
saturation (12-18 hours) in 1 mL of LB (miller) media containing all four

antibiotics and glucose.
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3. Transfer 60 yL of each saturated culture to 540 uL of LB (miller) media in a 96
deep well plate containing all four antibiotics and arabinose (to activate RNAPc
expression).

4. After two hours (when cells are at ~0.2 optical density), and each hour thereafter,
transfer 150 pL of culture to a clear bottom 96-well plate, and measure both
absorbance at 600 nm to quantify e. coli optical density and luminescence
output.

5. Analyze and normalize data using the following equation

lux,, — lux,
ODTl - ODO

Where lux, is measured luminescence for a given sample, luxo is measured
luminescence of LB media, ODy is measured optical density for a given sample,

and ODy is the optical density of LB media.

Troubleshooting and Advice —

Controls for split RNAP: E. coli lack many of the protein chaperones that mammalian
cells rely on to properly fold newly-translated proteins. As a result, many mammalian
proteins can be misfolded or aggregate in e. coli. If these misfolded proteins are fused
to the RNAP they can interfere with, or completely eliminate, RNAP activity. Similarly,
some proteins can cause the split RNAP to fold better, increasing its signal. The
following control experiments are designed to test if a protein fusion changes RNAP

activity.
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Low Signal -

Clone each protein of interest to the wild-type RNAPN.

Transform e. coli with the new wtRNAP\ fusion protein or a no fusion wtRNAPN
control, a T7-RNAP¢ control (no fusion or ZB fusion), and T7 promoted
luciferase.

Perform luciferase assay as described above.

If no signal is observed compared to the control wild type split RNAP assembly
then the RNAPN activity is disrupted by the protein fusion.

If WtRNAPN signal is observed, clone the proteins of interest fused to T7-RNAPc
and repeat experiment to assess if the protein of interest disrupts RNAPc activity.
If signal is still observed with fusions to either RNAP half, but not when fused to
test the proposed PPl itself, then the proteins do not interact with one another

under these conditions.

High background -

To test if a high signal is dependent on the PPI of interest and not enhanced
RNAP folding or expression, perform the same troubleshooting as with “low
signal” above, but fuse the proteins of interest to the eRNAPn. Also, use the
interaction between eRNAPN without a fusion protein and RNAPc as the

background activity.
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e |If signal is observed above the no fusion eRNAPN control interaction then the
protein of interest most likely alters RNAPN stability or expression. Simply
normalize the PPI of interest’s activity to this higher background for more

accurate analysis.
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Figure 3.4. Mcl1-tBID PPI detection in mammalian cells using a fluorescent RNA
aptamer output. A) Cells transfected with the RNAPN fused to either tBID (top image) or
a truncated form of BID (bottom image), T7-RNAPc fused to Mcl1, and a T7 transcribed
fluorescent RNA aptamer. An increased number of fluorescent cells was observed when
positive interacting proteins were fused than non-interacting proteins. B) Graph
demonstrating how analysis can vary if different pixel threshold values are used.

3.3.2.2 Imaging Multiple Interactions in Mammalian Cells

1. Culture HEK293T cells in triplicate for each PPl combination to 70-90%

confluence in a 8-well cover glass slide dish with 250 yL antibiotic free DMEM
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media, supplemented with 10% fetal bovine serum and either 500 nM ABT-199
or appropriate DMSO control.

. Transfect each well with 300 ng of 9-49 RNAPN-tBID OR 9-52 RNAPn-DeadBID
mammalian expression plasmid, 300 ng of 9-54 T7 promoted GFP and BclxL-T7-
RNAPc expression plasmid, 9-53 CGG promoted RFP and Mcl1-CGG-RNAPc
expression plasmid, and 2.4 microliters of lipofectamine 3000, while closely
following the transfection protocol referenced in precursor techniques. See
Figure 3.3.b for general mammalian plasmid designs.

. After 24-36 hours wash cells with 250 yL PBS incubate each well with 1 yM
DAPI in PBS for at least 30 minutes to stain cell nuclei.

. Within two hours, using a fluorescence microscope with a 10x objective, take
white light, DAPI filtered (461 nm emission), GFP filtered (509 nm emission), and
RFP filtered (583 nm emission) images of three random locations for each well.

. Analyze GFP and RFP images using the following FIJI (Fiji is just image J)
macro. For basic instructions on using ImagedJ and designing ImageJ macros see
precursor techniques below. “setThreshold”(X,4095);
setOption(“BlackBackground”, false); run(“Convert to Mask”); run(*“Watershed”);
run(“Analyze Particles...)”, “size = Y-Infinty pixel include summarize in_situ”.
Where “X” is the threshold value at which 1% of total fluorescence remains for
the average positive control sample, and where “Y” is the pixel size required to
count a cell as “positive”, which can affect results (Figure 3.4.b).

. This script will provide the number of counted particles in a given image.
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Troubleshooting and Advice —

DNA delivery:

Most cells of interest will not contain the T7 DNA promoter with a downstream
reporter such as GFP or luciferase, so these sequences of DNA will need to be
delivered by some method. Most of our work relies on transient transfection, which is
outlined in the precursor techniques section below. However, some cells are resistant
to transient transfection. To determine if DNA can be delivered to your cells of interest,
the transfection protocol above can be used with a DNA plasmid that constitutively

expresses a reporter protein such as GFP.

Maximum split RNAP activity

After successful DNA delivery, the RNAP activity itself should be assayed. Clone
or purchase a plasmid(s) with the following DNA elements: A T7 promoter-driven
reporter protein (GFP, luciferase, etc.), constitutively expressed T7-RNAPc, and
constitutively expressed wtRNAPN. Deliver the plasmid(s) and measure the signal via
RT-qPCR, microscopy, or plate reader assay under your particular experimental
conditions. To estimate a signal-to-noise ratio, conduct an experiment comparing

reporter expression in the presence of wtRNAPN, versus the eRNAPN.

PPI fusion protein controls
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Perform the same control experiments as described above for the e. coli
luciferase assay, instead using the appropriate plasmids for mammalian expression.
First use fusions to the wtRNAPN to assess if protein fusion diminishes split RNAP
activity. Next, use fusions to the eRNAPN to measure if protein fusion increases

evolved split RNAP activity.
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Figure 3.5. PPl competition and multidimensional analysis using the split T7 RNAP
biosensor. A) cartoon representing the importance of measuring multiple PPIs
simultaneously in a given sample. Specifically, when a single PPI is inhibited (pink), it
increases the unbound concentration of one binding partner (gray). The increased
unbound protein concentration can increase its interactions with other proteins (purple),
which may have different downstream impacts. B) cartoon portraying how the split
RNAP biosensor can distinguish between at least four PPI simultaneously. In brief, the
RNAPN can assemble with any of the mutant RNAPc, but each RNAPc is orthogonal to
one another. A protein fused to RNAPN will produce a different RNA signal depending
on which RNAPc its protein partner is fused to. In this way, each PPI produces a unique
RNA signal.
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Multiple simultaneous PPI effects

It is important to remember that the RNAP¢ contains the DNA promoter
recognition domain and that mutations in this domain do not affect RNAPc assembly
with RNAPnN. Therefore, all PPl experiments effectively involve one “hub” protein fused
to the RNAPN and several potential binding partners fused to each orthogonal RNAPc.
For example, if, two RNAPN protein fusions, RNAPn-A and RNAPN-B, were introduced
with a T7-RNAPc protein fusion into the same cells, it would be impossible to distinguish
whether RNA signal was produced from RNAPnN-A, RNAPN-B, or a combination of the
two. Simply performing multiple experiments with different RNAP\ protein fusions, and
then normalizing the results to a control RNAPN or fusion protein can overcome this

limitation.

One advantage of the split RNAP is its ability to measure competition between
PPls. For example, protein A might interact with both proteins B and C when tested
individually, but when all three are expressed simultaneously or selectively inhibited, the
A-B PPl may outcompete the A-C PPI (Figure 3.5.a). The split RNAP can take
advantage of orthogonal RNAPc to encode a unique RNA signal for each PPI (Figure
3.5.b). However, any analysis of multiple simultaneous PPIs cannot assume the only
difference between signals is due to PPI frequency. Along with considerations
mentioned above in section 2.3, each orthogonal RNAPc and DNA promoter pair has a
different activity and orthogonality profile. See figure 5.a in the following reference for a

large panel of RNAPc and DNA promoter pairs screened in e. coli. For example, The
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T7-RNAPc is able to recognize the K1F promoter to a significant degree. This means
that decreasing T7-RNAPc PPIs will also decrease K1F RNA signal, which could be
mistaken for decreased K1F-RNAPc PPIs. There was no combination of RNAPc
mutants and promoter pairs that would not have some mixed signal for a 1:4
(hub:potential partner) PPl based experiment. However, for a 1:3 PPI experiment, we
would predict that using CTGA, K1F, and T3 promoters would have the fewest off target
effects, while for a 1:2 PPI experiment, using the T7 and CGG promoters would have
the fewest off target effects (especially notable, since the original RNAPy evolution used

these promoters).

Combining purified reagents and split RNAP tags

Combining split RNAP tags to study the perturbation or manipulation of PPIs by
external triggers (like inhibitors) or endogenous signaling events presents an additional
challenge: how to monitor PPIs over relatively short time periods. Split RNAP tags are
empowered by the versatility of RNA. The signal can manifest in unique RNA
sequences, RNA aptamers (e.g., spinach or broccoli) 8, or mRNA for reporter proteins
such as GFP and luciferase. However, certain RNA signal outputs are more desirable
in different situations. GFP and luciferase are commonly used due to reliability and cost
effectiveness, but when monitoring signal changes within short time periods these slow
folding and/or degradation of these proteins limit their use. When deploying split RNAP
tags to monitor changes in PPIs on short time scales, which is common when using
exogenous reagents, it's more effective to directly measure unique RNA sequences via

either RT-qPCR or fluorescent RNA aptamers.
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3.3.2.3 Monitoring a 4-by-1 PPI network during inhibitor treatment

1.

Culture HEK293T cells in triplicate for each PPl combination to 70-90%
confluence in 12-well culture plates with 250 pL antibiotic free DMEM media
supplemented with 10% fetal bovine serum.

Transfect each well with 400 ng of 9-49 RNAPN-tBID OR 9-52 RNAPN-DeadBID
mammalian expression plasmid, 400 ng of 9-54 T7 promoted GFP(RNA1) and
Bcl2-T7-RNAPc expression plasmid, 10-52 T3 promoted RNA2 and Mcl1-T3-
RNAPc expression plasmid, 11-63 CTGA promoted RNA3 and Bclw-CTGA-
RNAPc expression plasmid, 12-75 K1F promoted RNA4 and BclxL-K1F-RNAPc
expression plasmid and 6 microliters of lipofectamine 3000, while closely
following the transfection protocol referenced in precursor techniques.

Add 500 nM ABT-199 or DMSO control during transfection, 24 hours after
transfection, 36 hours after transfection, and 45 hours after transfection.

48 hours after transfection extract total RNA from cells using the RNAeasy kit
from Qiagen. Note- when handling RNA be sure to use RNAse free reagents
wipe down workbench with RNAse inhibitor.

Measure RNA concentration.

Perform reverse transcription. We recommend using PrimeScript TM RT kit. We
didn’t encounter issues when following the PrimeScript TM RT protocol.

Design qPCR primers for your RNA of interest and a housekeeping gene like

GAPDH, or use those we used in the following reference 132
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8. Measure DNA concentration via qPCR. cDNA from reverse transcription was
diluted 1:20, or even 1:100 before adding to gPCR mixture. We found this
necessary because the T7 RNAP biosensor produces enough RNA in cells to
saturate the machine. Save remaining DNA and rerun gPCR if CT values are
less than 15 (implying too much cDNA) or above 32 (implying too little cDNA).

9. Subtract all Ct values by each sample’s GAPDH Ct value to normalize RNA
signal. This will ensure that samples with greater or fewer numbers of cells can
still be compared to one another. Also, measuring the level of T7 RNA
polymerase can help normalize for changes due to transfection.

10. Next, subtract from this GAPDH normalized value the average Ct value of an off-
target control. For example, in this experiment we use a truncated form of tBID
that no longer interacts with its binding partners. This provides a “AACt value”
where the first A represents GAPDH normalization, and the second A represents
off target normalization.

11.To calculate RNA fold changes from Ct values simply use 2, so a AACt value of
4 would represent a 24 or 16 fold change in RNA between the sample and an off

target control.

3.3.3 Precursor techniques
3.3.3.1 Cloning
Our group prefers cloning with the following techniques — electronic plasmid design,

polymerase chain reaction (PCR), spin column DNA clean up, Gibson Assembly, and
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chemically competent e. coli transformation. Listed below are references for each

technique.

Plasmid design — There are many electronic tools to aid in plasmid design. Our group
uses the online services found on www.benchling.com. Benchling helps with many
aspects of plasmid design including primer design, sequencing alignment, plasmid

export, and guide RNA design.

PCR - Our group amplifies sequences for later assembly using PCR. We purchase
reagents from New England Biolabs (NEB), and follow their protocols. See the
following website for a protocol using the high-fidelity Phusion DNA polymerase.

https://www.neb.com/protocols/0001/01/01/pcr-protocol-m0530

DNA clean up — Although there are several ways to purify DNA, we purchase DNA
spin/vacuum manifold columns from econospin, but use buffers and protocols found on
Qiagen’s website. Also, we use Dpnl treatment and/or gel purification to eliminate
plasmid templates or alternative products from PCR reactions.
https://www.giagen.com/us/resources/resourcedetail?id=e0fab087-ea52-4¢c16-b79f-

€224bf760c39&lang=en

Gibson Assembly — There are also many ways to assemble DNA into a plasmid. Our

group uses a technique called Gibson Assembly. The following reference details this

method "2,
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e. coli transformation — Our group uses protocols found in the following reference 3.

3.3.3.2 Mammalian cell work:

Transient transfection — See the following reference on mammalian cell transfection as
a first look into this technique'®®. We use lipofectamine 3000 or 2000, but PEI can also
be used. See the following references for Lipofectamine and PEI

https://www.thermofisher.com/content/dam/Life Tech/global/life-

sciences/CellCultureandTransfection/pdfs/Lipofectamine 3000 Protocol 6Dec2013.pdf

137

Imaged — For help setting up a batch process see the following link.

https://imagej.net/Batch_Processing

3.4 Summary
The split RNAP biosensor is a powerful tool to study multiple PPIs simultaneously in live

cells. In particular, split RNAP tags are capable of studying changes in several PPIs
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over time depending on cellular environment and PPl competition. The most important
consideration when deploying the split RNAP that isn’t common to other protein
fragment complementation assays is its requirement for a DNA template. Considering
its limitations, we believe the split RNAP biosensor can spearhead a thorough PPI
network analysis within cell nuclei, specifically when investigating PPI inhibition and
competition. More critically, due to its versatility and robust RNA output, the proximity-
dependent split RNAP technology can be used for applications beyond just detection of
PPls, including synthetic biology applications engineering gene circuits for cell control,

selectin, and evolution.

CHAPTER 4
A SYSTEM FOR THE EVOLUTION OF PROTEIN-PROTEIN INTERACTION

INDUCERS
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41 Introduction

Protein-protein interactions (PPls) regulate nearly all cellular processes, functioning as
signaling hubs, structural components, modifiers of biocatalytic complexes, and
recognition motifs for intercellular communication® 15 138141 Dysregulated PPIs have
been attributed to diverse pathologies, including cancer, neurodegeneration, and
autoimmunity'4?150 and are therefore important therapeutic targets. PPls are also
increasingly recognized as engineerable nodes for the control of cellular information
flow. Indeed, synthetic biologists have harnessed PPlIs to engineer increasingly complex
artificial biological systems, sensors, and materials'®'-'%". Therefore, technologies for
the generation of molecules that create or alter PPI networks have value both as

therapeutic strategies and for synthetic biology applications.

While PPI inhibitors have been the focus of extensive research?’- 158161 culminating
after 30 years in the first and only FDA-approved intracellular PPI inhibitor''8, molecules
that instead induce interactions between proteins, i.e., “molecular glues”, are garnering
increased attention3- 162164 Approximately one hundred confirmed small molecule PPI
inducers or glues, largely discovered by serendipity, currently exist, seven of which are
FDA-approved for clinical use, including important medicines like rapamycin, taxol,
tafamidis, and lenalidomide. However, as there are in principle at least 200,000,000
possible PPIs among members of the human proteome, these molecules barely scratch
the surface of what is possible. This potential is further illustrated by the advent of

proteolysis targeting chimeras (PROTACS), bifunctional molecules that degrade
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proteins of interest (POIs) by inducing an interaction between the POl and an E3
ubiquitin ligase'®>171. While over a dozen PROTACs are entering phase | and Il clinical
trials, they are limited to the current pool of potent E3 ligase- and POI-binding small
molecules’”2. Moreover, PROTACs and all bifunctional molecular glues are susceptible
to the “hook effect”: decreased effectiveness of the molecule at higher concentrations
due to target protein saturation'”. The “hook effect” is also dependent on protein target
concentration, requiring screening of each new target with a panel of target- and E3

ligase-binding ligands at a wide range of concentrations.

Besides rationally designing bivalent molecules such as PROTACSs, there are two other
distinct molecular glue discovery methods: random screens and evolutions. Random
screens, whether carried out in silico and/or in vitro, have been somewhat successful in
identifying PPI inducers, particularly for the 14-3-3 protein family'’4-'84, However,
evolution has been by far the most successful method for discovering PPl inducers.
There are already six evolutionarily derived FDA-approved drugs (four small molecule
natural products and two bispecific antibodies) and dozens more bispecific antibodies in
clinical trials®® 185187 However, while powerful therapeutic approaches, antibody
therapies are limited to extracellular POls, and the success of bispecific antibodies in
particular can be attributed to the immune system, which itself essentially functions as a

robust, modular, and rapid directed evolution method for creating POI binders.

Directed evolution — the cyclic process of diversifying, selecting, and amplifying

molecules based on activity — has generated molecules with a wide range of new
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activities, including metabolically altered organisms, stably expressed proteins, and
selective small molecule processing enzymes'88-195_ |n the realm of PPIs, pioneering
and robust directed evolution methods such as phage, mRNA, and ribosomal display
technologies have generated PPls with sub-nanomolar binding affinities'®¢-1%8, A range
of powerful continuous evolution technologies that reduce the need for human
intervention, accelerate evolution, and evolve molecules in unique biological contexts
have emerged, including Phage-Assisted Continuous Evolution (PACE), Orthorep,
mammalian phage assisted continuous evolution (MPACE), and viral evolution of
genetically actuating sequences (VEGAS)'99-204, While powerful, all of these directed
evolution approaches are limited by the selection systems that can be deployed, and a

robust method to evolve molecules to drive a desired intracellular PPI is lacking.

Here, we present rapid evolution of Protein-Protein Interaction Molecular Glues (rePPI-
G), a new selection and continuous evolution platform for creating PPI inducers based
on PACE. A powerful continuous evolution system, PACE requires linking a desired
function of interest to the expression of glll, a required phage gene. We reasoned that a
PACE system for evolving PPl inducers would require a biosensor system that can
convert induced protein interactions into a robust and quantifiable gene expression
output. To this end, we leveraged our proximity dependent split T7 RNA polymerase
(RNAP) technology — which uses RNA transcription to trigger either reporter or glll gene
expression — as a versatile detector of PPI inducer-based interactions in live cells® 107:
129 The coupling of these two technologies forms rePPI-G. We validated rePPI-G using

a panel of engineered bifunctional molecular glues that drive interactions between
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otherwise non-interacting POls. To optimize the engineered molecular glues, we
developed workflows that combined PACE-based continuous evolution with phage-
based selection systems. These evolutionary approaches yielded bifunctional molecular
glues with decreased “hook effect” properties, which we attribute in part to tuned
interaction affinities between each half of the bifunctional molecule. Overall, this work
validates rePPI-G in key proof-of-concept experiments and lays the foundation for
approaches to rapidly generate molecular PPl inducers through the process of

evolution.
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4.2 Results

Split RNAPs can detect PPl inducers

In previous work, we developed proximity dependent split T7 RNA polymerase (RNAP)
variants that assemble into functional RNA polymerases and drive programmed gene
expression outputs only when a PPI brings the two RNAP fragments together?4. We
demonstrated the split T7 RNAP can detect selective PPIs, light-induced dimerization
events, and the presence of small molecules. Critically, we demonstrated that the split
T7 RNAP system can detect validated molecular glues, including both the rapamycin-
induced pairing of FRB/FKBP8+ 205 and the abscisic acid-induced interaction of
PYL/ABI'?8 206 Moreover, we recently developed “Phage-Assisted Continuous
Selection — Deep Mutational Scanning” (PACS-DMS), a method that links PPIs between
a target protein and a library of binding variants to phage fitness, thereby allowing the
interrogation of mutations that impact PPI formation?°’. Therefore, we hypothesized that
the proximity dependent split RNAP system could be used to convert induced PPIs into

glll production, thus developing a new PACE system for evolving PPl inducers.

We first tested whether we could drive the assembly of two non-interacting proteins
using a rationally designed bifunctional inducer molecule composed of binding partners
for each target protein (Figure 4.1A). As a model, we selected KRas and NOXA, which
have no known interaction with one another?°® 209, \We tagged KRas with the C-terminal
portion of the proximity-dependent spit RNAP system (RNAPc) and NOXA with the N-
terminal portion of the split RNAP system (RNAPn) and tested the background

assembly of the split protein using a previously established E. coli luciferase gene
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expression assay''®. As expected, we observed luminescence signal comparable to the
background levels of the split RNAP system itself, confirming that KRas and NOXA do
not interact (Figure 4.S1). Next, we tested whether we could promote an interaction
between KRas and NOXA with a bivalent PPI inducer expressed from an IPTG-
inducible vector. We generated a rationally designed PPl inducer of KRas and NOXA by
fusing Raf, a KRas binder, to Mcl1, a NOXA binder?®. In the absence of IPTG, we
observed only background levels of luminescence. However, addition of IPTG resulted
in a dose-dependent enhancement of luminescence signal, with a maximum 58-fold
increase in gene expression based on the engineered inducer (Figure 4.1B). As a
control, we substituted Bclx., a protein related to Mcl1 that does not bind NOXAZ2%9, for
Mcl1 in our bivalent inducer. As expected, this control molecule did not trigger enhanced
gene expression (Figure 4.1B). Taken together, these data confirm that the split RNAP
system can detect functional bivalent PPl inducers and trigger a robust increase in gene

expression.
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Figure 4.1. Split RNAP biosensors detect molecular glue-induced PPls continued.

a mismatched PPI (Bclx. and Noxa) and an interacting PPI (Mcl1 and Noxa) at various
molecular glue expression levels as controlled by IPTG concentration. (C)
Luminescence data obtained with the ZB-Raf molecular glue with low (J23117
promoter) or high (J23114 promoter) RNAPN expression. (D) Luminescence data from
Bclx -Raf and Mcl1-Raf molecular glues with low RNAPN expression. (E) Luminescence
data from Bclx.-Raf and Mcl1-Raf molecular glues with high RNAPN expression. Dashed
lines indicate baseline luminescence signal from PPI-independent RNAP reassembly as
reported in Figure 4.51. * = p < 0.05, ns = p > 0.05.

We next sought to test the generality of the system and the ability to detect PPI inducers
of varied affinities. We substituted ZA — a leucine zipper peptide which also has no
known interaction with KRas — for NOXA in our PPI detection system. We then
designed a bivalent inducer by fusing Raf to ZB, a peptide that forms a tight PPI with
ZA?'0. As expected, this second inducer system also triggered a robust increase in gene
expression (Figure 4.1C). In this case, we observed gene expression activation even
without IPTG induction, as well the “hook effect,” with the highest concentrations of
IPTG inducer causing a significant decrease in gene expression. To investigate this, we
increased the expression of the RNAPn-tagged ZA by swapping the promoter from
J23117 to the stronger J23114. With the stronger promoter, we observed higher levels
of inducible gene expression, albeit with a more pronounced hook effect (Figure 4.1C).
Such an effect is expected as the bivalent inducer eventually decreases ternary

complex formation due to separate bivalent molecules independently binding each of

the protein partners rather than bridging a ternary complex'”3.

Finally, we tested a third inducible system, this time exchanging ZA for tBID, a protein
that does not bind KRas, but does interact with both Mcl1 and Bclx.. As expected, both

the Raf-Bclx. and Raf-Mcl1 resulted in enhanced luciferase reporter gene expression
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(Figure 4.1D). We again observed a hook effect dependent on the expression of the
bivalent inducer. With low expression of RNAPn-tagged tBID (via the J231117
promoter), we observed a decrease in signal with increasing Raf-Bclx. inducer
expression, although there was a significant signal over background even without IPTG
induction. With the same low expression of the RNAPn-tagged tBID, we observed an
expected IPTG-dependent increase in RNAP activity with increasing Raf-Mcl1 inducer
expression. With high RNAPn-tagged tBID expression (driven by the J231114
promoter), we observed the same trends, though greatly magnified (Figure 4.1E).
Previous work in our group and reported in the literature found that the binary PPI
between Mcl1 and tBID is weaker than the PPI between Bcly. and tBID132 209,211 \whijch

could explain these differences in signal response and varied hook effect magnitude.

Overall, these data indicated that the split RNAP system is capable of robustly detecting
bivalent molecule-induced interactions between non-interacting protein pairs. Tuning
bivalent inducers to properly drive a set of non-interacting partners without succumbing
to the hook effect or losing potency is a major challenge in the rational design of
inducible systems. Therefore, we next sought to develop a PACE system for optimizing

PPI inducers, with the proof-of-concept goal being to overcome the hook effect.

Design and validation of rePPI-G
To convert our PPl inducer detection assay into a PACE system, we made two key
changes. First, we cloned the ZB-Raf inducer from the IPTG inducible plasmid to the

M13 bacteriophage’s glll region under a high expression ProB promoter?'? (Figure
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4.2A). The high expression promoter should produce enough ZB-Raf inducer to

decrease its overall activity via the “hook” effect. Second, we changed the downstream
RNAP output protein from bacterial luciferase (LuxAB) to glll, the protein necessary for
bacteriophage replication. We next assessed whether ZB-Raf phage can replicate in a

manner dependent on the selectively induced interaction between ZA and KRas.
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Figure 4.2. Rapid evolution of protein-protein interaction molecular glues (rePPI-G) to
overcome the "hook" effect continued.

PACE and cartoon representation of molecular glue PACE components and
mechanism. (B) ZB-Raf molecular glue phage titers over time during PACE experiment.
Green background indicates active genetic "drift" cells. (C) Quantification of phage
replication in overnight growth assays. Wildtype ZB-Raf molecular glue phage activity
with a mismatched target (tBID and ZB) and a weak (J23117 promoter) or strong
(J23114 promoter) RNAPn-tagged ZA (left panel) compared to the PACE-evolved ZB-
Raf molecular glue phage with the same targets (center panel). Wildtype (dark)
compared to evolved (light) ZB-Raf molecular glues with weak (sd6 RBS) or strong
(SD8 RBS) RNAPc-tagged KRas expression. * = p < 0.05, ns = p > 0.05.

To measure phage replication, we used overnight growth assays. In this assay, a small
number of phage (10%/mL) are used to infect engineered E. Coli host cells for 24 hours,
at which point the final phage titer is quantified using plaque assays?'3. We found that
ZB-Raf phage that infected cells expressing RNAPn-tagged tBID and RNAPc-tagged
KRas did not replicate at all (Figure 4.S2). However, when these phage infected cells
expressing RNAPn-tagged ZA and RNAPc-tagged KRas, they replicated >30,000-fold to
a population of ~107/mL (Figure 4.S2). These results confirm that the materials for the
rePPI-G system can drive the replication of engineered phage based on their production

of a PPl inducer. Next, we sought to transition from these overnight phage growth

assays to a more stringent, continuously evolving PACE format.

We initially performed the PACE of ZB-Raf phage with two different host cells, each
featuring a different selection system design. One set was transformed with the
combination of a RNAPN-tagged ZA plasmid and a RNAPc-tagged KRas plasmid, along
with a mutagenesis plasmid to increase genetic variation (Figure 4.2A). The second set
of cells were designed to provide phage with their missing glll protein regardless of

inducer activity. To accomplish this, we first cloned a tetracycline-repressed phage
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shock promoter upstream of glll so that both tetracycline addition and phage infection
are required for glll expression''. This selection pressure-free genetic “drift” plasmid
was transformed into the second set of host cells, along with a mutagenesis plasmid
and a plasmid encoding the third antibiotic resistance gene. We began the PACE
experiment with an equal mixture of these two cell populations in two lagoons, with
tetracycline added to one lagoon to activate the “drift” expression cassette. After 39h,
the tetracycline-treated lagoon (i.e., active “drift”) had 400-fold higher phage titers than
the lagoon without tetracycline, confirming “drift” cell efficacy (Figure 4.2B). After 47h we
removed the “drift” cell population, thus increasing the overall evolutionary selection
pressure and allowing noninfectious phage variants to wash out of the “drift” lagoon.
Between the 47h and 63h timepoints, the phage titer in the lagoon without active “drift”
cells increased by 10,000x, while the active “drift” lagoon retained its high titers,
indicating the presence of active phage in both lagoons. Next, another PACE
experiment was conducted with ZB-Raf-expressing phage without “drift” cells and with
the addition of a negative selection plasmid (Figure 4.S3). This new plasmid expresses
gllineg, a dominant negative mutant of glll, under the control of an orthogonal RNAP
promoter controlled by an orthogonal RNAPc mutant fused to ZBneg, a protein that
does not interact with any other protein in the PACE system. The phage again evolved
within 48-72 hours, but produced a somewhat diminished final phage titer due low
expression of gllineg from small off-target interactions. We then subjected the ZB-Raf
phage from the 63h timepoint of the original PACE to another round of PACE and

observed a similar timing for phage titer increase, but significantly higher final phage
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titers (Figure 4.S3). Based on phage titers, these experiments indicated multiple

successful PACE runs.

We next used overnight growth assays to assess whether the phage from these PACE
experiments possessed different replication properties when compared to wild type
phage. We first compared wildtype vs. evolved phage replication with different RNAPN-
tagged ZA expression levels. We found that the original ZB-Raf inducer phage
replicated 21-fold less when a lower level (J23117 promoter) of RNAPn-tagged ZA is
expressed (Figure 4.2C). By contrast, the evolved phage replicated with identical
efficiency regardless of the RNAPn-tagged ZA expression level. In addition, these
evolved phage remained incapable of replicating with cells expressing RNAPn-tagged
tBID and RNAPc-tagged KRas, confirming that these phage are dependent on inducing
a specific PPI. Modulation of the RNAPc-tagged KRas expression led to increased
replication with increasing RNAPc expression for both the wildtype and evolved phage
(Figure 4.2C). Notably, however, the evolved phage replicated over 300-fold more
overall than wildtype phage at both RNAPc expression levels. Taken together, these
data confirm the PACE experiments generated evolved phage that replicate more

effectively than wildtype phage while remaining dependent on selective PPl induction.

The observed PACE-evolved phage could have mutated in at least three ways to
increase RNAP assembly at high ZB-Raf expression levels and thus mitigate the “hook”
effect: 1) the inducer promoter strength could have been weakened to reduce ZB-Raf

concentration; 2) the ZB affinity for ZA could have weakened to match the KRas-Raf
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interaction; or 3) the affinity of Raf for KRas could have increased to match the ZB-ZA
interaction. To assess these possibilities, we Sanger-sequenced individual phage
variants from each lagoon to determine which components evolved most frequently in
the PACE experiments. We found that all variants had single or double mutations in the
ZB region (Figure 4.3A) and only observed one mutation in the Raf protein (N71K) that
was rare after the first PACE, but common after the second negative selection PACE.
No mutations were observed in the ProB promoter region. We cloned the most common
variant, termed ZBF(3-2), into an IPTG-inducible expression vector and tested to what
degree ZBF(3-2) induced the interaction of RNAPn-tagged ZA and RNAPc-tagged
KRas, as compared to ZB-Raf. ZBF(3-2) produced up to a 6-fold increase in RNAP
activity compared to ZB-Raf at all inducer expression levels and did not decrease in
activity with moderate inducer expression (10 uM IPTG), demonstrating increased
resistance to the “hook” effect (Figure 4.3B). We next cloned each ZB or Raf variant as
a fusion to the RNAPc or RNAPN, respectively, to perform a binary PPI luciferase assay
that measures variant binding to ZA or KRas respectively. RNAPc-tagged ZB variants
produced a 3- to 17-fold reduction RNAP activity when co-expressed with RNAP\-
tagged ZA, indicating that the evolution selected solely for mutations that negatively
impact ZB-ZA assembly and avoid the “hook” effect (Figure 4.3C). The Raf(N71K)
mutation increased KRas-Raf assembly by ~3-fold, again supporting the hypothesis that
the ZB-Raf inducer evolved to balance each PPI’s relative affinity (Figure 4.3D). After
this successful proof-of-concept evolution, we sought to expand our scope to a new PPI

and evolve an inducer composed of short peptides.
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Expanding target scope of rePPI-G

One challenge when identifying new protein targets for split reporter-based systems is
avoiding false negatives stemming from either inherent instability in the new protein
fusion or interference with split reporter assembly or activity. To avoid this pitfall, we first
developed an assay to determine whether a new protein of interest (POI) can be fused
to split RNAP reporters while retaining high signal-to-noise. We replaced the evolved
RNAPN with the wildtype RNAPN, which is capable of reassembling with the RNAP¢ with
or without a PPI (Figure 4.54)3 214 \We fused several POls to either the RNAPy or
RNAPc and co-expressed these fusions with a cognate RNAPc or RNAPN\ fusion protein
capable of folding and reassembling to form an active RNAP. Using this assay, we
rapidly identified GABARAP and LC3B as protein targets with high RNAP activity, albeit
with >5-fold less activity than previously validated targets, KRas and tBID (Figure 4.S5).
Neither GABARAP nor LC3B greatly increased RNAP folding or expression, as evinced
by their low background activity when fused to the evolved RNAPN (Figure 4.S5 and

4.86).

We next searched the literature for peptides that bind GABARAP and/or LC3B. A recent
publication screened and identified peptides from human proteins that selectively bind
various autophagic adaptor proteins, including GABARAP and LC3B?'®. Two short
peptides from the ULK1 and Fyco1 proteins possessed particularly high affinities for
GABARAP and LC3B, respectively. We cloned PPI inducers composed of ZB or
ZB(E6K, N23T), now termed eZB, fused to either ULK1 or Fyco1 and measured their

ability to activate the split RNAP with GABARAP or LC3B fused to the RNAPc. Both
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eZB-ULK1 and ZB-ULK1 induced RNAP activity when ZA and GABARAP were fused to
the RNAPN and RNAPGc, respectively (Figure 4.4A). ZB-Fyco1 induced a strong
interaction between ZA-LC3B, and a weaker, yet significant, interaction between ZA-
GABARAP (Figure 4.4B). Notably, increasing concentrations of the ZB-ULK1 and eZB-
ULK1 inducers resulted in enhanced RNAP activity. Furthermore, the eZB-ULK1
inducer produced higher overall signal compared to ZB-ULK1, suggesting that the
weaker eZB-ZA interaction is closer in affinity to the ULK1-GABARAP interaction than
ZB-ZA. These data led to the hypothesis that the ULK1-GABARAP interaction is low

affinity and thus a prime candidate for optimization via rePPI-G.

To test this possibility, we cloned the ZB-ULK1 and eZB-ULK1 inducers into the
bacteriophage genome and altered the RNAP output gene to glll. Host E. Coli cells
were transformed with plasmids expressing RNAPn-tagged ZA and RNAPc-tagged
GABARAP, along with a mutagenesis plasmid, and we performed a PACE experiment
using these host cells and two lagoons, one containing ZB-ULK1 inducer phage and
one containing eZB-ULK1 inducer phage. After 48h, eZB-ULK1 phage titers increased
~50-fold while ZB-ULK1 titers remained the same (Figure 4.4C). However, after 84h,
both PPl inducer phage populations remained below 107 phage/mL, indicating a
stagnation in the evolution. Both repeating the evolution under the same conditions and
increasing the evolutionary selection pressure by decreasing the expression of RNAP-
tagged ZA resulted in similarly low phage titers (Figure 4.S7). We speculate that these
evolutions were repeatedly stuck in activity minima that may require numerous

mutations to overcome. While very rare phage with mutational combinations might
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escape the relative activity minima, it could take days or even weeks for these to
overtake the population, especially given the rigorous selection pressure that
continuous flow represents. Fine-tuning the PACE experiment components has proven
successful in similar situations but can require weeks or months of optimization and

evolution84. To sidestep this challenge, we developed an alternative evolution strategy.
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Figure 4.4. Expanding target scope of rePPI-G continued.

low (J23117 promoter) and high (J23114 promoter) RNAPN expression levels. (B)
Luminescence data obtained with the ZB-Fyco1 molecular glue with an off-target PPI
(KRas and ZA) and two on-target PPIs (LC3B or GABARAP and ZA). (C) PACE of eZB-
ULK1 (blue) and ZB-ULK1 (gray). Dashed lines represent background RNAP assembly
as reported in Figure 4.56. * = p < 0.05, ** =p <0.005, ns=p>0.0
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Rapidly overcoming local activity minima in rePPI-G

Similar to an activity minimum, immeasurable starting activity is a common roadblock
when carrying out PACE experiments. This challenge has typically been overcome by
performing numerous rounds of phage assisted noncontinuous evolution/selection
(PANCE/S) or traditional antibiotic selection screening?'6-2'8, Although these methods
can take months to develop and achieve suitable activity to begin a PACE experiment,
they are excellent at amplifying rare variants from a large pool. We hypothesized that a
short round of “Phage-Assisted Non-Continuous Selection” (PANCS), a combination of
PANCE?'® and PACS?%, could quickly amplify rare PACE variants capable of escaping

the PPI inducer activity minima.

Before performing the PANCS experiment, we first amplified the final phage titers from
previous PACE experiments in a selection-free manner using 1059 cells, which supply
glll in an activity-independent manner'®®. Next, we diluted these phage 10,000-fold into
host E. Coli cells identical to those used in the PACE experiment, which express
RNAPn-tagged ZA, RNAPc-tagged GABARAP, and glll when the RNAP is assembled.
Importantly, we decided not to include a mutagenesis plasmid, thereby both decreasing
the chance of genetic recombination and testing our hypothesis that highly mutated
variants existed in the PACE. After the first round of PANCS the phage populations
increased 630- and 158-fold (Figure 4.5A). We then performed another round of
PANCS by diluting each sample to a concentration of ~10° phage/mL and incubating

them overnight with host cells. Both phage populations increased 10,000-fold after the

79



second round of PANCS, indicating the phage population had developed increased PPI
induction efficacy. We then combined the PANCS amplified phage populations and
subjected them to a final PACE experiment. After three days of PACE, phage achieved
20,000-fold greater titers than eZB-ULK1 inducer phage under continuous flow (Figure
4.5A). Moreover, the final phage population was more readily detectable using one of
the most stringent assessments of phage activity, the activity dependent plaque assay.
This experiment is similar to an overnight growth assay, except the phage and host cell
mixture are incubated together in an agar gel matrix?'3. Only phage that acquire enough
glll to replicate robustly can inhibit host cell growth to a degree that is detectable by
eye. After the first PACE experiment plaques were noticeable, but not robust. After the

PANCS and second PACE experiment plaques were very clearly visible (Figure 4.5A).

Characterization of evolved eZB-ULK1 variants

Having successfully evolved the phage to replicate significantly more than wildtype, we
Sanger sequenced the phage from each PACE experiment to assess the mutations in
each binding partner. The first three PACE experiments resulted in three unique
dominant phage. The mutant from the first PACE, ZU(1), had a deletion at base pair
1081 that changed the ending ULK1 coding sequence from -PAQFPGDLVA* to the
remarkably similar, yet more positively charged -PRNFRGT™* (Figure 4.5B). The mutant
from the second PACE experiment, which included an increase in selection pressure
after 48h, produced a phage, ZU(1*) with a deletion at base pair 1084 that resulted in
the identical amino acid sequence. The replicate of the original PACE experiment did

not produce any deletion mutants, instead resulting in a double mutant in the ULK1
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sequence, ZU(2). Phage resulting from the PANCS and final PACE experiment, ZU(3),
contained the ULK1 base pair 1081 deletion along with a threonine-to-alanine mutation
within the amino acid sequence after the base pair deletion (T*21A). Furthermore, this
variant had three mutations in the eZB domain (A1T, Q18R, W21R). These evolved
inducers were cloned into the IPTG-inducible plasmids used previously and assessed
for improved induction of the ZA and GABARAP PPI. Both ZU(1) and ZU(2) had 6- to
10-fold increases in RNAP activity at all concentrations of inducer, as compared with
wildtype phage (Figure 4.5C). Strikingly, these mutants also had nearly identical activity
profiles at all IPTG concentrations. These mutants also exhibited no increase in RNAP
activity between moderate and high inducer expression at lower RNAPn-tagged ZA
expression levels (Figure 4.S8), indicating a measurable “hook” effect. On the other
hand, ZU(3) possessed 40- to 95-fold increased activity compared to the wildtype PPI
inducer, a >2000-fold overall signal to noise ratio at maximum expression, and no
‘hook” effect, even with low RNAPN-tagged ZA expression (Figures. 4.5C and 4.S8).
Importantly, none of the variants dramatically increased off-target ZA-LC3B PPI
induction, meaning the mutations did not impact overall split RNAP assembly and
activity. After confirming the evolution was successful, we sought to characterize how
these mutations impact the individual PPIls in our engineered and evolved bifunctional

molecular glues.
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Figure 4.5. Combination of continuous and noncontinuous phage assays escape local
activity minima in rePPI-G continued.

evolution including original PACE, PACE replicate, PANCS (light background), and final
PACE along with pictures of activity dependent plaque assay results at different time
points (scale bar = 1cm). (B) Common mutations discovered from rePPI-G eZB-ULK1
evolutions. (C) Luminescence data measuring each IPTG inducible eZB-ULK1 variant's
ability to induce the interaction between RNAPn-tagged ZA and RNAPc-tagged
GABARAP. (D) Luminescence results from RNAPn-tagged ULK1 rePPI-G variants
paired with either RNAPc-tagged LC3B (dark) or GABARAP (light). (E) Co-
immunoprecipitation of Myc-tagged ULK1 or ULK1(bp1081del) to measure GABARAP
pulldown efficiency with calnexin loading control and Myc output control.

We cloned each unique ULK1 variant to the RNAPN to assess changes in the
ULK1/GABARARP interaction. Both the ULK1(bp1081del) and ULK1(T354A, A370E)
mutants had a 20-fold increase in RNAP activity compared to ULK1(wt) when paired
with GABARAP (Figure 4.5D). Interestingly, the ULK1(T354A, A370E) mutant also had
a small, yet significant, 2-fold increase in LC3B binding. Somewhat surprisingly, the
ZU(3) ULK1 mutant had a ~2-fold decrease in GABARAP binding compared to the
ZU(1) and ZU(2) ULK1 variants. To determine how the ZU(3) inducer evolved to
radically improve overall inducer activity, we cloned its eZB mutant as a fusion to the
RNAPc. We observed no difference in RNAP activity between eZB(A1T, Q18R, W21R)
and eZB when interacting with ZA, but we did observe a small, significant increase in
RNAP activity when ZB(A1T, Q18R, W21R) interacted with the off-target tBID (Figure
4.59). Binary binding assays with ULK1 variants and LC3B confirmed that these
mutations also conferred a small increase in binding affinity to these off-target proteins
(Figure 4.510). We next cloned eZB and eZB(A1T, Q18R, W21R) into IPTG inducible
plasmids to assess whether this new promiscuous peptide was capable of inducing a

PPI between either ZA and LC3B or ZA and GABARAP. We observed a small, yet

significant, increase in RNAP signal when the eZB(A1T, Q18R, W21R) peptide was
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expressed at its highest concentration and inducing the interaction between ZA and
LC3B (Figure 4.511). It is possible that these nearly undetectable interactions reflect the

molecular glue’s ability to bring multiple proteins within close proximity to one another.

Finally, we validated that changes in PPI affinities observed and optimized in E. Coli
translate to mammalian cell experiments. To measure induced PPIs in mammalian
cells, we inserted the highest affinity ULK1 mutant — ULK1(bp1081del) — within a Myc-
tagged protein, and then performed a co-immunoprecipitation to probe for its interaction
partners, GABARAPL1-1/2. Expression of the ULK1(bp1081del) mutant construct pulled
down significantly more endogenous GABARAP protein compared to the ULK1(wt)
sequence (Figure 4.5E). Expression of the Myc-tagged protein alone resulted in no
GABARAP signal, confirming this interaction is dependent on the ULK1

peptide. Experiment replication and image quantification confirmed this observation is

consistent and significant (Figure 4.512).
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4.3 Discussion

During our validation of rePPI-G, we discovered affinity-altering mutations that parallel
those found in previous studies. For example, our group used PACS to perform deep
mutational scanning on the KRas/Raf1 interaction interface?®’. While most mutations in
Raf1 resulted in either no change or a decrease in enrichment, N71K resulted in the
most positive enrichment score, indicating this mutation increases the interaction
affinity. Not only did we also observe the N71K mutation in this work when evolving the
ZB-Raf1 inducer, but we also confirmed it increases the interaction affinity between
KRas and Raf1 ~3-fold (Figure 4.3). Crystal structures of the PPl complex reveal that
the Raf1 N71 residue is ~2.5 A away from the negatively charged D33 residue on KRas,
an optimal distance for a potential salt bridge interaction?°®. The mutations discovered in
our eZB-ULK1 evolution also matched those found in previous studies by other groups.
In-depth point mutation screens of the ULK1 LC3 interaction region (LIR), the same
peptide used in our evolution, revealed T47 as a key residue for LC3B binding?'®. This
observation mirrored the T47A, A63E double mutant discovered in our evolution that
demonstrated a small yet significant increase in LC3B binding when compared to the
wildtype ULK1 peptide (Figure 4.5D). These data, along with the mammalian cell co-
immunoprecipitation experiment and previous work®* 131.207 “sypport the theory that
observed changes in activity translate beyond the split RNAP system to biologically

relevant interactions.

While designing and validating rePPI-G we also learned several key lessons in bivalent

inducer engineering. The “hook” effect makes fine-tuning any PPI inducer a challenge,
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particularly in a therapeutic context, where target protein concentrations are dynamic
and uncontrollable. We consistently found that alterations in protein binder affinity were
sufficient to overcome the “hook” effect. When inducing a tBID/KRas interaction, for
instance, the higher affinity Bclx./tBID interaction results in a dramatic “hook” effect
relative to the Mcl1/tBID interaction (Figure 4.1D). In the case of the ZB-Raf inducer
evolution, all ZB mutations resulted in weaker ZA binding. This not only diminished the
“hook” effect, but also produced more ZA/KRas interaction at all expression levels,
implying changes that reduce the “hook” effect may actually produce an overall more
efficient PPI inducer (Figure 4.3B and 4.4C). Finally, in the case of the eZB-ULK1
inducer, we found that increasing the potency of one ligand (ULK1) provided increased
potency until a “hook” effect developed, at which point the paired protein binder (eZB)
became the limiting factor in increasing inducer potency (Figure 4.5). These results
make it clear that increased interaction affinity of one protein binder does not always
result in overall increased molecular glue potency. Together, these findings suggest a
new strategy for discovering bivalent PPl inducers, including PROTACs, wherein
binders with different affinities for protein “A” and protein “B” are screened as a matrix of
unique bivalent molecules to discover the optimal molecular glue for each target

interaction.

In this proof-of-concept work, engineered bifunctional molecular glues — which already
have affinity for both targets — were our starting point, but rePPI-G could in principle use
naive libraries to evolve molecules de novo. While theoretically feasible, implementing

phage libraries in PACE often presents technical challenges, including glll
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recombination or limited library size, that preclude identification of functional starting
points. Nonetheless, based on our results here and in previous PACE-based
evolutionary campaigns?'6-2'® a combination of PANCE/PACS with PACE may be the
solution to implementing libraries with rePPI-G. An advantage of the rePPI-G pipeline is
that the same split RNAP-based biosensors used for the evolution can also be used to
measure target activity in live mammalian cells'3? 2'1, Most recently, we showcased a
PPI evolution system for PACE that features both positive and negative selection, which
permitted the rapid reprogramming of PPI specificity via PACE"3", further demonstrating
the potential of PACE-based evolutions and suggesting the rePPI-G platform can be

expanded to evolutions of selective molecular glues.

This work showcases evolution as a strategy to find unique and even unimaginable
solutions to biological challenges. In the case of eZB-ULK1, rePPI-G discovered single
base pair deletions that dramatically increased individual PPI affinity and a triad of
mutations that conferred a subtle promiscuity resulting in optimized molecular glue
activity. More broadly, now that we have validated the proximity dependent split RNAP
as a system to select for and evolve molecular glues, this opens up the possibility of
implementing this selection scheme with other evolution technologies. For example,
implementing the molecular glue selection with the yeast-based Orthorep, mammalian-
based mPACE, or VEGAS systems would allow for evolution of molecules that drive the
interactions between proteins that cannot be expressed in E. coli, a key limitation of

PACE-based methods?°'-204, As the repertoire of rapid evolutionary technologies
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expands, so too will our ability to harness evolution to solve problems in synthetic

biology and therapeutic design.
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Figure 4.51. Background RNAP assembly without molecular glue induction.
Background luminescence signals from different combinations of RNAPN-tagged protein
fusions (red) and RNAPc-tagged protein fusions (blue) at low (J23117) and high
(J23114) RNAPN expression levels.
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Figure 4.S3. Negative selection PACE experiment. PACE that includes a negative
selection plasmid to prevent mutations that induce general binding to off-targets. This
experiment was conducted starting with either ZB-Raf (blue) or the previously PACE-
evolved ZB-Raf (gray) molecular glue phage.
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Figure 4.54. Wildtype RNAPN can predict split RNAP compatibility. Schematic
demonstrating how the wildtype RNAPN can be used to detect protein folding,
degradation, and impact on RNAP assembly.
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fusions (red) and RNAPc-tagged protein fusions (blue).
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Figure 4.S7. Replicates of rePPI-G with ZB-Ulk1 molecular glue. A replicate of the
original ZB- and eZB-Ulk1 evolution using a mixture of the two phage as the starting
point (top). Replicate of the original ZB- and eZB-Ulk1 evolution until 48h when cells
expressing lower levels (J23117) of RNAPn-tagged ZA replaced the original evolution

cells (bottom).
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Figure 4.S8. ZB-ULK1 rePPI-G variants and background activity. Luminescence data of
ZB-ULK1 rePPI-G variants inducing the interaction between GABARAP or LC3B and ZA
at low (top) and high (bottom) RNAPn-tagged ZA concentrations. Dashed lines indicate
background RNAP assembly based on data from Figure 4.S6. ns = p > 0.05
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Figure 4.S9. Changes in eZB binding of ZA after rePPI-G. Luminescence data
comparing the binary interaction between ZA (dark) or tBID (light) and eZB or eZB(A1T,
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Figure 4.510. Changes in eZB binding of off targets after rePPI-G. Luminescence data
comparing the binary interaction between eZB(A1T, Q18R, W21R) (dark) or eZB (light)
to ULK1 variants, LC3B, or tBID expressed using the stronger J23114 promoter.

Statistical comparisons were made between eZB and eZB(A1T, Q18R, W21R). *=p <

0.05; ns=p>0.05.
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Figure 4.512. Co-immunoprecipitation of GABARAPL1-1/2 using either ULK1(wt) or
ULK1(bp1081del). Hek293T cells transfected with Myc-tagged proteins with an internal
Ulk1(wt) sequence, Ulk1(bp1081del) sequence, or no Ulk1 sequence (dash) were
immunoprecipitated to assess GABARAPL1-1/2 interaction affinity. Calnexin was used
as a loading control, and images were quantified using the ratio between output
GABARAPL1-1 or GABARAPL1-2 and output Myc-tagged protein construct.
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44 Methods

DNA Plasmid Cloning

All plasmids were cloned using Phusion or Q5 DNA polymerases (NEB) for PCR
amplification of specific DNA fragments, Gibson Assembly to generate new plasmids
from PCR fragments, DH10 E. Coli cells for transformation, and Sanger Sequencing
via the University of Chicago Comprehensive Cancer Center DNA Sequencing and
Genotyping Facility to verify plasmid sequence fidelity and integrity''2. DNA primers
were ordered from Integrated DNA Technologies (IDT) or Sigma-Aldrich. All plasmid
maps, descriptions, annotations, and gene DNA/amino acid sequences are available in
supplementary materials online along with links to full DNA sequences for each plasmid
used in this study. Additionally, key vectors will be deposited to Addgene for distribution

and all vectors are available upon request.

Split RNAP luciferase assay in E. Coli

Chemically competent S1030 or S2060 E. Coli cells (available from Addgene) were
transformed with RNAPN and RNAPc fusion protein plasmids that also contain T7 driven
LuxAB. If a third plasmid is needed, as is the case when testing a PPl inducer,
chemically competent cells of the doubly transformed E. Coli were prepared and
transformed with the third plasmid. E. Coli colonies were then picked in quadruplicate
into 500 pL of LB (miller) broth (US Biological Life Sciences) with antibiotics (GoldBio) in
a 96-well deep well plate and incubated in a shaker at 220 RPM for 12-16h overnight.
10 pL of each overnight growth was then transferred to 500 pL of LB media containing

antibiotics and any inducing small molecule such as IPTG (GoldBio). After 4-5h when

97



the cells are between 0.3 and 0.5 ODgpo, 150 pL of cells were transferred to a 96-well
imaging plate (costar) and assayed for luminescence and ODegoo on a Synergy Neo2

hybrid multimode plate reader (BioTek Instruments, Inc.).

Quantifying Phage Titer with Plaque Assays

Chemically competent S1030 or S2060 E. Coli cells (available from Addgene) were
transformed with plasmid 6-64 that contains phage shock promoter driven glll. These
cells are also termed 1059 cells here and in the literature. A colony of 6-64 containing
cells was picked into antibiotics media and grown to 0.5-0.9 ODeoo, or grown overnight
and diluted to 0.5-0.9 ODsgo. 50 pL of diluted 6-64 cells were then aliquoted into 4 1.5
WL Eppendorf tubes for each phage sample to be measured. 1 uL of phage sample was
pipetted to the first tube, mixed vigorously by flicking, and then 1 pL of that solution was
transferred to the next tube using a new tip to prevent inflated titers. This serial dilution
was repeated for the remaining tubes so that the final tube represents a 125,000,000x
dilution from the original phage sample. 750 pL of 50 °C top agar (7 g/L agar, 25 g/L LB
broth) was added to each tube and then quickly transferred in order of increasing phage
concentration to a 10 cm quad plate coated in bottom agar (15 g/L agar, 25 g/L LB
broth). Plagues should be visible after 12-24h and can be counted to quantify phage
titer. Note: place warm top agar in a tight-fitting Styrofoam container whenever pipetting

at room temperature to delay agar solidification.
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Quantifying Phage Activity with Overnight Growth Assays

To quantitatively compare phage activity between samples, we first measured each
sample’s phage titers as described above. Next we diluted each phage sample in LB
broth containing appropriate antibiotics to the same titer (final concentration between
1000 and 10,000 phage/mL for best signal to noise). 500 yL of the diluted phage were
added to a 96 deep well plate in triplicate. A colony of S1030 or S2060 E. Coli cells
containing the desired activity selection plasmids (for example tagged split RNAP
biosensors) was picked into each well and the plate was incubated for 24h. The
contents were spun down and immediately used in a plaque assay to quantify final

phage titers as described above.

Phage Assisted Continuous Evolutions

For the most in depth and up to date protocol for performing a phage assisted
continuous evolution (PACE) see the following reference??. One significant difference
in all of our PACE protocols is that we use a more affordable Forma 3960 environmental
chamber (ThermoFisher Scientific) rather than a warm room to house and conduct
PACE experiments®. To perform rePPI-G specifically, we first transformed S1030 E.
Coli cells with an MP4 mutagenesis plasmid (available from Addgene), an RNAPn-
tagged protein expression vector, and an RNAPc-tagged protein expression vector that
also contains CGG driven glll expression. These cells were plated on LB agar
containing appropriate antibiotics along with 20 mM glucose to suppress the MP4
mutagenesis plasmid activity. The next day, a single colony was picked for each

chemostat into two 15 mL culture tubes with 6 mL of LB media, and one tube containing
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20 mM glucose and the other containing 20 mM arabinose. Davis Rich Media (also
called Harvard Custom Media C, US Biological Life Sciences) was prepared or
purchased and autoclaved in 7.5L batches. Davis Rich Media supplement (also called
Harvard Custom Media A, US Biological Life Sciences) was prepared or purchased and
sterile filtered as previously described in the references above. The media base was
added to the environmental chamber to equilibrate to 37 degrees Celsius overnight. The
next day the sterile filtered supplement was added to the media base by a flame to
prevent contamination. After 14-16h of growth, the arabinose induced cells were
checked for greatly diminished growth compared to the glucose repressed cells, which
suggests an active MP4 plasmid. The glucose-containing tube was added to a 500 mL
chemostat and 100-200 mL of Davis Rich Media at 37 degrees Celsius was pumped
into the chemostat over the course of two hours. Once cells reached approximately 0.4-
0.8 OD the lagoon pump was activated to allow chemostat cells to fill the 50 mL lagoons
to a volume of 20 mL at a flow rate of 1 v/h. Syringes containing 20% w/v arabinose and
18 mM MgSOs4, which we find improves phage titers by ~5 fold, in water began pumping
into each lagoon at a rate of 0.5 mL/h. To activate “drift” cells, 2 pg/mL of tetracycline
(GoldBio) was added to the syringe solution along with the previously mentioned
arabinose and MgSO4. The PACE system was allowed to equilibrate concentration for
1-2h before adding 1 mL of the desired phage at a concentration of of >10° phage/mL to
each lagoon, at which point the lagoon and syringe pumps were paused for 30-60
minutes to provide phage ample time for initial host cell infection. After 30-60 minutes,
the syringe and lagoon pumps were reactivated. Samples were extracted from lagoons

in the morning and evening, and plaque assays performed each day to monitor phage
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titer. 1 uL of phage sample was then directly added to a PCR to amplify phage variants
for Sanger sequencing. New chemostats were added after 48h to ensure cells remained
at maximal infectivity. Also, all chemostats and lagoons were kept below 50% maximum
volume and constantly stirred via magnetic stir bars to ensure cells were properly

aerated.

Phage Assisted Noncontinuous Selection

For the most detailed and up to date protocol on PANCE experiments see the following
reference®®®. PANCS experiments were carried out as follows. 50 uL of phage samples
from PACE experiments were added to 5 mL of LB broth along with a colony of 1059
cells. After 24h of growth the sample was spun down, and the supernatant was passed
through a 0.2 uM filter to remove all E. Coli cells while collecting phage. Phage titer was
measured as described above. Phage samples were diluted 10,000x into 500 pyL LB
broth along with 1% by volume of overnight selection cell culture. Samples were grown
at 37 degrees Celsius for 20-24h, spun down, and then phage titer was quantified. The
resulting phage were passed through a 0.2 pm filter to remove all E. Coli cells and then
diluted to a final phage titer of 10° phage/mL in 500 pL LB broth along with 1% by
volume of overnight selection cell culture. As with PACE samples, 1 uL of phage sample
was then directly added to a PCR to amplify phage variant DNA for Sanger sequencing.
This cycle can be repeated with variable phage dilution or selection cells to alter
selection pressure until desired activity emerges indicating a successful selection or
phage titer drops below 102 phage/mL indicating no active phage were present in the

original sample.
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Mammalian Cell Culture

HEK293T cells (ATCC) were maintained in DMEM (high glucose, L-glutamine, phenol
red, sodium pyruvate; obtained from Gibco or Hyclone) supplemented with 10% fetal
bovine serum (FBS, Gibco/Life Technologies, Qualified US origin) and 1%
penicillin/streptomycin (P/S, Gibco/Life Technologies). Multiple biological replicates
were performed with cells from different passages below 20 and freshly thawed

aliquots. Transfections were carried out using Lipofectamine 3000 (Thermo Fisher).

Co-Immunoprecipitation of Myc-tagged Proteins

For co-immunoprecipitation, cells were lysed in SDS-free RIPA (0 mM Tris, 150 mM
NaCl, 0.5% deoxycholate, 0.1% SDS, 1.0% Triton X-100, pH 7.4) supplemented with
PMSF and a protease inhibitor cocktail on ice for 10 minutes, followed by centrifugation
at 13,000xg for 20 min. Protein (20 ug, “input”) was removed and lysate was added to
Protein G Dynabeads (Invitrogen: 10003D) pre-incubated with c-Myc antibody (Santa
Cruz sc-40). After 12 hours of enrichment, beads were washed (3x, SDS-free RIPA)
and total protein eluted with 50 mM glycine, “output.” Both input and output protein were
subjected to separation by SDS-PAGE. After SDS—PAGE, proteins were transferred
onto methanol-preactivated Immobilon-P PVDF membranes (pore size 0.45 pm,;
Millipore) using a semi-dry transfer cell. After transfer, membranes were treated in
accordance with standard Western blotting procedures, using a solution of 3% BSA
(ThermoFisher) in either TBST (20 mM Tris, pH 7.5, 150 mM NaCl, 0.1% Tween-20).

Membranes were probed with GABARAP (Abcam), c-Myc (Santa Cruz), and calnexin

102



(Abcam) antibodies overnight. Following secondary antibody incubation, membranes
were visualized using SuperSignal West Pico PLUS chemiluminescent substrate
(ThermoFisher) and recorded on a chemiluminescent Western blot imaging system

(Azure Biosystems C300).

103



Chapter 5
SUMMARY AND PERSPECTIVES

The criticality of PPIs cannot be overstated. Many methods exist to measure
individual PPls, but few exist that can measure multidimensional and completive PPI
dynamics. Even if a select PPl is identified to have a role in disease, disrupting that PPI
selectively is a nearly impossible task for small molecule inhibitors, in part due to a poor
understanding of PPl compensatory mechanisms in cells. Besides understanding how
inhibitors alter multiprotein systems, inducing a new multiprotein system with a PPI
inducer is a little pursued goal. Unlike with PPI inhibitors, this is not due to a lack of
success in clinical trials. Instead, it is difficult to know which induced PPls would
alleviate disease because there is no versatile toolkit to systematically screen induced
PPIs in cellular contexts. In this thesis | detailed research in developing two key
methods - the only method to simultaneously monitor four PPIs in live mammalian cells
and the only directed evolution method to optimize PPI inducers. Both methods are
dependent on the split T7 RNA polymerase biosensor that our group evolved and
showcased in 2017.84 Although in their proof-of-concept stage, | hope these methods
generate new tools to study and modulate multiprotein systems. In this last section | will

expound upon future experiments these new methods may enable.

In this thesis | described using multiple orthogonal split RNAP tags to monitor four PPIs
and their selective inhibition simultaneously. However, these split RNAP tags could be
used to study other interesting biological phenomena. The split RNAP tags are only

effective when a DNA template is present. Specifically, PPl events in the cell nucleus
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and selective induction of PPIs. The most viable area to deploy split RNAP tags in cells
is the nucleus because the RNAP is only effective when a DNA template is present.
Thus, using split RNAP tags to investigate PPl dynamics specifically in the nucleus is a
promising next endeavor. For example, transcription factors and RNA splicing
machinery are regulated by a dynamic network of nuclear PPIs.?'%-22! Understanding
how these networks change with various stimuli could lead to a better understanding of

how pharmacological inhibitors might alter these dynamics positively or negatively.

There are two simple changes that are necessary in order to deploy split RNAPs in the
nucleus. The first is a nuclear localization signal added to the RNAP tag.??? This signal
will trigger both components of the RNAP to primarily remain within the nucleus where
both the protein target naturally and RNAP DNA template reside. The second change is
cloning multiple different expression plasmids for each RNAP half to tune protein
concentrations in a way that maximally reduces background assembly. Protein
concentrations in the nucleus will initially be roughly ten times higher given the nucleus
is roughly one tenth the volume of the cell. Our group and others have already tested
mammalian expression plasmids with variable expression based on altered variants of
the CMV promoter.??3 However, we have yet to assess these in the context of split

RNAPs in the nucleus.

Another exciting use of split RNAP tags is a subcategory of nuclear PPl measurement —

screening of small molecule proteolysis targeting chimeras (PROTACs). PROTACs are

molecules composed of an E3 ligase binding small molecule, a linker, and a target
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binding small molecule.'' PROTACS bridge the interaction between E3 ligases and
target proteins, ubiquitinylating the target, which signals its degradation. Recently
PROTACSs have been developed for BRD4, a nuclear transcription factor upregulated in
various cancers, and several other nuclear target proteins.??* One challenge when
developing PROTACSs is ensuring they are capable of both penetrating the cell
membrane and nuclear pores while retaining potent binding to the target of interest.??°
As was discussed in chapter 4, PROTACSs are also subject to the hook effect, and so
changes in protein or small molecule concentration, which would occur in the cell
nucleus versus in vitro, can alter PROTAC efficacy. One half of the split RNAP could be
tagged to a catalytically inactive nuclear E3 ligase, such as VHL, while the other is
tagged to a on target and off target proteins, such as BRD1-4. The selective interaction

between different PROTACs could thus be measured using split RNAP tags.

The other method developed in this thesis work is the rapid evolution of protein-protein
interaction glues (rePPI-G) discussed in chapter 4. | successfully optimized multiple PPI
inducers in a matter of days, analyzed how the molecular changes from each evolution,
and laid out a protocol that spans from target screening to overcoming local binding
minima in evolutions. One next step is to screen random phage-encoded libraries in
rePPI-G to discover de novo PPl inducers. This would eliminate the requirement for
known protein binding partners, enabling PPI inducers to be generated for any protein
pair that express in E. Coli. This is a common challenge facing PACE-based methods.
Indeed, no PACE has evolved activity from fully randomized amino acid sequences. My

recent experience overcoming local activity minima using a combination of PACE and
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PANCS to led me to hypothesize that discovering de novo PPI inducers from phage
libraries would require a similar process. My initial experiment consisted of subjecting a
phage encoded library of randomized linear peptides to two rounds of PANCS (data not
shown). | observed no increase in phage titer, but decided to use these phage in a
PACE experiment. When | began the PACE with the library itself the phage quickly
decreased in titer until none were detectable. When on the other hand | began a PACE
with the PANCS-ed library phage titers always increased to very high levels (~10°
phage/mL). Unfortunately, these phage were able to replicate in a PPl inducer
independent manner, meaning a copy of glll had recombined into their genome,
eliminating the need for a PPI inducer to activate the split RNAP. From my experience,
PANCS does not result in phage recombination, perhaps due to low overall phage and
E. Coli titers. Library preparation on the other hand requires very high concentrations of
phage and E. Coli (~10"%-12), which increase the chance of glll protein recombination.
Thus, altering phage library preparation protocols to decrease phage and E. Coli

concentrations may enable de novo PPl inducer discovery.

The methods described in this thesis work, multidimensional split RNAP tags and rePPI-
G, will hopefully contribute to exciting developments in studying multiprotein biology and
PPl modulator development. Moreover, the limitations and strengths of each technology
were analyzed to understand where they can be immediately applied to yield scientific

discoveries. | hope this thesis work lays a solid foundation on which future scientists can

build their research.
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