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Abstract

Neurodegenerative diseases (NDDs) such as Parkinson’s disease (PD) and
amyotrophic lateral sclerosis (ALS) are a leading cause of global mortality and place
a great financial and emotional burden on healthcare systems and support networks.
Misfolded insoluble aggregates and toxic soluble proteins are central hallmarks of
these NDDs. a-Synuclein aggregation drives Parkinson’s disease pathology and is a
suitable target for selective protein clearance. Biological proteolysis targeting
chimeras (bioPROTACSs) aim to eliminate disease-causing intracellular proteins using

host cell ubiquitination and degradation pathways.

Here, | describe a bioPROTAC comprising the E3 ubiquitin ligase domain of
CHIP (carboxy terminus of Hsc70-interacting protein) fused to NbSyn87, a nanobody
specific for a-synuclein. Successful target degradation was achieved using the CHIP-
NbSyn87 bioPROTAC. In contrast, CHIP-based bioPROTACs targeting SOD1, a
ubiquitously expressed protein prone to misfold and aggregate in ALS, failed to
degrade its target. This work highlighted key parameters for consideration during
BioPROTAC design including target half-life and solubility, recognition domain binding

affinity, molecular chaperone activity, and interdomain linker optimisation.

A strategy for rational repurposing of conformation-specific antibodies into
soluble, functional intrabodies was also developed. Candidate antibodies were
reformatted into scFvs and their solubility and specificity tested. A panel of misfolding-
specific SOD1 intrabodies and conformation-specific a-synuclein intrabodies are
described. Almost any antibody can be reformatted as a highly soluble (>70 %) and

intracellularly stable intrabody using the described approach, based on the discovery



of a strong negative correlation between net charge and intrabody solubility in cell

models.
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Chapter I: Introduction

Neurodegenerative diseases (NDD) are collectively a group of disorders that
cause neural cell damage leading to physical and cognitive dysfunction (Erkkinen et
al., 2018). The World Health Organisation (WHO) predicts that NDDs will collectively
be the second most common cause of death over the next two decades (Duraes et
al., 2018). Generally, current treatments aim to alleviate symptoms and cannot reverse
disease pathology (Van Bulck et al., 2019). A central causative agent of NDDs are
misfolded protein aggregates, considered “undruggable” by conventional small-
molecule inhibitors and agonists, in that they lack a target ligand-binding site for

pharmacological modulators (Tomoshige and Ishikawa, 2021).

1.1 Parkinson’s disease

1.1.1 Epidemiology

Lewy body diseases (LBDs) are a heterogenous group of disorders that
encompass Parkinson disease (PD), PD with dementia (PDD) and dementia with Lewy
bodies (DLB) (Lashuel et al., 2013). PD can be characterised by accumulation of the
presynaptic protein a-synuclein, and progressive degeneration of dopaminergic
neurons in the substantia nigra Accumulation of a-synuclein aggregates and fibrils
leads to the eventual degradation of neocortical, limbic, and nigral-striato circuitries, a
critical step before the onset of declining motor function. Parkinson’s disease can be
generally characterised as a loss of dopaminergic neurons in the substantia nigra
located in the midbrain, which is associated with Lewy body formation and pathological

aggregation of a-syn (Fearnley and Lees, 1991; Spillantini et al., 1998). PD is
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classified as the second most common NDD and as the global population ages,
prevalence of PD is predicted to dramatically increase, with number of cases projected
to increase 112% by 2050 (Su et al., 2025). Therefore, the emotional and economic
burden of PD will likely escalate in tandem without more effective treatments or

preventative measures identified.

Clinical diagnosis of PD primarily relies on manifestations such as bradykinesia
and progressive resting tremor, coupled with non-motor features such as depression
and REM sleep behaviour disorder which can present several years before motor
deficits (Kouli et al., 2018). In later stages of the disease additional manifestations
such as autonomic dysfunction and progressive cognitive decline also appear (Sung
and Nicholas, 2013). This suggests that loss of dopaminergic neurons and
dopaminergic terminals in the basal ganglia are crucial for the loss of motor functions,
as opposed to loss of neurons in the substantia nigra (Marras et al., 2018). Like most
NDDs, PD exhibits a multifactorial aetiology often resulting from genetic and

environmental risk factors.

1.1.2 Pathology

Abnormal accumulation and misfolding of a-syn is a neuropathological hallmark
of PD. The formation of cytoplasmic Lewy bodies is associated with dysfunction and
eventual degeneration of PD neurons. Overexpression of a-syn also increases
mitochondrial reactive oxygen species (ROS) and inhibits mitochondrial function (Zhu
et al., 2011). Mutations in the PARKIN and PINK1 genes are known causes of early
onset autosomal recessive PD (Kitada et al., 1998; Valente et al., 2004). Both genes

regulate the mitophagic degradation pathway involving preferential degradation in
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lysosomes, where a loss of function in either gene results in impaired mitophagy and
accumulating dysfunctional mitochondria (Vincow et al., 2013). LRRK2 mutations lead

to deposition of a-synuclein on the outer mitochondrial membrane (Li et al., 2014).

Neuroinflammation plays a mechanistic role in PD pathogenesis. Protein
aggregates accumulating in the substantia nigra, and high levels of reactive microglia
are found in postmortem PD brain tissue, reviewed by Caggiu et al., (2019), inciting
the same question as to whether dysfunctional neuroinflammatory events trigger PD
pathogenesis or are an unsuccessful response triggered by the detection of toxic
misfolded proteins. This further reinforces the multifactorial heterogeneity of PD, with
many influential genetic and environmental pathways converging on specific pathways

such as protein aggregation, neuroinflammation and impaired autophagy.

1.1.3 a-Synuclein

a-Synuclein is a 140 amino acid protein with three distinct structural regions:
the N-terminal region, the non-amyloid component, and the C-terminal region. The N-
terminal region is positively charged and has an alpha-helicoidal structure allowing it
to bind to lipid membranes, necessary for protein function and prevents aggregation
(Meade et al., 2023). The C-terminal region however is negatively charged and subject
to posttranslational modifications in disease conditions. Phosphorylation at serine 129
accelerates formation of toxic inclusions and loss of dopaminergic neurons in vivo
(Satoetal., 2011). Soluble a-synuclein is naturally unfolded and monomeric, and while
difficult to replicate has also been shown to form a stable helical structure by

associating as a homotetramer (Wang et al., 2011). Under physiological conditions,
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a-synuclein resides in presynaptic terminals and its proposed role is to regulate
synaptic vesicles trafficking and neurotransmitter release (Bendor et al., 2013;
Maroteaux and Scheller, 1991). Its role in promotion of SNARE-complex assembly,
essential for synaptic vesicles release, supports efficient exocytosis and maintains
presynaptic homeostasis (Burré et al., 2010) . Overall, a-synuclein is an important
modulator of synaptic transmission and knockout mice are observed to experience
age-dependent cognitive decline where the role of a-synuclein is dispensable in
younger mice and becomes essential in aging mice, suggesting that a-synuclein

ensures normal synaptic function during the ageing process (Burré et al., 2010).

a-Synuclein is the primary component of Lewy body inclusions in all PD
patients, Spillantini et al., (1998), and can be observed to form fibrillar aggregates in
vitro. a-Synuclein was first reported within neurofibrillary tangles (NFTs) with
immunohistochemical studies demonstrating its presence in the substantia nigra
(Wakabayashi et al., 2000). Number of inclusions was found to correlate with disease
severity (Wakabayashi et al., 2000). This finding was later confirmed by double-
immunolabeling and electron microscopy studies (Arima et al., 2000). Two key
missense mutations in the a-synuclein protein, have been linked to autosomal
dominant early onset PD: a-syn”*" and a-syn®53T (Krliger et al.,, 1998;
Polymeropoulos et al., 1997). Other mutations in the same region are also linked to
PD: a-syn®51P: a-synF46K g-synH50Q Although these mutations are rare, it remains clear
that a-syn is a critical component of Lewy bodies in both sporadic and inherited cases,

(Sanderson et al., 2020).
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Emerging evidence indicates that a-synuclein exists within cells in a dynamic
continuum of monomeric, oligomeric, and aggregated states each contributing
differently to toxicity and propagation (Rana et al., 2025). Typically, these aggregates
range in size from tens to hundreds of nanometers to a few micrometers and are highly
heterogenous. The small non-fibrillar a-synuclein aggregates, often denoted as
soluble oligomers are proposed to be highly toxic and drive disease pathogenesis and
neurotoxicity, (Emin et al., 2022). While there is no refined definition of oligomers, the
term oligomers refers to any soluble aggregate of an intermediate size between

monomers and insoluble fibrils (Du et al., 2020).

1.1.4 Current therapeutic options

Current treatment of PD centres around pharmacological replacement of
dopamine, although other neurotransmission pathways such as serotonin and
acetylcholine systems are implicated in Parkinson’s disease and can explain why
some symptoms are not managed well by dopamine-based therapies (Armstrong and
Okun, 2020)., Dopamine agonists such as levodopa taken in combination with
carbidopa (a decarboxylase inhibitor) are useful initial therapies that alleviate
symptoms associated with the loss of neurotransmitter dopamine (Salat and Tolosa,
2013). However, several studies report adverse events such as impulse control
disorders, described as excessive and uncontrollable gambling, shopping and
hypersexuality and serious withdrawal symptoms (Pondal et al., 2013). A longitudinal
study described the 5-year cumulative incidence of impulse control disorders to be
approximately 46% and strongly associated with dopamine agonist use (Corvol et al.,
2018). While levodopa is most likely to lead to functional improvements, PD patients

will typically have to increase Levodopa frequency and dosage as the disease
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progresses (Chou et al., 2018). Deep brain stimulation and rehabilitative therapeutic
approaches provide effective relief in patients with disabling tremors and complement
pharmacological interventions but no disease modifying treatment for PD is available.
Unfortunately, deep brain stimulation does not halt disease progression or improve
non-motor symptoms associated with PD, but can provide relief from motor symptoms

such as bradykinesia and tremor (Hitti et al., 2019).

Monoclonal antibodies are of high interest as a potential PD therapeutic.
BIIB054, also referred to as cinpanemab, is an aggregated a-synuclein specific
monoclonal antibody (Brys et al., 2019). Recently, results from a phase Il clinical trial
testing cinpanemab as a treatment for PD showed that cinpanemab was an
unsuccessful intervention and no significant changes in clinical measures of disease
progression were reported in comparison to placebo groups (Lang et al., 2022). More
recently, Biogen chose to discontinue development of cinpanemab. Another
monoclonal antibody targeting aggregated a-synuclein is also being investigated for
its use as a disease modifying PD therapeutic. PRX002, also referred to as
prasinezumab, also targets aggregated a-synuclein but has high affinity for the C-
terminus and binds to both monomeric and aggregated a-synuclein (Pagano et al.,
2021). Results from a Phase |IB trial of prasinezumab for treatment of early stage PD
reported no significant differences between placebo and test groups and adverse
effects following infusions (Pagano et al., 2022). However, post-hoc analysis revealed
that over a 1-year duration, prasinezumab might reduce motor degeneration
progression to a greater extent in individuals with rapidly progressive PD, despite initial
trial results showing limited impact on primary patient outcomes, (Xiao and Tan, 2025).

Phase Il clinical trials are ongoing (Pagano et al., 2024).
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1.2 Amyotrophic lateral sclerosis (ALS)

1.2.1 Epidemiology

ALS is a fatal motor neuron disease characterised by degenerative alterations
in both upper and lower motor neurons (Rowland and Shneider, 2001). Clinical
manifestation of ALS usually presents in middle to late stages of life, presenting as a
widespread progressive muscle atrophy and systemic weakness and in most cases
disease survival is limited to 2-5 years due to eventual debilitating effects of
degeneration on respiratory muscle tissue (Vasta et al., 2025). Progressive paralysis
of the limbs, speech impairment and difficulty swallowing are also common features

of ALS (Kiernan et al., 2011).

1.2.2 Pathology

More than fifty disease causative or modifying genes have been identified in
relation to familial ALS (fALS) cases. A range of mutations have been found to cause
ALS, in particular mutations in SOD1, chromosome 9 open reading frame 72
(C90ORF72), fused in sarcoma (FUS), TANK-binding kinase 1 (TBK1), and TAR DNA-
binding protein 43 (TDP43) occur most frequently, and most variants in other genes
are largely uncommon (Boylan, 2015). Different SOD1 mutations are associated with
different rates of disease progression and varied disease severity, (Huang et al.,
2024). This highlights the high degree of disease heterogeneity among patients in
addition to the vastly diverse nature of clinical manifestations such as age of onset
and disease severity. A hexanucleotide repeat expansion in the C90ORF72 gene is

most commonly observed: accounting for up to 50% of fALS cases and 20% of
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sporadic ALS (sALS) cases (Masrori and Van Damme, 2020). Protein aggregation in
degenerating motor neurons and oligodendrocytes is a central feature of ALS
pathology, predominantly comprised of ubiquitinated aggregates called Lewy body-
like hyaline inclusions (Blokhuis et al., 2013). The aetiology of ALS is highly complex;
neuroinflammation, glutamate-induced neurotoxicity and metabolic impairment are
key pathological mechanisms (Kiernan et al., 2011). TDP-43 aggregation occurs in

both sporadic and familial forms of ALS.

1.2.3 SOD1

Mutations and aggregation of SOD1 can be found in both fALS and sALS cases
with SOD1 mutations accounting for approximately 5% of all ALS cases. Superoxide
dismutase 1 (SOD1) is a cytosolic and mitochondrial enzyme which protects cells from
oxidative stress by converting superoxide radicals into hydrogen peroxide, which can
then be broken down by other enzymes such as catalase (Corson et al., 1998). SOD1
misfolded conformers and aggregates become toxic to cells, and degeneration of
motor neurons can be observed (Bruijn et al., 1998). While the exact mechanism of
SOD1 aggregation requires further exploration, several lines of evidence propose that
SOD1 mutations lead to conformational changes within the native protein structure of
SOD1, causing ALS through a toxic gain of function. This toxicity linked to ALS is likely
to arise from SOD1 misfolding, induced by dominant point mutations or aberrant post-
translational modifications, which may be relevant in cases of ALS lacking SOD1
mutations (Rotunno et al., 2014). Dominant point mutations make up part of over 210
ALS-related mutations, which also include deletions and insertions, deletions of base

pairs in the 3'-UTR and premature truncations (Shaw et al., 1997; Shi et al., 2004).
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Overexpression of SOD1WT causes ALS-like disease features in transgenic mice, and
mutations exhibiting similar biophysical properties to SOD1"T such as D90A, C6S,
E100K, and L117V cause ALS, providing supporting evidence that SOD1WT
contributes to ALS pathology (Paré et al., 2018). Additionally, abundant aggregates
containing misfolded SOD1YT can be found in patients harbouring ALS-related

mutations other than SOD1, such as C90RF72 and FUS (Forsberg et al., 2019).

ALS is often referred to as a prion disease, in that misfolded proteins can
propagate to other cells and spread pathology, acting as a transmissible agent
between cells facilitated by extracellular vesicle and unconventional secretory
pathways (Wenzhi et al., 2024). SOD1 displays prion-like properties both in vitro and
in vivo, indicating its role in pathogenesis of sALS (McAlary et al., 2019). Accumulating
SOD1 aggregates in motor neurons may contribute to the progression of ALS, and

clearance of toxic aggregates may improve ALS pathology to treat the disease.

1.2.4 Current therapeutic options

Treatment for ALS primarily focuses on respiratory support in later stages of
disease and symptom management. Riluzole and edravone aim to provide modest
symptomatic relief but is not always effective in all patients. Riluzole is a glutamate
antagonist aimed at improving the survival rate in ALS patients, but has only a
significantly small effect (Vasta et al., 2025). Riluzole does not improve muscle
strength or respiratory function, and pivotal studies found that patient survival was only
extended by 2-3 months, while more recent studies found patient survival was

extended by 6-19 months (Bensimon et al., 1994; Andrews et al., 2020). High doses
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of riluzole were found to prolong later stage ALS in a dose-ranging trial rather than

slowing disease progression (Fang et al., 2018).

To date over 40 clinical trials studying ALS treatments have had negative
results, due to the heterogenous nature of the disease and the complex underlying
disease mechanisms. Several novel therapies are being pursued that focus on
clearance of aggregated protein in order to treat neurodegenerative diseases such as
ALS. Recent findings from a phase lll clinical trial investigating the effect of antisense
oligonucleotide (tofersen) intrathecal administration for mutant SOD1 ALS patients
revealed that despite significantly reduced concentrations of SOD1 in CSF clinical end
points did not improve and several adverse effects were experienced during the study
(Miller et al., 2022). Tofersen aims to reduce synthesis of SOD1 by inducing RNase
H-mediated degradation of SOD1 mRNA, as it is hypothesised that progressive
neurodegeneration in ALS could be due to a toxic gain of function in the mutant SOD1
protein (Rinaldi and Wood, 2018; Sau et al., 2007). Previous in vitro and in vivo
findings showed significant reductions in SOD1 concentrations in response to tofersen
administration (McCampbell et al., 2018). However, no significant difference was
observed in changes to ALSFRS-R scores between tofersen-treated and placebo
subgroups, although observed trends showed a reduction in decline of measures of
clinical function. FDA granted accelerated approval of tofersen due to reductions in
the neurodegeneration marker plasma neurofilament light chain observed in treated
patients in an open-label extension study (Miller et al., 2022). Approval was supported
by integrated results from the VALOR and open-label extension studies suggesting
that earlier initiation of tofersen compared to delayed start initiation were associated

with trends in reduction in ALSFRS-R scores.
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Other approaches such as CRISPR and small interfering RNAs (siRNAs) that
inhibit SOD1 production may also improve disease pathology in ALS animal models.
However, no effective therapy is yet available that effectively degrades aggregated
protein at the post-translational level or halt disease progression. Most recently, a
Cas13 nuclease ortholog (RfxCas13d) targeting SOD1 reduced SOD1 mRNA and
protein in mice spinal cords and had positive effects on outcomes in a SOD1 mouse
model (Powell et al., 2022). Interestingly, it was also shown that a RfxCas13d variant
led to a 50% reduction in huntingtin, exhibiting the versatile ability of programmable
CRIPSR effector proteins for the reduction of target protein mRNA and subsequent

translation of aberrant proteins.

1.3 Protein degradation pathways

1.3.1 Ubiquitin proteasomal degradation

Approximately 80-90% of proteins in eukaryotic cells are degraded by the
ubiquitin proteasomal degradation system (UPS), an ATP dependent degradation
system crucial to maintaining protein homeostasis (Chen et al., 2016). Ubiquitination
is a post-translational modification (PTM), where ubiquitin is covalently attached to
lysine residues on a target protein, through an ATP-dependent cascade involving E1
activating, E2 conjugating and E3 ligase enzymes (Fig.1). It generally operates
through polyubiquitination of a target protein and hydrolysis of that protein by the 26S
proteolytic enzyme complex (reviewed by Zhang et al., 2022). First, ubiquitin is
activated by E1, entering a thioester linkage with a catalytic cysteine, before
transferring through a trans-esterification reaction to an E2 conjugating enzyme (Fig.1)

(Komander and Rape, 2012). Monomeric ubiquitin can be further modified by forming

35



isopeptide bonds between one of the internal lysine residues or N-terminal methionine
and the C-terminal carboxylic acid of another ubiquitin molecule, with each lysine-
linked ubiquitination creating distinct degradation signals (Table.1) (Komander, 2009;
Mulder et al., 2020). For example, K11 and K48-linked polyubiquitination provides a
degradation signal allowing ubiquitinated target proteins to be recognised and

promptly degraded by the 26S proteasome (Flick et al., 2006).
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Figure 1.1. Ubiquitin-proteasomal degradation pathway. Produced in

BioRender.
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Table 1. Ubiquitin linkage sites and their associated functions in protein

degradation and signalling. Ubiquitin can be assembled into polymeric chains

through ubiquitination of seven lysine residues or the primary methionine on ubiquitin,

with each distinct polyubiquitination linkage serving a different cellular function

(Damgaard, 2021).

Ubiquitin Role in Other functions References
linkage | degradation
type
Met1 Regulation of NFKB and IFN (Komander and
signalling Rape, 2012)
Lys6 DNA damage response (Morris et al., 2004)
Lys11 Proteasomal Regulation of cell cycle and (Wickcliffe et al.,
degradation membrane trafficking 2011; Yang et al.,
2021)
Lys27 Protein secretion regulation, DNA | (Geisler et al., 2010)
damage repair, mitochondrial
damage and innate immune
response
Lys29 | Proteasomal Regulation of AMPK-related (Yu et al., 2016)
degradation | kinases, innate immune response
Lys33 Innate immune response (type | (Lin et al., 2016;
IFN signalling), intracellular Yuan et al., 2014;
trafficking Yang et al., 2021)
Lys48 | Proteasomal (Jacobson et al.,
degradation 2009)
Lys63 Autophagic DNA damage repair, cytokine (Chen et al., 2009;
degradation signalling Jacobson et al.,
signalling 2009; Grice et

al.,2016)
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E3 ligases can be categorised into three families: RING-, HECT-, and RING-
between-RINGs type (RBR-type), based on their mechanism of action (Morreale and
Walden, 2016). The really interesting new gene (RING) E3 transfer mechanism is
deemed more simplistic compared to HECT and RBR type mechanisms, involving the
transfer of ubiquitin directly from the E3-E3-ubiquitin complex to a lysine residue on
the bound substrate, making them potentially attractive targets for modifying and
harnessing E3 ligase ubiquitination and subsequent degradation. HECT E3 and RBR-
like E3 ligases require an additional process: transthiolation from an E2 ligase cysteine
residue to a cysteine on the E3 ligase ubiquitylation domain prior to transfer to the

substrate (Potjewyd and Axtman, 2021).

Protein degradation processes such as the UPS are often disrupted in
neurodegenerative disease pathology. When the efficiency of protein homeostasis
systems is perturbed in disease, misfolded and damaged protein aggregates rise to
toxic levels within the cell, leading to progressive neuronal cell death and
neurodegeneration (Layfield et al., 2005). Soluble forms of aggregated proteins,
denoted oligomers, are implicated in the pathogenesis of neurodegenerative diseases
(Haass and Selkoe, 2007). It is well understood that impaired proteasomal degradation
is present in neurodegenerative diseases, as reviewed by (Rousseau and Bertolotti,
2018). Although ageing is multifactorial, there is likely an association between general
ageing and a decline in proteasomal degradation and regulation (Saez and Vilchez,

2014).

1.4 Autophagy-lysosomal degradation

Autophagy is a cellular waste disposal system in which damaged
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macromolecules such as proteins become wrapped in bilayered autophagosomes and
engulfed by lysosomes for degradation (Fig.2). There are three main subtypes of
autophagic degradation: Macroautophagy (often commonly referred to as autophagy),
microautophagy and chaperone-mediated autophagy (CMA). Microautophagy is a
non-selective process differing from typical autophagy-lysosomal degradation in that
the lysosomal membrane directly engulfs small autophagic cargo rather than

generating autophagosomes (Li et al., 2011).

Autophagy is a crucial process for protein homeostasis, clearing protein
aggregates or damaged organelles but is often disrupted in NDD states (Guo et al.,
2017). In normal conditions, the formation of a double-membrane phagophore begins
the autophagy process, coordinated by core autophagy related proteins (Hollenstein
and Kraft, 2020). The phagophore closes to engulf material, becoming an
autophagosome which fuses with a lysosome leading to degradation of the contained
cargo (Parzych and Klionsky, 2014). The lysosome contains hydrolases and enzymes
that degrade the enclosed protein upon fusion. Based on the observations that
autophagy-defective mice exhibit manifestations of neurodegeneration, Kuma et al.,
(2017), and that genetic mutations of autophagic receptors such as sequestome 1
(SQSTM1), optineurin (OPTN), and neighbour of BRCA1 gene 1 (NBR1) are highly
associated with NDDs suggest that defective autophagy is an important aetiological

factor of NDDs (Deng et al., 2019).
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Figure 1.2. Autophagy process schematic. Examples of perturbed
autophagy in NDD conditions and affected genes are depicted. The phagophore is an
active sequestering compartment which closes to form and autophagosome before

fusing with the lysosome, leading to cargo degradation. Produced in BioRender.

Because neurons are terminally differentiated and cannot dilute damaged
proteins or organelles through cell division, they depend strongly on constitutive
autophagic pathways for bulk clearance of misfolded proteins and defective
organelles. This makes autophagy a potentially attractive therapeutic target for ND
treatment, particularly chaperone-mediated autophagy (CMA). CMA is a more

specialised subgroup of autophagy, a highly selective process in which damaged
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cytosolic proteins, in addition to certain transcription factors and signalling molecules
are degraded under certain conditions such as starvation and stress. Damaged or
misfolded proteins containing a consensus CMA binding motif KFERQ sequence are
recognised by chaperone heat shock cognate 70 (Hsc70) and co-chaperones,
followed by delivery and internalisation into lysosomes via lysosome-associated
membrane protein type 2a leading to lysosomal degradation (Fig.3) (Sinha et al.,

2017).
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Figure 1.3. Chaperone-mediated autophagy mechanism. Produced in BioRender.

1.4 Targeted protein degradation therapies for neurodegenerative diseases

1.4.1 Proteolysis targeting chimeras (PROTACSs)

1.4.1.1 Structure

Interestingly, Pfizer has removed all efforts towards neuroscience drug
discovery and development, halting eight Phase | and Phase Il clinical trials to redirect
funding due to lack of efficacy (Mullard, 2018). This reinforces the demand for research

into non-drug therapeutic mechanisms to address this gap in the field, perhaps

41



achievable with targeted protein degradation tools such as PROTACs that act
catalytically as opposed to pharmacologically inhibiting or agonising a target. The
possibilities of this approach are illustrated by an Arvinas and Pfizer collaboration to
develop and commercialise the PROTAC ARV-471, targeting the oestrogen receptor
for degradation for the treatment of oestrogen receptor positive (ER+)/human

epidermal growth factor receptor negative (HER2-) breast cancer.

PROTACSs are heterobifunctional molecules consisting of an E3 ligase moiety
and a target protein binding domain connected by a linker domain, that can effectively
degrade the protein of interest (POI) through E3 ligase recruitment and utilisation of
the UPS (Fig.4). Targeted protein degradation approaches have the potential to yield
potent and highly selective removal of disease-causing proteins. PROTACs effectively
reprogram E3 ligases to degrade specific substrates with a high catalytic turnover rate,
requiring low PROTAC concentrations to give a high standard of efficacy (Bondeson
etal., 2015). The high catalytic substrate turnover rate of PROTACs is highly beneficial
for the long-term clearance of pathological aggregating proteins in neurodegenerative
disease states. This in turn overcomes the current therapeutic paradigm where large
pharmacological drug concentrations are required to maximise drug-receptor
occupancy and achieve a clinical benefit, often accompanied by adverse effects.
Additionally, many proteins affected in NDDs are structurally disordered or misfolded,
making generating high affinity small molecule ligands difficult. PROTACs can
additionally cross the BBB, as demonstrated by AD-targeting PROTAC XL01126 are
of high therapeutic potential, overcoming potential pitfalls of pharmacological agents

that cannot penetrate the BBB (Liu et al., 2022).
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1.4.1.2 Mechanism of action

Based on their mechanism of action, PROTACs can potentially target any
protein including previously “undruggable” targets, providing that a low molecular
weight ligand can be generated for the protein of interest (POI), with the advantage
that low affinity ligands are suitable as they make transient interactions with the target
protein (Collins et al., 2017). For efficient degradation, the PROTAC must enter a cell
and interact with both the POI and the E3 ligase in a ternary complex to trigger
ubiquitination of the target (Fig.4). Following ubiquitination, the POl is degraded by the
proteasome. The PROTAC mechanism of action allows the molecule to be recycled
and involved in several catalytic reactions to degrade several target proteins, which

depending on PROTAC stability can lead to a longer duration of action within the cell.
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Figure 1.4. PROTAC mechanism of action. An E3 ubiquitin ligase cannot

ubiquitinate a target distant protein. Upon PROTAC expression and binding to the
target protein, E3 ubiquitin ligases are brought into proximity and can successfully
ubiquitinate the target protein, leading to its degradation. The PROTAC can then form

E3 complexes with new target proteins and E3 ligases.
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1.4.1.3 Early PROTAC design

An early study proposed harnessing the UPS to facilitate targeted protein
degradation, by modifying ubiquitin-conjugating enzymes (E2 ligases), demonstrating
that E2 target recognition can be engineered to facilitate targeted ATP-dependent

degradation in vitro (Gosink and Vierstra, 1995).

The PROTAC concept was first proposed by Crews and Deshaies research
group in which the first PROTAC molecule was synthesised and shown to successfully
degrade its target, MetAp-2, by recruiting MetAp-2 to the ubiquitin ligase complex SCF
(Skp1-Cullin-F box complex containing Hrt1) (Sakamoto et al., 2001). By designing a
chimeric molecule containing an ovalicin motif to recruit MetAp2 and an |kBa
phosphopeptide to recognise the SCF ubiquitin ligase complex, Sakamoto et al.,
(2001), successfully induced degradation of MetAp2 in vitro and laid the foundation for
further PROTAC design and testing. Although the phosphopeptide-containing
PROTAC designed in this study was unlikely to penetrate cells and required further
modification beyond the F-box fusion approach, this study provided an early basis for

designing and testing PROTACSs in vivo as a tool for degradation targeted proteins.

The development of new peptide based PROTACs quickly ensued including
PROTACSs targeting androgen receptors and oestrogen receptors (Schneekloth et al.,
2004). Again, these PROTACs were chemically unstable with a low cell permeability
but provided further proof of concept for targeted ubiquitination and degradation of
selected proteins. In this early study microinjection was used to demonstrate PROTAC
functionality within an intact cell, but further studies incorporating a HIF1a peptide

fragment to recruit VHL E3 ligases within a cell surpassed the need to use
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microinjection (Schneekloth et al., 2004). The first nonpeptidic, small-molecule
PROTAC replaced the HIF1a peptide used in previous studies with a newly developed
small molecule ligand for VHL retaining the hydroxyproline crucial for VHL ligand
binding (Buckley et al., 2012). These 15t generation PROTACs were only effective at
low micromolar ranges with cellular permeability and activity, however the first small
molecule based PROTACs targeting AR and ER were developed and exhibited a
higher degree of cell penetrability (Pettersson and Crews, 2019). With the introduction
of second-generation PROTACs degradation efficacy improved but molecular weight
ultimately remained relatively high limiting specificity and harbouring its own toxicity

problems.

Most recently, Arvinas developed an oestrogen receptor (ER) targeting
PROTAC, named ARV-471 which potently degraded ER with high specificity leading
to reduced tumour burden in patient-derived xenograft models (Snyder et al., 2025).
ARV-110 (bavdeglutamide) was also developed to specifically target androgen
receptor (AR) as a novel metastatic castration-resistant prostate cancer therapy and
has also reached Phase Il clinical trials (NCT03888612) (Neklesa et al., 2019). ARV-
110 exhibited high levels of efficacy in patients harbouring ART®8X and ARH875Y
mutations, leading to resistance to currently available AR targeting therapies.
However, grade 3/4 elevations in liver enzymes and acute renal failure were observed
in two patients, which was attributed to be due to a drug interaction with rosuvastatin,
a commonly used cholesterol lowering medication. This result collectively reinforces
the promising alternative approach for targeting ‘undruggable’ protein targets that

PROTAC technology can provide (Kelm et al., 2023).

45



CRBN and VHL-based PROTACS largely dominate the field of PROTAC
design, along with IAP and MDM2-based PROTACs, as they allow for the
ubiquitylation and following degradation of new substrates at nanomolar and even
picomolar doses (Hughes et al., 2021). These E3 ligands are likely only suitable for

some types of PROTAC design.

1.4.1.4 Tau-targeting PROTACs

In 2016, a pioneering study demonstrated the efficacy of THO06 against the
elimination of Tau through the recruitment of the VHL E3 ligase (Chu et al., 2016).
Among the series of molecules designed and tested in the study, THOO6 had the
highest potency due to its ability to increase polyubiquitination of tau in cells and
reduce cytotoxicity mediated by amyloid-beta (Chu et al., 2016). A small molecule
PROTAC was developed by Arvinas to degrade pathological tau in homozygous
JNPL3 tauopathy mice models potently. Preclinical in vivo studies revealed that the
Arvinas small molecule PROTAC degraded over 95% of pathological tau species

(Cacace et al., 2019).

More recently, dephosphorylation targeting chimeras (DEPTACs) have been
introduced as a novel strategy to selectively target hyperphosphorylated tau as a
therapy for AD. Zheng et al., (2021), produced a DEPTAC consisting of a tau-binding
and PP2A-B recruiting domain connected by a linker domain, which exhibited a high
degree of efficiency in dephosphorylating tau by facilitating the binding of tau to PP2A-
Ba, the most active tau dephosphorylating protein in vitro and in vivo (Wang et al.,
2021). More studies incorporating more physiologically relevant models using iPSCs

are necessary to assess if DEPTAC mediated tau degradation improves pathology.
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1.4.1.5 Lysosome targeting chimera

Typical PROTAC design is limited to targeting proteins that contain cytoplasmic
domains with ligands that can successfully bind to necessary intracellular machinery,
which propelled the design of lysosome-targeting chimeras (LYTACs) in order to
establish targeted degradation of extracellular or membrane-associated proteins.
LYTACs consist of an antibody or small targeting molecule fused to synthetic
glycopeptide ligands that are cation-independent mannose-6-phosphate receptor (ClI-
M6PR) agonists to shuttle secreted and membrane-associated proteins to lysosomes
(Banik et al., 2020). This was successfully applied to Apolipoprotein E4 (ApoE4) which
increased ApoE4 trafficking to lysosomes 13 fold, Banik et al., (2020), broadly
providing early evidence that LYTACs may be useful in directing extracellular proteins
implicated in neurodegenerative for lysosomal degradation, if modulation of
pharmacokinetic properties to limit off-target clearance and stoichiometries relative to

the lysosome-targeting receptor can be fine-tuned for more effective degradation.

1.4.1.6 Current Limitations

Recent evidence demonstrates that some designed PROTACs are not
completely specific to the target protein of interest, especially if another protein is in
close proximity to the PROTAC or is part of the same complex as a target protein (Hsu
et al., 2020). CRBN-based PROTACs are a well-documented example of off target
protein degradation, since CRBN ligands such as thalidomide analogues are known
to recruit various neo-substrates for degradation by CRBN (Sievers et al., 2018). Off
target degradation is a likely outcome of PROTAC administration. Maniaci et al.,

(2017), report findings suggesting that ‘bystander degradation’ can occur when
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degradation of a protein is observed that is not directly bound to the PROTAC but can

become ubiquitinated and hence degraded as part of the PROTAC-POI complex.

The Hook effect was defined by Douglass et al., (2013) which can be observed
when the PROTAC saturates binding to the target and E3 ligase resulting in the
formation of binary complexes instead of the productive degrading ternary complex,
preventing target ubiquitination and degradation (Paiva and Crews, 2019). While more
likely to occur at high PROTAC concentration, a resulting E3-PROTAC binary complex
may lead to increased off target degradation of lower affinity targets. The hook effect
could be alleviated by increasing protein-protein interaction or cooperativity of the
ternary complex, Park et al., (2022), however this has not yet been displayed in vivo.
While this may negatively affect PROTAC efficacy, it is not yet clear if this has any

safety or toxicological dangers.

1.4.2 Autophagy targeting chimera (AUTAC)

1.4.2.1 Structure and mechanism of action

AUTACs are heterobifunctional small molecule compounds consisting of a
targeted warhead and autophagy recruiter, such as the guanine derivative degradation
tag employed by Takahashi et al., (2019), connected to a substrate-binding small unit
by a flexible linker domain to trigger the autophagolysosomal degradation of a target
protein (Fig.5). The AUTAC molecule triggers K63-linked polyubiquitination, which
subsequently is recognised by autophagy receptor SQSTM1/p62 to be recruited into

autophagosomes for lysosome-mediated degradation.
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AUTACSs were first developed by Takahashi et al., (2019) and present a novel
targeted degradation strategy that can potentially degrade proteins independent of the
UPS by instead utilising autophagic clearance. 8-nitro-cGMP guanylation promoted
ubiquitination of Group A streptococcus in previous observations, which propelled the
investigation of employing guanine derivatives as a tag for targeted K63-linked
ubiquitination and recruitment of autophagy systems (Takahashi and Arimoto, 2021).
S-guanylation utilised by these AUTACs remains dependent on ubiquitination of the

target protein (Ji et al., 2022).
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Figure 1.5. AUTAC structure and mechanism. Simplified schematic of AUTAC
structures. A targeting ligand is flexibly linked to a guanine-derived tag that recruits the

autophagy system. (Adapted from Takahasi & Arimoto, 2021). Produced in BioRender.

1.4.2.2 Current applications of AUTACs

Shortly after a novel AUTAC was developed to degrade bromodomain-

containing protein 4 (BRD4) by targeting LC3 and demonstrated significant anti-
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proliferative activity in triple negative breast cancer cell line MDA-MB-231 (Pei et al.,
2021). In a similar study, small molecule glue tethering compounds that bind LC3 to
mutant huntingtin led to effective degradation of mutant huntingtin in vitro (Tomoshige

et al., 2017).

Despite effective autophagic degradation of target proteins mediated by LC3
binding, these AUTACs have no impact on autophagy flux of cells. To address this Ji
et al., (2022), present an AUTOTAC (AUTOphagy-TArgeting Chimera) that binds the
ZZ domain of autophagy receptor SQSTM1/p62 (Sequestome-1) to accelerate self-
oligomerisation, LC3 binding, and autophagosome generation, as N-terminal
arginylation through the p62-ZZ domain conformationally activates p62, facilitating
autophagy and increasing cellular autophagic flux (Varshavsky, 2019). This
AUTOTAC model successfully degraded aggregation-prone tau species in vitro and in

vivo, however off -target degradation issues were not fully investigated (Ji et al., 2022).

PROTACs importantly can potentially degrade “undruggable” targets in the
human proteome, and development of AUTACs and bioAUTACs may provide new
advantages as a broader range of substrates can be degraded by the autophagic
system. Currently the literature surrounding AUTAC design and ubiquitin ligase
selectivity is limited, and further work is necessary to identify E3 ubiquitin ligases that
accelerate selective clearance of target proteins via the autophagic system, and
researching surrounding AUTACs is currently limited to preclinical stages. The
application of AUTACSs to degrade protein aggregates such as those observed in NDD
has not yet been addressed in the literature. In addition, a lack of detailed

understanding surrounding mechanisms of AUTAC action is evident from the
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literature, however it is currently speculated that AUTACs induce proximity between a
target protein and ubiquitin ligase using distinct mechanisms differing largely from

PROTACSs (Takahashi and Arimoto, 2021).

1.4.3 Biological proteolysis targeting chimera (BioPROTAC)

1.4.3.1 Structure

Biological proteolysis targeting chimeras (BioPROTAC)s are engineered fusion
proteins comprised of a target binding domain that selectively binds to the target
protein and is connected to an E3 ubiquitin ligase domain (Lim et al., 2020). Target
binding domains can be derived from nanobodies, intrabodies, chaperone proteins
and other relevant protein domains. BioPROTACSs contain an entire E3 ligase or an
E3 ligase ubiquitylation domain as part of their structure rather than an E3 ligase
binding moiety and therefore do not require the recruitment of endogenous E3 ligase
to initiate degradation (Figure 1.6). Upon BioPROTAC administration to cells, usually
by an encoding vector such as AAV, brings the POI into proximity with the E3 ligase,
which subsequently ubiquitinates the protein, directing the targeted protein to
proteasomal degradation by the host cell (Rambacher et al., 2021). It is not always
necessary to incorporate a linker region reducing any variability associated with
differing length and attachment sites of linkers. Currently less than 2% of the 600
available human E3 ligases have been incorporated into PROTAC design, Wang et
al., (2022), and new bioPROTAC design presents an opportunity to exploit new E3
ligases for highly selective degradation. HECT E3 ligases may be less suitable for
PROTAC and bioPROTAC design as the formation of additional thioester
intermediates is necessary before E2 ubiquitin transfer and isopeptide bond formation

(Buckley and Crews, 2014).
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Figure 1.6. BioPROTAC mechanism of action. When expressed in cells, the
bioPROTAC brings the POI into close proximity with the fused E3 ligase.
Subsequently, E2 ligases can be recruited for protein ubiquitination and subsequent

degradation.

1.4.3.2 Current applications of BioPROTACs

Proliferating cellular nuclear antigen (PCNA) is an attractive oncological target
as it is overexpressed in dividing tumour cells and is associated with a poor prognosis
(Moldovan et al., 2007; Wang et al., 2016). A PCNA-targeting bioPROTAC exhibited
superior pharmacological effects over stoichiometric inhibition of PCNA. By
incorporating Con1, a high affinity peptide ligand of PCNA, and E3 adaptor protein
SPOP (speckle type POZ protein), rapid degradation of PCNA could be achieved in

vitro (Lim et al., 2020).
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The oncogenic protein KRAS is found to be mutated in 86% of RAS-altered
cancers, and RAS protein are associated with up to 16% of cancers (Kargbo, 2020).
It is of high therapeutic value but has been considered undruggable due to its lack of
sites amenable for binding small molecules. The ability of bioPROTACSs to potentially
target these undruggable targets such as KRAS was demonstrated by Bery et al.,
(2020), whose work provides evidence that bioPROTACs can degrade undruggable
targets such as KRAS with varying degrees of efficacy. A variety of E3 ligases were
initially incorporated into the study providing further evidence that bioPROTACs can

engage a wide range of novel E3 ligases beyond small molecule PROTAC design.

Bacterial E3 ligase mimetics have also been incorporated into targeted protein
degradation strategies, exhibiting highly potent target degradation with little variability
compared to other human E3 ligases in the literature, demonstrated by (Ludwicki et
al., 2019). IpaH9.8-based ubiquibodies have also been repurposed as bioPROTACs
targeting ubiquitin conjugating enzyme E2 C (UBE2C) (Wang et al., 2023). UBE2C
targeted degradation is a crucial example where bioPROTAC design is advantageous
as UBE2C does not possess the small molecule binding sites needed for standard

PROTAC development (Bekes et al., 2022).

bioPROTACSs targeting a-synuclein have been demonstrated to successfully
degrade their target and reduce pathology, preventing pre-formed fibril aggregation in
primary neuron models (Carton et al., 2025). Other PROTACs and small molecule
degraders have been reported to degrade a-synuclein. Using the cereblon E3 ligase
and a single domain antibody targeting a-synuclein, proteasomal degradation of a-

synuclein can be facilitated (Jiang et al., 2024). Additionally, the first SOD1-targeting
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bioPROTAC exhibiting mutant specificity has been developed, utilising a CHIP E3

ligase domain and misfolded SOD1 specific intrabody (Chisholm et al., 2025).

While bioPROTACs are currently experimental and have not yet reached
clinical trials, the bioPROTAC concept presents an emerging technology that address
some of the current pitfalls of small molecule PROTACs. Most importantly,
bioPROTACs can potentially target currently undruggable targets that PROTACs
cannot selectively degrade with such high selectivity limiting the likelihood of off-target

degradation.

Synonymous to bioPROTACSs, ubiquibodies aim to target and degrade specific
pathological proteins with high selectivity and specificity. By effectively reprogramming
the substrate specificity of a E3 ubiquitin ligase by replacing the wildtype substrate
binding domain with a single-chain variable fragment (scFv) intrabody, the respective
target protein can be degraded by the E3 ligase with high affinity (Portnoff et al., 2014).
A ubiquibody targeting a-synuclein was developed by fusing an anti-a-syn scFv to the
NEDD4 E3 catalytic domain to target a-synuclein for ubiquitination and degradation,
and it was shown that directing targeted ubiquitination to the non-amyloid component
of a-synuclein (Nac32HECT) had a positive effect on intracellular a-synuclein levels
and partially rescued a-synuclein over expression in vitro (Vogiatzis et al., 2021).
Ubiquibodies hold great promise as an effective therapeutic strategy for clearance of
aggregated proteins in NDD conditions such as PD, Vogiatzis et al., (2021), yet further
research is required to determine safety and specificity and determine optimal delivery

of ubiquibodies.
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1.4.3.3 Nanobodies

Nanobodies are described as a more versatile antibody form consisting only of
a single antigen-binding domain, derived from the variable domain of heavy-chain-
alone antibodies (Muyldermans, 2021). With a molecular weight of ~15kDa,
nanobodies are promising tools for gene therapy approaches and bioPROTAC design.
Their ability to bypass the BBB and engage with host protein degradation systems
adds to their therapeutic value (Chatterjee et al., 2018). Recent success of targeted
protein degradation in preclinical models of PD and AD demonstrate their therapeutic
potential in the context of NDDs, however their use in targeting SOD1 degradation is
more limited. In a recent study conducted by Kumar et al., (2022), anti-SOD1
nanobodies were developed that alleviated pathogenic features of mutant SOD1 in
vivo, through mitigation of the misfolded conformation of SOD1. It is well understood
that levels of mutant SOD1 instability correlates with disease severity, Wang et al.,
(2008), therefore improving levels of functional natively folded SOD1 and restoration
of mutant SOD1 to typical subcellular locations may be a viable therapeutic approach

for ALS.

1.5 Antibody and scFv structure

The rapid development of monoclonal antibody technologies has led to the
expansion of a toolkit of high-affinity binders against a wide range of disease relevant
proteins, with promising therapeutic potentials. Over 160 antibodies are currently
approved for clinical use and over three billion antibodies have been sequenced to
date (Briney et al., 2019; Carter and Rajpal, 2022). This interactome encompasses
antibodies that have a high affinity for specific conformational states, including but not

limited to varying protein aggregation states or toxic misfolded conformers. This
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degree of specificity is especially important in the context of neurodegenerative
disease, where toxic misfolded species are conformationally distinct from the native

wildtype protein.

An IgG antibody is the most abundant monoclonal antibody (mAb isotype) and
is composed of two heterodimeric antigen binding fragments (Fab region) and one
homodimeric fragment crystallisable region (Fc) domain that confers overall stability
of the mAb molecule. In idealised conditions, each antibody recognises a specific
antigen unique to its target, although in practice antibodies can exhibit a degree of
cross-reactivity, binding to similar epitopes with lower affinity (Notkins, 2004). The
paratope or antigen-binding site of the antibody is specific for a particular epitope
displayed on the antigen (Edelman, 1973; Teillaud et al., 1983). Complementarity
determining regions (CDRs) are highly diverse antibody regions that determine
antigen recognition and binding, giving rise to the diverse antibody interactome
(Polonelli et al., 2008). Antibody numbering schemes based on structural similarities
of immunoglobulin frameworks and sequence alignments are employed to label
antibody CDRs. Chothia and enhanced Chothia (Martin) CDR numbering systems are
commonly used, although other systems such as Kabat and IMGT can be used to
locate and number CDR from a given antibody sequence (Abhinandan and Martin,
2008; Chothia and Lesk, 1987; Kabat and Wu, 1971; Lefranc et al., 1999). In all
systems, CDRs are numbered one to three on both VH and VL chains. Among the six
CDRs, the VH chain CDR3 typically contributes highest structural diversity, playing a
central role in antigen specificity, whereas CDR1 and CDR2 are more cross-reactive

(Xu and Davis, 2000).
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Single chain variable fragments (scFvs) are 25-35kDa molecular weight
synthetic constructs composed of immunoglobulin variable heavy chain (VH) and
variable light chain (VL) regions retaining parent antibody CDRs that confer antigen
specificity (Figure 5.1), CDR numbers. The VH and VL domain are typically connected
by a flexible repeating glycine-serine linker (G4S)s, forming the scFv (Bird et al., 1988;
Huston et al., 1988). In the first description of scFvs, truncated antibody cDNA
sequences were expressed in yeast mutants, as stable truncated heavy and light
chains that assemble and bind to a target antigen (Carlson, 1988). Specificity is
determined by Fv variable regions derived from the parent antibody. CDR3 from both
the VH and VL domains mediate the majority of interactions with antigen and are
critical for successful target interaction (Jones et al., 1986; MacCallum et al., 1996).
Four cysteines comprise two disulphide bonds that connect the two [(3-sheets and

stabilise the Ig fold (Worn and Plickthun, 1998a).

scFvs lack the Fc antibody fragment, minimising immunogenicity from binding
of the Fc region to complement proteins. In the extracellular environment, scFvs also
have a shorter half-life than antibodies due to the absent Fc region, potentially

preventing undesirable immune responses (Go et al., 2024).
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Figure 1.7. Schematic representing scFv derivation and scFv construct design.
A, Schematic depicting the full-length IgG antibody and derivation of a VHVL oriented
scFv. B, AlphaFold 3 predicted scFv structure, visualised in ChimeraX. Green
represents VH and VL framework regions and pink regions indicate the three CDR

loops.

The use of scFvs to treat neurodegenerative disorders is of high therapeutic
potential. This may be through inhibition of aberrant protein-protein interactions or
preventing transitions to protein misfolding or aggregation. Targeting at the protein
level using scFv intrabodies offers the advantage of targeting distinct protein
conformations, post-translational modifications and different misfolding exposed
epitopes, allowing interference with disease pathogenesis at the intracellular origin.
While small molecule drugs may target a protein directly, it is well understood that
approximately 85% of the human proteome is considered undruggable (Neklesa et al.,
2017). This estimate originates from studies citing that only 3,000-4,500 proteins
encompass the targetable human proteome, while the remainder of the proteome lack
suitable binding pockets or accessibility (Finan et al., 2017; Hopkins and Groom,

2002). Not all proteins have accessible sites for small molecule interaction and protein-
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protein interaction. Further, aberrant conformations make it more challenging to target

neurodegenerative disease-causing proteins with small molecule drugs.

Currently, there is no reliable method to engineer stable cytoplasmic intrabodies
in mammalian cells. scFv solubility remains a major challenge, due to their tendency
to form insoluble aggregates in the cytoplasm many techniques have been
implemented to overcome this, by either altering the scFv amino acid sequences or
adding solubilisation tags, chaperone proteins, or modifying the expression system
itself. Upon defining how scFvs are generated, the currently available methods by
which scFv solubility has been successfully optimised will be investigated and current

limitations or shortfalls of described optimisation strategies will be reviewed.

1.6 Limitations of scFvs

scFvs are notoriously insoluble when expressed in the reducing cytoplasm
(Cardinale et al., 2001). The redox environment of the mammalian cytoplasm hinders
disulfide bond formation, which contributes 4-6kcal/mol to the stability of typical
antibody domains (Worn and Plickthun, 1998b). VH and VL domains are removed
from their natural antibody formation within immunoglobulin folds, and the properties
of each VH and VL domain individually may impede folding and stability (Dudgeon et
al., 2009; Ewert et al., 2003). Additionally, the crowded cytoplasm may promote
aggregation as a consequence of increased protein-protein interactions (Ellis, 2001).
Often, efforts to optimise scFv solubility results in low expression and yield in bacterial
systems. Furthermore, sensitivity to protease degradation and molecular chaperones

can further hinder stability and expression of scFvs.
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1.7 scFv solubility optimisation strategies

1.7.1 scFv linker peptide optimisation

Intrabody VH and VL domains are connected by a flexible peptide linker to form
a scFv (Figure 1.8). Perhaps overlooked, the linker peptide can be an important factor
in influencing scFv properties such as solubility and binding affinity (Chen et al., 2013).
Length and composition of the peptide linker can influence stability, affinity, expression
yield and correct folding of the scFv (Chen et al., 2013). The most commonly used
linker is the (G4S)s linker (Figure 1.9) which provides sufficient flexibility to correctly
orientate the two domains, often used for intracellular E. coli expression (Bird et al.,
1988; Huston et al., 1988). Glycine is a small, flexible amino acid that does not carry
charge or any side chain, providing rotational freedom and making it a favourable
selection for repeating linker peptides. The incorporation of a polar serine residue

provides some hydrophilicity to the scFv, reducing hydrophobic interactions.

Figure 1.8. The flexible scFv peptide linker. Predicted structure of an scFv in VH-

VL orientation. In pink, the linker peptide joining the VH and VL domain is highlighted.
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AlphaFold 3 was used to determine predicted structure, and structures were visualised

using ChimeraX.

Amino acids such as threonine and alanine have also been used in scFv linker
peptides, with reportedly improved stability (Luz et al., 2018). However, the test
construct (VL-VH) was in a different orientation to the control (VH-VL) and contained
an additional N-terminal FLAG tag which may have influenced solubility of the test
construct containing the non-conventional linker. The more hydrophilic linker used in
this work (Figure 1.9; LLB17) was reportedly less flexible than a type G4S linker,

which may contribute to increased domain stability (Zhao et al., 2008).

Linkers with non-repeating units may harbour a similar flexibility to standard
peptide linkers with reduced immunogenicity and be preferred when using PCR-based
engineering approaches (Hennecke et al., 1998). One study demonstrated that in
comparison to a (GsS)s linker, (Figure 1.9C; L1), non-repetitive linker incorporation,
(Figure 1.9C; L2), generated a more thermally stable anti-VEGF scFv, but there were
no significant differences in in vivo efficacy in zebrafish models (Arslan et al., 2022).
While the percentage of scFv monomer was significantly higher when the non-
repetitive linker was used, there was no difference in percentage of insoluble
aggregates found between repetitive and non-repetitive linker scFvs. The non-
repetitive linker used in this work was generated by Hennecke et al., (1998), who
presented three alternative linkers (Figure 1.9B), that were proposed as equivalent to
standard (G4S)s linkers, although this work was completed using bacterial scFv

expression.
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Linker length, in addition to linker composition, has an influential effect on
specificity and binding affinity. A study completed by the Tanaka group demonstrated
an interesting relationship between linker peptide length and scFv reactivity in E. coli.
scFvs against daidzin were generated with either 1, 3, 5, or 7 GGGGS repeats (Figure
1.9D). Results demonstrate that reactivity to daidzin increased with increased linker
peptide length, but specificity slightly decreased with increased linker length (Yusakul
etal., 2016). Increased linker length may allow greater flexibility and improved domain
organisation and hence binding affinity. Conversely, scFvs with very short linkers (less
than 12 residues) may be more susceptible to scFv dimerisation (Hudson and Kortt,

1999).

A GLOGGHGGESGGLGS B LLAT: 5SPNGASQS55ASHTGSAPGS0

LLA3: 5SPNSASH5G5APNTSSAPGS0
LLB17: SPNGASNSGSAPKTGSASGSQ

C L1 GGG5GGGLSGGG5GG0S D Df-scFv-1: GGGGS
L2: 5SPNSASH5GSAPQTS5APGSQ DZ-schv-3: (GGGG5)3
DZ-scFv-5: (GGGGS)5
D-schw-7: (GGGGS)T

Figure 1.9. scFv linker peptide alternative constructs. Repeat length and linker
composition alter scFv biophysical properties. A; Typically used glycine repeat linker.
B; non-repeating unit linker alternatives. C; An alternative repeating linker with three

glycines per unit rather than 4. D; Linkers of different length containing repeating units.

1.7.2 Directed Evolution

Early scFv optimisation strategies were predominantly founded on directed
evolution, the means of mimicking natural selection to evolve proteins toward a more

desirable function or property. Through iterative cycles of mutagenesis, selection, and
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amplification, scFv variants can be generated with enhanced solubility in bacterial
expression systems (Wang et al., 2018). In more detail, mutations are introduced
through methods such as PCR and SDM, before expressing variants in bacteria, yeast
or phage display systems and screening for improved properties such as improved
solubility. Further repeating rounds of iterative cycles of mutagenesis is then employed
to progressively enrich variants with improved traits. Directed evolution approaches
can be employed to improve binding affinity, scFv folding, expression levels or reduce

immunogenicity in addition to solubility enhancement.

Directed evolution of an anti-carcinoembryonic antigen scFv, was found to
generate a scFv fragment with increased affinity and extended half-life compared to
the wildtype scFv. Further, soluble expression of the scFv was increased 100-fold
through screening generated mutant libraries for increased yeast surface display

levels, using iterative rounds of flow cytometry (Chao et al., 2006; Graff et al., 2004).

Phage display technology was employed by the Winter group to isolate variable
heavy domain fragments with increased thermostability (Jespers et al., 2004). Arg28
was identified as a key residue that conferred resistance to increased temperature and
reduced aggregation (Famm et al., 2008). This suggests that changing biophysical
properties of the variable heavy domain can increase thermostability and aggregation

resistance, hence improving scFv solubility.

A combination of structure- and sequence-based methods were used to

generate a more focused library of mutant scFvs that were expressed in E. coli and

subsequently screened for thermal stability and retained binding affinity (Miller et al.,
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2010). A selection of single mutations was identified that increased the melting
temperatures of variable domains by more than 14 °C, and these mutations could also
be combined to further increase melting temperature cumulatively (Miller et al., 2010).
All mutations identified in this study significantly stabilised the variable heavy scFv
domain, which further suggests that VH stability or even solubility is predictive of whole
molecule solubility. However, some of the most stabilising mutations identified were
found to reside within CDR loops, consistent with reports the CDR sequences heavily
influence thermodynamic stability (Honegger et al., 2009). Altering CDR sequences

may disrupt antigen binding affinity.

A phage display system was used by Christ's group in order to identify
mutations that render variable domains more resistant to aggregation and their
thermostability was tested using previously described methods of superantigen
capture to identify scFv domains that were correctly folded and not aggregated (Christ
et al., 2007). Critical residues were identified and selected for substitution to aspartic
or glutamic acid before screening for increased heat resistance (Dudgeon et al., 2012).
This study provided evidence that introduction of charge at the antigen binding site
can increase aggregation resistance, and that aspartic acid mutations were favourable
to glutamic acid mutations and positively charged residues. However, studies also
describe increased aggregation resistance with addition of charged terminal peptide
tags to antibodies which is not positional (Schaefer and Plickthun, 2012). It is clear
that net charge may influence aggregation propensity, but position of net charge does

not seem to have a determinate effect.
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Currently, there is no reliable method to engineer stable cytoplasmic scFvs in
mammalian cells. The screening of stable scFvs from hybridoma clones or use of
yeast and phage display libraries described here is laborious and the success rate not

predictable.

1.7.3 Bacterial co-expression chaperones

Co-expression of bacterial chaperones can be used to assist scFv folding in E.
coli recombinant protein production systems. Molecular chaperones are proteins that
bind to non-native protein conformers and promote correct folding to the native steric
structure, or provide a surface for the native fold to assemble correctly (Saibil, 2013).
Expression in the oxidative periplasmic space, reduced culture temperatures,
engineered E. coli variants, and fusion solubility tags have also been implemented as
strategies to improve scFv solubility and expression in bacterial systems (Gil and

Schrum, 2013).

Skp is a periplasmic holdase that stabilises newly synthesised outer membrane
proteins during translocation and folding and has been demonstrated to improve scFv
folding in the periplasm (Hayhurst and Harris, 1999). For example, periplasmic co-
expression of the chaperone Skp led to a 3—4-fold increase in scFv binding activity in
comparison to the native scFv counterpart, and solubility of the expressed scFv was
highest when co-expressed with the Skp chaperone (Wang et al., 2013). This finding
was supported in a study developing a soluble 3A21-targeting scFv, where scFv
binding activity was significantly increased in the obtained soluble fractions (Sonoda
et al., 2011). Interestingly, co expression of the scFv with Skp and other molecular

chaperones such as FkpA does not have a synergistic effect (Sonoda et al., 2011).
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Additionally, cytoplasmic molecular chaperones were reported to be ineffective with
regards to secretory periplasmic production. FkpA co expression also has reported
notable effects on scFv solubility in the periplasmic space (Ramm and Pluckthun,

2000).

Small affinity tags such as the 33-residue P17 peptide tag have also been
documented to increase scFv solubility, sometimes more effectively than other
chaperoning fusion tags such as MBP, although this is dependent on the scFv in
question and expression system used. In Shuffle T7 E. coli, solubility of the G12 scFv
used throughout the study increased from 14.9 % to 45 % through the addition of a C-
terminal P17 tag (Wang et al., 2022). While this is a considerable increase in solubility,
it is clear however that solubility enhancement of scFvs is dependent on expression
system and scFv characteristic; a notoriously insoluble scFv was not successfully
optimised through addition of the P17 tag and solubility for other scFvs was only
improved in Shuffle T7 (Wang et al., 2022). Addition of the P17 tag also modestly
increased melting temperature by 2.3 °C, indicating that stability of the scFv was

increased, which suggests type | intramolecular chaperone activity by the tag.

GroEL chaperone complex expression aims to assist folding of non-native
polypeptides in the E. coli cytoplasm. GroEL and its accompanying cofactor GroES
form a chaperonin complex that helps to prevent misfolding and aggregation of newly
synthesised proteins (Thirumalai and Lorimer, 2001). It has been demonstrated that
co-expression of GroEL and scFv in E. coli increased functional yields. In BL21 E. coli,
scFv solubility was increased by up to 50 % with chaperone co-expression, which is

beneficial for large scale production of recombinant scFv (Veisi et al., 2015). However,
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there are conflicting studies that demonstrate no significant improvements following
GroEL co expression with scFvs, and instead report that disulfide isomerases DsbC
and DsbG are more effective at promoting soluble formation of scFvs (Zhang et al.,

2002).

The DnaK/DnaJ/GrpE system is a chaperone complex used to promote correct
folding of cytoplasmic proteins in E. coli, (Schroder et al., 1993). Improved yield of
soluble scFvs has been demonstrated for an anti-domoic acid scFv, although a
proportion of inclusion bodies remained present and overproduction of GroESL
reduced scFv solubility (Hu et al., 2007). Expression of DnaK/DnaJ/GrpE chaperones
with a HER2-targeting scFv with low temperature cultivation synergistically improved
scFv solubility, resulting in a four-fold increased yield of soluble scFv protein

(Estabragh et al., 2022).

Many described intrabodies expressed in bacteria are identified using phage
display libraries in E. coli, or using double hybrid technology in yeast through selection
against the target protein. Selected candidates are then expressed in an appropriate
mammalian cell model. It is well understood that overexpression of mammalian
proteins can lead to aggregation in E. coli (Baneyx and Mujacic, 2004). The reverse
is less covered but is demonstrated to be true in the case of intrabodies. scFv
intrabodies selected using phage display libraries in bacteria aggregate in mammalian
cell cultures systems. For example, anti-tubulin scFvs that were soluble and non-
aggregating in E. coli, formed insoluble aggregates in the mammalian cytoplasm
(Guglielmi et al., 2011). This paper highlights key differences between the mammalian

and bacterial cytoplasm that can be attributed to the differences in scFv solubility in

67



different expression systems. Highly distinct folding environments, different chaperone
systems, redox conditions, and molecular crowding are all contributing factors that
may influence scFv solubility in the mammalian cytoplasm (Guglielmi et al., 2011).
Evidently, findings or strategies implemented in bacterial expression systems may not
translate well to the reducing environment of the mammalian cytoplasm. Likewise,
soluble scFvs expressed well in mammalian cultures may not fold well in the bacterial

cell, perhaps due to lack of disulfide bond formation or changes to pH.

1.7.4 Fusion partners and Chaperones

A PEST motif is a peptide sequence greater than or equal to twelve residues
enriched in proline (P), glutamic acid (E), serine (S), and threonine (T); these motifs
typically have a short half-life and have propensity for accelerated proteasomal
degradation (Rechsteiner and Rogers, 1996). Addition of a highly charged PEST
sequence was demonstrated to significantly increase solubility of intrabodies (Joshi et
al., 2012). Further, due to the inherent moderate affinity of the PEST sequence to the
proteasome, scFvs were able to target and degrade a-synuclein (Joshi et al., 2012).
Although previously, Butler and Messer show that addition of both a PEST and
scrambled PEST motif to the anti-hungtingtin had no effect on scFv solubility (Butler

and Messer, 2011).

In one of the first studies to adopt net charge engineering as a means of
improving scFv solubility, five glutamic acid residues were added to the C-terminus of
an A6H-targeting scFv which resulted in a significant increase in solubility and yield
following BL21 DE3 E. coli (Tan et al., 1998). However, this scFv variant had a

propensity to aggregate, and some reduced binding affinity compared to the parent
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antibody. Interestingly, data was not provided but the study claims that aggregated
species remained in the presence of reducing agent dithiothreitol (DTT), suggesting

that this aggregation is independent of disulfide bond formation (Tan et al., 1998).

Adding soluble fusion tags such as maltose binding protein may aid intrabody
stabilisation and therefore solubility (Bach et al., 2001). Maltose-binding protein is a
common protein fusion tag that can function as a molecular chaperone, promoting
solubility and increased stability of an scFv (Hewitt et al., 2011; Reuten et al., 2016).
Highly hydrophilic tags such as MBP and NusA, have implemented in scFv
construction and improved solubility in bacterial systems, and outperformed scFv
fused with signal peptides or Trx peptides (Sun et al., 2012). It was also noted in this
study that scFvs began to aggregate after cleavage of their solubility enhancing tags,
perhaps limiting the use of these solubility tags in large scale production of soluble
scFvs. Fusing an scFv to a soluble tag such as MBP may increase overall scFv
solubility and expression yield. However, fusion partners increase molecular weight of
the scFv-tag fusion protein, which may limit deliverability of scFvs. Strategies effective
in E. coli such as addition of solubility tags, can improve bacterial yield but findings are

not always predictive of behaviour in the mammalian cytoplasm.

While this approach was successful in reducing the probability of cytoplasmic
aggregation of intrabodies, there was a low correlation between predicted net charge
and experimentally determined stability. Intrabodies with similar net charges had
different aggregation propensity rates, Kvam et al., (2010), indicating that factors

beyond net charge are related to scFv aggregation.

69



1.7.5 Rational Framework Engineering

Rational mutagenesis of framework regions has been implemented in many
cases with the aim of optimising scFv solubility with much success. Early work on
framework engineering to improve scFv stability showed that increasing thermal
stability through modification of framework regions is a key factor for consideration
when improving scFv solubility (Wérn and Plickthun, 2001). A key study utilising
framework engineering as an scFv solubility optimisation strategy incorporated
mutations to the scFv consensus scaffold. A 2—3-fold increase in reporter activity was
observed indicating higher protein yield and scFv functionality was maintained

(Tanaka and Rabbitts, 2003).

There is an established correlation where increased protein stability correlates
with an increase in the proportion of lysine over arginine residues (Warwicker et al.,
2014). Substituting lysine for arginine reduced scFv aggregation propensity
(Austerberry et al 2019). While charge is maintained in this amino acids substitution,
it is possible that arginine substitution in the place of lysines reduce the likelihood that
protein-protein collision will lead to aggregation (Austerberry et al., 2019). This study
also highlights that solvent exposed arginine residues are suitable candidates for

charge swap mutations without identifying aggregation prone or hydrophobic regions.

Pluckthun and coworkers examined replacing hydrophobic residues at the
variable/constant domain interface with acidic residues. Substitution of Val84 with an
aspartic acid in the framework region of an experimental scFv led to a reduction in
heat-induced aggregation and was found to increase periplasmic expression 25-fold

(Nieba et al., 1997). This earlier study describes the common scFv problem in that
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they expose a former variable/constant domain interface containing hydrophobic
regions and propose that introduction of negative charge at this site by mutagenesis

may mitigate aggregation and improve scFv folding.

CDRs often contain charged hydrophobic residues to facilitate high affinity
antigen binding, yet it is these residues that influence solubility and mediate scFv
aggregation. Intrabody solubility and aggregation propensity is highly influenced by
CDR content (Ewert et al., 2003; Kvam et al., 2010). In particular, CDR3 of the VH
domain is at the centre of the antigen binding site, is highly variable and confers most
of the interaction surface with the antigen (MacCallum et al., 1996). In some cases,
CDR3 mutations have proven to be successful at improving scFv affinity. Mutation in
other CDRs may be less disruptive but could require empirical testing on a case-by-

case basis, as some mutations in CDRs will impact binding affinity.

Mutating aggregation-prone residues on the scFv surface may facilitate
improved solubility. Replacement of non-essential tyrosines in the CDRs significantly
improved stability of the scFv and improved binding activity (Zhang et al., 2015). These
tyrosine replacements were combined which further improved binding activity,
perhaps by reducing hydrophobicity at the binding site. Additionally, by mutating basic
residues on the protein surface to acidic residues, scFv folding, half-life and further

solubility can be improved (Hugo et al., 2003, 2002).
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1.7.6 CDR Grafting

Beyond modifying residues in CDR and framework regions, entire CDR loops
can be transplanted into more stable frameworks as a potential optimisation strategy.
CDR grafting and rational mutagenesis strategies aim to generate more stable scFvs
by either replacing framework regions with a more stable variant or mutating surface-
exposed aggregation prone residues to improve stability, (Jung and Pluckthun, 1997a;
Knappik and Plickthun, 1995; K. Proba et al., 1998). An insoluble scFv may become
soluble when frameworks are replaced by intrinsically soluble alternatives (Safdari,
2018). Implementation of this strategy alone risks loss of epitope binding and requires
empirical testing for selection of soluble candidates. CDR grafting was explored in
detail by Ewert et al., (2004), and proposed that in order for CDR grafting to be
successful, an acceptor framework should be distantly related to the donor scFv, to
favour more improved biophysical traits. However, this poses a risk of loss of binding
affinity unless care is taken to retain certain contact residues or preserve residues just

outside of CDR parameters to mitigate this (Ewert et al., 2004).

It was demonstrated that grafting CDRs from aggregate prone scFv onto a more
soluble framework enabled improved solubility without dampening binding activity
(Oncii et al., 2022). This further supports earlier work that showed that grafting CDRs
onto intrinsically soluble human germline frameworks yielded highly soluble scFvs in
bacteria (Safdari, 2018). It is unclear if these findings will translate directly to
mammalian or in vivo applications, where disulfide bond formation and other impeding

factors may impact solubility.
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CDR grafting is the method by which antigen-binding CDRs of an insoluble scFv
can be grafted onto the framework region of an scFv that is well-characterised and
reported to confer high stability and solubility (Ewert et al., 2004; Jung and Pluckthun,
1997b). However, the repeated success of this technique is uncertain, as the CDRs
may contain amino acids that form weak interactions with framework regions, or
contribute to scFv folding. Considering this, it may not be a simple case of one soluble
scFv framework being suitable for all CDRs. It is evident however that CDR grafting

can improve scFv solubility in some cases to an extent.

1.7.7 Disulfide Engineering

The reducing environment of the cell cytoplasm inhibits intradomain disulfide
bond formation which normally contributes significantly to the stability of antibody
domains. Antibodies and scFvs have a propensity to misfold and aggregate in the
cytoplasm due to the inability to form stabilising disulfide bonds (Biocca et al., 1995).
1 % of antibodies were predicted to be successfully expressed in the cytoplasm,
although in actuality as few as 0.1 % of those derived from a naive human spleen cell

scFv library were actually stable and functional (Auf der Maur et al., 2004).

Generation of scFvs lacking conserved disulfide bonds that remain functional
has proven successful previously (Proba et al., 1998). A fully functional anti-HER2
scFv was generated by replacing cysteines with valine-alanine pairs in both domains.
From this work it was suggested that production of cysteine-free scFvs may be
possible, if the original scFv was of high thermostability, as thermostability is reduced
following complete reduction of both disulfides (Worn and Pluckthun, 2000). It is
possible that this optimisation is not viable for particularly unstable scFvs. Typically,

disruption of the two conserved disulfide bonds in scFvs reduces thermostability by 4-
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5 kcal/mol (Seo et al., 2009). Alternatively, phage display and directed evolution can
be employed to identify hyperstable scFv fragment that may fold successfully without

a disulfide bond (Proba et al., 1998).

It is possible that maintenance of native disulfide bonds may improve stability
and solubility but lead to a reduction in expression. Replacement of cysteines with
hydrophobic residues to generate hydrophobic interactions in replacement of disulfide
bonds in order to improve expression results in a sharp decrease in antigen-binding
affinity (Colby et al., 2004). Directed evolution was then employed to successfully
rescue binding affinity, demonstrating that disulfide knockout or cysteine removal may

not be a standalone method for improving scFv solubility and expression.

Alternatively, instead of placing a linker between the VH and VL domain,
Brinkmann et al., (1993), created a non-native disulfide bond by substituting amino
acids in conserved framework regions (residues VH44 and VL102). This led to
improved and extended cytotoxic activity in human serum compared to scFv
counterparts and increased stability at 37 °C (Brinkmann et al., 1993). Further,
improved scFv stability and reduced aggregation was observed in more recent work,
Zhao et al., (2010), where a non-native disulfide bond was introduced to the anti-
alfatoxin scFv. However, this optimisation strategy relies on appropriate conditions for
disulfide bridge formation such as ShuffleT7 E. coli. One study introduced two disulfide
bonds between the scFv linker and the variable domains to minimise flexibility of
domains and reduce aggregation potential, in which melting temperature was

increased by ten degrees (Boucher et al., 2023).
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1.7.8 Charge and hydrophobicity tuning

Most cytoplasmic proteins possess a net charge at cytoplasmic pH, consistent
with the theory that the cellular proteome has such evolved so that non-specific ionic
aggregation is limited (Chan et al., 2006). Where whole molecule charge is equal to
buffer pH, proteins will self-associate and aggregate, (Shaw et al., 2001), likely due to
loss of electrostatic repulsion and increased hydrophobic interactions. Carrying some
net charge is more favourable than no charge in the cytoplasm so it is plausible that
engineering net charge is a suitable method to overcome scFv aggregation in the
reducing cytoplasm. Intrabody solubility can be improved by engineering an overall
negative net charge at cytoplasmic pH and reducing surface hydrophobicity. lonic
repulsion and weak hydrophobic interactions may compensate for impaired

intracellular disulfide bond formation and potentially decrease risk of aggregation.

Fusion of highly charged tags to scFv constructs has been well reported and
improves scFv solubility (Joshi et al., 2012; Kvam et al., 2010). 3xFLAG tag and SV40
nuclear localisation signal (NLS) tags increased scFv solubility, likely by engineering
surface net charge (Kvam et al., 2010). Several groups report improved solubility
following addition of highly acidic protein such as transcription elongation factor NusA
and MBP (Shaki-Loewenstein et al., 2005; Zheng, 2003). These correlating findings
are perhaps due to inhibition of protein aggregation by ionic repulsion, due to the highly
acidic nature of the added tags (Zhang et al., 2004). However, this method of charge
engineering by tag addition has not been studied to completion and is not completely
robust. In the case of the amyloid oligomer-targeting D5 scFv, aggregate formation

remained high following 3xFLAG fusion to the scFv (Joshi et al., 2012).
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Kabayama et al., further propose that calculation of net charge at pH 6.6, not
the physiological pH of 7.4 is more suitable for their ultra stable cytoplasmic antibody
(STAND) scFv optimising strategy. Cytoplasmic intrabodies with a low isoelectric point
and strong net negative charge at pH 6.6 were stable and functional in the cytoplasm

(Kabayama et al., 2020).

Additionally, GRAVY (grand average of hydropathicity) scores are noted as a
secondary correlate to net charge for weakly acidic intrabodies suggesting that weak
hydrophobic interactions play a role in intrabody stability in the absence of proper
disulfide bond formation in the reducing environment. Many functional intrabodies
however have been developed that do not require intra/interdomain disulfide bonds

(Tanaka and Rabbitts, 2008).

1.7.9 Machine-learning based methods of scFv solubility optimisation

Most recently, computational and Al-guided redesign has advanced the
intrabody engineering toolkit. Incorporation of Al and machine learning techniques
have been implemented to systematically optimise scFv framework regions while
preserving epitope-binding CDRs. With a given scFv backbone structure, Al-guided
inverse folding can be used to predict alternative scFv sequences that are conditioned
to be more soluble and stable (Dauparas et al., 2022). Tools such as ProteinMPNN
can be used to predict alternative sequences for framework regions that fit the given
scFv backbone. When running ProteinMPNN, residues in the CDRs can be restricted
from editing so that binding affinity is unaffected by sequence redesign. Using
ProteinMPNN to predict alternative sequences, a recent study had a 73 % success

rate in reformatting insoluble intrabodies to a more soluble form using Al-led
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framework redesign (Galindo et al., 2025). Advantages of computational approaches
such as this is the reduced experimental burden and empirical testing, partly due to

more accurate prediction of in vitro solubility.

1.8 Conclusion

The therapeutic use of targeted protein degraders can widen the scope of
druggable targets and allow for the regulation of both enzymatic and non-enzymatic
processes that are difficult to target with standard small molecule inhibitors (Hughes
etal., 2021). BioPROTAC present several advantages over small molecule PROTACs
in that there is no need to incorporate a linker domain, accelerating the design process
and widening the scope of E3 ligases that can be incorporated into bioPROTAC design
(Cyrus etal., 2011; Troup et al., 2020). Incorporating new E3 ligases, both human and
bacterial mimics, is essential for further development and exploration into bioPROTAC
therapeutics. Incorporating bacterial ligases into PROTAC design is widely under-
researched and could be a promising tool for more complete degradation of target
substrates, although use of human E3 domains may be preferred to reduce host

immunogenicity towards the bioPROTAC.

Research surrounding PROTACSs is particularly limited concerning dosing, the
ability of PROTACSs to cross the blood-brain barrier to access CNS tissues, and the
safety and tolerability of PROTAC administration to patients. The exact mechanisms
by which proteins are degraded by AUTACs has yet to be well defined and requires
further exploration. Autophagy and lysosomal degradation are promising routes for
therapeutic degradation in clinical applications due to the high molecular weight of

some neuropathological proteins and PROTACSs, requiring some protein unfolding for
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proteasomal degradation, recently reviewed by (Kocak et al., 2022). To conclude,
bioPROTACSs present a novel opportunity for achieving targeted protein degradation
and the application of bioPROTACs in the context of neurodegenerative disease
remains overlooked. Toxic soluble proteins and insoluble aggregating proteins in
neurodegenerative are often deemed undruggable and difficult to clear due to impaired
proteostasis in the aging population, and developing viral gene therapy delivery

systems harnessing bioPROTAC design may have therapeutic advantages.

Almost all scFvs are insoluble in the mammalian cytoplasm, and many
aggregate and misfold when expressed in mammalian cells (Cardinale et al., 2001;
Fisher and Delisa, 2009). Various tools and methods have been implemented to
improve intracellular solubility and expression of scFv intrabodies, but there is no clear
and readily implementable method to make any scFv soluble. It is evident from the
literature that scFv whole molecule net charge correlates with intracellular solubility,
and it is clear that other factors such as surface hydrophilicity and CDR content
influence solubility. Further, efforts to improve scFv expression and solubility may not

translate well in the mammalian cytoplasm.

1.8.1 Aims

The aim of this work is to develop bioPROTACs that target SOD1 and a-
synuclein, as | hypothesise that targeted degradation of these proteins implicated in
ALS and PD could mitigate pathogenesis and ultimately disease progression. To
further enhance the potential specificity of these bioPROTACSs, | aim to create mutant-
specific and conformation-specific bioPROTAC recognition domains using scFvs

derived from antibodies that target disease relevant conformers of a-synuclein and
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SOD1. In order to do this, | will investigate how to increase the solubility and hence
cytoplasmic availability of scFvs and propose a method for reliable antibody

reformatting as scFvs.
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Chapter II: Materials and Methods

2.1 Cell culture

HEK293T, HEK293S, and NSC34 cells were grown in 6-well plates, 24-well
plate, and 10 cm dishes with DMEM supplemented with sodium pyruvate, with 10 %
v/v foetal bovine serum (FBS), 100 units/ml penicillin and 100 pg/ml streptomycin
(P/S), and 1 % L-glutamine. Cells were incubated at 37 °C at 5 % CO2 and were
routinely split upon 90 % confluency. To passage and prepare plates for experiments,
media was aspirated and cells washed once with 5 ml PBS. Media was replaced with
5 ml PBS containing trypsin-EDTA (Gibco) and incubated for 2 minutes at 37 °C. 10
ml of DMEM was added to the cell resuspension solution which was used to seed a
new 10 cm dish. 500-800 uL cell resuspension per well was used to seed 6-well plates

and 100 pL was used to seed 24-well plates.

2.2 scFv intrabody design

Literature searches, in addition to patents and antibody databases were used
to identify antibodies with conformation specific epitopes, evidence of mutation-
specific epitopes. Intrabody sequences were designed from publicly available antibody
sequences and plasmids synthesised by Genscript or Twist. In addition, SOD1
confirmation-specific antibody sequences were provided from collaborators and are

provided in Appendix.1.

MS785 antibody sequence data was obtained from hybridoma sequencing

outsourced to Pirbright institute. Briefly, 5-rapid amplification of cDNA ends-ready
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cDNA was prepared followed by PCR amplification of the heavy and light chain Ig
variable regions. The products were cloned into a sequencing vector and Sanger
sequencing was completed. The C4F6 antibody for misfolded SOD1 was sequenced

by tryptic digest mass spectrometry as described previously (Rotunno et al., 2014).

10H (GenBank accession no JX430806) and D5E (GenBank accession no
JX442980) scFv sequences were already published (Joshi et al., 2012). The scFv
sequences were further modified using terminal tags and linker peptides. A full list of
derived scFv sequences is presented in Appendix.1. Linker peptides, N- and C-
termini tags used to construct the scFv intrabody sequences are depicted in
Appendix.2. Additionally, rational mutagenesis was completed to replace positively

charged residues with aspartic acid residues to attempt to improve scFv solubility.

For Al-led scFv design, scFvs were designed in VL-VH orientation, joined by a
flexible (G4D)4 linker. AlphaFold3 was used to generate PDB files of the predicted
structures of scFvs (Abramson et al., 2024). These PDB files are used as the input for
sequence optimization by proteinMPNNsoL (Dauparas et al., 2022). Using both
proteinMPNNsoL 002 and 020 models (trained on the soluble dataset only), 100
alternative sequences per model were generated for each scFv. CDRs, structurally
integral residues at the dimer interface, and the flexible linker were restricted from
mutation to preserve antigen specificity and structural stability (Figure 2.1). AbRSA
was used to identify CDRs (Li et al., 2019). According to Chothia numbering the
following amino acids were restricted to preserve antigen binding. In the variable
heavy domain, amino acids 26-37, 47-56, and 91-102 were restricted from MPNN

editing. For the variable light domain, amino acids 24-37, 46-56, and 86-97 were
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restricted. In some cases, amino acid biases were applied to modulate net charge
and enhance predicted solubility. All MPNN output sequences were analysed for
predicted solubility, according to a predictive linear regression model correlating net
charge with solubility. High ranking MPNN alternate sequences, with high sequence

identity and a predicted solubility of >90 % were selected for experimental validation.

Figure 2.1. Schematic highlighting framework restrictions and CDR loops. These
residues were restricted and unedited by MPNN to maintain antigen specificity and
structural stability. Pink represents CDR loops. Cyan represents amino acids in the
dimer interface and flexible linker restricted from proteinMPNN editing. Green
represents framework regions editable by proteinMPNN. Produced in ChimeraX, using

AlphaFold 3 to generate predicted protein structure.

2.3 Preparation of plasmid DNA

DNA constructs were designed in SnapGene and synthesised by Genscript or
Twist Bioscience. 4 ug plasmid DNA was diluted to a final concentration of 50 ng/uL
for transformation in BL21 DE3 or Omnimax E. coli cells and plated overnight on LB

agar containing 100 ug/ml ampicillin. Single colonies were picked 24 hours later and
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cultured overnight in LB media for 16 hours. DNA was extracted using the PureYield
Plasmid Miniprep system or the PureYield Plasmid MidiPrep system according to the

manufacturer’s instructions. DNA concentration was determined by NanoDrop.

2.4 Site-directed mutagenesis

Site-directed mutagenesis was performed using Platinum™ SuperFi™ ||
Mastermix and PCR cycling conditions were set according to the manufacturer’s

protocol, using Anza™ 10 Dpnl to digest template DNA (Table 2.1).

Table 2.1. PCR reaction cycling protocols used for site-directed mutagenesis.

PCR cycles Step Temperature Time
1 Initial denature 98 30s
Denature 98 10s
25-30 Anneal 60 10s
Extend 72
1 Final extension 72 Smin
4 indefinitely

2.5 DNA Transfection

Plasmid DNA of interest in pcDNA3.4 or pTWIST vectors were transfected 24
hours after seeding using Lipofectamine 3000 (Invitrogen) or Turbofect
(ThermoFisher) according to the manufacturer’s instructions. For all transfections, 500

ng and 2000 ng of DNA was added to cells seeded in 24 well plates and 6 well plates
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respectively. 6 uyg DNA was transfected into 10 cm dishes. For co-transfections, DNA
of each plasmid was added at 1:1 ratio (250 ng and 1000 ng per 24- and 6-well plate).
HEK293T and 293S cells were incubated for 24 hours and NSC34 cells were
incubated for 48-72 hours post-transfection. MG132 and bafilomycin were diluted in
DMSO and added to the culture medium of cells 24 hours following transfection, and
incubated for 6 hours following MG132 treatment and 24 hours following bafilomycin

treatment DMSO was used as a vehicle control.

2.6 Western blot

All samples were sonicated following cell harvesting. Cells were lifted in 100 yL PBS
containing protease inhibitor cocktail for 24 well plates and 300 uL for 6-well plates.
Sample loading buffer (40 % v/v glycerol, 0.02 % v/v B-mercaptoethanol, 8 % w/v SDS,
0.1 % w/v bromophenol blue) was added and samples were heated to 95 °C for
5 minutes. 10 yL of total protein lysate was loaded into 15 % polyacrylamide gels and
SDS-PAGE was run at a constant current of 80 mA for 40 minutes. Proteins were
transferred onto a nitrocellulose membrane using iBlot™ 2 Gel Transfer Device
(ThermoFisher). Membranes were blocked with 0.5 % w/v skimmed milk (Marvel) and
incubated with primary antibodies overnight at room temperature (Table 2.1). After
washing with TBS-t (50 mM Tris-HCI, 150 mM NaCl, Tween 0.05 %, pH 7.4) the
secondary antibody was incubated for 1 hour with subsequent TBS-t washes before
ECL detection. In the case of HRP-conjugated primary antibodies, membranes were
blocked for 1 hour and incubated in primary antibody for a minimum of 3 hours before
subsequent washing and visualisation. PageRuler prestained protein ladder (Thermo

#26616) was used throughout.
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Table 2.1. Antibodies used for Western Blotting

Antibody Dilution | Catalogue Number Clone

SOD1 1:2,000 | ProteinTech 67480-1 | 2F10G1

a-synuclein 1:2,000 | ProteinTech 66412-1 | 1B10E9

BH810 1:2,000

Myc tag 1:2,000 | Merck 05-724 4A6

(EQKLISEEDL)

IRDye 800CW goat | 1:2,000 | LI-COR 926-32210,

anti-mouse

LI-COR IRDye | 1:2,000 | LI-COR 926-68071

680RD goat anti-

rabbit

Beta-actin 1:2,000 | ProteinTech, 66079-1 | 10625419

HRP-conjugated 1:10,00 | ProteinTech SA00001-1

goat anti-mouse 0

HRP-conjugated 1:10,00 | Invitrogen A16104

goat anti-rabbit 0

FLAG tag 1:200 | ProteinTech HRP- | 8H6A10
66008

HA tag 1:2,000 | ProteinTech 81290-1, | 6121

HA tag 1:2,000 | ProteinTech 66006-2 | 1F5C6
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2.7 Recombinant expression and purification of a-synuclein

The pRK172-a-syn-TEV-GFP expression plasmid was transformed into BL21
DE3 cells and grown onto LB agar containing 100 ug/ml ampicillin. A single colony
was used to inoculate 100 ml of LB media and was incubated at 37 °C, shaking at 220
rpom overnight. 10 ml of this starter culture was used to inoculate 1 L of LB media for
a-synuclein expression, for growth at 37 °C with shaking at 180 rpm until the optical
density at 600 nm (OD600) reached 0.8 AU. At this point, isopropyl-p-D-1-
thiogalactopyranoside (IPTG) was added to the culture to a final concentration of
0.4 mM and the culture was then incubated overnight, shaking at 18 °C. The following
day cells were collected by centrifugation at 4,000 g for 20 mins at 4 °C. The pellet
was collected and frozen at -20 °C until purification. Cells were resuspended in
Purification Buffer A (20 mM Tris-HCI pH 8.0, 1 mM ethylenediaminetetraacetic acid
(EDTA)). Cells were lysed by pressure homogenisation using an Emulsiflex. The
lysate was incubated at 85 °C for 10 mins and then clarified by centrifugation at
18,000 g for 30 mins at 4 °C. The clarified lysate was applied directly to a 5 mL Q
HiTrap anion exchange chromatography column (GE Healthcare Life Sciences) pre-
equilibrated with Buffer A. Protein was eluted from the column via gradient elution with
Purification Buffer B (Buffer A + 1 M NacCl) followed by a high salt wash. Fractions
were analysed by SDS-PAGE and Coomassie staining, and fractions containing -
synuclein were concentrated using a 15 kDa filter. To further purify the sample, size
exclusion chromatography was carried out using a Superdex 200 3 G/L column and
purification buffer A to remove high molecular weight impurities. Samples were again
concentrated using a 15 kDa filter. Concentration of purified protein was determined

using a BCA Assay and NanoDrop and purity of protein was visually inspected by
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loading 1.75 pg of protein on 15 % polyacrylamide SDS/PAGE gels and staining with

Coomassie total protein stain.

2.8 a-synuclein pre-formed fibril generation

Purified a-synuclein was diluted in TBS to a final concentration of 5mg/ml and
left shaking at 1000 rpm for 7 days at 37 °C. Every 24 hours, samples were taken and
analysed by size exclusion chromatography to monitor aggregation of a-synuclein. A
change in peak size could be observed over the seven-day incubation period
indicating the loss of soluble a-synuclein and subsequent increase of insoluble
aggregated fibrils. NATIVE-PAGE and SDS-PAGE were also used to confirm

presence of aggregated fibrils.

2.9 a-synuclein fibril pulldown

HEK293T cells were grown in 10 cm dishes, transfected with 6 pg scFv
intrabody DNA, and incubated for 24 hours. Cells were lysed in 1 ml PBS containing
protease inhibitor cocktail (Roche EDTA-free, cOmplete), sonicated and then
centrifuged at 14,800 g for 45 mins at 4 °C to pellet cell debris. 50 uL of the soluble
fraction was retained as the ‘input fraction’. The remainder of the soluble fraction of
the cell lysate was split between two tubes: one containing a-synuclein fibrils and one
containing TBS only and were left at room temperature for one hour rotating. Samples
were centrifuged again at 14,800 g for 45 mins at 4 °C and soluble and insoluble
fractions were analysed by SDS/PAGE and Western Blotting. An increased amount of
the FLAG-tagged scFv in the insoluble fraction is indicative of interaction between the

soluble scFv and insoluble a-synuclein fibrils.
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2.10 SOD1 misfolding experiments

For all SOD1 misfolding experiments, cells were washed with PBS containing
protease inhibitor cocktail and sonicated, and a Dot Blot was completed, by pipetting
10 pL of sample directly onto nitrocellulose membranes. Once dry, membranes were
immediately blocked with 0.5 % w/v skimmed milk for a minimum of one hour and
incubated with primary antibodies overnight at room temperature. After washing with
TBS-t, the secondary antibody was incubated for 1 hour with subsequent TBS-t

washes before ECL detection.

2.11 Solubility testing

To obtain soluble and insoluble fractions, cells were lifted with PBS containing
protease inhibitor cocktail and were sonicated, then centrifuged for 45 minutes at
20,000 g at4 °C. The supernatant (300 pL) was collected, and 100 yL sample loading
buffer was added (soluble fraction), and the pellet was resuspended in 300 uL PBS
and 100 pyL sample buffer was added (insoluble fraction). Samples were prepared for
SDS-PAGE and analysed by western blot. To initially test the thermostability of scFvs,
total cell lysates were placed in water baths of varying temperatures for 10 minutes
and placed back on ice until centrifugation. To test the specificity of a-synuclein scFvs
against insoluble aggregates of a-synuclein, pre-formed fibrils prepared as described
above were added to the cell lysate and incubated for a minimum of 1 hour at room
temperature with rotating. Cell lysates were then centrifuged, and soluble and

insoluble fractions were prepared for SDS-PAGE and Western Blotting as described.
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2.12 Immunoprecipitation experiments

All immunoprecipitation experiments were completed at room temperature. 20
uL of HA-Trap magnetic agarose beads (Proteintech ATMA-200) were equilibrated in
480 pL binding buffer (25mM Tris-HCI pH 7.4), 150 mM NaCl, 1% NP-40, 1 mM EDTA,
5% glycerol, protease inhibitor cocktail) while cell lysates were being prepared. After
24 hours incubation post transfection, cells were harvested in binding buffer and
incubated at room temperature for 30 minutes, pipetting up and down to resuspend
cells every 10 minutes. After incubation, cells were centrifuged at 12,000 g for 10
minutes at 20 °C. The supernatant was added to the magnetic beads and incubated
with end-over-end rotation for 1 hour at room temperature. Beads were then washed
three times with wash buffer (PBS containing protease inhibitor cocktail), before

elution with 4x SDS-PAGE sample buffer by heating at 95 °C for 5 minutes.

2.13 Cellular thermal shift assay

HEK293T cells were transfected with scFv variants of interest and incubated
for 24 hours. Cells were lifted using 400 yL PBS with protease inhibitor cocktail and
aliquoted in 40 pL fractions. Fractions were heated to 35, 40, 45, 50, 55, 60, 65, 70
and 75 °C for five minutes and immediately frozen at -80 °C overnight. Cells were then
thawed and sonicated for 120 seconds and centrifuged at 20,000 g for 45 minutes at
4 °C. The soluble fraction was retained and 10 yL SDS-PAGE sample loading buffer
added. Samples were then heated to 95 °C for five minutes before SDS-PAGE and

western blotting. Method adapted from (Jafari et al., 2014).
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2.14 Statistical Analysis

Western blot densitometry quantifications were completed using Empiria Studio
(version 3.2.0.186) and data were analysed in Prism 10 (version 10.2.3). Percentage
changes and relative abundances were calculated in Excel. A paired sample t-test was
used to calculate significant differences between two groups. For example, where level
of degradation was assessed between several mutants, a paired t-test was completed
to compare the significance between each mutant control and a mutant co-expressed
with the bioPROTAC. An ordinary one-way ANOVA was completed to test the
significance between the means of 3 or more groups, for example when comparing

several bioPROTAC constructs against a single wild-type protein.
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Chapter lll: A biological proteolysis targeting chimera for a-Synuclein.

3.1 Introduction

Parkinson disease (PD), dementia with Lewy bodies, PD with dementia and
multiple-system atrophy are characterised by accumulation of misfolded a-synuclein
aggregates in neuronal tissues (Ayers et al., 2022; Kouli et al., 2020; Spillantini et al.,
1997). a-synuclein plays a central role in PD pathogenesis, and PD is characterised
by the loss of dopaminergic neurons in the substantia nigra and the accumulation of
presynaptic protein o-synuclein (Fearnley and Lees, 1991). a-Synuclein is a
presynaptic neuronal protein usually involved in neurotransmitter release and vesicle
release (Nemani et al., 2010). In PD, due to both environmental and genetic factors,
a-synuclein becomes prone to misfolding, insoluble aggregates form and exert toxic
effects on the cell. Cellular homeostasis is negatively impacted by impaired vesicle
trafficking and protein degradation (Cooper et al., 2006; Winslow et al., 2010).
Oxidative stress is increased by accumulation of misfolded a-synuclein, and further
exacerbates cellular pathology and death (Hashimoto et al., 1999). Additionally,
misfolded a-synuclein can propagate to nearby cells in a prion-like manner, seeding
aggregates and contributing to the widespread progressive pathology in the PD brain
(Masuda-Suzukake et al., 2013). It is well documented that misfolded a-synuclein is a
key component of Lewy body inclusions in PD patients (Spillantini et al., 1998b).
Targeted removal of misfolded a-synuclein could aid understanding of disease

pathogenesis and offer a new therapeutic development approach.
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Proteolysis targeting chimeras (PROTACs) are small molecules that form
ternary complexes with a target protein and endogenous E3 ligases. Biological
PROTACs (bioPROTACs) are derived from this concept but differ in that they
comprise an E3 ligase ubiquitylation domain and target recognition domain fused
within a single protein, meaning they are less reliant on host cell machinery Lim et al.,
(2020), and this E3 proximity facilitates proteasomal degradation of the target protein
by bringing ubiquitylation functionality directly to the target. Native proteins or
intrabodies derived from nanobodies or antibodies can be used as target recognition

domains.

Here, a panel of bioPROTACs were designed targeting a-synuclein. Two of
which comprised a NbSyn87 nanobody fused to the CHIP E3 ligase ubiquitylation
domain. Nanobodies consist only of a single antigen-binding domain, derived from the
variable domain of heavy-chain-alone antibodies (Muyldermans, 2021). With
comparatively low molecular weight (~15kDa), nanobodies are promising avenues for
gene therapy approaches and bioPROTAC design. Their ability to bypass the blood-
brain barrier (BBB) and engage with host protein degradation systems adds to their
therapeutic value (Chatterjee et al., 2018). NbSyn87 was used here as a bioPROTAC
recognition domain as the nanobody has a high affinity for a distinct epitope within the
highly accessible C-terminal domain of a-synuclein (Guilliams et al., 2013). A second
bioPROTAC was designed incorporating a VH14 antibody-derived fragment, due its
specificity for the non-amyloid component region of a-synuclein, which is critical for

the initial aggregation of a-synuclein (Butler et al., 2016a; Chatterjee et al., 2018).
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3.1.1 Aim

Develop targeted protein degraders for a-synuclein that can be applied to the

study and treatment of a-synucleinopathies.

3.2 Results

3.2.1 Construction of an a-synuclein-targeting bioPROTAC

The anti-a-synuclein nanobody NbSyn87 epitope resides in the C-terminus of
a-synuclein (Figure 3.2.1A). Fusion of the CHIP ubiquitylation domain (residues 130-
303) to the NbSyn87 nanobody aims to bring E3 functionality into proximity of the
target a-synuclein. bioPROTACs were designed with the CHIP E3 ubiquitylation
domain placed at either the N- or C- terminus with respect to the NbSyn87 nanobody.
Figure 3.2.1B shows the more effective bioPROTAC with the CHIP E3 domain at the
N-terminus. The proposed mechanism of action is that complex formation between
bioPROTAC and a-synuclein leads to E2 ubiquitin-conjugating enzyme recruitment
and polyubiquitination of the target for proteasomal degradation (Figure 3.2.1C). The
bioPROTAC may then bind to the next target molecule in proximity, although this has
not been directly confirmed. Small molecule PROTACs however are well known to

demonstrate sub-stoichiometric catalysis (Bondeson et al., 2015; Mares et al., 2020).
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Figure 3.2.1. a-synuclein sequence, bioPROTAC predicted structures and
bioPROTAC mechanism of action. A, Schematic displaying a-synuclein sequence.
Domain properties are indicated and select PD-related mutations are shown in red. A
generalised structure of the CHIP-NbSyn87 bioPROTAC is depicted and region of
NbSyn87 epitope recognition is shown in bold. B, CHIP-NbSyn87 bioPROTAC
predicted structure. Orange: myc tag used for western blot detection. Blue; CHIP-Ubox
domain. Green; CHIP coiled-coil domain. Pink; NbSyn87 nanobody domain. Produced

using AlphaFold 3. C, General bioPROTAC mechanism of action. The CHIP-NbSyn87
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bioPROTAC facilitates close proximity of the a-synuclein target and the CHIP E3

ubiquitylation domain, encouraging degradation utilising host cell machinery.

Produced using Adobe lllustrator.

3.2.2 The NbSyn87 bioPROTAC is stably expressed in the cytoplasm

Following bioPROTAC construction and synthesis, the bioPROTAC was
expressed in HEK293T cells to determine its solubility, as a poorly soluble
bioPROTAC is unlikely to interact and hence degrade it target. The NbSyn87
bioPROTAC was found to be 85.5% soluble (£5%, standard deviation). A CHIP-VH14
bioPROTAC construct was also designed by fusing the CHIP E3 ubiquitylation domain
described above with the VH14 nanobody (Chatterjee et al., 2018). The VH14
bioPROTAC was predominantly found in the insoluble fraction of the cell lysate
(Figure 3.2.2) which may explain why no change in a-synuclein abundance was

observed in initial degradation test experiments.

NB bioPROTAC

VH bioPROTAC

Figure 3.2.2. The NbSyn87 bioPROTAC is high soluble and stably expressed in
the cytoplasm. Additionally, the VH14 was largely insoluble and is therefore less likely
to be cytoplasmically available. Shown here are western blots of soluble and insoluble
fractions, stained for the myc tag. The NbSyn87 bioPROTAC is more soluble than the
VH14 bioPROTAC. HEK293T cells were transfected with either the NbSyn87 or VH14

bioPROTAC and incubated for 24 hours. Cells were harvested and sonicated before
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the soluble and insoluble fractions were separated by centrifugation, prior to SDS-

PAGE and western blotting.

3.2.3 NbSyn87 bioPROTAC interacts with transiently expressed a-synuclein

Co-immunoprecipitation was performed using Pierce™ Anti-c-Myc Magnetic
Beads (Thermo Scientific™) to test if the CHIP-NbSyn87 bioPROTAC interacts with
transiently expressed a-synuclein. a-Synuclein successfully eluted with the myc-
tagged CHIP-NbSyn87 bioPROTAC, demonstrating complex formation and

interaction in the cell cytoplasm (Figure 3.2.3).

Input Fraction Elution

bioPROTAC - + - - + -

a-syn__+ + - + + -

myc-tagged__| .-
bioPROTAC

O-SYN=—t oomum = -

Figure 3.2.3. a-synuclein is co-immunoprecipitated with myc-tagged NbSyn87
bioPROTAC, confirming interaction between the bioPROTAC and monomeric o-
synuclein. N=2. HEK293T cells were transfected with a-synuclein and the NbSyn87
bioPROTAC and incubated for 24 hours. Cells were harvested with IP lysis buffer and

incubated with myc magnetic beads and incubated for 1 hour at room temperature,

before magnetic beads were washed, and elution was performed using 4x SDS-PAGE
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sample loading buffer and heating at 95 degrees for 5 minutes. Input fractions and

elution fractions were then analysed by SDS-PAGE and western blotting.

3.2.4 NbSyn87 bioPROTAC-induced reduction of a-synuclein abundance

Co-transfection of a-synuclein and each bioPROTAC in HEK293T cells
revealed that placing the E3 domain at the N-terminus yields overall better degradation
of the target protein (Figure 3.2.4A, B). This construct was selected for further
investigation. Overall, a 78% reduction in a-synuclein expression could be observed,
(Figure 3.2.4B). Non-significant degradation was observed when the NbSyn87
nanobody only was expressed with a-synuclein in line with previous work (Butler et
al., 2016a). a-Synuclein abundance was assayed as a function of bioPROTAC
abundance and indicated a dose responsive relationship from 0:1 to 1:1 o-

synuclein:bioPROTAC coding sequence ratio (Figure 3.2.4C).
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Figure 3.2.4. Placing the E3 ligase ubiquitylation domain on the N or C terminus
has different effects on a-synuclein abundance. HEK293T cells were co-

transfected with a-synuclein and one of two bioPROTACSs: one with the CHIP E3
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domain at the N-terminus (CHIP-NbSyn87) and one bioPROTAC with the CHIP E3
domain at the C-terminus (NbSyn87-CHIP). Cells were also co-transfected with a-
synuclein and the nanobody NbSyn87 only. A, Western blot showing reduced o-
synuclein abundance when both CHIP-NbSyn87 and NbSyn87-CHIP are expressed.
Some degradation is observed when the NbSyn87 nanobody is expressed alone. B,
a-synuclein abundance is reduced in a dose-responsive manner. Different plasmid
DNA containing the bioPROTAC was titrated to measure any dose responsive
changes to a-synuclein abundance. C, Placing the E3 ubiquitylation domain on the N-
terminus significantly reduces a-synuclein abundance. Mean relative abundance is

shown as a bar chart with standard deviation (error bars) and data points shown in

red. N=3, P<0.001, one-way ANOVA.

NSC-34 cells are a fusion between primary mouse motor neurons and
neuroblastoma cells, (Cashman et al.,, 1992), offering a more relevant genetic
background than HEK293T cells and are therefore a more suitable model for testing
the NbSyn87 bioPROTAC. Co-transfection experiments at different cell seeding
densities revealed that observed clearance in HEK293T models was replicable in
NSC34 models. | hypothesised that cell confluency at time of transfection or harvesting
could have a notable effect on bioPROTAC-mediated degradation and seeded NSC34
at varying cell densities to observe changes to a-synuclein abundance following
bioPROTAC coexpression. When cells were seeded at a density of 75,000 cells per
well, total degradation of a-synuclein by the bioPROTAC was observed, and the
change in a-synuclein abundance is less prominent at higher seeding densities

(Figure 3.2.5).
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Figure 3.2.5. The NbSyn87 bioPROTAC reduces wildtype a-synuclein

abundance in NSC34 cells. A, Line graph depicts that a-synuclein abundance
remains low as cell density increases. B, Western Blot showing abundance of a-
synuclein at different cell densities. Notably, a-synuclein appears to be 100% cleared
at a density of 75,000 cells per well. NSC34 cells were transfected with wildtype a-
synuclein or plasmid DNA containing a-synuclein and the NbSyn87 bioPROTAC,
using a T2A self-cleaving peptide to co-express a-synuclein and the bioPROTAC.

Cells were incubated for 72 hours before sample collection before SDS-PAGE and

western blotting. N=1. B-actin was used as a loading control.
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3.2.5 NbSyn87 bioPROTAC degrades PD-related mutant a-synuclein

AS53 mutations in a-synuclein are linked to familial PD (Polymeropoulos et al.,
1997). The NbSyn87 bioPROTAC may also be effective at degrading mutant a-
synuclein. Co-expression in HEK293T of mutant a-synuclein and bioPROTAC shows
that CHIP-NbSyn87 was effective at degrading mutant a-synuclein associated with
familial PD (Figure 3.2.6A, B). AS3E and A53V mutant a-synuclein abundance was
reduced, although this was insignificant due to high variability of a-synuclein
abundance in control replicates. There was a significant reduction of AS3T abundance
with bioPROTAC expression (p<0.005). A53T promotes misfolding of a-synuclein,
leading to production of insoluble oligomers and fibrils (Sun et al., 2020). As it is likely
that NbSyn87 bioPROTAC has a high affinity for monomeric a-synuclein, it may be
unable to effectively degrade a-synuclein oligomers or fibrils.
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Figure 3.2.6. NbSyn87 bioPROTAC effectively reduces abundance of PD-related
mutant a-synuclein. HEK293T cells were co-transfected with a-synuclein harbouring
a point mutation found in Parkinson’s disease and the NbSyn87 bioPROTAC that
effectively degraded wildtype a-synuclein. Cells were incubated for 24 hours before
sample collection before SDS-PAGE and western blotting. A, Western blot showing

change in relative abundance of mutant a-synuclein. B, Mean changes in relative
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abundance of a-synuclein depicted in a bar chart with error bars representing standard

deviation. N=2. (** = P<0.01, unpaired t-test.)

3.2.6 Abundance of a-synuclein insoluble aggregates is significantly reduced

with bioPROTAC co-expression

Expression of the CHIP-NbSyn87 bioPROTAC significantly decreased levels of
insoluble aggregates by 79%, in addition to significantly reducing abundance of
soluble a-synuclein (Figure 3.2.7). However, in this work transiently expressed a-
synuclein was predominantly soluble. Instead, seeding cells with pre-formed insoluble
aggregates, generated by fibrillisation of recombinant a-synuclein before directly
adding to culture medium would be a more suitable means of testing the ability of the

bioPROTAC to clear insoluble aggregates.
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Figure 3.2.7. The NbSyn87 bioPROTAC significantly reduces abundance of
soluble and insoluble aggregates of a-synuclein. A, Levels of relative a-synuclein
abundance are significantly reduced in test fractions (bioPROTAC expression). B,
Western blot showing the decreased abundance of a-synuclein in the insoluble
fraction. Mean relative abundance depicted in a bar chart with standard deviation
(error bars) and individual data points (black). P<0.0001, unpaired t-test, N=3. S;

soluble. I: insoluble.
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3.2.7 NbSyn87 bioPROTAC efficacy is reduced with autophagy inhibitor

treatment

Cells transiently expressing a-synuclein and the NbSyn87 bioPROTAC were
treated with bafilomycin, an autophagy inhibitor (Yamamoto et al., 1998). It was found
that increasing concentrations of bafilomycin gradually increased abundance of a-
synuclein, suggesting less BioPROTAC-catalysed protein degradation (Figure
3.2.8A, C). Abundance of a-synuclein does not fully return to control levels which
would indicate that a-synuclein is directed to both proteasomal degradation and
autophagy for clearance. When the soluble and insoluble fractions of the total cell
lysates were examined, the abundance of insoluble a-synuclein aggregates generally
increases as bafilomycin concentrations increases. Inhibition of autophagy through
bafilomycin treatment leads to the accumulation of insoluble aggregates that are not
efficiently cleared by the proteasome. This may indicate that a-synuclein is directed to

both proteasomal and autophagy pathways (Figure 3.2.8B).
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Figure 3.2.8. a-Synuclein is degraded by autophagic degradation in response to
NbSyn87 bioPROTAC co-expression. HEK293T cells were co-transfected with o-
synuclein and the NbSyn87 bioPROTAC. 6 hours after transfection, cells were
incubated with bafilomycin or DMSO as a vehicle control for 16 hours, before samples
were collected and either total cell lysates or soluble/insoluble fractions samples were
run on SDS-PAGE and western blotting. A, western blot showing increased
abundance of a-synuclein in accordance with increased concentrations of bafilomycin.
B-actin levels are unchanged. B, Soluble and insoluble fractions of total cell lysate
following bafilomycin treatment were blotted for a-synuclein, and a modest increase in
insoluble a-synuclein is observed. C, Bar chart showing mean values of total «-
synuclein abundance following bioPROTAC expression and DMSO or bafilomycin
treatment. Error bars represent standard deviation and data points are shown in black.

N=4.
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3.3 Discussion

This work aimed to begin the development of targeted protein degradation
therapies for the a-synucleinopathies. Here, | have shown that a-synuclein abundance
is significantly reduced by the NbSyn87 bioPROTAC and that levels of insoluble
aggregates are reduced by up to 80%. This was observed to be dose responsive.
Future work aims to build on this and develop the first panel of confirmation-specific
a~synuclein bioPROTACSs, using reformatted and modified scFvs as intracellular target

recognition domains.

NbSyn87 was chosen as a bioPROTAC recognition domain because the
literature provides evidence that the nanobody has high affinity for a distinct epitope
within the highly accessible C-terminal domain of a-synuclein (Guilliams et al., 2013).
It was also found to have weak affinity for the 26S proteasomal subunit Rpn10, a
receptor for poly-ubiquitinated proteins (Gerdes et al., 2020). This weak affinity may
facilitate transient interactions between a-synuclein-NbSyn87 complexes and the
proteasome, further enhancing likelihood of ubiquitin-mediated proteasomal
degradation. These features make it a suitable targeting domain for bioPROTAC
design, in addition to its high stability and solubility (EI-Turk et al., 2016). a-Synuclein
contains several KTKGEV repeats spanning the protein, providing more readily
accessible sites for ubiquitination which may increase likelihood of bioPROTAC
mediated degradation (Burré et al., 2014). CHIP is highly expressed in the CNS,
including dopaminergic neurons (Ballinger et al., 1999; Imai et al., 2002). Further,
CHIP has been demonstrated to ubiquitinate a-synuclein (Urushitani et al., 2004),

although direct binding affinities for CHIP with a-synuclein have not been quantified.
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VH14 was selected for bioPROTAC design, despite being largely insoluble and
prone to aggregation (Butler et al., 2016), due to its specificity for the NAC region of
a-synuclein. Removal of the NAC region inhibits aggregation of a-synuclein, (Periquet
et al., 2007), highlighting its important role in aggregation and making a favourable
target for bioPROTAC design. Incorporation of a PEST sequence improved solubility
and proteasomal targeting, Joshi et al., (2012), but the VH14-bioPROTAC containing

a PEST motif was predominantly expressed in an insoluble state.

Currently, all experiments involve co-expression of the target protein and the
bioPROTAC, utilising a P2A self-cleaving peptide to induce cleavage of the 2 proteins
(target and bioPROTAC). While P2As are considered the most efficient of the 4 self-
cleaving peptides (Kim et al., 2011), a high molecular weight protein ‘run-through’ is
generated so it may be necessary to switch to internal ribosome entry sites (IRES) as
a method of protein cleavage for co-expression experiments. Interestingly, these high
molecular weight bands are almost undetectable in a-synuclein wildtype experiments
where a T2A is used for protein cleavage but is more prominent in a-synuclein mutant
experiments which also use a T2A cleavage site, perhaps due to unsuccessful
cleavage or lower expression of constructs generated following site-directed
mutagenesis. In future bioPROTAC testing experiments, co-transfection of an a-
synuclein plasmid and a bioPROTAC plasmid could be completed due to the
requirement of high throughput bioPROTAC plasmid development, with several E3
ligases and orientations potentially being combined with each conformation-specific

scFv.
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Seeding experiments followed perhaps by lentiviral introduction of the
bioPROTAC will be useful to further show the efficacy of the bioPROTAC at clearing
oligomers and aggregates. Additionally, aggregation assays such as a thioflavin T
assay using cell homogenates could be used to generate more data supporting the
hypothesis that bioPROTAC expression significantly reduces a-synuclein aggregation
(Braun et al., 2021). To test this, cells treated with a-synuclein monomers, oligomers,
and preformed-fibrils and the CHIP-NbSyn87 bioPROTAC could be analysed to
monitor the extent of aggregation following bioPROTAC expression. PD-related
mutants of a-synuclein are known to affect the rate of aggregation of a-synuclein

(Stephens et al., 2020).

Evidence shows that a-synuclein may be naturally directed to both autophagy
and proteasomal degradation pathways (Webb et al., 2003). In Figure 3.2.8 standard
deviations were high and only a slight increase in a-synuclein abundance was
observed. It may be beneficial to use higher concentrations of bafilomycin over a
shorter time period as discussed in the literature (Klucken et al., 2012), to observe a
more pronounced effect. Conversely, MG132 exposure led to toxicity and cell death,
so a shorter incubation period may be necessary to observe the effects of inhibiting
proteasomal degradation. Proteasomal inhibition quickly leads to proteoxic stress and
apoptosis so these effects may be observed due to long incubation times and

accumulation of proteasomal substrates (Pan et al., 2011).

Ongoing testing of the NbSyn87 bioPROTAC’s ability to significantly reduce
abundance of a-synuclein mutants and wildtype a-synuclein will enable us to show

the use of bioPROTACSs in the context of neurodegenerative disease therapeutics. It
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is essential to confirm efficacy and stability of the CHIP-NbSyn87 in more relevant
models such as patient-derived induced pluripotent stem cells (iPSCs) that better
represent disease pathology in vitro. Testing of bioPROTAC delivery methods such as
AAV vectors or emerging lipid nanoparticles strategies in iPSCs is also essential to
move this work forward before testing with in vivo systems (Agarwal et al., 2024; Yu
et al., 2025). It would be imperative to assess confounding factors such as off-target
degradation, immune activation and negative impacts on physiological proteostasis
such as hindering the degradation of natural E3 substrates or saturating the
proteasome (Moreau et al., 2020). In parallel, pharmacokinetic and pharmacodynamic
studies are needed to establish dosing and required expression levels (Sun and Liao,

2022).

Targeted protein degradation is a promising therapeutic strategy with possible
applications in neurodegenerative disease and several small molecular PROTACs
and bioPROTACs have been developed to target neurodegenerative disease targets
(Cai et al., 2024; Chisholm et al., 2025; Y. Jiang et al., 2024). In the synucleinopathies
such as Parkinson’s disease and dementia with Lewy Bodies (DLB), cytoplasmic
accumulation of misfolded and aggregated a-synuclein is central to dopaminergic
neuron dysfunction and degeneration (Lashuel et al., 2013; Spillantini et al., 1998b).
Successful targeted degradation of a-synuclein by CHIP-NbSyn87 bioPROTAC
highlights a promising therapeutic avenue for PD, utilising targeted protein clearance
to restore proteostasis and potentially alleviate neurodegenerative disease pathology,

with the aim of delaying cell death and ultimately disease progression.
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Chapter IV: The development of SOD-1 targeting bioPROTACSs for amyotrophic

lateral sclerosis

4.1 Introduction

Toxic, soluble, misfolded proteins are a central hallmark of neurodegenerative
disease and, in some cases, act in a prion-like manner, propagating and seeding
aggregates to nearby cells (Munch et al., 2011). Tofersen was recently approved for
therapeutic use and is an antisense oligonucleotide which reduces total SOD1
abundance by inducing RNase H-mediated degradation of SOD1 messenger RNA
(Miller et al., 2022). While this reduces toxic burden of SOD1 in ALS patients, it also
reduces the amount of available wildtype functional protein. To mitigate this, more
specific methods of SOD1 degradation that target misfolded conformers or mutant
species need to be designed and tested. Selectively removing misfolded or misfolding-
prone protein species from cellular spaces could help to improve our understanding of
the pathogenesis of diseases such as amyotrophic lateral sclerosis (ALS). A
commonality amongst many neurodegenerative disorders such as ALS is that
proteostasis is impaired, although the extent and timing of proteostatic disruption can
vary between disease and stages of progression (Prell et al., 2012; Saxena et al.,
2009). Chemical or biological entities that can perform this function could also have
therapeutic uses. This could potentially address shortfalls and hurdles of

pharmacological inhibition or degradation of these proteins.

Mutations in the superoxide dismutase 1 (SOD1) gene are found in both
sporadic and familial ALS cases (Kiernan et al., 2011). Misfolded SOD1 can aggregate

in cells, leading to toxicity and motor neuron degeneration (Deng et al., 1993). The
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pathogenesis of SOD1-related disease is often described as a toxic gain of function,
with prion-like properties (Ayers et al., 2016). Mutations in SOD1 impair protein
maturation and destabilise the protein leading to aberrant self-interactions (Ayers et
al., 2017; Lindberg et al., 2005). These properties drive toxic oligomerisation and
fibrillisation and lead to motor neuron degeneration (Proctor et al., 2016; Sangwan et
al., 2017). Targeting these proteins in their monomeric form could reduce or delay

aggregation and hence motor neuron pathology.

Successful BioPROTAC catalysed degradation of a-synuclein indicated this
approach may be an adaptable for the degradation of SOD1. A panel of bioPROTACs
that target SOD1 were designed based on the interaction domain found in the human

copper chaperone for SOD1 (hCCS).

4.1.1 Aim

Develop SOD1-targeting bioPROTACSs that efficiently degrade SOD1.

4.2 Results

4.2.1 A CHIP-CCS bioPROTAC was designed to target SOD1

hCCS domain Il acts as a molecular chaperone for SOD1 and directly interacts
with disulphide reduced wildtype and mutant or disulphide knock-out SOD1 with high
affinity (Luchinat et al., 2017). The residues involved in the interface are displayed in

Figure 4.2.1A and Figure 4.2.1B. Based on this known interaction, a bioPROTAC
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was designed incorporating the hCCS domain Il and partial D3 domains at the C-

terminus and an N-terminal CHIP E3 ubiquitylation domain (Figure 4.2.1C).

A

10 20 30 40 50
MATEAVCVLE GDGPVOGIHN FEQKESNGPY KVWGSIKGLT EGLHGFHVHE

60 70 80 Q0 100
FGDNTAGLTS AGPHFNPLSR KHGGPKDEER HVGDLGNVTA DKDGVADVSI

110 120 130 140 150
EDSVISLSGD HCIIGRTLVV HEKADDLGKG GNEESTKTGN AGSRLACKGVI GIAQ

C

-
o CCsSD2

e
.

CHIF coiled-coil

CHIP mid helix e}

Figure 4.2.1. Schematic representing SOD1 sequence, SOD1-hCCS complex and
bioPROTAC construction. A, The SOD1 amino acid sequence is displayed. ALS-
related mutations of interest assessed in this work are shown in bold. Amino acids
involved in the interaction between hCCS domain Il and SOD1 are highlighted in pink.
Cysteines responsible for disulfide bridge formation have been highlighted in red
boxes. B, SOD1 and CCS domain Il interaction (Sala et al., 2019; PDB 6FOL). Shown
in pink are residues involved in the interaction interface (>4A from binding site). C, The
CHIP-hCCS bioPROTAC predicted structure is shown. Pink; CCS domain Il. Blue;
CHIP U-box domain. Purple; CHIP mid helix. Green; CHIP coiled coil domain. Orange;

myc tag for detection via western blot.
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4.2.2 The CHIP-CCS bioPROTAC is stably expressed in the cytoplasm

BioPROTAC solubility is an essential consideration. A bioPROTAC with poor
solubility is likely to aggregate and not be available for interaction with target proteins.
Alongside the CHIP-hCCS bioPROTAC (Figure 4.2.1), a second bioPROTAC was
designed using the same CHIP E3 ubiquitylation domain at the N-terminus and
misfolding-specific SOD1 nanobody Nb54 at the C-terminus (Kumar et al., 2022). It
was hypothesised that this bioPROTAC would be highly soluble based on
incorporation of the single-domain nanobody and the known solubility of CHIP and
CHIP-CCS. However, the CHIP-Nb54 bioPROTAC was considerably less soluble than
the CHIP-CCS bioPROTAC and is therefore likely to be less bioavailable (Figure
4.2.2). Abundance and solubility of SOD1 remained unchanged in this replicate,

possibly indicating absence of interaction and unsuccessful degradation (Figure

4.2.2).
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Figure 4.2.2. The CHIP-CCS bioPROTAC is highly soluble and stably expressed
in the cytoplasm. The CHIP-Nb54 bioPROTAC is a less suitable candidate for a
bioPROTAC, as it is less soluble than the CHIP-CCS bioPROTAC and therefore less
bioavailable. HEK293T cells were transfected with SOD1 plasmid DNA and either the
CHIP-Nb54 bioPROTAC or CHIP-CCS bioPROTAC. Soluble and insoluble fractions

were obtained by centrifuging before SDS-PAGE and western blotting for SOD1 and
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the myc tag. Western blot probing for the myc tag shows that a larger proportion of the
Nb54 bioPROTAC resides in the insoluble fraction. The CHIP-CCS bioPROTAC is
predominantly soluble. Western blot probing for SOD1 shows that a larger abundance
of recombinant wildtype SOD1 is found in the insoluble fraction. Endogenous SOD1

is found entirely in the soluble fraction. N=1. UTC; untransfected control.

4.2.3 CHIP-CCS bioPROTAC reduces abundance of misfolded SOD1

Changes to abundance of misfolded SOD1 in the presence of the hCCS
bioPROTAC was tested by dot blot and probing for misfolded-SOD1 with antibody
B8H10 (Figure 4.2.3). Several ALS-related SOD1 variants exhibited significant
decreases in SOD1 misfolding in response to bioPROTAC coexpression, with low
standard deviations (Figure 4.2.3). There was no statistical significance for changes
in SOD1WT and SOD1'""3T misfolding. The relative signal from western blot detection
using anti-8BH10 antibody was low for SOD1%WT. Insignificant changes to SOD1WT
misfolding should be expected as the wildtype protein has a lower propensity to

misfold and aggregate than the mutant protein.
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Figure 4.2.3. The CHIP-CCS bioPROTAC reduces SOD1 misfolding. Abundance
of SOD1 probed with misfolding-specific antibody is reduced following bioPROTAC
expression. HEK293T cells were transfect with both wildtype and ALS-mutant SOD1,
and the CHIP-CCS bioPROTAC in test samples. Cells were incubated for 24 hours
post transfection before a dot blot was used to probe for misfolded SOD1-specifc
antibody 8BH10. Bar chart represents mean relative abundance of misfolded SOD1
for wildtype and ALS-related mutants, with and without co-expression of the CHIP-
CCS bioPROTAC. Where N =3, standard deviations are represented by error bars.
Data points are shown in black. An unpaired t-test was completed for each SOD1
variant and the respective control and test populations (N=3) (SOD1"7: N=2). NS =

non-significant. * = P<0.05, ** = P<0.01, *** = P<0.005.
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4.2.4 The CHIP-CCS bioPROTAC reduces SOD1 aggregation

It was observed that levels of misfolded SOD1 are significantly reduced by the
CHIP-CCS bioPROTAC, while total SOD1 degradation was not significantly
decreased and had high mutant to mutant variability. A selection of ALS-SOD1
mutants were co-expressed with the CHIP-CCS bioPROTAC in HEK293T cells and
the soluble and insoluble fractions were collected to identify changes in levels of
insoluble aggregates of SOD1. Here, a reduction of insoluble SOD1 aggregates for
SOD16%3A and SOD1P%A was observed, (Figure 4.2.4) which is more likely due to
disulphide reduced SOD1 stabilisation by the CCS domain Il rather than direction to

proteasomal degradation.
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Figure 4.2.4. CHIP-CCS bioPROTAC reduces abundance of insoluble SOD1. A
reduction of insoluble SOD1 abundance with no significant change to total SOD1
abundance indicates that the CHIP-CCS bioPROTAC is likely stabilising SOD1 and is
ineffective at directing SOD1 to proteasomal degradation. HEK293T cells were
transfected with SOD1 variants: wildtype (A), A4V (B), G93A (C), D90A (D), and co-

transfected with the CHIP-CCS bioPROTAC. Cells were incubated for 24 hours before
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centrifuging for 1 hour at 4°C to separate the PBS-soluble and insoluble fractions.
Abundance of SOD1 was analysed by western blotting. S; soluble fraction. I; insoluble

fraction. N=1.

4.2.5 The CHIP-CCS bioPROTAC degrades wtSOD1

This CHIP-hCCS bioPROTAC modestly reduced wildtype SOD1 abundance in
HEK293T cells (Figure 4.2.5). Reduced degradation of wildtype SOD1 was observed
when expressing the CHIP E3 ubiquitylation domain alone. A SOD1-CHIP fusion was
co-expressed with wildtype SOD1 to assess if SOD1 dimerisation could facilitate
targeted degradation by bringing the fused CHIP E3 into proximity with the dimer, but

degradation was variable and non-significant (Figure 4.2.5).
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Figure 4.2.5. Wildtype SOD1 abundance is reduced following CHIP-CCS
bioPROTAC expression. SOD1 dimerisation does not facilitate targeted degradation
in HEK293T cells. Cells were transfected with SOD1 and the following constructs:
CHIP E3 ubiquitylation domain, hCCS bioPROTAC (CHIP E3 ubiquitylation domain

and hCCS D2 fusion), and a SOD1 CHIP E3 domain fusion. A, Western blot showing
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changes in SOD1 abundance with co-transfection of different constructs. B, Bar chart
depicting mean relative abundance of SOD1 following co-expression with the hCCS
bioPROTAC and constructs. Error bars represent standard deviation and data points

are shown in black. N=2, ns.

4.2.6 CHIP-CCS bioPROTAC reduces total abundance of SOD-ALS mutants with

high replicate variability and limited efficacy

The hCCS bioPROTAC was tested against seven ALS-related SOD1 variants
spanning the length of the protein. Varying degrees of degradation, largely similar to
that observed for SOD1VT, were observed (Figure 4.2.6). No statistically significant
changes to SOD1 abundance were observed in the cases of SOD1P%*and SOD1'"13T,
Of all ALS-related SOD1 mutations tested, SOD1/4V abundance decreased the most
when the bioPROTAC was expressed. However, SOD144V has a shorter half-life and
is quickly turned over, which may contribute to the greater change in total SOD1

abundance (Farrawell and Yerbury, 2021).
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Figure 4.2.6. Wildtype and mutant SOD1 are modestly degraded by the hCCS
bioPROTAC in HEK293T cells. HEK293T cells were transfected with wildtype or
mutant SOD1 (control), or a cotransfection with a SOD1 variant and the hCCS
bioPROTAC was completed (bioPROTAC), and cells were incubated for 24 hours.
Cells were harvested and samples prepared for SDS-PAGE and western blotting.
Average change in abundance between control and test replicates is shown as
percentage change with standard deviations. A paired sample t-test was conducted
between the control and bioPROTAC test means of each ALS-related SOD1 mutant,

N=3. * = P<0.05. ** = P<0.01. NS = nonsignificant.

Percentage change of SOD1 abundance was highly variable. In some cases
degradation was not observable, or there was a high degree of variability between
both technical and biological replicates. Variable degradation of SOD1 in HEK293T
cells is reported in the literature, and it is suggested variable transgene expression

across HEK293T population may give rise to high variability in degradation of SOD1
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(Kumar et al., 2022). To test if SOD1 overexpression in HEK293T cells was a factor in
casusing inefficent SOD1 degradation, SOD144V and SOD1¢%4 degradation by the
CHIP-CCS bioPROTAC was also tested in HEK293S cells, due to their high
transfection efficiency yet lower protein expression due to the lack of an SV40 large T
antigen (Thomas and Smart, 2005). The mean change in relative abundance of SOD1
was higher in HEK293S cells for both SOD14V and SOD1¢%34, although standard
deviations were higher in both cases. SOD14V clearance was not statistically

significant (Figure 4.2.7).
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Figure 4.2.7. SOD144V and SOD1%%4 are degraded by the hCCS bioPROTAC in
HEK293S cells. HEK293S cells were transfected with SOD 144 or SOD1¢934 and the
hCCS bioPROTAC and cells were incubated for 24 hours before SDS-PAGE and
western blotting as described. A, western blot showing SOD144V degradation in
HEK293S cells. B, western blot showing SOD 16934 degradation in HEK293S cells. C,
Bar chart depict mean releative abundance of SOD144V and SOD1%%A with and
without bioPROTAC co-expression. Average change in abundance between control
and test replicates is shown as percentage change with standard deviation (error bars)
and replicate data points are shown (black). A paired sample t-test was conducted

between the control and test means of each ALS-related SOD1 mutant shown, N=4.
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* = P<0.05. NS = nonsignificant. UTC; untransfected control. B-actin was used as an

internal loading control.

4.2.7 CHIP-hCCS bioPROTAC increases mutant SOD1 abundance in NSC34 cells

All SOD1 mutants and SOD1WT were also expressed with the hCCS
bioPROTAC in NSC34 cells to further determine if SOD1 overexpression was causing
variability in results obtained from HEK293T experimental data. Interestingly, a
significant increase in SOD1 abundance was observed following CHIP-hCCS
bioPROTAC in NSC34 cells (Figure 4.2.8). This increase was significant in all mutant
SOD1 tests excluding SOD1¢8%R Jikely due to low SOD1¢8%R expression levels which
can be expected due to metal ion deficieny and accelerated protein turnover (Cao et

al., 2008).
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Figure 4.2.8. CHIP-hCCS bioPROTAC stabilises mutant SOD1 expression in
NSC34 cells. A, SOD1"T, B, SOD144V. C, SOD1¢934, D, SOD1P%4, E, SOD1'""3T, F,
SOD1¢""1Y.G, SOD1G%R. H, SOD168R. NSC-34 cells were transfected with SOD1
variants and the CHIP-hCCS bioPROTAC and incubated for 72 hours, before sample
collection and preparation for SDS-PAGE and western blotting. Bar charts represent
mean relative abundance of SOD1 following normalisation to p-actin, in which
individual data points are shown, and error bars represent standard deviation. NS =
non-significant. * = P<0.05, ** = P<0.01, *** = P<0.005. **** = P<0.001. Paired-sample

t-test, N=4. B-actin was used as an internal loading control.
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4.3 Discussion

This work aimed to develop a targeted bioPROTAC for SOD1-amyotrophic
lateral sclerosis (SOD1-ALS). To achieve this, a panel of bioPROTACs utilising the
CHIP ES3 ubiquitylation domain and SOD-1 targeting domains (CCS and Nb54) were
designed and tested in non-neuronal and neuron-like cell models. CHIP-CCS was
shown to express in soluble form and interact with its target. SOD1 misfolding was
significantly reduced by the CHIP-CCS bioPROTAC, and total SOD1 abundance was
decreased in some case for ALS-related SOD1 mutants, although this was highly
variable across biological repeats. | found that while the CHIP-CCS bioPROTAC was
able to effectively interact with mutant SOD1 and stabilise misfolded SOD1 in
HEK293T and NSC34 cell models, the bioPROTAC was ineffective at degrading all

ALS-related SOD1 mutants tested.

The hCCS-CHIP construct was rationally designed around two characterised
interactions. hCCS acts as a molecular chaperone that directly binds both wild-type
and mutant SOD1, and promotes maturation by transferring copper and catalysing
intramolecular disulphide bridge formation (Casareno et al., 1998) Meanwhile CHIP is
an E3 ligase known to interact with SOD1 and promote proteasomal degradation of
both wild-type and mutant forms (Urushitani et al., 2004). In this context the hCCS
domain Il which is homologous to SOD1 is an appealing candidate for bioPROTAC
design. Further, the CCS domain Il is a known stabiliser of SOD1 and promotes
disorder-to-order transitions through molecular chaperoning (Luchinat et al., 2017).
However, it may be that these properties in fact hinder bioPROTAC efficacy. |
hypothesise that the binding affinity between hCCS and SOD1 may be too strong and

the bioPROTAC is not able to release SOD1 following ubiquitination machinery
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recruitment, which would suggest that the cascade of multiple SOD1 ubiquitination
and degradation by a single bioPROTAC molecule is slowed or halted. | tested this
hypothesis by repeating the experiments in NSC34 cells due to reduced protein
expression of NSC34 cells in comparison to HEK293T models, and observed
increased SOD1 abundance following bioPROTAC expression. This is further
evidence that the bioPROTAC is interacting and stabilising SOD1 but not effectively
ubiquitinating and degrading SOD1. Investigating ubiquitination of the target through
in vitro ubiquitination assays, proximity ligation assays or probing for K63-linked
ubiquination using K63-targeting antibodies would provide evidence of ubiquitination

status.

Efficient bioPROTAC mediated degradation may in fact rely on transient and
therefore lower affinity interactions with the target. In future work, in silico structural
prediction analysis could enable selection of point mutations that disrupt hydrogen
bonding at the SOD1-hCCS domain Il interface in order to weaken but not inhibit
interaction between the bioPROTAC and its target. In turn, this may produce a more

transient interaction between the CHIP-CCS bioPROTAC.

A further constraint of this bioPROTAC-SOD1 interaction may be poor lysine
accessibility. Successful polyubiquitination requires accessible ubiquitination sites on
the target protein, such as lysine residues or the primary methionine residue, and it
may be that SOD1-CCS binding prevents access to these residues due to poor
flexibility or steric hindrance, preventing CHIP from polyubiquitinating the target.
Significant increases in SOD1 abundance in NSC34 cells indicate that the CCS-D2

domain of the bioPROTAC is effectively interacting with and stabilising SOD1,
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meaning it may be a poor substrate for the proteasome due to this stabilisation. To
test if SOD1 overexpression in HEK293T cells was a factor causing high variations in
degradation capability and high standard deviations, SOD1 degradation by the CHIP-
CCS bioPROTAC was tested in in HEK293T cells. It is suggested that variable
transgene expression across HEK293T population may give rise to high variability in
degradation of SOD1 (Kumar et al., 2022). While SOD1 abundance was reduced by
the CHIP-CCS bioPROTAC in HEK293S cells, there was again high variability

between replicates and expression of recombinant SOD1 was low.

SOD1P%0A exhibited lower reductions in SOD1 misfolding compared to other
SOD1 mutants in HEK293T cell models. This mutation displays similar biophysical
properties to SOD1WT and produces SOD1 inclusions similar to that of misfolded
SOD1WT (Forsberg et al., 2010). Both SOD1'""3T misfolding and degradation was not
statistically significant, and total reduction in SOD1 abundance was low. SOD1'""3T
has low disease penetrance and a similar structure to the wildtype protein, which could
be why similar changes to levels of misfolded SOD1 and total SOD1 abundance are

observed for SOD1WT and SOD1'""3T (Hough et al., 2004).

Nb54 and Nb61 nanobodies were selected for their propensity to degrade
mutant SOD1 more effectively than SOD1WT (Kumar et al., 2022). A CHIP-Nb54
bioPROTAC was designed and expressed in HEK293T cell although no change in
SOD144V or SOD1©%A abundance was observed. It is also possible that the Nb54
target recognition domain could be incorporated into new bioPROTAC design with
different E3 ligases to see if solubility can be improved. Nb54 and Nb61 nanobodies

exhibited a selective reactivity to misfolded SOD1 in previous studies, (Kumar et al.,
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2022). SOD1 misfolding experiments using this bioPROTAC are also necessary to
determine if misfolded mutant SOD1 can be targeted by this bioPROTAC. Bacterial
E3 ligase mimetics have also been incorporated into targeted protein degradation
strategies, exhibiting highly potent target degradation with little variability compared to
other human E3 ligases in the literature (Ludwicki et al., 2019). CCS-containing
bioPROTACs were designed with several other human E3 ligase ubiquitylation
domains and incorporating IpaH9.8 bacterial E3 ligase (Wang et al., 2023), to test if
there would be a greater reduction in SOD1 abundance (data not shown). No change
in SOD1 abundance was observed following CHIP-IpaH9.8 expression with wildtype
SOD1 in HEK293T cells. It is clear that appropriate recognition domain selection is
vital for efficient E3 activation degradation. Successful SOD1-targeting bioPROTACs
are being developed using the CHIP E3 ubiquitylation domain, further indicating that
the recognition domains here may not be suitable for bioPROTAC construction

(Chisholm et al., 2025).

SOD1-ALS is a rapidly progressive and fatal neurodegenerative disease
affecting the motor neurons. Mutations in SOD1 lead to formation of toxic aggregates
that contribute to neuron death, impair various cellular homeostatic processes and
induce oxidative stress (Taylor et al., 2016; Wang et al., 2008). However, functional
SOD1 retains a crucial role in mitigating oxidative damage by catalysing dismutation
of superoxide free radicals (Corson et al., 1998). Therefore, it is favourable to develop
targeted therapies that are specific to misfolded or mutant SOD1, and preserving
functional SOD1 will help enable the cell to mitigate the effects of oxidative damage
and neuropathology, thus slowing disease progression. Misfolded aggregates of

SOD1 exhibit a prion-like nature, as toxic aggregates seed nearby cells and cause

124



widespread pathology, McAlary et al., (2019), so the development of therapies that
specifically target misfolded or aggregated SOD1 for its degradation may in turn slow

or halt the progression of the disease.

Targeted protein degradation therapies such as those described here offer a
potential avenue for developing effective and safer treatments for ALS that spare
functional wildtype protein and slow the progression of this rapid-onset disease.
Several small molecule PROTACs and bioPROTACs have been developed to target
neurodegenerative disease (Cai et al., 2024). A panel of mutant SOD1-specific scFvs
were developed that can be used as bioPROTAC target recognitions domain in future
work. While the CHIP-CCS bioPROTAC described here was not successful at
significantly reducing wildtype and mutant SOD1 abundance, insights into
bioPROTAC design considerations were obtained from this investigation. From this
work it can be concluded that a bioPROTAC recognition domain must be soluble, bind

with moderate affinity and avoid stabilising the target protein.
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Chapter V: Development of a strategy to reliably repurpose antibodies as

soluble functional intrabodies

5.1 Introduction

The rapid growth of monoclonal antibody technology development has
produced high-affinity binders against a range of disease-causing protein conformers
(Briney et al., 2019; Carter and Rajpal, 2022). The inability of antibodies to bind
intracellular toxic species including disease-related conformers has motivated efforts
to reformat them into intracellular antibodies, or intrabodies, for direct therapeutic
intervention. While potentially applicable as intracellular immunotherapies, a single
chain variable fragment (scFv) can also be used as a bioPROTAC recognition domain,
bringing E3 ligase and host degradation machinery into close proximity with mutant-
or confirmation-specific forms of a target protein. Antibodies with distinct confirmation-
and mutation-specific epitopes have been reformatted here as soluble scFv
intrabodies that can be used in the application of intracellular targeted therapeutics. In
doing so, this work contributed to the development of an implementable strategy that

reliably repurposes any antibody as a functional intrabody.

To generate scFv constructs, the variable heavy (VH) and variable light (VL)
chain sequences of each parent monoclonal antibody were identified through
published sequences, patents, hybridoma sequencing or mass spectrometry (Figure
5.1.1A). Complementarity determining regions (CDRs) are retained and a flexible
peptide linker is used to connect VH and VL domains without impacting the antigen
binding site (Figure 5.1.1B). The VH and VL domain were connected by a (G4S)4linker

in unmodified scFvs (Figure 5.1.1C; top) and a (G4D)4linker was used for scFvs made
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with a set of standard modifications (Figure 5.1.1C; middle). These standard
modifications refer to the addition of a N-terminal FLAG tag and modified linker with a
reduce net charge (Figure 5.1.1C; middle). In some cases, further aspartic acid

substitutions were added to decrease whole molecule net charge (Figure 5.1.1C;

bottom).
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Figure 5.1.1. scFv construction and modification. A, Schematic depicting scFv
derivation from full length antibodies. B, Depicted is the AlphafFold predicted structure
of the AMF7-63 scFv. The VH domain is shown in blue and the VL domain is shown
in purple. Yellow indicates CDRs (complementarity determining regions) and the
(G4D)4linker is shown in green. C, Schematic further depicting scFv constructions with
different sets of modifications. ‘Unmodified’ scFvs were constructed in VL-VH or VH-
VL orientation with the commonly used (G4S)4 linker and a C-terminal HA tag for
detection by western blot. A panel of scFvs were designed with ‘standard
modifications’: an N-terminal 3xFLAG tag and a (G4D)4linker and a C-terminal HA tag.
In some cases, scFvs with standard modifications were further modified by introducing

framework aspartic acid substitutions.
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Soluble a-synuclein oligomers and insoluble aggregates are implicated in
neurodegenerative disease such as PD due to their neurotoxicity and prion-like
properties (Masuda-Suzukake et al., 2013; van Rooijen et al., 2010). Similarly, mutant
and misfolded SOD1 monomers acquire toxic properties in a gain of function manner,
driving oxidative stress and motor neuron degeneration (Munch et al., 2011b; Vande
Velde et al., 2008). In this chapter, a panel of confirmation-specific antibodies targeting
monomeric, oligomeric and aggregate forms of a-synuclein were selected for redesign
as functional intrabodies (Table 5.1.1). A further panel of misfolded SOD1-specific
scFv intrabodies were designed with the aim of creating a selection of available
intrabodies with distinct target epitopes (Table 5.1.2). A strategy for rational
repurposing of conformation-specific antibodies into soluble, functional intrabodies
has been developed and is described here. Candidate antibodies were reformatted
into scFvs using a modified (G4D)4 linker, and in some cases rational mutagenesis
was competed to improve solubility. Solubility was defined as the percentage of

expressed scFv in the PBS soluble fraction, determined by western blotting.
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Table 5.1.1. a-synuclein specific antibodies and their affinity for quaternary

structures.
Antibody Specificity Reference
D5SE Oligomer Emadi et al., 2007
10H Oligomer Emadi et al., 2009
Syn-02 Oligomer>fibril Kumar et al., 2020
PRX002

Monomer Games et al., 2014

(Prasinezumab)

BIIBO54
Fibril>oligomer>monomer Weihofen et al., 2019

(Cinpanemab)

Table 5.1.2. Misfolded SOD1 antibodies used in this work and their known

epitopes and immunogens.

Antibody Epitope/Target Immunogen Reference
a-miSOD1 Lys75-Gly81 Lys75-Gly81 Maier et al., 2018
SE21 Ser102-His110 Glu100-Thre116 Bakavayev et al., 2021
C4F6 Asp90-Ala93 Ala1-GIn153 Urushitani et al., 2007
MS785 Leu8-Val14 Cys6-Gly16 Fujisawa et al., 2012
AMF763 Not known Asp124-Gly141 Pickles et al., 2016
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5.1.1Aims

Establish a strategy to reliably reformat antibodies as soluble intrabodies and
in doing so develop a panel of scFv intrabodies against a-synuclein conformers and

misfolded SOD1 for intracellular therapeutic application.

5.2 Results

5.2.1 scFv solubility optimisation

5.2.1.1 Solubility is not significantly impacted in disulphide knockout variants

Cysteine residues are required for disulphide bond formation in proteins such
as scFvs, where intrasubunit disulphide bonds contribute towards stabilisation of the
protein (Goto and Hamaguchi, 1979). To determine if disulphide bond formation is
critical for intracellular scFv stability, all cysteines in the AMF7-63 VL-VH and 10H VL-
VH constructs were replaced with alanines, a smaller non-polar residue that does not
have the necessary sulphur atom for disulphide bond formation. No observable effect
on solubility was measured between the 10H scFv and the cysteine knockout variant,
meaning that the scFv is unimpacted by absence of a disulphide bond between VL
and VH domains (Figure 5.2.1A, B). In contrast, solubility of the AMF7-63 scFv
decreased by 20%, however this was not statistically significant (Figure 5.2.1C, D).
This suggests that disulphide bond formation may be important for the structural
stability of the scFv. Interestingly, the multiple banding pattern observed from the
AMF7-63 VL-VH scFv is not present in the cysteine knockout variant, perhaps due to
the loss of oxidation of a fifth accessory cysteine that is present in the AMF7-63 scFv
sequence that does not form a disulphide bond. Due to the finding that the AMF7-63

cysteine knockout scFv was less soluble than the AMF7-63 scFv, removal of cysteines
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was not pursued as a solubility optimisation tool. Cysteine knockout does not
significantly improve solubility but can decrease solubility in some cases, therefore all

subsequent constructs were designed with all disulphide bond-forming cysteines in

place.
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Figure 5.2.1. Cysteine knockout substitution has no significant impact on scFv
solubility. A, western blot and B, bar chart representing mean solubility values of 10H
scFv variants. No observable difference between wild type 10H scFv and the cysteine
knockout scFv was found. C western blot and D, bar chart representing mean solubility
values of AMF7-63 scFv variants, no statistically significant reduction in solubility was
observed following replacement of cysteines with alanines in the AMF7-63 scFv. scFvs
described here were transfected into HEK293T cells and incubated for 24 hours. Cells

were harvested and sonicated before the soluble and insoluble fractions were
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separated by centrifugation, prior to SDS-PAGE and western blotting. Bar charts
represent mean solubility values of each scFv variant with standard deviation (error

bars) and data points (black).

5.2.1.2 scFv variable domain orientation has an impact on solubility

scFvs can be synthesised in two orientations, denoted VH-VL and VL-VH where
VH-VL represents the variable heavy domain at the N-terminus and VL-VH represents
the opposite (Figure 5.2.2). The order in which scFv domains are translated when the
scFv folds has a variable effect on biophysical characteristics, and both VL-VH and
VH-VL orientations appear favourable in different cases across the literature (reviewed

by Sandomenico et al., 2020).

Figure 5.2.2. Predicted structures of the AMF7-63 scFv in both VH-VL and VL-VH
orientation. In the VH-VL orientation, the Variable heavy domain is at the N-terminus
and resides at the C-terminus in the VL-VH orientation. AlphaFold 3 was used to

generated predicted structures which were visualised in ChimeraX.
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The effect of domain orientation on solubility was examined in order to assess
if there are any consistent trends for future scFv design. AMF7-63 and Syn-O2 scFvs
were designed in both VH-VL and VL-VH orientations and the solubility was compared
to examine effect of domain orientation on scFv solubility. In both cases, the VL-VH
oriented scFv was found to be more soluble than the respective VH-VL orientation
(Figure 5.2.3A, B). This work assessing scFv solubility and domain orientation
contributed to a larger comparative analysis, which showed that VH-VL scFv
intrabodies with a positively charged VH domain had an overall reduced solubility in
comparison to their VL-VH counterparts (Figure 5.2.3C). When VH domains carried a
net charge of zero or lower, VH-VL%so/VLVH%soi ratio was near one, indicating there
was no difference between VH-VL and VL-VH solubility. In this analysis, VL-VH scFvs
were found to be overall more soluble and based on these findings, scFvs were
designed in VL-VH orientation in most cases. In this larger analysis, there were no
cases by which VH-VL oriented scFvs were significantly more soluble than VL-VH

counterparts.
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Figure 5.2.3. The VLVH scFv orientation is more soluble in select cases. scFv
orientation was tested to assess impact on solubility. The VLVH oriented AMF7-63
and Syn-O2 scFvs were more soluble than VHVL counterparts, although this was not
found to be statistically significant. A, SynO2 scFv solubility (P =0.1222, ns). B, AMF7-
63 solubility (P = 0.1118, ns). C, The ratio of VH-VL:VL-VH solubility for fifteen scFv
intrabodies with varying VH charge (shown on the X-axis). scFvs in either VH-VL or
VL-VH orientation were designed and transfected into HEK293T cells and incubated
for 24 hours. Cells were harvested and sonicated before the soluble and insoluble

fractions were separated by centrifugation, prior to SDS-PAGE and western blotting.
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Bar charts represent mean solubility values of each scFv variant with standard

deviation (error bars) and data points (black).

It may be that a more positively charged VH domain requires molecular
chaperoning intracellularly by its respective VL domain which is not possible if the VH
domain is translated first. The effect of domain orientation on scFv solubility has
variable reports across the literature. While some studies report VH-VL scFvs are
more soluble in bacterial expression systems, Kim et al., (2008) others report that VL-
VH is more soluble in bacterial systems such as Shuffle T7 E. coli, which promotes
disulphide bond formation (Koger et al., 2021). Recent reports present evidence that
an scFv in VL-VH orientation was more soluble in in vivo models, (Anraku et al., 2025).
| hypothesise that when a more positively charged VH domain is translated first the
scFv is less soluble, and that when the net charge of the VH and VL domains are equal
scFv domain orientation has no significant effect on scFv solubility. The net charges

of VH and VL domains may account for the contrasting findings in these studies.

5.2.1.3 Reducing charge through interdomain linker modification significantly

improves solubility

To determine whether scFv constructs could be optimised to improve solubility
through easily implementable changes, two different linker configurations were
compared. Most commonly, a (G4S)4 linker is implemented due to its high flexibility,
solubility and minimal steric hindrance (Huston et al., 1988). By replacing serine

residues with aspartic acid, the whole molecule net charge is reduced by four without
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changing the scFv framework sequence. It was hypothesised that modifying the linker

peptide to reduce whole molecule net charge will improve scFv solubility.

Cinpanemab (BIIB-054) is a monoclonal antibody with a high affinity for
aggregated a-synuclein, in addition to oligomeric and monomeric forms (Weihofen et
al., 2019). However the SPARK trial reported no clinical benefit and cinpanemab
therapeutic development was discontinued (Lang et al., 2022). This antibody could be
repurposed as an intrabody for intracellular use. Of all a-synuclein targeting scFvs
tested, BIIB-054 displayed the highest solubility and had the lowest whole molecule
net charge. An unmodified construct was 45% soluble (= 18.5%, SD), and
incorporation of an N-terminal 3xFLAG tag increased solubility to 73% (£ 8.5%)
(Figure 5.2.4). Addition of FLAG and 3xFLAG tags improve scFv solubility (Kabayama
et al., 2020; Kvam et al., 2010). In the case of BIIB-054, incorporation of both the N-
terminal 3xFLAG tag and a (G4D)4 linker significantly increased solubility to 93.4% (+
2.5%), (p<0.005, unpaired t-test) (Figure 5.2.4). From this finding, all scFvs described
in this work were developed with the (G4D)4 linker with the aim of improving solubility

without editing the scFv sequence.
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Figure 5.2.4. The incorporation of aspartic acid substitutions into the flexible
linker peptide significantly improves scFv solubility. HEK293T cells were
transfected with the following BIIB054-VHVL constructs: An unmodified scFv
containing a (G4S)4 linker and a C-terminal HA tag (unmodified). Second, an scFv
containing the terminal FLAG and HA tags, and a (G4S)4 linker. Third, a modified scFv
containing a FLAG and HA tag, along with a (G4D)4 linker (standard modifications).
Cells were then incubated for 24 hours. Cells were harvested and sonicated before
the soluble and insoluble fractions were separated by centrifugation, prior to SDS-
PAGE and western blotting. Bar chart representing mean solubility values of each
scFv variant with standard deviation (error bars) and data points (black). (** = P<0.005,

unpaired t-test.)
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5.2.1.4 Reformatted scFv intrabodies can display very high thermostability

To test the thermodynamic stability of the BIIB-054 scFv, cell lysates were
heated to a range of temperatures, and the solubility of the expressed scFv was
analysed by SDS-PAGE and western blot. BIIB-054 scFv solubility began to decrease
at approximately 60 °C, but unexpectedly returned to its highly soluble state at 80 and
90 °C, (Figure 5.2.5A). However, in the presence of dithiothreitol (DTT), solubility of
the scFv again considerably decreased at 60 °C but did not re-increase at higher
temperatures (Figure 5.2.5B). The scFv solubility in the presence of DTT does not
decrease below 36% however, indicating that even at these temperatures there is a
considerable fraction of the protein that remained soluble. While the BIIB-054 scFv
remains soluble, this experiment does not assess if the scFv is correctly folded, so it
cannot be determined if BIIB-054 remains correctly folded in the absence of disulphide
bond formation in a reducing environment. It is clear that beyond 60 °C and in a
reducing environment, solubility of the scFv decreases, but in an oxidising
environment, the solubility returns back to 92% (N=1) at 90 °C, (Figure 5.2.5C).
Proteins are negatively charged at a buffer pH above their theoretical pl. Increased
temperature reduces buffer pH, and proteins display the least solubility and are prone
to self-association and aggregation when solution pH corresponds to their pl (Arakawa
and Timasheff, 1985). Therefore, it is possible that where BIIB-054 solubility
decreases at approximately 60 °C, the buffer reaches a pH equal to BIIB-054

theoretical pl.
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Figure 5.2.5. The BIIB-054 scFv exhibits very high thermostability. In the
presence of a reducing agent (DTT), solubility is reduced at higher temperatures. A,
Western blot showing that the scFv is predominantly soluble at temperatures of 80
and 90 °C, with a reduced solubility at 50 and 60 °C. B, In the presence of 40 mM
DTT, solubility of the scFv is reduced at around 50-60 °C and solubility further
decreases as temperature increases. C, Line graph comparing percentage solubility
of the BIIB-054 scFv with and without DTT in the lysis buffer. 10 cm dishes of HEK293T
cells were transfected with the BIIB-054 scFv and incubated for 24 hours, before cell

harvesting and aliquoting the total cell lysate into seven microcentrifuge tubes. Each
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tube was incubated at a different temperature (see above) and placed onto ice prior
to centrifugation. Solubility of scFv was analysed by SDS-PAGE and Western Blotting.

N=1.

5.2.2 AMF7-63 case study: solubility optimisation and retained specificity

5.2.2.1 Solubility of AMF7-63 can be increased by reducing whole molecule net

charge using tag addition, linker modification and framework substitutions

AMF7-63 is a misfolding specific antibody with affinity for residues 125-142
found in the electrostatic loop region of human SOD1 (Pickles et al., 2016). This
epitope is normally sequestered in the correctly folded wildtype SOD1 structure
(Vande Velde et al., 2008). In some cases, addition of charged terminal peptide tags
was insufficient to generate a highly soluble scFv. | hypothesised that whole molecule
net charge remained high, and solubility could be further improved by replacing
positively charged residues (lysine or arginine) with a negatively charged aspartic acid
residue. Excluding a conserved salt bridge between VL domain R/K61-D82 and VH
domain R/K66-D86 (denoted by Chothia numbering), most positively charged residues
generally remain surface exposed when the scFv is folded. As they project into solvent
and do not effect folding of the core Ig-fold interface, these solvent-exposed sites in
the variable framework regions are rational areas to introduce negative charge through

mutagenesis.

AMF7-63 demonstrated poor solubility and was selected for this broad scanning

mutagenesis experiment. A panel of AMF7-63 scFvs each containing a different
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aspartic acid substitution spanning the scFv were designed and their solubility tested
(Figure 5.2.6). The net charge of each scFv is reduced by two, and the aim of this
investigation was to identify positively charged residues that could be mutated to
improve solubility. In doing so, | further tested the hypothesis that whole molecule net
charge negatively correlated with scFv solubility and was a good predictive model.
Interestingly in the case of AMF7-63, some mutations decrease the solubility of the
scFv, though it was not statistically significant (Figure5.2.6). There is some likelihood
that this is due to variability expected in transient expression in cell lines, and more
biological replicates would be needed to better understand if there is a marked
decrease for some mutations or it is due to nonsignificant variability between

replicates.
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Figure 5.2.6. Replacing a positively charged residue with a negatively charged
aspartic acid can have a positive effect on solubility. Bar chart depicting the
solubility of variants of the AMF7-63 scFv. Solubility was most significantly increased
by mutations AMF7-637%30 and AMF7-63R%20, HEK293T cells were transfected with
wildtype AMF7-63 variants and those containing standard modifications plus one
mutation that replaces either a lysine or arginine with aspartic acid. Cells were
incubated for 24 hours. Soluble and insoluble fractions were collected prior to SDS-
PAGE and western blotting. Bar charts represent mean percentage solubility with
standard deviation (error bars) and data points (black). A dotted line indicates the
mean percentage solubility of the AMF7-63 scFv variant that contains a modified

peptide linker plus N- and C-termini tags.
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Out of all tested mutations (Figure 5.2.6), AMF7-63R%3P and AMF7-63 R62D
mutants were determined to have a higher mean average solubility than the standard
VHVL scFv with terminal 3xFLAG and HA tags and (GsD)4 linker (Figure 5.2.7A & B).
When AMF7-63 is reformatted as an scFv with a C-terminal HA tag and (G4S)4 linker,
the scFv exhibited 6.9% (£ 4.5%) solubility. The addition of an N-terminal 3xFLAG tag,
and modified (GsD)s linker increased scFv solubility to 58.4% (+ 20.3%),
demonstrating that scFv solubility can be significantly improved by introducing an N-
terminal 3xFLAG tag and a modified linker peptide (Figure 5.2.7A & B). Next, |
determined if the increased solubility introduced by point mutations that swap
positively charged residues for a negatively charged aspartic acid had a cumulative
effect. An scFv was created by site directed mutagenesis containing standard
modifications, plus mutations at both the 53 and 62" amino acid. Introducing a
second aspartic mutation further reduces theoretic isoelectric point at physiologic pH
and reduces net charge (Figure 5.2.7 C & D). Here, | found that incorporating both
aspartic acid mutations at Arg53 and Arg62 increased scFv solubility to 97% (+ 1.6%)
resulting in a 14-fold increase in comparison to the unmodified scFv (Figure 5.2.7B).
This aligns with the hypothesis that reducing negative net charge increases solubility
of scFvs, and proves that we can achieve near 100% solubility by introducing several
point mutations into the scFv along with our standard modifications to decrease whole
molecule net charge. By comparing the net charge and solubility of these AMF7-63
variants, a negative correlation can be observed, supporting our findings that a lower
whole molecule net charge has an inverse relationship with scFv solubility (Figure

5.2.7D).
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Figure 5.2.7. A more negative whole molecule net charge correlates with
increased scFv solubility. A, Western Blot showing that a greater proportion of the
FLAG-tagged scFv is found in the soluble fraction when negative net charge is
increased. B-actin is used as a control as it predominantly remains in the soluble
fraction. Briefly, HEK293T cells were transfected with AMF7-63 scFv variants and
were then incubated for 24 hours. Cells were harvested and sonicated before the
soluble and insoluble fractions were separated by centrifugation, prior to SDS-PAGE
and westem blotting. B, Bar chart depicting mean percentage solubility of each AMF7-

63 VH-VL variant with standard deviations (error bars) and replicate date points
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(black). P<0.0001, one-way ANOVA. C, Line graph plotting negative net charge of
modified AMF7-63 scFvs against their mean solubility in HEK293T experiments. A
more negative net charge correlates with increased scFv solubility. R? = 0.9818. D,
Table depicting the theoretical isoelectric point and negative net charge of each AMF7-

63 scFv variant, as predicted by Expasy ProtParam.

5.2.2.2 Whole molecule net charge is predictive of scFv solubility

The results described in this chapter herein contributed to a larger scale
analysis of scFv charge and solubility, where a predictive linear regression model was
established. To calculate percentage solubility, the equation below derived from the
given linear regression can be used to predict scFv solubility (Figure 5.2.8).

= —(4.6237 X net charge) + 8.2469

A negative correlation (R? = 0.75) over the charge range +3 to -20 was observed
between whole molecule net charge and scFv solubility, obtained from testing the
solubility of 45 scFv intrabodies following transient expression in HEK293T cells,
including those described here. From this work, it can be concluded that a scFv should
have a whole molecule net charge of -15 or lower in order to have achieve high
intracellular solubility (>80%). The protocol for scFv reformatting described in this work
allows for initial construct design success without the need for production and testing
of a larger panel of candidate proteins based on this relationship between whole

molecule net charge and solubility.
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Figure 5.2.8. scFv intrabody solubility negatively correlates with whole molecule
net charge. Results from this chapter contributed to the above analysis where a
negative linear correlation was identified between whole molecule net charge and
solubility. Data points (black) represent mean solubility values of scFvs expressed in
HEK293T cells as described (n=22), for 45 different scFv intrabodies. Solubility of
several scFvs targeting proteins implicated in neurodegenerative disease were tested
by Rushba Shahzad, Kimia Aghasolemaini and Gareth Wright (O’Shea et al., 2025).

Linear regression analysis is shown in blue and bands for 95 % confidence intervals

are shown.
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5.2.2.3 Modified AMF7-63 scFvs retain parent mutant specificity demonstrated

by co-immunoprecipitation

Next, it was essential to determine if these more soluble AMF7-63 scFv variants
retained their parent antibody specificity. A HA-tag magnetic bead co-
immunoprecipitation was completed to confirm interaction with AMF7-63 and ALS-
mutant SOD1. Initially | tested if the AMF7-63 scFv variant with standard modifications
(3xFLAG and HA tags, modified linker) retained parent antibody specificity. It was
observed that the scFv immunoprecipitated with SOD144V and SOD1%%A, but not
wildtype SOD1, confirming its mutant specificity (Figure 5.2.10A). To confirm if AMF7-
63R53D and AMF7-63R62D mutations affect scFv binding, a further immunoprecipitation
reaction with SOD14V was completed. Both AMF7-63R%3D and AMF7-63R62D

successfully precipitated SOD144V (Figure 5.2.9B).
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Figure 5.2.9. AMF7-63 scFv variant harbouring substitution mutations retain
their parent antibody specificity for mutant SOD1. A; SOD 144V and SOD 16934 are
pulled down with AMF7-63 VH-VL, while wtSOD1 does not interact with AMF7-63 VH-
VL. N=3. HEK293T cells were co transfected with wildtype SOD1, SOD144V and
SOD1%%34, and the VH-VL AMF7-63 scFv, or the by AMF7-63R>3P and AMF7-63R62D
variants, and were incubated for 24 hours before immunoprecipitation with magnetic
beads. Input and elution fractions were analysed by SDS-PAGE and western blotting.
B, SOD144V js pulled down by AMF7-63R%3P and AMF7-63R6?D, N=1. HEK293T cells
were co transfected with SOD144V and the VH-VL AMF7-63R%30 and AMF7-63R62P
modified scFvs, and were incubated for 24 before immunoprecipitation with magnetic
beads. Input and elution fractions were analysed by SDS-PAGE and western blotting.

UTC; untransfected control.
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The AMF7-63R%3D*R62D gcFy co-immunoprecipitated with SOD144V confirming

that cumulative rational mutagenesis does not affect binding specificity and can be a

useful tool in developing soluble scFvs (Figure 5.2.10A). This mutation was then also

co-transfected with some less common SOD1 ALS-linked mutants, and the modified

scFv was successfully eluted with SOD1¢"""Y and SOD1'""3T, The modified AMF7-63

scFv did not elute with the wild type-like variant SOD1P%A, further showcasing its

specificity for misfolded conformations of SOD1 (Figure 5.2.10B).

— Recombinant 5001
— Mlatee SO0

— Eluted FLAG-tegged acFv

A soD1"T  soD1MY uTC
AMFT-GaRsIRED -~ T o T
FLAG tagged
scFv — a—
SOD1 — —
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- - + = ¥ - <+
— —
Input Fraction ___T_'""H"'___ —
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Elurtion S— —
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Figure 5.2.10. SOD1 ALS-linked mutants are pulled down with the modified

AMF763R53D*R62DgcFy  but SOD1WT and SOD1P%A do not interact with the

modified scFv, displaying maintained mutant-specific epitope recognition. A,

Western blots depicting elution from magnetic beads following the pull-down
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experiment. Recombinant SOD 144V js pulled down with the modified scFv and wildtype
SOD1 is not eluted with the scFv. B, Western blots depicting cell lysates or ‘input
fractions’ of each experimental condition and elution from magnetic beads following
the pull-down experiment. Only recombinant SOD1'"'3T and SOD1¢""Y js only pulled
down with the modified scFv. HEK293T cells were co transfected with wildtype SOD1,
SOD1A4Y, SOD1P%4 SOD1'"13T. SOD1¢"""Y, and the VH-VL AMF763R53D+R62DgcfFy,
incubated for 24 hours before immunoprecipitation with HA-tag magnetic beads. Input
and elution fractions were analysed by SDS-PAGE and western blotting. UTC;

untransfected control.

5.2.2.4 Thermostability of AMF7-63 is unimpacted by rational mutagenesis to

framework and CDR regions

To determine whether the rational mutations added to the AMF7-63 scFv had
an effect on thermostability, the scFv variants were heated to different temperatures
and the abundance of soluble protein at each temperature analysed by western
blotting. While AMF763R53D*R62D gppeared more abundant (Figure 5.2.11A), it
appears that abundance of soluble protein began to decrease at approximately 40-
45 °C for all scFv variants (Figure 5.2.11B). It can be suggested that introduced
mutations have no detrimental effect to thermal stability and are unlikely to cause scFv

misfolding or lead to aggregation at physiological temperatures.
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Figure 5.2.11. Thermostability of the AMF7-63 scFv is not impacted by rational
mutagenesis. A, Western blots depicting abundance of each soluble fraction the
AMF7-63 scFv variants at increasing temperatures. B, Line graph depicting relative
abundances of AMF7-63 scFv variants in the soluble fraction. While abundance
markedly decreases at approximately 40-45 °C, relative soluble abundance remains
highest for AMF7-63R53D+R62D HEK293T cells were transfected with the above variants
and incubated for 24 hours. Cells were harvested and fractions of the cell lysate were
heated at varying temperatures, from 22 to 70 °C. The soluble fractions were obtained

by centrifugation and analysed by SDS-PAGE and western blotting. N=1.
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5.2.3 Al-driven inverse folding to optimise scFv solubility

5.2.3.1 Al-driven inverse folding generates abundant, soluble scFvs with

improved thermostability

Inverse protein folding computational approaches can be used to predict
alternate amino acid sequences that correctly fold into a 3D shape corresponding to
the given protein backbone, often downstream of structural prediction methods such
as AlphaFold or RFDiffusion. Deep learning models such as proteinMPNNsoL, which
was trained on a soluble protein dataset, can be used to predict alternate more soluble
sequences (Dauparas et al., 2022). The success of ProteinMPNN implementation to
antibodies and other proteins prompted the application of ProteinMPNN to poorly
soluble scFvs described in this work. Recent work has established the use of
ProteinMPNN in de novo antibody and protein design and development of protein
nanomaterials (Alamo et al., 2025; de Haas et al., 2023; Li et al., 2024). | aimed to
investigate if ProteinMPNNsoL could be used to further improve scFv solubility where

human redesign efforts based on whole molecule net charge failed.

To ensure preservation of antigen binding specificity, residues encompassing
the CDRs were restricted from alteration by proteinMPNNsoL, according to Chothia
numbering of antibody domains. The linker peptide was also restricted from
proteinMPNNsoL alteration to ensure that charge and flexibility of the linker are

retained. To further ensure antigen binding affinity and maintain structural integrity,
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residues within the dimerisation interface were fixed through visual inspection of

predicted structures, (Figure 5.2.12).

COR Regions

A0

WL dimakn

VH damiain

Figure 5.2.12. AlphaFold predicted structure of an scFv in VL-VH orientation,
depicting regions restricted from alternative proteinMPNN prediction. Shown in
pink are complementarity determining regions. Residues comprising the dimer
interface are highlighted in yellow and were restricted from proteinMPNN alteration to

preserve stability of the scFv. VH and VL domains are shown in green.

The 10H and MS785 scFvs exhibited poor solubility compared to scFv
counterparts with the same or similar whole molecule net charge, indicating that
solubility is perhaps hindered by other physiochemical or biophysical factors. In this
work, protein MPNNsoL was used to generate alternative scFv sequences for 10H and
MS785. Two protein MPNN models with different noise levels were used to generate
scFvs sequences: proteinMPNNsoL%°2 and proteinMPNNsoL 2 representing 0.02A and
0.20A model noise respectively. The 0.20A model has a greater degree of flexibility in
terms of which amino acid residues can occupy a given space on the protein

backbone, whereas the 0.02A model is more restrictive.
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Upon solubility testing of proteinMPNN outputs for the MS785 scFv sequence,
both proteinMPNNsoL%?? and proteinMPNNsoL??° exhibited high solubility (Figure
5.2.13A, B). The solubility of both MS785 MPNN constructs were significantly higher
than the solubility of a scFv designed using rational mutagenesis and addition of

terminal tags to reduce net charge (human redesign).

Interestingly, the proteinMPNNsoLl%?° MS785 scFv variant demonstrated
considerably increased abundance compared to the proteinMPNNsoL%°? variant and
other human redesigned variants (Figure 5.2.13A). However, this finding was not
replicable for 10H, where the proteinMPNNsoL%%? scFv variant displayed higher
solubility than proteinMPNNsoL%?° and human designed 10H scFv variants (Figure
5.2.14). The 10H scFv has an affinity for oligomeric a-synuclein and is reported to
exhibit poor solubility (Emadi et al., 2009). The 10H scFv was found to be 31.96%
soluble (£ 5.49%) with standard modifications before MPNN redesign, demonstrating
a 2.3-fold increase in protein abundant in the soluble fraction, and a 15-fold increase

in soluble protein compared to the unmodified scFv.

In the case of both 10H and MS785, the proteinMPNNsoL%?° scFv variant
demonstrated considerably higher thermostability than other scFv variant counterparts
(Figure 5.2.15A & B) demonstrating the ability of proteinMPNN to generate more

soluble and thermodynamically stable proteins.
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Figure 5.2.13. MS785 scFv solubility and abundance is increased following Al-
led inverse folding and protein redesign. A, Western blot and B, bar chart
representing increased solubility of A-redesigned MS785 scFvs. The
proteinMPNNso.%°  variant is considerably —more abundant then the
proteinMPNNso. %92 variant. HEK293T cells were transfected with an MS785 scFv
variant (human or Al-led design constructs) and incubated for 24 hours. Cells were
harvested and sonicated before the soluble and insoluble fractions were separated by
centrifugation, prior to SDS-PAGE and Western Blotting. Bar chart represents mean
solubility values of each scFv variant with standard deviation (error bars) and data

points (black).
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Figure 5.2.14. 10H scFv solubility is increased using a proteinMPNNsoL%-
generated sequence. A, western blot and B, bar chart representing increased
solubility of Al-redesigned 10H scFvs. Interestingly, the proteinMPNNsoL%%? scFv
variant is most soluble. HEK293T cells were transfected with a 10H scFv variant
(human or Al-led design constructs) and incubated for 24 hours. Samples were
prepared for analysis by western blotting as described. Bar chart represents mean
solubility values of each scFv variant with standard deviation (error bars) and data

points (black).
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Figure 5.2.15. scFv thermal stability is increased following Al-led inverse folding
and redesign. A, western blot demonstrating increased thermostability of the Al-
redesigned MS785 scFv utilising proteinMPNNsoL (020 model). B, Western blot
demonstrating increased thermostability of the 10H Al-redesigned MS785 scFv
utilising proteinMPNNsoL (020 model). In both cases, the scFv designed using

proteinMPNNso. (020 model) appears to be more abundant at physiological
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temperatures and remains soluble at higher temperatures than human redesigned
scFvs. scFv human and Al-redesigned variants were transfected into HEK293T cells
and incubated for 24 hours. Cell lysates were incubated to varying temperatures using
a gradient heat block for five minutes before freezing at -80 °C. The following day, the
soluble fractions were obtained by centrifugation as described and abundance of scFv

at each temperature was analysed by western blotting.

5.2.3.2 Parent antibody specificity is retained following Al-led redesign of scFv

framework regions

MS785 scFv has a high affinity for misfolded SOD1 (Fujisawa et al., 2012). The
Al-redesigned variant generated using proteinMPNNsoL%?° was found to be highly
abundant and solubility was increased over 300-fold in comparison to the unmodified
scFv. To test if the mutant specificity of the parent antibody was retained following Al-
led scFv redesign, a co-immunoprecipitation reaction between SOD1A4V and
MS785s0.%%° was completed and SOD14V was eluted with the scFv (Figure 5.2.16).
Additionally, a range of binding buffers with differing pH and salt concentrations were
tested for the same immunoprecipitation reaction to determine optimum conditions for
protein elution. Physiological pH and salt concentration was found to be optimum upon

visual inspection (Figure 5.2.16).
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Figure 5.2.16. Immunoprecipitation of SOD144V with MS785 is most efficient at
physiological pH and salt concentrations. Western blot depicting co-
immunoprecipitation of SOD144V by the MS785 modified scFv, redesigned by
proteinMPNNsoL (020 model). The immunoprecipitation protocol was followed as
described, but all stages requiring binding buffer were tested with a range of buffers
containing the listed pH and salt concentration. Immobilised protein was eluted

according to the described protocol and analysed by western blotting.

5.2.4 Applications of soluble intracellular scFvs

5.2.4.1 A panel of soluble SOD1-targeting scFvs with distinct epitopes were

developed which retain mutant specificity

Establishment of a reliable reformatting method to turn any antibody into a
soluble intrabody allowed production of a panel anti-SOD1 scFvs derived from
conformation specific antibodies. Each scFv contains a 3xFLAG and HA tag, a
modified (G4D)4 linker and where necessary rational mutagenesis of surface exposed

positively charged residues to aspartic acid to lower whole molecule net charge or
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redesigned by inverse folding. Sequences are provided in Appendix 1. C4F6, SE21
and a-miSOD1 and the MPNN-designed MS785 scFvs demonstrated high solubility
(Figure 5.2.17A). The SOD1 conformation-specific intrabodies described target five
distinct epitopes in the SOD1 monomer (Figure 5.2.17B). To test if this panel of scFvs
retain their specificity for misfolded SOD1 conformers, an immunoprecipitation
reaction was completed with SOD1WT, SOD1A4Y, SOD1693A and SOD1P%A, All SOD1-
targeting scFvs described were eluted with SOD144Y and SOD1¢%3A (Figure 5.2.17C).
Co-immunoprecipitation for the wildtype recombinant SOD1 and the wild type like
SOD1P%A mutant were unsuccessful, indicating the retained misfolded conformation

specificity of these SOD1 scFvs (Figure 5.2.17B).
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Figure 5.2.17. Reformatted state-specific scFv intrabodies retain parent

antibody mutant specificity. A, Assessment of solubility of a panel of misfolding-

specific scFvs. scFvs described here were transfected into HEK293T cells and

incubated for 24 hours. Cells were harvested and sonicated before the soluble and

insoluble fractions were separated by centrifugation, prior to SDS-PAGE and western

blotting. Bar charts represent mean solubility values of each scFv variant with standard

deviation (error bars) and data points (black). B, The chosen SOD1 conformation-

specific intrabodies target five distinct epitopes in the SOD1 monomer here shown on
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the fully metalated disulphide intact form and are reported to be ALS-mutant specific
antibodies. C, Assessment of mutation-specific interactions between scFv intrabodies
and wildtype, A4V, G93A, and D90A SOD1. Briefly, HEK293T cells were co-
transfected with an scFv variant and a SOD1 mutant and incubated for 24 hours. Cells
were harvested with binding buffer and the soluble fraction incubated with HA
magnetic beads for 1 hour rotating at room temperature, before magnetic beads were
washed and bound protein was eluted using 4x SDS-PAGE sample loading buffer and
heating to 95 °C for five minutes. Input fractions and elution fractions were then
analysed by SDS-PAGE and western blotting. Immunoprecipitation was observed for
the A4V and G93A SOD1 mutants, but not for wildtype recombinant SOD1 and the

wildtype-like D90OA variant.

5.2.4.2 A panel of confirmation-specific a-synuclein -targeting scFvs were

developed and retain parent antibody specificity

A panel of scFvs were designed targeting oligomeric and aggregated o-
synuclein based on commercial and research antibodies. A negatively charged FLAG
tag, HA tag, and a (G4D)4 linker were added to promote solubility, as it was predicted
that solubility without these modifications would be low due to higher whole molecule
net charges. Despite the addition of these tags, scFv solubility remained poor (below
70% soluble), excluding BlIB-054 VH-VL and BIIB-054 VL-VH (Figure 5.2.18). For
most scFvs, domain orientation had no significant effect on scFv solubility. In the case
of Syn-0O2, the VL-VH scFv variant was 20% more soluble than VH-VL although this
was deemed insignificant (p=0.1222, unpaired t-test). D5E and 10H are previously

published scFvs and described to exhibit high solubility (Emadi et al., 2009, 2007).

162



However, in this work DSE and 10H displayed 36.9% + 10.7% and 49.4% + 10.7%

solubility respectively, perhaps due to the use of more physiologically relevant buffers
that do not contain detergents. Additionally, a 10H VLVH scFv was synthesised and
tested but it was found that there was no significant effect on solubility when domain

orientation was changed (Figure 5.2.18).
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Figure 5.2.18. A panel of confirmation-specific a.-synuclein targeting scFvs were
designed and their solubility was tested. HEK293T cells were transfected with an
scFv variant and incubated for 24 hours. Each scFv variant described here contains
an N-terminal 3xFLAG tag, a (G4D)4 linker, and C-terminal HA tag. Cells were
harvested and sonicated before the soluble and insoluble fractions were separated by

centrifugation, prior to SDS-PAGE and Western Blotting. Bar chart represents mean
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solubility values of each scFv variant with standard deviation (error bars) and data

points (black).

a-Synuclein remains almost completely soluble in this cell model. Oligomeric or
fibrillar states are likely absent or perhaps present at undetectable levels. Co-
immunoprecipitation following co-expression of a-synuclein and scFvs revealed that
PRX002 and BIIB-054 interact with transiently expressed a-synuclein (Figure 5.2.19).
The PRX002 and BIIB-054 antibodies display some affinity for monomeric a-synuclein,
which is retained when reformatted as scFvs here (Games et al., 2014; Weihofen et
al., 2019). It is possible that transiently expressed a-synuclein in the HEK293T cell
model employed here remains in the monomeric form, as oligomer-specific scFvs do
not interact with a-synuclein in this immunoprecipitation experiment. It can therefore
be deduced, that BIIB-054 and PRX002 scFvs are interacting and eluting with
monomeric forms of a-synuclein, supported by the absence of interaction with a-
synuclein and oligomer-targeting scFvs. Additionally, solubility of the PRX002 scFv
significantly increased when expressed with a-synuclein, (Figure 5.2.20), which is
indicative of an interaction between PRX002 and a-synuclein, stabilising the scFv and

increasing solubility.
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Figure 5.2.19. scFvs retain state specific recognition of conformation-specific
parent antibodies. Immunoprecipitation and western blotting for a-synuclein reveals
that BIIB-054 and PRX002 bind to monomeric transiently expressed a-synuclein, while
no interaction could be observed between a-synuclein and D5E, Syn-O2 and 10H,
which to be specific to oligomeric and aggregated alpha synuclein states. Briefly,
HEK293T cells were co-transfected with an scFv variant and a-synuclein and
incubated for 24 hours. Cells were harvesting with binding buffer and the soluble
fraction incubated with HA magnetic beads for 1 hour rotating at room temperature,
before magnetic beads were washed and bound protein was eluted using 4x SDS-
PAGE sample loading buffer and heating to 95 degrees for 5 minutes. Input fractions

and elution fractions were then analysed by SDS-PAGE and Western Blotting.
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Figure 5.2.20. PRX002 solubility is significantly increased when co-expressed
with transiently expressed monomeric a-synuclein. HEK293T cells were
transfected with an scFv variant and a-synuclein and incubated for 24 hours. Cells
were harvested and sonicated before the soluble and insoluble fractions were
separated by centrifugation, prior to SDS-PAGE and western blotting. Bar chart
represents mean solubility values of each scFv variant with standard deviation (error
bars) and data points (black). Navy bars represent scFv solubility alone and blue bars
represent scFv solubility when expressed with a-synuclein. PRX002 solubility was
significantly increased; P = 0.0270, unpaired t-test, N = 2. All other changes in scFv

solubility when expressed with a-synuclein were non-significant (P>0.05.)

The BIIB-054 scFv is derived from the aggregate-specific antibody (Weihofen
et al., 2019). A fibril pull-down assay showed that soluble scFv separates into the
insoluble fraction on addition of a-synuclein fibrils. This confirms specificity is retained

when cinpanemab is reformatted as a scFv intrabody (Figure 5.2.21). B-actin is a
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typically stable and soluble protein, and remained in the soluble fraction with a-

synuclein pre-formed fibril incubation (Figure 5.2.21).
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Figure 5.2.21. Assessment of oligomeric state specific interaction between pre-
formed a-synuclein fibrils and the BIIB-054 scFv. The highly soluble BIIB-054 scFv
is pulled into the insoluble fraction when incubated with a-synuclein fibrils. Western
blot probing for a-synuclein shows that fibrils are insoluble. 3-actin is typically soluble,
is not known to interact with a-synuclein fibrils, and is used as a control indicating that
the pull-down of the scFv is specific. An increased amount of the HA-tagged scFv in
the insoluble fraction indicates that the BIIB-054 is binding to the pre-formed fibrils.
HEK293T cells grown in 10 cm dishes were transfected with the BlIB-054 scFv and
incubated for 24 hours. The absence of detectable scFv in the insoluble fraction in the
absence of pre-formed fibrils is used as an additional control to indicate that this is
interaction is specific to fibrillar aggregates. The total cell lysate was aliquoted into
microcentrifuge tubes, and a-synuclein fibrils (test) or TBS (control) were added to the

tubes and incubated at room temperature with end-over-end rotating. Samples were
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centrifuged to separate soluble and insoluble fractions and analysed by SDS-PAGE

and western blotting. N=2.

5.3 Discussion

The relationship between net negative surface charge and protein solubility is
well documented and understood (Kramer et al., 2012). Adding fusion tags or
mutations to complementarity determining regions has been shown to improve scFv
solubility. The STAND approach demonstrates that adding a 3xFLAG tag to scFv
sequences increases their solubility without changing framework or CDR sequence
(Kabayama et al., 2020). Other work suggests that introducing negatively charged
mutations to framework or CDR regions can also improve solubility (Joshi et al., 2012;
Kvam et al., 2010). Aspartate scanning through CDR loops and introducing CDR
mutations has been demonstrated to increase aggregation resistance (Dudgeon et al.,
2012). However, this may be a less favourable approach due to the possibility of loss
of epitope binding affinity. Here, | describe an easily implementable strategy to develop
‘off-the-shelf’ soluble scFv intrabodies. Though not significant in these findings, the
VL-VH domain orientation is preferred for scFv intrabody design due to an increase in
whole molecule solubility. In a larger scale analysis, VL-VH scFv intrabodies were
significantly more soluble than VH-VL counterparts when the net charge of the VH
domain was 0 or above. In cases where the VH domain was negatively charged, there
was no significant difference between VH-VL and VL-VH scFv solubility. Then, through
incorporation of a charged flexible peptide linker such as (G4D)s4, a 3xFLAG at the N-
terminus of the scFv and a HA tag at the C terminus, net charge can be considerably
reduced and thereby solubility increased. If the net charge of an scFv protein is

particularly high despite use of charged tags and interdomain linkers, the sequence
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could then be redesigned by inversely folding using proteinMPNNsoL, using the 020
model and fixing residue positions that comprise the CDR regions, domain interface
and linker peptide. From the proteinMPNNsoL outputs, a sequence with the highest
predicted solubility and highest proteinMPNNsoL ranking was selected for synthesis.
While cumulative rational mutagenesis improves solubility, as demonstrated in the
case of AMF7-63, the site-directed mutagenesis approach is time consuming and, in
the cases, described here (MS785 and 10H) yields a less soluble and less abundant

protein.

The AMF7-63 antibody, (Pickles et al., 2016), was reformatted as an scFv in
both VH-VL and VL-VH orientations. Solubility testing revealed that the scFv is more
soluble in the VL-VH orientation, however it was not statistically significant. In a larger-
scale analysis, VL-VH scFv intrabodies were significantly more soluble than VH-VL
counterparts when the VH domain’s net charge was neutral or positive, whereas no
significant difference was observed when the VH domain carried a negative charge. It
is clear however that scFv orientation and VH domain net charge has some marked
effect on solubility and hence cytoplasmic stability. | hypothesise that is likely due to
the way in which the translated protein leaves the ribosome, as it could be that when
a more positively charged VH domain of an scFv comes off the ribosome before its
more negatively charged VL chaperone, this may increase the likelihood of the protein

to misfold and aggregate.

For proof-of-concept purposes, asparagine and lysine scanning of the VH-VL

scFv was completed and aspartic acid mutations were introduced at a single site with

the goal of decreasing net charge of the scFv. Introducing one point mutation had a
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noticeable effect on solubility, and epitope recognition of SOD1A4¥ was maintained. To
further confirm the hypothesis that decreased net charge directly correlated with
improved scFv solubility, a second mutation was added to confirm if there was a
cumulative effect. Solubility testing revealed that increasing a second aspartic acid
mutation increased scFv solubility to near 100%. Mutant specific parent antibody
epitope recognition was retained in the double mutant AMF7-63 scFv, making this a

useful a bioPROTAC target recognition domain.

Recently, results from a phase Il clinical trial testing cinpanemab (BIIB-054) as
a disease-modifying treatment for PD showed no significant changes in clinical
measures of disease progression when compared to placebo groups (Lang et al.,
2022). Most recently, Biogen chose to discontinue development of cinpanemab.
Another monoclonal antibody targeting aggregated o-synuclein is also being
investigated for its use as a disease modifying PD therapeutic. PRX002, referred to as
prasinezumab, also targets aggregated a-synuclein but has high affinity for the C-
terminus and binds to both monomeric and aggregated a-synuclein (Pagano et al.,
2022). Both antibodies were reformatted as scFvs and found to co-immunoprecipitate
with monomeric transiently expressed a-synuclein (Figure 5.2.19) this demonstrates
retained affinity for the a-synuclein monomers, although further study is needed to

determine if the PRX002 scFv binds to fibrillar a-synuclein.

D5E, 10H, and Syn-O2 have affinities for oligomeric conformers of a-synuclein
(Emadi et al., 2009, 2007; Kumar et al., 2020). Experiments where a-synuclein
oligomers are generated and co expressed with these scFvs are necessary to confirm

state specific recognition, although the unsuccessful immunoprecipitation of
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monomeric a-synuclein with these scFvs indicates that these scFvs do not bind non-
specifically to the transiently expressed monomer (Figure 5.2.19). Interestingly,
solubility of the PRX002 scFv significantly increased when co-expressed with
monomeric a-synuclein in HEK293T cell experiments, which is indicative of an

interaction and hence stabilisation of the PRX002 scFv (Figure 5.2.20).

It is evident that some data points fall outside of the 95% confidence interval in
the linear regression model displayed in Figure 5.2.6, suggesting that whole molecule
net charge is not the only factor influencing scFv solubility. It is possible that surface
hydrophilicity may impact scFv solubility in the cytoplasm. MS785 and 10H scFvs
demonstrated poor solubility despite human redesign efforts such as such as addition
of negatively charged linkers and terminal tags, and incorporation of several aspartic
acid substitution. The 10H multi scFv was predicted to exhibit 100% solubility
according to our linear regression model and exhibited 58% solubility, further
reinforcing that whole molecule net charge is not the only factor influencing solubility
in these cases. ProteinMPNN was used to predict alternative soluble sequences while
restricting CDRs and dimer interface regions. ProteinMPNN generated scFvs that
demonstrated high solubility and increased thermostability. In the case of MS785,
parent antibody epitope recognition was maintained and the modified scFv co-
immunoprecipitated with SOD144V_ ProteinMPNN has been known to increase surface
hydrophilicity, (Goverde et al., 2024), so it is plausible that proteinMPNN was able to
improve scFv surface hydrophilicity whilst reducing whole molecule net charge to

generate an scFv more soluble than that of human redesign.
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Highly soluble confirmation-specific scFvs have great therapeutic value. To
advance this work towards clinical trials and move towards scFv-based therapies for
treatment of neurodegenerative diseases the long-term stability and effect on cell
viability must be investigated in more clinically relevant models such as patient-derived
iPSCs before moving forward to in vivo systems. The scFv optimisation strategies
described here must be validated in patient-derived iPSC neuron cultures and in vivo,
to confirm solubility and stability in physiologically relevant systems. Importantly,
pharmacokinetic studies are necessary to understand scFv half-life and clearance
mechanisms before advancing with therapeutic design. The development of efficient
delivery methods, such as viral vectors, lipid nanoparticles and exosomes (J. Jiang et
al., 2024; Kou et al., 2011; Wong et al., 2017) must be designed and tested and the

effects of long term scFv expression evaluated.

5.3.1 Conclusion

scFv intrabodies described here were derived from monoclonal antibodies or
were obtained through hybridoma sequencing. While some are used in research,
some have been implemented in stage Il and stage lll clinical trials. This work
described the development of a systematic strategy to reformat any available antibody
as a highly soluble and intracellularly stable scFv, based on the discovery of a strong

negative correlation between net charge and scFv solubility in cell models.
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Chapter VI: Conclusions

The collective origins of neurodegenerative diseases such as ALS and PD are
predominantly intracellular. While some studies propose that cellular toxicity is
attributed to only the aggregated form of protein, others document that this may be a
protective process and that soluble precursors are the most neurotoxic form. Targeting
these soluble toxic oligomers may be preferential therapeutically, preventing their
aggregation. In ALS, misfolded and aggregation prone toxic SOD1 species are
causative of motor neuron degeneration through mechanisms such as oxidative
stress, protein aggregation and prion-like propagation (Minch et al., 2011b; Vande
Velde et al., 2008). a-Synuclein undergoes a fibrillization and aggregation process that
creates Lewy body inclusions in dopaminergic neurons (Vidovi¢ and Rikalovic, 2022).
These aggregates drive neuronal dysfunction, however if it is not fully elucidated
whether the toxic soluble oligomers or insoluble aggregates are the drivers of
dopaminergic neuron degeneration and disease. Targeting intracellular toxic
precursors may be a viable therapeutic strategy, preventing prion propagation or

delaying aggregation.

Effective bioPROTAC design requires careful consideration of protein target
along with recognition and ubiquitylation domain selection. a-synuclein has a half-life
of 16-48 hours (Cuervo et al., 2004; Ho et al., 2020; Mathieson et al., 2018) while
disulfide-reduced SOD1 exhibits a comparatively short half-life of six hours (Jonsson
et al., 2006). a-Synuclein is efficiently degraded by the CHIP-NbSyn87 bioPROTAC
while SOD1 was not degraded and in NSC34 cells increased in abundance using an

identical ubiquitylation strategy. It seems target proteins with longer half-lives are
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preferred candidates for bioPROTAC degradation; a concept demonstrated for small
molecule PROTACSs (Riching et al., 2018; Vetma et al., 2024). Longer substrate half-
lives may provide more opportunity for bioPROTAC binding, ubiquitin transfer and
degradation. NbSyn87 binds to a-synuclein with high affinity, comparable to that of
hCCS domain |l suggesting that the relationship between binding affinity and
bioPROTAC efficacy may be complex (Guilliams et al., 2013). However, the most
obvious difference between these cases is the impact of the recognition domain;
NbSyn87 contributes to degradation while hCCS domain Il stabilises its target
(Luchinat et al., 2017). NbSyn87 is not known to impact a-synuclein structure while

hCCS domain Il acts as a molecular chaperone for SOD1 (Luchinat et al., 2017).

NbSyn87 does have a weak affinity for proteasomal subunit Rpn10, which
further drives proteasome-mediated degradation of a-synuclein, and may be a
contributing factor for the efficient degradation by the CHIP-NbSyn87 bioPROTAC
(Gerdes et al., 2020). a-Synuclein contains several KTKGEV repeats spanning the
protein, providing more readily accessible sites for ubiquitination which may increase
likelihood of bioPROTAC mediated degradation (Burré et al., 2014). Substrate
flexibility and target protein lysine accessibility are essential for effective ubiquitination.
It may also be possible that recognition domain interactions protect key lysine residues
from ubiquitination by preventing access and mitigated by high conformational

freedom of the target.

Efficient bioPROTAC mediated degradation relies on transient interactions with

the target rather than high binding affinity interactions that stabilise the target. These

high affinity stabilising interactions may prevent the bioPROTAC from dissociating to
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then bind to additional substrates and prevent successive ubiquitination. From this |
conclude that a bioPROTAC recognition domain must be highly soluble, bind with

moderate affinity and avoid stabilising the target protein.

Targeted protein degradation is a promising therapeutic strategy with possible
applications in neurodegenerative disease. Several small molecular PROTACs and
bioPROTACSs have been developed to target proteins implicated in neurodegenerative
diseases (Cai et al., 2024; Carton et al., 2025; Chisholm et al., 2025). In the
synucleinopathies such as Parkinson’s disease and dementia with Lewy Bodies
(DLB), cytoplasmic accumulation of misfolded and aggregated a-synuclein is central
to dopaminergic neuron dysfunction and degeneration, (Lashuel et al., 2013;
Spillantini et al., 1998b). The successful targeted degradation of a-synuclein by the
CHIP-NbSyn87 bioPROTAC highlights a promising therapeutic avenue for PD,
utilising targeted protein clearance to restore proteostasis and potentially alleviate
neurodegenerative disease pathology, with the aim of delaying cell death and
ultimately disease progression. Future work investigating if degradation of the target
protein is solely bioPROTAC dependent is essential to confirm efficacy. Additional
positive controls such as catalytically inactive bioPROTAC mutants that inhibit E3
activity would enable determination of the mechanism of action for a-synuclein
clearance. In addition, other proteasome inhibitors or E1 inhibitors that prevent UPS

degradation could be used to confirm the route of bioPROTAC-mediated degradation.

Conformation specific antibodies have been used to study misfolded and

mutant forms of SOD1, providing new insight into the distribution and localisation of

misfolded SOD1 species (Ayers et al., 2016; Bakavayev et al., 2023; Fujisawa et al.,

175



2012; Maier et al., 2018; Pickles et al., 2016). Importantly, this degree of specificity
allows for the differentiation between wildtype and mutant SOD1, which could allow
for the development of targeted therapeutics that spare the functional wildtype SOD1.
Similarly, in the context of PD, conformation-specific antibody development has
furthered the understanding of a-synuclein aggregation and cellular pathology.
Conformation-specific antibodies such as D5E, 10H, SynO2, PRX002 and BIIB054
described in this work selectively recognise oligomeric or fibrillar a-synuclein , allowing
characterisation of a-synuclein in different disease states and also now serve as
candidates for clinical trials (Emadi et al., 2009, 2007; Games et al., 2014; Kumar et

al., 2020; Weihofen et al., 2019).

This work presents an approach for bringing these interactions inside the cell,
by repurposing these antibodies as functional soluble intrabodies. However, this can
be applied to antibody targeting any intracellular protein. Importantly, repurposing
antibodies as functional intrabodies may address shortfalls where small molecule
drugs are ineffective. The described relationship between whole molecule net charge
and solubility is established and the research to optimise previously insoluble
intrabodies extensive (Kabayama et al., 2020; Kvam et al., 2010). The work presented
here systematically combines several of these strategies within a reproducible
reformatting pipeline based on the establishment of a correlation between net charge
and solubility in the cytoplasm. The observation that scFvs with a more neutral or
positive VH domain charge were significantly more soluble in the VL-VH orientation,
provides insight that scFv domain orientation should be considered in intrabody

design. Further, this work provides evidence that more negatively charged linker
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domains can significantly improve solubility without editing the scFv framework and

can be readily implemented in scFv construction.

In future work, it is imperative to assess the capacity of scFvs to alter disease-
relevant phenotypes and move beyond target engagement. This includes determining
if candidate scFvs reduce protein aggregation and improve neuronal survival in more
physiologically relevant disease models such as patient derived induced pluripotent
stem cells (iPSCs) that better recapitulate disease pathology. Later extending this
work into in vivo systems to further investigate scFv efficacy, safety, and delivery
method in a physiological context will advance intrabodies towards clinical trials, as a

potential therapy for currently untreatable neurodegenerative disorders.
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Appendices

Appendix 1. Full scFv variable heavy and light domain sequences. CDRS are

indicated by underlined text.

Antibody name | Variable heavy domain Reference

EVQLLESGGGLVQPGGSLRLSCAASGFTESS
YAMSWVRQAPGKGLEWVSSIGQKGGGTEYA | Joshi et al.,
D5SE
DSVKGRFTISRDNSKNTLYLQMNSLRAEDTAYV | 2012

YYCAKHEENFDYWGQGTLVTVSSG

EVQLLESGGGLVQPGGSLRLSCAASGFTESS

YAMSWVRQAPGKGLEWVSNISSAGKGLEWV

Joshi et al.,
10H SSIDDSGASTYYADSVKGRFTISRDNSKNTLYL
2012
QMNSLRAEDTAVYYCAKDSASFDYWGQGTLV

TVSS

EVQLVESGGGLVQPKGSLKLSCAASGFETENT
YAMHWVRQAPGKGLEWVARIRSKSSNYATYY | Kumar et al.,
Syn-02
ADSVKDRFTISRDDSQSMLYLQMNNLKTEDTA | 2020

MYYCVRPLKWYFDVWGTGTTVTVSS

EVQLVESGGGLVEPGGSLRLSCAVSGFDFEK
AWMSWVRQAPGQGLQWVARIKSTADGGTTS | Weihofen et
BlIB054
YAAPVEGRFIISRDDSRNMLYLQMNSLKTEDT | al., 2019

AVYYCTSAHWGQGTLVTVSSA

EVQLVESGGGLVQPGGSLRLSCAASGFTFSN
YGMSWVRQAPGKGLEWVASISSGGGSTYYP | Games et
PRX002
DNVKGRFTISRDDAKNSLYLQMNSLRAEDTAV | al., 2014

YYCARGGAGIDYWGQGTLVTVSSA
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Variable light domain

D5SE

DIQMTQSPSSLSASVGDRVTITCRASQSISSYL

NWYQQKPGKAPKLLIYAASHLQSGVPSRFSG
SGSGTDFTLTISSLQPEDFATYYCQQTRRPPS

TFGQGTKVEIK

Joshi et al.,

2012

10H

TDIQMTQSPSSLSASVGDRVTITCRASQSISSY
LNWYQQKPGKAPKLLIY TASSLQSGVPSRFSG
SGSGTDFTLTISSLQPEDFATYYCQQSAASPS

TFGQGTKVEIKR

Joshi et al.,

2012

Syn-02

QIVLTQSPAILSASPGEKVTMTCSASSTVNYM
HWYQQKSGTSPKIWIYDTSKLASGVPARFSG
SGSWTSYSLTISSMEAEDAATYYCQQWNSNP

PTFGAGTKLELK

Kumar et al.,

2020

BlIB054

SYELTQPPSVSVSPGQTARITCSGEALPMQFA

HWYQQRPGKAPVIVVYKDSERPSGVPERFSG
SSSGTTATLTITGVQAEDEADYYCQSPDSTNT

YEVFGGGTKLTVL

Weihofen et

al., 2019

PRX002

DIQMTQSPSSLSASVGDRVTITCKSIQTLLYSS

NQKNYLAWFQQKPGKAPKLLIY WASIRKSGVP
SRFSGSGSGTDFTLTISSLQPEDLATYYCQQY

YSYPLTFGGGTKLEIK

Games et

al., 2014
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Variable heavy domain Reference
EVQLVESGGDLVDPGGSLDLSCVASGFTESN
YWMHWVRQAPGQRPVWVSRTNTDGRNTAY
Maier et al.,
a-miSOD1 ADYAKGRFTISRDNADSTLYLQLNSLRAEDTA
VYFCARLRRNVADQITHNYYMDVWGKGTLVT 218
VSS
EVQLVETGGGLVQPDGSLKLSCAASGFETENT
NAMNWVRQAPGKGLEWVARIRSKSNNYATY | Urushitani et
care YADSVKDRFIISRDDSQSMLYLQMNNLKTEDT | al., 2007
AMYYCMRAPSNDEFVYWGQGTLVTVSAA
QSVGESGGGLVTPGTPLTLTCTVSGFSLSSYG
VSWVRQAPGKGLEYIGFISTRGNPYYASWAK | Pickles et
AMF7-63
GRFTISKTSTTVDLKITSPTTEDTATYFCAGAT | al.,, 2016
VVGDSIWGPGTLVTVSS
QIQLVQSGPELKKPGESVSISCEASGYTFTDS
AIHWVKQAPGEGLKYMGWINTYTGKPTYADD | Bakavayev
SE21 FKGRFVFSLEASASTAKLQISNLKSEDTATFFC | et al., 2021
ARSVYSYDGTFYRYFLDAWGQGASVTVSS
AVQLVESGGGLVQPKESLKISCAASGFTESDT
AMYWVRQAPGRGLEWVARIRAKPYNYATYYA | Fujisawa et
MSTes DSVKGRFTISRDDSKSMVYLQMDNLKTEDTA | al., 2012

MYYCTAEGGYSGWYFDFWGPGTMVTVSS
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Variable light domain

a-miSOD1

EIVLTQSPGSLAVSLGERATINCKSSQTVLYNN

KNYLAWYQQKPGQPPKLLISWASSRESGVPD
RFSGSGSGTDFTLTISSLQAEDVAVYYCQHYY

GTPVTFGGGTKVEID

Maier et al.,

2016

C4F6

DIVMTQAAPSVPVTPGESVSISCDSSKSLLHS
NGNTYLYWFLQRPGQSPQLLIYRMSNLASGV
PDRFSGSGSGTAFTLRISRVEAEDVGVYYCM

QHLEYPLTFGAGTKLELK

Urushitani et

al., 2007

AMF7-63

QVLTQTASSVSAAVGGTVTISCQSSQSVYKGY

WQAWYQQKPGQPPKLLIYETSTLASGVPSRF
SGSGSGTQFTLTISGVQCDDAATYYCAGGYS

NNIYTFGGGTEVVVK

Pickles et

al., 2016

SE21

ADTVLTQSPALAVSPGEKVTISCRASESVSKHI

HWFQQKSGQQPTLLIYLASSLESGVPARFSGS

GSGTDFTLTIDPVEADDTATYYCQQSWNDPW

ITFGGGTKLELK

Bakavayev

etal., 2021

MS785

EIVLTQSPTTMAASPGEKVTLTCRATSSVSYM

YWYQQKSGTSPKLWIYDTSKLASGVPNRFSG
SGSGTSYSLTVSSMETEDTATYYCQQGRSFP

PTFGGGTKLELK

Fujisawa et

al., 2012

Appendix 2. Sequences of plasmid design features used in generating plasmid
DNA containing the target protein and bioPROTAC, or used in generating scFv

plasmid DNA. T2A and P2A sequences are used to cleave the translated protein
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between the bioPROTAC and target protein. Linkers are used to connect VH-VL
domains of intrabodies or connect E3 ubiquitylation domains with recognition
sequences where necessary. Myc tags are incorporated for bioPROTAC detection by
Western Blotting and myc pulldowns. FLAG and HA tags can also be used in this way

but were used to increase the overall net negative charge of intrabodies.

Name Sequence Molecular | Theoretical pl
Weight

P2A ATNFSLLKQAGDVEENPGP 1.98kDa 414
T2A EGRGSLLTCGDVEENPGP 1.82kDa 4.00
G4S GGGGSGGGGSGGGGS 0.96kDa 5.52
G4D GGDGGGGDGGGGDGGGDGG 1.04kDa 3.42
3x FLAG | DYKDHDGDYKDHDIDYKDDDDK 2.73kDa 416
HA YPYDVPDYA 1.10kDa 3.56
myc EQKLISEEDL 1.20kDa 4.00
Partial GLFQNPKQI 1.04kDa 8.75
D3
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