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Abstract

Targeted protein degradation (TPD) is an emerging therapeutic strategy with the
potential to degrade aberrant proteins. However, the most commonly used TPD
technologies leverage proximity-induced ubiquitination and rely on the recruitment of
cellular degradation machinery. This fundamentally restricts TPD from being applied in
vitro and underscores the need for alternative TPD technologies that can catalyze protein
degradation without cellular factors. Here we meet this demand by introducing
nanobody-targeted proteolytic chimeras (NanoPROCs), a novel class of proteases with
highly specific substrate targeting. NanoPROCs harness nanobodies as the basis of their
substrate targeting and include a minimal catalytic structure derived from proteases,
enabling them to degrade proteins autonomously. In this work, we developed a
computational pipeline for the design of novel NanoPROCs, designed a substrate that can
be used to assay for novel NanoPROC activity, and explored the interchangeability of
NanoPROC components. Our results support the assembly of stable NanoPROCs from
multiple nanobodies and proteolytic domains, further suggesting that NanoPROCs can
be tailored for desired substrate and cleavage specificities. As such, we predict that
NanoPROCs can be more broadly applied to industrial manufacturing, diagnostic

development, and therapeutic contexts than current TPD technologies.

iv



Contents

ADSETACE ...t iv
CONEENES....viiiiiitcc e \%
List Of TabIeS .....vouiiiiiiiiiiciic s vii
List Of FIGUIES ...ueeiiiiii s viii
AcKNOWIEAZEMENLS ......uviiiiiici s ix
1 INEFOAUCHON ..o 1
2. The landscape of targeted protein degradation ...........cccoovvvviiiiiiiniiinnnne 4
2.1 Small molecule-based strategies............ccooovriiiiiiiiiice 4

2.2 Protein-based strategies and targeting the extracellular space..........cccoovvvrrnrnnnnee. 5

2.3 Clinical translations and associated challenges with current technologies............. 6

3. Computational design of nanobody-targeted proteolytic chimeras ..........c.cccoceeuevennnes 10
3.1 INtrodUCHON.....cvviiiiiicii e 10

B2 RESUILS ..o 10
3.2.1 Selection of nanobodies as substrate-binding domains...........cccccocvvrrrrnnnnnee. 10

3.2.2 Engineering a proteolytic domain by reducing Ulp1 to a minimum component

Of CAtALYSIS o.vvvttctctctctccc e 11
3.2.3 Modular assembly of truncated Ulp1 variants to NbALFA ...........c.ccococoueeeeee. 14

3.3 DISCUSSION.....cuvuiiiiitcietctcc e 18

3.4 Materials and methods ... 18

4. Rational design of a test substrate ...........ccocoeveieniiiniiiiii 21
4.1 INtrOdUCHON......cviiiiiiiiic e 21



.2 RESUIES ettt e e e e e e et e e e e seaesaeeeeeesesesasetteessesessaateessesesneeaeeesesannnnee 22

4.2.1 Using rational design to engineer an optimal substrate to assay proteolytic

ACHIVIEY 1ttt 22
4.2.2 Confirming cleavage motif accessibility to the catalytic site ..........cccooerureneee. 23

4.3 DISCUSSION.....ccuiiitiiiitiiiitcictctee ettt a s 26

4.3 Materials and methods ... 28

5. Probing modularity ... 30
5.1 INtrodUCtON......cvviiiiiiiiiii e 30

5.2 RESUILS ..o 30
5.2.1 Nanobodies are interchangeable...............ccoovriiiiiiiiiccccce 30
5.2.3 Engineering broad-specificity proteases as alternative catalytic domains....... 34

5.3 DISCUSSION.....cuviuiiitiitiietctctc s 37

5.4 Materials and methods ..o 39

0. CONCIUSION. .....ciiiiiiiiiiici s 41
REfOIOICES. ...t s 44
BIOZIaPRY «.ceeeeictctt e 49

vi



List of Tables

Table 1: Characteristics of targeted protein degradation technologies.............cccccocevvvnnnnene. 9

Table 2: Clinically-relevant nanobodies and their antigens.............ccccoeeeeeeeiieinennns 32

vii



List of Figures

Figure 1: Systematic truncation of Ulp1 to remove SUMO specificity.........cccooorrrerrrnrnnnnes 13
Figure 2: Thermostability predictions of NbALFA-Ulpl candidate proteases.................. 14
Figure 3: Effect of linker length on NbALFA-Ulp1l candidate protease energies.............. 15
Figure 4: Stable association between domains in the candidate protease...............c.......... 18
Figure 5: Diglycine cleavage motif accessibility to the protease catalytic site.................... 25
Figure 6: Interaction between wtUlp1 and its native substrate, Smt3..............c.ccccceeieiniis 26

Figure 7: Stability of Ulpl NanoPROCsSs generated from linear epitope-binding nanobody
COMPONEINES ..ttt ettt bbbt b et b bbbt b b as 31

Figure 8: Stability of Ulpl NanoPROCs generated from a panel of clinically-relevant
NANODOAIES ...t s 33

Figure 9: VHH72-Ulp1 docked to the SARS-CoV-2 receptor binding domain (RBD)...... 34

Figure 10: Implementation of Proteinase K as a proteolytic domain............ccccceeueveveinnnnes 37

viii



Acknowledgements

I am immensely grateful to my advisor, Michael Lynch, for continually
challenging me to develop as a scientist. Being part of his lab over the last two years has
been an enriching experience, and I am deeply thankful for the opportunity to learn and
grow under such a dedicated mentor.

I am further blessed to have had the opportunity to work in the uniquely talented
and supportive environment of the Lynch Lab, and I am grateful to all its past and current
members for their contributions and camaraderie. I am deeply grateful to my postdoctoral
mentor, Jennifer Hennigan. More than anyone in the lab, Jen has shaped the way I plan
and troubleshoot my experiments.  have also loved working alongside the other postdocs
in our lab, Romel, Adim, and Payel. Nearly all the wet lab techniques I can execute were
learned by observing these scientists at work. I would like to thank Enrico and Utsuki for
allowing me to work alongside them on their projects. Moreover, their work ethics and
dedication are inspiring and it is motivating to see them engrossed in lab work in early
mornings and late nights. Also, I would like to extend appreciation to Max Golovsky for
patiently teaching me some of his computational skillset, much of which allowed me to
complete this work. I am incredibly excited at to continue to develop as a scientist and
contribute to this lab alongside these people in the future.

I would also like to thank the friends with whom I spent days café hopping, taco

touring, and making midnight milkshake runs. In stressful moments, I think back on these

X



‘side-quests” and feel invigorated. These activities are cherished memories of the time I've
spent in Durham.

Most importantly, I want to express my heartfelt gratitude to my family. The
resilience, hard work, and sacrifices my parents have made since immigrating to this
country have provided me the freedom to chase opportunities they dreamt of in their
youths. I am profoundly grateful for their enduring support. I am also incredibly grateful
to have a supportive sister, whose academic accomplishments inspire me to achieve as

much as I can over the course of my graduate studies.



1. Introduction

Proteases regulate various biological events and have diverse cleavage motif
preferences(Rawlings et al. 2014), resulting in an incredible mechanistic diversity that
provides a robust platform for engineering. An exciting application of protease
engineering is the redirection of existing specificities towards novel substrates to achieve
targeted protein degradation (TPD), which has been utilized in biotechnological(Yi et al.
2013), industrial(Razzaq et al. 2019), and clinical contexts(Békés et al. 2022). Currently, the
most commonly used TPD technologies leverage proximity-induced ubiquitination(Zhao
et al. 2022). However, proximity-induced ubiquitination relies on the recruitment of other
cellular factors, preventing its application in vitro and underscoring the need for
alternative TPD technologies that can independently catalyze protein degradation.

To address this unmet need, researchers have deployed evolutionary and rational
design strategies to redirect the specificities of existing proteases towards novel and
desired targets. However, directed evolution campaigns struggle to evolve novel
specificities while retaining similar catalytic potential(Buller and Townsend 2013),
resulting in laboratory-evolved proteases that are typically non-specific, display weak
activity, or exhibit moderately altered substrate specificity(Dickinson et al. 2014).
Furthermore, the multiple interactions between enzymes and their substrates that often
determine specificity are not fully understood, and mutating residues that contribute to

these interactions can have unforeseen and unpredictable consequences.



This work introduces nanobody-targeted proteolytic chimeras (NanoPROCs), a
novel class of potentially therapeutic proteases assembled through an innovative modular
approach. NanoPROCs are generated by separating the substrate-binding and proteolytic
functions of proteases into separate domains, independently optimizing those domains,
and modularly assembling them. The inclusion of proteolytic domains enables
NanoPROCs to degrade target proteins independent of cellular machinery, and the ability
to modularly assemble components facilitates the redirection of substrate specificity
without having to undergo directed evolution campaigns.

In Chapter 2, I review the state of targeted protein degradation, specifically
focusing on current TPD technology. I discuss the motivations behind the development
of additional TPD technologies, highlight how each modality has translated to the clinic,
and conclude with a comprehensive comparison of technology that emphasizes an unmet
need in TPD technology.

In Chapter 3, I leverage computational tools to generate independently-folding
domains that can be assembled into a novel protease (NbALFA-Ulpl). As opposed to
traditional mutation-based evolution methods that evolve proteins as single units, I
present a novel approach in which I separate the binding and catalytic capabilities of a
protease into distinct subunits for independent optimization and modular assembly. This
approach paves the way for the rapid design of novel NanoPROCs with tailored

functionality.



In Chapter 4 I deploy rational design principles to develop a substrate to assay
NbALFA-Ulp1 proteolytic activity. Inspired by the modular design of the protease and in
preparation of assaying the catalytic potentials of proteases made with other tag-binding
VHHs, I also design the substrate to be modular.

In Chapter 5 I investigate the modularity and adaptability of NanoPROC:s. First, I
apply the computational workflow for truncation established in Chapter 3 towards broad-
specificioty proteases to generate proteolytic domains that are potentially broadly
specific. Subsequently, I investigate the interchangeability of substrate-binding domains
in the NbALFA-Ulp1l construct. This work validates our novel approach to protease
engineering as a modular platform that holds significant promise for applications in

biotechnology and medicine.



2. The landscape of targeted protein degradation

Targeted protein degradation has emerged as a promising therapeutic strategy to
treat diseases linked to aberrant proteins. Directly targeting proteins for degradation
offers a flexible and adaptable approach to therapeutic intervention independent of
underlying genetic mutations or variations. Moreover, targeting downstream effects of
genetic variations at the protein level allows TPD to overcome the genetic heterogeneity
that some genome editing therapies face(Westermann et al. 2022). This is particularly
advantageous in diseases with complex genetic landscapes where targeting specific
genetic mutations may not fully resolve the underlying disease mechanism(Li et al. 2020).
Directly targeting proteins also extends the utility of TPD to infectious disease contexts,
where TPD can be used to degrade virulence factors(Espinoza-Chavez et al. 2023). The
broad applicability of TPD to many high-incidence clinical diseases has inspired the

development of several TPD modalities.

2.1 Small molecule-based strategies

Proteolysis-targeting chimeras (PROTACs) are heterobifunctional molecules
containing ligands for the protein of interest and an E3 ubiquitin ligase on either end of
the molecule(Sakamoto et al. 2001). Upon delivery into cells, PROTACs bind to both the
target protein and an E3 ligase and catalyzes proximity-induced ubiquitination. The
ubiquitinated target protein is subsequently recognized by host proteasomal machinery,

processively degraded and functionally disrupted. While PROTACs can leverage the
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ability to bind to any groove on the target protein, many disease-causing proteins are
intrinsically disordered and have dynamic structures that are not amenable to small
molecule binding(Ruan et al. 2019). As such, PROTACs have struggled to find
applications to diseases primarily characterized by the upregulated presence of
intrinsically disordered proteins, such as neurodegenerative diseases(Fang et al. 2022).
This limitation has motivated the development of molecular glue degraders.
Similar to the proximity-inducing strategy leveraged by PROTACs, molecular glues drive
the co-localization of an E3 ligase and a target protein(Békeés et al. 2022). As opposed to
the bifunctionality observed in PROTACs, molecular glues interface with only one
protein, typically the E3 ligase, and induce a conformational change that induces protein-

protein interactions(Oleinikovas et al. 2024).

2.2 Protein-based strategies and targeting the extracellular
space

Recently, ubiquibodies (uAbs) have emerged as promising tools to target
intrinsically disordered proteins. This technology was recently enhanced through a
computational technique that designs highly-specific target-complementary peptide
binders(Brixi et al. 2023). By flexibly linking these novel binders to E3 ligases, target
proteins can be degraded via ubiquitin-dependent proteolysis.

However, the reliance of PROTACs, molecular glues, and uAbs on ubiquitin-
dependent proteolysis fundamentally limits their targets to cytosolic proteins.

Furthermore, nearly half of the human proteome encodes membrane-associated and
5



extracellular proteins(Uhlén et al. 2015). This limitation, combined with recent advances
in antibody evolution techniques, motivated the development of proteolysis-targeting
antibodies (PROTABs) and lysosome-targeting chimeras (LYTACs). PROTABs are
antibodies that tether cell-surface E3 ubiquitin ligases to transmembrane proteins, offering
the ability to selectively degrade transmembrane proteins through ubiquitin-dependent
proteolysis(Marei et al. 2022). LYTACS leverage antibodies fused to a mannose-6
phosphate (M6P) agonist to capture target proteins and induce M6P trafficking to
lysosomes, thus expanding the repertoire of targets to extracellular proteins(Banik et al.

2020).

2.3 Clinical translations and associated challenges with current
technologies

While some protein-based TPD technologies have demonstrated a capability for in
vivo cleavage, small molecule agents are currently the only TPD technologies that have
advanced into clinical trials. Of these technologies, nearly all of them are being developed
as anti-cancer agents (Table 1). While FDA-approval has already been granted to the
molecular glue degrader thalidomide and its analogues for the treatment of myeloma, the
majority of TPD technologies in clinical development are PROTACs.

We expect the number of PROTACs in clinical development to continue to grow,
especially given the recent success in applying deep-learning models to novel small
molecule design(Jiménez-Luna et al. 2020; Li et al. 2022). However, PROTACs are

enormous (700-1100Da) by small molecule standards, contributing to low solubility and
6



permeability. As such, PROTACs continue to face unavoidable pharmacokinetic
challenges. An enhanced understanding of PROTAC metabolism will be necessary to
optimize their pharmacokinetic properties(Pike et al. 2020), which in turn expedites the
clinical development of these molecules.

Molecular glue degraders are smaller than PROTACs and adhere more closely to
small molecule design principles, but the development of second generation molecular
glues faces challenges owing to its unique mechanism of action. Specifically, it is difficult
to predict the new set of proteins that conformationally-altered E3 ligases can interact
with. As a result, most molecular glue degraders in clinical development have either been
chance discoveries or isolated developments. However, a growing body of work is
focused on elucidating rational design principles that can guide the systematic conversion
of protein-targeting ligands to molecular glue degraders(Toriki et al. 2023). As new
principles are discovered, the number of molecular glue degraders in clinical
development should increase.

Although current TPD technology is continually improving, the proteasomal- and
lysosomal-trafficking strategies of current techniques fundamentally prevent their
application in vitro where host machinery is not present. At the time of writing, there are
no technologies that can catalyze degradation in a host-independent manner. This
prevents TPD technologies from being deployed in industrial, diagnostic, and even some

clinical applications. Notably, the inability to autonomously degrade proteins in the



extracellular space limits TPD strategies from being applied to infectious disease, where
activities like viral receptor cleavage and bacterial toxin degradation can significantly
affect clinical outcomes(Johnson et al. 2021; Miihlen and Dersch 2020). As such, we predict
that future developments to TPD technology will focus on developing more ways to target
the extracellular domain. In the near future, we expect to see multiple works leveraging
advances in protein engineering to engineer intrinsically proteolytic enzymes that target

antigens in a highly-specific manner(Ibrahim et al. 2020; Romei et al. 2023).



Table 1: Characteristics of targeted protein degradation technologies

Therapeutic | Technique | Required Targetable Clinical Therapeutic targets Delivery route | Challenges
agent cellular space status
factors
PROTACs | CRBN, intracellular Phase 2 AR and ER (Arvinas), oral, low
proteasome clinical receptor-associated intravenous bioavailability,
trials kinase (Kymera) difficult to
synthesize
small
molecule molecular | CRBN, intracellular some FDA IKZF 1/3(Yamanaka et | oral targets are
glues proteasome approved, al. 2023) unpredictable
Phase 2
clinical
trials
uAbs CRBN, intracellular Preclinical [-catenin(Brixi et al. not yet tested peptide binders
proteasome 2023) are potentially
immunogenic
PROTABs | membrane- transmembrane | Preclinical | IGF1R(Marei et al. not yet tested | optimal Ab
bound E3 2022) affinities/formats/
protein ligase, epitopes are
proteasome unknown
LYTACs endocytic transmembrane, | Preclinical ApoF4, not yet tested poor tissue
receptors extracellular PD-L1(Banik et al. permeability,
(M6PR), 2020) unknown
lysosome immunogenicity




3. Computational design of nanobody-targeted
proteolytic chimeras

3.1 Introduction

In this work I explore computational enzyme design, utilizing computational
techniques to engineer a protease with tailored functionality. Since the de novo design
and evolution of fully functional proteases remains challenging(Packer et al. 2017), I
establish a modular design approach that decomposes the functions of proteases into
separate domains. Furthermore, this approach enables targeted optimization of
individual functions using current computational tools. Specifically, I identify a class of
molecule as ideal specificity domains, independently optimize a catalytic domain through
computational modeling, and modularly assemble the selected and engineered substrate-

binding and proteolytic domains.

3.2 Results
3.2.1 Selection of nanobodies as substrate-binding domains

Nanobodies (VHHS) are derived from the variable regions of heavy-chain-only
antibodies isolated from the Camelidae family(Jovcevska and Muyldermans 2020). Their
compact size facilitates binding to a diverse array of epitopes, including epitopes located
among grooves and clefts that are traditionally inaccessible to other immunological
molecules such as monoclonal antibodies and single-chain variable fragments(Asaadi et
al. 2021). VHHs are resistant to chemical degradation and remain stable under harsh pH

or ionic conditions(Wang et al. 2016). VHHs are amenable to genetic manipulation, and
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combined with their small size and simple structure they can be independently evolved
with ease(Muyldermans 2021). As such, VHHs were chosen as optimal substrate-binding
domains for a modular protease.

Notably, the extensive research in this field has led to the development of an ever-
growing library of nanobodies with unique, clinically relevant substrate-binding
capabilities(Huo et al. 2020; Bailon Calderon et al. 2020). By designing the system to
leverage nanobodies as specificity domains, we effectively harness this expanding library,

broadening the scope of potential targets for our engineered proteases.

3.2.2 Engineering a proteolytic domain by reducing Ulp1 to a
minimum component of catalysis

Ulpl is a unique protease whose inherent structure features distinct domains that
control catalytic activity and binding to its native substrate(Mossessova and Lima 2000).
Furthermore, recent results have demonstrated Ulp1 to be capable of cleaving GG motif-
mutated substrates, indicating the diglycine motif is not strictly required for Ulpl
cleavage(Zhang et al. 2022). Since Ulp1 has a potential for broad cleavage specificity, it
was identified as an optimal platform from which to derive a catalytic domain.

Due to the previous characterization of the substrate binding motifs (Figure 1A)
and their locations flanking the catalytic site (Figure 1B), we hypothesized we could
render Ulpl protease nonspecific by systematically truncating these substrate-binding
motifs from the wild-type sequence. Beginning with the five motifs from the N-terminal

end, we proceeded stepwise, eliminating one motif at a time. Subsequently, we deleted
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the C-terminal motif and replicated our systematic N-terminal deletions, generating a
total of 11 truncated sequences (Figure 1C).

Structural models for each truncated variant were obtained, and each truncated
structure was aligned against its counterpart residues on wild-type Ulpl. We observed a
proportional increase in root mean square deviation (RMSD) with increasing protein
truncation (Figure 1D). This was anticipated as each successive motif deletion was likely
to remove stabilizing interactions within the secondary structure. However, it is
noteworthy that among all truncated variants the maximum RMSD was 0.85A, surpassing

the cutoff for identical structures (<2A).
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Figure 1: Systematic truncation of Ulp1 to remove SUMO specificity. A)
Amino acid sequence of the catalytic (C-terminal) domain wild-type Ulp1 with
substrate binding motifs annotated in color. B) Structural model of sequence in (A).

13



C) Structural models of Ulp1 truncated variants. D) RMSD as measured by
structurally aligning truncated variants against their wild-type substructure.
Structures with an RMSD of <2A are considered identical.

3.2.3 Modular assembly of truncated Ulp1 variants to NbALFA

As proof of concept of modular assembly, we selected a well-characterized tag-
binding VHH in NbALFA. To connect each of the truncated variants generated in 3.2.1 to
NbALFA, glycine-serine linkers of 12, 18, and 24 residue lengths were employed. We then
relaxed each structure using the Rosetta molecular modeling suite to assess their stabilities
(Figure 2). We intended to filter out unstable candidates as defined by how the domains
affected each other’s stability, but every candidate protease demonstrated superior
stability compared to its VHH component. We reasoned that for this to be the case, there

must be some stabilizing interaction between the domains.
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Figure 2: Thermostability predictions of NbALFA-Ulp1 candidate proteases.
The red dashed line indicates the energy of NbALFA, and each value is normalized
based on the protein’s size.
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Motivated by this, we sought to assess if our linkers had an effect on the stability
we were observing. We categorized the candidate proteases into subsets based on linker
length, plotted the distribution of energies in each subset (Figure 3), and conducted an
analysis of variance (ANOVA). The reported p-value of 0.899 indicates nonsignificant

differences in energy among subsets, suggesting stable behavior independent of linker

length.
-400
2
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T T T
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Figure 3: Effect of linker length on NbALFA-Ulp1 candidate protease energies.
One-way ANOVA calculated across linker lengths yields F-stat =.106, p-value = .899

We proceeded to deploy the GROMACS molecular dynamics (MD) package to

visualize any unseen interactions between domains contributing to protease stabilization.
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Specifically, simulations were conducted on the most truncated variant (N5_C1, linker
length 12) and tracked the movement of catalytic and specificity domains over time
relative to their initial positions at the start of the simulation. The domains exhibited stable
oscillations within a range of 4A (substrate-binding domain, Chain A) and 3A (proteolytic
domain, Chain B) over the simulation duration (Figure 4A,B). Given that these distances
combined are less than the length of the linker, an interaction between the domains that
holds them close together can be inferred. From this data, we further extrapolate the

stability of our candidate proteases.
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Figure 4: Stable association between domains in the candidate protease.
Change in position of the (A) specificity domain and (B) catalytic domain over a 100ns
period relative to their initial positions. Pertinent chains are highlighted in pink in
the structural models.

3.3 Discussion

This work has yielded insights into the feasibility and potential of modular
protease engineering. By decomposing protease functions into binding and catalysis and
leveraging current computational techniques, we have designed a novel protease with
nanobody-directed specificity. Additionally, the modular design approach employed in
this study is a versatile method that potentially enables researchers to design novel
proteases with desired substrate and cleavage specificities.

To expand the repertoire of cleavable motifs and fully realize the potential of this
system, truncations derived from various protease classes must be engineered for use as
catalytic domains. However, Ulpl protease was specifically selected for its unique
structure, and it remains unclear whether this approach can be extrapolated to other
proteases. While we hypothesize that this approach can be replicated using proteases with
highly hydrophobic centers, further experiments with this approach on multiple
proteases will be crucial to identifying potential restrictions to the truncation strategy and
elucidating the generalizability of systematic truncations.

The ability to precisely control the spatial orientation of domains within
engineered proteases holds immense significance for their stability and

functionality(Watson et al. 2023). While we predict the observed stabilizing interaction
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between our domains to have a positive effect on expression, it has locked the orientation
of the NbALFA such that the ALFAtag binding groove is posterior to the catalytic domain.
Consequently, this lack of flexibility limits some substrates from being cleaved. By
manipulating the orientations of catalytic and specificity domains so substrates bind
proximal to the catalytic site, we reason that we can enhance protease activity and cleave
more natural substrates. Future designs should integrate other computational techniques,
such as protein inpainting or residue diffusion, to achieve enhanced control over domain
orientation and therefore enhanced activity.

In conclusion, this work advances the field of computational enzyme design by
demonstrating modular protease assembly. By separating protease functions into distinct
subunits and independently optimizing domains with advanced computational tools, this
work has laid the foundation for the future development of proteases with tailored

functionalities.

3.4 Materials and methods

Truncations were performed by systematically deleting secondary structure as
annotated in the original publication characterizing Ulpl structure. All structural
predictions were generated using ColabFold v1.5.2: AlphaFold2 w/ MMseqs2 BATCH.
Since Ulp1l was deposited into the Protein Data Bank (PDB) prior to this version’s training
date, the program was specifically instructed to not use template sequences to generate

structure predictions.
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The Rosetta Molecular Modeling suite was accessed through pyRosetta on Google
Colaboratory. Structures were all relaxed according to the Relax protocol, and the energies
for each structure were calculated using Rosetta’s all-atom energy function. The Rosetta
energy calculation includes ‘reference energy’, defined as the sum of individual reference
energies for each amino acid in the protein. This term is used to normalize the energy
function for each protein’s size.

Structures were prepared for MD simulations using CHARMM-GUI specifically
formatted for compatibility with GROMACS. GROMACS was formatted to run on Google
Colaboratory using an open-access GitHub repository. All simulations were run on
GROMACS version 2023.2.

All structural images and dynamic simulations were visualized, formatted, and

saved using ChimeraX v1.6.
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4. Rational design of a test substrate

4.1 Introduction

The analysis of NbALFA-Ulp1 performed in Chapter 3 identified an interdomain
interaction which limits the flexibility of the enzyme. Specifically, this interaction fixes the
position of NbALFA such that the ALFAtag binding groove is distant from the catalytic
site. This lack of flexibility limits the amount of naturally-occuring substrates that can be
used to detect cleavage activity from the NbALFA-Ulp1 construct, and as such, I turn to
rational protein design to develop a substrate for proteolytic activity assays. Rational
protein design entails the deliberate manipulation of protein structure and function to
achieve specific biological objectives. In this context, I leverage these principles to
engineer a substrate to enable precise detection and kinetic estimation of NbALFA-Ulpl
protease activity.

Our substrate comprises two distinct proteins tethered together by flexible linkers,
flanking a linear epitope known as the ALFAtag. Upon proteolytic cleavage of the linker,
the two proteins are separated. This design allows for the detection of cleavage activity
through routine techniques such as SDS-PAGE, where the untethering of proteins of
different sizes can be readily visualized.

Central to our substrate design is the selection of proteins with well-defined
properties and expression protocols. Specifically, I chose Taq polymerase as one of the

proteins due to its previous expression in our laboratory and the availability of a robust
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heat purification protocol. Motivated by the thermostability of Taq polymerase, I opted to
link it with a thermostable yellow fluorescent protein (YTP). By designing a substrate with
entirely thermostable components, it can be heat purified.

By integrating these components and principles of rational protein design, our
engineered substrate presents a versatile tool for studying NanoPROC activity with high
sensitivity and specificity. In the subsequent sections, I discuss the experimental

methodologies and results that validate the utility of our substrate design.

4.2 Results

4.2.1 Using rational design to engineer an optimal substrate to assay
proteolytic activity

Motivated by the need to design a linker with optimal interaction to the
engineered protease, we first determined the distance between our bound substrate and
the protease catalytic site. Utilizing Cluspro, a rigid-body docking software, we conducted
docking simulations of the ALFAtag to our protease, resulting in the ALFAtag's
placement within the protease's NbALFA component. Subsequently, using protein
visualization software ChimeraX, the distance between the ALFAtag's C-terminus and the
catalytic residues was quantified, establishing a minimum cleavage motif distance
requirement of >25A to ensure effective cleavage.

Given the catalytic domain's origin from Ulpl, which is known to cleave
downstream of a diglycine motif(Zhang et al. 2022), we employed a flexible linker of Gly-

Ser-Ser repeats, as opposed to the more commonly used Gly-Gly-Ser, to minimize

22



potential cleavage motifs. We included exactly one Gly-Gly motif to ensure that potential
cleavage would occur at a known site.

Upon initial design assessment, an unexpected interaction between the ALFAtag
and the flanking linkers was observed. To address this, we strategically flanked the
ALFAtag with prolines, aiming to mitigate undesired interactions and enhance the overall
stability of the ALFAtag to ensure that it remains intact for the protease to bind.

Additionally, as part of our strategy, we plan to replace the ALFAtag with other
linear epitopes. This approach allows us to generate substrates that serve as valuable
negative controls in our experimental assays, enabling comprehensive evaluation and

validation of our engineered constructs.

4.2.2 Confirming cleavage motif accessibility to the catalytic site

To verify the accessibility of our cleavage motif to the protease, we employed
molecular dynamics (MD) simulations to visualize the linker's movement over a period
of 50ns, which has been demonstrated in literature as the smallest time frame for these
types of simulations(Childers and Daggett 2017). Notably, within a 50ns window, we
identified two instances where the distance between the cleavage motif and the catalytic
residues fell below 10A (Figure 5A). This suggests that within that time frame, the linker
presents two distinct opportunities for cleavage by the protease.

Moreover, upon closer examination of the two instances where the distance

between the cleavage motif and the catalytic residues was below 10A, distinctive
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characteristics emerged. During the initial occurrence between 18-20ns, the distance
remained below the threshold for a prolonged duration, indicating sustained proximity
between the cleavage motif and the catalytic site. Conversely, the second instance was
brief, suggesting a transient interaction. We isolated the exact frames corresponding to
these moments and observed that during the first occurrence, the linker assumed a
conformation similar to the native substrate's positioning in wtUlp1's catalytic site (Figure
5B, 6). The observation that our engineered substrate can be positioned in the active site
in a way that mirrors the natural substrate’s positioning indicates that our design aligns

well with the protease's cleavage mechanism.
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Figure 5: Diglycine cleavage motif accessibility to the protease catalytic site. A)
Average position of the diglycine cleavage motif to each of the four catalytic residues
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over a 50ns simulation. Structural models depicting the distance between the
diglycine motif (red) from the catalytic residues (blue) at (B) 18ns and (C) 38ns.

Figure 6: Interaction between wtUIp1 and its native substrate, Smt3. A) Smt3
(pink) docked against the wild-type Ulp1 protease (gray). Catalytic residues are
annotated in blue, and the diglycine cleavage motif is annotated in green. B) Zoomed
in view of the cleavage interface with the distances to each catalytic residue
annotated. The distances between the diglycine motif to H514, D531, Q574, and C580
are 5.39A,13.75 A, 13.32 A, and 7.62A.
4.3 Discussion
The design of substrates for assaying protease cleavage and cleavage kinetics is a
critical aspect of enzymology. In this work, we applied rational protein design principles

to engineer a substrate to precisely detect and measure the activity of NbALFA-Ulpl

protease. The substrate, Taq polymerase and YTP tethered together by flexible linkers
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flanking an ALFAtag, offers advantages beyond its suitability for NanoPROC activity
assays.

The selection of Taq polymerase and YTP as components of our substrate
emphasizes the advantage of choosing proteins with well-defined properties and
expression protocols. Cleavage would result in the untethering of these two proteins from
each other, and since both these proteins have distinct masses we expect to be able to
visualize cleavage using protein gels. Also, both of these proteins have successfully been
produced at high yield in our laboratory. As such, we expect to be able to leverage the
same strains of E. coli to enhance the reproducibility and scalability of substrate
production. Furthermore, the thermostability of both Taq polymerase and YTP should
enable the substrate to be heat purified, simplifying purification protocols.

A critical aspect of the substrate design was the optimization of the flexible linker
to ensure accessibility by NbALFA-Ulp1 protease. By employing molecular docking and
dynamics simulations, we determined the minimum cleavage motif distance requirement
and confirmed the accessibility of the cleavage motif to the protease catalytic site. The
observed proximity between the cleavage motif and the catalytic site, coupled with the
similarity between the angles of approach of both the designed and native substrates,
supports the cleavage accessibility of the rationally designed substrate.

In conclusion, rational design principles are applied here to engineer a substrate

that can be used to quantify proteolytic capability and kinetics. Our engineered substrate
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offers a robust platform for studying NbALFA-Ulpl protease activity, and due to its
modular nature, holds promise for proteolytic activity assays beyond NbALFA-Ulpl.
Specifically, the linear epitope flanked by flexible linkers can be easily adapted using
current DNA cloning techniques. Switching the ALFAtag to another linear epitope with a
known nanobody binding partner can enable our substrate to assay the activity of other
tag-binding NanoPROCs with the corresponding nanobody component as its substrate-

targeting domain.

4.3 Materials and methods

Structure relaxation and energy calculations were done using the Rosetta
Molecular Modeling suite. Structures were prepared for MD simulations using
CHARMM-GUI and specifically formatted for compatibility with GROMACS.
GROMACS was formatted to run on Google Colaboratory using an open-access GitHub
repository, and all simulations were run on version 2023.3.

RMSD over time plots were generated using the output configuration file from
GROMACS. In order to gauge distance from the catalytic site, the distance between the
alpha-carbon of the second glycine in the cleavage motif and the alpha-carbon of each
catalytic residue was measured. The values across each time point were averaged to

generate the final curve.
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All structural images and dynamic simulations were visualized, formatted, and
saved using ChimeraX v1.7. The distance command was used to measure the distance

between alpha-carbons on the cleavage motif and the catalytic residues.
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5. Probing modularity

5.1 Introduction

The concept of modularity has long been a powerful paradigm in the field of
biological engineering, offering unprecedented flexibility and adaptability in functional
biomolecules. Moreover, modular systems are amenable to rapid prototyping and
optimization. In the context of this work, where I have proposed the assembly of proteases
from individual modules with desired substrate and cleavage specificities, modularity
enables the engineering of NanoPROCs against virtually any target. In this chapter, I
probe the extent to which I can assemble distinct, interchangeable components to generate
NanoPROCs. I examine the modularity of the specificity domains in the context of fusions
with truncated Ulpl. I further examine the modularity of catalytic domains by inputting
a broad-specificity protease through the proteolytic domain-generating computational

pipeline and examining fusions between its truncated variants and NbALFA.

5.2 Results
5.2.1 Nanobodies are interchangeable

To assess the modularity of our NanoPROCs, we evaluated fusions of various
VHHs to the same truncated Ulpl variant used in the NbALFA-Ulpl protease. The
energies of the resulting candidate proteases were compared with the energies of their
corresponding VHH components (Figure 6). As was the case of the ALFAtag VHH, all

candidate proteases were more stable than their associated VHH alone.
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Figure 7: Stability of Ulpl NanoPROCSs generated from linear epitope-binding
nanobody components. Structures were relaxed and energies calculated using Rosetta.
Bars in pink denote the energies of nanobody-guided proteases, bars in gray
represent the energies of their nanobody components.

Additionally, to explore the applicability of this initial design towards therapeutic
targets, we investigated the interchangeability of specificity domains by linking our
catalytic domain to 13 distinct nanobodies targeting pathogens (Table 2). These
nanobodies, all of which have been successfully expressed in our laboratory prior, bind to
a diverse range of clinically relevant targets. The consistency in energy profiles of all the
NanoPROCs (Figure 7), convincingly supports the interchangeability of VHH domains
within our platform and the potential to generate proteases against clinically relevant

targets.
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Table 2: Clinically-relevant nanobodies and their antigens

Immunogen Antigen VHH name

VHH?72; (Huo et al. 2020)

SARS-CoV-2 receptor-binding domain Re9F06; (Gtittler et al. 2021)

Re5D06; (Giittler et al. 2021)

J3; (Weiss and Verrips 2019)

1B5; (Strokappe et al. 2012)

gp140
2E7; (Strokappe et al. 2012)
HIV
3E3; (McCoy et al. 2014)
gp140 (CD4 mimic) JM3; (Matz et al. 2013)
gp120 m36.4; (Chen et al. 2010)

E7 antiBoNT_A; (Goldman et al.

2008)
Clostridium botulinum neurotoxin A

C9 antiBoNT_A; (Goldman et al.

2008)
. . H6 antivenin; (Bailon Calderon et al.
B. atrox venom hemorrhagic proteins
2020)
H. sapien IgSF VCAM1 NbVCAM]I; (Ta et al. 2015)

Since VHH72 binding to the receptor binding domain (RBD) of SARS-Cov-2 has
already been characterized and VHH72-Ulpl1 is predicted to be stable, we selected this
NanoPROC for more detailed analysis (Figure 8). From a structural model of VHH72-
Ulpl bound to SARS-Cov-2 RBD (Figure 8C), it was concluded that the locked domain
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orientation prevents the proteolytic domain from accessing nearest diglycine motif and

displaying any cleavage activity.
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Figure 8: Stability of Ulpl NanoPROCsSs generated from a panel of clinically-
relevant nanobodies. Red line denotes the energy of NbALFA-Ulp1.
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Figure 9: VHH72-Ulp1 docked to the SARS-CoV-2 receptor binding domain
(RBD). A) Crystal structure of VHH72 bound to the RBD (PDB:6WAQ). B) Magnified
image of the region outlined by the red square in panel A. The red arrow points at a
diglycine motif (red). C) Structural alignment of VHH72-Ulp1 and bound VHH72.

5.2.3 Engineering broad-specificity proteases as alternative catalytic
domains

The analysis of VHH72-Ulp1 emphasizes two important considerations for further
NanoPROC development. Specifically, the proteolytic domain needs flexibility in order
to access multiple potential cleavage sites on the target. Conversely, NanoPROCs must
have diverse cleavage specificities to be applicable in situations where few cleavage sites

are accessible. Recognizing the importance of being capable of cleaving multiple peptide
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motifs, we focused on engineering a broadly-specific protease to be a suitable proteolytic
domain. Proteinase K was specifically selected as a chassis due to its promiscuous
substrate recognition pattern, broad cleavage specificity, and stability at physiological
pH(Ebeling et al. 1974).

Following the design algorithm established in 3.2.2, we systematically truncated
the Proteinase K enzyme to generate eight variants with varying lengths (Figure 9A).
RMSD calculations confirmed that structural models of these truncated sequences
maintained the essential structural elements of the catalytic site, supporting their potential
for catalytic activity (Figure 9B). We then connected each truncated variant to NbALFA
using glycine-serine linkers of 12, 18, and 24 residue lengths. We relaxed each structure
following the same protocol used for NbALFA-Ulp1 to assess the stability of each chimera

and observed that (Figure 9C).

35



A)

S}

Rosetta Energy Units (REU)

-200

—600

—800

—1000

—1200

RMSD (A)

& & o4 (54 o4 94 <
& &7 &7 &7 &7 &7 &7
Truncated Variant

A A R A SRR I AL L A I SR O S A AR I

(G - S O S AR & il & O O Sl S ¢l o T & S o SN & S o S S AR ¢ SR O S A o SO o S 0

é\,/

AR RN SRR R R RN R RN R SR SR S R R AR SR AR
Truncated Variant

36




Figure 10: Implementation of Proteinase K as a proteolytic domain. A)
Structural model of Proteinase K. Catalytic residues are annotated in pink, and
systematically truncated motifs are annotated in red/orange/yellow/purple. B) RMSD
as measured by structurally aligning truncated variants against their wild-type
substructure. Structures with an RMSD of <2A are considered identical. C)
Thermostability predictions of NbALFA-ProteinaseK. Each value is normalized based
on the protein’s size. The dashed red line denotes the energy of Proteinase K and the
dashed blue line denotes the energy of NbALFA. D-F) Relaxed structures of the top
models for the most truncated variants fused to NbALFA with linkers of (D) 12, (E) 18,
and (F) 24 amino acid lengths. VHH components are annotated in pink, Proteinase K
truncation is annotated in green.

5.3 Discussion

In this work, we explore the adaptability of NanoPROC:s, first in the context of
substrate-binding domain interchangeability. The successful replacement of the substrate-
binding domain with four other tag-binding nanobodies and 13 additional clinically
relevant nanobodies underscores the versatility of our protease design platform. This data
suggests the capability to freely switch the nanobody in the NanoPROC, offering
researchers the potential for unprecedented control over substrate targeting. We predict
that the broad range of targetable substrates will enable this technology to not only be
used in additional clinical contexts to current TPD technologies, but also be extended to
in vitro biotechnological applications. For example, leveraging an anti-His VHH or a
SARS-Cov-2 VHH will enable the protease to be used in peptide purification workflows
or as a viral therapeutic.

To evaluate the potential therapeutic application of a SARS-Cov-2 targeting

NanoPROC, we generated structural models that predict the orientation of VHH72-Ulpl1
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upon binding SARS-Cov-2 RBD. The locked orientation of NbALFA-Ulpl observed in
Chapter 3, the locked orientation of VHH72-Ulpl observed in this model, and the
consistent energies of the VHH-Ulp1 proteases suggest the truncated Ulpl variant has a
stabilizing interaction with VHHs, reducing the enzyme’s flexibility and locking the
orientation of its domains. If Ulpl NanoPROC:s are to be used in clinical contexts, future
designs must either exhibit finer control over the orientation of domains or have increased
flexibility. State-of-the-art computation tools like RFDiffusion can be explored as a means
to control spatial orientation, and further analysis of the interfacial energies of Ulpl
NanoPROCs could be used to guide the optimization of flexibility.

The observed rigidity in Ulpl NanoPROCs also motivates exploring alternative
proteolytic domains. By generating additional proteolytic domains, we can assemble
NanoPROCs that may not have the strong stabilizing interaction seen with Ulpl
contributes to and are therefore more flexible.

In order to create potentially flexible NanoPROCs and diversify the peptide motifs
that can be cleaved, we applied the proteolytic domain design algorithm described in
Chapter 3 to Proteinase K. We assembled NanoPROCs using truncated variants of
Proteinase K, and in the case of NbALFA-ProteinaseK, the multiple conformations
observed across relaxed structures of constructs with the same truncated variant suggest
that this protease will be more flexible than NbALFA-Ulpl (Figure 9D-F). Molecular

dynamics simulations should be performed to confirm if this is true. Furthermore, the
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addition of Proteinase K as a proteolytic module allows us to generate NanoPROCs that
can cleave downstream of aromatic amino acids, hydrophobic amino acids, and sulfur-
containing amino acids.

In conclusion, the work described here demonstrates the power and potential of
our modular protease design approach. Our data suggests the ability to swap VHHSs to
redirect substrate specificity, and by expanding our proteolytic domain library we are able
to cleave downstream of 11 canonical amino acids. Incidentally, swapping the proteolytic
domain may enable us to assemble more flexible NanoPROCs. Moving forward,
additional efforts should be directed towards engineering proteolytic domains that can

cleave the 9 remaining amino acids.

5.4 Materials and methods

Structural models of truncated Ulpl linked to other tag-binding VHHs and the
panel of clinically relevant VHHs were generated using ColabFold v1.5.2: AlphaFold2 w/
MMseqs2 BATCH. Since Ulpl was deposited into the Protein Data Bank (PDB) prior to
this version’s training date, the program was specifically instructed to not use template
sequences to generate structure predictions.

Truncations of Proteinase K were performed by systematically deleting secondary
structure as annotated on the UniProt database. Structural models of Proteinase K
truncations were generated using ColabFold v1.5.5: AlphaFold2 w/ MMseqs2 BATCH.

Since Proteinase K were deposited into the Protein Data Bank (PDB) prior to this version’s
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training date, the program was specifically instructed to not use template sequences to
generate structure predictions.

Structure relaxation and energy calculations were done using the Rosetta
Molecular Modeling suite. The Rosetta energy calculation includes ‘reference energy’,
defined as the sum of individual reference energies for each amino acid in the protein.
This term is used to normalize the energy function for each protein’s size.

All protein structures and their images were visualized, formatted, and saved

using ChimeraX v1.6.
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6. Conclusion

This work introduces a novel class of proteases that overcome limitations
associated with current TPD strategies. Chapter 2 summarizes the mechanism of action of
current targeted protein degradation technologies and provides insight into some of the
developmental and clinical challenges that these technologies face. As part of this chapter,
I identify the reliance on cellular degradation machinery as a fundamental limitation of
current TPD technologies and discuss how this prevents TPD from being applied to
infectious disease therapeutics and in vitro diagnostics.

The remaining chapters in this thesis focus on the development of NanoPROCs, a
novel TPD technology that can target a large library of substrates, potentially cleave
diverse peptide motifs, and potentially degrade proteins without host machinery. In
Chapter 3, I introduce the design schema I use to assemble NanoPROCs. I deploy the
design schema to reduce Ulp1 protease into a minimum catalytic component, merge the
minimum catalytic component with NbALFA, and evaluate the stability of the NbALFA-
Ulp1 candidate fusions. The ability for NanoPROC:s to target a large library of substrates
is due to the strategic selection of nanobodies as substrate-binding domains, and the
potentially autonomous and diverse cleavage activity is enabled by including the catalytic
component of proteases in the design. Finally, the ability to separate protease functions
into substrate-binding and proteolytic subunits for independent optimization and

assembly lays the foundation for future modular enzyme designs.
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In Chapter 4, I leverage computational modeling to design a substrate that holds
promise for NanoPROC activity assays beyond NbALFA-Ulp1. The substrate that will be
used to assay for NbALFA-Ulp1 activity is two proteins of distinct sizes tethered together
by flexible linkers that flank the ALFAtag, the binding motif complementary to NbALFA.
I rationally design the substrate and computationally model the accessibility of its
cleavage motif to increase the likelihood of substrate cleavage upon being bound by
NbALFA-Ulpl. Furthermore, by designing the binding motif to be interchangeable,
experimental controls for substrate specificity can be quickly derived by replacing the
ALFAtag in the initial design.

In Chapter 5, I explore the adaptability of NanoPROCs by determining whether
NanoPROCs remain stable regardless of their substrate-binding component. The
consistent energies of truncated Ulpl fusions to multiple tag-binding and clinically
relevant VHHSs suggests that the VHH components of NanoPROCs are interchangeable. I
additionally focus on engineering Proteinase K to be a suitable proteolytic domain, thus
expanding the repertoire of downstream cleavage motifs to 11 canonical amino acids.
Notably, the current library of proteolytic domains does not cover downstream cleavage
of hydrophilic residues. As such, future work should focus on expanding the proteolytic
domain library for hydrophilic amino acid coverage.

Combined, this work introduces NanoPROCs and a design schema for their

generation, develops a substrate that can be quickly adapted to assay for novel
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NanoPROC activity, and suggests that NanoPROCs can be designed to cleave
downstream of a multiple amino acids in a broad library of substrates. Additionally, this
work also introduces a modular assembly approach that bypasses a key challenge in
protease evolution campaigns. While traditional directed evolution campaigns struggle
to balance novel specificity with catalytic activity, our substrate-binding and proteolytic
domains can be independently optimized and independently assembled afterwards.
Overall, NanoPROC:s are the first autonomous TPD technology in this field, and to our
knowledge, the first nanobody-targeted protease in existence. Moreover, the adaptability
of NanoPROC:s to desired targets is a significant advancement in the field of targeted
protein degradation and further enables NanoPROCs to be applied across various

industries and disease contexts.
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