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Abstract

Half of the 20 best-selling prescription drugs of 2014 were large biologic therapeutics,
however to date there have only been two licensed non-aptamer oligonucleotide drugs.
Oligonucleotides have proven highly successful at modification of gene expression in the
laboratory, but the lack of a robust delivery vehicle has largely prevented their transferal
to clinical use. That role could be filled by cholera toxin, a protein produced by Vibrio
cholerae, responsible for the diarrhoeal symptoms of cholera infection. Cholera toxin
targets cells presenting GM1 ganglioside on their surface for endocytosis and carries a
toxic payload to the endoplasmic reticulum (ER) by retrograde translocation. Several non-
toxic variants of cholera toxin have been produced which are capable of carrying a cargo

into cells, but to date it has not been tested for oligonucleotide delivery.

The non-toxic subunit of cholera toxin responsible for endocytosis, CTB, was expressed
in the absence of the toxic A subunit. CTB was site-specifically labelled with fluorescein
using sortase A and shown to carry the payload into Vero cells. The endocytic pathway
was able to be altered through modification of the protein sequence. Subsequently, a short
RNA duplex was delivered to different locations in Vero cells by two subtly different
CTB variants. Several strategies were then trialled to promote oligonucleotide release
from CTB and export to the cytosol. While oligonucleotides conjugated via a disulfide
bond were released in the ER, and a short hydrophobic peptide mediated export of an

oligonucleotide-CTB complex from the ER, a combination of both was not observed.

This study showed CTB has the potential to function as an effective delivery vehicle for
therapeutic oligonucleotides, but also that there remains work to do and are hurdles to
overcome to achieve this goal. It provides a platform for the development of CTB, or

other similar proteins, for clinical use.
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Chapter 1: Introduction

1. Background

The wide range of experimental therapeutics currently in development have the potential
to treat a wide range of diseases with currently unmet treatment needs. However, for many
of these, efficient delivery remains a significant challenge and has blocked their
application in a clinical setting. RNA interference (RNAI) technology is a classic example
of the difficulties involved in transferring promising therapies from the laboratory to
clinical use. This technique involves the use of short RNAs which can induce post-
transcriptional gene-silencing of disease-relevant genes, thereby down-regulating the
disease phenotypel. This technique has been extensively studied and trialled to great
success in vivo in the laboratory®*, but as yet has not been transferred to the clinic. One
of the major factors blocking the transfer of RNAI to the clinic is how to specifically
target particular cells in the complex environment of the body*°. RNAI is not an isolated
case; there are multiple examples of gene therapy®’, cancer therapy®®, antiviral
treatments®° and others where efficacy could be improved, side-effects negated, or even

the therapy made clinically viable, by improvements in delivery methods.

This current gap in targeted therapeutic delivery could potentially be filled by cholera
toxin (CT). Secreted by Vibrio cholerae and responsible for the classic diarrhoeal
symptoms of choleral'?, this protein has the capability to enter cells that display its
receptor, GM1 ganglioside, on their surface'!3, Better still, the toxin can be separated
into two distinct subunits with exclusive functions; one subunit is responsible for toxicity,
and the other for host cell recognition and entry, functioning independently to the toxic
subunit!*3, If this protein could be harnessed for the delivery of molecules to target cells,
new avenues of potential treatments and therapies could be opened up. It is the aim of this
study to elucidate the mechanism by which the CT binding subunit (CTB) functions in
the absence of the toxic subunit (CTA), with a view to determining if it could function as

an efficient vector for targeted oligonucleotide delivery.
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1.1. Cholera toxin

1.1.1. Discovery and history
Cholera toxin is an enzymatically-active hexameric protein produced by the bacterium

Vibrio cholerae, and is the causative agent of the extensive diarrhoeal symptoms typical
of V. cholerae infection'>'2, It was first discovered in 1959 that cell-free filtrates of V.
cholerae could induce cholera-like symptoms4, and ten years later the toxin was isolated
for the first time®®. Shortly afterwards, CT was shown to be comprised of two subunits; a
58 kDa homopentamer subunit and a 28 kDa subunit’®. At the same time, GM1
ganglioside was identified as the receptor for CT at the cell surface!’. The high-resolution
structure of the 58 kDa B subunit pentamer in complex with GM1 was solved by X-ray
crystallography in 1994, at a resolution of 2.2 A, followed by structures of the un-
complexed B pentamer (2.4 A resolution)!® and the holotoxin (2.5 A resolution)® in
1995. Subsequent refinements yielded improved structural detail, up to a 1.90 A
resolution structure of the holotoxin?! and a 1.25 A resolution structure of the pentameric
B subunit in complex with GM1%,

1.1.2. Structure and organisation
The 28 kDa subunit of CT is the catalytically-active (A) subunit, while the 58 kDa

homopentameric (B) subunit is responsible host cell recognition through receptor binding
(figure 1.1). The B subunit consists of five identical protomers arranged in a ring. The
binding sites for the CT cell surface receptor, GM1 ganglioside (figure 1.2A), are located
at the interfaces between each protomer, close to the N-termini, and incorporate a single
Gly residue from neighbouring protomers?? (figure 1.2B and C). The A subunit consists
of two separate domains, A1 and A2. The A2 domain consists of a long a-helix anchored
in the centre of the B subunit ring, with the C-terminus extending marginally from the
surface of the binding face and the N-terminus extending out above the non-binding face.
The A2 domain possesses a C-terminal KDEL signal sequence (figure 1.1), associated
with targeting and retention of the protein to the endoplasmic reticulum (ER)?. The toxic
A1l domain, an NAD-dependent ADP-ribosyltransferase?*, is linked to the complex via a
disulfide bond from its C-terminal region to the N-terminal region of the A2 domain
(figure 1.1).
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Figure 1.1. Structure of cholera toxin Crystal structure of CT. CTAL is shown in blue, CTAZ2 in green
and CTB in red. The Al1-A2 disulfide bond (upper window, orange) and A2 C-terminal KDEL signal
sequence (lower window, green) are highlighted. PDB ref. 1XTC.

1.1.3. Toxin formation
Both CT subunits are expressed with an N-terminal periplasmic leader sequence

(MVKIIFVFFIFLSSFSYA for CTA, MIKLKFGVFFTVLLSSAYAHG for CTB),
resulting in immediate secretion of the newly synthesised, unfolded polypeptides into the
periplasm through the Sec secretion system?>26, The subunits fold and the toxin assembles
in the periplasm, prior to extracellular secretion?’. The A subunit is synthesised as a single
polypeptide chain with a disulfide bond between residues Cys187 and Cys199. The B
subunit is synthesised as individual polypeptides, which subsequently assemble into a
non-covalently linked homopentamer in the periplasm, mediated by hydrophobic
interactions between the individual CTB polypeptide units®?8, An intramolecular
disulfide bond is formed between Cys9 and Cys86 within the protomers'®2°, which along
with Trp88 are crucial in maintaining the tertiary and quaternary structure of CTB?°.
Formation of the holotoxin occurs in tandem with CTB pentamer formation®®. The A2
domain interacts strongly with hydrophilic residues in the lower region of the CTB pore,
and in particular with hydrophobic residues in the upper region of the pore, with these

interactions providing the driving force to favour holotoxin formation over pentamer
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formation alone?®®!, CTA requires CTB for secretion and biological action?’, but CTB is

highly stable and capable of being secreted and initiating endocytosis separate to CTAZ,

Figure 1.2. Cholera toxin GM1 binding A. Structure of GM1 ganglioside. B. Crystal structure of the
binding face of CTB in complex with GM1 oligosaccharide (brown). Each protomer is shown in a different
colour for distinguishment. C. Crystal structure of the binding surface of CTB (red) in complex with GM1
(brown). GM1 binding sites are highlighted (blue). In both cases, three of the complexed GM1
oligosaccharides have been removed for clarity. PDB ref. 3CHB.

1.1.4. Toxin secretion
Following assembly in the periplasm, CT is secreted across the outer membrane via the

type 11 secretion system3223, This system is common to all Gram-negative bacteria and is
responsible for transporting secreted proteins from the periplasmic space to the

extracellular environment®, In V. cholerae, this process involves a complex of several
18



identified individual protein components (figure 1.3), termed Eps (extracellular protein
secretion) C-M and S3234, CT is extruded to the extracellular space through the outer
membrane complex, consisting primarily of EpsD, which forms a pore in the outer
membrane®33, along with EpsS. While the exact mechanism is not fully understood, the
holotoxin is believed to be transported through the action of a pseudopilus consisting
mainly of EpsG, along with EpsH-K at its tip, which acts as a piston to push the toxin
through the pore®*®. The energy for secretion is believed to be provided by EpsE, a
cytoplasmic ATPase®*, which is connected to the pseudopilus and pore proteins by the
inner membrane platform, consisting of EpsC, EpsF, EpsL and EpsM3334, Following
toxin secretion, the A subunit polypeptide chain undergoes host serine protease-mediated
cleavage between Arg194 and Ser195%¢3 resulting in two separate domains connected

via a disulfide bond.

Extracellular environment

\\\\\\4 RRARRARRRARRRRRR out b
xx\\x&\‘ rax\\xx\\xx\\ uter membrane
S S
D D

o Periplasm

Cc
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Figure 1.3. Type Il secretion system Schematic representation of the V. cholera type 11 secretion protein
complex. Single letters represent Eps proteins.

1.1.5. Receptor binding
CT must initially recognise and gain entry to its target cells to exhibit its native biological

function. This involves CTB binding to its cell surface receptor, GM1 ganglioside. The
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crystal structure of CTB in complex with GM1 has been solved to a resolution of
1.25 A'822_ From this data, it has been determined that the oligosaccharide domain of
GM1 interacts with the binding sites in a bivalent manner; the terminal -D-galactose
(Gal) and N-acetyl-pB-D-galactosamine (GalNAc) branch forms one arm of the interaction,
while the N-acetyl-a-neuraminidate (NeuNAc) branch forms the other!®?2%, The
majority of the binding interactions between the oligosaccharide and the protein occur
through the Gal and NeuNAc residues, with a smaller contribution provided by the
GalNAC residue®3:3; these residues provide 39%, 43% and 17% of the buried surface
intermolecular contacts?8, respectively, with Gal and NeuNAc contributing 54% and 44%
of the intrinsic binding energy®. The glucose (Glc) and branching Gal residues do not
form interactions with CTB.

The oligosaccharide is held in place largely through hydrogen bonding, both directly with
CTB amino acids and through tightly bound water molecules!®224° (figure 1.4). All of the
binding site residues responsible for interacting with the oligosaccharide belong to a
single protomer, with the exception of a backbone amine contribution from Gly33, which
belongs to an adjacent protomer'®22, On GM1 binding, Gal forms a hydrophobic stacking
interaction with Trp88'8, in addition to extensive hydrogen bonds directly with Glu51,
GIn56, GIn61, Asn90 and Lys91, and with water molecules co-ordinated to His13, Asn14,
GIn56 and GIn61'%2238 The Gal-binding region of the binding site in CTB contains a
flexible loop comprising residues 51-60, allowing free entry to the binding site®®. Upon
GM1 binding, this loop becomes rigidly ordered, held tight by intermolecular hydrogen
bonds between the loop and Gal/GalNAc as well as intramolecular interactions, helping
to secure the pentasaccharide® (figure 1.5). NeuNAc forms hydrogen bonds directly with
Glull and Hisl3, in addition to water molecules co-ordinated to Glull, His13, Gly33,
GIn56, GIn61 and Trp88!82238 GalNAc forms a hydrogen bond directly with GIn56, as
well as with a water molecule co-ordinated with GIn56 and GIn61'%22%8 |t also forms a
stabilising intermolecular interaction with NeuNAc!®2238, These combined interactions
result in an unusually high receptor affinity compared to other lectins, with a Kq in the
low nM range!®38,

Both Gly33 and Trp88 are critical binding residues, and mutation of either has been
shown to abolish GM1 binding®®*!. The specificity for GM1 over other gangliosides is
believed to be conferred largely by His13, the only binding site residue not conserved

between CT and the closely related E. coli-derived heat-labile enterotoxin®® (LTB).
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Figure 1.4. GM1 binding to CTB Crystal structure of GM1 bound to CTB, showing critical binding
residues. Residues belonging to CTB are shown in green, and GM1 in brown, with oxygen and nitrogen
atoms represented by red and blue, respectively. Bound water molecules are represented by grey spheres,
and hydrogen bond interactions by dashed lines. The Glc and branching Gal residues, which do not interact
with the binding site, have been removed for clarity. PDB ref. 3CHB.

S60

Figure 1.5. Terminal galactose binding region Crystal structure showing the interactions between the
terminal GalB(1-3)GalNAc of GM1 and the flexible loop formed by residues 51-60 of CTB. Residues
belonging to CTB are shown in green, and GM1 in brown, with oxygen and nitrogen atoms represented by
red and blue, respectively. Hydrogen bond interactions by dashed lines. PDB ref. 3CHB.
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1.1.6. Endocytosis
A general overview of CT endocytosis and retrograde transport is shown in figure 1.6.

Cell entry is achieved through CTB binding to GM1 ganglioside, displayed on the cell
surface of the intestinal epithelial cells, with high affinity and specificity®®42. Toxin
uptake is heavily dependent on cell surface GM1 levels*®, GM1 is found predominantly
in lipid rafts, and it is thought that these formations are important for internalisation of
the holotoxin®?44, supported by the fact that cholera toxin can be used as a marker for
lipid rafts*. This is possibly because toxin uptake is dependent on cholesterol, shown as
cholesterol chelation reversibly inhibits endocytosis*, and cholesterol is predominantly

found in lipid rafts.

The exact mechanism of endocytosis is not fully understood, as there is disagreement as
to exactly how CT enters cells. The toxin has been reported to enter the host cell through
several different mechanisms following GM1 binding. Some studies have reported that
CT s internalised by clathrin-dependent mechanisms. An electron microscopy (EM)
study showed exposure to CT caused formation of clathrin-coated pits but not caveolae*’,
while inhibition of clathrin-mediated endocytosis by various means decreased CT uptake
by up to 60%*8. Knockdown of clathrin by siRNA also decreased CT uptake, while up-
regulating caveolin had no effect*®. However, it should be noted that in these last two
cases, CT uptake was not totally negated. Other studies have reported CT uptake is
caveolae-dependent. CT and caveolae have been shown to co-localise by EM®, and CT
endocytosis has been shown to be sensitive to caveolae inhibitors*®, The use of inducible
caveolin and various endocytosis pathway inhibitors showed CT preferentially utilised
caveolae-dependent mechanisms®, although this study also suggested clathrin-dependent
mechanism could also be utilised in the absence of caveolin, albeit less efficiently. There
are contrasting reports that CT endocytosis relies on mechanisms which are both clathrin-
and caveolae-independent; inhibition of either pathway by expression of non-functional
mutant proteins did not affect CT uptake and blocking both simultaneously still resulted
in CT-mediated cell toxicity®?, while endocytosis in cells expressing or lacking caveolin
was identical®®. One study found that flotillin co-accumulated with CT within clathrin-
and caveolae-independent endocytic intermediates, and that sSiIRNA knockdown inhibited
CT uptake®, suggesting a completely separate endocytic mechanism. Uptake has been
reported to be at least partially dependent on dynamin, a protein associated with
microtubules and endocytic membrane budding. Dynamin depletion® or mutations®® have

been shown to decrease CT endocytosis, although dynamin-independence has also been
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reported® and non-functional dynamin does not negate endocytosis®’. Taken together,
these studies illustrate that CT is likely capable of utilising several different endocytosis
mechanisms and no single pathway is absolutely required. Cell type and species may also
be factors in determining which endocytic mechanism is favoured, as 15 different cell
lines derived from human, monkey, pig, dog, rat, and hamster sources were used to

conduct these studies,

The exact mechanism by which binding induces internalisation is also currently unknown.
CTB has five GM1 binding sites, but it has been shown through CT chimeras of wt and
non-binding subunits that only a single GM1 binding site is necessary for endocytosis®®°,
in this case occurring through exploitation of endogenous lipid-sorting pathways®-.
However, multivalent receptor binding increased both endocytosis efficiency and toxin
activity®®>°. This suggests multivalency may have evolved later to improve endocytosis
efficiency. It is possible that multivalent binding to GM1 embedded in lipid raft domains,
which are significantly more tightly packed and well-ordered than the rest of the plasma
membrane®®, could initiate endocytosis by induction of membrane curvature through
remodelling the structure and organisation of the lipid rafts®%3, However, to date this has

not been directly observed and remains a purely speculative hypothesis.

Following initial internalisation, CT is transported from the plasma membrane to its
eventual destination, the endoplasmic reticulum (ER), via a Golgi-dependent retrograde
transport pathway. The whole of the transport process is thought to be heavily dependent
on the actin cytoskeleton*2, as inhibitors of actin filament assembly block transport to
the ER. CT is known to travel directly from the early endosome to the trans-Golgi network
(TGN)®85 and enter by vesicle docking®®, bypassing the Golgi apparatus®*%, as
disruption of the Golgi apparatus but not the TGN allows CT to reach the ER. This process
requires syntaxins 5, 6 and 1657 SNARE proteins which support retrograde transport
from the early endosome to the TGN®®%7. The toxin is subsequently transported to the ER
via a coat protein complex | (COPI)-independent pathway?34264, Unlike the process of
COPI-mediated retrograde transport from the Golgi apparatus to the rough ER®%,
including the transport of species containing a C-terminal KDEL®®, COPI-coated vesicles
are not involved in transport of CT to the ER, as dispersal of COPI to the cytosol does
not prevent CT transport to the ER54. The C-terminal KDEL signal sequence of CTA2
has been shown to be unnecessary for targeting the protein complex to the ER?*4?, through
mutation of the KDEL sequence and dispersal of the KDEL receptor protein, but rather

promotes ER retention through dynamic recycling between the Golgi apparatus and the
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ER42 |t appears that the transport pathway utilised by CT is not a complete
physiological pathway but is distinct to the toxin'®®®; it possibly hijacks different aspects

of various physiological pathways.
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Figure 1.6. Overview of the cholera toxin trafficking pathway CTB is shown in red, CTAL in blue and
CTAZ2 in green. Figure reproduced and adapted with permission from M. Webb.

1.1.7. Toxic action
Once the intact holotoxin has reached the ER, CTAL is released from the complex. In the

redox environment of the ER lumen, the redox-dependent protein disulfide isomerase
(PDI) chaperone recognises the A subunit and reduces the disulfide bond3"", with
glutathione, present in high concentrations in the ER, acting as the electron donor’®"2,
This process partially unfolds CTA1 at the C-terminus®”", as CTA1 is unstable when not
in complex with the rest of the holotoxin’®". CTAL is then exported to the cytosol of the
host cell through the hijacking of the ER-associated degradation (ERAD) pathway’* >,
masquerading as a misfolded protein through its inherent instability and exposure of
hydrophobic residues’*". Erol, an ER oxidase enzyme, releases CTAL from PDI through
oxidation of the PDI-CTA1 complex, forming a complex with CTAL in the process’®.
CTAL is released from Erol on association of the Ero1-CTA1 complex with the protein-
channelling Sec61 translocon and is exported from the ER lumen to the cytosol through

Sec6176-78,
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In the cytosol, rapid refolding of CTA1 occurs to prevent degradation’*’®. This process
is mediated by binding to CTA1 of ADP-ribosylation factor 6 (ARF6), stabilising
CTA™7. The lack exposed of Lys residues present in the stabilised CTAL allow it to
avoid ubiquitination and subsequent degradation by the proteasome’®#°, At this stage, a
signalling cascade is triggered. Binding of CTAL to ARF6 causes conformational changes
to CTA1, allowing the NAD* cofactor to bind in the active site®!. This complex catalyses
G-protein a-subunit ADP-ribosylation, preventing GTP inactivation by hydrolysis!!12,
Consequently, adenylate cyclase activity is up-regulated, resulting in a huge increase in
intracellular cAMP levels*2, Increased cAMP increases protein kinase A activation,
which increases activation of the cystic fibrosis transmembrane conductance regulator
protein channel and results in a massive efflux of chloride ions''2, This causes secretion
of water and other ions into the intestinal lumen, resulting in extreme cases in the loss of

up to 20 L of fluid per day!!, the signature symptom of cholera infection.

1.2. Modifications to cholera toxin

Numerous studies have been conducted aimed at modifying cholera toxin. Modifications
have been made to all subunits of CT, as both holotoxin and isolated CTB, in an attempt
to adapt the protein for non-native functions. The primary uses for these protein chimeras

have been as cell trafficking probes and immune-stimulating adjuvants.

1.2.1. Holotoxin modifications
The desire to probe the cellular transport mechanisms of CT have been the driving force

behind many modifications made to the Al, A2 and Bs domains of the holotoxin. CTAL
bearing a C-terminal recognition motif has been enzymatically labelled using sortase A
(SrtA)®?, a bacterial transpeptidase enzyme for attaching virulence factors to the cell
wall®® (discussed in full in chapter 3). The protein was labelled with a short biotinylated
peptide containing a glycosylation site, and was used to probe toxin entry to the ER®2,
Subsequently, the same method was used to conjugate the toxic A subunit of diphtheria
toxin (DTA) to the C-terminus of CTAL (figure 1.7) to form a cytolethal delivery system,
resulting in the identification of host cell factors critical for intoxication through a genetic
screen of knockdown mutations®?. Holotoxin bearing a CTA1 domain incorporating
genetically encoded N-terminal or C-terminal 21 residue peptide extensions showed the
N-terminal extension caused rapid degradation in the cytosol, while the C-terminal

extension was tolerated’®. This provided insight into the mechanism by which CTA1
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evades degradation in the cytosol. Additionally, the CTA1 and CTB domains were
separately chemically labelled to probe retrotranslocation of the holotoxin®. CTB was
labelled non-specifically at exposed amine groups using N-hydroxysuccinimide (NHS)
ester-functionalised Cy5, protected, and then CTA1 labelled with Cy2 (presumably non-

specifically, though the authors do not state the mechanism of functional groups

involved)®,

—_—
SrtA

Figure 1.7. Cytolethal chimeric cholera holotoxin formation SrtA-mediated ligation to couple DTA
bearing an N-terminal penta-Gly to CTAL through a C-terminal LPETG SrtA recognition motif.

One particularly intricate study of CTB GM1 binding and endocytosis produced
holotoxin chimeras with defined numbers of native GM1 binding sites by mixing
expression of wt CTB with non-binding G33D mutants®®. The CTB subunits also
contained genetically-encoded C-terminal 34 residue peptides including a glycosylation
site and a sulfation site, to detect entry to the ER and Golgi apparatus, respectively. The
study found that a single native binding site was sufficient to induce endocytosis, although

multivalency increased endocytosis efficiency®.

In addition to probing retrotranslocation, holotoxin modifications have been made for
immunogenic purposes. Holotoxin-like chimeras have been generated through
genetically-encoded N-terminal fusions of CTA2 to GFP?®#® RFP?, alkaline
phosphatase®®, maltose binding protein®® (MBP) and B-lactamase®®. In all cases,
biological function and immunogenicity were retained both for the non-native fusion
protein and CTB.
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1.2.2. CTB-based fusion proteins
For reasons of safety, as well as labelling potential per protein complex, it is preferable

to avoid use of the A subunit and focus on the isolated B subunit. A diverse number of
genetically-encoded peptide fusion modifications have been made to CTB in the absence
of CTA, primarily for immunogenic research. A CTB N-terminal fusion with a 15 residue
epitope of Streptococcus glucosyltransferase B was shown to retain B subunit structure
and function, and caused an immunogenic response against the fusion peptide®’.
However, N-terminal peptide extensions of increasing length (8, 12, 24 residues) were
later found to increasingly ablate GM1 affinity and oral immunogenicity®. There is a
paucity of further studies involving CTB N-terminal fusions, implying this is not an
effective method for modification.

There are many examples of CTB C-terminal fusion proteins. Genetically incorporated
fusions of a 15 residue insulin epitope®, or the full insulin protein®, to the C-terminus of
CTB administered nasally®® and orally®® both resulted in a tolerogenic response to the
antigen. Similarly, oral administration of a fusion of a 53 residue peptide, consisting of
three repeats of a glutamate decarboxylase epitope, to the C-terminus of CTB induced
tolerance in diabetes models, observed through decreased pancreatic islet inflammation®?.

In addition to inducing a tolerogenic response, CTB C-terminal fusions have also been
used to illicit an immune response for vaccination purposes. A C-terminal fusion with a
42 residue amyloid-p (AB) peptide, expressed in silkworm pupae, resulted in protection
against Alzheimer’s disease in models, observed through decreased AP deposition in the
brain and improved memory function®2. Impressively, CTB has been expressed in algal
chloroplasts with a C-terminal fusion of the entire VP1 protein (approximately 30 kDa)
from foot-and-mouth disease virus, whilst retaining GM1 binding and VP1
immunogenicity®®. CTB has also been expressed with a C-terminal fusion of the fimbria
2 protein (approximately 24 kDa) from Bordetella pertussis®. Pentameric structure and
GML1 binding were retained, and immunisation resulted in protection from Pertussis

infection through a mixed T-helper cell response®.

Separate to immunogenic purposes, CTB C-terminal fusions have also been designed
with specific treatments in mind. A C-terminal fusion with the YVAD tetrapeptide,
known to inhibit caspase-1 activation, was expressed in, and secreted from, Lactobacillus
casei®®. This is significant, as L. casei is able to be delivered live to the intestine through
oral ingestion®, and so has implications for inflammatory diseases of the intestine, the

natural target of CTB.
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1.2.3. Non-specific chemical modification of CTB
Chemical modification has the potential for functionalisation with a greater number of

highly diverse molecules compared with fusion proteins. CTB has been chemically
modified in a large number of studies. CTB-Alexa fluor (AF) conjugates are
commercially available (Thermo-Fisher) and have been used as lipid raft markers*°¢ and
neural tracers®”%, Additionally, CTB conjugates with AFs and horseradish peroxidase
(HRP) have been used to probe endocytosis mechanisms®. However, the company does

not specify the conjugation method.

Perhaps the simplest method of chemical modification of CTB is through non-specific
labelling of exposed amines with active ester functional groups. This method of labelling
has largely been adapted to produce CTB-based endocytic and retrotranslocation probes.
Non-specific conjugations of AF-NHS ester to CTB resulted in labelled protein for which
GML1 binding and cell trafficking were unaffected®. CTB has been non-specifically
labelled with carboxylate-functionalised quantum dots at exposed amine groups by
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)-mediated conjugation®®
(figure 1.8), involving an active ester intermediate. Both protein-dye conjugates were
used as endocytic probes®>%. CTB-carbon dot conjugates were produced through non-
specific labelling of CTB with carbon dot-HNS ester conjugates®®. The protein-dye
conjugate produced, which was used as a neural tracer, was non-toxic and displayed high

photoluminescence and photostability'®.
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Figure 1.8. EDC-mediated conjugation CTB (red) is coupled to carboxylate-functionalised quantum dots
(magenta) through EDC-mediated functionalisation of the carboxylate to form as active ester, which labels
exposed Lys residues.
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In addition to the above adaptations, which all involve direct visualisation of the CTB
probe, CTB has been used for the development of an intricate assay for indirect detection
of retrotranslocation to the ER or the cytosol, termed SNAP-trap® (figure 1.9). Cells were
transfected with a vector containing a SNAP-tag reporter protein gene, targeted to either
the ER or the cytosol. The SNAP-tag protein covalently and irreversibly binds
benzylguanine (BG) through an exposed Cys residue>%, so proteins carrying the BG
group will be labelled with SNAP-tag on entry to the ER or cytosol. CTB was non-
specifically labelled with BG-NHS ester, and using ER-targeted SNAP-tag it was

discovered that CTB transport to the ER was dependent on dynamin-2 and syntaxin-5°.
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Figure 1.9. SNAP-trap CTB (red) is labelled with BG-NHS ester at exposed Lys residues. CTB-BG, on
encountering the SNAP-tag protein (grey) in the ER or cytosol, is covalently labelled with SNAP-tag.
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CTB has also been non-specifically chemically labelled for immunogenic purposes. CTB
was non-specifically thiolated with 3-(2-pyridyldithio)propionate NHS ester, and
subsequently conjugated to maleimide-modified liposomes through thioether
formation!®. In this instance, CTB both retained biological activity and acted as an
adjuvant. Non-specifically thiolated CTB has also been coupled to a similarly-labelled
Streptococcal antigenic peptide by disulfide formation, with oral administration evoking
a strong antibody response'®. One particular immunogenic example of note involved the
conjugation of norcocaine to CTB. Initially developed with BSA and subsequently
applied to CTB, succinimyl-norcocaine was non-specifically conjugated to exposed Lys
residues of CTB through an in situ active ester intermediate!®#1%, The CTB-norcocaine
conjugate was investigated as a vaccine against cocaine addiction!®, and recently
underwent phase Il clinical trials'%, with mixed results; while the vaccine was shown to

be safe, the benefits seen in earlier investigations were not repeatable to the same degree.

1.2.4. Site-specific chemical modification of CTB
The previously described methods of chemical conjugation, while effective, do not offer

the same level of control and reproducibility as site-specific methods. Two methods of
site-specific labelling of CTB have been reported, both at the N-terminus. The first is
enzymatic, involving SrtA. A CTB variant containing a genetically-encoded N-terminal
oligo-Gly was site-specifically labelled with peptides containing the SrtA recognition
motif (LPXTG) and modified with fluorescein or biotin'%. The reaction efficiency was
improved by replacement of terminal Gly residue of the SrtA recognition motif with a
methyl ester; contrary to Gly, methanol cannot act as a substrate for the reverse reaction®’

(figure 1.10). Labelled CTB was shown to assemble correctly and retained GM1 binding.
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Figure 1.10. Efficient N-terminal SrtA-mediated ligation SrtA is used to ligate a probe (grey) conjugated
to a methoxy-modified SrtA recognition peptide (LPRT; green) to an N-terminal oligo-Gly extension on
CTB (red). The MeOH product is not a substrate for the reverse reaction.
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The second method for site-specific labelling of CTB involves oxidation of an N-terminal
Thr to an aldehyde using sodium periodate, followed by attachment of a species
containing an aminooxy functional group by oximation!®®1% a one-pot reaction termed
oxime ligation. By this method, CTB (which naturally contains an N-terminal Thr) was
site-specifically, N-terminally labelled with five aminooxy-peptides, each containing five
Ser residues linked to main-chain Lys residues through their amino side-chains. These
were subsequently labelled with a separate aminooxy peptide by oxime ligation®®,
forming a multiply branched complex. This method was adapted for conjugation of
synthetic aminooxy antigenic peptides based on hemagglutinin (HA) from influenza
virus, forming a CTB-based five-branched structure containing 25 copies of the antigenic
peptide in total'®® (figure 1.11). This peptide even displayed increased avidity for GM1.
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Figure 1.11. Oxime ligation The N-terminal Thr of CTB (red) is oxidised with sodium periodate and
conjugated to an aminooxy-functionalised peptide (green) by oximation. Five Ser residues conjugated to
Lys side-chains from the aminooxy-peptide are then oxidised and conjugated to an aminooxy-
functionalised antigenic peptide from influenza HA, forming a branched structure with 25 antigenic
peptides for presentation.
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The utility of oxime ligation was recently demonstrated through the creation of a
pentavalent inhibitor of CT*.. A non-binding W88E CTB mutant was used as a scaffold,
as the N-termini extend from the binding face at regular intervals. Aminooxy-
functionalised GM1 with a long, flexible linker between was conjugated to the N-
terminus of CTB by oxime ligation (figure 1.12). The resultant neoglycoprotein displayed
an 1Cso of 104 pM for CTB, the most potent multivalent inhibitor reported to date®!.

Py
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Figure 1.12. A pentavalent CTB inhibitor based on a CTB scaffold GM1 conjugated to a flexible
aminooxy-functionalised linker is ligated to the N-terminal Thr residues of the non-binding CTB mutant
WS8B8E (grey) by oxime ligation, resulting in a pentavalent inhibitor of CTB (red).

1.2.5. Cholera toxin homologue modifications
In addition to CT modifications, several useful and potentially applicable modifications

have been made to homologous ABs proteins. Shiga toxin B subunit (STB), a homologue
of CTB derived from Shigella dysenteriae, has been modified with a genetically-encoded
C-terminal peptide extension consisting of a glycosylation site, a sulfation site and a
KDEL ER retention sequence!’®. This protein was used to probe the effect of a KDEL
sequence on retrograde transport. It was determined that the protein reaches the ER, is
removed to the Golgi apparatus and is subsequently dynamically recycled from the Golgi
apparatus back to the ER. This protein was later adapted for the study of endosome-
Golgi transport®. In addition, LTB, sharing 80% sequence similarity with CTB!!, has
been modified with a genetically-encoded 14 residue C-terminal fusion with the antigenic
Pk peptide tag**?. This was used to make a large complex with an antibody and a separate,
secondary antigen. The complex retained GM1 binding and produced an immunogenic
reaction'?. The Pk tag was further modified to contain a Cys residue and successfully
expressed (though with reduced yield), after which a maleimide-functionalised HRP was

conjugated, which provoked a HRP-specific immune response®*3.
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1.3. Oligonucleotide therapies

1.3.1. Background
Large biologic therapeutics is a rapidly growing area of pharmaceutical research. Drugs

of this category represent half of the 20 best-selling prescription drugs of 2014, including
the top two, with global sales totalling almost US $71 billion*'4. Biopharmaceuticals tend
to offer higher specificity and lower cytotoxicity than their small molecule counterparts,
so they are attractive to the pharmaceutical industry. Oligonucleotide-based therapies
have the potential to treat many genetic disorders and pathogenic diseases through pre-
translation alteration of gene expression®''>!6, However, despite a huge amount of
research into oligonucleotide-based therapies®>'>!16, to date there are only two licensed
non-aptamer oligonucleotide-based drugs; fomiversen!'” and mipomersen®'®. Poor
efficacy, in vivo stability and bioavailability have in the past prevented large-scale transfer
of oligonucleotide-based drugs to the clinic. Oligonucleotide efficacy and stability have
both been vastly improved®!1%12° byt while progress has been made in oligonucleotide
delivery, poor bioavailability remains a significant stumbling block!2-123,

1.3.2. Synthetic oligonucleotides
The immune system has evolved a number of mechanisms for the recognition and

destruction of oligonucleotides as a protection against pathogenic infections®16120, As a
result, native oligonucleotides are inherently unstable in vivo. For oligonucleotides to
survive long enough to exhibit a physiological effect, they must be protected from
recognition and degradation by nucleases. Several modifications to the chemical structure
of the nucleotides have been shown to increase in vivo half-lives through increased
nuclease resistance®!1%12°, |n addition, many of these modifications have been reported
to improve target binding through the forced adoption of favourable conformations for

hybridisation3116:120,

These chemical alterations primarily involve modifications at the ribose 2’ carbon,
modifications to the phosphodiester backbone, and alternative scaffolds to ribose.
Examples of 2" modifications include replacement of the 2’-hydroxyl group of native
RNA (figure 1.13A) with a 2-methoxy group®?'? (2'-OMe; figure 1.13B), a
2'-methoxyethyl group?41%6:127 (2'-MOE; figure 1.13C), and cyclisation of the ribose 2’
oxygen with the 4’ carbon (figure 1.13D), termed locked nucleic acids!?12° (LNA).
Phosphodiester backbone modifications include phosphorothioates (figure 1.13E), in
which a non-bridging oxygen is replaced with a sulfurt?4121% and phosphorodiamidates

(figure 1.13F), in which a non-bridging oxygen is replaced with a neutral dimethylamine
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group'?*3!, In addition, the ribose sugar can be replaced with a morpholine ring?4131:132,
termed morpholino oligomers (figure 1.13G), or the whole sugar phosphate backbone can
be replaced with repeating N-(2-aminoethyl)-glycine units connected by peptide bonds,
termed peptide nucleic acids'?4!3313* (figure 1.13H). Many of these modifications can
also be combined to improve stability or increase target binding; 2’-OMe, 2-MOE and
LNA oligomers with phosphorothioate backbones are common, as well as morpholino
oligomers with phosphorodiamidate backbones!24127:13L135,
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Figure 1.13. Oligonucleotide chemical modifications for improved function Summary of popular
oligonucleotide chemical modifications for improved stability and efficacy in vivo. A. Native structure of
RNA. B. 2'-methoxy ribose modification. C. 2'-methoxyethyl ribose modification. D. Locked nucleic acid,
with the ribose 2’ oxygen cyclised to the 4’ carbon bridged. E. Phosphorothioate backbone modification.
F. Phosphorodiamidate backbone modification. G. Morpholino oligomer, with a morpholine ring
replacement of the ribose. G. Peptide-nucleic acid, with the sugar-phosphate backbone replaced by N-(2-
aminoethyl)-glycine linked by peptide bonds. All deviations from native structure are highlighted in red.
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1.3.3. Mechanism of action
Oligonucleotides have been studied extensively as potential therapeutic molecules. The

most widely applicable function is pre-translational repair or knockdown of faulty
proteins associated with disease states. Methods for messenger RNA (MRNA)
manipulation include RNAI, gapmer oligonucleotides, steric blocking oligonucleotides

and splice-altering oligonucleotides (figure 1.14).

1.3.3.1. RNAIi: Perhaps the most recognisable example is RNAI, which involves
manipulation of a natural mechanism. The RNAI pathway is a eukaryotic pathogen
defence mechanism whereby the enzyme Dicer cleaves double-stranded RNA (dsRNA)
into short fragments of approximately 20 nucleotides®*®3’ (nt), termed short interfering
RNA (siRNA). These siRNAs associate with the RNA-induced silencing complex
(RISC), where the coding strand (passenger strand) is degraded!*®¥, The non-coding
strand, or guide strand, is incorporated into the endonuclease argonaute, the catalytic
component of the RISC4-1%2, Hybridisation of the guide strand to complementary mRNA
results in argonaute-mediated cleavage of the mMRNA, downregulating protein
expression’*143 This process has been exploited in vitro and in vivo through the
introduction of synthetic siRNA homologous to a region of mRNA targeted for
degradation*16144 The siRNA interacts with the RISC to promote cleavage of mMRNA,
severely decreasing protein expression. These synthetic SiRNAs will tolerate extensive
chemical modifications to the passenger strand, but modifications to the guide strand must
be kept minimal to ensure interaction with the RISC3145,

1.3.3.2. Gapmer oligonucleotides: Gapmer oligonucleotides are short, single-stranded
(ss) antisense RNAs of approximately 20 nt. The ~ 5 nt at each end are chemically
modified at both the phosphodiester backbone (usually phosphorothioate) and the ribose
2' position, conferring cellular exonuclease resistance®!*>11 The central region is
modified only at the phosphodiester backbone, increasing stability of the oligonucleotide
while creating a gap (hence the term gapmer) of 2'-unmodified RNA of ~ 10 nt3!15:116,
On hybridisation to complementary mRNA, the unmodified gap is recognised as ds RNA
and cleaved by ribonuclease (RNase) H prior to translation®*>1®  downregulating

protein expression.
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1.3.3.3. Steric blocking oligonucleotides: In addition to oligonucleotides which promote
cleavage, some translation-suppressing oligonucleotides function through steric
inhibition. These oligonucleotides are heavily modified so as to be highly resistant to
degradation. On hybridisation with complementary mRNA, a degradation-resistant
duplex is formed which sterically blocks ribosome binding and translation3!34146,

downregulating protein expression.

1.3.3.4. Splice altering oligonucleotides: Steric blocking antisense oligonucleotides have
also been adapted for manipulation of protein sequence at the pre-mRNA level. These
heavily modified oligonucleotides are complementary to regions of pre-mRNA
recognised by the spliceosome, the complex responsible for the removal of introns from
pre-mRNA prior to mRNA formation!*’. These oligonucleotides form a stable,
degradation-resistant duplex at splice sites, preventing spliceosome interaction®!2* and
altering the sequence of the mature mRNA. Splice-altering oligonucleotides have been
used both to restore native sequence by preventing recognition of aberrant splice
sites®>148 and for removal of faulty exons through preventing native splice site

recognition'*®1%! restoring functional protein in both cases.
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Figure 1.14. Oligonucleotide-mediated pre-translational modification of gene expression Schematic
representation of pre-translational modification of gene expression using A. SiRNA, B. gapmer
oligonucleotides, C. steric blocking oligonucleotides, and D. alternative splicing oligonucleotides.
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1.3.4. Delivery methods

Effective delivery remains the major stumbling block in the transferral of
oligonucleotides from laboratory to clinical use. Their size and charge prevent them
crossing the cell membrane barrier, and as a result they display poor bioavailability!>2153,
Native oligonucleotides also lack a means for cell-specific targeting, important for
increasing efficacy and reducing side-effects. Several methods have been trialled for

improving bioavailability, primarily through chemical modification and encapsulation.

1.3.4.1. Gymnotic delivery: Some success has been achieved through local gymnotic
(naked) delivery of oligonucleotides, particularly to locally restricted regions such as the
eye>118, However, systemic gymnotic delivery has generally fared poorly. Tissue uptake
is often poor, non-specific and unpredictable, and can lead to a build-up of
oligonucleotides in the liver and kidneys, damaging those ograns®®*1%¢. In addition to
these problems, modifications which improve functionality in vitro often do not confer a
matching improvement on systemic in vivo delivery®!. Certain chemical modifications
can improve the systemic bioavailability of oligonucleotides. Phosphorothioate backbone
modifications have been shown to mildly improve bioavailability through increasing
serum lifetime!®’. Oligonucleotide conjugation to hydrophobic molecules including
lipids®®8, cholesterol*>” and vitamin E**° have also been shown to improve oligonucleotide
delivery in vitro and in vivo. However, these do not improve target specificity and

delivery vectors have been shown to be generally superior.

1.3.4.2. Peptide-mediated delivery: Certain short, positively charged peptides possess the
ability to cross the cell membrane barrier®31% termed cell-penetrating peptides (CPP).
While there is some debate over the exact mechanism by which they enter cells, there is
a general consensus that it occurs through endocytosis'®?, initiated by their interaction
with anionic glycosaminoglycans'®®. Covalently attached CPPs have been reported to
mediate transport of a range of macromolecules into cells, including oligonucleotides®?
184 Delivery and activity of a non-functional PNA oligomer has been reported to be
rescued through addition of a tetra-Lys peptide!®. Cytotoxicity is usually not observed at
concentrations required for efficient payload delivery®® and they do not tend to elicit a
host immune response'®, distinct advantages over other delivery methods. However,
CPPs are susceptible to phagocytic clearance from the circulatory system*?! and often
display poor in vivo stability and non-specific distribution®, in addition to suffering in

many cases from endosomal entrapment®3,
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1.3.4.3. Viral vectors: Viral vectors make an attractive choice for nucleic acid delivery,
as they have evolved mechanisms to efficiently deliver genetic material into cells for
replication. They have the advantages of high transfection efficiency and target

specificity'??

whilst protecting the nucleic acids within the capsid from clearance or
degradation. Viral expression of short therapeutic oligonucleotides has shown some
promise in vitro®”18 while oligonucleotide-based anti-cancer treatments delivered with
adenovirus have had some success in vivo'®®1%° However, despite the fact that pathogenic
genes are removed, safety concerns remain. Clinical trials involving viral delivery
systems have been linked with the development of cancer due to viral genome
integration!’®"*, In addition, they have high potential to cause a host immune response,
putting the host at risk and increasing the chances of resistance developing and rejection

of the treatment.

1.3.4.4. Liposomal delivery: Liposomes represent the most widely utilised method for
oligonucleotide delivery!?%'?2, Liposomes mimic the arrangement of the lipid bilayer,
forming vesicle-like structures with an aqueous internal compartment!’21” presenting a
permeability barrier which protects internally encapsulated molecules'’>1"3, Nucleic acid
delivery is usually achieved using cationic liposomes!’#1’8, These promote complex
formation with nucleic acids, termed lipoplexes, through electrostatic interactions with
the cationic polar head groups. They possess a net positively charged exterior surface,
which promotes interaction with the cell membrane and cell entry through
endocytosis'?>'%, Liposomes have been shown to hugely alter the pharmacokinetic
profile of nucleic acids in vivo, in general inducing longer circulatory half-lives and lowed
distribution'?:17". Liposomes have been shown to mediate successful in vivo delivery of
oligonucleotides for treatment of hypercholesterolemial’®, ocular inflammation®’®, viral
infections including herpes!® and ebola®®, chronic pain'®, arthritis'®® and various forms
of cancer'®18_ However, there are drawbacks with this delivery method. Liposomes tend
to accumulate in the liver!?:178, While this makes liver disease a prime therapy target, it
can also result in toxicity!’®. Aside from this, cationic liposomes are generally
cytotoxic'®-18 and susceptible to phagocytic clearance from the circulatory system?L. In
addition, cell entry by endocytosis has been linked with endosomal entrapment®?%:123,
decreasing bioavailability and increasing the potential of an immune response through
exposure to Toll-like receptors!®!: sequences which elicit an innate immune response

192

on liposomal delivery have avoided this when expressed in the cells™> or gymnotically
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introduced*®®, Clearly, further study is required to find solutions to these problems before

liposomal vectors could be considered for clinical use.

1.3.4.5. Polymers: Polymeric vectors for oligonucleotide delivery are not as widely
studied as lipid-based vectors, and thus have not progressed to the same level!?, They are
attractive as they are highly biocompatible, relatively easy to produce and have high
potential for modification'?31%, Polymeric vectors for oligonucleotide delivery come in
two major classes for oligonucleotide delivery; polymer micelles and polyplexes
(figure 1.15). Polymer micelles are self-assembling structures comprised of amphiphilic
polymers, containing a hydrophilic domain for aqueous interaction, a hydrophobic
domain to mediate self-assembly and a cationic domain to promote oligonucleotide
interaction and encapsulation!?1%4 They may also be coated with neutral shielding
polymers, such as PEG, to improve immune evasion and circulation half-lives'®>1%,
Polyplexes are gel-like complexes of cationic polymers and oligonucleotides, complexed
through surface adsorption mediated by electrostatic interactions*?*1%, Cationic polymers
in general provide excellent transfection efficiency!®1%, They enter cells through
endocytosis. Although the exact mechanism is not fully understood, it has been linked to
both scavenger receptor recognition'®”1% and the cholesterol trafficking system?®.
Polymeric vectors commonly contain many protonatable amine groups allowing them to
act as a proton sponge, promoting endosomal disruption and high transfection

efficiency!?:1%, They have been used to mediate successful in vivo oligonucleotide

202 203

delivery for the treatment of ischemia®®!, viral infection?®?, alopecia?®® and various
cancers?%2%5 |t js of note that the first instance of siRNA-cancer treatment in humans
also involved a polymeric carrier?®. However, the cationic nature of the polymers has
been linked to immunogencitiy and cytotoxicity!?212207 'nossibly due to impairment of
mitochondrial function®®, as well as promotion of non-specific interactions leading to
off-target effects and circulation clearance'®®2%, Clearance of polymeric nanoparticles
from the circulatory system tends to be relatively rapid, mediated by interactions with
plasma proteins and phagocytic recognition'®®21°, This can lead to accumulation in the
liver?9211 and potential liver toxicity. Efforts have been made to improve polymeric
vectors. These include decreased cytotoxicity through use of biodegradable polymers??,
increased bioavailability trough incorporation of shielding molecules®*® and CPPs?142%5,
and improved specificity through decoration with targeting molecules?®2%6, However, no
major breakthroughs have yet been made and further work is required before polymeric

vectors can be considered viable for routine clinical use.
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Figure 1.15 Polymer-based vectors Schematic representation of A. polymer micelle, and B. polyplex
oligonucleotide delivery vectors.

1.3.5. Therapeutic oligonucleotides
Many of these oligonucleotide varieties have been tested in clinical trials, with varying

degrees of success. Two non-aptamer oligonucleotide drugs are currently licensed for
clinical use. One, fomiversen'!’, is a 2-OMe phosphorothioate gamper antisense
oligonucleotide targeting the IE2 protein of cytomegalovirus (CMV) for treatment of
CMV-induced retinitis in immunocompromised patients. The second and more recent,
mipomersen*®, is a 2'-MOE phosphorothioate gapmer antisense oligonucleotide
targeting apolipoprotein B100, a protein expressed in the liver and linked with production
of low density lipoprotein cholesterol, for treatment of hypercholesterolemia. Other
oligonucleotides are currently in clinical trials for diseases including hepatitis C infection,
deep vein thrombosis and spinal muscular atrophy*?. However, many more have
produced disappointing results in late stage clinical trials, including oligonucleotides

targeted against Duchenne muscular dystrophy, prostate cancer, macular degeneration,
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breast cancer, melanoma and myeloma®*2!

, While fomiversen has been discontinued by
the manufacturer®. It is clear further research is required for oligonucleotides to fulfil their
immense therapeutic promise, and development of a robust, targeted delivery system

would represent a huge stride forward in this regard.

1.4. Project outline

The ability of cholera toxin to be labelled with various macromolecules for cell delivery
has been demonstrated. However, there has been no attempt to engineer the non-toxic B
subunit for oligonucleotide conjugation and delivery, macromolecules which currently
lack a robust delivery method. The aim of this study was to determine the suitability of
CTB as a vector for targeted delivery of therapeutic oligonucleotides. The primary
objective was to develop a robust method for labelling CTB, and to determine the
behaviour of the labelled protein in mammalian cells. If found suitable, an oligonucleotide
payload would be attached and cellular behaviour investigated, with a view towards

release of the oligonucleotide payload for a therapeutic action (figure 1.16).
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Figure 1.16. CTB-mediated targeted oligonucleotide delivery Schematic representation of the delivery
and release of a therapeutic oligonucleotide payload to mammalian cells.
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Chapter 2: Materials and methods

2.1. Introduction to core techniques

2.1.1. Assembly PCR
During this study, a range of modified CTB variants were generated, in order to vary the

position at which labels were attached, the identity of the labels themselves, and the
biological action of the protein. Assembly PCR (or polymerase cycling assembly)
provided the method by which most of the genes required for protein expression were
produced. An overview of the process is provided in figure 2.1. It is similar in principle
to standard PCR, but differs in the provision of the template strand. Rather than providing
a single whole template strand, the template is comprised of several short oligonucleotide
sequences of approximately 70 base pairs (bp), alternating between sense and antisense,
which overlap by approximately 20 bp at each end. An excess of shorter “terminal”
forward and reverse primers, complementary to the 5’ ends of the sense and antisense
strands, are also present. The oligonucleotide “parts” act as primers, and on assembly
(due to the overlap of complementary sequences) are extended to the end of the adjacent
oligonucleotide. The extended parts continue to assemble and become extended in a
stepwise manner over subsequent PCR cycles, eventually providing a full template for
the terminal primers?"?18, At this stage, the whole gene is exponentially amplified, in a
similar manner to standard PCR. This technique takes advantage of the relative ease of
synthesising short oligonucleotide sequences chemically; it allows large gene libraries to
be created in a short space of time, as mutants can be created with several different

mutations at various different positions in the same gene in a single “one pot” reaction.
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Figure 2.1. Overview of assembly PCR 1. Each of the six colours — blue, brown, orange, black, purple
and green —represent a different section of the target gene. These short, overlapping oligonucleotide “parts”
(single-coloured arrows) assemble due to their overlapping lengths of complementary sequence, and are
extended (dotted lines) through the action of DNA polymerase. 2. and 3. The newly extended parts
(multi-coloured arrows) assemble due to their overlapping lengths of complementary sequence, and are
extended (dotted lines) through the action of DNA polymerase. 4. The full gene sequence has been produced
during subsequent PCR cycles. The shorter “terminal” primers (red arrows) anneal to the 5’ ends of the
sense and antisense strands and are extended (dotted red lines) through the action of DNA polymerase,
resulting in exponential amplification of the full target gene.
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2.1.2. Exponential megapriming PCR (EMP)
It was occasionally necessary to insert a length of DNA into a plasmid without the use of

restriction enzymes, due both to the lack of restriction sites in the required position on the
plasmid, and the desire to avoid insertion of extra nucleotides which would cause codon
shifts or undesirable amino acid insertions in the gene. For this purpose, EMP was the
chosen cloning method. An overview of the process is provided in figure 2.2. A region of
a plasmid in which DNA insertion is desired is first identified, after which a
“megaprimer” is produced. To create the megaprimer, the DNA to be inserted into the
plasmid is used as a template for a PCR reaction, using a standard forward primer (F1;
complementary to the 5’ end of the antisense strand of the template). However, the reverse
primer (R1; complementary to the 3" end of the sense strand of the template) used contains
a 5" overhang which is complementary to the region of the plasmid immediately
downstream of the desired insertion site, with the overhang region having similar
properties to a standard primer. The megaprimer is then used as a forward primer in a
second PCR reaction, with the plasmid as a template and a reverse primer (R2)
complementary to the region of the plasmid immediately upstream of the desired insertion
site. This creates linear DNA with the insert incorporated into the plasmid at the 5’ end.
The final round of PCR involves exponential amplification of the linear insert-plasmid
hybrid using the forward primer F1 and reverse primer R2. Following this, the PCR
product can be purified and subsequently cyclised, through 5’ phosphorylation by
polynucleotide kinase (PNK) and ligation with T4 DNA ligase, in order to improve

transformation efficiency.
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Figure 2.2. Overview of exponential megapriming PCR cloning 1. The insert (pink) is amplified by PCR
with primers F1 (green) and R1 (green/blue) to produce the megaprimer, containing a 3’ overhang (blue)
complementary to the region of the plasmid immediately downstream of the insertion site. 2. The plasmid
(black) is used as a PCR template with the megaprimer (pink/blue; extension in red) and primer R2 (green;
extension in orange) to produce linear insert-plasmid hybrid DNA. 3. The insert-plasmid hybrid DNA is
amplified by PCR using primers F1 and R1 (both green). 4. The linear PCR product in cyclised with
polynucleotide kinase and T4 DNA ligase, resulting in circular plasmid DNA containing the insert in the
desired location ready for transformation.
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2.1.3. Isothermal titration calorimetry
This highly sensitive technique allows for the measurement of the thermodynamic

parameters of binding interactions in solution. The enthalpy change (4H), association
constant (Ka) and stoichiometry of a reaction (N) can be directly measured, while
dissociation constant (Kq) can be derived from the reciprocal of Ka, and change in Gibbs
free energy (4G) and entropy (45S) can be derived from these measurements?'°22 ysing
the following equation;

AG = -RTInKa = A4H - TAS™®

where R = gas constant (8.314 J mol™* K1) , and T = absolute temperature (K). These
measurements are determined through changes in temperature due to the interaction
occurring. A calorimeter consists of two cells, a reference and a sample cell. The reference
cell contains a known volume of liquid (water or buffer), while the sample cell contains
a known volume and concentration of the macromolecule being investigated. A constant
power is supplied to the reference cell, and the sample cell is equilibrated to a similar
temperature using a measurable amount of power?'°22, An excess concentration of ligand
is titrated into the sample cell in known volumes, resulting in a temperature change in the
sample cell due to the reaction occurring inside. A feedback loop causes a change in the
power heating the sample cell in order to re-equilibrate it with the reference cell; less
input for an exothermic event, more input for an endothermic event?1%22°, With increasing
titrations, the necessary input required for re-equilibration will change as the number of
available binding sites for the ligand in the sample cell decreases. Measurements consist
of the change in power to the sample cell required for re-equilibration, plotted vs time,
and the integrals of these peaks (4H of individual titrations) can be plotted vs the molar
ratio of ligand:macromolecule in order to obtain a binding curve, from which can be

derived overall 41H, Ko and N for the reaction?1%2%°,

47



2.1.4. Microscopy
2.1.4.1 Fluorescence microscopy: This technique exploits the properties of fluorophores

in order to detect the fluorescence they emit at a specific wavelength. Each individual
fluorophore possesses excitation and emission spectra; continuous spectra of
electromagnetic wavelengths at which the fluorophore absorbs and emits energy.
Electrons in the fluorophore absorb energy at wavelengths within its excitation spectrum,
resulting in excitation to a higher energy state. As these electrons relax back to their
ground state, energy is emitted within the emission spectrum in the form of a photon. The
photon emitted is of a lower energy than that initially absorbed, and hence of a longer
wavelength. This difference is termed the Stokes shift??X. This is the principle exploited
by fluorescence microscopy. Photons from a light source, usually a laser, are passed
through an excitation filter which selects for a desired wavelength. These then pass
through a chromatic beam splitter, reflecting the shorter wavelength photons through the
objective lens, focusing the beam on the sample. This excites the fluorophores, and the
longer wavelength photons they emit pass through the chromatic beam splitter and
emission filter to the detector, ensuring only photons of the desired wavelength are

detected??!. A schematic representation of the process is shown in figure 2.3.

2.1.4.2. Confocal microscopy: Confocal microscopy functions using similar principles to
standard fluorescence microscopy, but with the addition of a pinhole between the beam
splitter and the detector for the purpose of increased resolution (figure 2.4). The pinhole
results in detection of light from a specific depth of the sample only, as only light
originating from a specific distance is correctly focused such that it is able to pass through
the pinhole; contaminating photons from different depths within the sample are not
correctly focused and thus cannot pass through the pinhole. The resulting images are

produced at a higher resolution and with reduced noise??.
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Figure 2.3. Schematic representation of fluorescence microscopy Photons from a source are passed
through the excitation filter, restricting the beam to a set wavelength range (x nm) by absorbing wavelengths
outside the range (purple and light blue arrows). Photons of the desired wavelength (dark blue arrow) are
reflected by the dichroic mirror and focused by the objective onto the sample. Fluorophores in the sample
become excited and emit photons of a longer wavelength. The beam is focused by the objective, passes
through the dichroic mirror, and photons of the desired wavelength range (y nm) pass through the emission
filter to the detector for processing (dark green arrow), while those of undesirable wavelengths are absorbed
(light green and orange arrows).
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Figure 2.4. Schematic representation of focusing in confocal microscopy Photons emitted from the
desired depth (red arrow) are focused correctly by the objective such that they are able to pass through the
pinhole, while photons emitted from an undesired depth (blue arrow) are not focused correctly and thus
cannot pass through the pinhole.
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2.2. Source of reagents and instrumentation

Analytical grade reagents were obtained from Sigma Aldrich, Fisher Scientific, Alfa
Aesar and VWR International. Water was purified using an ELGA PURLAB Classic
purifier. Oligonucleotides were obtained from Integrated DNA Technologies. Enzymes,
buffers, reagents and DNA standard ladders for molecular biology were obtained from
New England Biolabs. QlAprep spin Miniprep, Plasmid Plus Midi, QIAquick gel
extraction and QIAquick PCR purification Kkits for DNA extraction and purification were
obtained from Qiagen. Bacterial cultures were grown using an ISF1-X shaker incubator
(Kuhner). Centrifugation was performed using the Avanti J30-1 (Beckman Coulter), Pico
17 and Fresco 21 centrifuges (Thermo Scientific). Ni-NTA agarose resin was obtained
from Qiagen. Lactose-agarose resin was obtained from Sigma Aldrich. FPLC was
performed with an AKTA Purifier (GE Healthcare). Protein molecular weight markers
were obtained from New England Biolabs. Gels were imaged and analysed using a
Universal Hood Il gel documentation system (BioRad). LC-MS analysis of proteins and
peptides was performed using an HCTultra (Bruker Daltonics). Oligonucleotide synthesis
was performed using an AKTA Oligopilot Plus (GE Healthcare Life Sciences).
Oligonucleotide purification and desalting were performed using an AKTA Purifier (GE
Healthcare Life Sciences). Oligonucleotide lyophilisation was performed using a
ModulyoD freeze dryer (Thermo Scientific). Oligonucleotides were characterised using
an Agilent 1100 series HPLC system (Agilent Technologies) and a Finnigan LTQ LC-
MS (Thermo Scientific). Cell culture media and serum was obtained from Sigma Aldrich,
serum-free media from Gibco, and other cell culture reagents obtained from Lonza.
Mammalian cells were incubated in a MCO-18AIC(UV) CO: incubator (Sanyo) and
experimentation carried out in an Airstream class Il biological safety cabinet (ESCO).
Cell viability experiments were analysed with a PowerWave XS2 plate reader (BioTek
Instruments). Cells were imaged using an Imager Z2 LSM880 upright confocal

microscope (Zeiss).
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2.3. Common buffers, solutions and media

Buffers, solutions and media were produced in-house unless otherwise stated.

2 x yeast-tryptone (2xYT) growth medium — 1.6% (w/v) tryptone, 1% (w/v) yeast extract,
0.5% (w/v) NaCl

Agarose gel electrophoresis loading buffer — 2.5% (w/v) Ficoll 400, 11 mM
ethylenediaminetetraacetic acid (EDTA), 3.3 mM Tris-HCI, 0.017% (w/v) SDS, 0.15%
(w/v) Orange G

Buffer BB (Qiagen) — Exact composition confidential

Buffer ETR (Qiagen) — Exact composition confidential

Buffer N3 (Qiagen) — 4.2 M guanidine-HCI, 0.9 M KAc

Buffer QG (Qiagen) — 20 mM Tris-HCI (pH 6.6), 5.5 M guanidine thiocyanate

Buffer P1 (Qiagen) — 50 mM Tris-HCI (pH 8.0), 10 mM EDTA, 100 ug mL™* RNase A,
0.1% (v/v) LyseBlue

Buffer P2 (Qiagen) — 200 mM NaOH, 1% (w/v) SDS

Buffer PB (Qiagen) — 5.0 M guanidine-HCI, 30% (v/v) isopropanol
Buffer PE (Qiagen) — 10 mM Tris (pH 7.5), 80% (v/v) ethanol
Buffer S3 (Qiagen) — Exact composition confidential

CutSmart buffer (NEB) — 50 mM CH3CO2K, 20 mM Tris-acetate, 10 mM
Mg(CH3sCOO),, 100 pg mL* BSA (pH 7.9)

HEPES buffer — 50 mM HEPES, 200 mM NaCl, 5 mM CaCl: (pH 7.5)

Immunofluorescence antibody dilution buffer - 137 mM NaCl, 3 mM KClI,
8 mM NaHPOs, 1.5 mM KH2POj4, 0.1% (v/v) Tween 20, 1% (w/v) BSA (pH 7.3)

Immunofluorescence blocking buffer - 137 mM NaCl, 3 mM KCI, 8 mM NaxHPOQOg4, 1.5
mM KH2POs, 0.1% (v/v) Tween 20, 1% (w/v) BSA, 300 mM glycine (pH 7.3)

Immunofluorescence/FISH permeabilization buffer - 137 mM NaCl, 3 mM KClI,
8 mM Na;HPOy4, 1.5 mM KH2POy4, 0.5% (v/v) Triton X-100 (pH 7.3)

Ligase buffer (NEB) — 50 mM Tris-HCI, 10 mM MgCl,, 10 mM dithiothreitol (DTT),
1 mM ATP (pH 7.5)

LB growth medium (Fisher) — 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl
NEBuffer 2 (NEB) — 50 mM NaCl, 10 mM Tris.HCI, 10 mM MgCl2, L mM DTT (pH 7.9)

Pfu buffer — 20 mM Tris HCI, 10 mM KCI, 10 mM (NH4)2SOg4, 0.1-4 mM MgSOs, 1%
(v/v) Triton X-100, 1 mg mL* BSA (pH 8.8)

Phosphate-buffered saline (PBS)— 137 mM NaCl, 3 mM KCI, 8 mM Na;HPO4, 1.5 mM
KH2PO4 (pH 7.3)
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Phosphate-buffered saline-Tween 20 (PBST) - 137 mM NaCl, 3 mM KCl,
8 mM NazHPOg, 1.5 mM KH2POg4, 0.1% (v/v) Tween 20 (pH 7.3)

SDS-PAGE loading buffer — 50 mM Tris-HCI (pH 6.8), 2% (w/v) SDS,
10% (v/v) glycerol, 100 mM DTT, 12.5 mM EDTA, 0.02% (w/v) bromophenol blue

SDS-PAGE running buffer — 25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS

SDS-PAGE separating gel (12%) — 380 mM Tris (pH 8.8), 12% (w/v) acrylamide, 0.32%
(w/v) bis-acrylamide, 0.1% (w/v) SDS, 0.1% (w/v) ammonium persulfate, 0.01% (v/v)
tetramethylethylenediamine (TEMED)

SDS-PAGE stacking gel (5%) — 95 mM Tris (pH 6.8), 5% (w/v) acrylamide, 0.13% (w/v)
bis-acrylamide, 0.1% (w/v) SDS, 0.1% (w/v) ammonium persulfate, 0.02% (v/v) TEMED

Saline-sodium citrate (SSC) buffer — 150 mM NacCl, 15 mM sodium citrate (pH 7.0)
Tris-acetate-EDTA (TAE) buffer — 40 mM Tris, 20 mM acetic acid, 1 mM EDTA

ULTRAhyb Ultrasensitive hybridization buffer (Ambion) — Exact composition
confidential

2.4. Standard protocols

2.4.1. Molecular biology

2.4.1.1. Oligonucleotide design: Oligonucleotide sequences for assembly PCR were
designed based on information from the Assembly PCR Oligo Maker programme??
(http://www.yorku.ca/pjohnson/AssemblyPCRoligomaker.html), and their properties
calculated and confirmed for purpose using the OligoCalc programme??*
(http://biotools.nubic.northwestern.edu/OligoCalc.html), except where they were already

available in the lab (designed by J. Ross).

2.4.1.2. Assembly PCR: The template for assembly PCR was provided by short
oligonucleotide “parts” covering the whole gene sequence, with alternating
complementarity to the sense and antisense strands, and terminal overlapping regions of
sequence complementarity to allow assembly. The PCR reaction mix (50 pL total)
consisted of the relevant parts (10 nM each) and terminal forward and reverse primers
(2 uM each), dNTPs (250 uM each) and Pwo polymerase (0.01 U uL%, where 1 U = the
amount required to catalyse the incorporation of 10 nmol dNTPs into acid insoluble
material in 30 min at 75 °C) in Pfu buffer ([MgSOs] dependent on reaction). See section
2.4 for a list of oligonucleotides. The thermocycler programme used is described in
table 2.1.
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Step Temperature (°C) Time (s) Number of cycles

1. Initial denaturing 95 30 1

2.1. Denaturing 95 30

Dependent on primer

2.2. Annealing 30 30
Tm
. Dependent on template
2.3. Elongation 72 .
length (500 bp min™)
Dependent on template
3. Final elongation 72 length (> cycle 1

elongation)

Table 2.1. Thermocycler programme for assembly PCR

2.4.1.3. PCR: Similar to assembly PCR above, but the template was provided by a whole

gene sequence (10 nM) in place of the parts.

2.4.1.4. Restriction digest: Both the insert (10 uL in 20 pL total CutSmart buffer) and
vector (20 pL in 40 pL total CutSmart buffer) were digested for 1 h at 37 °C with the
relevant restriction enzymes (amount (U) dependent on [DNA], where 1 U = the amount
required to completely digest 1 pg DNA in a 50 pL reaction in 60 min at 37 °C). The
vector digestion also contained calf intestinal alkaline phosphatase (CIP; 10 U, where 1 U
= the amount required to completely hydrolyse 1 pmol p-nitrophenyl phosphate ina1 mL
reaction in 1 min at 37 °C) to prevent re-annealing. All CTB variants were produced with
a 5’ Sphl site and a 3’ Pstl site, thus these enzymes were used to digest these and the

pSAB2.2 vector in all cases.

2.4.1.5. Ligation: A 5:1 molar ratio of digested insert:digested vector (total of 50 ng
digested vector) was ligated for 30 min at room temperature in the presence of T4 DNA
ligase (40 U uL; where 1 U = the amount required to give 50% ligation of HindllI
fragments of 0.12 uM A DNA in a 20 pL reaction in 30 min at 16 °C) in ligase buffer
(10 pL total volume).

2.4.1.6. Transformation by heatshock: Plasmid DNA (1 uL pure plasmid DNA or 2 pL
impure manipulated DNA) was used to transform 10 uL E.coli XL10-Gold
ultracompetent cells (for plasmid cloning) or E. coli C41(DE3) pRAREZ2 competent cells
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(for protein expression) by heatshock; incubation at 4 °C for 30 min, 42 °C for 45 s, and
4 °C for 5 min. Transformation products were added to 1 mL pre-warmed (37 °C) LB and
incubated for 1 h at 37 °C. These were then plated (100 uL for pure plasmid DNA, entire
cell population concentrated to 200 pL otherwise) on LB agar (1.5% (w/v)) containing
the relevant antibiotic (100 pg mL™* ampicillin or 50 ug mL™* kanamycin) and incubated
at 37 °C overnight.

2.4.1.7. Site-directed mutagenesis:?2°2% The protocol was based on the QuikChange site-
directed mutagenesis protocol (Stratagene). Template DNA was provided by the plasmid
requiring mutation. The PCR reaction mix (50 pL total) consisted of 50 ng plasmid DNA
template, 125 ng each of the forward and reverse primers, dNTPs (500 uM each) and Pwo
polymerase (0.05 U pL) in Pfu buffer (2 mM MgSO.). Primers were designed based on
the QuikChange protocol recommendations; 25-45 bp, > 40% GC content, primers
terminating in one or more G/C base, Tm > 78 °C. Primer Ty was calculated using the

following formula:

675
T, = 81.5+ 0.41 (% GC) — N % mismatch

where % GC and % mismatch are integers.
The thermocycler programme used is described in table 2.2.

Following thermocycling, Dpnl (10 U, where 1 U = the amount required to digest 1 ug
of dam methylated pPBR322 DNA in 1 h at 37 °C in 50 pL) was added to the PCR reaction
and incubated for 1 hat 37 °C in order to digest genomic methylated DNA. Samples taken
before and after Dpnl treatment were analysed by agarose gel electrophoresis (section
2.4.3), and the Dpnl treated PCR reaction mix used to transform E. coli XL10 by
heatshock (section 2.4.1.6).
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Step Temperature (°C) Time (s) Number of cycles
1. Initial denaturing 95 30 1
2.1. Denaturing 95 30
2.2. Annealing 55 60 20
) Dependent on plasmid
2.3. Elongation 72 ) )
size (500 bp min)
Dependent on plasmid
3. Final elongation 72 size (> cycle 1
elongation)

Table 2.2. Thermocycler programme used for site-directed mutagenesis

2.4.1.8. Exponential megapriming PCR:??” The EMP megaprimer was produced by PCR
(section 2.4.1.3), using a forward primer complementary to the 5' end of the desired insert,
and a reverse primer complementary to the 3' end of the desired insert, containing a
5' extension complementary to the region immediately downstream of the insertion site.
The megaprimer was purified by gel extraction (section 2.4.4) and inserted into the target
vector by PCR (similar cycle and reaction composition to site-directed mutagenesis
(section 2.4.1.7), except the annealing temperature was dependent on the primer Tm, and
5% (v/v) dimethylsulfoxide (DMSQ) was included), using the forward primer from the
first step and a reverse primer complementary to the region of the plasmid immediately
upstream of the insertion site. The plasmid (containing the insert) was amplified by PCR
(section 2.4.1.3) using 1 uL of the product from the previous step as template and the
same primers. Amplified product was purified by PCR cleanup and used to transform
E. coli XL10-Gold ultracompetent cells by heatshock (section 2.4.1.6).

2.4.2. Determination of DNA concentration
All DNA concentrations (ng uLt) were determined by spectrophotometry at 260 nm and

calculated using the formula:

[DNA] = 50 X A260
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2.4.3. Agarose gel electrophoresis
Gels of 1-2% (w/v) agarose in TAE buffer were prepared, depending on the expected size

of the DNA fragments to be analysed; 1% for plasmid DNA, 1.6% for fragments up to
1.5 kb, 1.2% for samples containing both. Ethidium bromide was added to the gels
(0.003% (v/v)) for DNA visualisation. DNA samples were mixed with loading buffer
prior to sample loading, and the gels run at 100 V in TAE buffer. Gels were visualised by
UV illumination in the gel documentation system.

2.4.4. Purification of digested plasmid DNA (gel extraction)
Digested plasmid DNA was purified using a QIAquick gel extraction kit, following the

manufacturer-recommended protocol. All centrifugation steps took place at 17,000 x g at
room temperature. The gel generated from an agarose gel electrophoresis experiment was
illuminated with UV light, and the target band excised from the gel using a scalpel. Buffer
QG (3 gel volumes) was added at 50 °C to dissolve the agarose. Isopropanol (1 gel
volume) was added for increased DNA vyield, and the solution passed through a silica
membrane by centrifugation for 1 min, to which DNA is adsorbed but RNA, protein and
metabolites may pass through. The membrane was washed by centrifugation for 1 min
with buffer PE (750 pL) to remove salts, before a further 1 min centrifugation to remove

residual ethanol. DNA was then eluted in water (30 pL) by centrifugation for 1 min.

2.4.5. Purification of PCR product from reaction mixture (PCR cleanup)
DNA from a PCR reaction was purified using a modified QIAquick gel extraction

protocol. All centrifugation steps took place at 17,000 x g at room temperature. Buffer
QG (10 volumes) was added to the PCR reaction mix and the solution passed through a
silica membrane by centrifugation for 1 min, to which DNA is adsorbed. The membrane
was washed by centrifugation for 2 x 1 min with buffer PE (750 pL) to remove salts, and
DNA eluted in water (30 uL) by centrifugation for 1 min.

2.4.6. Small-scale plasmid DNA extraction from bacteria (Miniprep)
Plasmid DNA was extracted from small-scale bacterial cultures (5 mL growth medium)

using a QIAprep spin Miniprep kit, following the manufacturer-recommended protocol.
All centrifugation steps took place at 17,000 x g at room temperature unless otherwise
stated. Bacterial cells were cultured overnight in 2xYT (5 mL) containing the relevant
antibiotic. Cells were pelleted from cultures by centrifugation at 4600 x g for 10 min at
20 °C, growth medium discarded, and the cells resuspended in buffer P1 (250 pL). Buffer
P2 (250 pL) was added to lyse the bacterial cells by alkaline lysis??8, followed by buffer
N3 (350 pL) to neutralise the suspension and adjust to high salt binding conditions. The
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precipitate (SDS, genomic DNA and cell debris) was pelleted by centrifugation for
10 min, and the supernatant passed through a silica membrane by centrifugation for
1 min, to which the DNA was adsorbed. The membrane was washed by centrifugation
for 1 min with buffer PB (500 uL) to remove endonucleases, and centrifugation for 2 x 1
min with buffer PE (750 uL) to remove salts, before the DNA was eluted in water (60 pL)

by centrifugation for 1 min.

2.4.6. Medium-scale plasmid DNA extraction from bacteria (Midiprep)
Plasmid DNA was extracted from medium-scale bacterial cultures (35 mL growth

medium) using a Plasmid Plus Midi kit (Qiagen), following the manufacturer-
recommended protocol. All centrifugation steps took place at 17,000 x g at room
temperature unless otherwise stated. Bacterial cells were cultured overnight in LB
(35 mL) containing the relevant antibiotic. Cells were pelleted from cultures by
centrifugation at 4600 x g for 10 min at 20 °C, growth medium discarded, and the cells
resuspended in buffer P1 (4 mL). Buffer P2 (4 mL) was added to lyse the bacterial cells
by alkaline lysis??, followed by buffer S3 (4 mL) to neutralise the suspension. The lysate
was incubated at room temperature for 10 min before filtration to remove the precipitate.
Buffer BB (2 mL) was added to adjust the lysate to high salt binding conditions, and the
solution passed through a silica membrane, to which the DNA was adsorbed, using a
vacuum manifold at approximately 300 mbar. The membrane was washed using the
vacuum manifold with buffer ETR (700 pL) to remove endotoxins, followed by buffer
PE (700 pL) to remove salts. Residual ethanol was removed by centrifugation for 1 min,

before the DNA was eluted in water (200 pL) by centrifugation for 1 min.

2.4.7. Protein overexpression
2.4.7.1. Inoculation and growth of bacterial cultures: Transformation of E. coli

C41(DE3) pRARE2 cells (10 pL) took place (as described in section 2.4.1.6) with
plasmid DNA (1 uL) extracted by Miniprep (as described in section 2.4.6). Single
colonies were transferred from the plate and used to inoculate 5 mL LB with the relevant
antibiotic, which was incubated at 37 °C with aeration (200 rpm) overnight. Samples of
these cultures (1.5 mL) were used to inoculate 500 mL LB in 2 L flasks with the relevant

antibiotic, which was incubated at 37 °C with aeration (200 rpm).

2.4.7.2. Induction of protein overexpression: Once the 500 mL cultures reached ODsoo
value of 0.6-0.8, protein overexpression was induced with isopropyl pB-D-1-
thiogalactopyranoside (IPTG; 0.5 mM), and the cultures incubated overnight at 25 °C

with aeration (200 rpm).
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2.4.8. Protein purification
2.4.8.1. Protein extraction from growth medium: The induced 500 mL cultures were

centrifuged at 10,000 x g for 10 min at 4 °C to pellet the cells. Pellets were discarded,
57% (w/v) ammonium sulfate added slowly to the supernatant, and the mixture incubated
at 4 °C overnight in order to precipitate the protein. The suspension was centrifuged at
17,696 x g for 1 h at 4 °C to pellet the protein. The supernatant was discarded, and each
pellet resuspended by agitation in 10 mL lysis buffer. The resuspended protein was

vacuum-filtered (0.8 um) prior to further purification.

2.4.8.2. Protein extraction from cells: The induced 500 mL cultures were centrifuged at
10,000 x g for 10 min at 4 °C to pellet the cells. The growth medium was discarded and
the cell pellets resuspended in lysis buffer containing cOmplete EDTA-free protease
inhibitor cocktail (Roche) where this would not interfere with the function of expressed
protein. Cells were lysed 30 kPsi using a cell disruptor (Constant Systems), and cell debris
precipitated by centrifugation at 35,000 x g for 45 min at 4 °C. The supernatant was
syringe-filtered (0.45 um) prior to further purification.

2.4.8.3. Ni-NTA affinity chromatography purification: The protein sample was passed
through a Ni-NTA column, pre-equilibrated with lysis buffer (HEPES buffer containing
10 mM imidazole). The column was washed with 25 mL wash buffer (HEPES buffer
containing 25 mM imidazole). The protein was eluted with 30 mL elution buffer (HEPES

buffer containing 250 mM imidazole) and collected in 5 mL fractions.

2.4.8.4. Lactose affinity chromatography purification: The protein sample was passed
through a lactose column pre-equilibrated with HEPES buffer. The column was washed
with 25 mL HEPES buffer, and the protein eluted with 30 mL HEPES buffer containing
300 mM lactose and collected in 5 mL fractions.

2.4.8.5. Fast protein liquid chromatography (FPLC) purification: Following initial
purification steps, protein was further purified by size exclusion chromatography (SEC)
using an AKTA Purifier (GE Healthcare) automated system. All purifications were
carried out at 4 °C. Depending on size, protein was purified large-scale (for example
following E. coli protein expression) using a HiLoad Superdex 200 26/60 prep grade
column (GE Healthcare) or a HiLoad Superdex 75 16/60 prep grade column (GE
Healthcare), both with an injection volume of 1.5 mL and a flow rate of 1 mL min.
Purification was followed by Axgo. Purified product was collected in 5 mL fractions in 14

mL disposable culture tubes (VWR) using a Frac-950 (GE Healthcare) fraction collector.
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Small-scale purification (for example following protein labelling reactions) and analytical
SEC was carried out using a Superdex 200 10/300 GL column (GE Healthcare), with an
injection volume of 400 pL and a flow rate of 250 uL min. Purification was analysed
by absorbance (280 nm for protein, 260 nm for RNA, 488 nm for fluorescein). For
purifications, product was collected in 500 pL fractions in MASTERBLOCK 96-well
deep well microplates (Greiner Bio-One). Fractions were not collected for analytical
SEC.

2.4.9. Determination of protein concentration
Protein concentration (M) was determined by spectrophotometric analysis at 280 nm of

the protein, using a molar extinction coefficient (¢) provided by the ProtParam tool
(EXPASYy; http://web.expasy.org/protparam/), and calculated using the following

formula:

[Protein] = Aze0

Where proteins were labelled, [protein] and labelling efficiency were determined by
spectrophotometry at 280 nm (protein) and the absorption maximum for the relevant dye,
using the following formulae (information obtained from Thermo Scientific;

https://tools.thermofisher.com/content/sfs/brochures/TR0031-Calc-FP-ratios.pdf):
A 80 Amax x CF Amax

. 2 . .
Protein] = ; dye: protein ratio = -
[ | € ye:p €' X [protein]

Axgo = absorbance at 280 nm, Amax = absorbance at absorption maximum of the dye, € =
protein molar extinction coefficient, ¢’ = dye molar extinction coefficient, CF = correction

factor (specific to the dye).

2.4.10. SDS-PAGE
Gels of 12% (w/v) acrylamide (37.5:1 acrylamide:bis-acrylamide) were prepared. Protein

samples were mixed with loading buffer prior to sample loading, and the gels run at 180 V
in running buffer. Gels were stained with Instant Blue until protein bands were clearly
visible, background staining removed with water, and visualised by transillumination
using the gel documentation system, except for visualisation of fluorescent protein

labelling, when they were visualised by UV illumination prior to staining.
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2.4.11. SrtA-mediated protein labelling
The protein containing an N-terminal poly-Gly motif was incubated with 3 eq

depsipeptide in the presence of 20 mol% SrtA at 37 °C with agitation (200 rpm). Where
fluorophores were present, the reaction was undertaken in darkness. The reaction was

quenched after 3 h by flash freezing at -196 °C.

2.4.12. Isothermal titration calorimetry
ITC was carried out using a MicroCal iTC200 System (GE Healthcare Life Sciences). A

total of 202.8 pL protein was loaded into the sample cell, and 38.5 pL ligand added into
the sample cell over 20 injections; 1 x 0.5 puL over a duration of 1 s, 19 x 2 uL over a
duration of 4 s, with 120 s recovery between injections. Buffers were matched prior to
ITC by dialysis. Titrations of buffer into buffer and ligand into buffer were carried out as
controls. Data was fitted using NITPIC?%, thermodynamic parameters calculated using
SEDPHAT, and presented using GUSSI (NIH).

2.4.13. Cell culture experimentation
2.4.13.1. Passage of cells: Cells were grown in DMEM (containing 4500 mg L™ glucose,

L-glutamine, sodium pyruvate, sodium bicarbonate and pyridoxine; Sigma Aldrich)
containing 10% (v/v) foetal bovine serum (FBS; Lonza) and 250 U mL? (each)
penicillin/streptomycin (pen/strep; Lonza) in T-75 cell culture flasks (Sarstedt) at 37 °C
with 5% CO2. Once cells had reached approximately 90% confluency, growth medium
was removed and the cells washed with 10 mL PBS. Cells were detached from the flask
surface by treatment with 2 mL trypsin (0.25% w/v) at 37 °C with 5% CO; for 5 min, and
the trypsin deactivated by addition of 8 mL fresh DMEM + FBS/pen/strep. This was
removed, leaving the desired volume in the flask, and 12 mL fresh DMEM +
FBS/pen/strep was added. Cells were then grown at 37 °C with 5% CO..

2.4.13.2. Cell seeding: During passage, unused cells were retained for seeding. Cells were
counted in a 10 pL sample of the suspension using a BS1000 Improved Neubauer
haemocytometer (Hawksley) and the number multiplied by 10* to determine the number
of cells mL* suspension. The relevant volume of cell suspension was added to DMEM +
FBS/pen/strep in the concentration and volume required by the plate in use (see table 2.3),

with glass coverslips if required. These were incubated at 37 °C with 5% CO..
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) DMEM volume per well
Plate size Cells seeded per well
(mL)
12-well 1.2 x 10° 1.0
24-well 8.0 x 104 0.5
96-well 1.0 x 10* 0.1

Table 2.3. Cell seeding number and media volume for tissue culture experiments

2.4.13.3. Liposomal transfection: At cell confluency of approximately 50%, growth
medium was removed, cells were washed with 1 mL PBS, and fresh serum-free minimum
essential medium (Opti-MEM; containing L-pyruvate; Gibco) was added. Per 1 mL to be
transfected, 1 pL NanoJuice core transfection reagent and 1.5 pL NanoJuice booster
transfection reagent were mixed in 40 pL Opti-MEM and incubated for 5 min at room
temperature. DNA (500 ng) was added to the reagent, which was incubated for 15 min at
room temperature before cell treatment. Transfecting cells were incubated for 4 h at 37 °C
with 5% CO», before media containing transfection reagent was removed. Cells were
washed with 1 mL PBS, and fresh DMEM + FBS/pen/strep was added. Cells were then
incubated for 20 h at 37 °C with 5% CO; prior to fixation.

2.4.13.4. Treatment of cells with protein: At cell confluency of approximately 60-80%,
growth medium was removed, cells were washed with 1 mL PBS, and fresh DMEM +
FBS/pen/strep added. The protein being tested was added to the desired concentration,

and the plate was incubated for the desired time of the experiment at 37 °C with 5% CO..

2.4.13.5. Cell fixation: Growth medium was removed and cells washed with 2 x 1 mL
PBS, before fixation by treatment with 1 mL paraformaldehyde (4% v/v) in PBS for
10 min at room temperature. Cells were washed with 2 x 1 mL PBS and stored short-term

in PBS at 4 °C prior to further treatment.

2.4.13.6. Fluorescence in situ hybridization (FISH): Where this technique was required
in addition to immunofluorescence, it was performed prior to antibody staining due to the
harsh nature of the hybridization buffer. Cell membranes were permeabilised with 0.5 mL
Triton-X 100 (0.5% v/v) in PBS for 5 min at room temperature. Cells were washed twice
with 1 mL PBS and once with 1 mL 2 x SSC buffer for 10 min at room temperature. Cells
were treated with 500 pL fluorescent oligonucleotide probe (bis-rhodamine complement
RNA; 250 ug mL?) in ULTRAhyb Ultrasensitive hybridization buffer (Ambion) at 42 °C
for 20 h. Cells were washed twice with 2 x SSC buffer, once with 0.5 x SSC buffer and

once with PBS for 10 min at room temperature, and stored short-term in PBS at 4 °C.
61



2.4.13.7. Antibody staining: Cell membranes were permeabilised with 0.5 mL Triton-X

100 (0.5% v/v) in PBS for 5 min at room temperature. Cells were washed with 3 x 1 mL

PBS for 5 min at room temperature, and non-specific protein binding was blocked by
treatment with blocking buffer (1% BSA (w/v), 300 mM glycine in PBST) for 1 h at room
temperature. Blocking buffer was removed and cells treated with primary antibody
diluted in 1% (w/v) BSA in PBST at 4 °C overnight. Cells were washed with 3 x 1 mL
PBS for 5 min and treated with secondary antibody diluted in 1% (w/v) BSA in PBST for

1 h at room temperature. Antibody details and staining conditions are described in

table 2.4.
Primary antibodies
. . . o Incubation Incubation
Recognises Species Supplier Dilution ]
time temperature (°C)
. Sigma Aldrich .
CTB Rabbit 10,000 Overnight 4
(C3062)
) ) Cell Signalling )
RCASL1 (Golgi) Rabbit 100 Overnight 4
Technology (D2B6N)
) Cell Signalling )
PDI (ER) Rabbit 100 Overnight 4
Technology (C81H6)
. . Cell Signalling .
Calnexin (ER) Rabbit 50 Overnight 4
Technology (C5C9)
. Cell Signalling ]
LAMP1 (lysosome) | Rabbit 100 Overnight 4
Technology (D2D11)
Secondary antibodies
] ] ] ] o Incubation | Incubation
Recognises Species | Supplier | Conjugate dye | Dilution )
time (h) temperature
. Invitrogen
Rabbit (CTB) Donkey Alexa Fluor 488 1000 1 Room
(A-21206)
. Invitrogen
Rabbit (CTB) Donkey Alexa Fluor 555 1000 1 Room
(A-31572)
Rabbit (organelle Invitrogen
Goat Alexa Fluor 488 1 Room
markers) (A-11034)
Rabbit (organelle ) Invitrogen
Chicken Alexa Fluor 594 1 Room
markers) (A-21442)

Table 2.4. Antibody details and staining conditions for fixed cells

62




2.4.13.8. Slide preparation: Coverslips were mounted on microscope slides using 12 puL
(12-well plate) or 6 pL (24 —well plate) ProLong Gold antifade mountant with DAPI

(Invitrogen), set overnight in darkness at room temperature, and sealed with nail varnish.

2.4.13.9. Visualisation by confocal microscopy: Mounted cells were visualised with an
Axio Imager Z2 LSM880 upright confocal microscope (Zeiss) equipped with Diode
405 m, Argon 458/488/514 nm, DPSS 561 nm and HeNe 633 nm lasers and a GaAsp
detector with fully tunable emission detection. Emission filter parameters for multiple
fluorophore imaging were designed using the Fluorescence SpectraViewer tool (Thermo

Scientific). Images were processed using Zen lite 2.3 software (Zeiss).

2.4.13.10. MTT cell viability assay: Cells were seeded in 96-well plates at 1 x 10* cells
per well in 100 uL DMEM + FBS/pen/strep, and incubated overnight at 37 °C with 5%
CO». Growth medium was removed and the cells were treated with the desired molecule
or protein in 100 uL DMEM + FBS/pen/strep for the desired time at 37 °C with 5% CO..
Growth medium was removed and 100 pL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; 1 mg mL™) in Opti-MEM was added per well. The
cells were incubated at 37 °C with 5% CO. in darkness for 30 min. MTT reagent was
discarded, and 100 pL DMSO was added for 10 min with agitation (60 rpm) at room
temperature to dissolve the insoluble violet crystals formed due to reduction of the MTT
reagent. Assay results were taken by absorbance at 570 nm using a PowerWave XS2 plate
reader (BioTek Instruments) run with Gen5 version 1.07 software (BioTek Instruments).
Experiments were conducted in triplicate, with wells containing no cells used as a blank,
2 UM staurosporine used as the cell death control and mock treated cells used as the

positive viability control.

2.4.14. Oligonucleotide synthesis
Oligonucleotides were synthesised by solid phase synthesis using an AKTA Oligopilot

Plus 10 (GE Healthcare). Synthesis was begun with an Oligosynt 2’-OMe RNA 30
column (minimum 30 uM scale; GE Healthcare) of the relevant base. Removal of the
5" monomethoxytrityl (MMT) protecting group was performed by treatment with
dichloroacetic acid (3% v/v) in toluene, leaving a free 5’ hydroxyl group. Three
equivalents of the relevant nucleoside phosphoramidite (Thermo Scientific) in
acetonitrile was added; either 2’-OMe A phosphoramidite (Bz protecting group), 2’'-OMe
C phosphoramidite (Ac protecting group), 2'-OMe G phosphoramidite (iBu protecting
group) or 2'-OMe U phosphoramidite. These nucleoside phosphoramidites were activated

using 0.5 M 5-ethylthio-1H-tetrazole in acetonitrile and coupled to the previous
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nucleoside phosphoramidite for 15 min, forming a phosphite triester linkage. Sulfation of
the phosphate moiety to form a phosphorothioate was carried out using 0.2 M
phenylacetyl disulfide in 3-methylpyridine/acetonitrile (1:1 (v/v)), before the unreacted
OH groups were capped using a mixture of N-methylimidazole (20% (v/v)) in acetonitrile,
acetic anhydride (40% (v/v)) in acetonitrile and 2,6-lutidine (60% (v/v)) in acetonitrile, in
order to prevent erroneous sequence elongation. Between each step, the solid support was
washed with diethylamine/acetonitrile (20:80 (v/v)). Following synthesis, an amino
amidite (5'-MMT-amino-modifier C6-CE phosphoramidite; Link Technologies) was

reacted with the final nucleoside phosphoramidite.

2.4.15. Oligonucleotide extraction and purification
2.4.15.1. Resin cleavage: The synthesised oligonucleotides were cleaved from the solid

support and side-chain deprotected with saturated agueous ammonia overnight at 55 °C.
Crude oligonucleotide was removed from the column by cooling to 4 °C and washing
with 50% aqueous EtOH (20mL) followed by water (10 mL).

2.4.1.2. Trityl deprotection: The aqueous ammonia and EtOH mixture from resin
cleavage was removed by evaporation under reduced pressure. Aqueous acetic acid (2%
(v/v)) was added to remove the 5'-MMT protecting group, and the reaction followed by
HPLC to completion.

2.4.15.3. Purification: The deprotected oligonucleotide solution was basified with 2 M
NaOH to pH > 7. Oligonucleotides were purified by ion exchange using an AKTA
Purifier with a HiScale 16 anion exchange column (GE Healthcare) and eluted with a
basic NaCl gradient up to 3 M. Oligonucleotides were then desalted using an AKTA
purifier with a HiScale 50 gel filtration column (GE Healthcare) and lyophilised with a
ModulyoD freeze dryer (Thermo Scientific).

2.4.15.4. Analysis: Oligonucleotides were dissolved in 15 mM aqueous hexyl ammonium
acetate (HAA) and analysed for purity with an Agilent 1100 series HPLC system (Agilent
Technologies) and identity confirmed by LC-MS with a Finnigan LTQ mass spectrometer

(Thermo Scientific).

2.4.16. Temperature-resolved spectrophotometry of oligonucleotides
Oligonucleotides to be tested were mixed in equimolar concentrations in water, denatured

at 95 °C for 30 s and cooled to room temperature to ensure full annealing. The Azeo of the
samples was recorded every 1 min as they were heated from 10-80 °C, at a rate of 0.2 °C
min', using a Cary series UV-Vis spectrophotometer (Agilent Technologies).
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2.4.17. Labelling protein with oligonucleotides
2.4.17.1. Labelling by SPAAC: Where duplex oligonucleotides were required, the 5’-azido

oligonucleotide to be conjugated was first incubated with the oligonucleotide to be
hybridised in HEPES buffer at 95 °C for 30 s and cooled to room temperature. The CTB
variant to be labelled, functionalised with a BCN-depsipeptide (labelled by SrtA-
mediated ligation as described in section 2.3.11), was incubated with an excess of 5'-
azido-nucleotide overnight at room temperature in HEPES buffer, and the reaction
quenched by flash freezing at -196 °C. Where fluorophores were present, the reaction was

undertaken in darkness.

2.4.17.2. Labelling by disulfide formation: The Cys-containing CTB variant to be labelled
was incubated in HEPES buffer with an excess of 5'-pyridylthio oligonucleotide for 2 h
at room temperature, and the reaction quenched by flash freezing at -196 °C.

2.4.18. Determination of oligonucleotide-labelled protein concentration
The concentration of purified protein labelled with the fluorescent dsRNA was

determined spectrophotometrically. As the absorbance at 494 nm is not affected by either
the RNA or the protein and is caused by fluorescein only, concentration of the fluorescein
was determined using the Asgs and € = 68,000 M cm™ (Thermo Scientific). This was
assumed equal to the concentration of dSRNA. An Azeo value of 1 = 3.47 uM dsRNA for
the specific sequence and modifications of the dsSRNA used (OligoCalc), which allowed
the Azeo due to RNA to be determined. Using correction factors of 0.3 for the fluorescein
group (Thermo Scientific) and 0.51 for the RNA (determined experimentally) and
subtracting these values from the Aazgo, the Azgo value related to the protein was
determined. Protein concentration and labelling efficiency was then calculated (as
described in section 2.4.9). Where the RNA-labelled protein did not contain a
fluorophore, concentration was determined by densitometry, performed using Quantity
One 1-D analysis software (Bio-Rad), of SDS-PAGE Coomassie-stained bands compared

to standards of a known concentration.
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2.5. Synthetic experimental

2.5.1. 5'-fluorescein skipper RNA synthesis
2.5.1.1. Oligonucleotide synthesis

(o) ‘11OMe

I’ CUAUUACCUUAACCCAG

e VU Y "o
H2N \P—O \P—o

Oy’ \(\) Oy’ \(\)
A 2'-OMe phosphorothioate oligonucleotide with a 5’-amino modifier, of sequence
5'-H,N-GCUAUUACCUUAACCCAG-3', was synthesised by solid phase synthesis
(section 2.4.14). The crude product was removed from the resin, deprotected, purified by
ion exchange and desalted (section 2.4.15). The 5’-amino skipper RNA was isolated as a
white solid lyophilisate (58 mg, 25% yield). Purity was determined as 96% by HPLC.
Identity was confirmed by LC-MS, with a detected mass of 6357.4 Da (6357.2 Da

expected).

2.5.1.2. Fluorescein conjugation
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The 5'-amino skipper RNA (21 mg, 1.3 mM, 2.3 mL total reaction volume) was reacted
with 6-carboxyfluorescein NHS ester (5 mg, 3.4 eq) in 0.1 M phosphate buffer with 25%
(v/iv) DMSO (pH 8.5) for 1 h at room temperature. The crude product was purified by

desalting. The 5'-fluorescein skipper RNA was isolated as a yellow lyophilisate (19 mg,
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86% yield). Purity was determined as 94% by HPLC. Identity was confirmed by LC-MS,
with a detected mass of 6716.0 Da (6715.5 Da expected).

2.5.2. 5'-azido complement RNA synthesis
2.5.2.1. Oligonucleotide synthesis

H2N N __ O
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A 2'-OMe phosphorothioate oligonucleotide with a 5’-amino modifier, of sequence
5'-H,N-CUGGGUUAAGGUAAUAGC-3" was synthesised by solid phase synthesis
(section 2.4.14) The crude product was removed from the resin, deprotected, purified by
ion exchange and desalted (section 2.4.15). The 5’-amino complement RNA was isolated
as a white solid lyophilisate (42 mg, 20% yield). Purity was determined as 96% by HPLC.
Identity was confirmed by LC-MS, with a detected mass of 6516.4 Da (6517.3 Da
expected).

2.5.2.2. Azide conjugation
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The 5’-amino complement RNA (21 mg, 1.3 mM, 2.3 mL total reaction volume) was
stirred with azidobutyrate NHS ester (3.4 mg, 5 eq) in 0.1 M phosphate buffer with 25%
(v/v) DMSO (pH 8.5) for 1 h at room temperature. The crude product was purified by
desalting. The 5’-azido complement RNA was isolated as a white solid lyophilisate (18
mg, 84% vyield). Purity was determined as 94% by HPLC. Identity was confirmed by LC-
MS, with a detected mass of 6627.8 Da (6628.4 Da expected).
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2.5.3. 5’-pyridylthio skipper RNA synthesis

2.5.3.1. Oligonucleotide synthesis

(o) ‘11O0Me

y N/\/\/\/O\ d //0\ ol’ CUAUUACCUUAACCCAG
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A 2'-OMe phosphorothioate oligonucleotide with a 5’-amino modifier, of sequence
5'-H>N-GCUAUUACCUUAACCCAG-3', was synthesised by solid phase synthesis
(section 2.4.14). The crude product was removed from the resin, deprotected, purified by
ion exchange and desalted (section 2.4.15). The 5’-amino skipper RNA was isolated as a
white solid lyophilisate (85 mg, 42% yield). Purity was determined as 96% by HPLC.
Identity was confirmed by LC-MS, with a detected mass of 6356.8 Da (6357.2 Da

expected).

2.5.3.2. Pyridylthio conjugation
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The 5’-amino skipper RNA (15 mg, 1.1 mM, 2 mL total reaction volume) was stirred with
3-(2-pyridyldithio)propionic acid NHS ester (2.1 mg, 3 eq) in 0.1 M phosphate buffer
with 10% (v/v) DMSO (pH 8.5) for 1 h at room temperature. The crude product was
purified by desalting. The 5'-pyridylthio skipper RNA was isolated as a white solid
lyophilisate (13 mg, 86% yield). Purity was determined as 87% by HPLC. Identity was
confirmed by LC-MS, with a detected mass of 6553.6 Da (6554.5 Da expected), and
6444.7 Da (6445.3 Da expected) on reduction with 5 mM DTT.
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2.5.4. Bis-fluorescein complement RNA synthesis

2.5.4.1. Oligonucleotide synthesis
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A 2'-OMe phosphorothioate oligonucleotide with 5'- and 3’-amino modifiers, of sequence
5-HN-CUGGGUUAAGGUAAUAGC-NH2-3', was synthesised by solid phase
synthesis (section 2.4.14). The crude product was removed from the resin, deprotected,
purified by ion exchange and desalted (section 2.4.15). The bis-amino skipper RNA was
isolated as a white solid lyophilisate (108 mg). Purity was determined as 76% by HPLC,
deemed insufficient. The product was further purified by preparatory HPLC in 15 mM
aqueous HAA, followed by ion exchange, and desalted. The bis-amino skipper RNA was
isolated as a white solid lyophilisate (42 mg, 20% vyield). Purity was determined as 99%
by HPLC. Identity was confirmed by LC-MS, with a detected mass of 6356.8 Da (6357.2
Da expected).

2.5.4.2. Fluorescein conjugation
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The bis-amino complement RNA (21 mg, 2.9 mM, 2 mL total reaction volume) was
stirred in darkness with 6-carboxyfluorescein NHS ester (8.9 mg, 6 eq; 3 eq per NH>) in
0.1 M phosphate buffer with 10% (v/v) DMSO (pH 8.5) for 1 h at room temperature. The
crude product was purified by desalting. The bis-fluorescein complement RNA was
isolated as a yellow solid lyophilisate (12 mg, 51% yield). Purity was determined as 83%
by HPLC, with a further 9% identified as the mono-labelled species. Identity was
confirmed by LC-MS, with a detected mass of 7428.7 Da (7429.1 Da expected), along
with a minor species of 7070.2 Da (7070.8 Da expected).
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2.5.5. Bis-rhodamine complement RNA synthesis
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Bis-amino complement RNA (section 2.5.4; 21 mg, 2.9 mM, 2 mL total reaction volume)
was stirred in darkness with 6-carboxytetramethylrhodamine NHS ester (9.9 mg, 6 eq; 3
eq per NH2) in 0.1 M phosphate buffer with 10% (v/v) DMSO (pH 8.5) for 1 h at room
temperature. The crude product was purified by desalting. The bis-rhodamine
complement RNA was isolated as a purple solid lyophilisate (21 mg, 87% yield). Purity
was determined as 93% by HPLC. Identity was confirmed by LC-MS, with a detected
mass of 7536.7 Da (7539.4 Da expected).

2.5.6. 5'-azido 11mer complement RNA synthesis

2.5.6.1. Oligonucleotide synthesis
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A 2'-OMe phosphorothioate oligonucleotide with a 5'-amino modifier, of sequence
5'-H2N-CUGGGUUAAGG-3', was synthesised by solid phase synthesis (section 2.4.14)
The crude product was removed from the resin, deprotected, purified by ion exchange
and desalted (section 2.4.15). The 5’-amino complement RNA was isolated as a white
solid lyophilisate (48 mg, 37% yield). Purity was determined as 97% by HPLC. Identity

was confirmed by LC-MS, with a detected mass of 4055.7 Da (4056.3 Da expected).
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2.5.6.2. Azide conjugation
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The 5’-amino 11mer complement RNA (35 mg, 4.1 mM, 2 mL reaction volume) was
stirred with azidobutyrate NHS ester (5.6 mg, 3 eq) in 0.1 M phosphate buffer with 10%
(v/v) DMSO (pH 8.5) for 1 h at room temperature. The crude product was purified by
desalting. The 5’-azido 11mer complement RNA was isolated as a white solid lyophilisate
(24 mg, 67% yield). Purity was determined as 94% by HPLC. Identity was confirmed by
LC-MS, with a detected mass of 4167.0 Da (4167.4 Da expected).

2.5.7. 5'-azido complement RNA synthesis

2.5.7.1. Oligonucleotide synthesis
H:N__N__o

A 2'-OMe phosphorothioate oligonucleotide with a 5'-amino modifier, of sequence
5-H,N-CUGGGUUAAGGU-3', was synthesised by solid phase synthesis (section
2.4.14) The crude product was removed from the resin, deprotected, purified by ion
exchange and desalted (section 2.4.15). The 5’-amino complement RNA was isolated as
a white solid lyophilisate (55 mg, 40% vyield). Purity was determined as 97% by HPLC.
Identity was confirmed by LC-MS, with a detected mass of 4392.0 Da (4392.6 Da

expected).
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2.5.7.2. Azide conjugation
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The 5’-amino 12mer complement RNA (40 mg, 4.3 mM, 2 mL reaction volume) was
stirred with azidobutyrate NHS ester (5.6 mg, 3 eq) in 0.1 M phosphate buffer with
10% (v/v) DMSO (pH 8.5) for 1 h at room temperature. The crude product was purified
by desalting. The 5-azido 12mer complement RNA was isolated as a white solid
lyophilisate (34 mg, 84% vyield). Purity was determined as 97% by HPLC. Identity was
confirmed by LC-MS, with a detected mass of 4503.0 Da (4503.7 Da expected).

2.5.8. 5'-azido 13mer complement RNA

2.5.8.1. Oligonucleotide synthesis
H:N__N__oO

A 2'-OMe phosphorothioate oligonucleotide with a 5'-amino modifier, of sequence
5'-H:N-CUGGGUUAAGGUA-3’, was synthesised by solid phase synthesis (section
2.4.14) The crude product was removed from the resin, deprotected, purified by ion
exchange and desalted (section 2.4.15). The 5’-amino complement RNA was isolated as
a white solid lyophilisate (38 mg, 25% vyield). Purity was determined as 97% by HPLC.
Identity was confirmed by LC-MS, with a detected mass of 4751.3 Da (4751.9 Da

expected).
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2.5.8.2. Azide conjugation
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The 5’-amino 11mer complement RNA (30 mg, 3.0 mM, 2 mL reaction volume) was
stirred with azidobutyrate NHS ester (4.1 mg, 3 eq) in 0.1 M phosphate buffer with 10%
(v/v) DMSO (pH 8.5) for 1 h at room temperature. The crude product was purified by
desalting. The 5’-azido 11mer complement RNA was isolated as a white solid lyophilisate
(24 mg, 78% yield). Purity was determined as 93% by HPLC. Identity was confirmed by
LC-MS, with a detected mass of 4862.7 Da (4863.0 Da expected).

2.5.9. 5'-BCN skipper RNA synthesis
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Previously synthesised 5-amino skipper RNA (section 2.5.3; 70.5 mg, 3.4 mM, 3 mL
total reaction volume) was stirred with bicyclonon-4-yn-9-ylmethyl N-succinimidyl
carbonate (9.1 mg, 3 eq) in 0.1 M phosphate buffer with 10% (v/v) DMSO (pH 8.5) for
1 hat room temperature. The crude product was purified by desalting, and 113 mg product
isolated of insufficient purity. The product was further purified by preparatory HPLC in
15 mM aqueous HAA, followed by ion exchange, and desalted. The 5-BCN skipper RNA
was isolated as a white solid lyophilisate (30 mg, 41% yield). Purity was determined as
92% by HPLC. Identity was confirmed by LC-MS, with a detected mass of 6533.0 Da
(6533.4 Da expected).
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2.5.10. 5'-peptide skipper RNA synthesis
Peptides for oligonucleotide conjugation were provided by Cambridge Research

Biochemicals with standard amino acids except for an L-azidolysine (K(N3)) at either the

N-terminus or C-terminus for functionality.

2.5.10.1. CTApep-skipper RNA
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5'-BCN skipper RNA (section 2.5.8; 7.5 mg, 1.2 mM, 900 L total reaction volume) was
stirred with N-terminal K(Ns) modified peptide (3.1 mg, 1.2 eq), of sequence H2N-K(N3)-
AWREEPWIHHAPPGSGNAPR-OH, in 0.1 M phosphate buffer with 10% (v/v) DMSO
(pH 8.5) overnight at room temperature. The crude product was purified by desalting. The
CTApep-skipper RNA was isolated as a white solid lyophilisate (8.7 mg, 87% yield).
Purity was determined as 90% by HPLC. Identity was confirmed by LC-MS, with a
detected mass of 8951.7 Da (8951.0 Da expected).

2.5.10.2. NLSpep-skipper RNA
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5'-BCN skipper RNA (section 2.5.8; 7.5 mg, 1.2 mM, 900 L total reaction volume) was
stirred with N-terminal K(N3) modified peptide (2.5 mg, 1.2 eq), of sequence HoN-K(N3)-
KRPAATKKAGQAKKKK-OH, in 0.1 M phosphate buffer with 10% (v/v) DMSO (pH
8.5) overnight at room temperature. The crude product was purified by desalting. The
NLSpep-skipper RNA was isolated as a white solid lyophilisate (8.0 mg, 84% yield).
Purity was unable to be determined by HPLC post-purification, although a pre-
purification product purity of 82% was determined. Identity was confirmed by LC-MS,
with single peak detected of mass of 8426.3 Da (8426.2 Da expected).

2.5.10.3. UNSpep-skipper RNA
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5'-BCN skipper RNA (section 2.5.8; 7.5 mg, 1.2 mM, 900 L total reaction volume) was
stirred with C-terminal K(Ns) modified peptide (1.9 mg, 1.2 eq), of sequence H:N-
RRYIQKSTEL-K(N3)-OH, in 0.1 M phosphate buffer with 10% (v/v) DMSO (pH 8.5)
overnight at room temperature. The crude product was purified by desalting. The
UNSpep-skipper RNA was isolated as a white solid lyophilisate (8.1 mg, 89% yield).
Purity was determined as 91% by HPLC. Identity was confirmed by LC-MS, with a
detected mass of 7979.6 Da (7978.6 Da expected).
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2.5.10.4. LACpep-skipper RNA
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5'-BCN skipper RNA (section 2.5.8; 7.5 mg, 1.2 mM, 900 L total reaction volume) was
stirred with N-terminal K(N3) modified peptide (3 mg, 1.2 eq), of sequence H:N-
MRFFVPLFLVGILFPAILA-K(N3)-OH, in 0.1 M phosphate buffer with 10% (v/v)
DMSO (pH 8.5) overnight at room temperature. The peptide did not fully dissolve under
these conditions, and as a result the reaction was 30% complete as determined by HPLC.
The reaction was allowed to proceed for 24 h at 40 °C with an additional 0.3 eq peptide
and 720 pL. DMSO (to 50% (v/v)). The reaction remained incomplete and the peptide still
not fully dissolved, so an additional 945 uL DMSO (to 76% (v/v)) was added and the
reaction allowed to proceed overnight at 40 °C to completion. The crude product was
purified by desalting. The CTApep-skipper RNA was isolated as a white solid
lyophilisate (8.4 mg, 84% vyield). Purity was determined as 82% by HPLC. Identity was
confirmed by LC-MS, with a detected mass of 8850.9 Da (8849.6 Da expected).
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Chapter 3: Modification of CTB for cellular payload delivery

The suitability of CTB for use as a vector for targeted cellular delivery of macromolecules
was investigated. Initially, the behaviour of the CTB in the absence of CTA was probed.
This chapter outlines the design, production and purification of two CTB variants, both
capable of site-specific labelling by SrtA-mediated ligation but with different organelle

targeting. The labelling, characterisation and endocytic pathway of both are discussed.

3.1. Introduction

Functional CTB has previously been expressed and purified in the absence of CTA,
primarily from various E. coli strains!®8.91.230-233 and Vibrio species®**2%, along with
examples in other bacteria including several Lactobacillus strains®®°, Bacillus brevis?*
and Brevibacillus choshinensis®. Expression has even been reported in non-bacterial
vectors including yeast?*?, plant?*2% and insect?®® cells. Yield estimates and were
greatest from expression in E. coli and Vibrio cells, ranging from 1 mg?3 to 1.2 g?* pure
protein isolated per 1 L cultured cells, depending on the expression system. Protein was
reported to have been isolated from whole cell Ilysate®91:230-233235 = periplasmic
isolate® 2! and growth medium?312%-2%9 with the highest yields reported where protein
was isolated from the growth medium. Taking into consideration yield, ease of handling
and safety, CTB variants were expressed in E. coli cells and extracted and purified from

the growth medium.

To test CTB as a potential drug delivery vector with the greatest level of control, a site-
specific method of protein labelling was required. Several methods were considered and
rejected. For example, the addition of a non-native Cys residue in a surface loop to be
labelled with a maleimide was rejected due to the possibility of formation of non-native
disulfide bonds with one of the other two Cys residues native to the protein. Genetic
incorporation of non-canonical amino acids into CTB was also rejected on the grounds of
reduced yield, increased complexity and possible structural destabilisation. Modification

at either the N-terminus or C-terminus presented the most promising options, as both are
77



surface-exposed?? and less likely to cause structural disruption than modification of an
internal residue. However, previous C-terminal modifications have been shown to
destabilise the pentameric quaternary structure?®’, while N-terminal modifications have
resulted in reduced GM1 binding®®, so in either case the resultant labelled protein would

require careful characterisation to determine suitability.

Enzymatic labelling of CTB represents a generally specific, rapid and mild method for
conjugation. Sortase A has been widely used to modify proteins. SrtA is a transpeptidase
expressed by Staphylococcus aureus for the attachment of proteins to the cell wall324-
250 The native enzyme recognises proteins containing the conserved amino acid sequence
LPXTG (where X = any amino acid) and cleaves the peptide bond between the Thr and
Gly, reversibly ligating the Thr to peptidoglycans bearing an N-terminal oligo-Gly?3248-
20 (figure 3.1). This procedure can be modified for recombinant protein modification,
primarily to the C-terminus82107.251-2%8 = though examples exist of N-terminal
modification®197:25% Common modifications include attachment of small molecules such
as biotin#582253.2%6.259 f|orophorest?” 2325629 and azides®™°. Other examples include
protein labelling with lipids®®*®7, cholesterol®* and PEG??, protein-protein
conjugation®, and protein immobilisation to solid supports?>?52 and sensor chips®®. In
addition to in vitro labelling in solution, SrtA-mediated labelling has also been applied to
complex cell lysates®® and the surfaces of liposomes®™’ and live cells?532°6:259
highlighting the versatility of the procedure. However, the common theme with all of
these applications is that the reversible nature of the reaction renders labelling inefficient,
requiring high SrtA concentrations and large reagent excesses to promote greater than

50% product formation.

00 0o
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(0] (o)

H,N H,N

Figure 3.1. SrtA-mediated ligation Reaction scheme describing native SrtA-mediated ligation of a species
bearing a LPXTG recognition motif (green; R1 = NH; or any amino acid, R2 = OH or any amino acid) to
a species bearing an N-terminal Gly (black; R3 = any amino acid).
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A number of attempts have been made to improve SrtA-mediated labelling efficiency.
Dialysis has been used to remove the Gly cleaved by SrtA from the reaction, preventing
its use as a substrate for the reverse reaction®®, Replacing the terminal Gly of the SrtA
recognition motif with a methyl ester results in the formation of methanol following
cleavage, which does not act as a substrate for the reverse reaction'’. The use of
LPXTGGHG as a SrtA recognition motif results in the release of GGHG following
cleavage, which can be sequestered using Ni?* and prevented from participating in the
reverse reaction®®®, However, while all of these methods improved labelling efficiency,
they still required large excesses of reagent and high SrtA concentrations. The most
successful method was developed recently, enabling efficient, site-specific labelling of
an oligo-Gly motif at the N-terminus of proteins?®® (figure 3.1B). This method involves
the use of a depsipeptide substrate, whereby the amide of the peptide bond between the
Thr and Gly is replaced with an ester?, The product of the depsipeptide cleavage cannot
act as a substrate for the reverse reaction as the lone pairs of the more electronegative
oxygen atom are less readily available for nucleophilic attack of the Thr carbonyl,
allowing near-quantitative labelling with relatively low reagent and SrtA

concentrations?. This was chosen as the method for labelling CTB.

00 00
R1— LPXT )—RZ R1—| LPXT _}—R3
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Figure 3.2. Efficient N-terminal SrtA-mediated ligation Reaction scheme describing efficient labelling
of a species bearing an N-terminal Gly (black; R3 = any amino acid) with a depsipeptide containing the
LPXTG SrtA recognition motif (green; R1 = NH; or any amino acid, R2 = OH or any amino acid).

3.2. Generation of a CTB variant for N-terminal labelling

3.2.1. Creation of an expression construct
Existing CTB expression constructs produce mature protein containing an N-terminal Ala

or Thr residue. A variant of CTB was required which was compatible SrtA-mediated
ligation. CTB containing an N-terminal tri-Gly has been shown to be readily labelled by

SrtAl%7. A CTB variant was designed encoding an N-terminal tri-Gly (GGG) extension,
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with 5" Sphl and 3’ Pstl restriction sites for vector insertion, and the coding sequence

produced by assembly PCR. A band was detected at approximately 350 bp, in good

agreement with the expected fragment size (351 bp), along with minor impurities. The

crude product was amplified and purified by PCR using the same terminal primers
(figure 3.3A). The GGG-CTB insert was subcloned with Sphl and Pstl into the pPSAB2.2
plasmid (J. Ross; figure 3.3B); derived from the commercially available pMAL-p5X

plasmid, modified by addition of the CTB leader sequence for periplasmic expression and

removal of the MalE gene coding for maltose binding protein. Successful cloning

confirmed by DNA sequencing.

\aclq Dl;c-mote,
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Figure 3.3. Production of a GGG-CTB expression vector A. Agarose gel analysis of the purified GGG-
CTB coding sequence, produced by assembly PCR. B. Plasmid map of GGG-CTB (red) inserted into
pSAB2.2, highlighting the leader sequence (grey), Sphl and Pstl restriction sites, and other important

features of the plasmid. Plasmid map generated with SnapGene Viewer software version 3.1.4.
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3.2.2. Protein expression and purification
GGG-CTB was expressed in E. coli C41(DE3) cells by IPTG induction at 25 °C

overnight. The overexpressed protein was isolated from the growth medium by
ammonium sulfate precipitation and purified by Ni?* affinity chromatography. This
method was chosen, despite the lack of a His-tag on the protein, as the surface-exposed
His13 and His94 residues have been found to promote Ni?* coordination?®?, acting in a
similar fashion to a His-tag in the pentameric protein to allow immobilisation®®2, CTB
was identified by SDS-PAGE (figure 3.4A); the protein is sufficiently stable to remain
pentameric under SDS-PAGE denaturing conditions, and required heating at 95 °C for
denaturation and dissociation into the protomer. Interestingly, the GGG-CTB pentamer
did not migrate consistent with its MW (~59 kDa). Intense protein bands of
approximately 48 kDa appeared in the elution fractions, which were identified as CTB as
they were replaced by a band of approximately 12 kDa on denaturation. This is
presumably due to CTB remaining folded and relatively compact, therefore behaving like
a denatured protein of lower molecular weight (MW). Remaining impurities following
Ni2* affinity chromatography were removed by SEC (figure 3.4B). The identity of the
protein was confirmed by LC-MS; a protomer mass of 11814.0 Da was detected
(11,813.8 Da calculated). Approximately 5 mg pure protein was isolated per 1 L cultured
cells.
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Figure 3.4. Purification and analysis of GGG-CTB A. SDS-PAGE analysis of GGG-CTB purification
by Ni?* affinity chromatography. GGG-CTB as pentamer and dissociated protomer are indicated. B. Ajgo
trace from SEC purification of Ni%*-purified GGG-CTB, with the desired protein peak indicated.

3.2.3. Site-specific labelling of GGG-CTB with fluorescein
CTB was labelled with a depsipeptide (LPET0oGG; o represents the ester bond between

residues) following the method developed by Williamson et al.?! for efficient SrtA-
mediated N-terminal labelling of proteins. The depsipeptide was modified at the Leu
amine with a gamma-aminobutyric acid (GABA) linker conjugated to fluorescein
isothiocyanate (FITC) (D. Williamson; figure 3.5).
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Figure 3.5. FITC-depsipeptide structure The LPEToGG depsipeptide substrate with FITC conjugated to
the N-terminus via a GABA linker.

GGG-CTB (120 uM) in HEPES buffer was labelled with 3 eq FITC-depsipeptide with
20 mol% SrtA for 3 h at 37 °C. SDS-PAGE analysis (figure 3.6A) showed the pentamer
split into two bands, both of increased MW compared to unlabelled CTB, following
labelling. On denaturation, there was a clear shift of the protomer band (~ 14 kDa)
compared to the unlabelled protomer (~ 12 kDa). Tellingly, fluorescent bands consistent
with the increased MW bands appeared fluorescent under UV illumination following
labelling, confirming the conjugation of FITC to the protein. FITC-CTB was purified by
lactose affinity chromatography and concentrated, and successful labelling was
confirmed by LC-MS (figure 3.6B), with a mass of 12728.4 Da detected (12729.4 Da
calculated). Relative intensities of the denatured protein bands indicated labelling
efficiency of approximately 90%, consistent with the LC-MS (figure 3.6B), where some
unlabelled protein was detected in the FITC-CTB sample. Pure FITC-CTB was isolated
at 77 uM (800 pL), giving 62% protein recovery and 56% yield of labelled protein.
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Figure 3.6. SrtA-mediated CTB labelling A. Coomassie-stained (left) and UV illuminated (right) SDS-
PAGE analysis SrtA-mediated labelling of CTB with FITC-depsipeptide. B. Overlaid LC-MS comparing
FITC-CTB (black) with unlabelled CTB (orange).

3.3. Functional characterisation of labelled CTB

3.3.1. Isothermal titration calorimetry to determine GML1 binding
Labelling of GGG-CTB with the FITC-depsipeptide generated a pentameric protein of

which 90% of the protomers were extended by seven additional residues plus a relatively
bulky, hydrophobic group. Moreover, these were attached to the N-terminus of CTB,
which lies adjacent to the GM1 binding site, oriented towards the cell surface (figure 3.7).
It was therefore possible labelling could have a detrimental effect on GM1 binding and

endocytosis.
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Figure 3.7. CTB N-termini CTB at 1.25 A resolution, viewed from the binding face. The N-termini are
shown in magenta, the binding sites in blue and GM1 oligosaccharide ligands in brown (PDB ref. 3CHB).

The affinity of FITC-CTB for GM1 was assayed by isothermal titration calorimetry
(ITC). For solubility reasons, it was impractical to use GM1 ganglioside. The titration
was therefore carried out using GM1 oligosaccharide (GM10s), in which the sphingosine
and stearic acid tails had been enzymatically removed (T. Branson). GM1os was titrated
against wt CTB, GGG-CTB and FITC-CTB (figure 3.8; data summarised in table 3.1).
All three proteins bound GMZ1os with an approximate stoichiometry of 1 GM1os residue
per binding site. While the N-terminal GGG extension had little effect on GM1os binding,
N-terminal conjugation of the FITC-depsipeptide resulted in an approximate six-fold
decrease in the affinity of CTB for GM1os. This was unsurprising, due to the position of
the N-termini relative to the binding sites. The labels may have introduced steric
hindrance, inhibiting GM1os access to the binding sites. Parts of the FITC-depsipeptide,
particularly the hydrophobic fluorophore, may also have formed weak interactions with
the exposed surface of the binding sites, inhibiting GM1os binding. Critically however,
FITC-CTB retained a relatively high affinity for GM1os.

Protein [Protein] (uM) | [GM1los] (UM) Kq (nM) N

wt CTB 125 90 60 + 34 0.93+£0.02
GGG-CTB 125 90 90+ 30 0.93+£0.02
FITC-CTB 5 50 358 £ 97 1.08 £0.03

Table 3.1. Summary of ITC to assay modified CTB binding to GM1os
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Figure 3.8. ITC of GM1os titrated into wt CTB, GGG-CTB and FITC-CTB Titration of GM1os into
wt CTB (left), GGG-CTB (centre), and FITC-CTB (right). Each plot shows the baseline-adjusted raw
thermogram (upper), the fitted integral data (middle) and the residual error of the fitting (lower).

It should be noted, however, that this is an imperfect model system for GM1-mediated
cell binding. GM1 gangliosides are anchored in the cell membrane, with the
oligosaccharide presented on the surface, and so are held in a single plane and orientation,
while the GM1los used for ITC are in solution and tumble freely. Steric hindrance
provided by the depsipeptide label could act as a barrier between the cell surface and the
lower face of the protein, preventing the immobilised GM1 reaching the CTB binding
sites, which ITC is unable to account for. Conversely, cell surface GM1 binding could
increase the effective avidity, tethering CTB to the membrane and bringing the other
binding sites into more favourable orientations for further binding in a pseudo-

cooperative effect, which again ITC is unable to account for.
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3.3.2. Cellular uptake of labelled CTB
Effective endocytosis of FITC-CTB into metazoan cells was assayed. Vero cells, isolated

from the kidney of African green monkeys?®3, were chosen for endocytosis trials. They
are relatively easy to handle, requiring no specific special treatment?®3, naturally display
GM1 on their surface?®* and provide an adequate model for human cells due to the close
relationship between humans and primates. Additionally, there are several examples of
CT-based endocytosis experiments using Vero cells’2%42% nitially, Vero cells were
incubated with FITC-CTB (2 pg mL™* protein) in DMEM at 37 °C with 5% CO; and fixed
with PFA after 24 h. The cells were stained with a rabbit anti-CTB primary antibody (Ab)
followed by an anti-rabbit Alexa Fluor (AF) 555-conjugated secondary Ab, to ensure the
label remained attached to the protein post-transfection and thus FITC staining was
consistent with protein location. The cells were mounted in ProLong Gold Antifade
mounting reagent with DAPI, allowing nuclei detection, and viewed by laser scanning
confocal microscopy (LSCM; figure 3.9). The FITC and AF555 stains showed excellent
co-localisation, indicating FITC remained attached to CTB following endocytosis. No

AF555 staining was detected in mock treated cells.

FITC/AF555 merge FITC (CTB)

AF555 (anti-CTB)

Figure 3.9. Vero cell incubation with FITC-CTB and anti-CTB co-staining LSCM imaging of Vero
cells incubated with FITC-CTB (2 pug mL™ protein), fixed after 2 h and stained with anti-CTB primary and
AF594-conjugate secondary antibodies. The panel shows a false-colour merged image (left) of FITC (CTB,;
green), AF594 (a-CTB; red) and DAPI (nuclei; blue), in addition to individual green (FITC; upper right)
and red (AF594; lower right) channels.
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Subsequently, Vero cells were incubated with either FITC-CTB (2 ug mL™ protein) or an
equivalent concentration of FITC-depsipeptide under similar conditions over 24 h, and
fixed after 15 min, 30 min, 1 h, 2 h, 6 h and 24 h. The cells were mounted in ProLong
Gold Antifade mounting reagent with DAPI and viewed by LSCM (figure 3.10). FITC
staining was undetectable in cells treated with the Depsipeptide, but was detectable within
the cells treated with FITC-CTB at all time points. The staining was generally seen to
become increasingly defined over time. This indicated the protein was not free in the
cytosol, which would result in non-discrete, uniform staining across the cells, but was
localised in organelles or other vesicular structures. From 1 h, the discrete foci spread
throughout the cytoplasm decreased, with staining localised increasingly intensely to
small, discrete clumps immediately adjacent to the nuclei, consistent with the morphology
of the Golgi apparatus. After 24 h, staining with this morphology was almost exclusively
detected.

To confirm the identity of the organelle, Vero cells were incubated with FITC-CTB
(2 ng mL? protein) for 24 h and co-stained for RCASI1, a transmembrane protein
localised to the Golgi with a role in protein glycosylation’, with an anti-RCAS1 primary
Ab to detect the Golgi apparatus. The primary Ab was stained with an AF594-conjugated
secondary Ab, and mounted with DAPI. LSCM (figure 3.11) showed excellent
morphological match and co-localisation between FITC-CTB and the Golgi, confirming
localisation to this organelle over 24 h. These results are consistent with current
knowledge of the CT retrograde transport. CTB would be expected to follow the native
endocytic pathway of the holotoxin to the trans-Golgi*>%4, as the B subunit is exclusively
responsible for GM1 binding and endocytosis?®#2. However, as CTB lacks the KDEL ER
retention sequence present on the CTA2 domain, it should not be targeted for retention in
the ER, and would be expected to either build up in the Golgi or be degraded in the
lysosome. The presence of intense, localised staining after 24 h, which had increased in
intensity leading to that time point, indicated the former was occurring, with little

evidence of lysosomal degradation.
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FITC

FITC/DAPI merge
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Figure 3.10. Time course of Vero cell incubation with FITC-CTB LSCM imaging of Vero cells
incubated with FITC-CTB (2 pg mL* protein) and fixed after 15 min, 30 min, 1 h, 2 h, 6 h or 24 h. Each
panel shows a false-colour merged image (left) of FITC (CTB; green) and DAPI (nuclei; blue), in addition
to individual green (FITC; upper right) and blue (DAPI; lower right) channels.
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Figure 3.11. Golgi co-staining of FITC-CTB treated Vero cells LSCM imaging of Vero cells incubated
with FITC-CTB (2 ug mL? protein) for 24 h and co-stained for the Golgi apparatus with anti-RCAS1
primary Ab and AF594-conjugated secondary Ab; the panel shows a false-colour merged image (left) of
FITC (CTB; green), AF594 (Golgi; red) and DAPI (nuclei; blue), in addition to individual green (FITC;
upper right) and red (AF594; lower right) channels.

3.4. A CTB variant for alternative organelle targeting

3.4.1. Design
While CTB built up in the Golgi, the native holotoxin is transported to the ER, a more

desirable location for CTB in terms of therapeutic action. The C-terminal KDEL present
on CTAZ2 in the holotoxin has been shown to promote efficient retrotranslocation to the
ERZ. In an attempt to mimic this, a CTB variant was designed possessing both an N-
terminal GGG for SrtA labelling and a C-terminal KDEL ER retention sequence
(hereafter termed CTB-KDEL). Despite the difference in position and orientation of the
C-termini between CTB and CTAZ2, the addition of the C-terminal KDEL would
hopefully promote retrograde transport of CTB to the ER. The B subunit of Shiga toxin
from Shigella dysenteriae has been shown to be targeted to the ER on addition of a C-
terminal KDEL!°, which suggested the same would be true of CTB due to the positional

similarity of the C-termini in both proteins®®®.
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3.4.2. Expression and purification of CTB-KDEL
The CTB-KDEL DNA coding sequence was produced by assembly PCR and subcloned

into pSAB2.2 using Sphl and Pstl restriction endonucleases. The protein was expressed
from this plasmid in E. coli C41(DE3) cells by IPTG induction overnight at 25 °C, and
extracted from the growth medium by ammonium sulfate precipitation. The protein was
initially purified by Ni?* affinity chromatography. SDS-PAGE analysis (figure 3.12A)
showed intense protein bands of approximately 45 kDa present in the elution fractions,
which was replaced with a band of approximately 12 kDa on denaturation, indicating
CTB. The remaining impurities following Ni?* affinity chromatography were removed
by SEC (figure 3.12B). This resulted in a major Azgo peak at approximately 220 mL,
which was identified as CTB-KDEL by SDS-PAGE (figure 5.5C) and LC-MS, with a
protomer mass of 13299.3 Da detected (13300.0 Da calculated). Approximately 4 mg
pure protein was isolated per 1 L cultured cells, a good yield when compared to GGG-

CTB, particularly given that C-terminal modifications can cause pentameric instability?*’.

91



600 -

&*

i kDa Q
s 66-
- ®
E 300 -
< 27-

200 -

= ,MJ \,\ 14 —_

0 |l T T 1 j\ ‘
0 100 200 300 400

Retention volum (mL)

Figure 3.12. Purification of CTB-KDEL A. SDS-PAGE analysis of CTB-KDEL purification by Ni?*
affinity chromatography. GGG-CTB as pentamer and dissociated protomer are indicated. B. Azgo trace from
SEC purification of Ni?*-purified CTB-KDEL, with the desired protein peak indicated. C. SDS-PAGE
analysis of the indicated CTB-KDEL peak.

3.4.3. Site-specific labelling of GGG-CTB-KDEL with fluorescein
CTB-KDEL (100 uM) in HEPES buffer was site-specifically labelled at the N-terminus

with 3 eq FITC-depsipeptide with 20 mol% SrtA for 3 h at 37 °C. SDS-PAGE analysis
(figure 3.13A) showed the pentamer split into several bands of increased MW compared
to unlabelled CTB following labelling. On denaturation, a protomer band (~ 14 kDa)
appeared of increased MW compared to the unlabelled protomer (~ 12 kDa). The bands
attributed to the both labelled pentamer and labelled protomer appeared fluorescent under
UV illumination, confirming FITC conjugation. FITC-CTB-KDEL was purified by
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lactose affinity chromatography and concentrated, and successful labelling was
confirmed by LC-MS (figure 3.13B), with a mass of 13216.9 Da detected (13215.6 Da
calculated). Relative intensities of the denatured protein bands indicated labelling
efficiency of approximately 80%. Pure FITC-CTB-KDEL was isolated at 85 uM
(700 L), giving 70% protein recovery and 60% yield of labelled protein.

CTB Labelled CTB

SrtA

Labelled protomer
Protomer

Depsipeptide

FITC-CTB-KDEL —-13217 Da
CTB-KDEL - 12299.3Da
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Figure 3.13. SrtA-mediated CTB-KDEL labelling A. Coomassie-stained (left) and UV illuminated
(right) SDS-PAGE analysis SrtA-mediated labelling of CTB-KDEL with FITC-depsipeptide. B. Overlaid
LC-MS comparing FITC-CTB-KDEL (black) with unlabelled CTB (orange).
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3.5. Functional characterisation of labelled CTB-KDEL

3.5.1. GM1 binding characterisation by ITC
The ability of FITC-CTB-KDEL to bind GM1o0s was assayed by ITC. GM1os was titrated

against FITC-CTB-KDEL (figure 3.14; data summarised in table 3.2). The labelled
protein bound GM1os with an approximate stoichiometry of 1 GMos residue per binding
site and showed an approximate five-fold decrease in affinity for GM1os compared to wt
CTB. Again however, FITC-CTB-KDEL retained a relatively high affinity for GM1o0s.

Protein [Protein] (uM) | [GMlos] (UM) Kq (nM) N
wt CTB 135 110 316 £ 76 1.06 £ 0.02
Table 3.1. Summary of ITC to assay modified CTB binding to GM1os
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Figure 3.14. ITC of GM1os titrated into FITC-CTB-KDEL Titration of 110 uM GMIos into 13.5 uM
FITC-CTB-KDEL. The plot shows the baseline-adjusted raw thermogram (upper), the fitted integral data
(middle) and the residual error of the fitting (lower).
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3.5.2. Evaluation of the CTB-KDEL endocytic pathway
Vero cells were incubated with FITC-CTB-KDEL (2 ug mL™* protein) in DMEM at 37 °C

with 5% CO; for 24 h, and fixed with PFA after 15 min, 30 min, 1 h, 2 h, 6 h and 24 h.
The cells were mounted with ProLong Gold antifade mounting reagent with DAPI for
nuclei staining, and viewed by LSCM (figure 3.15). FITC staining was detectable within
the cells at all time points. Similar to FITC-CTB rertrotranslocation, the staining was seen
to become increasingly discrete and intense over time, indicating localisation to
organelles or other vesicular structures. After 30 min, the foci spread throughout the
cytosol began to localise to discrete clumps, Golgi-like in morphology, adjacent to the
nucleus. However, at 1 h, the staining became inconsistent with FITC-CTB. The protein
began to localise to halo-like regions surrounding the nuclei, consistent with the
morphology of the ER. Over time, this localisation increased in intensity, until staining

with this morphology was almost exclusively detected after 24 h.

To confirm the identity of the organelle, Vero cells were incubated with FITC-CTB-
KDEL (2 ug mL? protein) for 24 h and co-stained for calnexin, a transmembrane
molecular chaperone protein localised to the ER?®°, with an anti-calnexin primary Ab to
detect the ER. The primary Ab was stained with an AF594-conjugated secondary Ab, and
the cells mounted with DAPI. LSCM (figure 3.16) showed morphological match and co-
localisation between FITC-CTB-KDEL and the ER, confirming localisation to this
organelle. While the co-localisation was not complete, this could be explained by the fact
that calnexin is present ubiquitously throughout the ER membrane where ribosomes are
present?%®-2"1 while CTB would only localise where vesicles from the trans-Golgi dock
with the ER.
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Figure 3.15. Time course of FITC-CTB-KDEL incubation with Vero cells LSCM imaging of Vero cells
incubated with FITC-CTB-KDEL (2 ug mL™ protein) and fixed after 15 min, 30 min, 1 h, 2 h, 6 h or 24 h.
Each panel shows a false-colour merged image (left) of FITC (CTB; green) and DAPI (nuclei; blue), in
addition to individual green (FITC; upper right) and blue (DAPI; lower right) channels.
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Figure 3.16. ER co-staining of FITC-CTB-KDEL treated Vero cells LSCM imaging of Vero cells
incubated with FITC-CTB-KDEL (2 ug mL™ protein) for 24 h and co-stained for the ER with anti-calnexin
primary Ab and AF594-conjugated secondary Ab; the panel shows a false-colour merged image (left) of
FITC (CTB; green), AF594 (Golgi; red) and DAPI (nuclei; blue), in addition to individual green (FITC;
upper right) and red (AF594; lower right) channels.

These results are again consistent with CT retrograde transport pathway. CTB-KDEL,
like CTB, would be expected to undergo retrotranslocation to the trans-Golgi, similar to
the holotoxin®. As a C-terminal KDEL sequence has been shown to promote protein
retrieval from the Golgi apparatus and retention in the ER?"227| it is not unexpected that
CTB-KDEL should be targeted to the ER, as seen with similar proteins®. It is perhaps
surprising that a C-terminal KDEL was able to affect CTB cell localisation at all. The
KDEL receptor is a transmembrane protein lacking extensive lumenal domains?’427°, The
KDEL present in the holotoxin is located at the binding face projecting towards the
membrane?®, so would be expected to interact with the KDEL receptor, but those present
on CTB are located on the opposite face and oriented away from the membrane??. This
suggests the receptor should be unable to interact with the KDEL sequences present on
CTB. However, these results suggest the interaction is occurring, perhaps as CTB is
pentameric and so contains five copies of the KDEL sequence per protein, resulting in an
amplified effect.
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Regardless, the variation in the endocytic pathway of CTB based on the addition of a C-
terminal KDEL signal sequence presents an excellent opportunity to control the
destination of a conjugated therapeutic molecule. This would allow diseases associated
with either the Golgi or ER to be targeted, or alternatively allow access to the various
modification pathways associated with the ER, including disulfide formation and
reduction, glycosylation, protein folding/unfolding, protein secretion to various parts of

the cell and protein degradation.
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Chapter 4: CTB oligonucleotide conjugation for cellular

delivery

The previous chapter demonstrated that CTB could be labelled with a fluorescent payload
and transport it to either the Golgi apparatus or ER, depending on the presence of a simple
targeting sequence. However, FITC-depsipeptide is neither therapeutically relevant, nor
a good model for such a molecule. A target molecule for delivery by CTB was required.
This chapter describes the synthesis of a double-stranded, modified oligonucleotide for
conjugation to CTB. Protein labelling and purification are discussed, along with
characterisation of receptor binding and cellular oligonucleotide delivery of the CTB-

RNA complex.

4.1. Introduction

An ideal molecule for CTB delivery should have the potential to fill a currently unmet
treatment need, in addition to lacking a robust delivery system. Therapeutic
oligonucleotides represent one such possibility. Oligonucleotides are currently used
extensively in the laboratory, predominantly for pre-translational protein knockdown by
RNAI using siRNA3. Gapmer and steric blocking antisense oligonucleotides offer
alternative methods for pre-translational protein knockdown?®. Steric blocking antisense
oligonucleotides have also been adapted to alter pre-mRNA splicing, modifying the

sequence of the expressed protein at the pre-mRNA level®.

All of these oligonucleotides must be protected from nuclease degradation to survive long
enough to function in cells. Chemical modifications at the 2’ carbon and to the
phosphodiester backbone, as well as alternative scaffold structures to ribose, have been
developed for this purpose®. Many of these modifications have been combined to improve
stability or increase target binding; 2'-OMe, 2'-MOE and LNA oligomers with
phosphorothioate backbones are common, as well as morpholino oligomers with

phosphorodiamidate  backbones®124125:127.13L.135276 = Thjs  study focused on the
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combination of 2'-OMe and phosphorothioate oligonucleotide modifications, a
combination which has been extensively trialled by GlaxoSmithKline (GSK) and one
which they are keen to see developed further.

Duchenne muscular dystrophy provides an excellent example of both the potential of
oligonucleotide therapies and issues with effective delivery. DMD is a severe, progressive
muscle wasting genetic disorder that leads to paralysis and early death®. It manifests
through mutations in the dystrophin gene, resulting in expression of non-functional
protein®. GSK have developed a splice altering antisense 2’-OMe phosphorothioate
oligonucleotide, drisapersen, for the treatment of a subset of DMD?"’. This functions by
inducing skipping of exon 51 during splicing, restoring a correct open reading frame and
resulting in the expression of an internally truncated dystrophin protein with partially
restored functionality®™?’"2®  The oligonucleotide showed initial promise in
vivol49150.279 and ex vivo?8%28! and successfully completed phase | clinical trials?®?; a
single 0.8 mg dose given by muscular injection resulted in the production of functional
dystrophin in up to 97% of target muscle fibres, restoring up to 12% of control functional
dystrophin levels, with no adverse effects. The drug was escalated to phase Il clinical
trials'®. Drisapersen was administered by subcutaneous injection for systemic delivery,
with no serious adverse effects. The treatment induced functional dystrophin expression
in up to 100% of muscle fibres in 83% of the patients, representing up to 16% of healthy
muscle expression levels. There was also a slight improvement in patient clinical status,
determined by a 6-minute walk test. Unfortunately, drisapersen failed to meet
expectations in phase 11 clinical trials, with patients showing no significant improvement
with repeated treatments, and development was halted?%®, However, the oligonucleotide
was delivered gymnotically*®. It was theorised that the oligonucleotide was able to access
the dystrophin-deficient muscles primarily due to increased membrane permeability as a
result of the disease state'?, so treatment reduced bioavailability. It is therefore feasible
that an effective delivery vector could improve treatment results through increased

oligonucleotide access to the partially restored dystrophin-deficient muscle cells.

For CTB-mediated oligonucleotide delivery, conjugation required a reliable,
bioorthogonal reaction which could be applied to current protein labelling methods. Click
chemistry, or Cu(l) catalysed 1,3-dipolar cycloaddition of an azide and alkyne forming a
triazole?®*285, represents a rapid, reliable and mild bioorthogonal reaction that could be
applied to this study. However, the cytotoxic Cu(l) catalyst could cause problems with

downstream cell experiments if not fully removed, so this method was discounted. A
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variant of click chemistry, strain-promoted alkyne-azide cycloaddition (SPAAC), negates
the need for the Cu(l) catalyst through use of a strained cyclooctyne?®287, This reaction
has been applied to living systems?®28” making this a suitable choice of bioorthogonal
reaction for oligonucleotide conjugation. Cyclooctynes have also been incorporated into

288

proteins by SrtA-mediated ligation<°°, validating the use of this approach.

4.2. Synthesis of modified oligonucleotides for CTB-mediated cell

delivery

4.2.1. Strategy
An oligonucleotide was designed for conjugation to CTB in order to test cellular

oligonucleotide delivery. As with those developed by GSK, the oligonucleotide was fully
modified with 2’-OMe groups and a phosphorothioate backbone. The oligonucleotide
sequence, 5-GCUAUUACCUUAACCCAG-3' (hereafter termed skipper RNA), was
based on a 2'-OMe phosphorothioate oligonucleotide designed by Sazani et al.*?*1% for

use with a splice-altering assay, similar to the mechanism of action of drisapersen.

The oligonucleotide required both a functional group for CTB conjugation and a
fluorophore for visualisation. This presented a problem, as modifying both ends of an
oligonucleotide with different molecules can be troublesome. To overcome this, a second
oligonucleotide of complementary sequence (5-CUGGGUUAAGGUAAUAGC-3';
hereafter termed complement RNA) was designed with similar modifications to the
skipper RNA. This approach allowed for one oligonucleotide to be modified with a
fluorophore while the other could be modified with a functional group for CTB
conjugation. Hybridisation of the two would produce a CTB variant labelled with a
fluorescent oligonucleotide duplex, which could act as a reporter for oligonucleotide

delivery.

Thus, a labelling mechanism (figure 4.1) was designed whereby CTB could be labelled
with a cyclooctyne-derivatised depsipeptide, in this case bicyclononyne (BCN), by SrtA-
mediated ligation. A duplex of fluorescein-modified skipper RNA hybridised with azide-
functionalised complement RNA could subsequently be covalently attached to BCN-CTB
by SPAAC.
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Figure 4.1. Oligonucleotide conjugation strategy Overview of the strategy designed for labelling CTB
(red) with a fluorescent oligonucleotide.

4.2.2. Oligonucleotide general characteristics
Oligonucleotides were synthesised as 2’-OMe phosphorothioate RNA, for increased

stability and nuclease resistance®>'%126 The 5’ end of each oligonucleotide was modified

on resin with a primary amine for functionality.

4.2.3. 5'-fluorescein skipper RNA synthesis
The human B-globin intron skipper antisense oligonucleotide designed by Sazani et

al.t?1% (5-GCUAUUACCUUAACCCAG-3") was synthesised for non-covalent
conjugation to CTB. Following solid phase synthesis and purification, the 5-amino
skipper RNA was isolated with 20% yield. The 5'-amino skipper RNA was reacted with
6-carboxyfluorescein NHS ester (figure 4.2) to form 5'-fluorescein skipper RNA with
86% yield.
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Figure 4.2. Modification of the synthesised 5’-amino skipper with fluorescein Reaction scheme

describing the conjugation of the synthesised 5’-amino skipper RNA (purple) to 6-carboxyfluorescein NHS
ester (green).

4.2.4. 5'-azido complement RNA synthesis
A 5'-amino oligonucleotide of complementary sequence to the skipper RNA

(5'-CUGGGUUAAGGUAAUAGC-3") was synthesised for covalent attachment to CTB,
allowing non-covalent conjugation of the 5'-fluorescein skipper RNA to CTB by
hybridisation. Following solid phase synthesis and purification, the 5’-amino skipper
RNA was isolated with 20% yield. The oligonucleotide was reacted with azidobutyrate
NHS ester (figure 4.3) to form 5’-azido complement RNA with 84% vyield.
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Figure 4.3. Modification of the synthesised 5’-amino complement with an azide Reaction scheme

describing the conjugation of the synthesised 5’-amino complement RNA (blue) to azidobutyrate NHS
ester.
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4.3. Labelling two CTB variants with an oligonucleotide payload for cell

delivery

4.3.1. SrtA-mediated labelling with BCN
Both CTB and CTB-KDEL were labelled with oligonucleotides to investigate if altering

the endocytic pathway with inclusion of an ER retention sequence was repeated with the
alternate payload. Initially, a BCN functional group was conjugated to CTB to allow
covalent attachment of the 5’-azido complement RNA by SPAAC. This was achieved
through SrtA-mediated ligation of a depsipeptide (LPET0oGG) derivatised with a BCN
functional group at the N-terminus of the peptide (D. Williamson). Both proteins (120 pM
each) in HEPES buffer were labelled with 3 eq BCN-depsipeptide for 3 h at 37 °C
(figure 4.4).
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Figure 4.4. Addition of a BCN functional group to CTB and CTB-KDEL Reaction scheme describing
SrtA-mediated ligation of a BCN-functionalised depsipeptide (magenta) to CTB (red).

The BCN-labelled proteins were purified by lactose affinity chromatography and
analysed by SDS-PAGE (figure 4.5). In both cases, SrtA (~35 kDa band) was removed
in the flow through. CTB and CTB-KDEL (~ 45 kDa bands) appeared in the elution
fractions, identified as CTB by the replacement of the band with one of approximately
12 kDa on denaturation. Both labelled proteins were concentrated from the elution
fractions and new concentrations determined by spectrophotometry as 42 uM (720 uL)
for BCN-CTB and 48 uM (770 pL) for BCN-CTB-KDEL. The 64% and 59% product

loss was primarily a result of the need to concentrate the samples following purification,
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as very little of the protein was lost during purification (figure 4.5). However, this step
was unavoidable. Purification was required to remove SrtA, which can gradually remove
the conjugated depsipeptide by hydrolysis?4%2892%  Excess depsipeptide also required
removal from the product to conserve the precious modified oligonucleotides, which were
required in excess for the subsequent SPAAC reaction. The increase in sample volume
following column chromatography purification necessitated concentration of the protein
samples to obtain concentrations which would allow SPAAC to proceed efficiently?86-2%,

CTB-KDEL

Figure 4.5. Purification of BCN-CTB and BCN-CTB-KDEL SDS-PAGE analysis of BCN-CTB (upper)
and BCN-CTB-KDEL (lower) purification by lactose affinity chromatography.

4.3.2. Bioorthogonal conjugation of oligonucleotides
The previously synthesised 5'-azido complement RNA and 5'-fluorescein skipper RNA

were hybridised (hereafter termed FdsRNA-azide) at equimolar concentrations. BCN-
CTB (35 uM) and BCN-CTB-KDEL (38 uM) in HEPES buffer were reacted with 4.5 eq

FdsRNA-azide overnight at room temperature (figure 4.6).
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Figure 4.6. SPAAC for bioorthogonal oligonucleotide conjugation to BCN-labelled CTB and
CTB-KDEL Reaction scheme describing FdsSRNA-azide (green, purple, blue) conjugation to BCN-CTB
(red, magenta) by SPAAC.

SDS-PAGE analysis (figure 4.7) showed both CTB variants as non-homogeneously
labelled pentamer, appearing as laddered bands spanning approximately 45-75 kDa which
were replaced on denaturation with two bands; dsSRNA-labelled protomer (~ 25 kDa) and
unlabelled protomer (~ 12 kDa) in approximately equal ratios. Under UV illumination,
the bands consistent with labelled protein appeared fluorescent, confirming successful
FdsRNA labelling.

106



FdsRNA labelling

CcTB CTB-KDEL

- 66 - Labelled CTB
- 56 -
-43 -
- 35 -

-27 -

— - Labelled protomer

-20-
- 14 -
-7 -

Protomer I = FdsRNA

Figure 4.7. BCN-CTB and BCN-CTB-KDEL labelling with FdsRNA SDS-PAGE analysis of BCN-
CTB (left panel) and BCN-CTB-KDEL (right panel) labelling reactions with FdSRNA-azide, showing
Coomassie-stained (left) UV illuminated (right) gels.

Purification of the labelled proteins was initially attempted by lactose affinity
chromatography, but the labelled proteins failed to bind and were eluted in the flow
through. Purification was instead achieved by Ni?* affinity chromatography. SDS-PAGE
analysis under UV illumination (figure 4.4C) showed both labelled CTB and CTB-KDEL
appearing in the elution fractions as laddered fluorescent bands which resolved into a
single fluorescent band on denaturation, indicating successful purification. Both labelled
proteins were concentrated from the elution fractions, and the new concentrations and
labelling efficiencies determined by spectrophotometry. FASRNA-CTB concentration
was calculated as 36 uM (610 pL) with a labelling efficiency of 30%, while FdSRNA-
CTB-KDEL concentration was calculated as 40 pM (590 uL) with a labelling efficiency
of 34%. The resultant yields of labelled protein were 7% and 9%, respectively, following
all reaction, purification and concentration steps. Protein recovery following purification
and concentration steps was the primary cause of the low yields, accounting for total
losses of 76% for CTB and 74% for CTB-KDEL.
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Figure 4.8. Purification of FdsRNA-labelled CTB and CTB-KDEL UV illuminated SDS-PAGE
analysis of FdsRNA-CTB (left) and FdsRNA-CTB-KDEL (right) purification by Ni?* affinity
chromatography.

The inability of dsRNA-labelled CTB to bind lactose was concerning. One possible
explanation was steric hindrance. The galactose residue at the tip of GM1 binds at the
deepest point within the binding pocket!83840 |t is possible that the addition of up to five
molecules of approximately 15 kDa on the binding face and adjacent to the binding sites,
clashing with the agarose resin, resulted in sufficient steric hindrance to prevent the
galactose residue of the immobilised lactose reaching the galactose binding region.
Another possibility was the addition of dSRNA in close proximity to the binding sites had
decreased CTB affinity for lactose such that the interaction was no longer sufficient to
immobilise the protein. However, neither of these necessarily presented an
insurmountable hurdle. GM1 ganglioside is a longer molecule than lactose, increasing the
possibility of the galactose and sialic acid residues critical for binding® reaching the
correct regions of the binding sites. In addition, the native toxin must descend through the
glycocalyx to reach the cell surface*’, which provides significant steric hindrance to
passage, yet efficient endocytosis still occurs. Furthermore, CTB conjugated to particles
of 14 nm diameter have been shown to bind cell surface GM12%2, so dsRNA should not
necessarily negate binding based on size. Regarding affinity, CTB affinity for lactose is
over three orders of magnitude weaker than for GM12%%, amongst the highest for
carbohydrate-lectin interactions (low nM range)!®%, It is feasible that a small loss of

affinity for lactose could abrogate binding, an effect that would not be seen with the high
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affinity GM1. However, further investigation was required to ensure dsRNA labelling

would not abrogate GM1 binding and endocytosis.

4.3.3. Confirmation of GM1 binding
The ability of FASRNA-CTB and FASRNA-CTB-KDEL to bind GM1 was investigated by

ITC. GM1os (T. McAllister) was titrated against both FdSSRNA-CTB and FdsRNA-CTB-
KDEL (figure 4.9; data summarised in table 4.1). GM1os binding to both labelled
proteins resulted in sigmoidal curves, indicating high affinity binding. The binding
interaction with labelled CTB was assigned a Kq of 547 nM and N value of 0.61 per
binding site, or 3.05 GM1os per pentamer. The interaction with CTB-KDEL was assigned
a Kq of 451 nM and N value of 0.57 per binding site, or 2.85 GM1os per pentamer.

Protein [Protein] (uM) [GM1os] (UM) Kg (NM) N
FdsRNA-CTB 13.2 132 547 £ 219 0.61 +£0.03
FdsRNA-CTB-KDEL 13.6 136 451 + 137 0.57 +£0.02

Table 4.1. Summary of ITC to assay FdSRNA-CTB and FdsRNA-CTB-KDEL binding to GM1os

The reduced N values for both labelled proteins were unexpected. It is possible that
attaching large oligonucleotides to the N-termini of CTB resulted in blocked access to the
adjacent binding sites. With two binding sites apparently unavailable and a labelling
efficiency of 30-34%, the comparison between N and calculated labelling efficiency is
consistent with this theory. An alternative explanation lies with inaccurate calculation of
protein concentration, due to the complexity of determining unknown concentrations of
protein, nucleic acid and fluorescein in a single sample. In this case, assuming N = 1, the
actual concentrations of labelled CTB and CTB-KDEL would have been 8.3 uM and
7.5 UM, respectively. Either way, the thermodynamic parameters of binding were of
secondary importance. The ITC data clearly showed high affinity GM1 binding had

occurred, which would allow endocytosis to occur.
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Figure 4.9. Analysis of GM1os binding to dsRNA-labelled CTB and CTB-KDEL by ITC Titrations of
GM1los FdsRNA-CTB (left) and FdASRNA-CTB-KDEL (right). Each plot shows the baseline-adjusted raw
thermogram (upper), the fitted integral data (middle) and the residual error of the fitting (lower).

4.4. CTB-mediated oligonucleotide delivery

FdsSRNA-CTB and FdsRNA-CTB-KDEL were incubated with Vero cells to determine
the suitability of both CTB as an oligonucleotide delivery vector and N-terminal SrtA-
mediated ligation as a conjugation method. Cells were incubated with either FASRNA-
CTB or FdsRNA-CTB-KDEL (5 pug mL™ protein), or an equivalent concentration of
unconjugated FAsRNA, at 37 °C (5% CO>) over 24 h. The cells were fixed with PFA after
15 min, 30 min, 1 h, 2 h, 4 h, 8 hand 24 h. In addition to conjugated fluorescein for RNA
detection, the cells were stained with a rabbit anti-CTB primary Ab followed by a donkey
anti-rabbit Alexa Fluor (AF) 555-conjugated secondary Ab to detect CTB. The cells were
mounted in ProLong Gold Antifade mounting reagent with DAPI, allowing nuclei
detection, and viewed by LSCM.
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Cells treated with FASRNA showed neither fluorescein nor AF555 staining, indicating
endocytosis of the RNA had not occurred. In the case of cell treatment with both
FdsRNA-CTB (figure 4.10) and FdsSRNA-CTB-KDEL (figure 4.11), fluorescein and
AF555 were detected within the cells at all time points, indicating endocytosis was
successful and RNA was delivered with CTB. The two stains were also closely co-
localised, indicating the RNA remained attached to CTB. This is unsurprising, as the
complement strand was covalently attached to CTB and the Tn, of the duplex sufficiently
high as to prevent denaturation at physiological temperature. While the fluorescein
staining generally appeared weaker than the AF55 staining, this was explained by the
increased brightness and photostability of AFs compared to fluorescein?42%, along with
the amplification effect of secondary antibody staining. With both CTB and CTB-KDEL,
the staining became more densely localised to discrete foci over time, indicating the
protein-RNA complexes were building up in organelles. Up to 4 h, FdSSRNA-CTB
appeared to increasingly build up in the Golgi apparatus, forming increasingly discrete
clumps adjacent to the nuclei, similar to FITC-CTB. However, the 8 h and 24 h time
points showed the staining reverting to increasingly diffuse foci throughout the cells,
indicative of complex removal from the Golgi, probably to the lysosome via the
autophagosome. The relatively low fluorescein intensity at these two later time points
supports this, as fluorescein is quenched at acidic pH?’, as experienced within the
lysosome?®®, By comparison, FdsSRNA-CTB-KDEL appeared to build up in the ER,
forming increasingly discrete halos surrounding the nuclei, similar to FITC-CTB-KDEL.
The staining at later time points was less diffuse than FdSSRNA-CTB, seeming to remain
more heavily localised to the ER than FASRNA-CTB to the Golgi, indicating a lower
degree of complex removal to the lysosome with the presence of a targeting sequence.

However, some FASRNA-CTB-KDEL removal to the lysosome seemed to have occurred.
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Figure 4.10. Time course of FASRNA-CTB incubation with Vero cells LSCM imaging of Vero cells
incubated with FdSRNA-CTB (5 ug mL* protein), fixed after 15 min, 30 min, 1 h, 2h, 4 h, 8 hor 24 h, and
stained with anti-CTB primary and AF555-conjugate secondary antibodies. Each panel shows a false-
colour merged image (left) of AF555 (a-CTB; red), fluorescein (RNA; green) and DAPI (nuclei; blue), in
addition to individual red (AF555; upper right) and green (fluorescein; lower right) channels.
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Figure 4.11. Time course of FASRNA-CTB-KDEL incubation with Vero cells LSCM imaging of Vero
cells incubated with FdSRNA-CTB-KDEL (5 ug mL™* protein), fixed after 15 min, 30 min, 1 h, 2 h, 4 h,
8 h or 24 h, and stained with anti-CTB primary and AF555-conjugate secondary antibodies. Each panel
shows a false-colour merged image (left) of AF555 (a-CTB; red), fluorescein (RNA; green) and DAPI
(nuclei; blue), in addition to individual red (AF555; upper right) and green (fluorescein; lower right)

channels.
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From the Vero cell time course experiments with FdASRNA-CTB or FdASRNA-CTB-KDEL
treatment, it appeared the presence of the KDEL ER retention sequence caused the RNA-
protein complex to be more heavily retained in the ER after 24 h, while in its absence the
complex was more heavily localised to the lysosome. To confirm this, Vero cells were
incubated with FASRNA-CTB or FdsSRNA-CTB-KDEL (5 pg mL™ protein) for 24 h, and
the Golgi, ER or lysosome stained for with anti-RCASL1, anti-calnexin or anti-LAMP1
primary Ab, respectively, followed by anti-rabbit AF594-conjugated secondary Ab. The
cells were mounted with DAPI and viewed by LSCM. Cells treated with FdASRNA-CTB
(figure 4.12) showed some co-localisation between the Golgi and the RNA-CTB
complex, although it appeared more circumstantial; the complex was more diffuse and
spread beyond the Golgi apparatus, and the staining morphology of the two was poorly
matched. The RNA-CTB complex showed better morphological match and co-
localisation with the lysosome. This supported the conclusion that the complex was being
transported to the Golgi before removal to the lysosome. Cells treated with FdSRNA-
CTB-KDEL (figure 4.13) showed good morphological match and co-localisation between
the RNA-CTB complex and both the ER and the lysosome, more closely matching the
ER. This supported the conclusion that FASRNA-CTB-KDEL was being transported to

the ER and better retained, before some complex removal to the lysosome.

This suggested that in the Golgi apparatus, the conjugated RNA was causing the complex
to be targeted to the lysosome, as FITC-CTB travels to the Golgi apparatus but is retained
there. However, inclusion of the ER retention sequence caused at least some of the
protein-RNA complex to be retained in the ER, preventing its targeting to the lysosome.
This was a promising finding. While escaping the Golgi apparatus may be beneficial, the
lysosome was not a desirable destination. The lysosome has been shown to degrade
various oligonucleotides?®3% and the lysosomal membrane proteins responsible for
nucleotide recognition do so through Arg-rich motifs which are not sequence specific®®,
suggesting the oligonucleotide modifications would not prevent recognition. While 2'-
OMe phosphorothioate RNA is resistant to circulatory nucleases®'°1%, there is little data
regarding lysosomal degradation and it is doubtful the oligonucleotide would escape
intact and still able to perform its function. In contrast, CTB-KDEL showed an increased
level of control regarding sub-cellular localisation, although in itself ER localisation is
not particularly useful. Therefore, whilst it was clear that oligonucleotides conjugated to

the N-termini of CTB could be delivered to cells, validating the conjugation method and
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vector choice, it was also clear that an improved conjugation method allowing for

oligonucleotide release under defined conditions would be beneficial.
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Figure 4.12. Organelle co-staining of FASRNA-CTB treated Vero cells LSCM imaging of Vero cells
incubated with FdSRNA-CTB (5 pg mL™ protein) for 24 h and stained with anti-RCAS1 (Golgi; above) or
anti-LAMP1 (lysosome; below) primary Ab followed by AF594-conjugated secondary Ab. Each panel
shows a false-colour merged image (left) of AF594 (organelle; red), fluorescein (RNA; green) and DAPI
(nuclei; blue), in addition to individual red (AF594; upper right) and green (fluorescein; lower right)

channels.
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Figure 4.13. Organelle co-staining of FASRNA-CTB-KDEL treated Vero cells LSCM imaging of Vero
cells incubated with FdAsRNA-CTB-KDEL (5 ug mL™ protein) for 24 h and stained with anti-calnexin (ER;
above) or anti-LAMP1 (lysosome; below) primary Ab followed by AF594-conjugated secondary Ab. Each
panel shows a false-colour merged image (left) of AF594 (organelle; red), fluorescein (RNA,; green) and
DAPI (nuclei; blue), in addition to individual red (AF594; upper right) and green (fluorescein; lower right)
channels.
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Chapter 5: Towards autonomous oligonucleotide release by

disulfide reduction

The previous chapter demonstrated that oligonucleotides conjugated to CTB could be
transported into Vero cells. However, it also demonstrated that the oligonucleotides were
localising with CTB to the ER or the lysosome, neither ideal locations. A conjugation
strategy which would allow controlled oligonucleotide release from CTB was
investigated. This chapter outlines the synthesis of a thiolated oligonucleotide capable of
protein  modification through disulfide formation. The design, production and
optimisation of CTB variants containing a free Cys residue, and the subsequent labelling
of these proteins with the thiolated oligonucleotide, are discussed. Finally, the

retrotranslocation of one of these proteins and its oligonucleotide payload is examined.

5.1. Introduction

Although CTB was shown to carry conjugated oligonucleotides into cells, release of the
payload was not achieved. A mechanism of controlled release was required to separate
the oligonucleotides from the protein, paving the way for removal of the oligonucleotide
to a therapeutically relevant region. Reversibly labelling proteins containing a His-tag
with NTA based probes®® was considered, but studies at the University of Leeds
(A. Mercer) have shown that His-tagged Bs proteins express poorly and are unstable in
solution. There are examples of biotin-derivatised photocleavable linkers that have been
used for 5’ synthetic oligonucleotide modification®%, and other photocleavable linkers
used to conjugate peptides to other species including oligonucleotides®63%", However,
photocleavable linkers are not amenable to in vivo use, so were disregarded. Use of an
acid-labile linker shown to be suitable for protein modification and capable of endosomal
or lysosomal release®®® was also considered, but the azidomethyl-methylmaleic anhydride
linker was non-specifically conjugated via free amine groups, so site-specific labelling
of CTB would not be possible without excessive modification of the protein to remove

excess surface amines.
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A possible alternative mechanism (outlined in figure 5.1) was inspired by the mechanism
of action of the holotoxin. On entry to the ER, the toxic Al subunit is released from the
A2 subunit through reduction of the disulfide bond linking the two®'. It was theorized
therefore that anything attached to CTB via a disulfide bond should be carried into a cell
with CTB, and on entering the ER the payload would be released through reduction of
the disulfide by PDI and glutathione’. This design had the benefit that labelled CTB
containing a C-terminal KDEL had already been shown to build up in the ER over 24 h,

indicating that an oligonucleotide-labelled CTB should act as a suitable delivery vector.
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Figure 5.1. Mechanism for CTB-mediated oligonucleotide delivery to, and release from, the ER by
disulfide reduction RNA (purple) is attached to CTB (red) via a disulfide bond (orange). CTB is trafficked
to ER where the disulfide is reduced by PDI (blue) and glutathione, releasing it from CTB.

Labelling of the Cys-containing CTB variant would require a thiolated oligonucleotide.
However, forming disulfides from reduced thiols in vitro can be troublesome due to the
potential for cross-reactions and lack of catalysts for formation. A method of promoting
disulfide formation between CTB and the oligonucleotide whilst preventing symmetrical
disulfide formation was required. Previously, proteins have been site-specifically
modified at Cys residues to form disulfide bonds using reagents containing
bromomaleimide groups®®, methanethiosulfonate groups®®3!!,  phenylthiosulfonate
groups®!? and phenylselenenylsulfide groups®. This last category is also able to be
reversed such that the protein bears the phenylselenenylsulfide group through chemical

118



modification of a Cys residue®™®

, allowing conjugation to other thiol-containing moieties.
However, these approaches would require multi-step chemical synthesis to produce the
reactive groups, and have never been tested with modified oligonucleotides, where the
phosphorothioate group could result in unwanted side-reactions. Pyridylthio groups®'
offer a simpler alternative to those mentioned above. They form disulfides with reduced
thiol groups (including Cys residues present in proteins) relatively rapidly (~ 1 h) at room
temperature and physiological pH, requiring no catalyst or other reactant, through thiol-
disulfide exchange3!* (figure 5.2). They are commercially available (Sigma Aldrich),
removing the need to chemically synthesize the reactive group, and are available as
bifunctional molecules with an NHS ester to allow easy conjugation to primary amines,
removing the need for addition of a thiol group to the oligonucleotides during synthesis.
Previous examples of uses of this molecule include protein-protein conjugation®!4,
production of chemotherapeutic antibody-drug conjugates®®, intramolecular protein
crosslinking for structural studies®!®, enzyme conjugation to silica nanoparticles for cell
delivery®'” and conjugation of peptide nucleic acids to a cationic polymer for cell
transfection38, all reversible under reducing conditions and releasing functional products.
This was the method chosen to conjugate the oligonucleotides to a Cys-containing CTB

variant.

~1h,rt
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3 O S O
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Figure 5.2. Modification of thiol-containing moieties with pyridylthio groups Reaction scheme
describing the labelling molecules containing reduced thiols (blue) with molecules containing pyridylthio
groups (red) by thiol-disulfide exchange.

5.2. Oligonucleotide synthesis and modification for disulfide labelling

5.2.1. General design characteristics
Oligonucleotides were synthesised as 2'-OMe phosphorothioate RNA, for increased

stability and nuclease resistance®'%1%, The 5’ end of each oligonucleotide was modified

on resin with a primary amine for functionality.
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5.2.2. 5'-pyridylthio RNA synthesis
The human B-globin intron skipper antisense oligonucleotide designed by Sazani et

al.141% (5-GCUAUUACCUUAACCCAG-3") was synthesised for conjugation to CTB.
Following solid phase synthesis and purification, the 5’-amino skipper RNA was isolated
with  42% vyield. The 5’-amino oligonucleotide was reacted with 3-(2-
pyridyldithio)propionate NHS ester (figure 5.3) to form the 5'-pyridylthio skipper RNA
with 86% vyield.
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Figure 5.3. Pyridylthio incorporation into synthesised oligonucleotides Reaction scheme describing 5'-
amino skipper RNA (purple) labelling with 3-(2-pyridyldithio)propionate NHS ester (red).

5.2.3. Bis-fluorescein and bis-rhodamine complement RNA synthesis
The complementary sequence to the skipper RNA (5'-CUGGGUUAAGGUAAUAGC-

3'), hereafter termed complement RNA, was synthesised for recognition and staining of
the skipper RNA. It was synthesised with primary amines at both the 5’ and 3’ ends, as
double fluorophore labelling of oligonucleotide probes has been shown to improve signal
during hybridisation experiments®'°. Following solid phase synthesis and purification, the
bis-amino complement RNA was isolated with 20% vyield. The lower product yield
compared to the previous synthesis probably occurred due to product loss during the
requirement of an extra preparatory HPLC purification step. The pure bis-amino
oligonucleotide was reacted with either 6-carboxyfluorescein NHS ester (figure 5.4A) or
6-carboxytetramethylrhodamine NHS ester (figure 5.4B) to form bis-fluorescein
complement RNA or bis-rhodamine complement RNA, with yields of 51% and 87%,
respectively. Both fluorescein and rhodamine probes were formed to allow for more co-

staining combinations in later experiments.
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Figure 5.4. Fluorophore incorporation into synthesised bis-amino oligonucleotides Reaction scheme
describing bis-amino complement RNA (blue) labelling with A. 6-carboxyfluorescein NHS ester (green)
and B. 6-carboxytetramethylrhodamine NHS ester (magenta).

5.3. Production of a Cys-containing CTB variant for disulfide labelling

5.3.1. Initial attempts at Cys introduction
Several means of introducing a free thiol into CTB for disulfide formation were

considered. Chemical means were discounted due to the increase in overall complexity,
and the decrease in yield due to further reaction and purification steps. The possibility of
introducing a non-native Cys residue into a surface-exposed loop of CTB was
investigated. Residues K43 and S55 (upper face and binding face, respectively;
figure 5.5) were identified as potential sites for mutation due to surface exposure, lack of
reported critical interactions, structural similarity to Cys (S55) and distal positioning to
the binding sites (K43). Both residues were replaced with Cys by site-directed
mutagenesis, but both K43C and S55C resulted in no detectable protein expression. This

was presumably due to the non-native Cys residues disrupting the formation of native
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disulfides within the protomers, which form between residues C9 and C86 (figure 5.5),

during translation.

GGGTPQNITDLCAEYHNTQIYTLNDKIFSYTESLAGKREMAIITFKNGAIFQVEVP
GSQHIDSQKKAIERMKDTLRIAYLTEAKVEKL CVWNNKTPHAIAAISMANKDEL

Figure 5.5. Attempted CTB Cys incorporation The upper face (left) and binding face (right) of CTB at
1.25 A resolution (PDB ref. 3CHB), with the residues at which Cys insertion was attempted highlighted;
K43 (magenta) and S55 (blue). The sequence (below) highlights the sequence positions of K43 (magenta)
and S55 (blue), in addition to the native disulfide-forming C9 and C86 residues (brown).

5.3.2. Expression and purification of CTB-PkC11
After unsuccessful initial attempts to incorporate Cys residues into CTB, a new approach

was required. It has been shown that Cys residues can be incorporated into LTB, which
has 80% sequence similarity to CTB, via a C-terminal extension'®. This consisted of a
14 residue spacer epitope, termed the Pk tag, containing a Cys residue at position 11
(PkC11; sequence GKPIPNPLLGCDST®). A CTB variant was designed to include the
PkC11 tag immediately following the C-terminal Asn residue. This had the added
advantage of keeping the oligonucleotide labels clear of the GM1 binding sites, as the C-

termini extend from the opposite face of the protein?2,

The DNA coding sequence was produced by assembly PCR and subcloned into pSAB2.2
using Sphl and Pstl restriction endonucleases. The protein (CTB-PkC11) was expressed
from this plasmid in E. coli C41(DE3) cells by IPTG induction overnight at 25 °C and
extracted from the growth medium by ammonium sulfate precipitation. The protein was
initially purified by Ni?* affinity chromatography. SDS-PAGE analysis (figure 5.5A)

showed a protein band of approximately 56 kDa in the elution fractions, which was
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replaced with a band of approximately 14 kDa on denaturation, indicating CTB.
Impurities left over from Ni?* affinity chromatography were removed by SEC
(figure 5.5B). This resulted in a major Azgo peak at approximately 210 mL, which was
identified as CTB-PkC11 by SDS-PAGE (figure 5.5C) and LC-MS, with a mass of
13208.4 Da detected (13208.1 Da calculated).

Whilst expression of CTB-PKkC11 was successful, the yield was poor; approximately
0.4 mg pure protein was isolated per 1 L cultured cells. This was possibly, at least
partially, due to proteolysis. When expressing LTB-PkC11 in Vibrio sp. 60, the authors
noted that the PKC11 tag was proteolytically cleaved in the growth medium leading to
low yield, which could be improved by addition of EDTA at the point of induction of
protein overexpression*'®. However, addition of EDTA during protein overexpression in
E. coli C41(DE3) cells abrogated expression. This was the only variable besides induction
time (which was followed for CTB-PkC11 expression) that was found to positively affect
protein yield™®. Additionally, the incorporation of the C-terminal PkC11 tag also seemed
to decrease the stability of the pentamer. This was demonstrated by SDS-PAGE
(figure 5.5A and C), in the appearance of protomeric CTB bands in lanes which had not
been denatured by heating, which are not seen when running wt CTB. This is perhaps not
surprising, as previous CTB C-terminal modifications have been shown to cause
pentameric instability?’. In addition to these issues, CTB-PkC11 also does not possess a
C-terminal KDEL signal sequence. Without this, labelled CTB localised to the Golgi
apparatus over 24 h, whereas oligonucleotide release was reliant on disulfide bond
reduction which would primarily occur in the ER. This analysis indicated a more optimal
protein design was required prior to cell experimentation. However, sufficient CTB-
PkC11 was produced to test and optimise the oligonucleotide labelling procedure.
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Figure 5.5. Purification of CTB-PkC11 A. SDS-PAGE analysis of CTB-PkC11 purification by Ni?*
affinity chromatography. CTB-PkC11 as pentamer and dissociated protomer are indicated. B. Aago trace
from SEC purification of Ni?*-purified CTB-PkC11, with the desired protein peak indicated. C. SDS-PAGE
analysis of the indicated CTB-PkC11 peak.
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5.3.3. Labelling CTB-PkC11 with 5'-pyridylthio skipper RNA
CTB-PkC11 (50 mM) in HEPES buffer was initially labelled with 10 eq 5'-pyridylthio

skipper RNA at room temperature for 2 h. SDS-PAGE analysis (figure 5.6A) in the
absence of reducing agent showed, in place of a single CTB-PkC11 band, the labelled
protein appeared as a ladder of several bands spanning approximately 50-80 kDa,
indicative of non-homogeneously labelled pentameric protein. When heated to
denaturation, the laddered bands were replaced with a single band of approximately
22 kDa, consistent with oligonucleotide-conjugated protomer. This appeared in addition
to bands at approximately 14 and 27 kDa, representing unlabelled protomer and
protomer-dimer (presumably due to inter-protomer disulfide bond formation due to
excessive heat), respectively. Staining the CTB-oligonuceotide complex with bis-
fluorescein complement RNA resulted in increased MW of the labelled protein laddered
bands, consistent with complement RNA hybridisation to the complex. These bands also
appeared fluorescent under UV illumination, confirming complex hybridisation. On
denaturation of the stained sample, the labelled pentamer bands were replaced with a
protomer band of approximately 25 kDa, which also appeared fluorescent under UV
illumination. The RNA-labelled protein (hereafter termed CTB-PkC11(S-S)RNA) was
further characterised by analytical SEC (figure 5.6B). The labelled protein presented a
lower retention volume and a more intense Azeo trace compared with unlabelled CTB-
PkC11, consistent with the addition of oligonucleotide labels. Product staining with
bis-fluorescein complement RNA resulted in a further decrease in retention volume, as
well as Azeo and Ases peaks of increased intensity, consistent with fluorescent
oligonucleotide addition to the complex. Taken together, these data confirm successful
labelling of CTB-PkC11 with 5'-pyridylthio skipper RNA.
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Figure 5.6. Labelling of CTB-PkC11 with 5'-pyridylthio skipper RNA A. Coomassie-stained (left) and
UV illuminated (right) SDS-PAGE analysis of CTB-PkC11 labelling with 5-pyridylthio RNA, in the
absence and presence of bis-fluorescein complement RNA staining. B. Analytical SEC comparing the Azgo
(blue), Azeo (red) and Augs (green) traces of untreated (left), 5'-pyridylthio RNA-labelled (centre), and both
RNA-labelled and bis-fluorescein complement RNA-stained (right) CTB-PkC11.

5.3.4. Optimising CTB-PkC11 labelling with 5’-pyridylthio skipper RNA
Whilst labelling was successful, supply of the 5'-pyridylthio skipper RNA was limited,

and using 10 eq for the reaction probably excessive. Small-scale reactions were conducted
on CTB-PkC11 (50 uM) in HEPES buffer with a range of 5-pyridylthio skipper RNA
concentrations (1-10 eq) at room temperature for 2 h. The complete reactions were stained
with bis-fluorescein complement RNA for visualisation and analysed by SDS-PAGE
(figure 5.7) in the absence of reducing agent. The fluorescent RNA-labelled protomer
bands showed an increase in size and intensity between the reactions containing 1 and
1.5 eq 5’-pyridylthio skipper RNA, and again between reactions containing 1.5 and 2 eq,

but were more difficult to distinguish thereafter. Therefore, the fluorescence intensity of

126



the bands was quantitatively determined by densitometry (figure 5.7). These results
showed a 66% increase in labelling when using 1.5 eq 5'-pyridylthio skipper RNA
compared to 1 eq, 80% when using 2 eq, 83 % when using 3 eq, 85% when using 4 eq,
89% when using 5 eq and 104% when using 10 eq. Balancing the desire for efficient
labelling against the desire to minimise use of the oligonucleotide, subsequent labelling

reactions were carried out using 5 eq 5’-pyridylthio skipper RNA.
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Figure 5.7. Optimisation of CTB-PkC11 labelling with 5’-pyridylthio skipper RNA UV illuminated
SDS-PAGE analysis of bis-fluorescein complement RNA-stained CTB-PkC11 labelling reactions
conducted with 5'-pyridylthio skipper RNA at increasing concentrations (1, 1.5, 2, 3, 4, 5 and 10 eq). The
labelled/stained protein band (red box) intensities were quantified by densitometry and plotted vs
5'-pyridylthio skipper RNA concentration.
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5.4. An alternative Cys-containing CTB for oligonucleotide conjugation

5.4.1. Design
Whilst CTB-PkC11 labelling through disulfide formation was successful, the protein

itself was sub-optimal due to low expression levels and lack of targeting signal sequence.
It was desirable to both improve expression levels and include a C-terminal KDEL signal
peptide for ER retention. To this end, a new CTB variant was designed. The protein
design was kept simple, consisting of CTB with a C-terminal extension containing a free
Cys residue for labelling, a C-terminal KDEL for ER retention, and a five-residue linker
region between each for separation and flexibility. The sequence of the designed
extension was NGSGNCNGSGNKDEL. The extension was C-terminal so as to avoid
disrupting GM1 binding and endocytosis. The linker amino acids were relatively small,
neutral and soluble in order to have a minimal effect on the expression and function of
the protein. Aromatic and other hydrophobic residues were avoided for solubility reasons,
charged residues to avoid disruption of pentamer formation or unintended interactions
within the cell, and Pro residues to avoid conformational constraint which could

potentially decrease labelling efficiency.

5.4.2. Expression and purification
The DNA coding sequence was produced by assembly PCR, subcloned into pSAB2.2

using Sphl and Pstl restriction endonucleases and used to transform E. coli C41(DE3)
cells. The protein (CTB-CKDEL) was expressed by IPTG induction overnight at 25 °C,
extracted from the growth medium by ammonium sulfate precipitation and purified by
Ni2* affinity chromatography. SDS-PAGE analysis (figure 5.8A) showed a protein band
of approximately 56 kDa in the elution fractions, which was replaced with a band of
approximately 14kDa on denaturation, indicative of CTB. Remaining impurities
following Ni?* affinity chromatography were removed by SEC. This resulted in a major
Aogo peak at approximately 210 mL (figure 5.8B), which was identified as CTB-CKDEL
by SDS-PAGE (figure 5.8C) and LC-MS, with a mass of 13261.9 Da detected
(13261.9 Da calculated).

128



100 - ﬂ &
kDa QP
80 - 66-
2 - ®
E 60 -
[=]
g
< 40 27-
20 -
o k 14- . - .
0 100 200 300 400

Retention volume (mL)

Figure 5.8. Purification of CTB-CKDEL A. SDS-PAGE analysis of CTB-CKDEL purification by Ni%*
affinity chromatography. CTB-CKDEL as pentamer and dissociated protomer are indicated. B. Azg trace
from SEC purification of Ni*-purified CTB-CKDEL, with the desired protein peak indicated. C. SDS-
PAGE analysis of the indicated CTB-CKDEL peak.
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5.4.3. Labelling CTB-CKDEL with 5’-pyrdidylthio RNA
CTB-CKDEL was incubated for 1 h with immobilised tris(2-carboxyethyl)phosphine

(TCEP) resin to ensure full reduction of disulfides. The reduced protein (215 pM) was
labelled with 5 eq 5'-pyridylthio RNA for 2 h at room temperature. SDS-PAGE analysis
(figure 5.9) in the absence of reducing agent showed the labelled protein (hereafter termed
CTB-CKDEL(S-S)RNA) as a ladder of four discrete bands ranging from approximately
50-65 kDa, indicative of the pentameric protein labelled with 0-3 oligonucleotides.
Staining the labelled protein with bis-fluorescein complement RNA caused the bands to
separate further and appear fluorescent under UV illumination, allowing traces of 4 and
5 oligonucleotide-labelled CTB-CKDEL to be seen. On denaturation, the laddered bands
were replaced with lower MW bands representing labelled and unlabelled protomer,
along with protomer dimer. The labelled protomer band was identified by bis-fluorescein
complement RNA staining, resulting in increased MW and fluorescent appearance under
UV illumination. All of the above samples were also analysed in the presence of DTT
(figure 5.9) to identify the presence of a disulfide bond. Under reducing conditions,
labelled CTB-CKDEL presents as a single band of similar size to both untreated CTB-
CKDEL and the lowest MW band of the laddered labelled protein, while the band present
following heat denaturation was of similar size to unlabelled CTB-CKDEL protomer.
Moreover, when the labelled protein was stained with bis-fluorescein complement RNA
under reducing conditions, the protein bands neither shifted in MW nor appeared
fluorescent under UV illumination, showing conclusively that the oligonucleotide label
was conjugated via a disulfide bond. Interestingly, the protomer-dimer band of
approximately 27 kDa present in boiled samples containing CTB-PkC11 and CTB-
CKDEL did not appear under reducing conditions, confirming this species was forming

through inter-protomer disulfide bond formation promoted by the excessive heating.
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Figure 5.9. Labelling of CTB-CKDEL with 5’-pyridylthio RNA Coomassie-stained (left) and UV
illuminated (right) SDS-PAGE analysis of CTB-CKDEL labelling with 5’-pyridylthio RNA, in the absence
and presence of both bis-fluorescein complement RNA staining and DTT.

5.4.3. Purification of CTB-CKDEL(S-S)RNA
CTB-CKEL(S-S)RNA was purified into HEPES buffer by SEC (figure 5.10A). Three

peaks were identified; one at approximately 55 mL (A2s/A2o = 0.35), one at
approximately 81 mL (A2s0/A20 = 0.23), and one at approximately 97 mL (Ao peak
saturated). The first peak was identified as CTB-CKDEL(S-S)RNA, with the retention
volume consistent with a complex of this size (Superdex prep grade and prepacked
HiLoad columns handbook; GE Healthcare). The peak identity was confirmed by SDS-
PAGE (figure 5.10B). The second peak was identified as oligonucleotide dimers, with
the Azeo/A2s0 more consistent with oligonucleotides than protein, and the retention
volume consistent with a complex of this MW. The third peak was identified as free 5'-
pyridylthio RNA.
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Figure 5.10. Purification of CTB-CKDEL(S-S)RNA A. SEC purification of the CTB-CKDEL labelling
reaction with 5’-pyridylthio RNA, showing the Azso (blue) and Azso (red) traces, with the labelled protein
peak indicated with an arrow. B. SDS-PAGE analysis of the labelled protein peak, in the absence and
presence of both bis-fluorescein complement RNA staining and DTT.

Following SEC purification, the labelled protein SDS-PAGE bands (figure 5.10) were
quantified by densitometry to determine labelling efficiency. An average of 25% labelling
was determined; 42% of the protein possessed a single oligonucleotide label, 20%
possessed two labels, 12% possessed three labels, 2% possessed four labels and 1%
possessed five labels, while 25% of the protein was unlabelled (to the nearest integer).
Pure CTB-CKDEL(S-S)RNA was isolated at 210 puM (450 pL).
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5.5. Investigating oligonucleotide delivery and release in mammalian

cells

5.5.1. Determining cytotoxicity
Prior to cell imaging experiments, cell viability on incubation with CTB-CKDEL(S-

S)RNA was assayed to determine if the released oligonucleotides would have a cytotoxic
or inhibitory effect on cells. The MTT cell viability assay was performed. In principle,
cells are treated with the MTT reagent, a tetrazolium dye which is yellow in solution. In
live cells, the dye is reduced by cellular NAD(P)H-dependent oxidoreductase enzymes to
a formazan (figure 5.11), an insoluble purple molecule. The formazan crystals are
dissolved in an organic solvent, for example DMSO, and the Aszo recorded; a higher

reading is indicative of a greater reduction rate, and thus greater cell viability320-32,

>

NAD(P)H-dependent  S—

oxidoreductase HN—-NH :
N=N

(live cells only)

Figure 5.11. Cell viability following CTB-CKDEL(S-S)RNA transfection A. Scheme describing
tetrazolium MTT reagent (yellow) reduction to a formazan (purple) during an MTT assay.

Vero cells incubated with CTB-CKDEL(S-S)RNA (10 pg mL™?) for 24 h or 48 h were
assayed (figure 5.12). These were compared to mock treated and CTB-KDEL transfected
cells as positive viability controls, and staurosporine®? treated cells as a negative viability
control. At both time points, cell viability appeared slightly increased for CTB-treated
cells compared to the mock control. It is possible that retrotranslocation and cell
processing of CTB, and RNA where applicable, resulted in increased cell metabolism,
which can result in increased reduction of the MTT reagent and higher absorbance
readings®2%-322, However, overall the assay showed no negative effect on cell viability
following incubation with CTB-CKDEL(S-S)RNA.
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Figure 5.12. Vero cell viability following incubation with CTB-CKDEL(S-S)RNA MTT assay
comparing Vero cell viability following incubation for 24 or 48 h with CTB-CKDEL(S-S)RNA (olive),
CTB-KDEL (blue) or staurosporine (brown), compared against mock transfected cells (red). Data shown
as mean =* standard error of three separate experiments.

5.5.2. Investigating endocytosis
Vero cells were treated with CTB-CKDEL(S-S)RNA to confirm that CTB could carry

disulfide-bonded oligonucleotides into cells and release them within the ER. Cells were
incubated at 37 °C with CTB-CKDEL(S-S)RNA (5 pug mL™ protein), or an equivalent
concentration of pyridylthio-RNA, over 24 h and fixed with PFA after 15 min, 30 min,
1 h,2h,4h,8hand 24 h. The cells were stained for RNA by FISH, using a bis-rhodamine
complement RNA probe, then for CTB with a rabbit anti-CTB primary Ab followed by a
donkey anti-rabbit AF488-conjugated secondary Ab. LSCM imaging (figure 5.13)
showed CTB was able to deliver the oligonucleotide into cells, but in the absence of CTB
there was no rhodamine staining following FISH, which would indicate RNA uptake.
Initially, the protein and oligonucleotide remained co-localised, following the standard
endocytic pathway of CTB-KDEL. However, at 8 h the RNA distribution differentiated
from the protein. While CTB-CKDEL remained diffuse across the ER, the previously
diffuse RNA coalesced into punctate foci in the region of the ER. At 24 h, the difference
in distribution was more pronounced. The RNA appeared increasingly punctate with
greater numbers of foci, and spread further throughout the cell. The relative distributions
suggested CTB mediated the transport of the oligonucleotide to the ER, where the
disulfide bond tethering the two was reduced and the oligonucleotide released from the
protein. Subsequently, the oligonucleotide was gathered, packaged and transported away

from the ER, possibly to the lysosome for degradation by autophagy3°°-3%3,
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Figure 5.13. Time course of CTB-CKDEL(S-S)RNA incubation with Vero cells LSCM imaging of
Vero cells incubated with CTB-CKDEL(S-S)RNA, fixed after 15 min, 30 min, 1 h, 2 h, 4 h, 8 h or 24 h,
and stained for RNA by FISH and CTB by IF. Each panel shows a false-colour merged image (left) of
rhodamine (RNA; red), AF488 (a-CTB; green) and DAPI (nuclei; blue), in addition to individual red
(rhodamine; upper right) and green (AF488; lower right) channels.
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To investigate the fate of the oligonucleotides, Vero cells were incubated at 37 °C with
CTB-CKDEL(S-S)RNA (5 pg mLY) for 24 h and stained for RNA by FISH. Cells were
co-stained for either PDI, an ER chaperone involved in disulfide formation3?, with an
anti-PDI primary Ab, or LAMP1, a lysosomal transmembrane protein involved in
regulating lysosome motility®?®, with an anti-LAMP1 primary Ab, to detect the ER or the
lysosome, respectively. The primary Abs were stained with an AF488-conjugated
secondary Ab, mounted with DAPI, and viewed by LSCM (figure 5.14). The RNA
showed some co-localisation with both the ER and the lysosome. The distribution of the
lysosome staining more closely matched that of the RNA staining, showing a greater
degree of co-localisation than with the ER. However, the morphology of the ER staining
appeared punctate, more consistent with the morphology of the RNA staining than with
the more diffuse lysosome staining. This suggested that RNA was present in both
organelles, probably being transported directly from the ER to the lysosome, and had been
unable to escape into the cytoplasm. Though this was never a likely possibility, it was
unfortunate as the cytosol represents a more therapeutically relevant location. However,
it was encouraging that CTB-mediated delivery and release of the disulfide tethered
oligonucleotide had been achieved. This also suggested that the modified RNA was
targeted for lysosomal degradation whether single- or double-stranded, indicating that an
improved targeting method would need to be devised.
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Figure 5.14. Organelle staining of CTB-CKDEL(S-S)RNA treated Vero cells LSCM imaging of Vero
cells incubated with CTB-CKDEL(S-S)RNA, fixed after 24 h, and stained for RNA by FISH and either the
ER (a-PDI Ab; upper panel) or lysosome (a-LAMP1 Ab; lower panel) by IF. Each panel shows a false-
colour merged image (left) of rhodamine (RNA,; red), AF488 (organelle; green) and DAPI (nuclei; blue),
in addition to individual red (rhodamine; upper right) and green (AF488; lower right) channels.
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Chapter 6: Towards autonomous oligonucleotide release by

Sec61 recognition

The previous chapter demonstrated that oligonucleotides can be transported into Vero
cells with CTB and released in the ER, but cytosolic delivery was not achieved. A method
of oligonucleotide conjugation which would allow targeted release of the oligonucleotide
from CTB and escape into the cytosol was investigated. This chapter outlines various
attempts to form peptide-conjugated oligonucleotides capable of cellular delivery and
release by CTB. The synthesis of several unstructured peptide-oligonucleotide
conjugates, in addition to a series of truncated complementary oligonucleotides bearing
5'-azide functional groups, and their conjugation to CTB, is discussed. Optimisation of
the conjugates for delivery and production of a final set of peptide-RNA-CTB complexes

for cellular experimentation is described, along with subsequent cell delivery tests.

6.1. Introduction

Whilst delivering oligonucleotides to the ER and releasing them from the carrier protein
represents a step forward towards targeted drug delivery, the mechanism discussed in the
previous chapter possessed a potential caveat. Once the oligonucleotide was released, it
contained no targeting feature to ensure it was exported from the ER to a location where
a therapeutic effect could be delivered, for example to the cytosol or ideally to the nucleus.

A possible mechanism for achieving oligonucleotide recognition and transport from the
ER was inspired by another step in the export of CTAL from the ER; the recognition of
the unfolded C-terminus of CTAL for export from the ER by the Sec61 translocon”™ ", It
has been shown that unstructured peptides, as well as proteins, are exported from the ER
by the Sec61 translocon®?®. Conjugating an unstructured peptide to an oligonucleotide
could increase the likelihood of export of the oligonucleotide from the ER into the cytosol
by the Sec61 translocon, effectively subverting the ER-associated degradation pathway
similar to CTA17®"°, However, this posed a new problem in the form of the method of

attachment to CTB. The previous method of attaching a modified oligonucleotide to CTB,
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hybridisation with a complementary strand covalently conjugated to the protein
(chapter 4), would not be suitable in this case as there is no mechanism for

oligonucleotide release.

Differential dual modification of a single oligonucleotide was considered, combining a
pyridylthio group at one end for reversible CTB conjugation with an unstructured peptide
at the other for export recognition. Synthesis of an oligonucleotide containing a protected
5" amine (as previously used) and an unprotected 3" amine would allow for controlled,
site-specific labelling. However, during previous oligonucleotide synthesis the 5’ amine
MMT protecting group was found to be unstable at or below neutral pH. During removal
of aqueous ammonia following resin cleavage, the resulting pH decrease routinely
resulted in the loss of at least 30% of the protecting group (figure 6.1). As a result, the
synthesis of a differentially dual labelled oligonucleotide would be complicated, with
decreased control over which functional group was appended to which amine. This would
lead to a non-homogeneous mix which would be difficult to purify, with a hugely reduced

yield, and so this approach was disregarded.
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Figure 6.1. Instability of the MMT protecting group Reaction scheme describing MMT protecting group
instability. Removal of ammonia, used for resin cleavage of the synthesised oligonucleotide, prior to
deprotection or purification resulted in the loss of 25-50% of the MMT protecting group.
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A feasible approach for oligonucleotide conjugation and release was inspired by the
holotoxin, in addition to a combination of previously successful approaches to
oligonucleotide conjugation and release. The CTA1-CTAZ2 junction, containing the
disulfide linking the two domains® and the region of the toxin recognised for ER
export’>"™7" could be incorporated into CTB as a fusion. Rather than modifying the
oligonucleotide with a peptide and a pyridylthio group, the oligonucleotide could be
covalently conjugated to the peptide extension of CTB by SPAAC (as previously, chapter
4). On cleavage of the peptide as in the native holotoxin?%%, the oligonucleotide would
be attached to an unstructured peptide known to promote export from the ER’® which
would be attached to the CTB carrier by a disulfide bond, previously shown to allow
payload release in the ER (chapter 5).

As an alternative, the previously successful approach of oligonucleotide hybridisation to
a complementary oligonucleotide covalently conjugated to CTB (chapter 4) could be
modified to promote oligonucleotide release. The oligonucleotide to be delivered would
be conjugated to an unstructured peptide for export recognition. The CTB-conjugated
oligonucleotide for hybridisation could be truncated or contain mismatched bases,
effectively lowering the Tm of the duplex. If designed correctly, partially dynamic
hybridisation would occur at physiological temperature, and on denaturing of the duplex
in the ER the peptide-oligonucleotide would be targeted for export to the cytosol by the
Sec61 translocon, where the oligonucleotide could potentially show a therapeutic action.

6.2. Towards construction of a peptide-oligonucleotide-CTB conjugate

6.2.1. Design
Covalent oligonucleotide conjugation to CTB by a combination of SrtA-mediated ligation

and SPAAC (chapter 4), and by disulfide formation (chapter 5), have been successful.
Consequently, the possibility of combining the two approaches for CTB oligonucleotide
conjugation, release and targeted delivery was investigated. This approach involved
creating an extension to CTB containing an N-terminal tri-Gly for SrtA labelling, a pair
of Cys residues for disulfide formation and a proteolytic cleavage site between the two
Cys residues. The extension could be covalently labelled with a BCN-depsipeptide using
SrtA for oligonucleotide conjugation by SPAAC, and the peptide cleaved between the
disulfide, resulting in a short peptide-conjugated oligonucleotide attached to the main
body of CTB via a genetically incorporated disulfide (figure 6.2).
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Figure 6.2. A genetically incorporated disulfide for labile oligonucleotide conjugation Outline of a
strategy to target an oligonucleotide (purple) to the cytosol, through conjugation to an unstructured peptide
(red), for release from CTB in the ER.

Inspiration for the design of the peptide extension was taken from the holotoxin; it
consisted of 10 residues of the CTA1 C-terminus followed by the 8 residues of the CTA2
N-terminus®. In the wt holotoxin, this section of the protein is cleaved by trypsin
following secretion from the bacteria®®®’, transforming the single CTA subunit into
separate CTAL and CTAZ2 subunits connected by a disulfide bond. On reduction of this
disulfide in the ER, the unstructured C-terminus of CTAL is recognised for transport from
the ER by the Sec61 translocon”®">"7. This mechanism is highly compatible with
oligonucleotide delivery and release, except for the tryptic peptide cleavage. Instead, a
TEV protease cleavage site (ENLYFQS)%*" was inserted at the point where the native

peptide is cleaved?®, offering increased specificity and control over the cleavage process.

CTB variants were designed with the extension at both the N-terminus (Apep-CTB;
figure 6.3A) and the C-terminus (CTB-Apep; figure 6.3B), as their effect on protein
expression was unknown. In the case of the N-terminal extension, the tri-Gly for SrtA
labelling was located at the N-terminus of the peptide. However with the C-terminal
extension, this was not possible. In this case, the tri-Gly for SrtA labelling immediately
followed the TEV protease cleavage site, which also allows for a Gly terminal residue in
place of Ser (ENLYFQG)%’. The terminal Gly of the TEV protease cleavage site would
become a new N-terminal Gly for SrtA labelling, only made available to SrtA following

cleavage.
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Figure 6.3. Proposed mechanism for oligonucleotide conjugation to a peptide attached to CTB by a
disulfide A. CTB (red) with an N-terminal peptide extension containing an N-terminal tri-Gly (brown), and
an internal TEV protease cleavage site (green) between two Cys residues forming a disulfide bond (orange).
TEV protease (green) cleaves the peptide into two shorter peptides connected by a disulfide, and an
oligonucleotide (purple) coupled to a BCN-depsipeptide (magenta) by SPAAC is attached with SrtA
(brown). B. CTB with a C-terminal peptide extension containing an internal TEV protease cleavage site
immediately followed by a tri-Gly, between two Cys residues forming a disulfide bond (orange). TEV
protease cleaves the peptide into two shorter peptides connected by the disulfide, revealing the tri-Gly for
SrtA labelling with the oligonucleotide-depsipeptide.

6.2.2. Protein expression and purification
Expression of both the above CTB variants was attempted in E. coli C41(DE3) cells by

IPTG induction overnight at 25 °C. Following Ni?* affinity chromatography, no Apep-
CTB was detectable in either the growth medium or cell lysate. However, expression of
CTB-Apep, isolated from the growth medium by ammonium sulfate precipitation, was
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successful. Following purification by Ni?* affinity chromatography (figure 6.4A) and
SEC (figure 6.4B), the protein was identified by SDS-PAGE (figure 6.4C).
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Figure 6.4. Purification of CTB-A A. SDS-PAGE analysis of CTB-Apep purification by Ni%* affinity
chromatography. CTB-Apep in pentameric form and dissociated protomer form are indicated. B. Ao trace
from SEC purification of Ni*-purified CTB-Apep, with the desired protein peak indicated. C. SDS-PAGE
analysis of the indicated CTB-Apep peak.
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The pure protein was isolated with a yield of 1.3 mg per 1 L cultured cells. LC-MS
analysis resulted in a detected mass of 15054.4 Da (15054.9 Da calculated), which
increased to 15056.5 Da on treatment with DTT (15056.9 Da calculated). This indicated
that the protein was expressed with an exposed disulfide formed, suggesting the desired
intra-protomer disulfide bond had formed correctly. This protein also had the advantage
of keeping the labelling sites clear of the GM1 binding sites??. However, similar to
addition of the C-terminal PkC11 tag, SDS-PAGE (figure 6.3A and C) showed this C-
terminal extension appeared to de-stabilise the protein, as evidenced by the appearance
of protomeric CTB bands in lanes which had not been denatured by heating. It was also
not possible to include a C-terminal KDEL signal sequence in this construct. The only
available point for inclusion of a KDEL was the C-terminus of the peptide to be released
from CTB on disulfide reduction; a KDEL here would possibly prevent ER escape. The
lack of a KDEL sequence could potentially adversely affect the efficiency of disulfide

release through decreasing time spent in the ER.

6.2.3. Protein labelling
CTB-Apep was initially cleaved with TEV protease (expressed in E. coli BL21-

Gold(DE3) cells from glycerol stocks (D. Williamson) without reducing agent) and
labelled with FITC-depsipeptide by SrtA-mediated ligation in a one-pot reaction (160 uM
CTB-Apep, 1 mol% TEV protease, 20 mol% SrtA, 3 eq FITC-depsipeptide) for 2 h at
37 °C. SDS-PAGE (figure 6.5) showed labelling was successful but inefficient; the UV-
illuminated fluorescent SrtA band showed greater intensity than the labelled CTB-Apep
band despite being present in five-fold lower concentration. Attempts were made at
optimising the reaction by altering the temperature, reaction time and reagent
concentrations, as well as performing the TEV protease peptide cleavage and SrtA-
mediated ligation separately, but no improvement was observed. TEV protease was
shown to cleave the peptide under these conditions, so the apparent labelling inefficiency
was likely due to unformed or reduced disulfide bonds within the peptide. This was
suggested as the denatured labelled CTB-Apep sample formed several bands spanning
approximately 27-75 kDa, with only a trace of fluorescent labelled protomer band
(~ 17 kDa), which indicated the protomers possessed free thiols which were able to react
under heating to form multiple higher order species. If the disulfide bonds were not
formed prior to TEV protease cleavage, the peptide fragment would dissociate from the
main protein on cleavage and any labelling would not be detected, as the labelled peptide

fragment would be lost with the excess depsipeptide in the gel.
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Figure 6.5. One-pot CTB-A TEV cleavage/SrtA labelling Coomassie-stained (left) and UV illuminated
(right) SDS-PAGE analysis of the one-pot TEV protease cleavage and SrtA-mediated labelling of CTB-A
with FITC-depsipeptide.

The labelled protein was purified by lactose affinity chromatography and concentrated.
Analysis by spectrophotometry determined a labelling efficiency of 4% per protomer, or
0.2 depsipeptide labels per pentamer. SDS-PAGE analysis in the absence and presence
of TCEP (figure 6.6) confirmed that the FITC-depsipeptide label was attached to CTB-A
via a disulfide bond. TCEP treatment did not affect the pentameric (~ 60 kDa) protein
band, but resulted in the migration of that fluorescent band to a much lower MW, in
addition to the disappearance of the labelled protomer protein band (~ 17 kDa).
Unfortunately however, the labelling efficiency was insufficient for oligonucleotide
conjugation. Despite multiple attempts at optimisation of the process, including altering
reagent concentrations, reaction temperature and time, fresh protein batches, separating
the cleavage reaction from the labelling reaction, and altering the number of residues
between the bisulfide-forming Cys residues, the labelling efficiency never improved upon

the initial 4%. This approach was therefore abandoned.
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Figure 6.6. Characterisation of labelled CTB-A SDS-PAGE analysis of FITC-labelled CTB-A in the
absence (left panel) and presence (right panel) of TCEP, showing Coomassie-stained (left) and UV
illuminated (right) gels.

6.3. Oligonucleotide synthesis and modification for mismatched

hybridisation

6.3.1. Overall construct design
A new approach to conjugating peptide-oligonucleotides to CTB for cellular delivery and

release was developed (outlined in figure 6.7). It had been shown that hybridising
oligonucleotides to complementary strands covalently conjugated to CTB was a robust
method for cell delivery (chapter 4). This method was adapted toward promoting
oligonucleotide release in the ER. Shorter complementary oligonucleotides were
designed for covalent attachment to CTB, to be combined with full length
oligonucleotides bearing unstructured peptides at one end. Hybridisation between the
full-length and truncated complement oligonucleotides would ideally result in a Tm mildly
greater than 37 °C, resulting in a small percentage of the peptide-oligonucleotide payload
becoming detached from the CTB-oligonucleotide carrier at cellular temperature and
oligonucleotide concentration. In the ER, the unstructured peptide would be recognised
for export to the cytosol by the Sec61 translocon, similar to CTA™7>77_ It is even possible
that the attempted export of the peptide by the Sec61 translocon could provide extra
energy towards denaturing the hybridised oligonucleotides, effectively lowering the Tm

and encouraging detachment of the peptide-oligonucleotide.
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Figure 6.7. Mechanism for CTB-mediated oligonucleotide delivery to, and release from, the ER by
mismatched hybridisation and Sec61 translocon recognition RNA-peptide conjugates (purple and
green) are attached to CTB (red) via a shortened complementary RNA strand (blue). CTB is trafficked to
ER where the peptide is recognised by the Sec61 translocon (orange). On denaturation of the mismatched
RNA hybrid (red arrows), the RNA-peptide conjugate is transported by Sec61 across the ER membrane
(grey) and into the cytosol.

6.3.2. General oligonucleotide characteristics
Oligonucleotides were synthesised as 2’-OMe phosphorothioate RNA, for increased

stability and nuclease resistance®'%1%, The 5’ end of each oligonucleotide was modified

on resin with a primary amine for functionality.

6.3.3. 5’-azido truncated complement RNA synthesis
The length of the truncated complement RNA molecules synthesised was of critical

importance for both hybridisation and release to be possible. A Tm of 45.6 °C was
predicted (OligoCalc) for a 12 nucleotide 2'-OMe phosphorothioate RNA molecule of
complementary sequence to the 3’ end of the skipper RNA. This Tm correlates
approximately with the requirement for partially dynamic hybridisation at 37 °C, but with
the majority of the oligonucleotide remaining hybridised. Due to potential inaccuracies
with the calculation based on unknown inorganic salt and oligonucleotide concentrations
in different organelles at any time, three oligonucleotides were synthesised; the above
12mer, in addition to an 11mer, with a predicted 41.0 °C Tm, and a 13mer, with a predicted
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47.6 °C Tm. These three oligonucleotides (hereafter termed 11/12/13mer complement
RNA; sequence 5-CUGGGUUAAGG(U)(A)-3") were synthesised with 5’ primary amine
modifiers. Following solid phase synthesis and purification, the 5'-amino 1lmer
complement RNA was isolated with a yield of 37%, the 12mer with a yield of 40% and
the 13mer with a yield of 25%. The 5'-amino truncated oligonucleotides were reacted
with azidobutyrate NHS ester to form 5’-azido truncated complement RNA (figure 6.8).
The 5'-azido 11mer complement was isolated with a yield of 67%, the 12mer with a yield
of 84% and the 13mer with a yield of 78%.

o
o (o]
® N N
N",N’ \/\)’Lo’ o o
(o] ®N
3 N* H

eq

1h,rt
’ Complement = 11mer - 67%
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Figure 6.8. 5’-amino truncated complement RNA azide modification Reaction scheme describing the
conjugation of the synthesised 5’-amino 11/12/13mer complement RNA (blue) to azidobutyrate NHS ester.

6.3.4. 5'-peptide skipper RNA synthesis
The peptides for attachment to the skipper RNA were carefully selected to maximise the

possibility of recognition and transport by Sec61. They were as follows:

e The C-terminal 20 residues of CTA1 (AWREEPWIHHAPPGSGNAPR; hereafter
termed CTApep), recognised by the Sec6l translocon for transport on
unfolding’376.77,

e A 16 residue nuclear localisation signal sequence from the molecular chaperone
nucleoplasmin®?®32° (KRPAATKKAGQAKKKK; hereafter termed NLSpep).

e The 19 residue N-terminal leader sequence of the immature a-lactalbumin protein
(MRFFVPLFLVGILFPAILA; hereafter termed LACpep), a protein natively
targeted to the Sec61 translocon for transport into the ER33033!,

o A literature-reported 10 residue peptide (RRYIQKSTEL; hereafter termed

UNSpep) capable of ER translocation via the Sec61 translocon®?°,
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The peptides were supplied with an L-azidolysine residue at either the N-terminus
(CTApep and NLSpep) or the C-terminus (LACpep and UNSpep; depending on the end
required for exposure to Sec61) for oligonucleotide conjugation by SPAAC. The 5'-amino
skipper RNA synthesised previously (section 5.2.2) was used for peptide conjugation.
The 5’-amino skipper RNA was reacted with bicyclonon-4-yn-9-ylmethyl N-succinimidyl
carbonate (BCN NHS ester) to form 5'-BCN skipper RNA (figure 6.9), isolated with a
41% vyield.
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Figure 6.9. 5"-amino skipper RNA BCN modification Reaction scheme describing the conjugation of the
synthesised 5’-amino skipper RNA (purple) to bicyclonon-4-yn-9-ylmethyl N-succinimidyl carbonate.

The BCN-skipper RNA was conjugated by SPAAC to either CTApep, NLSpep, UNSpep
or LACpep (figure 6.10A). The 5’-CTApep derivative was isolated with a yield of 86%,
the 5’-NLSpep derivative with a yield of 84% and the 5’-UNSpep derivative with a yield
of 89%. The reaction between the 5-BCN skipper RNA and LACpep-azide was more
troublesome. Under similar reaction conditions to the other three azide-peptides, the
LACpep-azide did not fully dissolve and required almost 8-fold greater DMSO
concentration, in addition to 25% more of the azide-peptide and increased reaction time
and temperature (figure 6.10B) to push the reaction to completion. The final product was

eventually isolated with a yield of 84%.
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Figure 6.10. 5’-BCN skipper RNA peptide conjugations Reaction scheme describing the conjugation of
5'-BCN skipper RNA (purple) to A. azide-CTApep. Azide-NLSpep, UNSpep-azide, or B. LACpep-azide.

6.4. Characterisation of mismatched oligonucleotide hybridisation

6.4.1. Principle
All oligonucleotides absorb strongly at 260 nm, but the absorbance of double stranded

oligonucleotides increases on denaturation to single stranded oligonucleotides®*?, in a
phenomenon termed hyperchromicity. This is due to a shielding effect caused by the
stacking interactions between adjacent nucleotide pairs in double stranded
oligonucleotides, which does not occur in single stranded oligonucleotides®32. This effect
can be measured by temperature-resolved spectrophotometry, with the Trm defined as the
mid-point in the hyperchromic shift on denaturation®*2. Using this method, the Tm of each
of the three truncated complement oligonucleotides with the full-length skipper RNA was
determined experimentally prior to protein labelling, both to ensure mismatched

hybridisation was possible and to indicate the best candidate for protein labelling.
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6.4.2. Mismatched hybridisation Tm determination
The 5’-amino truncated complement oligonucleotides (1.4 uM) were mixed with 5’-amino

skipper RNA (1 eq) in water. Samples were heated to 95 °C for 1 min and cooled to room
temperature to ensure fully annealed oligonucleotides. Samples were heated from 10-
80 °C and the Azeo recorded. A Tm of 54.7 °C was calculated for the 5-amino skipper
RNA with 5’-amino 11mer complement (figure 6.11A), 58.5 °C with the 5'-amino 12mer
complement (figure 6.11B) and 58.8 °C with the 5'-amino 13mer complement
(figure 6.11C).

A B C

Skipper RNA + Skipper RNA + Skipper RNA +
11mer complement 12mer complement 13mer complement
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Figure 6.11. Characterisation of skipper-truncated complement RNA hybridisation The hybridisation
of the 5’-amino skipper RNA with A. 5’-amino 11mer complement RNA, B. 5’-amino 12mer complement
RNA, and C. 5-amino 13mer complement RNA was characterised by spectrophotometry (Azo) to
determine Tp.

These results showed all three truncated complement oligonucleotides were capable of
hybridising with the full-length skipper RNA. However, the experimental Tr values were
greater than the predicted values, indicating denaturation of the hybrid at physiological
pH could prove troublesome. It should be noted though that in order to ensure adequate
signal the oligonucleotides were tested at higher concentrations than would be used for
cell transfection, resulting in anomalously high Tm values, which decrease with
concentration®®, It is also impossible to accurately predict the concentrations and exact
behaviour of the oligonucleotides within organelles. However, taking the data into

consideration, the 11mer was initially selected for CTB labelling experiments.
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6.5. Labelling CTB with a mismatched peptide-oligonucleotide hybrid

6.5.1. CTB-KDEL labelling with 5’-azido 11mer complement RNA
CTB-KDEL, previously shown to localise to the ER over 24 h, was selected for labelling.

The protein (150 uM) in HEPES buffer was initially labelled with 3 eq BCN-depsipeptide
(Z. Arnott) using 20 mol% SrtA for 3 h at 37 °C. BCN-CTB-KDEL was purified by
lactose affinity chromatography, confirmed by SDS-PAGE (figure 6.12). It also
suggested SrtA-mediated BCN-depsipeptide labelling of CTB was successful, with the
band of slightly higher MW compared to the unlabelled control. The BCN-labelled
protein sample was labelled with 1.2 eq 5’-azido 11mer complement RNA (assuming
quantitative SrtA labelling and full post-purification recovery) overnight at room
temperature. The successful reaction was confirmed by SDS-PAGE (figure 6.12). In place
of the single band, labelled CTB-KDEL appeared as a smeared ladder of bands, spanning
approximately 50-100 kDa, indicative of non-homogeneously labelled pentamer. More
definitively, on denaturation two discrete bands were seen, representing oligonucleotide-
labelled CTB (approximately 20 kDa) and unlabelled CTB (approximately 12 kDa), with
an approximate ratio of 3:1 in favour of labelled protein. Interestingly, the protomer-
dimer band (approximately 26 kDa) previously seen on heating BCN-labelled
CTB-KDEL (a trace of which was present in the heat-denatured purified BCN-CTB-
KDEL sample) was not seen in this case. This indicated the SPAAC reaction was
quantitative, as no BCN groups were available to react under heating, showing SrtA-

mediated ligation is the more inefficient labelling step.
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Figure 6.12. BCN-CTB-KDEL labelling with 5’-azido 11mer complement RNA SDS-PAGE analysis
of lactose affinity chromatography purification of SrtA-mediated CTB-KDEL labelling with BCN-
depsipeptide, and the subsequent conjugation of purified BCN-CTB-KDEL to 5-azido 11mer complement
RNA.

The 11mer complement RNA-labelled CTB-KDEL was split, treated with one of the
peptide-skipper conjugates (1.1 eq) for hybridisation and analysed by SEC (figure 6.13).
All four peptide-RNA-protein complexes showed a main peak with a lower retention
shoulder. The 5’-CTApep skipper-RNA-CTB-KDEL hybrid gave a peak at 13.5 mL along
with a 70% shoulder at 12 mL, the 5-NLSpep hybrid gave a peak at 13.7 mL along with
a 25% shoulder at 12 mL, and the 5’-UNSpep hybrid gave a peak at 13.5 mL along with
a 50% shoulder at 12 mL. The peak shape of the 5’-LACpep hybrid was inconsistent with
the other three, with two adjoining peaks at 9.5 mL and 11 mL of approximately equal
intensity. This peak shape could be a result of higher-order complex formation due to
interactions between the highly hydrophobic peptides present in the complexes when in

aqueous buffer.
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Figure 6.13. SEC characterisation of peptide-RNA-CTB mismatched hybrid complexes Analytical
SEC, showing Azso (blue) and Agso (red) traces, of the 11mer complement RNA-CTB-KDEL complex
hybridised with CTApep (top left), NLSpep (top right), UNSpep (bottom left) and LACpep (bottom right)
skipper RNA.

In all cases, SEC suggested non-homogeneous labelling. The most likely explanation,
based on the efficiency of the 11mer complement labelling reaction, was single-labelled
pentamer as the predominant species, with multiply-labelled pentamers comprising less
of the population. However, it was also possible that the main peaks represented non-
hybridised 11mer RNA-CTB complex. To further characterise the complexes, the elution
peaks were analysed by SDS-PAGE (figure 6.14). This showed non-homogeneous
labelling in all four cases. The hybridised complex samples appeared as smeared ladders
of multiple bands, probably due to unstable, dynamic hybridisation of the peptide-skipper
to the truncated complement RNA. This was supported by the denatured samples. All
four hybridised complexes showed a labelled/hybridised protein band, of varying MW
depending on complexed the peptide-skipper, with a lower MW smear to a band of similar
MW for all samples, indicating non-hybridised 11mer complement RNA-CTB-KDEL.
The 11mer complement RNA was subsequently discounted for CTB labelling as the

hybridised complexes did not display sufficient stability.
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Figure 6.14. SDS-PAGE characterisation of the purified peptide-RNA-CTB mismatched hybrid
complexes SDS-PAGE analysis of the SEC elution peaks of 11lmer complement RNA-CTB-KDEL
complex hybridised with CTApep-, NLSpep-, UNSpep and LACpep-RNA.

6.5.2. Alternative truncated complement RNA for improved hybridisation
Poor hybridisation between the peptide-skipper RNA conjugates and the 1lmer

complement RNA-labelled CTB-KDEL led to hybridisation tests with the 12mer and
13mer complement RNA. CTB-KDEL (163 uM) in HEPES buffer was labelled with 3 eq
BCN-depsipeptide (Z. Arnott) using 20 mol% SrtA for 3 h at 37 °C. BCN-CTB-KDEL
was purified by lactose affinity chromatography and samples reacted with 1.2 eq 5’-azido
12mer or 13mer complement RNA (assuming quantitative SrtA labelling and full post-
purification recovery) overnight at room temperature. SDS-PAGE analysis (figure 6.15A)
showed non-homogeneous, non-quantitative CTB labelling in both cases, with denatured
samples showing both labelled and unlabelled CTB with an approximate ratio of 3:1.
Very little of the protomer-dimer could be seen on heating, showing SrtA labelling to be
the inefficient step. When the CTB-RNA complex was hybridised with CTApep-skipper
RNA, which previously showed the least stable hybridisation of the peptide-RNA
conjugates, SDS-PAGE analysis (figure 6.15A) showed greater band resolution and less
smearing with the 13mer complement complex than the 12mer complex, indicating more
stable hybridisation. Analytical SEC of both hybridised complexes (figure 6.15B) showed
amore uniform complex peak with the hybridised 13mer complement complex compared
to the hybridised 12mer complement complex, indicating more efficient hybridisation.
The 13mer complement RNA seemed to offer the greatest possibility of carrying a

peptide-RNA conjugate into cells at physiological temperature through hybridisation.
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Figure 6.15. Characterisation of mismatched hybridisation between 12mer and 13mer complement
RNA-CTB complexes and full length CTApep-RNA A. SDS-PAGE analysis of BCN-CTB labelled with
5’-azido 12mer or 13mer complement RNA and subsequent hybridisation with CTApep-skipper RNA.
B. Analytical SEC, showing Azso (blue) and Azeo (red) traces, of CTApep-skipper RNA hybridised with the
12mer (left) and 13mer (right) complement RNA-CTB-KDEL complex.

6.5.3. Four peptide-oligonucleotide conjugates for cell delivery by CTB
BCN-CTB-KDEL (150 uM) in HEPES buffer was labelled with 1.2 eq 5’-azido 13mer

complement RNA overnight at room temperature. The reaction was split and each sample
treated with one of the four peptide-skipper RNA conjugates for hybridisation. Each
hybridisation reaction was then purified by SEC (figure 6.16). All four complexes
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resulted in elution peaks of greater uniformity compared to previous hybridisations with
shorter complement RNA. The CTApep-, NLSpep- and UNSpep-skipper RNA
hybridisations gave peaks at 13.5 mL, while the LACpep-skipper RNA hybridisation

resulted in a peak at 10.5 mL, with a lower retention 75% shoulder.
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Figure 6.16. SEC characterisation of 13mer complement RNA-CTB conjugate hybridised to
CTApep-, NLSpep-, UNSpep- and LACpep-skipper RNA SEC purification, showing Agso (blue) and
Aaeo (red) traces, of 13mer complement RNA-labelled CTB-KDEL hybridised with either CT Apep-skipper
RNA (top left), NLSpep-skipper RNA (top right), UNSpep-skipper RNA (bottom left) and LACpep-
skipper RNA (bottom right).

All four hybridised complex purification peaks were analysed by SDS-PAGE
(figure 6.17). Labelled/hybridised complex predominated over unlabelled protein in all
cases. The non-hybridised 13mer complement RNA-CTB-KDEL species was only
detected with the CTApep-skipper RNA hybridisation (approximately 3:1 in favour of
the hybridised species), with none present in the other samples. Considering the CTApep-
skipper RNA-CTB-KDEL complex SEC peak showed less uniformity than the NLSpep

or UNSpep complexes, this could indicate that increased peak uniformity indicates

157



increased hybridisation stability. Due to the complexity of the samples, concentration and
labelling efficiency could not be determined by spectrophotometry and were determined
by densitometry. Concentrations of 97 uM (53% labelled; 300 puL), 89 uM
(63% labelled; 250 pyL), 66 uM (61% labelled; 260 pL) and 41 uM (50% labelled;
250 puL) were determined for CTB-KDEL complexes with the CTApep-skipper RNA,
NLSpep-skipper RNA, UNSpep-skipper RNA and LACpep-skipper RNA, respectively.
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Figure 6.17. SDS-PAGE characterisation of purified 13mer complement RNA-CTB conjugate
hybridised to CTApep-, NLSpep-, UNSpep- and LACpep-skipper RNA SDS-PAGE analysis purified,
denatured 13mer complement RNA-CTB-KDEL hybridised to CTApep-, NLSpep-, UNSpep- and
LACpep-skipper RNA.

6.6. Investigating oligonucleotide delivery and release in mammalian

cells

6.6.1. Determining cytotoxicity
Prior to cell imaging experiments, an MTT assay was performed to determine any

cytotoxic effects of the four peptide-RNA-CTB complexes. Vero cells incubated with the
complexes (10 ug mL* protein) for 24 or 48 h were assayed (figure 6.18), and compared
to mock treated, CTB-KDEL transfected and staurosporine3? treated cells. As with CTB-
CKDEL(S-S)RNA transfection, at both time points cell viability appeared increased
following protein transfection compared to the mock control, particularly after 48 h. This
again suggested protein transfection resulted in increased cell metabolism, but overall

showed the complexes had no inhibitory or cytotoxic effects on cell viability.
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Figure 6.18. Cell viability following peptide-RNA-CTB-KDEL transfection MTT assay comparing
Vero cell viability following incubation for 24 or 48 h with CTApep-RNA-CTB-KDEL (green), NLSpep-
RNA-CTB-KDEL (grey), UNSpep-RNA-CTB-KDEL (orange), LACpep-RNA-CTB-KDEL (purple),
CTB-KDEL (blue) or staurosporine (brown), compared against mock transfected cells (red). Data shown
as mean =* standard error of three separate experiments.

6.6.2. Investigating endocytosis
Vero cells were treated with the four peptide-RNA-CTB-KDEL complexes to determine

if the mismatched hybridisation conjugation technique was suitable for RNA delivery, if
the hybridised peptide-RNA could be released from the RNA-CTB-KDEL complex, and
if the different peptides conjugated to the RNA would affect cell localisation. Cells were
incubated at 37 °C with each peptide-RNA-CTB-KDEL complex (5 pg mL* protein), or
an equivalent concentration of each peptide-RNA conjugate, for 24 h and fixed with PFA.
The cells were stained for RNA by FISH with a bis-rhodamine complement RNA probe,
then for CTB with rabbit anti-CTB Ab followed by donkey anti-rabbit AF488-conjugate
Ab. LSCM imaging (figure 6.19) showed no uptake of peptide-RNA in the absence of
CTB, shown by a lack of rhodamine staining following FISH. However, CTB was able
to deliver the peptide-oligonucleotides into the cells in all cases. The CTApep-RNA,
NLSpep-RNA and UNSpep-RNA all appeared as diffuse staining in small, discrete, halo-
like regions adjacent to the nuclei, indicative of ER staining. They also showed excellent
co-localisation with CTB. This suggested the peptide-RNA was not released from the

truncated complement RNA, and that the protein complex was unable to escape the ER.

The LACpep-RNA staining, however, showed different morphology to the other three
peptide-RNA conjugates. It appeared in punctate foci, primarily surrounding the nuclei

but more spread throughout the cell than would be expected for either Golgi or ER
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staining. The RNA again showed excellent co-localisation with CTB, indicating the
peptide-RNA was not released from the protein complex, but the whole complex was able
to escape the ER. This clearly showed that the 13mer complement RNA-skipper RNA
duplex was too stable to be denatured to a detectable degree under physiological
conditions in the ER. It also suggests that the unstructured N-terminal a-lactalbumin
leader sequence was able to function as a targeting sequence mediating ER escape where
the other three peptides did not.

Rhodamine
(RNA)
Rhodamine/AF488/
DAPI merge
AF488
(CTB)

Figure 6.19. Peptide-RNA-CTB-KDEL incubation with Vero cells LSCM imaging of Vero cells
incubated with CTApep- (upper left panel), NLSpep- (upper right panel), UNSpep- (lower left panel) or
LACpep-RNA-CTB-KDEL (lower right panel), fixed after 24 h, and stained for RNA by FISH and CTB
by IF. Each panel shows a false-colour merged image (left) of rhodamine (RNA; red), AF488 (a-CTB;
green) and DAPI (nuclei; blue), in addition to individual red (rhodamine; upper right) and green (AF488;
lower right) channels.
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To determine the location of the LACpep-RNA-CTB-KDEL complex after 24 h,
transfected cells were stained for RNA by FISH with a bis-rhodamine complement RNA
probe. Cells were co-stained with an anti-PDI or anti-LAMP1 primary Ab to detect the
ER or the lysosome, respectively. The primary Abs were stained with an AF488-
conjugated secondary Ab, and mounted with DAPI. LSCM imaging (figure 6.20) showed
good but incomplete co-localisation of both the ER and the lysosome with the RNA. This
suggests that the LACpep-RNA-CTB-KDEL complex was trafficked initially to the ER
before removal to the lysosome. This in turn suggests that the peptide was able to mediate
ER escape in some manner. The exact mechanism was unclear from the available data,
but it seems plausible that direct transport from the ER to the lysosome occurred, for
degradation by autophagy via the autophagosome®+33%, This possibility was supported
by the lack of cytosolic staining seen. While this is not good news in terms of delivering
RNA for therapeutic purposes, the fact that the complex is able to both reach and escape

from the ER intact is promising.

It is interesting that of the four peptides, only LACpep seemed to promote removal from
the ER. This is possibly because while the other three peptides are largely polar, LACpep
is highly hydrophobic. One of the mechanisms for the detection of misfolded proteins in
the ER, and their targeting for degradation, is exposed hydrophobic residues®¥"%, The
hydrophobic nature of LACpep could lead to its identification as a misfolded protein and
subsequent targeting for degradation by the ERAD pathway®*"%®, This would lead to
removal of the complex initially to the cytosol, and though cytosolic complex distribution
was not seen, it cannot be ruled out either based on the available data. Transport to the
cytosol is obviously a desirable outcome, so a further assay to accurately detect entry to
the cytosol® is required.

161



Rhodamine
(RNA)

Rhodamine/
AF488/DAPI
merge

Rhodamine
(RNA)

Rhodamine/
AF488/DAPI
merge

AF488
(Lysosome)

Figure 6.20. Organelle staining of LACpep-RNA-CTB-KDEL treated Vero cells LSCM imaging of
Vero cells incubated with LACpep-RNA-CTB-KDEL, fixed after 24 h, and stained for RNA by FISH and
either the ER (a-PDI Ab; left) or the lysosome (a-LAMP1 Ab; right) by IF. Each panel shows a false-colour
merged image (left) of rhodamine (RNA; red), AF488 (organelle; green) and DAPI (nuclei; blue), in
addition to individual red (rhodamine; upper right) and green (AF488; lower right) channels.
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Chapter 7: Discussion

7.1. Summary and conclusions

The potential of the non-toxic B subunit of cholera toxin, which is responsible for
endocytosis on GM1 binding, as a vector for targeted oligonucleotide delivery was
probed. Initially, CTB was efficiently and site-specifically labelled at the N-terminus with
a fluorescent depsipeptide by SrtA-mediated ligation. CTB was shown to transport the
payload into Vero cells, localising to the Golgi apparatus after 24 h. With the addition of
a C-terminal KDEL ER retention sequence, a similarly labelled CTB variant instead
localised to the ER over a 24 h period. This validated CTB as a potential delivery vector,
confirming its capability to deliver a payload to a defined and controllable cellular

location.

The FITC-depsipeptide label was replaced with modified dsRNA, of consistent structure
and size with therapeutic oligomers, to determine if CTB was capable of therapeutic
oligonucleotide delivery. The oligonucleotide was conjugated to CTB by SrtA-mediated
ligation and SPAAC. CTB was able to transport the RNA into Vero cells, with the RNA-
protein complex remaining intact over 24 h. The complex was initially transported to the
Golgi apparatus, before removal of most of the complex to the lysosome. With the
addition of a C-terminal KDEL to CTB, transport to the ER occurred, and while there
was some removal to the lysosome a greater proportion remained localised to the ER after
24 h. This opened the possibility of oligonucleotide release and escape from the vesicular

system through processing mechanisms within the ER.

Strategies for oligonucleotide release were investigated. Initially, a CTB variant was
produced with a C-terminal extension containing a Cys residue for disulfide formation
and a KDEL for ER targeting, and labelled with a pyridylthio-conjugated modified
oligonucleotide. CTB was able to transport the oligonucleotide into Vero cells, with the
complex showing no cytotoxic effect after 48 h. CTB initially delivered the
oligonucleotide to the ER. After 8 h the oligonucleotide had been released from CTB
within the ER, with some exported to the lysosome after 24 h. This validated the strategy
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for oligonucleotide release, but also highlighted the need for a targeting mechanism to

promote cytosolic or nuclear delivery.

An alternative payload release delivery system was designed based on recognition of
unstructured peptides for translocation to the cytosol by Sec61. Building on the success
of the disulfide release strategy, a CTB construct was designed which would allow
oligonucleotide conjugation to a short, unstructured peptide which was attached to CTB
by a genetically incorporated disulfide. However, labelling was inefficient and this
strategy abandoned.

An alternative method for labelling CTB with peptide-conjugated oligonucleotides was
developed. CTB-KDEL was labelled with modified RNA attached to one of four
unstructured peptides, all predicted to mediate ER translocation by Sec61. The peptide-
RNA conjugates were attached to CTB through hybridisation to a shortened
complementary oligonucleotide, covalently conjugated to the N-termini by SrtA-
mediated ligation and SPAAC. A 13mer was shown as the shortest oligonucleotide to
provide efficient hybridisation. All of the peptide-RNA-protein complexes were able to
travel intact to the ER, and none showed a cytotoxic effect on Vero cells over 48 h.
Unfortunately, none of the complexes released the hybridised oligonucleotide. Only the
a-lactalbumin leader sequence peptide promoted export from the ER, partially localising
to the lysosome after 24 h, possibly because it was recognised as a misfolded protein by

the ERAD system due to its hydrophobicity and targeted for degradation.

This study validated the potential use of CTB as a vector for targeted oligonucleotide
delivery, but further optimisation of the oligonucleotide release mechanism is required
before it could be adapted for clinical use.
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7.2. Discussion and future perspectives

7.2.1. Comments on the methodologies employed during this study
Cultured Vero cells were used for CTB payload delivery experiments, primarily because

263 264

they are easy to handle<®*, naturally display abundant GM1 on their cell surface=®* and
have been previously used for CT-based endocytosis experiments’>264265 \While this
provided an adequate proof of concept system, Vero cells are not a good model for human
disease. Apart from obviously not being a human cell line, they have a 9 Mb genome
deletion resulting in the loss of cyclin-dependent kinase (CDK) inhibitor genes and the

type | interferon genes®3

. The loss of the interferon response, an innate immune response
against viral infections®¥, means their response to foreign oligonucleotides may not be
consistent with the response in vivo, particularly as oligonucleotides are known to activate
innate immune pathways (RNAi* for example). The loss of CDK inhibitors is predicted

to play a role in the immortality of the cell line3%®

, as CDKs promote cell cycle
progression®*, The immortality of the cell also casts potential doubt over results obtained
in the cell line. Most of the targets for disease treatment in humans involve senescent
cells®, and dividing cells behave differently to senescent cells. In particular, access to the
nucleus is significantly increased in dividing cells due to the breakdown of the nuclear
membrane during mitosis, significant for oligonucleotides which require nuclear access
to function. One notable exception to this is oligonucleotide-based cancer treatments*, but
there are many tumorigenic cell lines available. In addition, they are a kidney-derived cell
line, and there are no reports of the kidney currently being targeted for oligonucleotide

therapy.

Separate to the specific cell line, cell culture in general is not a good model for human
disease states. The cells are grown on plastic or glass in a non-contiguous monolayer,
sustained by non-native media possessing few of the signalling molecules present in the
native environment of the cell. The large number of cell divisions undergone mean
mutations are likely to be picked up which could have unpredictable consequences on
results. In addition, Cell behaviour as part of tissues and organs is likely to differ from
that displayed in culture as other cell types are present which can affect their behaviour.
For example, the common type Il diabetes drug Metformin was found to completely halt
replication of hepatitis C virus in cultured Huh-7 cells, allowing the cells to clear the
infection®*, but had no effect during clinical trials. So while a good proof of concept
model for the reasons previously stated, results using cultured Vero cells should be treated
with caution with regard to human disease.
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Fluorescence in situ hybridisation with fixed cells provided an efficient method for
detecting oligonucleotides, clearly showing the location of the oligonucleotides at defined
time points. However, the method does not provide sufficient resolution to determine if
the delivery and release mechanism provided by CTB was partially successful. For
example, if between time-points the oligonucleotide was exported from the ER to the
cytoplasm, but then sequestered and transported to the lysosome, it would remain
undetected and would therefore be assumed not to have occurred. In this case, live cell
imaging represents an improved method for time-resolved visualisation. Live cell
imaging requires the oligonucleotides to be visible, requiring the introduction of a
fluorescent probe into the cells. Methods for introduction of nucleic acid probes into live
cells include microinjection®*, cationic transfection reagents®**, electroporation®® and
toxin-based membrane permeabilisation®#. However, all have the potential to damage the
cells or alter their behaviour, and all require time between the addition of the probe and
visualising hybridisation. If the oligonucleotides remain compartmentalised within
organelles, the probe would not have access to them. This would provide an excellent
indication of oligonucleotide export to the cytosol from organelles, but if they were not
released then no information would be obtained. Binding of a probe would also likely
alter the behaviour of the oligonucleotides, with the pathway requiring subsequent
validation by fixed-cell FISH.

A reporter assay represents an alternative method for detecting the export of
oligonucleotides to the cytosol. A reporter assay could determine oligonucleotide
efficacy, as well as detecting any minor or transient oligonucleotide delivery to the
cytosol undetectable with fixed, stained cells. One such assay, SNAP-trap, has been
developed by Geiger et al.®>. The SNAP-tag protein was expressed in cells from a
transfected plasmid, targeted to the relevant sub-cellular location (the ER and cytosol
were demonstrated). Proteins to be probed were labelled with benzylguanine, a group
which covalently and irreversibly binds to SNAP-tag. If the labelled protein was
transported to the location SNAP-tag was expressed, binding could occur and SNAP-tag
was detected on the isolated protein. This method could be adapted to probe cytosolic

oligonucleotide delivery by labelling the oligonucleotide with benzylguanine.

The SNAP-trap assay is an excellent detection system for oligonucleotide delivery, but it
cannot detect function. Another assay capable of probing both delivery and function has
been designed by Sazani et al.*?* (figure 7.1), based on alternative splicing. The EGFP

coding sequence of a pEGFP expression vector was interrupted with a mutated version of
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the human B-globin intron containing a C654T mutation, one of the causes of
thalassemial?*. This created preferential 5" and 3 aberrant splice sites within the intron,
resulting in retention of a portion of the intron in the mMRNA and expression of non-
fluorescent protein. Hybridisation of an antisense oligonucleotide to the region of the
intron containing the mutation prevented recognition of the aberrant 3’ splice site,
restoring correct pre-mRNA splicing and functional protein expression. Assay results can
be qualitative, using fluorescence microscopy to determine the presence or absence of
functional EGFP, and quantitative, using fluorescence-activated cell sorting (FACS) to

quantify cell fluorescence, as required.

Human -
globin intron c654T
GFP T j GFP | | GFP | - .
Aberrant ~ Antisense .
- A f A f ~ -
Pre-mRNA \ /) splice sites \ N RNA -7
W, W, RN e
Spliced Spliced Spliced
mRNA GFP GFP GFP | GFP

Protein x

Figure 7.1. Antisense intron skipper reporter assay Overview of the antisense intron skipper reporter
assay designed by Sazani et al. in the absence (left) and presence (right) of an antisense oligonucleotide
(purple) binding to the 3’ aberrant splice site (red).

The C654T mutated intron (hereafter termed 1654) was produced by assembly PCR from
18 internal parts (figure 7.2A), and inserted into the pEGFP-C1 vector between
nucleotides 89 and 90 of the EGFP coding sequence by exponential megapriming PCR.
In brief, a 17 nt 3’ extension, complementary to the region of the plasmid immediately
downstream of the insertion site (EGFP nt 90-106), was added to 1654 by PCR
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(figure 7.2B). This “megaprimer” was used as the forward primer for extension of
pEGFP-C1 by PCR, inserting the sequence into the vector (hereafter termed pEGFP-1654;
figure 7.2C). A version of the vector containing the functional wt intron in the same
position (hereafter termed pEGFP-I) was produced by site-directed mutagenesis as a

positive control.
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Figure 7.2. An EGFP-based reporter assay for oligonucleotide delivery A. Production of the 1654 insert
by assembly PCR. B. Production of the extended 1654 megaprimer by PCR. C. Insertion of 1654 into the
EGFP coding sequence of pEGFP-C1 by PCR. D. Plasmid map of the pEGFP-1654 reporter construct, with
EGFP shown in green and the B-globin intron in black. The position of the C654T mutation is highlighted.
Plasmid map generated with SnapGene Viewer software version 3.1.4.
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To test the construct, pEGFP-I, pEGFP-1654 and unmodified pEGFP were used to
transfect Vero cells. After 18 h, cells transfected with the two positive controls had
produced functional EGFP while cells transfected with pEGFP-1654 had not. However,
the mutated intron also had a cytotoxic effect on the cells. This was probably a result of
the constitutive, high-level expression of a misfolded protein, shown to cause
cytotoxicity®"’, due to the transfection of multiple copies of the vector into each cell. The
developers of the assay created stable cell lines containing the plasmid for use in their
assays'?4. It is possible that a single copy of the DNA in the cells did not lead to high
enough expression for cytotoxicity, whereas transient transfection resulted in multiple
copies of the plasmid in each cell, leading to higher expression levels. In addition, stable
cell lines present the opportunity for accurate quantification of oligonucleotide function
and determination of dose dependencies, as every cell contains a consistent number of
copies of the DNA coding sequence under the same regulation. Therefore, creation of a
stable reporter Vero cell line was attempted. Three attempts were made, with increasing
concentrations of G418 (a neomycin analogue) for selection. The greatest concentration
of G418, 1 mg mL?, resulted in complete control cell death after 14 days, but the vector-
treated cells continued to exhibit G418 resistance 21 days after control cell death. The
time scale of the study did not allow further attempts. Development of this assay would
be a matter of priority for future CTB-mediated oligonucleotide delivery studies.

7.2.2. Alternative methods for payload delivery
Disulfide-conjugated RNA was shown to be released from CTB on within the ER, and

the conjugated LACpep was shown to promote export from the ER, although the peptide-
RNA remained hybridised to the RNA-CTB complex. Combining these two approaches,
conjugating LACpep-skipper RNA to CTB by a disulfide bond, could offer a solution
whereby LACpep could promote export of the freed oligonucleotide to the cytosol. If a
Cys residue were incorporated into LACpep at the C-terminus (it requires a free N-
terminus), it could be conjugated to the skipper RNA by SPAAC as previously
(chapter 6). The LACpep Cys would allow conjugation to CTB-CKDEL through
disulfide formation (figure 7.3), using the phenylselenenylsulfide-based method

developed by Gamblin et al.>*3,
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Figure 7.3. An alternative mechanism of targeted delivery and release of LAC-pep-skipper RNA
Reaction scheme describing conjugation of CTB (red) containing a phenylselenenylsulfide group to a
peptide-skipper RNA (purple) conjugate via a disulfide bond (orange). The peptide consists of LAC-pep
(green) and a Cys residue (orange) for disulfide formation, separated by Gly linker residues.

To promote oligonucleotide targeting to the nucleus, the peptide conjugated to the skipper
RNA could be further modified (figure 7.4) to contain a free N-terminal a-lactalbumin
leader sequence, a nuclear localisation sequence (which does not require presence at a
terminus but just surface exposure®?332%) a Cys for disulfide formation and a C-terminal
L-azidolysine for RNA conjugation. This could combine export from the ER with nuclear

targeting, potentially improving the alternative splice activity of the oligonucleotide.
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Figure 7.4. A peptide-RNA-CTB complex for improved targeting upon release A complex of CTB
(red) linked to a peptide-skipper RNA (purple) conjugate via a disulfide bond (orange). The peptide consists
of LACpep (green), an NLS (blue) and a Cys residue (orange) for disulfide formation, separated by Gly
linker residues.
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Endosomal escape offers an alternative potential method for release of payloads to the
cytosol. Fusogenic peptides mediating endosomal escape have been designed based on

membrane-disrupting domains of the influenza virus hemagglutinin HA-2 subunit®*, the

TAT protein of human immunodeficiency virus3*

350

, glycoprotein H of herpes simplex
virus®® and the minor capsid protein of papillomavirus®. In all of these cases, the lower
pH of the endosome results in conformational changes to the peptides, resulting in fusion
with and disruption of the endosomal membrane. Polypeptides derived from bacterial
sources have also been used to promote endosomal escape, including listeriolysin O from
Listeria monocytogenes®®?, domain Il of exotoxin A from Pseudomonas aeruginosa®?
and the T domain of diphtheria toxin from Corynebacterium diphtheria®®*. This last
example is also a pH-dependent fusogenic polypeptide, while the other two are pH-
dependent pore-forming polypeptides. This is not an exhaustive list and many other
examples exist, derived from plants and animals in addition to microorganisms>*°. All of
these examples have been shown to facilitate the delivery of large biologic molecules of
therapeutic potential, including proteins, DNA and oligonucleotides. Fusions of these
peptides with CTB could combine the cell-specific targeting and efficient endocytic
properties of CTB with endosome-specific membrane disruption, allowing the release of
therapeutic payloads into the cytosol. However, due to the high affinity, multi-valent
association of CTB with GM1%3% it is likely CTB would not be released from the
endosomal membrane without severe membrane disruption. In this case, an acid-labile

linker would have to be considered to allow delivery to the cytosol.

7.2.3. Suitability of CTB for clinical use
There are several unmet treatment requirements for diseases which affect cells presenting

GM1 on their surface. Amyotrohic lateral sclerosis®*® and lysosomal storage disorders®®’
are both highly debilitating diseases, with no current cure and limited treatment options,
which affect cells displaying high levels of GM13%®. This marks CTB as an excellent
choice for highly targeted delivery of therapeutics against these diseases. In terms of
safety, recombinant CTB represents a promising delivery vector, having shown no
systemic toxic effects compared to commercial preparations of CTB2*, known to contain
0.1-2% holotoxin contaminant®®. In addition, during this study no obvious cytotoxicity
of Vero cells was detected over 48 h, supporting the designation of recombinant CTB as
non-toxic. However, the effects of long-term exposure to CTB are unclear. If the protein
is not degraded or exported and continues to accumulate with subsequent doses, it may

have a deleterious effect on the organelle in which it accumulates, preventing efficient
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function. Alternatively, the resources required by the cell for processing the protein may
have an inhibitory effect on their native function, either sequestering resources for other
functions or inducing an unsustainably high metabolic state. The apparent increase in cell
viability over 48 h on treatment with RNA-CTB complexes, as determined by MTT assay,
may be an indication of an increased metabolic rate®?132?, lending some support the latter
possibility. As such, in its current state CTB remains unsuitable for transferral to clinical
use. Further, longer-term in vivo studies are required to elucidate the fate of CTB

following endocytosis and the effect this has on the cells.

The methods for protein expression and payload conjugation used for this study require
refinement prior to any clinical use. The protein yields obtained are too low to make
production commercially viable. While the yields could be improved through alternative
cell lings8®230.2312% and conditions, for example use of a fermentor?!, CTB is primarily
secreted into the growth media on overexpression. Extracting the protein from such a high
volume of liquid would be impractical. Similarly, the number and complexity of steps
required for protein labelling mean the transition to production on a scale suitable for a
drug is unlikely at present. Significant improvements in these areas are required for CTB

to be transferrable to the clinic.

Finally, and perhaps most importantly, CTB administration has the potential to cause an
immune response, both against itself and against the therapeutic molecule it carries. It has
been known since the 1930s that conjugating small molecules to a non-native carrier
protein can illicit an immune response in animals®°2%2_ Additionally, there are many
examples of protein-based therapeutics resulting in an undesirable immune response®*
35 hoth endangering the patient and rendering the protein less effective as a therapeutic.
Both CTB%359366-368 gnd the holotoxin®%36°-371 have been used as adjuvants in vaccines,
although contradictory evidence suggests recombinant CTB is considerably less
effective®°39372 and cite CTA impurity as the cause of any adjuvant effects. However,
CTB coupled to foreign antigens either chemically or genetically have been shown to
induce an immune response against the attached antigen®?°*%, so reducing or negating

any immune response is key to the use of CTB as a delivery vector.

Suppression or modulation of the immune system has shown some promise in improving
gene therapy by preventing the destruction of immunogenic vectors®”3. However, this
carries the risk of opportunistic infection and should be avoided if alternative methods
are available. N-terminal extensions to CTB have been shown to mitigate
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immunogenicity®®, convenient as current methods for efficient SrtA-mediated ligation

require N-terminal labelling®®!.

Creation of hybrid molecules which contain groups that promote immune evasion have

shown some promise. Conjugation of polyethylene glycol (PEG; figure 7.5A) has been

374 375

shown to mitigate the immune response to proteins®®, adenoviral vectors®”™ and

nanoparticles®®

, without loss of function, by masking antigenic features with the non-
immunogenic PEG. This could be adapted for CTB, using PEG containing NHS ester or
isothiocyanate functional groups to non-specifically coat the protein at surface-exposed
Lys residues. Other methods of immune evasion without loss of function include the
fusion of immunogenic proteins to the Gly-Ala repeat (GAr) domain from the Epstein-
Barr virus nuclear antigen-1, which prevents epitope generation in T-lymphocytes®’’, or
conjugation to mannosamine-biotin adducts through exposed Lys residues®’
(figure 7.5B), resulting in a masking effect similar to PEG. Both could potentially be
applied to CTB, either through genetic incorporation in the case of the former, or
conjugation to surface-exposed Lys residues for the latter. However, expression of a
CTB-GAr fusion protein is unlikely due to the size of the GAr domain (239 residues).
While antigen masking has been very successful, PEG and mannosamine-biotin masking
both require high degrees of surface coverage to provide immune protection. This could

prove problematic if there are insufficient available residues for conjugation on CTB.

Perhaps the most elegant method for immune evasion involves the display of CD22
receptor ligands®® (figure 7.5C). These synthetic glycans were displayed on the surface
of liposomes bearing antigenic peptides, and induced apoptosis in B-cells recognising the
antigens through binding to the CD22 coreceptor, which regulates B-cell activity. This
resulted in antigen-specific tolerance to protein antigens in vitro and in vivo, preventing
an immune response on re-administration of similar antigens. If this could be adapted for
use with CTB, it could solve any potential problems with immunogenicity and enable its

effective use in clinical applications using the methods described in this study.
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Figure 7.5. Molecules adapted for immune evasion Chemical structures of A. PEG, B. mannosamine-
biotin adduct, and C. the CD22 receptor ligand.
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Chapter 8: Appendix

8.1. Oligonucleotides

The following oligonucleotides were used during this study (m = 2'-OMe; * =

phosphorothioate backbone).

Nomenclature

(protein)

Sequence (5’ —3")

Y5 (Apep-CTB)

CTGTTCAGGCGCATGCAGGAGGTGGCGCACCGCCGGGTTGTGGGAATGCTCCAAGA
TCATCGGAAAAC

Z5 (Apep-CTB)

CCACCTCCGGTTTTTTCATCGCAAGTATTACTCATGCTCTGAAAGTACAGGTTTTCCG
ATGATCTTGG

Al (GGG-CTB,
CTB-KDEL, CTB-
PKC11, CTB-
CKDEL, CTB-

Apep)

CTGTTCAGGCGCATGCAGGAGGTGGCACTCCTCAAAATATTACTGATTTGTGCGCAG
AATACCACAACAC

A5 (Apep-CTB)

GAAAAAACCGGAGGTGGCGCTCCTCAAAATATTACTGATTTGTGCGCAGAATACCA
CAACAC

B1 (GGG-CTB,
CTB-KDEL, CTB-
PkC11, CTB-
CKDEL, Apep-
CTB, CTB-Apep)

CTCTTTTTCCCGCTAGCGATTCTGTATACGAAAAGATCTTATCATTTAGCGTATATAT
TTGTGTGTTGTGGTATTCTGCG

C1 (GGG-CTB,
CTB-KDEL, CTB-
PkC11, CTB-
CKDEL, Apep-
CTB, CTB-Apep)

GCTAGCGGGAAAAAGAGAGATGGCTATCATTACTTTTAAGAATGGTGCAATTTTTCA
AGTAGAGGTACCAGGTAGTC
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D1 (GGG-CTB,
CTB-KDEL, CTB-
PkC11, CTB-
CKDEL, Apep-
CTB, CTB-Apep)

GCAATCCTCAGGGTATCCTTCATACGTTCGATTGCCTTTTTTTGTGAATCTATATGTT
GACTACCTGGTACCTCTACTTG

El (GGG-CTB,
CTB-KDEL, CTB-
PkC11, CTB-
CKDEL, Apep-
CTB, CTB-Apep)

GATACCCTGAGGATTGCATATCTTACTGAAGCTAAAGTCGAAAAGTTATGTGTATGG
AATAATAAA

F1 (GGG-CTB)

CCTGCAGGGAAAACTTAGTTTGCCATACTAATTGCGGCGATCGCATGAGGCGTTTTA
TTATTCCATACACATAA

F2 (CTB-KDEL,
Apep-CTB)

CCTGCAGGGAAAACTTACAGTTCATCTTTGTTTGCCATACTAATTGCGGCGATCGCA
TGAGGCGTTTTATTATTCCATACACATAA

F3 (CTB-PkC11,
CTB-CKDEL)

CTAATTGCGGCGATCGCATGAGGCGTTTTATTATTCCATACACATAA

F6 (CTB-Apep)

GTGCGTTACCGCCATTGTTTGCCATACTAATTGCGGCGATCGCATGAGGCGTTTTAT
TATTCCATACACATAA

G3 (CTB-PKC11)

CGATCGCCGCAATTAGTATGGCAAACGGAAAGCCGATCCCAAACCCTTTG

G4 (CTB-CKDEL)

CGATCGCCGCAATTAGTATGGCAAACAACGGCAGCGGGAACTGCAACGGC

G6 (CTB-Apep)

CAATGGCGGTAACGCACCGCCGGGTTGTGGGAATGCTCCAAGATCATCGGAAAACC
TGTACTTTCAGG

H3 (CTB-PkC11)

CCTGCAGGGAAAACTTAGGTGGAGTCGCATCCCAGCAAAGGGTTTGGGATCG

H4 (CTB-CKDEL)

CCTGCAGGGAAAACTTACAGTTCATCTTTATTGCCACTGCCGTTGCAGTTCCC

H6 (CTB-Apep)

CCTGCAGGGAAAACTTAGGTTTTTTCATCGCAAGTATTACTCATGCCACCTCCCTGA
AAGTACAGGTTTTC
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FT1 (GGG-CTB,
CTB-KDEL, CTB-

PkC11, CTB- CATGCGCCTGAACAG

CKDEL, Apep-

CTB, CTB-Apep)

RT1 (GGG-CTB,

CTB-PkC11, CTB- | CCTGCAGGGAAAACTTAG

Apep)

RT2 (CTB-KDEL,

CTB-CKDEL, CCTGCAGGGAAAACTTAC

Apep-CTB)

A5 (1654) CTGACCCTTAAGTGAGTCTATGGGACCCTTGATGTTTTCTTTCCCCTTCTTTTCTATG

BS (1654) TAAACTGTACCCTGTTACTTCTCCCCTTCCTATGACATGAACTTAACCATAGAAAAG
AAGGGGAAA

C5 (1654) GTAACAGGGTACAGTTTAGAATGGGAAACAGACGAATGATTGCATCAGTGTGGAAG
TCTCAGGATC

D5 (1654) TAAACAAAAGAAAACAATTGTTATGAACAGCAAATAAAAGAAACTAAAACGATCCT
GAGACTTCCAC

£S5 (1654) ACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTAC
TATTATAC

F5 (1654) GTATCTCAGAGATATTTCCTTTTGTTATACACAATGTTAAGGCATTAAGTATAATAG
TAAAAATTGCG

G5 (1654) GGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCT
AGTACATTA

H5 (1654) AGTAGGGAGATTATGAATATGCAAATAAGCACACATATATTCCAAATAGTAATGTA
CTAGGCAGACT

15 (1654) TATTCATAATCTCCCTACTTTATTTTCTTTTATTTTTAATTGATACATAATCATTATAC
ATATTTATG
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TGATTTGGTCAATATGTGTACACATATTAAAACATTACACTTTAACCCATAAATATG

J5 (1654)
TATAATGATTAT

K5 (1654) ACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTT
CTTTTAATAT

L5 (1654) AAGAAAGAGATTAGGGAAAGTATTAGAAATAAGATAAACAAAAAAGTATATTAAA
AGAAGAAAGCATT

M5 (1654) TTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCATGCCTCTTTGCA
CCATTCTA

N (1654) GCAGAAATATTGCTATTACCTTAACCCAGAAATTATCACTGTTATTCTTTAGAATGG
TGCAAAGAGG

05 (1654) GTAATAGCAATATTTCTGCATATAAATATTTCTGCATATAAATTGTAACTGATGTAA
GAGGTTTCA

P5 (1654) ATAAAATAAAAGCAGAATGGTAGCTGGATTGTAGCTGCTATTAGCAATATGAAACC
TCTTACATCAG

05 (1654) CCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAG
GCCCTTTTG

RS (1654) GATGAACTTAAGCTGTGGGAGGAAGATAAGAGGTATGAACATGATTAGCAAAAGG
GCCTAGCTTG

FT5 (1654) CTGACCCTTAAGTGAGT

RT5 (1654) GATGAACTTAAGCTGTGG

OEP F1 (1654) GTGAGTCTATGGGACCCTTG

OEP R1 (1654)

CCTCGCCCTCGCCGGACCTGTGGGAGGAAGATAAGAGG
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OEP R2 (1654) ACGCTGAACTTGTGGCCGTTTAC

SDM T654C F
(1654) CAGTGATAATTTCTGGGTTAAGGCAATAGCAATATTTCTGC
SDM T654C R
(1654) GCAGAAATATTGCTATTGCCTTAACCCAGAAATTATCACTG

Seql (pSAB2.2) GGCAAATATTCTGAAATGAGC

Seq2 F (pEGFP-
Cl)

CGTGTACGGTGGGAGGTC

Seq2 R (pEGFP-
Cl)

CAGGTTCAGGGGGAGGTG

Intron skipper RNA | mG*mC*mU*mA*mU*mU*mA*mC*mC*mU*mU*mA*mA*mC*mC*mC*mA*mG

Complement RNA | mC*mU*mG*mG*mG*mU*mU*mA*mA*mG*mG*mU*mA*mA*mU*mA*mG*mC

11mer complement
RNA

mC*MU*mG*mG*mG*mU*mU*mA*mA*mG*mG

12mer complement
RNA

mC*mU*mG*mG*mG*mU*mU*mA*mA*mG*mG*mU

13mer complement
RNA

mC*MU*mG*mG*mG*mU*mU*mA*mA*mG*mG*mU*mA
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8.2. Plasmid sequences

8.2.1. pSAB2.2 (including wt CTB)
The pSAB2.2 plasmid containing wt CTB was provided by J. Ross (University of Leeds),

derived from the pMAL-p5x plasmid available from NEB. This plasmid was used to
express all CTB variants. CTB is shown with red text, the periplasmic leader sequence
with purple text, and the Sphl and Pstl restriction sites used for sub-cloning by yellow

and green highlighting, respectively.

CCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAA
GAGAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGA
GTATGCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGT
TTCTGCGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATT
CCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGC
CACCTCCAGTCTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTC
GCGCCGATCAACTGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTC
GAAGCCTGTAAAGCGGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGAT
CATTAACTATCCGCTGGATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTA
ATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGACACCCATCAACAGTATTATTT
TCTCCCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCAC
CAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTG
GCTGGCTGGCATAAATATCTCACTCGCAATCAAATTCAGCCGATAGCGGAACGGGA
AGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGAATGAGG
GCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATG
CGCGCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATATTTCGGTAGTGGGATA
CGACGATACCGAAGACAGCTCATGTTATATCCCGCCGTTAACCACCATCAAACAGG
ATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGC
CAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCA
CCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGC
AGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTA
ATGTAAGTTAGCTCACTCATTAGGCACAATTCTCATGTTTGACAGCTTATCATCGAC
TGCACGGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGAAGCTGTGGTATGGC
TGTGCAGGTCGTAAATCACTGCATAATTCGTGTCGCTCAAGGCGCACTCCCGTTCTG
GATAATGTTTTTTGCGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGCT
GTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATT
TCACACAGGAAACAGCCAGTCCGTTTAGGTGTTTTCACGAGCAATTGACCAACAAG
GACCATAGATTATGAGCTTTAAGAAAATTATCAAGGCATTTGTTATCATGGCTGCTT
TGGTATCTGTTCAGGCGCATGCAGGAGGTGGCACTCCTCAAAATATTACTGATTTGT
GCGCAGAATACCACAACACACAAATATATACGCTAAATGATAAGATCTTTTCGTAT
ACAGAATCGCTAGCGGGAAAAAGAGAGATGGCTATCATTACTTTTAAGAATGGTGC
AATTTTTCAAGTAGAGGTACCAGGTAGTCAACATATAGATTCACAAAAAAAAGCGA
TTGAAAGGATGAAGGATACCCTGAGGATTGCATATCTTACTGAAGCTAAAGTCGAA
AAGTTATGTGTATGGAATAATAAAACGCCTCATGCGATCGCCGCAATTAGTATGGC
AAACTAAGTTTTCCECTGCAGGTAATTAAATAAGCTTCAAATAAAACGAAAGGCTCA
GTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAG
TAGGACAAATCCGCCGGGAGCGGATTTGAACGTTGCGAAGCAACGGCCCGGAGGG
TGGCGGGCAGGACGCCCGCCATAAACTGCCAGGCATCAAATTAAGCAGAAGGCCA
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TCCTGACGGATGGCCTTTTTGCGTTTCTACAAACTCTTTCGGTCCGTTGTTTATTTTT
CTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTC
AATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATT
CCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAA
GTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCT
CAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTCCCAATGATGA
GCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTGACGCCGGGCAAG
AGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCA
GTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGC
CATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGAC
CGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGAT
CGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGA
TGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACT
CTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACC
ACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGG
TGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCC
GTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGA
CAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGT
TTACTCATATATACTTTAGATTGATTTCCTTAGGACTGAGCGTCAACCCCGTAGAAA
AGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAA
CAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACT
CTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTA
GTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCT
CGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTAC
CGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACG
GGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGAT
ACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGA
CAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCA
GGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAG
CGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAA
CGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCT
GCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACC
GCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAG
AGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATAT
AAGGTGCACTGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGA
CGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCG
TCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGG
CAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGCAGCGATTCACAGATGTCTGCCTG
TTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGAT
AAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTA
AGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCA
CGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAA
CAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAATGCC
AGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCG
ATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTA
CGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGC
AGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAA
GGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACC
CGTGGCCAGGACCCAACGCTGCCCGAAATT
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8.2.2. pET28a (including SrtA)
The pET28a plasmid containing SrtA was provided by D. Williamson (University of

Leeds), derived from the pET28a plasmid available from NEB. This plasmid was used to
express SrtA-Hise. SrtA-Hise is shown with red text and the Ndel and EcoRl restriction

sites used for sub-cloning by yellow and green highlighting, respectively.

TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTA
CGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCT
TCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGC
TCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATT
AGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGA
CGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCA
ACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTG
GTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAA
CGTTTACAATTTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTT
TATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTAGAAAAAC
TCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATAT
TTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAG
GATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAAC
CTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTG
ACGACTGAATCCGGTGAGAATGGCAAAAGTTTATGCATTTCTTTCCAGACTTGTTCA
ACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGCATCAACCAAACCGTTATT
CATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAAT
TACAAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCCAGCGCATCAACAAT
ATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTCCCGGGGAT
CGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCG
GAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAACATCAT
TGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCAT
ACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACC
CATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCC
CGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTT
ATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCC
CGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTG
CTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGC
TACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACT
GTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCT
ACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCG
TGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGG
CTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAA
CTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAA
AGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGG
AGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCT
GACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAAC
GCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATG
TTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAG
CTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGA
AGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACA
CCGCATATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAG
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TATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCA
ACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACA
AGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGA
AACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACA
GATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGT
CTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGA
TGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAG
AGAGGATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGT
TGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTC
AGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAG
CAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGT
TTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCG
CAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCT
GCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCAC
GATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGA
AACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCC
GAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGC
CGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAG
ACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGA
CTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGC
TAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCG
TGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGG
GCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCA
CCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGG
CGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGT
ATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAA
TGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGA
ACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCA
GTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCA
GCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCG
ATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCA
TGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGC
CGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGAT
AGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTA
CAGGCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTG
ATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGAC
TGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACG
CGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTC
GCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACAC
CGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATT
GACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGG
TGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAGT
AGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGA
TGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAA
GCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGAT
ATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGG
CGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAAT
TGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
ATATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGC
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GCGGCAGCCATATGAAACCACATATCGATAATTATCTTCACGATAAAGATAAAGAT
GAAAAGATTGAACAATATGATAAAAATGTAAAAGAACAGGCGAGTAAAGATAAAA
AGCAGCAAGCTAAACCTCAAATTCCGAAAGATAAATCGAAAGTGGCAGGCTATATT
GAAATTCCAGATGCTGATATTAAAGAACCAGTATATCCAGGACCAGCAACACCTGA
ACAATTAAATAGAGGTGTAAGCTTTGCAGAAGAAAATGAATCACTAGATGATCAA
AATATTTCAATTGCAGGACACACTTTCATTGACCGTCCGAACTATCAATTTACAAAT
CTTAAAGCAGCCAAAAAAGGTAGTATGGTGTACTTTAAAGTTGGTAATGAAACACG
TAAGTATAAAATGACAAGTATAAGAGATGTTAAGCCTACAGATGTAGGAGTTCTAG
ATGAACAAAAAGGTAAAGATAAACAATTAACATTAATTACTTGTGATGATTACAAT
GAAAAGACAGGCGTTTGGGAAAAACGTAAAATCTTTGTAGCTACAGAAGTCAAAT
AATCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCAC
CACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGC
CACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGG
GTTTTTTGCTGAAAGGAGGAACTATATCCGGAT

8.2.3. pET28a (including SrtA-CBD)
The pET28a plasmid containing SrtA was provided by M. Balmforth (University of

Leeds), derived from the pET28a plasmid available from NEB. This plasmid was used to
express SrtA-CBD. SrtA-CBD is shown with red text.

TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTA
CGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCT
TCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGC
TCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATT
AGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGA
CGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCA
ACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTG
GTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAA
CGTTTACAATTTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTT
TATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTAGAAAAAC
TCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATAT
TTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAG
GATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAAC
CTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTG
ACGACTGAATCCGGTGAGAATGGCAAAAGTTTATGCATTTCTTTCCAGACTTGTTCA
ACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGCATCAACCAAACCGTTATT
CATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAAT
TACAAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCCAGCGCATCAACAAT
ATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTCCCGGGGAT
CGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCG
GAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAACATCAT
TGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCAT
ACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACC
CATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCC
CGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTT
ATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCC
CGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTG
CTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGC
TACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACT
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GTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCT
ACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCG
TGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGG
CTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAA
CTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAA
AGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGG
AGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCT
GACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAAC
GCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATG
TTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAG
CTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGA
AGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACA
CCGCATATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAG
TATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCA
ACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACA
AGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGA
AACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACA
GATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGT
CTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGA
TGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAG
AGAGGATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGT
TGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTC
AGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAG
CAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGT
TTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCG
CAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCT
GCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCAC
GATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGA
AACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCC
GAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGC
CGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAG
ACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGA
CTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGC
TAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCG
TGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGG
GCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCA
CCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGG
CGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGT
ATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAA
TGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGA
ACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCA
GTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCA
GCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCG
ATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCA
TGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGC
CGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGAT
AGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTA
CAGGCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTG
ATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGAC
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TGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACG
CGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTC
GCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACAC
CGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATT
GACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGG
TGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAGT
AGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGA
TGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAA
GCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGAT
ATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGG
CGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAAT
TGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
ATATACATATGCACCATCATCATCATCATTCTTCTGGTACCGAGAACTTGtACTTCCA
ATCCATGACAAATCCTGGTUtATCCGCTTGGCAGGTCAACACAGCTTATACTGCGGG
ACAATTGGTCACATATAACGGCAAGACGTATAAATGTTTGCAGCCCCACACCTCCT
TGGCAGGATGGGAACCATCCAACGTTCCTGCCTTGTGGCAGCTTCAAGGTAACAAT
AACAACAACAATAACAATGGCAAACCACATATCGATAATTATCTTCACGATAAAGA
TAAAGATGAAAAGATTGAACAATATGATAAAAATGTAAAAGAACAGGCGAGTAAA
GATAAAAAGCAGCAAGCTAAACCTCAAATTCCGAAAGATAAATCGAAAGTGGCAG
GCTATATTGAAATTCCAGATGCTGATATTAAAGAACCAGTATATCCAGGACCAGCA
ACACCTGAACAATTAAATAGAGGTGTAAGCTTTGCAGAAGAAAATGAATCACTAG
ATGATCAAAATATTTCAATTGCAGGACACACTTTCATTGACCGTCCGAACTATCAAT
TTACAAATCTTAAAGCAGCCAAAAAAGGTAGTATGGTGTACTTTAAAGTTGGTAAT
GAAACACGTAAGTATAAAATGACAAGTATAAGAGATGTTAAGCCTACAGATGTAG
GAGTTCTAGATGAACAAAAAGGTAAAGATAAACAATTAACATTAATTACTTGTGAT
GATTACAATGAANAGACAGGCGTTTGGGAAAAACGTAAAATCTTTGTAGCTACAGA
AGTCAAATAACAGTAAAGGTGGATACGGATCCGAATTCGAGCTCCGTCGACAAGCT
TGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAG
CCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCC
CTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATC
CGGAT

8.2.4. pMAL-c5x (containing TEV protease)
The pMAL-c5x plasmid containing TEV protease was provided by D. Williamson

(University of Leeds), derived from the pMAL-c5x plasmid available from NEB. This
plasmid was used to express MBP-TEV protease. MBP-TEV protease is shown with red
text and the BamHI and Pstl restriction sites used for sub-cloning by yellow and green
highlighting, respectively.

CCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAA
GAGAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGA
GTATGCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGT
TTCTGCGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATT
CCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGC
CACCTCCAGTCTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTC
GCGCCGATCAACTGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTC
GAAGCCTGTAAAGCGGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGAT
CATTAACTATCCGCTGGATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTA
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ATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGACACCCATCAACAGTATTATTT
TCTCCCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCAC
CAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTG
GCTGGCTGGCATAAATATCTCACTCGCAATCAAATTCAGCCGATAGCGGAACGGGA
AGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGAATGAGG
GCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATG
CGCGCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATATTTCGGTAGTGGGATA
CGACGATACCGAAGACAGCTCATGTTATATCCCGCCGTTAACCACCATCAAACAGG
ATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGC
CAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCA
CCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGC
AGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTA
ATGTAAGTTAGCTCACTCATTAGGCACAATTCTCATGTTTGACAGCTTATCATCGAC
TGCACGGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGAAGCTGTGGTATGGC
TGTGCAGGTCGTAAATCACTGCATAATTCGTGTCGCTCAAGGCGCACTCCCGTTCTG
GATAATGTTTTTTGCGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGCT
GTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATT
TCACACAGGAAACAGCCAGTCCGTTTAGGTGTTTTCACGAGCAATTGACCAACAAG
GACCATAGATTATGAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGAT
AAAGGCTATAACGGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAA
TTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAGGTTGCG
GCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGGCTA
CGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGC
TGTATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGA
TCGCTGTTGAAGCGTTATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCA
AAAACCTGGGAAGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGA
GCGCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGCTGCTG
ACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGG
CGTGGATAACGCTGGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAA
ACAAACACATGAATGCAGACACCGATTACTCCATCGCAGAAGCTGCCTTTAATAAA
GGCGAAACAGCGATGACCATCAACGGCCCGTGGGCATGGTCCAACATCGACACCA
GCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTTCAAGGGTCAACCATCCAAA
CCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAGTCCGAACAAAGAGCT
GGCAAAAGAGTTCCTCGAAAACTATCTGCTGACTGATGAAGGTCTGGAAGCGGTTA
ATAAAGACAAACCGCTGGGTGCCGTAGCGCTGAAGTCTTACGAGGAAGAGTTGGT
GAAAGATCCGCGTATTGCCGCCACTATGGAAAACGCCCAGAAAGGTGAAATCATG
CCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAAC
GCCGCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTAATTC
GAGCTCGAACAACAACAACAATAACAATAACAACAACCTCGGGATCGAGGGAAGG
ATTTCACATATGTCCATGGGCGGCCGCGATATCGTCGACGGATCCGGAAAAAGCTT
GTTTAAGGGGCCGCGTGATTACAACCCGATATCGAGCACCATTTGTCATTTGACGA
ATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGATTTGGTCCCTTCATCA
TTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTA
CATGGTGTATTCAAGGTCAAGAACACCACGACTTTGCAACAACACCTCATTGATGG
GAGGGACATGATAATTATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAAAGCT
GAAATTTAGAGAGCCACAAAGGGAAGAACGCATATGTCTTGTTACAACCAACTTCC
AAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTG
ATGGCATATTCTGGAAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCA
TTAGTATCAACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATCGAATTTCACC
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AACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAAA
TCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATTAAATGCTGACTCAGTATTGT
GGGGGGGCCATAAAGTTTTCATGCCGAAACCTGAAGAGCCTTTTCAGCCAGTTAAG
GAAGCGACTCAACTCATGAATCGTCGTCGCCGTCGCTAATAAGGACTGCAGGTAAT
TAAATAAGCTTCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTT
ATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCGGA
TTTGAACGTTGCGAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAA
ACTGCCAGGCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTTTGCGTT
TCTACAAACTCTTTCGGTCCGTTGTTTATTTTTCTAAATACATTCAAATATGTATCCG
CTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTAT
GAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCT
GTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGG
TGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTT
TTCGCCCCGAAGAACGTTTCCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCG
CGGTATTATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTAT
TCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGG
CATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGG
CCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCAC
AACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGC
CATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGC
GCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGAC
TGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGG
CTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGC
AGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGA
GTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTG
ATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTC
CTTAGGACTGAGCGTCAACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTT
TTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTG
GTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGC
AGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTT
CAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGC
TGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTAC
CGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTT
GGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGC
GCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCG
GAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAG
TCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGG
GGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCT
TTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAA
CCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGC
GCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTT
ACGCATCTGTGCGGTATTTCACACCGCATATAAGGTGCACTGTGACTGGGTCATGG
CTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTC
CCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAG
GTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGT
GGTCGTGCAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTT
TCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTT
TTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTA
ATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAAC
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ATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGG
GACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGG
TGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGC
AGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATT
CATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCG
CGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGT
CCTCAACGACAGGAGCACGATCATGCGCACCCGTGGCCAGGACCCAACGCTGCCCG
AAATT

8.3. Protein sequences

All DNA sequences are given in the 5’ — 3’ direction, beginning with the 5’ restriction site
and ending with the 3’ restriction site. The coding sequence for the protein is shown with
red text. All amino acid sequences are given in the N-terminal — C-terminal direction,

showing the expressed protein sequence.

8.3.1. GGG-CTB

8.3.1.1. DNA insert sequence

GCATGCAGGAGGTGGCACTCCTCAAAATATTACTGATTTGTGCGCAGAATACCACA
ACACACAAATATATACGCTAAATGATAAGATCTTTTCGTATACAGAATCGCTAGCG
GGAAAAAGAGAGATGGCTATCATTACTTTTAAGAATGGTGCAATTTTTCAAGTAGA
GGTACCAGGTAGTCAACATATAGATTCACAAAAAAAAGCGATTGAAAGGATGAAG
GATACCCTGAGGATTGCATATCTTACTGAAGCTAAAGTCGAAAAGTTATGTGTATG
GAATAATAAAACGCCTCATGCGATCGCCGCAATTAGTATGGCAAACTAAGTTTTCC
CTGCAG

8.3.1.2. Expressed amino acid sequence

GGGTPQNITDLCAEYHNTQIYTLNDKIFSYTESLAGKREMAIITFKNGAIFQVEVPGSQHI
DSQKKAIERMKDTLRIAYLTEAKVEKLCVWNNKTPQAIAAISMAN

8.3.2. CTB-KDEL

8.3.2.1. DNA insert sequence

GCATGCAGGAGGTGGCACTCCTCAAAATATTACTGATTTGTGCGCAGAATACCACA
ACACACAAATATATACGCTAAATGATAAGATCTTTTCGTATACAGAATCGCTAGCG

GGAAAAAGAGAGATGGCTATCATTACTTTTAAGAATGGTGCAATTTTTCAAGTAGA
GGTACCAGGTAGTCAACATATAGATTCACAAAAAAAAGCGATTGAAAGGATGAAG
GATACCCTGAGGATTGCATATCTTACTGAAGCTAAAGTCGAAAAGTTATGTGTATG

GAATAATAAAACGCCTCATGCGATCGCCGCAATTAGTATGGCAAACAAAGATGAA

CTGTAAGTTTTCCCTGCAG

8.3.2.2. Expressed amino acid sequence

GGGTPQNITDLCAEYHNTQIYTLNDKIFSYTESLAGKREMAIITFKNGAIFQVEVPGSQHI
DSQKKAIERMKDTLRIAYLTEAKVEKLCVWNNKTPHAIAAISMANKDEL
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8.3.3. CTB(K43C)

8.3.3.1. DNA insert sequence

GCATGCAGGAGGTGGCACTCCTCAAAATATTACTGATTTGTGCGCAGAATACCACA
ACACACAAATATATACGCTAAATGATAAGATCTTTTCGTATACAGAATCGCTAGCG
GGAAAAAGAGAGATGGCTATCATTACTTTTTGCAATGGTGCAATTTTTCAAGTAGA
GGTACCAGGTAGTCAACATATAGATTCACAAAAAAAGGCAATCGAACGTATGAAG

GATACCCTGAGGATTGCATATCTTACTGAAGCTAAAGTCGAAAAGTTATGTGTATG

GAATAATAAAACGCCTCATGCGATCGCCGCAATTAGTATGGCAAACAAAGATGAA

CTGTAAGTTTTCCCTGCAG

8.3.3.2. Expressed amino acid sequence

GGGTPQNITDLCAEYHNTQIYTLNDKIFSYTESLAGKREMAIITFCNGAIFQVEVPGSQHI
DSQKKAIERMKDTLRIAYLTEAKVEKLCVWNNKTPHAIAAISMANKDEL

8.3.4. CTB(S55C)

8.3.4.1. DNA insert sequence

GCATGCAGGAGGTGGCACTCCTCAAAATATTACTGATTTGTGCGCAGAATACCACA
ACACACAAATATATACGCTAAATGATAAGATCTTTTCGTATACAGAATCGCTAGCG
GGAAAAAGAGAGATGGCTATCATTACTTTTAAGAATGGTGCAATTTTTCAAGTAGA
GGTACCAGGTTGCCAACATATAGATTCACAAAAAAAGGCAATCGAACGTATGAAG

GATACCCTGAGGATTGCATATCTTACTGAAGCTAAAGTCGAAAAGTTATGTGTATG

GAATAATAAAACGCCTCATGCGATCGCCGCAATTAGTATGGCAAACAAAGATGAA

CTGTAAGTTTTCCCTGCAG

8.3.4.2. Expressed amino acid sequence

GGGTPQNITDLCAEYHNTQIYTLNDKIFSYTESLAGKREMAIITFKNGAIFQVEVPGCQH
IDSQKKAIERMKDTLRIAYLTEAKVEKLCVWNNKTPHAIAAISMANKDEL

8.3.5. CTB-PkC11

8.3.5.1. DNA insert sequence

GCATGCAGGAGGTGGCACTCCTCAAAATATTACTGATTTGTGCGCAGAATACCACA
ACACACAAATATATACGCTAAATGATAAGATCTTTTCGTATACAGAATCGCTAGCG
GGAAAAAGAGAGATGGCTATCATTACTTTTAAGAATGGTGCAATTTTTCAAGTAGA
GGTACCAGGTAGTCAACATATAGATTCACAAAAAAAGGCAATCGAACGTATGAAG
GATACCCTGAGGATTGCATATCTTACTGAAGCTAAAGTCGAAAAGTTATGTGTATG
GAATAATAAAACGCCTCATGCGATCGCCGCAATTAGTATGGCAAACGGAAAGCCG
ATCCCAAACCCTTTGCTGGGATGCGACTCCACCTAAGTTTTCCCTGCAG

8.3.5.2. Expressed amino acid sequence

GGGTPQONITDLCAEYHNTQIYTLNDKIFSYTESLAGKREMAIITFKNGAIFQVEVPGSQHI
DSQKKAIERMKDTLRIAYLTEAKVEKLCVWNNKTPHAIAAISMANGKPIPNPLLGCDST
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8.3.6. CTB-CKDEL

8.3.6.1. DNA insert sequence

GCATGCAGGAGGTGGCACTCCTCAAAATATTACTGATTTGTGCGCAGAATACCACA
ACACACAAATATATACGCTAAATGATAAGATCTTTTCGTATACAGAATCGCTAGCG
GGAAAAAGAGAGATGGCTATCATTACTTTTAAGAATGGTGCAATTTTTCAAGTAGA
GGTACCAGGTAGTCAACATATAGATTCACAAAAAAAGGCAATCGAACGTATGAAG

GATACCCTGAGGATTGCATATCTTACTGAAGCTAAAGTCGAAAAGTTATGTGTATG
GAATAATAAAACGCCTCATGCGATCGCCGCAATTAGTATGGCAAACAACGGCGGG

AACTGCAACGGCGGCAATAAAGATGAACTGTAAGTTTTCCCTGCAG

8.3.6.2. Expressed amino acid sequence

GGGTPQNITDLCAEYHNTQIYTLNDKIFSYTESLAGKREMAIITFKNGAIFQVEVPGSQHI
DSQKKAIERMKDTLRIAYLTEAKVEKLCVWNNKTPHAIAAISMANNGSGNCNGSGNK
DEL

8.3.7. Apep-CTB

8.3.7.1. DNA insert sequence

GCATGCAGGAGGTGGCGCACCGCCGGGTTGTGGGAATGCTCCAAGATCATCGGAA
AACCTGTACTTTCAGAGCATGAGTAATACTTGCGATGAAAAAACCGGAGGTGGCGC
TCCTCAAAATATTACTGATTTGTGCGCAGAATACCACAACACACAAATATATACGC
TAAATGATAAGATCTTTTCGTATACAGAATCGCTAGCGGGAAAAAGAGAGATGGCT
ATCATTACTTTTAAGAATGGTGCAATTTTTCAAGTAGAGGTACCAGGTAGTCAACAT
ATAGATTCACAAAAAAAAGCGATTGAAAGGATGAAGGATACCCTGAGGATTGCAT
ATCTTACTGAAGCTAAAGTCGAAAAGTTATGTGTATGGAATAATAAAACGCCTCAT
GCGATCGCCGCAATTAGTATGGCAAACAAAGATGAACTGTAAGTTTTCCCTGCAG

8.3.7.2. Expressed amino acid sequence

GGGAPPGCGNAPRSSENLYFQSMSNTCDEKTGGGAPQNITDLCAEYHNTQIYTLNDKIF
SYTESLAGKREMAIITFKNGAIFQVEVPGSQHIDSQKKAIERMKDTLRIAYLTEAKVEKL
CVWNNKTPHAIAAISMANKDEL

8.3.8. CTB-Apep

8.3.8.1. DNA insert sequence

GCATGCAACTCCTCAAAATATTACTGATTTGTGCGCAGAATACCACAACACACAAA
TATATACGCTAAATGATAAGATCTTTTCGTATACAGAATCGCTAGCGGGAAAAAGA
GAGATGGCTATCATTACTTTTAAGAATGGTGCAATTTTTCAAGTAGAGGTACCAGG
TAGTCAACATATAGATTCACAAAAAAAGGCAATCGAACGTATGAAGGATACCCTG
AGGATTGCATATCTTACTGAAGCTAAAGTCGAAAAGTTATGTGTATGGAATAATAA
AACGCCTCATGCGATCGCCGCAATTAGTATGGCAAACAATGGCGGTAACGCACCGC
CGGGTTGTGGGAATGCTCCAAGATCATCGGAAAACCTGTACTTTCAGGGAGGTGGC
ATGAGTAATACTTGCGATGAAAAAACCTAAGTTTTCCCTGCAG

8.3.8.2. Expressed amino acid sequence

TPQNITDLCAEYHNTQIYTLNDKIFSYTESLAGKREMAINTFKNGAIFQVEVPGSQHIDSQ
KKAIERMKDTLRIAYLTEAKVEKLCVWNNKTPHAIAAISMANNGGNAPPGCGNAPRSS
ENLYFQGGGMSNTCDEKT
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8.3.9. SrtA-Hiss

8.3.9.1. DNA insert sequence

CATATGAAACCACATATCGATAATTATCTTCACGATAAAGATAAAGATGAAAAGAT
TGAACAATATGATAAAAATGTAAAAGAACAGGCGAGTAAAGATAAAAAGCAGCAA
GCTAAACCTCAAATTCCGAAAGATAAATCGAAAGTGGCAGGCTATATTGAAATTCC
AGATGCTGATATTAAAGAACCAGTATATCCAGGACCAGCAACACCTGAACAATTAA
ATAGAGGTGTAAGCTTTGCAGAAGAAAATGAATCACTAGATGATCAAAATATTTCA
ATTGCAGGACACACTTTCATTGACCGTCCGAACTATCAATTTACAAATCTTAAAGCA
GCCAAAAAAGGTAGTATGGTGTACTTTAAAGTTGGTAATGAAACACGTAAGTATAA
AATGACAAGTATAAGAGATGTTAAGCCTACAGATGTAGGAGTTCTAGATGAACAA
AAAGGTAAAGATAAACAATTAACATTAATTACTTGTGATGATTACAATGAAAAGAC
AGGCGTTTGGGAAAAACGTAAAATCTTTGTAGCTACAGAAGTCAAATAATCGAATT
C

8.3.9.2. Expressed amino acid sequence

GSSHHHHHHSSGLVPRGSHMKPHIDNYLHDKDKDEKIEQYDKNVKEQASKDKKQQAK
PQIPKDKSKVAGY IEIPDADIKEPVYPGPATPEQLNRGVSFAEENESLDDQNISIAGHTFI
DRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRDVKPTDVGVLDEQKGKDKQL
TLITCDDYNEKTGVWEKRKIFVATEVK

8.3.10. SrtA-CBD

8.3.10.1. DNA insert sequence

CATATGCACCATCATCATCATCATTCTTCTGGTACCGAGAACTTGTACTTCCAATCC
ATGACAAATCCTGGTGTATCCGCTTGGCAGGTCAACACAGCTTATACTGCGGGACA
ATTGGTCACATATAACGGCAAGACGTATAAATGTTTGCAGCCCCACACCTCCTTGG
CAGGATGGGAACCATCCAACGTTCCTGCCTTGTGGCAGCTTCAAGGTAACAATAAC
AACAACAATAACAATGGCAAACCACATATCGATAATTATCTTCACGATAAAGATAA
AGATGAAAAGATTGAACAATATGATAAAAATGTAAAAGAACAGGCGAGTAAAGAT
AAAAAGCAGCAAGCTAAACCTCAAATTCCGAAAGATAAATCGAAAGTGGCAGGCT
ATATTGAAATTCCAGATGCTGATATTAAAGAACCAGTATATCCAGGACCAGCAACA
CCTGAACAATTAAATAGAGGTGTAAGCTTTGCAGAAGAAAATGAATCACTAGATGA
TCAAAATATTTCAATTGCAGGACACACTTTCATTGACCGTCCGAACTATCAATTTAC
AAATCTTAAAGCAGCCAAAAAAGGTAGTATGGTGTACTTTAAAGTTGGTAATGAAA
CACGTAAGTATAAAATGACAAGTATAAGAGATGTTAAGCCTACAGATGTAGGAGTT
CTAGATGAACAAAAAGGTAAAGATAAACAATTAACATTAATTACTTGTGATGATTA
CAATGAAAAGACAGGCGTTTGGGAAAAACGTAAAATCTTTGTAGCTACAGAAGTC
AAATAACAGTAAAGGTGGATACGGATCC

8.3.10.2. Expressed amino acid sequence
MHHHHHHSSGTENLYFQSMTNPGVSAWQVNTAYTAGQLVTYNGKTYKCLQPHTSLA
GWEPSNVPALWQLQGNNNNNNNNGKPHIDNY LHDKDKDEKIEQYDKNVKEQASKDK
KQQAKPQIPKDKSKVAGY IEIPDADIKEPVYPGPATPEQLNRGVSFAEENESLDDQNISI
AGHTFIDRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRDVKPTDVGVLDEQKG
KDKQLTLITCDDYNEKTGVWEKRKIFVATEVK
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8.3.11. MBP-TEV protease

8.3.11.1. DNA insert sequence
GGATCCGGAAAAAGCTTGTTTAAGGGGCCGCGTGATTACAACCCGATATCG
AGCACCATTTGTCATTTGACGAATGAATCTGATGGGCACACAACATCGTTGT
ATGGTATTGGATTTGGTCCCTTCATCATTACAAACAAGCACTTGTTTAGAAG
AAATAATGGAACACTGTTGGTCCAATCACTACATGGTGTATTCAAGGTCAA
GAACACCACGACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAAT
TATTCGCATGCCTAAGGATTTCCCACCATTTCCTCAAAAGCTGAAATTTAGA
GAGCCACAAAGGGAAGAACGCATATGTCTTGTTACAACCAACTTCCAAACT
AAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCCCTTCATCTG
ATGGCATATTCTGGAAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCA
GTCCATTAGTATCAACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATC
GAATTTCACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCAT
GGAATTGTTGACAAATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGCGATT
AAATGCTGACTCAGTATTGTGGGGGGGCCATAAAGTTTTCATGCCGAAACC
TGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGACTCAACTCATGAATCGTCG
TCGCCGTCGCTAATAAGGACTGCAG

8.3.11.2. Expressed amino acid sequence

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAA
TGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIA
YPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWP
LIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYS
IAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSA
GINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELVKDPRIA
ATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSSS
NNNNNNNNNNLGIEGRISHMSMGGRDIVDGSGKSLFKGPRDYNPISSTICHLTN
ESDGHTTSLYGIGFGPFIITNKHLFRRNNGTLLVQSLHGVFKVKNTTTLQQHLID
GRDMIIRMPKDFPPFPQKLKFREPQREERICLVTTNFQTKSMSSMVSDTSCTFPS
SDGIFWKHWIQTKDGQCGSPLVSTRDGFIVGIHSASNFTNTNNYFTSVPKNFME
LLTNQEAQQWVSGWRLNADSVLWGGHKVFMPKPEEPFQPVKEATQLMNRRR
RR
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