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Thesis Abstract

PRe-ART (Predictive Reagent- Antibody Replacement Technology) aims to replace reagent
monoclonal antibodies with designed armadillo repeat proteins (dArmRPs), made from
sequence-defined modular subunits capable of specific and conserved dipeptide recognition
and binding. These modular units joined in a ‘Lego-brick’ fashion, will generate proteins
capable of binding a user-defined target peptide, removing the costly and timely traditional
immunisation process and the associated issue of unreproducible results.

This project contributed to PRe-ART by generating randomised DNA libraries targeting key
binding resides of the two pockets within the armadillo repeat, aiming to alter the unit’s
specificity. Successful saturation of seven positions using MAX randomisation, produced a
randomised DNA library of the dArmRP pocket that originally bound arginine. Computational
designs provided by collaborators in the Hocker group (University of Bayreuth), directed the
engineering of a specific DNA library, aiming to engineer an improved threonine-binder.
Separately, to accommodate for saturating contiguous codons in the second, Lysine-binding
pocket (not possible with MAX randomisation) a new saturation mutagenesis technology,
ParaMAX randomisation, was invented. This MAX randomisation derivative was implemented
on an adapted dArmRP sequence, generating a region of four contiguous randomised codons.
Subsequently, novel Next Generation Sequencing (NGS) analysis techniques were developed
to assess the success of positional saturation as a quality control stage before protein
expression and screening by collaborators in the Pluckthun group (University of Zurich).

Analyses of the DNA libraries engineered using MAX randomisation showed successful target
saturation and were therefore used in protein production and screening. The proof of concept
ParaMAX library analysis revealed further optimisation of the ParaMAX process was required
to prevent deletions interfering with amino acid representation. This analysis also revealed
limitations in existing alignment technologies when processing such unique DNA libraries.
Alternative stratagems for ParaMAX and the processing of NGS data are considered in light
of these results.

Keywords: repeat proteins, designed armadillo repeat protein, nondegenerate saturation
mutagenesis, Next Generation Sequencing, protein engineering,
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Chapter 1 Introduction

The importance of developing new protein binders is demonstrated in their ever-increasing
popularity and number of applications. Protein binders are an invaluable therapeutic agent
for a range of diseases (Dimitrov, 2012) and used extensively in laboratory-based
diagnostics, for example serological tests using ELISA (enzyme-linked immunosorbent assay
(Aihajj & Farhana, 2022). Developing new binders based on established scaffolds such as
antibodies is the goal of many pharmaceutical companies, while new scaffolds such as
Miniproteins are in their relatively early stages, but have significant therapeutic potential
(Crook, Nairn and Olson, 2020; Service, 2022).

Outside of therapeutics, protein binders are essential tools in research. Tools such as ELISA
are also a staple resource of a research laboratory, while other techniques such as flow
cytometry, western blotting and immunohistochemistry would be impossible without

engineered protein binders.

New binders from existing scaffolds, and perhaps more excitingly the development of novel
binder systems, open the possibility of improved therapeutics and completely novel
approaches to disease treatment as well as the possibility of adding to existing research or
the ability to investigate new avenues not currently accessible. New resources allow new

approaches and continued progression.

1.1 Protein engineering to develop novel binder scaffolds

Nature is a common starting point in the process of developing proteins with new and
desirable properties. The most abundant naturally occurring protein binder is the antibody.
The human immune system’s naive antibody repertoire, contains at least 102 different
antibody binders (Briney et al., 2019), each specific to their own epitope. This immense
diversity, highlights the antibody’s potential as an ideal scaffold, which could be artificially

manipulated to bind user determined target epitopes.

1.1.1 Antibody based scaffolds

Antibodies are widely used reagents both therapeutically and in the laboratory setting, with
target specificity determined by the complementarity-determining regions found in the

antibody V domain (Tsuchiya & Mizuguchi, 2016). The specificity of these domains and
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therefore the antibody, is directed by the immunogen used. Depending on the application of
the end antibody product, either full length native protein, protein fragments or linear peptide
targets can be used as an immunogen. All have their positive and negative aspects, for
example using a full-length native protein immunogen increases the chances of cross-
reactive antibodies against proteins sharing degrees of homology with the immunogen, while
using peptide immunogens often prevents the antibody binding the native protein in its

conformational shape (Forsstrom et al., 2015).

Antibodies have a wide range of therapeutic uses. Each of these are thoroughly tested,
requiring approval at multiple stages before clinical use, by approving bodies such as the

FDA and The Medicines and Healthcare products Regulatory Agency.

Unfortunately, these regulatory bodies are not involved with reagent antibodies. Bradbury
and Pluckthun (2015) encapsulated the existing issues with reagent antibodies, all relating to

the problem of poor result reproducibility.

The lack of reproducibility can be rooted to the production and the lack of information
provided regarding the reagent antibodies. Traditional immunisation where the antigen of
interest is injected into an animal (Kohler & Milstein, 1975), results in a polyclonal antibody
response that cannot be replicated even in the same animal. Once a hybridoma has been
generated, there is no guarantee the antibodies produced can be indefinitely mined due to
the fragility of the cell line. Even if the source of the monoclonal is still viable, purchasing the
same reagent as one described in the literature is not always possible (Vasilevsky et al.,
2013).

Reproducibility when using reagent monoclonal antibodies is also hindered by the lack of
sequence data for the proteins used and the inherent un-conserved binding mode, where two
reagents specific to the same target could be binding different motifs. Bradbury and
Pluckthun (2015) address the issue of reproducibility by calling for sequence defined,

recombinant binders to replace the traditional reagent monoclonal antibody.

1.1.1.2 Nanobodies as binder scaffolds

Sometimes referred to as the third generation of antibodies, nanobodies are comprised of a
heavy chain and a variable domain. As with traditional antibodies, the variable domain
possesses three peptide loops called the complementarity determining regions, responsible
for antigen specificity and binding. The variability in length, especially of the third loop,

impacts significantly on a nanobody’s antigen binding (Yang & Shah, 2020).
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The simplistic structure and modularity of nanobodies make them ideal for conjugations, for
example in diagnostic imaging where nanobodies are tagged with positron-emitting nuclides
for PET (Positron Emission Tomography). Capitalising on their small size and low
immunogenicity, nanobodies are ideal for tumour infiltration for identification and drug
delivery (Verhaar, Woodham and Pleoegh, 2020). Other applications include crystalisation

chaperones (Rivera-Calzada et al., 2013) or as biosensors (Vercruysse et al., 2011).

Nanobody generation can be divided into two categories, immune and synthetic libraries.
Immune libraries are based on the traditional antibody library approach, but instead
immunising bactrian camels, llama, dromedary or alpaca, who naturally generate single
domain antibody fragments (Harmsen & Haard, 2007). The immunisation process takes
approximately 2 months, during which the animal is exposed to the target antigen
(immunogen) up to eight times. To increase the probability of successfully generating an
immune derived nanobody, multiple animals are immunised with the same antigen target.
After the course of immunisation, blood is taken from the animal with the mRNA present
converted to cDNA. Synthetic nanobody libraries do not require the immunisation of an
animal, but instead utilises existing scaffold information. The library focuses on diversity in
the complementarity determining regions, with the amino acids selected dependant on the

antigen target (Muyldermans, 2020).

Nanobodies possess many advantageous qualities over traditional antibodies and previous
antibody derived binders. With the possibility of synthetic libraries eliminating the need for
animal immunisation and the sequence defined nature of the recombinant protein,
nanobodies are a promising reagent capable of meeting the criteria outlined by Bradbury and
Plickthun (2015). Even though the issue of reproducibility would be solved, nanobodies do
have limitations. The first being, each new nanobody binder, made using immune libraries or
a synthetic approach, would still need to undergo the process of library generation and
screening. The second limitation arises when considering the nanobody target, most likely
fully folded proteins, as nanobodies have poor binding capabilities for linear antigen targets

(Pardon et al., 2014), the primary targets for the PRe-ART project.

1.1.2 Non-antibody based scaffolds

Alongside the antibody and antibody derived binders exist a wide range of non-antibody-
based scaffolds, ranging in size, composition, and origin (Vazquez-Lombardi et al., 2015).
Some examples are: Affibodies, based on staphylococcal protein A’s receptor domain Z

(Nord et al., 1997). Afflins: a binder based on a B-sheet of human y-B-crystallin (Ebersbach
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et al., 2007) and DARPiIns (Designed Ankyrin Repeat Proteins): an optimised version of the

naturally occurring ankyrin repeat domain (Li, Mahajan and Tsai, 2006).

Combined, these non-antibody derived scaffolds have extensive applications and potential
(Vazquez-Lombardi et al., 2015), but a common limitation exists. The requirement for a
target in its conformational state, means these binders are not engineered for linear peptide

target recognition and binding.

With this project’s end goal of generating a protein library made of modular subunits, that are
sequence-defined and capable of binding linear peptide targets in a predictable manner, the
most obvious candidates for further enquiry were naturally occurring proteins or domains
capable of linear peptide recognition. Reichen, Hansen and Plickthun (2014) reviewed the
potential of small naturally occurring binding domains in generating a designed binder
capable of meeting the requirements established by Bradbury and Plickthun (2015), while
also being able to target linear peptides. Included binding domains were MHC-I and MHC-II,
unfortunately not a viable domain due to their low stability and yield. Small adaptor proteins
were also considered as they use peptide recognition modules to form precise temporal and
spatial complexes. As these complexes are transient, only low to medium affinities are
achieved, also making them unsuitable (Borowicz et al., 2020). Alongside several other
binding domains, Reichen, Hansen and Pluckthun (2014) also reviewed the suitability of
repeat proteins, proteins possessing a target binding region consisting of individual modular
subunits. These subunits would have to be identical to efficiently establish a modular and
predictable binding region, meaning repeat proteins such as Beta-propeller proteins which
can be formed from multiple different repeat subunit types (Chen, Chan and Wang, 2011)
were unsuitable. Ideally the protein would also have a conserved binding mode with
sequence defined modules, to assist in data reproducibility. This meant repeat proteins such
as tetratricopeptide repeat proteins (D’Andrea and Regan, 2003) with their unconserved
binding modes and HEAT proteins who’s subunits have highly divergent repeat sequences
were not appropriate scaffolds. The repeat protein capable of accommodating all these

requirements was the armadillo repeat protein.
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1.2 Naturally occurring armadillo repeat proteins

Armadillo repeat proteins were first discovered in 1987, as segment polarity genes, initially
observed in Drosophila (Perrimon and Mahowald, 1987; Wieschaus and Riggleman, 1987).
Armadillo repeat proteins are characterised by a repeating 42 amino acid motif, possessing
three individual a-helices (H1, H2 and H3), folding in tandem to form a right-handed super-
helical structure. Each of the armadillo subunits bind a single dipeptide unit of the peptide
target in its extended conformation. The armadillo domain formed by these stacked subunits
are flanked by specialised N and C terminal caps, which protect the protein’s hydrophobic
core (Figure 1.2). The armadillo repeat domain is present in an array of different proteins
across the eukaryotic kingdom (Coates, 2003) indicating the domain’s diversity and

importance.
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H3

Figure 1.2 A) Structure of S. cerevisiae importin-a in complex with
nucleoplasmin NLS (PDB 1EES5).

The a-helices of the protein are depicted as cylinders and the bound
nucleoplasmin nuclear localisation signal as red sticks. Taken from (Conti &
Kuriyan, 2000; Parmeggiani et al., 2008). The terminal caps are green and
orange (N and C cap respectively), and the armadillo subunits coloured blue
red and grey (H1, H2 and H3 respectively). B) Isolated armadillo repeat
subunit from importin-a (PDB 1EES5). The three a-helices that form the
armadillo repeat subunit are depicted as ribbons, with H1 coloured blue, H2

red and H3 grey. Taken from (Parmeggiani et al., 2008).

1.2.1 B-catenin

B-catenin possesses an armadillo repeat motif stretching over 12 individual armadillo
subunits, capped by N and C terminal structures displaying the characteristic positively
charged super helical structure (Figure 1.2.1) associated with armadillo repeat proteins
(Huber, Nelson and Weis, 1997).

25
B.P.G Wagstaffe, PhD Thesis, Aston University 2021.



Helix C

Figure 1.2.1 Crystal structure of Zebrafish B-Catenin.

Each of the 12 armadillo repeat subunits depicted as ribbons and numbered, with their
constituent a-helices coloured: H1 blue, H2 green and H3 yellow. The C-terminal helix is
coloured red and the N-terminal helix coloured blue and green. Taken from (Xing et al.,
2008).

Nuclear B-catenin is an essential component in Wnt signalling (MacDonald, Tamai and He,
2009). Its disassociation from the cytosolic destruction complex means that 3-catenin is left
un-ubiquitylated and can act alongside other nuclear factors as an activator of the TCF/LEF
transcription repressor. This now activated transcription factor recruits an RNA polymerase,
which produces mRNA for key cell cycle proteins. This central armadillo domain is the key
region of the protein used to bind other Wnt signalling pathway proteins (Tolwinski and
Wieschaus, 2004). Another nuclear role of B-catenin is its involvement in the
intercentrosomal linker complex, and its vital role in mitotic centrosomal separation, with the
armadillo domain identified as the key p-catenin motif responsible for 3-catenin’s centrosome
localisation (Bahmanyar et al., 2008). The importance of B-catenin at the centrosome was
demonstrated by Kaplan et al (2004) who showed that p-catenin depletion resulted in
monopolar spindles, generated by failed centrosome separation. 3-catenin’s plethora of
functions (Valenta, Hausmann and Basler, 2012), demonstrates its importance but also

means it is often a factor in disease states (Shang, Hua and Hu, 2017; Kim et al., 2019).
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1.2.2 Importin-a

Another important and well-documented armadillo repeat protein is importin-a. Importin-a
possesses an armadillo repeat domain made of 10 individual armadillo subunits located in
the middle of the protein flanked by an N-terminal importin-f binding site and a C-terminal
region binding CAS/CSE1L (Figure 1.2.2). Each region of importin-a plays an important role

in the protein’s function.

Importin  binding domain (IBB) Armadillo repeats

aseooses
N-term ' ‘ ' ‘ , ' C-term
CAS

Major Minor

Importin 3 NLS binding sites

Figure 1.2.2 Diagrammatic representation of importin-a structure.

Taken from (Oka and Yoneda, 2018)

The central armadillo region of importin-a recognises the nuclear localisation signal (NLS) of
nucleus bound proteins. Importin-a binds the NLS at two separate binding locations in the
armadillo domain called the major (repeats 2-4) and minor (repeats 6-8) binding sites (Figure
1.2.2). Classical NLSs are typically 8-10 amino acids long with a high lysine and arginine
content. These sequences recognised by the importin-a armadillo domain are either a
contiguous amino acid stretch (monopartite) or organised into two separate clusters of
lysine/arginine rich groups (bipartite) (Miyamoto, Yamada and Yoneda, 2016). Importin-f3,
another key carrier protein for nucleus bound proteins, is bound by the N-terminal importin-a
domain (Oka and Yoneda, 2018) and once the nucleus bound protein has been successfully
chaperoned into the nucleus, NLS-free importin-a is preferentially bound via its C-terminal
region to CAS (Cellular Apoptosis Susceptibility gene) and is moved back to the cytoplasm
(Kutay et al., 1997).

Just like B-catenin, importin-a has a range of functions (Oka and Yoneda, 2018). One such
example occurs during mitosis, when the nuclear envelope is broken down making the
typical chaperone protein function redundant. Work conducted by Ems-McClung, Zheng and
Walczak (2004), showed importin-a can bind spindle assembly factors alongside importin-f3,

to inhibit their cytoplasmic function.
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The in-depth sequence and structural knowledge of the (3-catenin and importin-a families of
armadillo repeat proteins were essential for the initial stages of engineering designed

armadillo repeat proteins.

1.3 Engineering the Designed armadillo repeat protein

To successfully engineer a high quality peptide binder, required over a decade of work
investigating the designed armadillo repeat protein, finding the balance between structure,
binding and therefore functionality. The development of the protein could be subcategorised
by structural components of the protein peptide complex; the terminal caps, the internal

armadillo repeat subunits and peptide binding optimisation.

1.3.1 Engineering and optimisation of the terminal designed armadillo repeat

protein caps

As with naturally occurring armadillo repeat proteins, specialised terminal regions called caps
were necessary to protect the hydrophobic core composed of the internal armadillo repeat
units. Parmeggiani et al (2008) used two methods to generate caps; the first modified the
most suitable naturally occurring capping repeats, those belonging to the importin-a of
Saccharomyces cerevisiae. The second approach used the consensus sequence generated
for the internal repeat modules and engineered artificial caps from it by substituting the
exposed hydrophobic residues within the internal repeat consensus sequence with
hydrophilic ones. The yeast derived capping domains were coined Ny and Cy, while the
artificial caps were named Na and Ca. By using multiple types of engineered internal
repeats, they demonstrated that the highest levels of soluble protein expression were
produced by proteins using a cap combination of Ca and Ny. Subsequently, while
investigating the biophysical impacts of altering the number of internal repeats and
attempting to produce crystal structures, Madhurantakam et al (2012) conducted molecular
dynamic simulations that suggested five point mutations in the end cap repeats. These
mutations resulted in second generation capping domains, Y| (second-generation yeast N-
terminal cap) and Ay (second-generation C terminal cap). Crystals of Y MsA (three internal
repeats, flanked by second-generation N and C caps) revealed an N-terminus domain-
swapping event (Figure 1.3.1 A). This was also found in Y, M4A (four internal repeats,
flanked by second-generation caps). Domain swapping is when two or more identical regions
of a protein exchange part of their structure to generate a dimer or even larger oligomer

(Rousseau, Schymkowitz and Itzhaki, 2013). Optimisation work used both Y;MsA; and
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YuM4A) to combat the protein dimerization, and therefore the domain swapping. The
knowledge that solenoid protein caps have two distinct interfaces (one which faces the
hydrophobic core and the other which interacts with the solvent) was implemented, with
several mutations used to change solvent exposed hydrophobic residues to hydrophilic ones,
generating the third generation Y and Ay caps. All second and third generation cap
combinations were tested with three internal M-type repeats by ANS (anilino-napthalene-8-
sulfonate) binding, thermal and guanidinium chloride denaturation. All four different cap
combinations resulted in correctly folded, stable proteins, with differences occurring in
thermal and guanidinium chloride denaturation transition midpoints. For both temperature
and guanidiium chloride denaturation, Y increased stability while Ay caused a decrease in
stability. As the Y| cap was more beneficial to protein stability, crystal structures for both
YiuMsAi and YiuMsAi were determined. Neither demonstrated domain-swapping events,
meaning the redesign of the N-cap had been successful. Since Ay had reduced overall
protein stability, A, was preferred (Figure 1.3.1 B). Domain swapping was also investigated
by Reichen et al (2014), using YM’sAy; (the M-type described by Madhurantakam et al
(2012), but with two mutations at position 34 and 36). Reichen et al (2014) showed the
considerable impact a N-terminal Hisstag had upon domain swapping events. They showed
Hiss- YuM”sAn/Ca?* formed a stable dimer that prevented domain swapping, whereas in the
absence of the Hisg tag, YuM’sAn/Ca?* still engaged in domain swapping. Since the super
helical properties of the domain-swapped Y M”sA;/Ca?* and the dimeric Hisg- YiiM”sAn/Ca?*
were identical, the huge impact that crystallisation conditions can have on designed armadillo
repeat proteins was highlighted. Reichen et al (2014) similarly concluded that reverting to the
A cap was beneficial for the progression of the designed armadillo repeat proteins as a way

of improving interaction energies between the M-repeats and the cap.
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A)

Figure 1.3.1 Crystal structures demonstrating N-cap optimisation

A) Y MsA, dimer (PDB: 4DBA), with individual designed armadillo repeats coloured

green or orange.

B) YuMsA structure (PDB: 4DB6), with the N-terminus Y\ -type cap (orange), three

internal M-type repeats (green), and C-terminus Ay-type cap (blue).

Adapted from Madhurantakam et al (2012).

1.3.2 Engineering and optimisation of the internal repeats of the designed

armadillo repeat protein

The internal repeats of an armadillo repeat protein play a significant role in the biophysical
properties of the protein, as well as being the region responsible for peptide target
recognition and binding. This meant during the development of the internal repeats, a fine
balance was struck between overall structural requirements, while developing a scaffold

whose target specificity could be changed.

1.3.2.1 Structural optimisation of the designed armadillo repeat protein by

engineering internal repeats

The first designed armadillo repeat subunits were produced by Parmeggiani et al (2008) who
started with the generation of consensus amino acid sequences by using the Swiss-Prot
database. After removing unsuitable sequences, 319 hits remained. These 319 sequences
gave an amino acid profile for 40 of the 42 amino acids in an armadillo repeat subunit,

excluding the loop between H3 and the adjacent H1 helix. As the 319 sequences found using
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the Swiss-Prot database originated from different sub-families of armadillo repeat protein,
individual consensus sequences from each of the sub-family types were generated to avoid
any sequence incompatibility. This method produced a consensus sequence for the
armadillo repeat unit based on (-catenin (and plakoglobin) sequences (type T), importin-a
sequences (type |) and a consensus sequence based on both families (type C). Protein
expression characteristics, thermal and guanidinium chloride denaturation and ANS binding
determined the internal repeat type-C (consensus based) had the most promising
characteristics, even though hydrophobic core packing issues were indicated by strong ANS
binding. This was addressed by including a range of mutations across sixteen different
positions involved in hydrophobic core properties. One of the generated mutants, YMsA
(yeast C-terminus, four mutant internal repeats, artificial N-terminus), produced a monomeric
protein capable of specific binding to the NLS target peptide (Parmeggiani et al., 2008).
Optimisation work carried out by Madhurantakam et al (2012), investigated designed
armadillo repeat proteins containing 3,4,5 or 6 M-type internal repeats, where the type M-
internal repeat differed from the type-Cs used by Parmeggiani et al (2008) by three point
mutations that were indicated by computational modelling to improve hydrophobic core
properties. Each of the proteins were exposed to ANS which no longer caused an increase in
fluorescence that would have been associated with an exposed hydrophobic core, allowing
the inference that each protein had successfully folded into its native formation. Temperature
and guanidinium chloride denaturation investigations indicated an increase in protein stability
with increased numbers of internal repeats in a linear fashion, with temperature-induced
folding reversible, meaning increasing the numbers of internal repeats was beneficial for

protein stability.

1.3.2.2 Investigations into designed armadillo repeat target peptide binding

The only attempt at modifying the binding specificity of a designed armadillo repeat protein
was conducted by Varadamsetty et al (2012). They identified a consensus sequence of
ArmRP positions responsible for peptide binding by mapping the crystal structures of
different ArmRPs bound to their respective target. All key binding residues belonged to helix
three expect for position 4 (H1) and position 41 (no helix). The well-documented Asn at
position 37, responsible for direct peptide backbone binding via two hydrogen bonds, was
present in the consensus and therefore retained. The use of a consensus approach
established positions 4, 30, 33, 36, 40 and 41 as randomisation targets. As position 4 was
also involved in the formation of the hydrophobic core as well as peptide binding, the amino
acids used to saturate position 4 were limited to Glu, His, lys, Arg, lle, GIn and Thr.

Varadamsetty et al (2012) also acknowledged the potential importance of positions 26, 29
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and 30 as these are naturally occurring positions for binding across different ArmRP sub
families. The decision to only include position 30 instead of 26 or 29 in the randomised library
was based on position 30 identified most frequently as the residue out of 26 ,29 and 30 that
formed target side chain interactions. The importance of positions 26 and 29 could not be
ignored as previous work by Parmeggiani et al (2008) had identified an electrostatic
repulsion between the consensus lysines at these positions. This meant these backbone
positions were also investigated in the randomised library by either fixing both or either
position for glutamine. The rationale for choosing each position as a saturation target was as
follows: position 33 was of interest due to its spacing that could allow many different residues
to take the consensus tryptophan’s place, changing the amino acid at position 36 could affect
the Asn37 backbone binding, position 40 was most frequently an amino acid with large side
chains, so the impact of smaller amino acids would be of interest, position 41 was located
between helix three and helix one of the adjacent repeat, interacting with the target peptide
backbone via hydrogen bonds, and therefore also an interesting target. All of these positions
of interest were saturated with all the natural amino acids except for glycine, proline and
cysteine. Glycine and proline were excluded as most positions were situated in helix three
and the exclusion of cysteine was to avoid any disulphide bridge formation. Randomisation of
these positions had a detrimental impact on protein stability, which was countered by
introducing flanking consensus modules to either side of the three repeats possessing
saturation targets. Before the protein screening could occur, the optimal library had to be
established. As the backbone changes at positions 26 and 29 resulted in four different
variations and the incorporation of flanking consensus repeats had created another two
library subsets, there were 8 different libraries to investigate. The deciding factor to

determine the optimal library format was how the protein performed during purification.

The library containing the flanking consensus repeats that included glutamine at positions 26
and 29 had the highest proportion of monomeric soluble library members, so was used. The
library was screened via Ribosome display with the 13mer peptide, neurotensin
(QLYENKPRRPYIL), the designated target. The highest enrichment was achieved by
alternating binder exposure to synthetic neurotensin and phage A protein D-neurotensin
fusion protein. Clones were made and those demonstrating the strongest neurotensin
binding via ELISA analysis were sequenced. 29 of the 30 clones sequenced had an identical
sequence with the anomalous clone possessing a single amino acid change from tyrosine to
histidine at position 116, corresponding to position 30 of a helix 3 within the protein. Both
protein types were purified using immobilized metal-ion affinity chromatography with peptide
recognition tested by ELISA showing the protein without the 116 change was the superior
binder. The binder specificity was then tested by exposing the designed armadillo repeat to
10 different peptide targets, to which the protein only bound neurotensin in a significant

manner. As selection had prioritised specificity over affinity, only a moderate affinity of 7uM
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at 4 °C was observed. The optimisation of the designed armadillo repeat protein in order to
generate high affinity binders was conducted by Hansen et al (2016) who investigated the
binding of YiiMxA to a (KR)s peptide where X was a varying number of internal repeats.
These experiments differed from those of Madhurantakam et al (2012), as the focus was now
on the impact differing numbers of repeats had on target specificity and binding as opposed
to the impacts on the designed armadillo’s structural properties. The use of a (KR)s peptide
target was due to the original type-C consensus sequence generated by Parmeggiani et al
(2008). This biased the protein’s binding preference towards a peptide target mimicking a
NLS, which typically contains a significant amount of K and R residues (Lu et al., 2021).
Hansen et al (2016) demonstrated an increased affinity between the protein and peptide
target as the number of M repeats and number of KR peptide units increased. Designed
armadillo repeat proteins with M repeats ranging from 3-7 were tested, but Ky values could
not be determined for all, since the designed armadillo repeat proteins containing six and
seven M repeats resulted in peptide binding so tight, that method sensitivities prevented the
measurement of Ky values. Instead the Kj for these proteins was approximated by

extrapolating the data obtained for M3-5 proteins (Figure 1.3.2.2.1).

Log (Kp)

A0d — (KR)z *.__
100 (KR)4 e .
A2 —— (KR

I 1 I 1

3 4 5 6
X in Y, M,A

Figure 1.3.2.2.1 Impact of the number of armadillo repeats on Ky when binding

different KR length peptides.

A linear relationship was observed between number of internal “M” repeats and length
of target peptide with more repeats demonstrating a lower Ky. Kq values for M6 and
M7 were extrapolated and shown with a dotted line. Inset: Impact on Ky with a step
wise increase in the number of M repeats and peptide KR repeats, demonstrating a

linear regression. Taken from (Hansen et al., 2016).
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This meant the designed armadillo repeat protein Y iMsA; was the optimal binder as its Ky
was accurately measured to be 1.1 + 0.8nM when binding a (KR)s peptide. The linear
relationship between the impact on Ky as the number of internal repeats and KR subunits
changed, demonstrated a consistent and modular effect of adding a M repeat. The binding
energy of an M repeat and a KR unit was calculated to be -14.4 £+ 0.7 kJ/mol thanks to
alanine scanning of the individual arginine and lysine binding pockets. The crystal structure
of YiMsA, was determined, with the bound KRs peptide in the typical antiparallel orientation

characteristic of armadillo repeat proteins (Figure 1.3.2.2.2).

Figure 1.3.2.2.2 Structure of YyMsA;—(KR)s (PDB ID: 5aei).

The protein was depicted as ribbons with the N-terminal cap coloured red
and the C-terminal cap orange. The five internal M repeats, each
possessing three a-helices, were coloured alternating green and cyan. The
(KR)s peptide, represented as sticks (black), was seen bound to Y iMsAiin

an antiparallel fashion. Adapted from (Hansen et al., 2016).

With the successful engineering of the optimal designed armadillo, Y\uMsAy, Ernst et al
(2020), investigated the binding register of the target peptide to the protein. An inherent
problem of repeat proteins, especially when binding repetitive sequences, as with Y;;MsA
and (KR)s, is the ability of the peptide to bind in several different possible registers up and

down the protein as described in Figure 1.3.2.2.3.
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Figure 1.3.2.2.3 Diagrammatic representation of different potential binding
registers of the KR5 peptide with Y, MsA,.

The KRs peptide (orange) is shown to have the capability of binding to YuMsAyin
three different orientations. YuMsA is coloured in alternating grey tones to help
visualise the different binding register, but all internal repeats are identical. Taken
from (Ernst et al., 2020)

The peptide having a range of binding options results in different amino acids occupying
different binding pockets, making the selection for sequence specific amino acid binding
incredibly difficult to accomplish. To combat the movement of the peptide, Ernst et al (2020)
countered the repetitiveness of the protein-peptide interaction by grafting a hydrophobic
binding pocket originating from B-catenin to the N-terminus of the protein. By introducing a
hydrophobic binding domain into a protein associated with binding polar residues, and
introducing a complementary hydrophobic region into the peptide target based on consensus
ligand sequences to the B-catenin pocket (LSF), Ernst et al (2020) hypothesised the peptide
would be forced into a single binding register. The N-terminal hydrophobic domain was
coined Lock 1. Several rounds of hydrophobic domain optimisation resulted in a second
generation domain coined Lock 2 which bound its target sequence (AKITW) with greater
affinity than that of Lock 1 and LSF. To determine if the Lock 2 had forced a single binding
register, FRET (Fluorescence Resonance Energy transfer) was used with the Y,yM5A,;:(KR)s
complex compared with the Lock 2:KRKRKAKITW complex. The two histograms produced
shared a similar peak, but the narrower distribution of the Lock 2:KRKRKAKITW complex
meant a higher proportion of the Lock 2:KRKRKAKITW complexes were in the correct

binding formation, meaning that Lock 2 had been successful.
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1.4 Saturation mutagenesis techniques to generate randomised designed

armadillo repeat protein libraries

With the stable Y iMsA designed armadillo repeat protein established, possessing a LSF
lock as of the project’s start, meant the next stage was to introduce changes to binding

specificities of the protein.

There now exists a multitude of techniques available in the molecular biology tool kit, for the
randomisation of a target nucleic acid, and therefore the protein encoded. This directed
evolution can be broadly defined into two categories, random and site-directed. Both
approaches can be used in the now standard combinatorial approach where typically a DNA
library of variants is made, the corresponding proteins are expressed and screened to

identify new proteins of interest.

1.4.1 Introducing sequence changes at random

Random mutagenesis as the name suggests is a category of techniques that introduce
changes to the original sequence in both random places and by introducing random
changes. These changes can be introduced either by recombination, where there are no
base changes but instead the sequence order is rearranged, or by the introduction of point

mutations, insertions and or deletions.

1.4.1.1 Randomisation by recombination

The biggest positive of recombination induced randomisation, is the ability to join

advantageous protein mutations, while avoiding undesirable ones.

Examples of recombination randomisation techniques are DNA shuffling, random
chimeragenesis on transient templates (RACHITT), the staggered extension process and
incremental truncation for the creation of hybrid enzymes (ITCHY) (Neylon, 2004). DNA
shuffling takes the parental DNA sequences and cleaves randomly using a DNAse or
endonuclease (Stemmer, 1993) creating small fragments which are then forced to undergo
self-priming events, to reconstitute a full-length product (Figure 1.4.1.1). This product is then
amplified via PCR. RACHITT can generate cross over events at an increased number of
random locations in comparison to other recombinant techniques by fragmenting all but one
of the parental DNA sequence strands. The fragments are then reassembled using the one
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non-fragmented strand as the transient template. Fragment sections not involved in matches
are removed and the remaining fragments are ligated to form a new template strand (Figure
1.4.1.1) (Coco, 2003).

Unlike the random placement of fragments seen in DNA shuffling and RACHITT, the
staggered extension process (StEP) builds a full-length randomised product by addition of
sequence sections at the terminal end of the growing sequence. Random binding to a
parental gene sequence coupled with a limited extension, introduces a fragment in a

sequential process elongating the recombinant sequence (Figure 1.4.1.1) (Zhao et al., 1998).

DNA Shuffling StEP RACHITT

Figure 1.4.1.1 Diagrammatic representation of DNA shuffling, StEP and RACHITT.

All three methods use a pool of parental DNA. Both DNA shuffling and RACHITT start by
fragmenting their parental DNA pool sequences; DNA shuffling fragments all parental
sequences while RACHITT leaves one intact. DNA shuffling uses self-priming events
between the fragments to generate a full length product, while RACHITT produces
randomisation by using the intact parental sequence as an annealing platform for a mixture
of fragments originating from different parental sequences. StEP uses random annealing
of the growing cassette to a parental sequence acting as template, coupled with controlled

cycling conditions to introduce sections of sequence in a step wise fashion.

Taken from (Neylon, 2004).

The above-mentioned methods of recombination induced randomisation, require a degree of
homology between the parental genes, a requirement not necessary for ITCHY. Ostermeier
(1999) originally generated novel sequences by restricting parental library DNA sequences

using exonuclease Ill and Sl restriction and ligating 5’ and 3’ restricted entries, removing the
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necessity for homology at the cross over site, but at the same time increasing the possibility
of nonsense sequences, due to the randomness of the connection. The iterative part of the
truncation was originally performed by timed restriction reactions, but as these were difficult
to control the methodology was optimised by the introduction of aS-dNTPs, coining THIO-
ITCHY (Lutz, Ostermeier and Benkovic, 2001). Spiking low levels of aS-dNTPs, dNTPS
capable of preventing restriction, meant a base-by-base restriction was theoretically possible,
meaning upon ligation of the restriction products, all possible combinations would be
achieved. This library could then undergo other types of recombinant based randomisation or

be screened for viable proteins of interest.

Recombinant randomisation generates diversity without directly changing any sequence
bases, but instead relies on the rearrangement of parental sequences to generate novel
cassettes. This is complimented by directed evolution methods that induce randomisation by
directly changing the base sequence via insertions/deletions and point mutations. This can

be a targeted or random process.

1.4.1.2 Randomisation via insertions, deletions and point mutations

A popular technique for introducing random point mutations within a sequence is error-prone
PCR. Significant amounts of time and effort are invested into making the process of PCR as
consistent as possible, from the optimisation of reagent concentrations to the engineering of
proof-reading polymerases. But the innate error rate of PCR can also be advantageous when
increased. Typical error rates of a standard Taqg DNA polymerase PCR reaction (the number
of mismatched bases) are not sufficient for sequence randomisation, so artificially increasing
the error rate by commercial kits or manually incorporating Mn2+ (Cadwell, 1994) or biasing

specific ANTPs can make the error rate appropriate for use in randomisation.

The simplicity of error prone PCR makes it a valuable technique, but one which has an
innate flaw. A key consideration when using error prone PCR is bias. Bias can be introduced
by the natural characteristics of the polymerase having preference towards specific
mutations at specific positions, the degeneracy of the genetic code and the last being PCR
bias. The exponential growth of a sequence caused by PCR, means an early mutation during
the PCR reaction will be amplified throughout the entire PCR reaction, meaning that mutation

will be overrepresented within the library.

Regarding insertions and deletions, error prone PCR can introduce these types of mutations,
but at a much lower frequency than point mutations. A simplistic method for introducing
deletions was developed by Pikkemaat and Janssen (2002), where they used BAL-31

nuclease to delete DNA from the terminal ends of a template sequence, which was then re-
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ligated together. This simplistic approach was prone to missense products due to ligated
products being out of frame. On the other end of the complexity scale is Random
Insertion/Deletion (RID) mutagenesis designed by Murakami et al, (2002), a multi-step

process capable of deletions and then insertions of different lengths.

Randomisation based on untargeted directed evolution is the ideal starting point for protein
studies where no previous knowledge of the protein is available. In protein studies where
existing data is available, specific changes to relevant key positions can be introduced,
allowing a direct investigation between randomisation of positions and phenotypic change in
the protein. The most efficient randomisation technique for introducing relevant changes to
investigate specific protein qualities, for example the binding of a designed armadillo repeat
pocket, is saturation mutagenesis, the process of substitution-based randomisation. This
category of randomisation techniques can be subdivided into degenerate and non-
degenerate saturation. Depending on the library randomisation requirements, a mix of

degenerate and non-degenerate techniques can be used.

As demonstrated by Varadamsetty et al (2012), successfully generating designed armadillo
repeat protein binders with different specificities required the simultaneous saturation of
several key binding residues in the same randomised library. Position 4 only required
saturation with seven different amino acids which was achieved using three degenerate
oligonucleotides, while the remaining five target positions required saturation with large
amino acid subsets (17 amino acids per position) (Varadamsetty et al 2012), a magnitude of

saturation not possible using degenerate saturation mutagenesis techniques.

1.4.2 DNA degeneracy in randomised DNA libraries

Fully degenerate saturation mutagenesis, uses all 64 different codons (via NNN) to represent
the 20 natural amino acids. If a single position in the DNA sequence was being targeted, full
degeneracy using NNN would result in 64 different sequence outputs. Increasing the number
of positions saturated using NNN causes a rapid exponential growth of required sequences
to encode all possibilities making fully degenerate saturation impractical for multiple
positions. The degeneracy of NNN randomisation is reduced by changing the third base from
N to Kor S (K representing T or G and S representing G or C). This reduces the degeneracy
encoding all 20 natural amino acids from 64 codons to 32. Kille et al’s (2012) use of
degenerate primers to generate libraries successfully reduced the genetic code redundancy
to 22 codons. By using two degeneracy containing primers, possessing either NDT or VHG
alongside a TGG specific primer, all 20 natural amino acids could be encoded, removing all

nonsense codons and all redundancy except for two codons each for leucine and valine.
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Being close to complete degeneracy, makes the 22c-trick significantly more efficient in
comparison to positional randomisation using NNN or NNK (or variants of NNK), but still

does not compare to fully non-degenerate saturation mutagenesis.

1.4.3 Non-degenerate saturation mutagenesis techniques

The need to saturate five positions, each with 17 different amino acids, within the first
randomised designed armadillo repeat protein DNA library, lead Varadamsetty et al (2012) to
use Trinucleotide phosphoramidites (Virnekas et al., 1994), a nondegenerate saturation
mutagenesis technique. Using non-degenerate saturation mutagenesis catered for the
simultaneous randomisation of multiple key residues within the same DNA library, making
the process of identifying a new binder more efficient. As demonstrated by Varadamsetty et
al (2012) the choice of saturation mutagenesis technique is library-dependent with the power
of non-degenerate saturation mutagenesis invaluable for efficient library production.
Accordingly, the following sections will address alternative methodologies for achieving non-

degenerate saturation mutagenesis.

1.4.3.1 Trinucleotide phosphoramidites (TRIM)

The first non-degenerate saturation mutagenesis was called TRIM. Extension during
chemical DNA synthesis is normally achieved by adding a single base at a time in individual
reactions, while TRIM is capable of adding three bases at once. This allowed the saturation
of a codon by adding the predetermined trinucleotide phosphoramidites (TPs). The original
method of generating the TPs can now be simplified by purchasing commercially produced
codons (Virnekas et al., 1994). Based on work by Holm, (1986) less common codons for
each amino acid could be avoided meaning that with careful consideration, 20 trinucleotides,
each representing one amino acid, could be generated from either T or G and one of seven
different dinucleotides (AT, CT, GT, TT, AG, GG, TG). Conditions for coupling of the TPs
were similar to those of mononucleotide couplings, with each of the 20 TPs used in individual
automated oligonucleotide synthesis experiments originally using an Applied Biosystmes
DNA synthesizer 380B. Coupling yields for the TPs were optimised by introducing increased
coupling times and a second round of coupling for each TP, with yields of 96-98.5% achieved
(mononucleotide yields being 98-99.5%) (Virnekas et al., 1994). The application of TRIM in
saturation mutagenesis relies on the ability of the trinucleotide phosphoramidites to be mixed
in a user-defined pool. Virnekas et al (1994) attempted this with a subset of amino acids
encoding the eight hydrophobic residues. Each of the TPs, one for each amino acid were

40
B.P.G Wagstaffe, PhD Thesis, Aston University 2021.



combined in equimolar quantities and used to generate TP-incorporated oligonucleotides.
These oligonucleotides were then used as primers to amplify a 2H-10 antibody fragment.
Although all the expected trinucleotides had been incorporated into the primers and were
observed via Sanger sequencing, they were not present in equal amounts, most likely due to
differing coupling efficiencies of the TPs (Virnekas et al., 1994). Though resulting in a biased
library, TRIM provided the foundation for using specific codons to represent specific amino

acids, and therefore the removal of DNA degeneracy.

1.4.3.2 MAX randomisation

MAX randomisation (Hughes et al., 2003) eliminates the degeneracy of the DNA code by
using a one-to-one codon to amino acid ratio. MAX randomisation uses a traditionally
randomised template strand, where positions of interest are randomised using NNN. This
template strand acts as a docking station for the MAX selection oligonucleotides. MAX
selection oligonucleotides are 9bp long sequences, containing a 6bp invariant region that
acts as a localisation sequence to ensure accurate annealing to the template strand and the
3bp MAX codon, coined from the typical use of the maximally expressed codon for each
amino acid for downstream protein expression. Figure 1.4.3.2 shows three positions of
interest being saturated with three different MAX selection oligonucleotide pools (red, blue
and green). The MAX selection oligonucleotides anneal to their complementary sequence
found in the NNN template and are flanked by constant oligonucleotides which share 6bp of
sequence complementarity with the 5’ and 3’ end of the template strand. The individual MAX
oligonucleotides are ligated together to form a MAX-containing strand. The incorporation of
flanking oligonucleotides cater for specific PCR amplification of the MAX-containing strand,
meaning the NNN template is not amplified by PCR (Hughes et al., 2003). The inclusion of
restriction sites in the flanking oligonucleotide sequence allow for the incorporation of the

randomised cassette into parental genes.
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Figure 1.4.3.2 Schematic representation of MAX randomisation.

MAX selection oligonucleotide pools are made for each positional target by mixing the
MAX selection oligonucleotides encoding the desired amino acids (green, red and blue).
The MAX selection oligonucleotides bind to their complementary sequence found in the
traditionally randomised NNN template strand. Non-randomised constant
oligonucleotides also hybridise to the 5’ and 3’ ends of the template strand. Ligation of
the MAX selection oligonucleotides and the flanking constant oligonucleotides
generates a MAX codon containing DNA strand, which undergoes PCR amplification
made possible by the constant oligonucleotides providing a location for primer
annealing (dashed lines). The randomised cassette library can then be digested using
restriction sites present in the constant oligonucleotide sequences, ready for

incorporation into a vector and cloning. Taken from (Hughes et al., 2003).

MAX randomisation allows the non-degenerate saturation of non-contiguous targets. The
requirement for the 6bp invariant region of the MAX selection oligonucleotide to ensure
correct localisation of the MAX codon with the NNN of the template strand, means that

saturating more than two adjacent positions is not possible using MAX randomisation.
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1.4.3.3 ProxiMAX randomisation

To address the need for a non-degenerate saturation mutagenesis technique that was
capable of saturating contiguous codons, Ashraf et al (2013) developed ProxiMAX
randomisation. ProxiMAX randomisation uses two distinct types of double-stranded
oligonucleotide, the donor and acceptor. A mixture of donor molecules each possessing a
MAX codon at the 3’ terminal is made by hybridisation, with the MAX codon being user-

defined. Using a 1:1 ratio of donor molecules to amino acid removes DNA degeneracy.

The pool of donor molecules are mixed with the acceptor DNA and ligated to only the 5’ end
of the acceptor, ensured by the acceptor DNA’s 5’ phosphate. The donor-acceptor construct
is then amplified via PCR and purified. The construct is then subjected to type IIS restriction
via Mlyl (5’...GAGTC(N)s...3’, 3'...CTCAG(N)s...5’). The Mlyl restriction occurs upstream of
the MAX codon within the donor DNA, meaning it remains a part of the acceptor sequence
after restriction. This elongated acceptor can then be used for the next round of ProxiMAX
(Figure 1.4.3.3). Alternating between different donor sequence sets, allows specific primer
annealing and PCR amplification during each ProxiMAX cycle, preventing the amplification of
any donor-acceptor complexes generated using the previous round’s donor. ProxiMAX has
been documented to be successful in saturating 11 contiguous codons in a CDR3 domain of
an antibody variable heavy chain, by engineering two smaller randomised constructs, and
ligating the acceptors sequences together (Ashraf et al., 2013). ProxiMAX was licensed to
Isogenica in 2010, marketing the technique as Colibra (Isogenica, 2015). With the technique
automated, a region of 23 randomised codons was successfully engineered (Frigotto et al.,
2015).
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Figure 1.4.3.3 Diagrammatic representation of ProxiMAX randomisation.

ProxiMAX randomisation uses iterative rounds of ligation, PCR amplification, purification
and Mlyl restriction to generate stretches of contiguous randomised codons. A double
stranded donor sequence possessing a MAX codon at its 3’ termini, is ligated to a
acceptor sequence, with the newly formed construct amplified via PCR. The PCR
product is then purified and restricted using Mlyl, exposing the MAX codon now
belonging to the acceptor sequence. This elongated acceptor sequence can be used in
the next round of ProxiMAX in an iterative cycle. lllustrated is a contiguous region

containing six randomised codons  produced from six rounds of ProxiMAX
randomisation. Taken from (Ashraf et al., 2013).
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1.4.3.4 Slonomics

The use of restriction enzymes to donate randomised codons to another sequence is not
limited to ProxiMAX randomisation (Ashraf et al., 2013). A related method of transferring a
randomised codon between sequences by type lls restriction is also seen in Slonomics (Van
den Brulle et al., 2008). Slonomics uses two different oligonucleotides coined splinkers and
anchors, both forming DNA hairpins that provide structural stability to the molecules. There
are several differences between these two molecules both structurally and within the DNA
sequence. The splinker possesses a three base single stranded overhang, each
representing a single codon, making 64 different splinker molecules. The anchor has a
region of seven bases at the 5’ end, three of which form a single strand overhang. This
overhang is used for complementary annealing to one of the 64 splinkers. The triplet
adjacent to the overhang in the anchor sequence, contains the NNN used for the splinker’s
next round of elongation, meaning 642 anchors are required (Van den Brulle et al., 2008).
Each anchor possesses a biotin modification in its loop allowing for immobilisation to a
streptavidin-coated 96 well plate. The anchor sequence contains the recognition site for the
type lls restriction enzyme Eam1104/ (5’-...CTCTTC(N)s....3’, 3'...GAGAAG(N);...5’).
Digestion with this enzyme releases the newly elongated splinker (the original
complementary overhang triplet and the newly donated codon from the anchor cleavage
which acts as the splinker's new 5’ overhang). The plate is washed and the supernatant
containing the elongated splinker is used in the next round (Figure 1.4.3.4). This process is
repeated up to a length of 18bp, with this construction coined the elongation block (Van den
Brulle et al., 2008).
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Figure 1.4.3.4 Diagrammatic representation of Slonomics

Complementary anchor and splinkers are ligated via sticky end ligation forming
a single construct. A biotin moiety in the anchor accommodates attachment and
immobilisation to a streptavidin-coated well. Eam1104/ restriction releases the
splinker and the newly incorporated codon into the supernatant, allowing its use
in subsequent elongation steps. Taken from (Van den Brulle et al., 2008). Note

that in this figure, NNN refers to a specific, rather than a degenerate codon.

Within the splinker sequence is the recognition site for Esp3/ (5'...CGTCTC(N)1...3’,
3'...GCAGAG(N)s...5’) which generates a 4bp overhang. This means each elongation block
can be restricted using Eam1104/ and Esp3/ to generate a 5’ 3bp overhang and a 3’ 4bp
overhang. The difference in overhang length allows for highly selective assembly of
elongation blocks in a pair wise fashion. This process can be repeated to assemble even
longer regions of randomisation (Van den Brulle et al., 2008). Sloning then went on to
develop SlonoMAX™ | a commercialised application of Slonomics ™ ,capable of encoding

protein libraries with user defined amino acids at specific positions.
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1.4.3.5 DC and MDC-Analyzers

The MDC-Analyzer is a computational approach to saturation mutagenesis, designed as an
extension to the DC analyser (Tang et al., 2012), but now targeting contiguous sites, while

the DC Analzyer was more suited to single codon mutagenesis.

The tools use optimised degenerate primer sets allowing for the encoding of contiguous
amino acids with minimal redundancy. Computational primer predictions were conducted by
Tang et al (2014) for the randomisation of three contiguous codons, T134,P135,F136 of A.
radiobacter AD1 halohydrin dehalogenase (hheC), resulting in the primer sequences
ATTACCTCTGCAXXXXXXXX XGGGCCT-3', where XXXXXXXXX represented
KGCWYGWYG, ATCWYGWYG, KGCKWCWYG, DKCCAGWYG, and ATCKWCWYG.
These primer oligonucleotides were then synthesised and mixed to a ratio of 32:16:32:24:16
to accommodate for the frequency of each amino acid encoded. Mixing the degenerate
primers simplified the experimental protocol, by only needing to perform a single PCR
amplification, but increases the possibility of primer dimers or bigger oligomers forming. This
could impact upon PCR amplification of specific sequences thus skewing the amino acid
frequencies. The work demonstrated by Tang et al (2014) is based on the mutagenesis of
three contiguous codons and required a primer length of 27bp. This included 9 degenerate
bp flanked upstream by 12bp and downstream by 6bp. An increase in the number of codon
targets would increase the length and complexity of the primers, increasing the potential
complications when saturating a repetitive sequence for example, that of a designed

armadillo repeat protein.

1.4.4 Key considerations when choosing a saturation mutagenesis technique

When deciding which saturation mutagenesis technique to use when engineering a
randomised DNA library, there are several key considerations to deliberate. The majority of
these considerations are biological, while others are financial (Acevedo-Rocha, Reetz and
Nov, 2015). The biological considerations can be said to revolve around sequence space. A
DNA library’s sequence space is the encoding space required to provide a single DNA
sequence for every possible randomisation outcome. As sequence space is finite, it can
become a limiting factor for DNA library diversity (the number of unique DNA sequences
present in the randomised library). This means a library’s diversity is dependent on efficient
use of the sequence space. Figure 1.4.4 A, B and C summarise the impact of changing the

level of degeneracy on diversity, encoded bias and encoded truncation.
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Figure 1.4.4 Performance comparison of different saturation mutagenesis techniques

(A) Graphical representation of potential diversity generated by different saturation
mutagenesis techniques, calculated using the formula d=1/(NZkpk2) (Makowski and Soares,
2003). (B) Comparison of theoretical gene ratios demonstrating codon bias between the most
degenerate amino acids (leucine/arginine/serine having 6 codons each) and the least
degenerate (methionine and tryptophan having 1 codon each) for different numbers of
saturated targets. (C) The probability of downstream protein truncation due to the incorporation
of 1 or more nonsense codons across different numbers of saturated positions. (D) Number of
primer oligonucleotides required for each of the compared saturation mutagenesis techniques.
(E) Other key considerations when comparing saturation mutagenesis techniques. Taken from
(Ashraf et al., 2013)

Non-degenerate saturation mutagenesis is inherently more efficient in terms of sequence

space, thus maximising library diversity (Figure 1.4.4A). The removal of degeneracy also

eliminates amino acid representation bias (Figure 1.4.4B) and the incorporation of nonsense

codons at saturated positions (Figure 1.4.4C). Figure 1.4.4D compares the number of

primers required by each saturation mutagenesis technique to randomise different numbers
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of contiguous targets, allowing an inference about the associated cost of each technique,

while other key considerations are compared in Figure 1.4.4E.

Each saturation mutagenesis technique has both positive and negative aspects, meaning a
balance of library quality against cost, time, workload and other considerations should be
assessed when saturating any DNA library. With the randomised designed armadillo repeat
protein DNA libraries most likely containing multiple positions, each being saturated to
encode a significant number of new amino acid residues, non-degenerate saturation is
deemed essential to ensure maximal library diversity, therefore increasing the chance of

identifying high quality novel binders.

1.5 Determining the sequence of randomised designed armadillo repeat

proteins

Upon completion of a randomised designed armadillo repeat protein DNA library, an
assessment of its quality is essential before continuing with the downstream processes of
expression and screening. To investigate the success of an engineered DNA library made of
billions of different sequences, if not more (depending on the saturation), requires
considerable sequencing power that is both cost and time effective. To direct downstream
screening, an accurate measurement of encoded amino acid representation at each of the
saturated positions is required. First generation sequencing techniques such as chain
termination sequencing (Sanger sequencing) (Sanger, Nicklen & Coulson, 1977) are not
capable of providing the accurate quantification of bases, codons and therefore the amino
acid representation at saturated positions. So called second generation sequencing
techniques such as Pyrosequencing (Nyrén & Lundin 1985), (Hyman, 1988), (Margulies et

al., 2005) also encounter issues when attempting to sequence libraries of considerable sizes.

Sixty years of sequencing development has resulted in techniques capable of providing such
niche data requirements, with lllumina becoming synonymous with next generation

sequencing, as Sanger was with the first generation.

1.5.1 DNA library sequencing via lllumina

lllumina DNA sequencing was developed as a parallel technique to Pyrosequencing, using

the detection of fluorescently labelled dNTPs like that of Sanger sequencing, implementing a
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novel amplification processed called bridge amplification (Voelkerding, Dames and Durtschi,
2009). The lllumina sequencing process can be separated into two distinct stages: library

preparation and sequencing (Figure 1.5.1).
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Figure 1.5.1 Process of lllumina next-generation sequencing.

The library sequences are fragmented and adapter sequences ligated to the 5’ and 3’ ends.
Theses adapters facilitate binding to complimentary oligonucleotides found on the flow cell.
Synthesis of the reverse strand begins, by using the forward reading strand as template.
The original template strand is removed from the flow cell and via bridge amplification, the
complementary DNA strand is synthesised incorporating fluorescently labelled dNTPS. The
double stranded bridge is separated into single stranded DNA and bridge amplification is
repeated. After each round of amplification and the incorporation of the fluorescently labelled

dNTP, laser excitation reveals the base identity. Adapted from (Young and Gillung, 2019).
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The DNA to be sequenced is first fragmented into smaller sections, with these fragments
undergoing “tagmentation”. During tagmentation two different transposomes break the DNA
strands and add adaptor sequences to the 5’ and 3’ which are joined via ligation. These
adaptor oligonucleotides possess motifs that allow for flow cell interactions and primer
binding location for use during sequencing. The DNA fragment binds to a complementary
oligonucleotide attached to the flow cell using the newly introduced motif and is used as a
template strand for amplification via DNA polymerase. Denaturation of this double stranded
oligonucleotide releases the original DNA strand leaving the newly synthesised strand to fold
over and use the exposed terminal adaptor motif to bind to its complementary flow cell
oligonucleotide. Amplification of this bridged oligonucleotide occurs and denaturation leaves
two single strand oligonucleotides attached to the flow cell. This bridge amplification is
repeated many times, and simultaneously with all the generated fragments from the library
preparation stage, until clusters of newly synthesised oligonucleotides are formed. The
reverse stand oligonucleotides are cleaved from the flow cell and the clustering step is
completed. The sequencing primer now binds to its complementary site and the sequencing
by synthesis stage commences. Each of the four nucleotides are fluorescently labelled,
(each with its own colour identifier) with the base identity determined by laser excitation after
each addition. This sequencing by synthesis occurs simultaneously across all of the clusters
on the flow cell. Each incorporated dNTP is a non-permanent synthesis terminator,
preventing the incorporation of more than one dNTP per cycle by blocking the 3’ hydroxyl
position with the fluorophore. When the fluorophore is cleaved the next cycle of dNTP
incorporation and identification can occur (Turcatti et al., 2008). Sequencing by synthesis, is
also performed in the opposite direction. Bridge amplification generates the reverse strand,
with the forward strand cleaved from the flow cell, washed away and the sequence

determined by identifying the incorporated fluorescently labelled dNTP each cycle.

With 454 Pyrosequencing discontinued, and newer next generation sequencing technologies
aimed at sequencing longer nucleic acid sequences (Slatko, Gardner and Ausubel, 2018),
lllumina sequencing is the most viable method of sequencing engineered designed armadillo
repeat protein DNA libraries. lllumina sequencing is perfectly adapted to handle libraries of
around 400bp, the expected sequence size estimations based on Varadamsetty et al (2012)
randomising positions across three repeats (42 amino acids long so therefore 378bp in
length). lllumina sequencing is also capable of producing the high quality read data essential
for accurate amino acid distribution calculations (lllumina, 2011), while still being cost

effective.
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1.6 Protein screening from randomised designed armadillo repeat protein DNA

libraries

With the library engineering and quality control performed, the screening of the randomised
DNA libraries will then be performed by the Plickthun group, based on the well-established
yeast display methodology developed by Boder and Wittrup (1997), using a-agglutinin in

S.cerevisiae.

The vector pYD is engineered to contain the designed armadillo sequence, where the
randomised cassette is inserted using homologous recombination, flanked by two detection
tags, HA at the N-terminus and c-Myc at the C-terminus. This protein fusion is expressed as
part of the naturally encoded Aga2 subunit of a-agglutinin (Figure 1.6), all present in the pYD
vector. The counter subunit to Aga2, Aga1, is encoded within the yeast genome. Expression
of both Aga1 and the Aga2-fusion protein, results in the surface display of the designed
armadillo repeat protein library, by the formation of disulphide bonds between the Aga1 and
Aga2 subunits (Figure 1.6). The flanking tags of the designed armadillo repeat protein can
then be used to ensure the display of the protein has occurred correctly (detection of HA-tag)
and to determine if the full length protein has been produced (detection of c-Myc tag) by flow
cytometry. This insurance that the full-length protein has been displayed (detection of the c-
Myc tag) can occur at the same time as investigating the designed armadillo repeat protein
library binding. Using a fluorescently labelled linear peptide target, varying in one position
from the consensus (KR)s binder, FACs (Fluorescence Activated Cell sorting) can distinguish
between: cells not expressing full length protein, cells expressing full length protein but are
not recognising the fluorescent peptide target and those cells expressing complete protein
capable of binding the peptide target. This allows for all cells, except for full length proteins
capable of binding, to be discarded. Multiple rounds of FACs including the use of competitive
peptide targets (for example leucine when investigating an isoleucine binder) are used to
enrich the binder pool. The pools undergo NGS sequencing, which after the completion of
enrichment provide sequences for potential binders. The resulting protein is then investigated
on an individual basis, by Kd investigations and crystallography (Y Stark 2020, personal

communication, 9 March).
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Figure 1.6 Diagrammatic representation of a-agglutinin based yeast display of

designed armadillo repeat proteins.

Disulphide bonds (orange) between the Aga1 (pale blue) and Aga2 (peach) subunits allow
for the display of the designed armadillo repeat protein (grey), flanked by two control tags
(HA-blue and c-Myc- pale green). Binding of fluorescently labelled peptide targets (purple)
by the designed armadillo repeat protein alongside or in absence of c-Myc (green)

(recognised by fluorescently labelled antibodies), enables FACs.

1.7 The aims of PRe-ART (Predictive reagent antibody replacement technology)

The most abundantly used detection reagent in the research environment is the monoclonal
antibody (Kohler and Milstein, 1975) with their involvement being pivotal to many discoveries
over the last five decades. In order to generate monoclonal antibodies, immunisation against
a specific epitope of interest occurs (often in mice), with the B-lymphocytes produced
obtained by removal of the animal’s spleen. The fusion product of the B-lymphocytes and
immortalised myeloma cells, hybridomas, are then cultured. Each individual hybridoma clone
is separated and the specific antibody portfolio of each clone screened for desirable activity
(Liu, 2014). This means for each new epitope to be targeted, the timely process of
generating and screening monoclonal antibodies is required. Unfortunately, after this
extensive process the monoclonal antibody produced can suffer from batch variations
(Voskuil, 2014), questioning the comparability of results, supported by Berglund et al (2008)
reporting only 49% of commercial available antibodies were functional. In 2015 the call for

sequence defined recombinant binding reagents was made (Bradbury and Plickthun, 2015),
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highlighting the research community’s desperation for high quality and reliable reagents,
capable of reproducible results. Even with the movement to recombinant libraries, a selection
process for each new target is still required meaning the quality of reagent has increased but

the time and cost have not improved.

PRe-ART aims to revolutionise the reagent antibody field, by producing sequence-defined,
modular regents that bind specifically and tightly to linear peptide targets. As the designed
armadillo repeat proteins require a peptide target in an extended orientation, the potential
application of these binders is huge, from binding denatured proteins in SDS-PAGE and
western blots, to the specific recognition and binding of artificial protein tags. By generating
individual armadillo repeat subunits that are dipeptide specific and sequence defined, a
peptide specific, reproducible binder can be engineered by assembling the necessary

modules (Figure 1.7).
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Figure 1.7 Overall aim of Pre-ART

A library of armadillo repeat subunits are generated, each with its own dipeptide
specificity (a total of 400 subunits) capable of modular binding to generate a
peptide specific designed armadillo repeat protein. Example shown is an
armadillo repeat being produced to bind the peptide targets, THVESG & ATVRGY
(Adapted from: A Pliickthun 2017, Personal communication, 15t September 2017).

Having a library of modules that are fully-defined, eliminates the need for timely and
therefore expensive binder selection processes and ensures that experiments using such
reagents would be reproducible. The successful production of a stable designed armadillo
repeat protein achieved by the Pluckthun laboratory, means the engineering of repeat
subunits with altered binding preference can begin. This will be attempted using a
collaborative approach between the Plickthun, Hécker and Hine laboratories using both

experimental and computational approaches to direct JArmRP engineering.
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1.7.1 PhD Project Aims

This PhD project aims to contribute to the generation of the designed armadillo repeat

protein module repertoire, via the following work streams:

¢ Creating generic, saturated libraries of the arginine pocket

e Creating focussed libraries of the arginine pocket specific to threonine binding

¢ Developing non-proprietary methodology to saturate the lysine pocket (ParaMAX
randomisation)

¢ Developing methods to assess NGS data of saturated libraries containing contiguous

and non-contiguous saturated codons.

55
B.P.G Wagstaffe, PhD Thesis, Aston University 2021.



Chapter 2 Materials and Methods
2.1 Materials

2.1.1 Buffer constituents

2.1.1.1 Pfu DNA polymerase buffer (10x)
200mM Tris-HCI (pH 8.8 at 25°C), 100mM KCI, 100mM (NH4)2S04, 20mM MgS04, 1.0%

Triton® X-100 and 1mg/ml nuclease-free BSA. Purchased from Promega.

2.1.1.2 T4 DNA ligase buffer (10x)
300mM Tris-HCI (pH 7.8 at 25°C), 100mM MgCl2, 100mM DTT and 10mM ATP. Purchased
from NEB.

2.1.1.3 CutSmart® Buffer
1X CutSmart® Buffer, 50 mM Potassium Acetate, 20 mM Tris-acetate, 10 mM Magnesium
Acetate, 100 ug/ml BSA, (pH 7.9 @ 25°C). Purchased from NEB.

2.1.1.4 TAE (1x)
40 mM Tris, 20 mM acetic acid, 1 mM EDTA. Purchased from ThermoFisher Scientific

2.1.1.5 Blue/orange loading buffer (6x)
0.4% orange G, 0.03% bromophenol blue, 0.03% xylene cyanol FF, 15% Ficoll® 400, 10mM
Tris-HCI (pH 7.5) and 50mM EDTA (pH 8.0). Purchased from Promega.

2.1.2 Other solutions

2.1.2.1 dANTP Mix
Sodium salts of dATP, dCTP, dGTP and dTTP, each at 10mM in water at pH 7.5; the total

concentration of nucleotides is 40mM. Purchased from Promega.

2.1.2.2 Oligonucleotides

All oligonucleotides were purchased from Eurofins Genomics.

2.2 Methods

2.2.1 General methods

2.2.1.1 Miyl Restriction
Miyl restrictions were performed using a 50 uL reaction mix of 1x CutSmart® buffer, 1ug of

DNA to be restricted, 1 yL Mlyl (0.2 U/uL) and the remaining reaction volume millQ water.

The reaction mix was incubated at 37°C for 1 hour, followed by enzyme deactivation at 65°C

for 20 minutes.
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2.2.1.2 Blunt-end Ligation

Blunt-end ligations were performed at a volume of 20 pL using a reaction mix of 1x T4 DNA
ligase buffer (NEB), 50% of the reaction volume being DNA to be joined, divided equally
between all ligation counterparts, 1 yL T4 DNA ligase (100 U/uL) (NEB) with the remaining

volume made by millQ water.

The reaction was incubated at 16°C overnight, followed by enzyme deactivation at 65°C for

10 minutes.

2.2.1.3 Agarose gel electrophoresis

3% Agarose gels were made by dissolving 3g LE Multi-Purpose Agarose (Geneflow) in
100ml 1x TAE buffer unless otherwise stated. As the solution was cooling, ethidium bromide
solution was added to achieve a final concentration of 0.5 pg/ml. The solution was then
poured into the casting tray of a Fisherbrand™ Sub-Gel Midi Horizontal Gel Electrophoresis
Unit unless otherwise specified. Once the gel had solidified, the comb was removed, the
casting tray placed into the electrophoresis tank, which was then filled with TAE 1x buffer.
DNA was mixed with loading buffer and loaded into gel wells. Gels were electrophoresed
using a constant voltage of 20 V/cm was used unless otherwise specified. Once the DNA

had migrated sufficiently through the gel, it was visualised using a Syngene G:BOX.

2.2.1.4 PCR product purification
To purify PCR products, the Promega Wizard® SV Gel and PCR Clean-Up System was used

according to manufacturer’s instructions.

2.2.1.5 DNA quantification via NanoDrop
DNA was quantified using a Thermo Scientific NanoDrop™ 2000 Spectrophotometer,

blanked using milliq water.

2.2.1.6 DNA sequencing
DNA libraries were sent to Genewiz using the amplicon EZ sequencing service, following
Genewiz sample submission guidelines: DNA sample to be standardised to 20ng/uL with a

minimum of 500ng submitted.

2.2.2 Saturation Mutagenesis

2.2.2.1 MAX Oligonucleotide selection pools

Each individual oligonucleotide used in the MAX randomisation process, was synthesised
externally by Eurofins Genomics at a concentration of 100 uM, suspended in water unless
otherwise specified. With all MAX oligonucleotides at the same concentration, to generate a
MAX oligonucleotide selection pool, the MAX selection oligonucleotides encoding the desired

amino acids were mixed in equal volumes and therefore equal concentrations. A mix of 20
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different MAX selection oligonucleotides would containing each oligonucleotide at an
individual concentration of 5 uM, in a selection pool of 100 uM. The codons selected to
represent each amino acid based on S. cerevisiae preference using GenScript Codon

Frequency Table(chart) Tool- Saccharomyces cerevisiae (gbplin).

2.2.2.2 MAX randomisation

The master mix made in the MAX randomisation process used 1x T4 DNA ligase buffer
mixed with the NNN template oligonucleotide (final concentration 10 yM), a variable number
of MAX oligonucleotide selection oligonucleotide pools (final concentration of 10 uM for each
total selection oligonucleotide pool), the oligonucleotide upstream of the saturated region
(final concentration 10 uM) and the oligonucleotide downstream of the saturated region (final
concentration 10 yM), with the remaining volume (minus T4 DNA ligase) made of milliQ

water unless otherwise stated in a reaction volume of 20 L.

Reaction incubation started at 99°C with a decrease of 1°C/minute until 4°C was reached, at
which point T4 DNA ligase was added to an end concentration of 200U/uL, unless otherwise

stated.

2.2.2.3 ParaMAX randomisation
Multiple individual couplets were made simultaneously using the MAX randomisation
process, amplified using PCR (2.2.4), restricted using Mlyl ready for blunt end ligation to form

a Quad. Repetition of process to generate larger contiguous randomised codon construct.

2.2.3 Control test
2.2.3.1 Self-priming

All possible different combinations of non-MAX selection oligonucleotide, oligonucleotides
were made. To each of these reactions containing different mixes of the oligonucleotides (0.5
pUM), 1x Pfu DNA polymerase buffer (Promega), 200mM dNTP mix (Promega), and
0.025U/uL Pfu DNA polymerase were added, with the remaining volume of each mix being

milliQ water.

The PCR cycling conditions used were: denaturation at 95°C for 2 minutes, followed by 35
cycles of: 95.0°C 30 seconds, 52.0°C 30 seconds, 72.0°C 2 minutes. Final extension at 72°C
5 minutes and 4°C hold.
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2.24 PCR

2.2.4.1 PCR amplification

PCR amplification used a master mix of 1x Pfu DNA polymerase buffer (Promega), 200uM
dNTPs (Promega), forward primer 0.5 yM and reverse primer 0.5uM, Pfu DNA polymerase
0.025U/uL and MAX randomisation product as template at 2% of master mix volume, unless

otherwise stated.

The PCR cycling conditions used were: denaturation at 95°C for 2 minutes, followed by 30
cycles of: 95.0°C 30 seconds, 65°C 30 seconds, 72.0°C 20 seconds with a final extension at

72°C 1 minute and 4°C hold, unless otherwise stated.

2.2.4.2 Overlap PCR

To join multiple sequences, an overlap PCR between the individual
constructs/oligonucleotides was used. An equal volume of each construct (or if overlapping
oligonucleotides equamolar amounts)of each oligonucleotide was mixed with 200uM dNTPs
(Promega), 0.03U/uL Pfu DNA polymerase with the remaining master mix volume being

made of milliQ water.

The PCR cycling conditions used were: 95°C 2 minutes followed by 30 cycles of: 95°C 30
seconds, 60°C 30 seconds, 72°C 1 minute with a final extension step of 72°C 2 minutes and

4°C hold, unless otherwise specified.

2.2.5 NGS data analysis

2.2.5.1 Alignment sequence design

In preparation for NGS data analysis a reference sequence was required, which was made
using UGENE (http://ugene.net/). The full library sequence of interest (unless otherwise
stated) was copied into the programme in a 5°-3’ direction with MAX codons replaced with

NNN and alphabet option Raw selected.

2.2.5.2 NGS data preparation using Galaxy

The processing of the raw NGS files was performed using Galaxy (https://usegalaxy.org/).

2.2.5.2.1 Fastq join function

Mate 1 and mate 2 Fastq files containing the raw sequencing data were uploaded to the
Galaxy server. The two mate files were joined using the FASTq Join function (unless
otherwise stated). The parameters selected were: Paired-End, Maximum percentage
difference between matching segments: 5, Minimum length of matching segments: 9 unless

otherwise stated.
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2.2.5.2.2 Filter by quality function
The output of the joining function underwent quality testing via the Filter by quality function
with the following parameters: Quality cut-off value: 30, Percent of bases in sequence that

must have quality equal to / higher than cut-off value= 90 (unless otherwise stated).

2.2.5.2.3 Filter by Filter FASTQ function
Raw illumina sequence data (Fastq file format) was filtered using the following parameters:
Minimum and maximum length: 216, Minimum quality score: 30 (no upper MAX quality score

assigned), 12 bases allowed outside of quality score range (unless otherwise stated)

2.2.5.2.4 Alignment of reference sequence and NGS data using Bowtie2
Bowtie 2 alignment was performed between the output of the Filter by quality function and
the uploaded UGENE alignment sequence. The following Bowtie 2 parameters were

selected: Single end, Using default settings.

2.2.5.2.5 Alignment of reference sequence and NGS data using BWA-MEM
BWA-MEM alignment was performed between the output of the Filter by quality function and
the uploaded UGENE alignment sequence. The following BWA-MEM parameters were

selected: Single end, Using default settings.

2.2.5.2.6 File reformatting for Excel use

The now aligned output from the Bowtie 2 function required reformatting so it could be
accessed in Excel. The file was converted from its BAM format to SAM using the function
Convert BAM to SAM, selecting the option to exclude the header as this does not contain
any read data. The new SAM formatted file was converted to Interval using the SAM to
Interval function. This Interval file was then downloaded from the history tab and opened in
Excel. Columns were delimited using the default setting and all non-sequence containing

columns deleted.

2.2.6.3 Codon Frequency counting in Excel
To determine codon frequency at saturated positions within the library, Excel’'s countif
function was implemented using the MAX selection oligonucleotides as the count criteria in

the following formula:.

=sum(countifs(range,{**___**,”*  *"...})), where ‘range’ describes the Excel column in which
the NGS reads are displayed, and ____indicates the MAX oligonucleotide being counted

unless otherwise stated.
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Chapter 3 Mutagenesis of a synthetic designed armadillo repeat protein

arginine binding pocket

3.1 Introduction

Within the Y, |MsA; designed armadillo repeat protein protein, are five internal ‘M’ repeats
responsible for the recognition and binding of the target peptide sequence. The H3 helix,
possessed by each of the M repeats, forms a binding groove with its adjacent H3 helix of the
neighbouring repeat, capable of binding a single dipeptide of the target peptide. The target
peptide sequence of the original Y MsA) designed armadillo repeat protein protein was (KR)s,
with each H3 groove recognising a KR dipeptide. To achieve the overall aim of generating a
library of M repeats capable of binding all dipeptide combinations, the binding specificities of
the pockets within the H3 grooves, currently recognising either arginine or lysine, needed to
be altered. This chapter focuses on the arginine binding pocket located in the binding groove
formed by M repeats 4 and 5, with the key binding residues responsible for arginine

recognition (Figure 3.1) saturated using MAX randomisation.

Figure 3.1: Visualisation of the binding groove formed from the H3

helices of repeat 4 and repeat 5.

Key residues for peptide binding coloured red in H3 helix of repeat 4 (green)
(positions 29,33,36) and in the H3 helix of repeat 5 (purple) (positions 26, 29,
30, 33). Adapted from (Hansen et al., 2016).
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As this was the first designed armadillo repeat protein to be saturated using MAX
randomisation, a broad-based library was most appropriate, where the key binding residues
were saturated with the widest range of appropriate amino acids. Based on previous
designed armadillo repeat protein work conducted by Varadamsetty et al (2012), R4-36
saturation was limited to alanine, serine, threonine and valine as naturally occurring armadillo
repeat proteins favour smaller residues at this position. The exclusion of cysteine at all target
positions was to prevent the occurrence of disulphide bond formation and proline exclusion
was to prevent any binding groove configuration changes due to its proclivity to disrupt a-

helices.

3.2 Arginine library design to facilitate MAX randomisation

The arginine pocket to be targeted belonged to the H3 binding groove generated by M
repeats 4 and 5. A short section of M repeat 3 was included in the arginine library design as
a conserved region (Figure 3.2 grey), to allow for downstream incorporation of the
randomised cassette into the designed armadillo repeat protein via homologous
recombination. Repeat 4 of the arginine library possessed three positions of interest while
repeat 5 possessed four. As MAX randomisation requires a unique 6bp invariant region to
allow for specific annealing of the MAX selection oligonucleotides (Figure 3.2), the invariant
region neighbouring R4-36 was changed by silent mutation from its original sequence of
GCACTG (identical to the invariant region neighbouring R4-33) to GCTTTA (Figure 3.2).
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L _______________________________________________________________________|]

BAT GAR CAR ATC TTG CAR GAG GCC TTG TGG GCC CIC AGC AAT ATC GCT TCT GGR GGC BAT GAG CAG ATC CAG GCT GIG ATT GAC GCA GGG GCC CTIG CCR
u E Q I L Q E A L L L 5 u I B 5 G G N E Q I e A ¥ I D & G A L P
TTA CTT GTT T&G ZAC GIT CTC CGG RAAC ACC CGG GAG TCG TTA TAG CGA AGA CCT CCG TTA CTC GIC TAG GTIC CGA CAC TaA CTG CGT CCC CGG GRC GGT

1 2 3 4 5 [ T 8 & 10 11 12 13 14

GCC CTT GTG CAA TTA TTG TCC AGC CCR AAT GAG CAG ATC TTA XXX GAG GCA CTG XXX GCT TTA XXX RAC ATC GCR TCR GGT GGR RAC GAG CAG ATT CAG
B L v Q L L 3 3 P oy E Q I L MAX E A L MAEX 2 L MBX N I B 3 G G N E Q@ I Q
CGG GRA CAC GTT AART BAC AGG TCG GG TTA CIC GIC TAG ART NNN CIC CGT GAC NMN CGA RAT MNN TTG TAG CGT AGT CCAR CCT TIG CTC GIC TRAR GIC

-]
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32433 34 35 36 37 38 39 40 41 42 1 2 3 4 5
Template, repeat 4

Selection5.26 Selection5.29 Selection530 Selection5.33
I 17 aa 17 aa 17 aa 18aa
L % ___®~ . ____=§8.___§o____}§N /|
GCC GTT ATT GAT GOC GGC GCC CTT CCR GCT TTA GIC CAG TTG CTG AGT TCT CCT AAC GRA XXX ATT CTA XXX XX GCT CTG XXX GCR CTT TCT AAT ATT
n v I D R G R L F A L v Q L L 5 5 F N E MRX I L MMX MBX & L MABX R L 5 N I
CGG CAR TAR CTA CGG CCG CGG GAR GGT CGR RAT CAG GIC AAC GAC TCA AGAR GGA TIG CIT NNN TAR GAT NNMN NNN CGA GRAC NNN CGT GAR AGRA TIA TAR
L ]

6 7 8 § 10 11 12 13 14 15 16 17 18 1% 20 21 22 23 24 25 26 27 28 29, 30 31 32 33 34 35 36 37 38

Template, repeat 5

L |
GCT AGC GGG GGT AART GAG CAAR ATC CRR GCA GIA ATC GAT
B 5 G G H E Q I Q B v I o
CGR TCG CCC CCA TTR CTC GIT TAG GTT CGT CAT TAG CTA
39 40 41 42

Figure 3.2: DNA sequence for internal repeat 3, 4 and 5 of the designed armadillo

repeat protein, overlaid with the MAX randomisation library design.

The DNA sequence is split into three separate constructs, a conserved region (grey),
repeat 4 (green) and repeat 5 (purple), with positions of saturation highlighted red.

Overlapping regions between constructs are indicated by orange brackets.

The arginine library sequence was separated into three constructs which were engineered

separately and ultimately combined to form the full length arginine library cassette.

3.3 Generation of MAX selection oligonucleotide pools for positional saturation

of key binding residues in an arginine binding pocket

Before commencing library construction, pools of MAX selection oligonucleotides were
needed for each targeted position. The codons selected to represent each amino acid were
based on S. cerevisiae preference using GenScript Codon Frequency Table(chart) Tool-
Saccharomyces cerevisiae (gbpin) (2.2.2.1), as this was the organism of choice for protein
expression. Even though the lysine codon AAA, has a higher usage frequency the alternative
codon, AAG, was chosen. This was in an attempt to alleviate any potential ligation bias
during MAX randomisation that can be caused when DNA sequences have an excess of
consecutive adenine bases. The required MAX selection oligonucleotides to represent the
desired amino acids at each position (Table 3.3) were mixed to form seven different MAX

selection oligonucleotide pools, one for each target position (2.2.2.1). (See Appendix 1 for
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non-MAX selection oligonucleotide oligonucleotides used to engineer the randomised single

arginine DNA library).

Position R4-29 R4-33 R4-36 R5-26 R5-29 R5-30 R5-33

Invariant

Shﬁ‘;:“&ix TTAMAXGAG | GCACTGMAX| GCTTTAMAX| AACGAAMAX| ATTCTAMAX| MAXGCTCTG| MAXGCACTT

position
Aspartic acid GAT GAT GAT GAT GAT GAT
Glutamic acid GAA GAA GAA GAA GAA GAA
Aspargine AAT AAT AAT AAT AAT AAT
Glutamine CAA CAA CAA CAA CAA CAA
Threonine ACT ACT ACT ACT ACT ACT ACT
Serine TCT TCT TCT TCT TCT TCT TCT
s Methionine ATG ATG ATG ATG ATG ATG
§ Leucine TIG TG TG TG TG TG
= Isoleucine ATT ATT ATT ATT ATT ATT
< Valine GTT GTT GTT GTT GTT GTT GTT
S Alanine GCT GCT GCT GCT GCT GCT GCT
= Phenylalanine TIT T TIT TIT TTT TTT
5 Tyrosine TAT TAT TAT TAT TAT TAT
® Tryptophan TGG TGG TGG TGG TGG TGG
Histidine CAT CAT CAT CAT CAT CAT
Arginine AGA AGA AGA AGA AGA AGA
Lysine AAG AAG AAG AAG AAG AAG
Glycine GGT GGT

Cysteine

Proline

Table 3.3: Table showing the encoded amino acids in the MAX selection

oligonucleotide pools created for saturation of each target position in the

randomised arginine library. Each cell highlighted indicates that amino acid’s inclusion

in the corresponding MAX selection oligonucleotide pool.

Each MAX selection

oligonucleotide was received at 50 uM in aqueous solution. To make the MAX selection

oligonucleotide pool for each position, an equal volume and therefore concentration of

each MAX selection oligonucleotide was mixed. The resulting end concentration of each

selection pool was 50 uM, with individual MAX selection oligonucleotide concentration at
2.94 uM for positions: R4-29, R5-26, R5-29, R5-30, 2.78 uM for R4-33, and R5-33 and
12.5 uM for R4-36.
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3.4 Production of the repeat 4 construct for incorporation into a randomised

arginine pocket DNA library

As each of the three library components were to be made separately as shown in Figure 3.2,

the repeat 4 construct (green, Figure 3.2) was focused upon first.

3.4.1 Determining the optimal repeat 4 MAX randomisation product template

dilution and annealing temperature for PCR amplification

In order to generate a high quality PCR product, the optimal conditions for the repeat 4 PCR
amplification had to be determined. This occurred in a two-pronged approach, ascertaining
the optimal annealing temperature for the amplification while at the same time finding the
optimal template dilution. The repeat 4 MAX randomisation product template was produced
via MAX randomisation (2.2.2.2) (Figure 1.4.3.2) and then diluted in milliQ water to form a
template dilution range of 1/10, 1/100, 1/1000 — fold dilutions. Undiluted template and each of
the template dilutions was used in an individual annealing temperature gradient PCR
amplification, allowing for the determination of the optimal annealing temperature and
template dilution in one set of experiments (2.2.4.1). PCR products were visualised via

agarose gel electrophoresis (2.2.1.3).
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Figure 3.4.1: Four annealing temperature gradients using MAX randomisation
product as template at varying dilutions to determine optimal annealing

temperature and template dilution for repeat 4 PCR amplification.

Four individual PCR reactions were made using (A) neat MAX randomisation
product, (B)1/10 diluted MAX randomisation product, (C) 1/100 diluted MAX
randomisation product and (D) 1/1000 diluted positive MAX randomisation as
template and divided into 12 equal reactions. Annealing occurred at the
temperatures described below. Lanes: M= 50bp MW ladder, annealing
temperatures; 1.45.0, 2. 45.4, 3.46.5, 4.48.5, 5.51.1, 6.53.7, 7.56.1, 8.58.7, 9.61.2,
10.63.2, 11.64.4,12. 65.0 (°C).
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Figure 3.4.1 shows a bright product band of 132bp across the entire annealing temperature
gradient using the four different MAX randomisation product template dilutions. Figure 3.4.1A
also shows two other products of ~90bp and 275bp for all annealing temperatures tested,
with a third band of 175bp present for annealing temperatures 45.0 - 56.1°C, that becomes
less defined when using higher annealing temperatures. Due to the presence of unwanted
products, the use of neat MAX randomisation product as template was not possible. A faint
product of ~225bp could be seen across the annealing temperature range when using
1/1000 MAX randomisation product as template (Figure 3.4.1D). This ~225bp product could
also been seen in Figure 3.4.1C (1/100 template dilution) for temperatures 45.0 - 63.2°C,
becoming less intense as the temperature increased. In comparison with the other template
dilutions, 1/10 MAX randomisation product template dilution (Figure 3.4.1B) showed fainter
unwanted products. This may have been a result of the non-product band intensity being
blocked by the dye front causing them to appear fainter. As the 225bp band was seen across
all the template dilution gradients, with a minimal difference in brightness (Figure 3.4.1B, C
and D), it was concluded the increasing dilution from 1/10 to 1/1000 had no considerable
impact on the 225bp band and therefore the template dilution of 1/10 was considered optimal
as it was the lowest template dilution. Across Figure 3.4.1B, the 132bp band intensity
increased from 48.5°C, but as the band also became denser (potentially hiding unrequired
products), an annealing temperature of 45.0°C, which produced a lesser but still bright band
was deemed most appropriate for use in downstream applications. This annealing
temperature was chosen for future amplifications alongside the 1/10 template dilution. No-
template controls were not performed for any of the annealing temperature and template
dilution combinations seen in Figure 3.4.1. Instead, a no-template control was performed
using the optimal conditions determined from Figure 3.4.1 (seen in Figure 3.5.4.3)

demonstrating the product resulted from specific amplification of the repeat 4 template.

3.4.2 Testing asymmetry of MAX randomisation of repeat 4 under optimised

conditions

To eliminate non-degeneracy and therefore produce unbiased DNA libraries, MAX
randomisation relies upon the specific, asymmetric amplification of the MAX codon-
containing DNA strand. This DNA strand is made from the ligations of the constituent MAX
selection oligonucleotides and flanking oligonucleotides (Figure 3.2) and is not produced in

the absence of ligase.

To determine if the 132bp product generated was a result of the required, specific
asymmetric amplification, the optimal conditions of 45.0°C annealing using a 1/10 dilution of
MAX randomisation product as template were then used to amplify the control non-ligase
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repeat 4 MAX randomisation product (2.2.4.1). The PCR product was visualised via agarose

gel electrophoresis (2.2.1.3).

200bp

150bp
132bp
100bp

50bp

Figure 3.4.2: Repeat 4 negative controls to assess asymmetric

amplification.

Repeat 4 was created as described (2.2.4.1.) under optimised conditions of
1/10 diluted template and an annealing temperature of 45°C, but with the
omission of ligase during construction. Lanes: M=50bp MW ladder, 1. Ligase-

negative control, 2. No template control.

A bright product band was seen at 132bp, meaning the product was formed by amplifying
something other than the required, MAX codon-containing DNA strand.

3.4.3 Source of full length product in ligase negative control

The generation of a PCR product in the absence of ligase (Figure 3.4.2) and therefore in the
absence of the creation of a DNA strand containing MAX codons, suggested these products
resulted either from amplification of the template strand, or else from unanticipated self-

priming events between other, component oligonucleotides. When considering the constant

oligonucleotides used to generate repeat 4, a product of 90bp could only be produced by a
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cross-priming event between the upstream oligonucleotide and the NNN template strand,

because of the directionality of DNA extension (Figure 3.4.3.1).

5 3 5 3

l Self-priming and amplification

90bp
3 53 5

l_'_l

9bp complementary overlap

Figure 3.4.3.1: Diagrammatic representation of a self-priming event between

repeat 4 MAX oligonucleotides.

A self-priming event between the upstream repeat 4 MAX oligonucleotide (blue) and
the NNN template (orange), with a complementary region of 9bp (red bracket),
(excluding the downstream oligonucleotide (green)) would generate a product of 90bp

(blue/orange construct).

To investigate this experimentally, the MAX randomisation constituent oligonucleotides were
mixed to form all possible combinations and PCR amplified (2.2.3.1). PCR products were

visualised via agarose gel electrophoresis (2.2.1.3).
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150bp

90bp 100bp
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Figure 3.4.3.2: PCR amplification of different MAX oligonucleotide combinations to

investigate self-priming events with 9bp complementary regions.

Four individual PCR reactions were made and sampled in duplicate, with each reaction
investigating the possibility of self-priming events between a different combination of the
constant selection oligonucleotides. Lanes: M= 50bp MW ladder, 1-8, PCRs with
oligonucleotide combinations of: 1) upstream flanking oligonucleotide and downstream
flanking oligonucleotide, 2) duplicate of 1), 3) upstream flanking oligonucleotide and NNN
template, 4) duplicate of 3), 5) downstream flanking oligonucleotide and NNN template, 6)
duplicate of 5), 7) upstream flanking oligonucleotide, downstream flanking oligonucleotide
and NNN template, 8) duplicate of 7).

The 90bp product in Figure 3.4.3.2, was only generated in the presence of the upstream
flanking oligonucleotide and the NNN template strand, validating the assumption of self-

priming events causing the 90bp construct production (2.2.3.1).

The production of a 90bp product from self-priming did not account for the 132bp product
seen in Figure 3.4.2, but within the non-ligase MAX randomisation control PCR ampilification,
the forward and reverse primers for the MAX codon containing DNA strand were also

present. Figure 3.4.3.3, shows how these primers could be responsible for integrating the
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downstream flanking oligonucleotide with the 90bp product generated by self-priming of the

upstream flanking oligonucleotide and NNN template.

5 3 5 3
3 5
[ 5 3
>
3 5
Self-priming and amplification — 1
5 3
T —'_' I 90bp
3 5
— 5 , _ 38 3
Forward Primer Reverse Primer
. 3 53 5
Annealing of
downstream 1
oligonucleotide
and amplification 5 3
via PCR primers
3 5

Figure 3.4.3.3: Diagrammatic representation of the series of events between repeat

4 MAX oligonucleotides, resulting in a 132bp product in the absence of ligase.

A self-priming event is possible between the upstream repeat 5 MAX oligonucleotide (blue)
and the NNN template (orange), with a complementary region of 9bp (red bracket),
generating a product of 90bp (blue/orange construct). This 90bp construct can then anneal
to the downstream flanking oligonucleotide (green) via their complementary region of 9bp
(purple bracket). PCR primers then facilitate the extension and downstream amplification

to generate the 132bp product.
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3.5.4 Repeat 4 design alteration to eliminate products in non-ligase control

To prevent the production of construct in the non-ligase control amplification, the 9bp
complementary region between the NNN template and the flanking oligonucleotides was
shortened to 6bp, by reducing the length of the NNN template strand from 45bp to 39bp.
(Figure 3.5.4.1).

Selection4.29 Selection4.33  Selection4.36
17 2a 18aa 4aa
I D
GCC CTIT GTG CAA TTA TTG TCC AGC CCA AAT GAG CAG ATC TTA XXX GAG GCA CTG XXX GCT TTA XXX AAC ATC GCA TCA GGT GGA AAC GAG CAG ATT CaAG
A L v Q L L 5 s P N E Q I L MAX E A L MAX A L MAX N I A s G G N E Q I Q
CGG GAA CAC GIT AAT AAC AGG TCG GGT TTA CTC GIC TAG AAT NNN CTC CGT GAC NNN CGA AAT NNN TTG TAG CGT AGT CCA CCT TTG CIC GIC TARA GIC

2 1 2 3 4

Template, repeat 4

}

Selection 4.29  Selection 4.33  Selection 4.36

GCC CTT GTG CAA TTA TTG TCC AGC CCA AAT GAG CAG ATC TTA XXX GAG GCA CTG XXX XXX AARC ATC GCA TCA GGT GGA AAC GAG CAG ATT CAG
A L v Q L L s s P N E Q 1 L MAX E A L MAX A L MAX N I A 5 G G N E Q 1 Q
CGG GAA CAC GTT AAT AAC AGG TCG GGT TTA CTC GTIC TAG AAT NNN CTC CGT GAC NNN CGA AAT NNN TTG TAG CGT AGT CCA CCT TTG CTC GIC TAA GTC

I
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32A33 34 35 36 37 38 39 40 41 42 1 2 3 4 5

Template, repeat 4

Figure 3.5.4.1: Diagrammatic representation of library design alternation for

repeat 4 construct, by the shortening of the NNN template strand.

The complementary region between the NNN template strand and the flanking
oligonucleotides was reduced from 9bp to 6bp, by shortening the NNN template
strand by 3bp at both the 5’ and 3’ end, reducing the oligonucleotide from 45bp
to 39bp.

This would facilitate a two-stage approach in reducing undesirable product formation by first
reducing the possibility of self-priming between the upstream oligonucleotide and the NNN
template producing the 90bp construct and secondly, reducing the chance of annealing
between the downstream flanking oligonucleotide and the 90bp construct. The new
shortened template oligonucleotide was combined with the upstream and downstream
oligonucleotides and tested as before, to investigate if a 90bp product could still be formed.

(2.2.3.1). The PCR products were visualised via agarose gel electrophoresis (2.2.1.3).
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Figure 3.5.4.2: PCR amplification of different MAX oligonucleotide combinations to

investigate self-priming events with 6bp complementary regions.

Four individual PCR reactions were made and sampled in duplicate, with each reaction
investigating the possibility of self-priming events between a different combinations of the
constant selection oligonucleotides. Lanes: M= 50bp MW ladder, 1-8, PCRs with
oligonucleotide combinations of: 1) upstream flanking oligonucleotide and downstream
flanking oligonucleotide, 2) duplicate of 1), 3) upstream flanking oligonucleotide and NNN
template, 4) duplicate of 3), 5) downstream flanking oligonucleotide and NNN template,
6) duplicate of 5), 7) upstream flanking oligonucleotide, downstream flanking

oligonucleotide and NNN template, 8) duplicate of 7).

With the oligonucleotide combinations no longer producing the 90bp product (Figure 3.5.4.2),
the MAX randomisation process to generate the repeat 4 construct template was re-
performed now using the shortened NNN template oligonucleotide. Both positive and ligase-
negative control MAX randomisations were carried out (2.2.2.2). These products were then
used as template in identical PCR amplifications (2.2.4.1) as those using the 9bp overhang
containing MAX randomisation product as template. PCR products were visualised via

agarose gel electrophoresis (2.2.1.3).
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Figure 3.5.4.3: Comparison between the PCR amplification of positive

and ligase-negative control repeat 4 MAX randomisation products.

Two individual PCR amplifications were performed using either 1/10 diluted
repeat 4 MAX randomisation product or 1/10 ligase-negative control MAX
randomisation repeat 4 products as template. Both PCR amplifications used
an annealing temperature of 45°C. Lanes: M=50bp MW ladder, 1. PCR
amplification using repeat 4 MAX randomisation product as template, 2. No
template control, 3. PCR amplification using ligase-negative repeat 4 MAX

randomisation product as template, 4. No template control.

A bright single repeat 4 construct band (132bp) was seen for the PCR amplification using the
positive repeat 4 MAX randomisation product as template (Figure 3.5.4.3), with no band
visible in the equivalent reaction using the non-ligase MAX randomisation product template.
This meant that any product formed resulted from the specific, asymmetric amplification of
the MAX codon-containing DNA strand.
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3.6 Production of the repeat 5 construct for incorporation into a randomised

arginine pocket DNA library

The production of each library construct was performed independently of each other as

shown in Figure 3.2; the repeat 5 construct (purple, Figure 3.2) was next engineered.

3.6.1 Determining the optimal repeat 5 MAX randomisation product template

dilution and annealing temperature for PCR amplification

In order to generate a high quality PCR product the optimal conditions for the repeat 5 PCR
amplification had to be determined. As with repeat 4, this occurred in a two-pronged
approach, ascertaining the optimal annealing temperature for the amplification while at the
same time finding the optimal template dilution. The repeat 5 MAX randomisation product
was diluted using milliQ water to form a template dilution range of 1/10, 1/100, 1/1000 — fold
dilutions. Neat template and each of the template dilutions were used in an individual
annealing temperature gradient PCR amplification, allowing for the determination of the
optimal annealing temperature and template dilution in one set of experiments (2.2.4.1). PCR

products were visualised via agarose gel electrophoresis (2.2.1.3).
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Figure 3.6.1: Four annealing temperature gradients using different MAX
randomisation product as template at varying dilutions to determine
optimal annealing temperature and template dilution for repeat 5 PCR

amplification.

Four individual PCR reactions were made using (A) neat repeat 5 MAX
randomisation product, (B) 1/10 repeat 5 MAX randomisation product, (C) 1/100
repeat 5 MAX randomisation product and (D) 1/1000 repeat 5 MAX
randomisation as template and divided into 12 equal reactions. Annealing
occurred at the temperatures described below. Lanes: M= 50bp MW ladder,
annealing temperatures; 1.45.0, 2. 45.4, 3.46.5, 4.48.5, 5.51.1, 6.53.7, 7.56.1,
8.58.7,9.61.2,10.63.2, 11.64.4,12. 65.0 (°C).
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All the annealing temperatures tested in the amplification of the neat repeat 5 MAX
randomisation product template, showed a prominent lower band of approximately 90bp
(Figure 3.6.1A). Multiple bands larger than the repeat 5 construct (138bp) were present for
temperatures 45.0- 58.7°C, becoming more defined as the annealing temperature increased.
These upper bands were not present/very faint for annealing temperatures 61.2-65.0°C, but
the 90bp product was consistent across the entire gradient. Accordingly, the use of neat
template was not optimal and was therefore abandoned. The annealing temperature gradient
using the 1/10 diluted repeat 5 MAX randomisation product as template had considerably
less unwanted products than the neat using annealing temperature gradient, with only a faint
band visible at ~225bp for annealing temperatures 45.0-56.1°C and a band at ~120bp seen
for temperatures 56.1-65.0°C (Figure 3.6.1B). The upper band at ~225bp was also visible in
Figure 3.6.1C, using 1/100 diluted template for temperatures 45-58.7°C, with the same lower
band of ~120bp seen in Figure 3.6.1B also visible in Figure 3.6.1C for temperatures 61.2-
65.0°C. These unwanted products meant both 1/10 and 1/100 dilutions were not optimal
template dilutions for producing the repeat 5 construct. In comparison with the other template
dilutions used, 1/1000 diluted template produced single bands of the correct size, 138bp
(Figure 3.6.1D), identifying 1/1000 as the optimal template dilution. With 1/1000 dilution
determined as the optimal template dilution for repeat 5, the annealing temperature 56.1°C

was chosen based on Figure 3.6.1D as optimal, as it produced the brightest band.

3.6.2 Testing asymmetry of MAX randomisation of repeat 5 under optimised

conditions

To determine if the 138bp product generated was a result of the specific asymmetric
amplification of the MAX codon containing DNA strand, a ligase-negative control was
constructed (2.2.2.2) and amplified using the optimal conditions of 56.1°C annealing and a
1/1000 dilution of MAX randomisation product as template (2.2.4.1). The PCR products were

visualised via agarose gel electrophoresis (2.2.1.3).
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Figure 3.6.2: PCR amplification to examine asymmetric

amplification of repeat 5.

A PCR amplification using 1/1000 diluted ligase-negative repeat 5 as
template, with an annealing temperature of 56.1°C. Lanes: M=50bp MW

ladder, 1. Ligase-negative control, 2. No template control.

Under these conditions no product was formed from the ligase-negative control (Figure
3.6.2), meaning repeat 5 production could be attributed to the specific, asymmetric

amplification of the MAX codon-containing DNA strand of repeat 5.
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3.6.3 Repeat 5 construct production for full length arginine library overlap PCR

The optimal PCR conditions for repeat 5 PCR amplification (2.2.4.1) were then used to
generate sufficient PCR product of repeat 5 for the eventual overlap PCR between the
constituent full length library constructs (Figure 3.2) to form the full library product (2.2.4.2).

The PCR product was visualised via agarose gel electrophoresis (2.2.1.3).

200bp

138bp 1500p

100bp

50bp

Figure 3.6.3: PCR amplification to generate repeat 5 construct.

A PCR amplification using 1/1000 diluted repeat 5 MAX randomisation
product as template with an annealing temperature of 56.1°C. Lanes:
M= 50bp MW ladder, 1. Positive PCR reaction, 2. No template control.

A bright single band of 138bp was generated, with a clean no-template control lane.

3.7 Production of the conserved region construct for incorporation into a

randomised arginine pocket DNA library

As shown in Figure 3.2, with both repeat 4 and repeat 5 (green and purple respectively)

successfully engineered, the final construct to be made was the conserved region (grey).
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3.7.1 Determining the optimal conserved region annealing temperature for PCR
amplification

To generate the conserved region, firstly an overlap PCR of its two constituent
oligonucleotides was performed (2.2.4.2). This reaction would generate the template for the
subsequent PCR amplification. The overlap PCR product was diluted to achieve a 1/1000
dilution template used for an annealing temperature gradient PCR to determine the optimal
annealing temperature for generating the conserved region construct (2.2.4.1). A 1/1000
dilution was used as template to match that of the repeat 5 template dilution used. PCR
products were visualised via agarose gel electrophoresis (2.2.1.3).

200bp
150bp

-
-

99bp 100bp

50bp

Figure 3.7.1: Annealing temperature gradient using conserved region overlap

PCR product as template, to determine optimal conditions for PCR
amplification.

A single PCR master mix was made, using 1/1000 diluted conserved region overlap
PCR product as template across a range of annealing temperatures as described
below. Lanes: M= 50bp MW ladder, annealing temperatures; 1.45.0, 2. 45.4, 3.46.5,
4.48.5,5.51.1,6.53.7,7.56.1, 8.58.7, 9.61.2, 10.63.2, 11.64.4, 12. 65.0 (°C).

A bright 99bp product band was seen for annealing temperatures 45.0-56.1°C with the
construct band becoming fainter for 58.7 and 61.2°C (Figure 3.7.1). No band was seen for

temperatures 63.2-65.0°C. The brightest band was achieved using an annealing temperature
of 51.1°C.
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3.7.2 Conserved region construct for full length arginine library overlap PCR

With the optimal annealing temperature for conserved region PCR amplification determined,
a final PCR amplification was performed (2.2.4.1) to generate sufficient conserved region
construct product volume for the overlap PCR (2.2.4.2) to construct the full length arginine

library cassette. The PCR product was visualised via agarose gel electrophoresis (2.2.1.3).
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Figure 3.7.2: PCR amplification to generate conserved region
construct.

A PCR amplification using 1/1000 diluted conserved region overlap
PCR product as template with an annealing temperature of 51.1°C.

Lanes: M= 50bp MW ladder, 1. Positive PCR reaction, 2. No template
control.

A bright single band of 99bp was generated, with a clean no-template control lane.
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3.8 Construction of complete randomised arginine DNA library

With the successful production of the conserved region, repeat 4 and repeat 5 (Figure 3.2,
grey, green and purple respectively) the three individual constructs now needed to be joined
together. This was achieved via an overlap PCR reaction (2.2.4.2) which exploited the

complementary regions indicated by the orange brackets in Figure 3.2.

3.8.1 Determining the optimal template dilution and annealing temperature for

PCR amplification of the complete cassette

The product formed from the overlap PCR between the three constructs (2.2.4.2) was diluted
to form neat, 1/10, 1/100 and 1/1000 dilutions, to be used as template for PCR amplification
(2.2.4.1).

To determine both optimal annealing temperature and template dilution, four individual
annealing temperature gradients were conducted, each using a different template dilution

(2.2.4.1). The PCR products were visualised via agarose gel electrophoresis (2.2.1.3).
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Figure 3.8.1: Four annealing temperature gradients using different full length
library overlap product as template at varying dilutions to determine optimal
annealing temperature and template dilution for complete library construct
amplification. Four individual PCR reactions were made using neat overlap product
(A), 1/10 diluted overlap product (B), 1/100 diluted overlap product (C) and 1/1000
diluted overlap product as template (D) and divided into 12 equal reactions. Annealing
occurred at the temperatures described below. Lanes: M= 50bp MW ladder,
annealing temperatures; 1.45.0, 2. 45.4, 3.46.5, 4.48.5, 5.51.1,6.53.7, 7.56.1, 8.58.7,
9.61.2,10.63.2, 11.64.4,12. 65.0 (°C).
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Upon comparison of each annealing gradient, all annealing temperatures producing a library
product of 336bp also produced an upper band approximately 500bp. The annealing
temperature gradient using neat template dilution (Figure 3.8.1A) also showed more
smearing compared to the other annealing gradients, for annealing temperatures producing a
library construct band. Because of this, the neat template was abandoned. A prominent lower
band at approximately 225bp, could be seen in the annealing gradients using 1/10, 1/100
and 1/1000 diluted overlap product template (Figures 3.8.1B, 3.8.1C, 3.8.1D respectively).
This lower band was faintest in the annealing temperature gradient using 1/10 diluted overlap
product template, potentially caused by the lower band being hidden by the dye front (Figure
3.8.1B). The brightness of the library product band generated using a 1/10 template dilution
was stronger than that of 1/100 and 1/1000, meaning the template dilutions of 1/100 and
1/1000 were abandoned, leaving the 1/10 dilution as the optimal template dilution. The
annealing temperatures 51.1, 53.7 and 56.1°C in the 1/10 template dilution annealing
gradient, produced a bright library construct band with a very faint 225bp band. The upper
500bp band had a consistent intensity, so determination of the optimal annealing
temperature was based on the library construct band and the 225bp band intensity (Figure

3.8.1B). Based on this, the annealing temperature 56.1°C was selected as optimal.

3.8.3 Optimisation of PCR amplification of a randomised arginine DNA cassette

With none of the conditions tested thus far providing a complete library PCR product of a
high enough quality, the selected conditions of 1/10 template dilution with an annealing

temperature of 56.1°C were then used as the basis for downstream optimisation.

3.8.3.1 Reduction in PCR extension time to remove non-library products

In an attempt to remove the upper 500bp band seen in Figure 3.8.1B, the extension times
within the PCR cycling were reduced (2.2.4.1) by 50%. The subsequent PCR product was

visualised via agarose gel electrophoresis (2.2.1.3).
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400bp
350bp

300bp
250bp

336bp

Figure 3.8.3.1: PCR amplification to generate full length library

construct.

A PCR amplification using 1/10 full length library overlap PCR product as
template using an annealing temperature of 56.1°C with reduced extension
times of 10 seconds, with a final extension of 30 seconds. Lanes: M= 50bp

MW ladder, 1. Positive PCR reaction, 2. No template control.

The reduction in extension time may have removed the upper 500bp band, but this could not
be concluded with confidence (Figure 3.8.3.1) since a considerable decrease in library band
intensity meant the upper band could still have been produced but was just too faint for

agarose gel visualisation (2.2.1.3).

3.8.3.2 PCR cycle number and dNTP concentration investigations to improve

production of randomised arginine library construct.

The poor library construct intensity had now become the greatest concern, so in attempt to
improve product yield, two variables were investigated: an increase in cycle number and an
increase in cycle number with a 50% reduction in dNTP concentration (2.2.4.1), with the
decrease in ANTP concentration investigated alongside increased cycle numbers to pre-
emptively attempt to reduce the production of non-product bands caused by extra PCR

cycles, as the designed PCR amplification of the library would outcompete the amplification
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of unwanted products. PCR products were visualised via agarose gel electrophoresis
(2.2.1.3).

400bp
350bp

336bp 300bp

250bp

Figure 3.8.3.2: Comparison between PCR amplifications
generating full length library product, using different end dNTP

concentrations.

Two individual PCR amplifications were made both using; 1/10 full
length library overlap PCR product as template, an annealing
temperature of 56.1°C, reduced extension times of 10 seconds, 32
cycles and a final extension of 30 seconds. The only variable
between the two PCRs being the final concentration of dNTPs.
Lanes: M= 50bp MW ladder, 1. Positive PCR reaction, 2. No template
control, 3. Positive PCR reaction with 50% dNTPs concentration

reduction, 4. No template control.

A full length library product could be seen for both PCR amplifications (Figure 3.8.3.2). The
336bp construct produced using 32 cycles alone (lane 1 of Figure 3.8.3.2) was brighter than
the band produced using 32 cycles and reduced dNTP concentration (lane 3 of Figure
3.8.3.2), but was accompanied by several other bands at approximately 260bp, 280bp and

425bp. The band produced using 32 cycles and the reduced dNTP concentration was a good
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quality single band, thus the reduced dNTP concentration and 32 cycles conditions were

used for downstream PCR amplification (2.2.4.1).

3.8.4 Complete randomised arginine DNA cassette production

A final, large-scale PCR amplification of the complete cassette was performed (2.2.4.1), with
the PCR product visualised via agarose gel electrophoresis prior to purification (2.2.1.3). This
was to produce an adequate volume of PCR product for purification (2.2.1.4), which was then
quantified (2.2.1.5). The purified PCR product was then sent for Next Generation Sequencing
(2.2.1.6).

M 1 2 M

336bp

400bp
350bp
300bp
250bp

Figure 3.8.4: PCR amplification to generate full length library

construct.

A PCR amplification using 1/10 full length library overlap PCR product
as template and a 50% reduction in final dNTP concentration. The
annealing temperature of 56.1°C was used, alongside reduced
extension times of 10 seconds within the 32 cycles and a final
extension of 30 seconds. Lanes: M= 50bp MW ladder, 1. Positive

PCR reaction, 2. No template control.
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3.9 Analysis of Next Generation Sequencing data to assess amino acid

representation at saturated positions in an arginine DNA cassette

The arginine library cassette PCR product was sequenced at Genewiz (2.2.1.6) using the

Amplicon EZ service, which utilises two 250bp reads running 5°-3 and 3’-5 to provide full

library coverage. The data output of the Miseq Illlumina sequencing was processed and

analysed (2.2.6) then presented graphically (Figure 3.9).

Codon Frequency (%)

100 - .
80
70
60

50 -
40 -
30 -~
20 -
10 -
0 -
Obs [Exp [Obs| Exp |Obs | Exp |Obs | Exp |Obs | Exp |Obs | Exp |Obs| Exp
R4 29

ArmRP position

Figure 3.9: Observed vs expected amino acid distribution for
positions randomised in an arginine designed armadillo repeat

protein library.

Letters in the legend correspond to universal amino acids abbreviations in
the genetic code: P: proline; C: cysteine; K: lysine; R: arginine; H: histidine;
W: tryptophan; Y: tyrosine; F: phenylalanine; G: glycine; A: alanine; V:
valine; |: isoleucine; L: leucine; M: methionine; S: serine; T: threonine; Q:
glutamine; N: asparagine; E: glutamic acid; D: aspartic acid; *: stop codon.
Raw data from Miseq lllumina sequencing. (See Appendix 2 for raw count
data)
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Upon visual inspection of the observed and expected frequencies, a primary evaluation that
the observed and expected codon frequencies matched well for positions R4-29, R4-33, R5-
26, R5-29, R5-30 and R5-33 was made (Figure 3.9). This was assessed statistically using
the Chi-square Goodness-of-fit Test. In order to use the Chi-square Goodness-of-fit Test to
determine if the observed frequencies of each amino acid at each of the randomised
positions statistically fit the expected relevant distribution, the raw counts were used
(Appendix 2). The amino acids observed at each position, but were not expected (mainly
glycine, cysteine, proline and stop codons), had to be removed from the analysis, as part of
the calculation involves dividing by the expected value, not possible if the value is 0. The Chi-
square Goodness-of-fit Test was performed using Graph Pad on each position individually.
Each of the 7 tests resulted in a two-tailed P value less than 0.0001 meaning the difference

between the observed and expected proportions was significant and not due to chance.

This was suspected, as the MAX randomisation process is an incredibly sensitive process
and to have a statistically perfect amino acid representation is practically impossible; this is
why the library randomisation was assessed primarily through a visual representation (Figure
3.9). An example of this sensitivity is the over representation of threonine at position R4-36,
most likely caused by a minute unavoidable increased threonine MAX oligonucleotide
concentration in the MAX selection oligonucleotide pool, with the opposite the potential
cause for the alanine under representation at the same position. As the randomised single
arginine library was to be used to discover novel binder hits, the key concern was any
obvious issue with the library for example, a large amount of stop codons which would have

been detrimental in protein screening, while maximising library diversity.

As there were no concerning discrepancies in the library seen in the visual comparison of the
observed and expected frequencies (Figure 3.9), the library quality was considered

satisfactory for use in protein binder investigations.

3.10 Screening outputs from the randomised single arginine DNA library

With the successful completion of the randomised single arginine cassette, investigating the
resulting protein library began. Using yeast surface display and Kd determination, the
Pluckthun group identified multiple binders of interest. The wild-type specificity of the pocket,
originally arginine, had been successfully switched to tyrosine (Kd: 7 Nm, sequence:
KEVLIRG) and tryptophan (Kd: 64 nm, sequence: TATAWRT). Other library hits included a
binder that recognised the large hydrophobic residues: isoleucine, leucine and methionine
(with Kd values: 28 nM, 43 nM and 61 nM respectively) and another that recognised the

hydrogen bond donors histidine and threonine (Kd values: 142 nM and 162 nM respectively).
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An important observation in the threonine binder hits was the common occurrence of leucine
at position R4-33 and glutamine at position R4-36, matching the computational predictions of

the Hocker group who provided the computational predictions for a new threonine binder.

Because of the feedback loop used by the PRe-ART consortium, the data acquired by the
Pluckthun group from the single arginine library was then used by the Hécker group as both
source material for new computational predictions as well as experimental validation of

already existing predictions.

3.11 Concluding the mutagenesis of the designed armadillo repeat protein

arginine pocket

MAX randomisation was successfully used to engineer a saturated designed armadillo
cassette, containing seven positions of saturation spanning two internal repeats of the
protein, with a theoretical library size of 1.08x108. Screening of the resulting protein library,
via yeast display, conducted by the Plickthun group, identified multiple successful binders,
demonstrating altered specificity from the wild-type pocket’s arginine preference. Kd values
in the nM region were determined for novel tyrosine, tryptophan, isoleucine, leucine,
methionine, histidine and threonine binders, providing experimental data for the next rounds

of binder engineering and validation material for computational designs from the Hocker

group.
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Chapter 4 Mutagenesis of a synthetic designed armadillo repeat protein
arginine pocket to generate an Arg—>Thr binding pocket: the Atligator-

Threonine Library

4.1 Introduction

As described in Chapter 3, the Y MsA; designed armadillo repeat protein contains five
internal M repeats responsible for the recognition and binding of the target peptide sequence.
The target peptide sequence of the original Y MsA; designed armadillo repeat protein was
(KR)s, with each H3 groove recognising a KR dipeptide. This chapter focuses on creating a
DNA library engineered to generate a ‘threonine-specific pocket’, i.e. switching the specificity
from KR to KT in the context of a longer peptide (target sequence changed from
KRKRKRKRKR to KRKRKTKRKR). The protein library design was based on computational
predictions generated by ATLIGATOR. ATLIGATOR (Atlas-based LIGand binding site
ediTOR) is a computational prediction programme specifically designed to investigate
protein-peptide interactions with the overall aim to design new binding interfaces, by allowing
the analysis of interaction modes of two or more amino acids. ATLIGATOR uses Protein
Data Bank submissions, filtered by the user based on factors such as: protein family,
binder/ligand length and presence of secondary structure along with the assumption that
natural pairwise interactions have evolved to be most favourable, to create an ‘atlas’ from
structures relevant to the protein-peptide interaction of interest. Distances associated with
ionic, aromatic, hydrogen and other interaction types are used to determine if a genuine
interaction is occurring, with the relevant amino acids then assigned co-ordinates allowing for
pair wise interaction patterns to be mapped. ATLIGATOR is then capable of extracting
common pairwise interactions for a single ligand residue, forming a ‘pocket’ which can then

be grafted to binder scaffolds and investigated by the user.

Accordingly, this construction was named the ATLIGATOR-Threonine (At-Thr) library. The
positional targets were identical to the original single arginine library (Figure 4.1), with the
major divergences predicted by ATLIGATOR, being the focused amino acid selections for

positions R4-33 (positionally fixed for leucine) and R4-36 (fixed for asparagine or glutamine).
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R4-36

Figure 4.1: Visualisation of the binding groove formed from the H3
helices of repeat 4 and repeat 5 of the designed armadillo repeat
protein. Key residues for peptide binding coloured orange in H3 helix of
repeat 4 (green) (positions 29,33,36) and in the H3 helix of repeat 5
(purple) (positions 26, 29, 30, 36). Adapted from (Hansen et al., 2016).

4.2 At-Thr Library design to facilitate MAX randomisation

The At-Thr library design was a focused version of the single arginine library, with the only
difference occurring in the MAX selection oligonucleotide pools for saturating target
positions. Because of this, the At-Thr library contained an identical conserved region from
repeat three of the designed armadillo repeat protein to allow for downstream homologous
recombination (grey), a repeat 4 and repeat 5 region (green and purple respectively), with all
three individual constructs to be joined via overlap PCR using complementary regions

between constructs (orange brackets) to form the full length library product (Figure 4.2).
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TTA CIT GIT TAG ARC GIT CIC CGG AMRC ACC OGG GAG TCG TTA TAG CGA AGA CCT CCG TTA CIC GIC TAG GIC CGA CAC TAR CTG CGI CCC OGG GAC GGT
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Selection4.29 Selection4.33  Selection4.36
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' 5 e e
GCC CIT GIG CRR TTAR TTG TCC AGC CCR RAT GAG CAG ATC TTR XXX GAG GCR CTG XX GCT TTA M¥X RRC ATC GCR TCR GGT GGA ARC GAG CAG ATT CRG
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CGG GRA CAC GTT ARAT AAC AGG TCG GGT TTA CIC GIC TAG AART NNN CTC CGT GAC NNN CGA AAT MNN TTG TAG CGT AGT CCA CCT TTG CIC GIC TAA GIC
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Selection5.26 Selection5.29 Selection5.30 Selection5.33

I 17 aa 17 aa 17 aa 17 aa
I I B I N
GCC GIT ATT GAT GCC GGC GCC CTT CCA GCT TTA GIC CAG TIG CTG AGT TCT CCT AAC GAA XXX ATT CTIA XXX XXX GCT CTG XXX GCA CTT TICT AART ATT
A Vv I D A & A L P A L ¥V Q L L s 5§ P N E MX I L MpXMX A L MX A L 5 N I
CGG CAA TAAR CTA CGG CCG CGG GAA GGT CGA AAT CAG GIC AARC GAC TCA AGA GGA TIG CTT MNN TAA GAT NMN MNNN CGA GAC NNN CGT GAA AGA TTA TAA

Template, repeat 4

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 2B 29, 30 31 32 33 34 35 36 37 38

Template, repeat 5

1
GCT AGC GGG GGT AAT GAG CAR ATC CAA GCA GTA AIC GAT
A 5 G G N E Q@Q I Q@ & Vv 1I D
CGA TCG CCC CCA TTA CTIC GIT TAG GIT CGT CAT TAG CIA
39 40 41 42

Figure 4.2: DNA sequence for internal repeat 3, 4 and 5 of the designed
armadillo repeat protein, overlaid with the MAX randomisation library design.
The DNA sequence is split into three separate constructs, a conserved region (grey),
repeat 4 (green) and repeat 5 (purple), with positions of saturation highlighted red.

Overlapping regions between constructs are indicated by orange brackets.

4.3 Generation of MAX selection oligonucleotide pools for positional saturation

of key binding residues in the At-Thr library

Before commencing library construction, pools of MAX selection oligonucleotides were
needed for each targeted position. As S. cerevisiae was the organism of choice for protein
expression, codons selected to represent each amino acid were based on S. cerevisiae
preference. Determination of codons was done using GenScript Codon Frequency
Table(chart) Tool- Saccharomyces cerevisiae (gbpln) (2.2.2.1). The codons with the highest
usage frequency were chosen except for lysine, where the preferred AAA codon was
substituted for AAG, in an attempt to combat any ligation bias caused by excessive
consecutive adenine bases during MAX randomisation. The required MAX selection
oligonucleotides to represent the desired amino acids at each position (Table 4.3; noting that

in this library, glycine, cysteine and Proline were excluded from all positions) were mixed to
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form seven different MAX selection oligonucleotide pools, one for each target position
(2.2.2.1). (See Appendix 1 for non-MAX selection oligonucleotide oligonucleotides used for

engineering the randomised At-Thr library).

Position R4-29 R4-33 R4-36 R5-26 R5-29 R5-30 R5-33
Invariant
Srff\ﬁi‘r’]znf/;x TTAMAXGAG| GCACTGMAX| GCTTTAMAX]| AACGAAMAX] ATTCTAMAX| MAXGCTCTG| MAXGCACTT
position
Aspartic acid GAT GAT GAT GAT GAT
Glutamic acid GAA GAA GAA GAA GAA
Aspargine AAT AAT AAT AAT AAT AAT
Glutamine CAA CAA CAA CAA CAA CAA
Threonine ACT ACT ACT ACT ACT
Serine TCT TCT TCT TCT TCT
s Methionine ATG ATG ATG ATG ATG
§ Leucine TG TG TG TG TIG TG
> Isoleucine ATT ATT ATT ATT ATT
< Valine GTT GTT GTT GTT GTT
5 Alanine GCT GCT GCT GCT GCT
2 | Phenylalanine TTT TTT TTT TTT TTT
é Tyrosine TAT TAT TAT TAT TAT
- Tryptophan TGG TGG TGG TGG TGG
Histidine CAT CAT CAT CAT CAT
Arginine AGA AGA AGA AGA AGA
Lysine AAG AAG AAG AAG AAG
Glycine
Cysteine
Proline

Table 4.3: Table of MAX selection oligonucleotides used to saturate target

positions in repeat 4.

Each MAX selection oligonucleotide was received at 50 uM in water. To make the
MAX selection oligonucleotide pool for each position, an equal volume and therefore
concentration of each MAX selection oligonucleotide was mixed. The resulting end
concentration of each selection pool was 50 uM, with individual MAX selection
oligonucleotide concentration at 2.94 uM (2. dp) for R4-29, R5-26, R5-29, R5-30 and
R5-33, 50.0 uM (2. dp) for R4-33 and 25.0 uM (2.dp) for R4-36.

4.4 Production of the repeat 4 construct for incorporation into a randomised
ATLIGATOR-threonine DNA library
Each of the three library components were to be made separately as shown in Figure 4.2,

with initial focus on the repeat 4 construct (green, Figure 4.2).
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4.4.1 Determining the optimal At-Thr repeat 4 MAX randomisation product

template dilution and annealing temperature for PCR amplification

To achieve successful production of a high quality PCR product, the optimal repeat 4 PCR
amplification conditions had again to be determined. Ascertaining the optimal annealing
temperature for the amplification and finding the optimal template dilution were once more
the first stages of optimisation. The repeat 4 MAX randomisation product template was
produced via MAX randomisation (2.2.2.2) and then diluted in milliQ water to form a template
dilution range of 1/10, 1/100, 1/1000 — fold dilutions. Individual annealing temperature
gradient PCR amplifications, each using one template dilution from the dilution range allowed
for the determination of the optimal annealing temperature and template dilution in one set of
experiments (2.2.4.1). PCR products were visualised via agarose gel electrophoresis
(2.2.1.3).
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Figure 4.4.1.1: Four annealing temperature gradients using different MAX
randomisation product as template at varying dilutions to determine optimal

annealing temperature and template dilution for repeat 4 PCR amplification.

Four individual PCR reactions were made using neat MAX randomisation product (A),
1/10 diluted MAX randomisation product (B), 1/00 diluted MAX randomisation product
(C) and 1/1000 diluted positive MAX randomisation as template (D) and divided into
12 equal reactions. Annealing occurred at the temperatures described below, with the
in-cycle extension lasting 1 minute and a final extension of 5 minutes. Lanes: M= 50bp
MW ladder, annealing temperatures; 1.45.0, 2. 454, 3.46.5, 4.48.5, 5.51.1, 6.53.7,
7.56.1, 8.58.7,9.61.2, 10.63.2, 11.64.4,12. 65.0 (°C).
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A bright product band of 132bp was seen across the entire annealing temperature gradient
using each of the four different MAX randomisation product template dilutions. Figure
4.4.1.1A shows two other prominent products at 90bp and 275bp for all annealing
temperatures tested, with extensive smearing present. The smearing intensity seen in Figure
4.4.1.1A becomes fainter as the template dilution increases seen across Figures 4.4.1.1B, C
and D, with individual bands becoming visible at 175bp, 260bp, and 310bp. The intensity of
these bands are therefore faintest in Figure 4.4.1.1D using 1/1000 diluted template. This
meant 1/1000 was selected as the optimal template dilution for downstream PCRs. The
intensity of these larger non-repeat 4 constructs increased as the annealing temperature
rose. This meant alongside the template dilution of 1/1000, the annealing temperature

45.0°C was determined to be optimal.

These optimal conditions were then used to produce repeat 4 construct (2.2.4.1) for
downstream use in generating the full At-Thr library construct. PCR products were visualised

via agarose gel electrophoresis (2.2.1.3).

M 1 2 M

200bp
150bp

100bp

50bp

Figure 4.4.1.2: PCR amplification to generate repeat 4 construct.

A PCR amplification using 1/1000 diluted repeat 4 MAX randomisation product as
template with an annealing temperature of 45.0°C, with the in-cycle extension lasting
1 minute and a final extension of 5 minutes. Lanes: M= 50bp MW ladder, 1. Positive

PCR reaction, 2. No template control.

A bright single band of 132bp was seen, with a clean no template control.
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4.5 Production of the repeat 5 construct for incorporation into a randomised At-
Thr DNA library

With the completion of repeat 4 construction, the production of repeat 5 began (purple,
Figure 4.2).

4.5.1 Determining the optimal At-Thr repeat 5 MAX randomisation product
template dilution and annealing temperature for PCR amplification

As with the production of the repeat 4 construct, ascertaining the optimal annealing
temperature for the amplification and determining the optimal template dilution were the first
stages of PCR optimisation. The repeat 4 MAX randomisation product template was
produced via MAX randomisation (2.2.2.2) and then diluted in milliQ water to form a template
dilution range of 1/10, 1/100, 1/1000 — fold dilutions. Four individual annealing temperature
gradient PCR amplifications were then performed with each using one template dilution from
the dilution range. This allowed for the determination of the optimal annealing temperature
and template dilution simultaneously (2.2.4.1). PCR products were visualised via agarose gel

electrophoresis (2.2.1.3).
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Figure 4.5.1: Four annealing temperature gradients using different MAX
randomisation product as template at varying dilutions to determine optimal

annealing temperature and template dilution for repeat 5 PCR amplification.

Four individual PCR reactions were made using neat MAX randomisation product (A),
1/10 diluted MAX randomisation product (B), 1/100 diluted MAX randomisation product
(C) and 1/1000 diluted positive MAX randomisation as template (D) and divided into 12
equal reactions. Annealing occurred at the temperatures described below, with the in-
cycle extension lasting 1 minute and a final extension of 5 minutes. Lanes: M= 50bp MW
ladder, annealing temperatures; 1.45.0, 2. 45.4, 3.46.5, 4.48.5, 5.51.1, 6.53.7, 7.56.1,
8.58.7,9.61.2,10.63.2, 11.64.4,12. 65.0 (°C).
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A 138bp library construct band could be seen for all annealing temperatures tested, across
all four different template dilutions (Figure 4.5.1). The brightness of this library construct
followed the same pattern in each of the annealing gradients, in that the band intensity
decreased between 63.3-65.0°C. All of the annealing temperatures producing a bright library
construct band (temperatures 45.0-61.2°C) across all four annealing gradients, possessed
some degree of smearing. The level of smearing was the distinguishing factor used to
identify the optimal template dilution to be used in subsequent repeat 5 PCR amplifications.
The prominent 100bp band across the entire annealing gradient in Figure 4.5.1A, along with
the extensive smearing and visible 275bp band within the smear, meant using neat template
for amplification was not viable. Even with the smearing being reduced in comparison to the
neat template annealing gradient (Figure 4.5.1A), the annealing gradient using 1/10 template
dilution (Figure 4.5.1B) was also abandoned, as the smearing present was still substantial.
The library construct bands and the degree of smearing produced using 1/100 (Figure
4.5.1C) and 1/1000 (Figure 4.5.1D) template dilutions were comparable. The library construct
bands produced using 1/1000 diluted repeat 5 MAX randomisation product as template, were
slightly brighter than their 1/100 counterparts, thus the 1/1000 template dilution was identified
as the optimal template dilution. With no substantial difference in band quality for annealing
temperatures 45.0-58.7°C visible in the annealing temperature gradient using 1/1000
template (Figure 4.5.1D), the highest of these temperatures, 58.7°C was chosen as the

annealing temperature for downstream PCR amplifications.

The optimal conditions of a 58.7°C annealing temperature using a 1/1000 dilution of repeat 5
MAX randomisation product as template, were then used to produce the repeat 5 construct
(2.2.4.1) for the eventual full library overlap PCR (2.2.4.2), to generate the full library product.

PCR products were visualised via agarose gel electrophoresis (2.2.1.3).
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Figure 4.5.2: PCR amplification using repeat 5 MAX

randomisation product as template.

PCR amplification using 1/1000 diluted MAX randomisation repeat 4
product as template, with an annealing temperature of 58.7°C with the
in-cycle extension lasting 1 minute and a final extension of 5 minutes..
Lanes: M=50bp MW ladder, 1. Positive PCR reaction, 2. No template

control.

The PCR amplification using 1/1000 dilution of repeat 5 MAX randomisation as template
produced an expected 138bp band (Figure 4.5.2). A small amount of smearing was also
seen, but it was considerably fainter than the repeat 5 band and therefore not a concern.
The brightness of the repeat 5 construct was not as bright as repeat 4 (Figure 4.4.1.2), but
was not a concern as enough PCR product had been visualised and therefore been
produced to cover all of the randomised codon combinations (4 positions each saturated with

17 different MAX selection oligonucleotides: 174 = 83521 combinations).
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4.6 Production of the conserved region construct for incorporation into a
randomised At-Thr DNA library

To generate the conserved region, firstly an overlap PCR of its two constituent
oligonucleotides was performed (2.2.4.2), (Figure 4.2). This reaction would generate the

template for the subsequent PCR amplification (2.2.4.1).

4.6.1 Using optimal conditions to produce the conserved region for the At-Thr
library

Since the conserved region was identical to that produced for the randomised single arginine
pocket library, the conditions previously optimised (Figure 3.7.1) i.e. an annealing
temperature of 51.1°C and a 1/1000 dilution of the template were repeated (2.2.4.1) and the

product visualised via agarose gel electrophoresis (2.2.1.3).

M 1 2 M

200bp
150bp

99bp 100bp

-
!
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—]
a—
| m—
=g
L
==

50bp

Figure 4.6.1: PCR amplification to generate conserved region construct.

A PCR amplification using 1/1000 diluted conserved region overlap PCR
product as template with an annealing temperature of 51.1°C. Lanes: M= 50bp

MW ladder, 1. Positive PCR reaction, 2. No template control.

A bright single 99bp was seen (Figure 4.6.1), with a clean no template control.
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4.8 Construction of the complete randomised At-Thr DNA library cassette

With the successful production of the conserved region, repeat 4 and repeat 5 (Figure 4.2,
grey, green and purple respectively) the three individual constructs were joined via an
overlap PCR reaction using the incorporated complementary regions between the individual

constructs indicated by the orange brackets in Figure 4.2 (2.2.4.2).

4.8.1 Determining the optimal template dilution and annealing temperature for

PCR amplification of the complete cassette

The product formed from the overlap PCR between the three individual constructs (2.2.4.2)
was diluted to form neat, 1/10, 1/100 and 1/1000 dilutions, to be used as template for PCR
amplification (2.2.4.1). As with the optimisation of repeat 4 and repeat 5, four individual
annealing temperature gradients were performed, each using a different template dilution, to
determine both optimal annealing temperature and template dilution in one set of
experiments (2.2.4.1). PCR products were visualised via agarose gel electrophoresis
(2.2.1.3).
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M 1 2 3 4 5 6 7 8 9 10 1112 M

336bp

Figure 4.8.1: Four annealing temperature gradients using different full
length construction overlap PCR product as template at varying dilutions
to determine optimal annealing temperature and template dilution for full

library construct amplification.

Four individual PCR reactions were made, each using a different dilution of full
length library construct overlap PCR product as template: Neat (A), 1/10 diluted
overlap PCR product (B), 1/100 overlap PCR product (C) and 1/1000 overlap
PCR product (D) and divided into 12 equal reactions. Annealing occurred at
the temperatures described below, with the in-cycle extension lasting 1 minute
and a final extension of 5 minutes. Lanes: M= 50bp MW ladder, annealing
temperatures; 1.45.0, 2. 45.4, 3.46.5, 4.48.5, 5.51.1, 6.53.7, 7.56.1, 8.58.7,
9.61.2,10.63.2, 11.64.4,12. 65.0 (°C).
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The substantial smearing seen in the annealing gradients using neat and 1/10 diluted overlap
PCR product as template (Figure 4.8.1A and 4.8.1B respectively) meant these template
dilutions were immediately abandoned. The annealing gradients using 1/100 diluted overlap
PCR product and 1/1000 diluted overlap PCR product as templates (Figures 4.8.1C and
4.8.1D respectively) were very similar. Both followed the same pattern, where the intensity of
the library construct band (336bp) started to decrease at the annealing temperature 58.7°C
onwards. The annealing gradient using 1/100 dilute template (Figure 4.8.1C) showed slightly
more smearing than the 1/1000 template gradient (Figure 4.8.1D), thus identifying the 1/1000
diluted full length library overlap PCR product as the optimal template dilution. Using only the
1/1000 template annealing gradient to ascertain the optimal annealing temperature, meant
comparing the balance of library construct intensity with the amount of non-library construct
bands produced for each annealing temperature. 58.7°C produced the lowest intensity library
construct band, but also showed the smallest amount of additional products, while 56.1°C
produced a much brighter library construct band but also produced more intense additional

bands.

To try and balance both the negative and desirable properties these two annealing
temperatures were producing, a mean average of the two was calculated, 57.4°C, and used

for downstream amplification to generate full length library product.
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400bp
350bp
300bp

250bp

336bp

Figure 4.8.2: PCR amplification to generate full length

library construct.

A PCR amplification using 1/1000 full length library overlap
PCR product as template, using an annealing temperature
of 57.4°C, with the in-cycle extension lasting 1 minute and a
final extension of 5 minutes. Lanes: M= 50bp MW ladder, 1.

Positive PCR reaction, 2. No template control.

A good quality single band of 336bp was produced, while the no template control was clean
(Figure 4.8.2). These conditions were then used to produce a sufficient volume of PCR
product for purification (2.2.1.4) and quantification (2.2.1.5) which was sent for Next

Generation Sequencing (2.2.1.6).

4.9 Analysis of Next Generation sequencing data to assess amino acid

representation at saturated positions in the At-Thr DNA cassette

The At-Thr library cassette PCR product was sequenced at Genewiz (2.2.1.6) using the
Amplicon EZ service, a Miseq lllumina sequencing service, which utilises two 250bp reads
running 5’-3 and 3’-5 to provide full library coverage. The sequencing data was processed

and analysed (2.2.6), then presented graphically (Figure 4.9).
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Figure 4.9: Observed versus expected amino acid distribution for positions
randomised in the At-Thr library.

Letters in the legend correspond to universal amino acids abbreviations in the genetic code:
P: proline; C: cysteine; K: lysine; R: arginine; H: histidine; W: tryptophan; Y: tyrosine; F:
phenylalanine; G: glycine; A: alanine; V: valine; |: isoleucine; L: leucine; M: methionine; S:
serine; T: threonine; Q: glutamine; N: asparagine; E: glutamic acid; D: aspartic acid; *: stop

codon. Raw data from Miseq lllumina sequencing. (See Appendix 3 for raw count data).

Upon visual inspection of the observed and expected frequencies, a primary evaluation that
the observed and expected codon frequencies matched well for all the positions was made
(Figure 4.9). This was assessed statistically using the Chi-square Goodness-of-fit Test. In
order to use the Chi-square Goodness-of-fit Test to determine if the observed frequencies of
each amino acid at each of the randomised positions statistically fit the expected relevant
distribution, the raw counts were used (Appendix 3). The amino acids observed at each
position, but were not expected, had to be removed from the analysis, as part of the
calculation involves dividing by the expected value, not possible if the value is 0. As position
R4-33 was only saturated with leucine, a goodness of fit test could not be performed. The
Chi-square Goodness-of-fit Test was performed using Graph Pad on each position

individually. Each of the remaining 6 tests resulted in a two-tailed P value less than 0.0001
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meaning the difference between the observed and expected proportions was significant and

not due to chance.

This was suspected, as the MAX randomisation process is an incredibly sensitive process
and to have a statistically perfect amino acid representation is practically impossible; this is
why the library randomisation is assessed primarily through a visual representation (Figure
4.9). An example of this sensitivity being the slight over representation of asparagine at
position R4-36, most likely caused by a minute unavoidable increased concentration of the
asparagine MAX oligonucleotide in the selection oligonucleotide pool. As the At-Thr library
was to be used to discover novel threonine binders, the key concern was any obvious issue
with the library for example, a large amount of stop codons which would have been

detrimental in protein screening, while maximising diversity.

As there were no concerning discrepancies in the library seen from the visual comparison of
the observed and expected frequencies (Figure 4.9), the library quality was considered

satisfactory for use in protein binder investigations.

4.10 Screening outputs from the randomised At-Thr DNA library

With the successful completion of the At-Thr library, investigating the resulting protein library
began, attempting to find an improved threonine binder. As with the single arginine library,
screening occurred via yeast surface display, crystallography and Kd determination
conducted by the Plickthun group. From the library, a binder hit was found with the following
amino acids at the saturated positions: R4-29= phenylalanine, R4-33= leucine), R4-36=
glutamine R5-26= leucine, R5-29 = methionine, R5-30 = isoleucine and R5-33 = arginine.
The crystal structure of the protein was determined, with Figure 4.10 focusing upon the
randomised pocket. The threonine side chain of the target peptide is seen clearly interacting

with the pocket, providing a promising outlook for Kd determination, which is ongoing.
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Figure 4.10 Visualisation of the repeat 4/5 binding groove of the binder hit from
the At-Thr randomised library, interacting with the target peptide
KRKRKTKRKR.

Depicted are helix 3 of repeat 4 (green) and repeat 5 (purple), with the key residues
for peptide binding coloured yellow. The peptide target coloured green with side group
oxygen coloured red and nitrogen blue. (P Mittl 2021, personal communication, 16

December).

4.11 Concluding the mutagenesis of the At-Thr library

MAX randomisation was successfully used to engineer a randomised designed armadillo

cassette, containing seven positions of saturation spanning two internal repeats of the

protein, with the amino acid saturation pattern determined by the computational predication

programme ATLIGATOR. The positional saturation varied from the single arginine library,

most prominently at position R4-33, fixed for leucine, and R4-36 which was fixed for

asparagine and glutamine, based on ATLIGATOR predictions, resulting in a theoretical

library size of 2.8x10°. Subsequent screening of the resulting protein library by the Plickthun

group, identified a promising binder with the crystal structure bound determined, with Kd

determination still in progression.
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5.0 The design and optimisation of an excel based NGS analysis technique to

calculate codon representation at saturated positions in an At-Thr DNA library

5.1 Introduction

To efficiently alter the original binding specificities of the designed armadillo repeat protein
H3 groove binding pockets, high throughput saturation mutagenesis of key amino acid
residues important for target peptide recognition and binding, was performed. These
saturated DNA libraries were engineered using MAX (2.2.2.2) or ParaMAX randomisation
(2.2.2.3 — see Chapter 6), to ensure near-even amino acid encoding within the resulting DNA
libraries. To determine the success of this non-degenerate positional saturation, each
completed, engineered DNA library was sequenced via lllumina sequencing, a sequencing

by synthesis technique, with the resulting data processed and analysed.

The analysis of the Illumina data for each engineered library required an accurate count of
each amino acid’s encoding at each saturated position. With existing DNA analysis tools not

catering for codon counting at specific positions, a new methodology was required.

The analysis of the Illumina data for each engineered library required an accurate count of
each amino acid encoded at each saturated position. With existing DNA analysis tools not
catering for codon counting at specific positions, a new methodology was required.
Previously, the raw NGS data was retrieved without any quality processing and counts to
determine amino acid representation were performed at each of the randomised positions,
using an inefficient and complicated delimiting methodology within Excel. This approach was

unstandarised, time consuming and required a considerable knowledge of Excel functions.

The ideal methodology required a user friendly platform which was cost effective and time
efficient, capable of processing the raw lllumina sequencing data and outputting it into a
workable format for non-bioinformaticians. To accommodate for these requirements the open
source web based bioinformatics platform, Galaxy (https://usegalaxy.org/), was used to
process the raw Illlumina sequencing data, while Microsoft Excel was used for the codon

counting and determining the amino acid representation at saturated positions.

This chapter focuses on the development of a NGS processing and codon counting
methodology for libraries containing no contiguous randomised regions. The model library
used was the At-Thr library (Chapter 4). The At-Thr library contained 7 non-contiguous

positions of saturation, randomised using MAX randomisation (2.2.2.2).
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5.2 Processing of raw lllumina sequencing data of the At-Thr library using

Galaxy

The Galaxy processing was divided into four stages shown in Figure 5.2, with each
subsequent step investigated using the function outputs of the previous optimised stages.

Fastq Join

l

Filter by quality

|

Align ment

|

File formatting

conversion

Generate Excel
Workbook

Figure 5.2: Flow diagram depicting pre-count processing stages

of NGS data using the free online bioinformatics server, Galaxy.

Fastq join: joining of individual read mates, Filter by quality: using
the associated quality score for each read to determine if the quality
is satisfactory, Alignment: aligning the filtered reads with a reference
sequence. Alignment output is then formatted to be used in an Excel
Workbook.
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5.2.1 Joining the directional mates of the At-Thr library using Galaxy Fastq Join

function

The At-Thr library was sequenced using Miseq, with two 250bp reads 5’-3’ and 3’-5’,
meaning the 336bp library was sequenced in both directions to a length of 250bp, coined the
forward and reverse mates. These forward and reverse mates were provided in two Fastq
files (flow cell output file type), the output file type from Illlumina sequencing. In order to

generate a full length read of the At-Thr library these two files had to be joined.

The Fastq Join function attempts to join mates on their overlapping end, scoring the join
using: distance/len, where distance refers to the hamming distance (number of mismatches)
and length being the attempted join length between the two mates. This scoring method is
weighted towards longer length joins, with fewer mismatches (lower hamming distance)
scoring the lowest, and therefore better joining scores. The successful joins (best scoring
joins) are then scrutinised using the inbuilt quality check within the Fastq Join function.
Figure 5.2.1 demonstrates a hypothetical join between two mates, the scoring of the join and

the Fastq Join quality checking, based on Aronesty (2013).
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Mate 1

Mate 2

Overlapping ends

30 30 20 X0 30 30 30 30 40 30 30 30 30 40 30 30 30 30 30 30 30 20
G T 6 g A A T T ATTGTEEEE A G C C C A A

c A C 6T T AW ATA AA ATCAQEGSEEGTTCG G G T G
30 30 20 20 30 30 30 30 40 30 30 30 30 20 20 30 30 30 30 30 30 40

b Join score= Distance?/length Join score= 1%/22

=0.045

30 30 20 20 30 30 30 30 40 30 30 30 30 40 30 30 30 30 30 30 30 20
G T 6 € A A T T AT T G T g € A G C C C A A

c A C 6T T A AT AACAUGEG T C G G G T T
30 30 20 20 30 30 30 30 40 30 30 30 30 40 30 30 30 30 30 30 30 20

Figure 5.2.1: Example join overlap demonstrating Fastq Join stages.

Fastq files containing mate 1 and mate 2 are uploaded to the Galaxy server. A) Potential
join in mate overlapping region is recognised by the Fastq Join function. Differences in
quality scores between complementary bases (green) are identified. Any mismatching
bases are also identified (yellow). B) Join score is calculated. Hamming distance equalled
1. The length of the mate join was 22bp, giving a join score of 0.045. C) Fastq Join quality
control, corrects inconsistencies in quality scores for aligned bases, by adjusting lower
quality score to match the higher (green). Base mismatches (yellow) are corrected by
assigning the base with the highest quality score as correct. The opposite base of the
other mate is changed so the base pairs are complementary and the new base alignment
quality score assigned to the pair is equal to the difference of the original bases: 20-40 in

a) (yellow) is changed to c) 20 (yellow)

Galaxy Fastq Join allows for user input in the following parameters: maximum percentage

difference between matching segments and minimum length of matching segments. Using a
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value of 5% for the maximum difference between matching segments was justifiable as this
would convey a 95% confidence in segment complementarity; alongside a minimum length of
9bp for matching segments, as 9bp sequences would allow enough specificity between
matching segments, considering 9bp oligonucleotides are used for the accurate saturation of
target positions in MAX randomisation (2.2.2.2). The Fastq Join’s quality control stage, where
confidence scores for aligned bases are adjusted to reflect the higher confidence score,
ensures the largest proportion of valid reads are accepted. The correction in base confidence
is valid due to the absoluteness of base alignments, A-T and C-G. The alignment of C-G in
Figure 5.2.1A has the confidence of C as 10 while G is 20. Having the bases correctly
aligned allows for the transitive adjustment of C’s confidence score to match G’s. The Fastq
Join function outputted 440928 joined reads from a total of 468540 (94.11%). These joined

reads were then used as the input for Filter by Quality (Figure 5.2).

5.2.2 Quality control using Filter by Quality function on full length At-Thr joined
reads

Once full length At-Thr library reads had been made via Fastq Join, the reads were subjected
to the Filter by Quality function. The Filter by Quality function discards reads based on two
parameters defined by the user; the ‘quality cut-off value’ and the ‘percent of bases in

sequence that must have quality equal to/higher than cut-off value’ (2.2.5.2.2).

A base quality score of 30, correlated to a 1/1000 chance that a base identity call was an
error (lllumina, 2014) so 30 was assigned to the ‘quality cut-off value’. As quality scores are
representative of the confidence in a base calling being correct, non-identifiable bases (‘N’s)
will have an intrinsically lower base call confidence and will therefore impact on the total read
quality. As the Filter by Quality function would be assessing each base quality in the library
sequence (including randomised positions), adjustments to ‘the percent of bases in
sequence that must have quality equal to/higher than cut-off value’ parameter were made.
This accommodation for randomisation was done by calculating the percentage of
randomised bases in the library (At-Thr library: 21bp/336bp*100= 6.25%) and lowering the
value for ‘percent of bases in sequence that must have quality equal to/higher than cut-off
value’ to the nearest whole number under the randomised base percentage (At-Thr: 93%).
The Filter by Quality function performed on the joined At-Thr reads using a ‘quality cut-off
value’ of 30 and 100% of bases in sequence must have quality equal to/higher than cut-off
value resulted in a read output of 85203 with 355725 (80.68%) reads discarded. In
comparison, using the adjusted percentage of 93% of bases needing at least a quality value
of 30, an output of 398703 reads with 42225 reads being discarded (9.58%) was achieved,
demonstrating the importance of adjusting for the randomised bases.
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5.2.3 Using Bowtie2 to align full length At-Thr library reads to a reference

sequence

In order to align the library reads an alignment tool and reference sequence were required.
The alignment was performed using Bowtie2, a tool capable of matching raw read
sequences to a user defined reference sequence, even if the reference sequence contains
undetermined bases (Ns). This sequence was the At-Thr library sequence with MAX codons
substituted for NNN at randomised positions made using UGENE, software that enables the
visualization of DNA sequences that can be saved in a FASTA format, compatible with
Galaxy processing (2.2.5.1). This reference sequence was inputted into the alignment
function along with the 398703 Filter by Quality outputted reads (2.2.5.2.4). The Bowtie2

output file was then reformatted (2.2.5.2.6) so the read data could be used in Excel.

5.3 Invariant anchor count methodology to determine codon frequencies at

saturated positions in the At-Thr library

As all saturated positions in the At-Thr had been targeted using MAX randomisation (2.2.2.2)
(Figure 4.2), they had therefore been randomised using predefined MAX selection
oligonucleotides. Accordingly, a count technique applying the specificity of these selection
oligonucleotides was developed to assess codon (and therefore encoded amino acid)
representation at each targeted position in the At-Thr library. The NGS data would be
subjected to a specific amino acid count at each of the 7 individual saturated position, using
the Excel countif function. Table 5.3 shows the countif functions used to count codon

frequencies at position R4-29 in the At-Thr library as an example.
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Amino acid Excel function used to count codon frequencies

Asparticacid |SUM(COUNTIFS(range {"*TTAGATGAG*","*TTAGACGAG*"}))

Glutamicacid JSUM(COUNTIFS(range {"*TTAGAAGAG*","*TTAGAGGAG*"}))

Aspargine SUM(COUNTIFS(range {"*TTAAATGAG*","*TTAAACGAG*"}))

Glutamine SUM(COUNTIFS(range,{"*TTACAAGAG*","*TTACAGGAG*"}))

Threonine SUM(COUNTIFS(range {"*TTAACTGAG*","*TTAACCGAG*","*TTAACAGAG*","*TTAACGGAG*"}))

Serine SUM(COUNTIFS(range,{"*TTATCTGAG*","*TTATCCGAG*","*TTATCAGAG*","*TTATCGGAG*","*TTAAGTGAG*","*TTAAGCGAG*"}))
Methionine  JSUM(COUNTIFS(range {"*TTAATGGAG*"}))

Leucine SUM(COUNTIFS(range, {"*TTACTTGAG*","*TTACTCGAG*","*TTACTAGAG*","*TTACTGGAG*","*TTATTAGAG*","*TTATTGGAG*"}))
Isoleucine SUM(COUNTIFS(range {"*TTAATTGAG*","*TTAATCGAG*","*TTAATAGAG*"}))

Valine SUM(COUNTIFS(range {"*TTAGTTGAG*","*TTAGTCGAG*","*TTAGTAGAG*","*TTAGTGGAG*"}))

Alanine SUM(COUNTIFS(range {"*TTAGCTGAG*","*TTAGCCGAG*","*TTAGCAGAG*","*TTAGCGGAG*"}))

Glycine SUM(COUNTIFS(range {"*TTAGGTGAG*","*TTAGGCGAG*","*TTAGGAGAG*","*TTAGGGGAG*"}))

Phenylalanine JSUM(COUNTIFS(range, {"*TTATTTGAG*","*TTATTCGAG*"}))

Tyrosine SUM(COUNTIFS(range {"*TTATATGAG*","*TTATACGAG*"}))

Tryptophan  JSUM(COUNTIFS(range, {"*TTATGGGAG*"}))

Histidine SUM(COUNTIFS(range, {"*TTACATGAG*","*TTACACGAG*"}))

Arginine SUM(COUNTIFS(range {"*TTACGTGAG*","*TTACGCGAG*","*TTACGAGAG*","*TTACGGGAG*","*TTAAGAGAG*","*TTAAGGGAG*"}))
Lysine SUM(COUNTIFS(range,{"*TTAAAAGAG*","*TTAAAGGAG*"}))

Cysteine SUM(COUNTIFS(range {"*TTATGTGAG*","*TTATGCGAG*"}))

Proline SUM(COUNTIFS(range,{"*TTACCTGAG*","*TTACCCGAG*","*TTACCAGAG*","*TTACCGGAG*"}))

Stop SUM(COUNTIFS(range, {"*TTATAGGAG*","*TTATGAGAG*","*TTATAAGAG*"}))

Table 5.3 Countif function to determine summed frequency of each codons for

each amino acid at position R4-29 of the At-Thr library.

Counting of all codons for each amino acid, ensured the maximum number of reads were
used in determining amino acid abundance and that any ‘non-MAX’ codons would be
included in the calculations. Using the selection oligonucleotide as a wildcard (by using ** in
the formula), meant positional changes caused by additions, deletions or sequencing errors
outside of the invariant region were not important as the position of the anchor in relation to
the codon being counted was fixed. One consideration to be made before counting with non-
MAX selection oligonucleotides (oligonucleotides that were not used to represent an amino
acid in the MAX selection oligonucleotide pools) was whether that oligonucleotide sequence
was present anywhere else in the library sequence. This was the case for GCTTTAGTC,
when counting valine abundance at position R4-36. The count for GCTTTAGTC was 358400.
As there were only 369406 total reads, and valine was not expected at this position
(saturation of R4-36 had only been performed using Q and N encoding MAX selection
oligonucleotides) it was suspected this invariant-non MAX codon combination was present in

the conserved region (Figure 5.3).
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Figure 5.3 Determining if the countif wildcard GCTTTAGTC representing

valine was present in the conserved region of the At-Thr library.

Find function searching for ‘GCTTTAGTC’ confirmed the oligonucleotide sequence
was present in the conserved region of the repeat 5 construct in the At-Thr library
(red box).

With the presence of GCTTAGTC confirmed in a conserved region of the library, the count
using GTC for valine at position R4 36 was removed from the sum(countif) function for
determining valine abundance. As valine was not used to saturate R4-36 and further still
GTC was not the assigned valine MAX codon, the impact of removing GTC from the valine
count was suspected to be similarly insignificant as the other valine encoding amino acids
GTG, GTA and GTT (counts of 66, 69 and 129 respectively). If the count for a MAX codon
was not possible due to the count criteria being unspecific in the sequence, an adjustment to

the criteria could be made, for example the addition of bases to ensure criteria specificity.

5.4 Analysing the amino acid distribution at saturated positions in a Galaxy

processed, Bowtie2 aligned At-Thr library

Once all counts had been performed at each of the 7 saturated positions in the At-Thr library,
the raw codon counts were converted to codon frequency (%) and compared graphically
(Figure 4.9) with a visual inspection showing no concerning mismatches between observed
and expected amino acid ratios, while statistically they were different (further explanation

provided in section 4.9).
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5.5 Investigating the impact of changing alignment tool from Bowtie2 to BWA-
MEM has on the observed amino acid distribution at saturated positions in the
At-Thr library

As none of the existing alignment tools available on the Galaxy server were designed to
handle DNA sequences containing multiple positions of randomisation, a second alignment
using the Filter by Quality output and the UGENE generated reference sequence was
performed, this time using BWA-MEM, an alignment tool capable of aligning sequences

greater than 100bp via local alignments (2.2.5.2.5).

The observed codon frequencies at the 7 randomised positions where compared to the

expected distribution (Figure 5.5).
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Figure 5.5: Observed vs expected amino acid distribution for positions randomised

in a BWA-MEM aligned At-Thr designed armadillo repeat protein library.

Letters in the legend correspond to universal amino acids abbreviations in the genetic code:
P: proline; C: cysteine; K: lysine; R: arginine; H: histidine; W: tryptophan; Y: tyrosine; F:
phenylalanine; G: glycine; A: alanine; V: valine; |: isoleucine; L: leucine; M: methionine; S:
serine; T: threonine; Q: glutamine; N: asparagine; E: glutamic acid; D: aspartic acid; *: stop

codon. Raw data from Miseq lllumina sequencing. (See Appendix 4 for raw count data)
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Upon visual inspection of the amino acid distribution after Bowtie2 alignment (Figure 4.9)
compared with the distribution with a BWA-MEM alignment (Figure 5.5), no obvious
differences were apparent. To determine any statically significant changes, a paired t-test
using Graph-pad was conducted between the observed percentages of each amino acid at

each randomised position (Table 5.5).

Randomised | Two-Tailed P-
Position value (2.dp)
R4 29 1.00

R4 33 0.49

R4 36 0.90

R5 26 0.86

R5 29 0.94

R5 30 0.72

R5 33 0.90

Table 5.5: Paired t-test results comparing amino acid observed
percentages between Bowtie2 aligned NGS reads and BWA-MEM
aligned NGS reads, at each of the seven randomised position of the At-

Thr library

Observed codon frequency percentages for each amino acid at each of the 7
randomised positions in the At-Thr library were inputted into a paired t-test

using Graph-pad, and the two-tailed P-value (2.dp) recorded.

The assumption based on the visual inspection, that there was no significant difference in
amino acid distribution caused by alignment tool (Figure 4.9 and Figure 5.5) was supported
by the 7 paired t-tests performed, as none of the two-tailed P-values were considered
significant (Table 5.5). Differences in the P-value away from 0 (the hypothesised value for
an exact match between the two groups being tested) within the implemented 95%
confidence range are associated with random chance and were therefore not significant
results. As none of the P-values calculated were outside of this 95% interval, no significant
differences between the amino acid percentages were observed. This meant the choice of
alignment tool had no impact on the codon counts in the aligned reads and therefore the

observed amino acid distributions at any position in the At-Thr library.
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5.6 Investigating the impact of length filtering aligned reads in Excel on

observed amino acid distribution at saturated positions in the At-Thr library

With no significant difference in amino acid distribution observed between alignments of the
At-Thr reads using Bowtie2 or BWA-MEM, the Bowtie2 reads were used for investigating the
impact of read length filtering. The output of the At-Thr Galaxy processing (using a Bowtie2
alignment) was 369407 reads. With only 189129 reads being the expected length of 336bp
(51.2% (2.dp)) removing incorrect read lengths and investigating the impact on amino acid
distribution was necessary. The identical read output data set as the Bowtie2 counts (Figure
4.9) was used, with all reads not 336bp in length deleted. The remaining 189129 reads were
subjected to codon counting (2.2.6.3), with the codon frequency % compared to the expected
distribution (Figure 5.6).
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Figure 5.6: Observed vs expected amino acid distribution for positions randomised
in a Bowtie2 aligned At-Thr designed armadillo repeat protein library, with non-library

length reads deleted from data set.

Letters in the legend correspond to universal amino acids abbreviations in the genetic code:
P: proline; C: cysteine; K: lysine; R: arginine; H: histidine; W: tryptophan; Y: tyrosine; F:
phenylalanine; G: glycine; A: alanine; V: valine; I: isoleucine; L: leucine; M: methionine; S:
serine; T: threonine; Q: glutamine; N: asparagine; E: glutamic acid; D: aspartic acid; *: stop

codon. Raw data from Miseq lllumina sequencing. (See Appendix 5 for raw count data)
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Upon visual inspection of the amino acid distribution with no read length filtering (Figure 4.9)
compared to the distribution with read length filtering (Figure 5.6), the only noticeable
difference was the marginally increased asparagine representation at position R4-36 in
Figure 5.6. To determine if there were any statistically significant changes as a result of read
length filtering, a paired t-test using Graph-pad was conducted between the observed

percentages of each amino acid at each randomised position (Table 5.6).

Randomised Two-Tailed P-
Position value (2.dp)
R4 29 0.63

R4 33 0.69

R4 36 0.99

R5 26 0.98

R5 29 1.00

R5 30 0.96

R5 33 1.00

Table 5.6: Paired t-test results comparing amino acid observed
percentages between performing read length filtering or not, at each of

the seven randomised position of the At-Thr library

Observed percentages for amino acids at each position were inputted into a

paired t-test using Graph-pad, and the two-tailed P-value (2.dp) recorded.

Differences in the P-value away from 0 (the hypothesised value for an exact match between
the two groups being tested) within the implemented 95% confidence range are associated
with random chance and were therefore not significant results. As none of the P-values
calculated were outside of this 95% interval, no significant difference was seen between the
length filtered and non-filtered codon counts and therefore amino acid distribution at any of
the 7 randomised At-Thr library positions. This meant removing non-library length reads was

not necessary before performing codon counts.

A closer inspection of the Fastq Join and Filter by Quality outputs was conducted to
investigate the causation for only 51.2% (2.dp) of the analysed reads being the expected
336bp. Using a FilterFastq run (2.2.5.2.3) (no quality parameters implemented), the output of
the Fastq Join function (2.2.5.2.1) was queried for the number of reads at a length of 336bp
first. Only 46.85% of the Fastq Join outputted reads were 336bp (206559/440928). To
investigate the impact of the Filter by Quality function on the number of correct length reads,
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these 440928 ‘successfully’ joined reads were used in the Filter by Quality function
(2.2.5.2.2) with the output queried using the Filter Fastq function (2.2.5.2.3) (no quality
parameters implemented). The Filter by Quality function outputted 398703/440928 (90.42%)
reads that had met the quality parameters, but the Filter Fastq query revealed only 47.44%
(189156 of 398703) of the filtered joined reads were of the correct length. When comparing
the number of 336bp reads outputted from the Fastq Join and Filter by Quality function
(189156) to the number of 336bp reads in the Excel file (189129) revealed 99.99% of these
336bp reads were in the Excel file. This highlighted the cause for the low percentage of
336bp reads as the Fastq Join function. Mohsen et al (2019) demonstrated the importance of
base quality scores in the overlapping region for successful joins, and how low quality scores
can negatively impact on the Fastq Join success. To investigate any quality issues within the
overlap region, the last 50bps of the Mate 1 reads for the At-Thr library were assessed using
Filter Fastq (2.2.5.2.3) (kept bases 200-250bp, no length parameters implemented) with a
minimum quality score of 30 per base required. Of the 492701 reads inputted, only 75321
(16.26%) met the Filter Fastq quality parameter. As there are no significant differences in
codon representation at the saturated positions between reads filtered by length or not for
the At-Thr library, the performance of the Fastq Join function did not impact on the library

analysis, meaning the relative amino acid distributions observed were reliable.

5.7 Concluding the development of an excel based methodology for

determining amino acid distribution at specific positions in an At-Thr library

The use of NGS for quality control is an essential step prior to protein screening. The
observed amino acid ratios at the positions of saturation were calculated to assess the
success of randomisation and to also assist with eventual protein library analyses, where a
significant over/under representation of an amino acid could be compensated for. The
uniqueness of the libraries engineered using MAX randomisation, possessing specific
codons saturated with up to 20 different codons across the length of the DNA sequence,
required the invention of a standardised raw data processing pathway and novel analysis
approach. The MAX invariant sequence, used for the accurate localisation of the MAX
oligonucleotide, provided the ideal criteria to enable specific MAX counts. Processing of the
raw NGS output files into a format accessible in Excel, allowed the use of the ‘Countif
function’. Processing the raw lllumina data using a quality control stage before amino acid
distribution calculations, coupled with the utilisation of the novel count methodology,
significantly decreased NGS data processing time, while increasing analysis accuracy and

reproducibility.
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6.0 ParaMAX: a novel contiguous codon randomisation technique

6.1 Introduction

The YiMsAi designed armadillo repeat protein protein contains five internal M repeats
responsible for the recognition and binding of the target peptide sequence, with the adjacent
H3 helices of each M repeat forming a binding groove with the original peptide recognition
and binding target being a KRs peptide. Each of these H3 generated binding grooves
recognise a single dipeptide (originally KR). With PRe-ART’s ultimate aim of generating 400
individual binders to bind any dipeptide combination, the shallow lysine pocket had to be
engineered to accommodate more bulky amino acids. Work in the Plackthun lab determined
that this would be best done by introducing a “loop”, a stretch of 2-8 amino acids between the

end of one M repeat and the beginning of the next (Figure 6.1.1).

Figure 6.1.1: Visualisation of M3, M4 and M5 of the designed armadillo
repeat protein, Y MsA,, highlighting location of novel amino acid stretch
addition. Each M repeat coloured differently M3 (blue), M4 (purple) and M5
(green), with location for potential addition of novel amino acid stretch
highlighted using dashed red circle (end of M3 (blue) and beginning of M4
(purple)) . Adapted from (Hansen et al., 2016)

The investigation of this novel stretch of amino acids would involve both target binding and
specificity determination as well as exploring any potential structural effects on the protein.

Accordingly, the most efficient approach was high throughput saturation mutagenesis to
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generate a DNA library encoding all possible amino acid combinations in various loop
lengths.

Previous libraries (Chapters 3 and 4) were constructed using MAX randomisation. However,
MAX randomisation is not designed to saturate more than two consecutive codons, owing to
the addressing sequence required for hybridisation of the MAX selection oligonucleotides to
the NNN-containing template strand (Hughes et al., 2003). Since a 6bp conserved region
would not be available in the middle of the introduced codon stretch, an alternative saturation
mutagenesis technique was required. ProxiMAX randomisation (Ashraf et al., 2013; Poole et
al., 2018) is capable of saturating many consecutive codons, but employs long, high quality
oligonucleotides and is best automated (Frigotto et al., 2015). Accordingly, a new saturation
mutagenesis technique was designed to combine the advantages of MAX randomisation (a
manual process that employs standard grade oligonucleotides) and ProxiMAX
randomisation, to create a manual process that employs standard oligonucleotides to
saturate multiple consecutive codons. Herein, construction of a loop encoding an insertion of
four additional amino acids using the novel ParaMAX technique was investigated, using
repeat 3 and repeat 4 of the Y ;iMsA DNA as the backbone for the loop insertion (Figure
6.1.2).

AAT GAA CAA ATC TTG CAA TTA GCC TTG TGG GCC CTC AGC AAT ATC GCC TCT GGT GGG AAT GAG CAG ATT CAA GCT GTC ATT GAT GCT GGT GCA CTT CCA GCA CTG GTT
N E Q I L Q L A L w A L S N I A S G G N E Q I Q A v I D A G A L P A L v
TTA CTT GTT TAG AAC GTT AAT CGG AAC ACC CGG GAG TCG TTA TAG CGG AGA CCA CCC TTA CTC GTC TAA GTT CGA CAG TAA CTA CGA CCA CGT GAA GGT CGT GAC CAA

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

CAG CTT TTA AGC AGT CCT AAT GAG CAG ATT CTT CAG GAG GCA CTA TGG GCT TTG TCT AAT ATC GCT MAX MAX MAX MAX TGA CGG ACT TAT GGC ATT ATG ATA CTG ATC
Q L L S S P N E Q I L Q E A L w A L S N I A X R T Y G I M I L I
GTC GAA AAT TCG TCA GGA TTA CTC GTC TAA GAA GTC CTC CGT GAT ACC CGA AAC AGA TTA TAG CGA NNN NNN NNN NNN ACT GCC TGA ATA CCG TAA TAC TAT GAC TAG

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 54 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72

Figure 6.1.2 : DNA sequence of a ParaMAX model library based on repeat 3 and
repeat 4 of a designed armadillo repeat protein, overlaid with the ParaMAX
randomisation library design. The DNA sequence was split into two separate overall
constructs, a conserved region (grey) and the contiguous region containing the inserted
construct “the Quad “(blue), with positions of saturation highlighted (yellow). The

overlapping region between constructs is indicated by an orange bracket.

This chapter will explain the full process of ParaMAX randomisation, via the construction of
the model library shown in Figure 6.1.2, with the positional saturation assessed via Illlumina

sequencing.
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6.2 Schematics of generating a stretch of contiguous randomised positions

using ParaMAX

ParaMAX is designed to use MAX randomisation to saturate two postions at a time, to
generate a randomsied couplet, which is digested with Mlyl and then blunt-end ligated to a
second, similarly-processed randomsied couplet. These ransomised couplets employ unique,
expendable flanking oligonucleotide sequences to enable PCR amplification, but these
flanking oligonucleotides can also contain a Mly! site (cryptic, if required) to allow for specific
restriction and exposure of the randomised postions after PCR amplification. In the context of
a designed armadillo repeat protein library, the couplet’s position in the contiguous region,
impacts upon elements of the couplet sequence. For example, as illustrated in Figure 6.2.1,
couplet 59+60 would be at the 5’ end of the contiguous codons meaning that for successful
addition of couplet 61+62, the 3’ flanking region of couplet 59+60 would need to be removed,

to expose the MAX codons.

MAX randomisation

Figure 6.2.1 : ParaMAX schematic to form position 59 and 60 couplet, and prepare

for couplet to couplet ligation.

ParaMAX process divided into three stages: A) MAX randomisation and blunt end
ligation of constituent MAX selection oligonucleotides and flanking oligonucleotides.
Flanking oligonucleotides (blue) and MAX selection oligonucleotides (black) anneal to
complementary region of the NNN template strand (red), which contains a 3’-5’ directed
Miyl site. B) Asymmetric PCR amplification of MAX codon containing DNA strand, using
18mer primers (green arrows). C) Mlyl restriction using 3’-5’ directed Mlyl site, to expose

MAX codons.
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In contrast to couplet 59+60, codons 61+62 are at the 3’ end of the contiguous codons,
meaning the 5’ flanking oligonucleotide of the couplet needs to be removed. Positioning an
Miyl site upstream of the MAX codons, would allow the subsequent restriction to expose
couplet 61+62’s MAX codons (Figure 6.2.2), prior to ligation of the individual couplets to

generate a larger region of randomisation.

61 62

5 3157 3757 357 37
CCCATATTACGACCTTGGATGCTAATAATTGTACATCGTGCCGGTC AGAAGMAXMAXTGACGGACTTATGGCATTATGATACTGATC
AGCTCAGTCTTCNNNNNNACTGCCTGAATA
37 57

l MAX randomisation
61 62
~ r 3!
CCCATATTACGACCTTGGATGCTAATAATTGTACATCGTGCCGGTCGAGT CAGAAGMAXMAXTGACGGACTTATGGCATTATGATACTGATC
AGCTCAGTCTTCNNNNNNACTGCCTGAATA
3! 5

o

l PCR amplification
6162

AGAAGMAXMAXTGACGGACTTATGGCATTATGATACT
TCTTCMAXMAXACTGCCTGAATACCGTAATACTATGACTAG

w

TGCTAATAATTGTACAT
ACGATTATTAACTTGTA

@Q

l Mlyl restriction
6162

57 37
MAXMAXTGACGGACTTATGGCATTATGATACTGATC
MAXMAXACTGCCTGAATACCGTAATACTATGACTAG

57

Figure 6.2.2 : ParaMAX schematic to form position 61 and 62 couplet, and prepare

for couplet to couplet ligation.

ParaMAX process divided into three stages: A) MAX randomisation and blunt end
ligation of individual oligonucleotides, flanking oligonucleotides (blue) and MAX
selection oligonucleotides (black) anneal to complementary region of the NNN template
strand (red). Sequence contains a 5’-3’ directed Mly/ site (orange). Cryptic Mlyl site
available via mutation of green labelled base pair. B) Asymmetric PCR amplification of
MAX codon containing DNA strand, using 18mer primers (green arrows). C) Milyl
restriction using 5’-3’ directed Mly/ site, to expose MAX codons.

With both couplets exposing their MAX codons on the necessary ends, blunt end ligation and
PCR amplification of the product would be used to generate the contiguous region containing

four MAX codons, coined the Quad (Figure 6.2.3).
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59+60 61+62

59+60 restricted product oy oy 61+62 restricted product

57

37
SGCTTTGTCTAATATCGCTMAXMAXMAXMAXTGACGGACTTATGGCATTATGATACTGATC
SATTATAGCGAMAXMAXMAXMAXACTGCCTGAATACCCGTAATACTATCGACTAG

5

37 51 97 5

(

l Blunt-end ligation

57 59+60 + 61+62 37
AATGAGCAGATTCTTCAGGAG CTTTGTCTAATATCGCTMAXMAXMAXMAXTGACGGACTTATGGCATTATGATACTGATC
TTACTCGTCTAAG GATTATAGCGAMAXMAXMAXMAXACTGCCTGAATACCGTAATACTATGACTAG

37 57

PCR amplification/ PCR amplification and Mly/ site

generated
57 59+60 + 61+62 37

AATGAGCAGATTCTTCAGGAGGCACTATGGGCTTTGTCTAAT ATCGCTMAXMAXMAXMAXTGACGGACTTATGGCATTATGATACTGATC
TTACTCGTCTAAGAAGTCCTCCGTGATAC GATTATAGCGAMAXMAXMAXMAXACTGCCTGAATACCGTAATACTATGACTAG

37 <

o7

l Mlyl restriction (Optional)
o, 59+60 + 61+62

5 37
AATGAGCAGATTCTTCAGGAGGCACTATGGGCTTTGTCTAATATCGCTMAXMAXMAXMAX
TTACTCGTCTAAGRAAGTCCTCCGTGATAC GATTATAGCGAMAXMAXMAXMAX

37 57

Figure 6.2.3 : ParaMAX schematic to form construct containing four contiguous

randomised positions.

ParaMAX process divided into three stages: A) Blunt end ligation of Mlyl restricted
couplets, 59+60 and 61+62 at terminal MAX codons. MAX selection oligonucleotides
(black) flanked by each couplet’s remaining flanking oligonucleotide (blue). B) PCR
amplification of ligation product from A, using 18mer primers (green arrows) or reverse
24mer primer to introduce a Mlyl restriction site (fixing the point mutation highlighted by
the green base pair). C) Possibility of Mlyl restriction using 3’-5” directed Mly! site

generated using 24mer primer in B, to expose MAX codons.

With couplet 61+62 at the 3’ end of the contiguous region, a method of removing its 3’
flanking oligonucleotide and thus enabling the addition of another processed couplet (or
quad) to form a longer contiguous region is a necessary option. The addition of a third
couplet was not performed, but a point mutation (green, Figure 6.2.3), shows the position for
a site directed mutation, which can be introduced via a primer mismatch in the amplification
stage, capable of generating a new Mly/ site. Further randomised codon additions would
require new couplets to mimic couplet 61+62, by having a 5’ Mlyl/ site in respect to its

randomised positions and a cryptic 3° Mly/ site to allow for further couplet additions.

127
B.P.G Wagstaffe, PhD Thesis, Aston University 2021.



6.3 Generation of MAX selection oligonucleotide pools for positional saturation

of positions in the ParaMAX model

Before commencing ParaMAX model construction, MAX selection oligonucleotides pools
were needed for each contiguous position to be randomised. As the downstream expression
organism would be S. cerevisiae as with previous libraries, the codons selected to represent
each amino acid were based on S. cerevisiae preference determined using GenScript Codon
Frequency Table(chart) Tool- Saccharomyces cerevisiae (gbpln) (2.2.2.1). As with the
engineered single arginine and At-Thr designed armadillo repeat protein libraries, lysine
encoding was switched from the more popular AAA to AAG in an attempt to alleviate any
potential ligation bias during MAX randomisation that can be caused by consecutive adenine
bases. The required MAX selection oligonucleotides to represent the desired amino acids at
each position were mixed to form four different MAX selection oligonucleotide pools, one for
each target position (2.2.2.1). (See Appendix 6 for non-MAX selection oligonucleotides used

for model ParaMAX library engineering).
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Position 59 60 61 62
Invariant
sequence | ATcGCTMAX | MAXAGTGAG | CAGAAGMAX| MAXTGACGG
showing MAX
position
Aspartic acid GAT GAT GAT GAT
Glutamic acid GAA GAA GAA GAA
Aspargine AAT AAT AAT AAT
Glutamine CAA CAA CAA CAA
Threonine ACT ACT ACT ACT
Serine TCT TCT TCT TCT
g Methionine ATG ATG ATG ATG
§ Leucine TG TTG TTG TG
< Isoleucine ATT ATT ATT ATT
! Valine GTT GTT GTT GTT
‘5 Alanine GCT GCT GCT GCT
= Phenylalanine TTT TIT TIT TIT
é Tyrosine TAT TAT TAT TAT
- Tryptophan TGG TGG TGG TGG
Histidine CAT CAT CAT CAT
Arginine AGA AGA AGA AGA
Lysine AAG AAG AAG AAG
Glycine GGT GGT GGT GGT
Cysteine
Proline CCA CCA CCA CCA

Table 6.3: Table showing the encoded amino acids in the MAX selection
oligonucleotide pools created for saturation of each target position in the

randomised ParaMAX model.

Each cell highlighted indicates that amino acid’s exclusion in the corresponding MAX
selection oligonucleotide pool. Each MAX selection oligonucleotide was received at 100
UM in water. To make the MAX selection oligonucleotide pool for each position, an
equal volume and therefore concentration of each MAX selection oligonucleotide was
mixed. The resulting end concentration of each selection pool was 100 uM, with
individual MAX selection oligonucleotide concentration at 5.26 uM in their respective

selection pools.
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6.4 Production of couplet 59+60 for generation of randomised contiguous

region in the ParaMAX model library

As each construct of the model ParaMAX library, was to be made individually (Figure 6.1.2),

couplet 59+60 was engineered first.

6.4.1 Determining the optimal couplet 59+60 MAX randomisation product
template dilution and annealing temperature for PCR amplification

The first stage in PCR optimisation, to produce the couplet 59+60 construct, was to
determine the optimal annealing temperature and template dilution. This would be achieved
using four individual annealing temperature gradients (2.2.4.1), each using a different
template dilution. The couplet 59+60 MAX randomisation construct produced via MAX
randomisation (2.2.2.2) was diluted using millig water to achieve the four different template
dilutions to be used, neat, 1/10, 1/100 and 1/1000. PCR products were visualised via

agarose gel electrophoresis (2.2.1.3).
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Figure 6.4.1: Four annealing temperature gradients using couplet 59+60
MAX randomisation product as template at varying dilutions to
determine optimal annealing temperature and template dilution for PCR

amplification.

Four individual PCR reactions were made using (A) neat MAX randomisation
product, (B) 1/10 diluted MAX randomisation product, (C) 1/100 diluted MAX
randomisation product and (D) 1/1000 diluted positive MAX randomisation as
template and divided into 8 equal reactions. Annealing occurred at the
temperatures described below with an in cycle extension time of 30 seconds.
Lanes: M= 50bp MW ladder, annealing temperatures; 1.50.0, 2. 51.2, 3.53.4,
4.56.3, 5. 59.9, 6.62.8, 7.64.9, 8.66.0 (°C).
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All annealing temperatures across all four template dilutions shown in Figure 6.4.1 produced
the desired 84bp couplet 59+60 PCR product, with the brightest bands occurring using 1/100
and 1/1000 couplet 59+60 MAX randomisation product dilutions as template (Figure 6.4.1 C
and D respectively). Because of this, Figure 6.4.1A and Figure 6.4.1B were not considered
optimal and the corresponding template dilutions of neat and 1/10 were no longer
considered. Figure 6.4.1 C and Figure 6.4.1D were very similar, both producing defined non-
couplet 59+60 constructs approximately 125bp, 175bp and showing considerable smearing
for annealing temperatures 50.0-62.8°C. Figure 6.4.1 C using the 1/100 dilution template, did
produce slightly more smearing compared to Figure 6.4.1 D using the 1/1000 dilution
template, with undesirable upper band products visualized in Figure 6.4.1 C using the
annealing temperature 64.9°C, not present in Figure 6.4.1 D. Based on this, the template
dilution of 1/1000 was deemed preferable and was the only temperature gradient used to
determine optimal annealing temperature. The annealing temperatures 64.9°C and 66.0°C
produced considerably fainter couplet product bands (Figure 6.4.1D), so were not considered
optimal. The brightness of the undesirable upper bands seen using annealing gradients 50.0-
56.3°C was greater than annealing temperatures 59.9°C and 62.8°C so were also deemed
not optimal. A mean average between 59.9°C and 62.8°C was calculated (61.35°C) and
rounded to 61.5°C, with this temperature considered to be the likely optimal annealing

temperature.

6.4.2 Testing asymmetry of MAX randomisation of couplet 59+60 under

optimised conditions

As described previously, MAX randomisation relies on the specific asymmetric amplification
of the MAX codon-containing DNA strand. The optimal couplet 59+60 PCR conditions were
used to amplify the 59+60 couplet in the absence of ligase (2.2.2.2). The PCR products were

visualised via agarose gel electrophoresis (2.2.1.3).
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Figure 6.4.2: Couplet 59+60 negative control to assess
asymmetric amplification. PCR ampilification of 1/1000 diluted no-
ligase Couplet 59+60 MAX randomisation product using optimised
annealing temperature of 61.5°C, with an in cycle extension time of
10 seconds. Lanes: M=50bp MW ladder, 1. Ligase-negative
control, 2. No template control.

No product was visualised from the amplification of the control MAX randomisation template
(Figure 6.4.2), alongside a clean no template control. This meant using the annealing
temperature 61.5°C alongside the 1/1000 dilution of couplet 59+60 MAX randomisation
product as template were viable conditions for the specific asymmetric amplification of the
MAX codon containing strand.
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6.4.3 Couplet 59+60 construct for Mlyl restriction for Quad cassette

construction

With the optimal annealing temperature for couplet 59+60 amplification determined, a final
PCR amplification was performed (2.2.4.1) to generate enough construct product volume for
Mlyl restriction (2.2.4.2) to expose the MAX randomised positions, ready for ligation with
couplet 61+62 to form the Quad cassette. The PCR product was visualised via agarose gel
electrophoresis (2.2.1.3).

200bp
150bp

100bp
84bp

50bp

Figure 6.4.3: PCR amplification to generate 59+60 couplet

construct.

A PCR ampilification using 1/1000 diluted 59+60 MAX randomisation
product as template with an annealing temperature of 61.5°C and in
cycle extension time of 30 seconds. Lanes: M= 50bp MW ladder, 1.

Positive PCR reaction, 2. No template control.

A bright single band of 84bp was produced (Figure 6.4.3), with a clean no template control.
The PCR product was made in sufficient volume for purification (2.2.1.4) and quantified
(2.2.1.5) for Mlyl restriction.
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6.4.4 Mlyl restriction of couplet 59+60

As shown in Figure 6.2.1, for successful blunt-end ligation of the individual couplets, the 3’
flanking oligonucleotide of couplet 59+60 had to be removed. The unique sequence flanking
oligonucleotide of the couplet was designed to contain a 3’-5’ directed Mlyl/ restriction site
(Figure 6.2.1) to facilitate the removal of the oligonucleotide resulting in the exposure of the
couplet’s MAX codons. The couplet 59+60 PCR product was restricted using Mlyl (2.2.1.1)

with the restriction products visualised via agarose gel electrophoresis (2.2.1.3)
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Figure 6.4.4: Mlyl restriction of couplet 59+60.

Lanes: M= 50bp MW ladder, 1. Mlyl restriction of couplet 59+60.
Restriction of couplet 59+60 (84bp) designed to result in two fragments
of sizes, 54bp and 30bp.

Expected products of 30bp and 54bp were visualised, with some uncut couplet 59+60
construct remaining (84bp) (Figure 6.4.4), meaning the restriction was not 100% successful.
A larger band approximately 105-110bp in size was also visualised, not present in the PCR
amplification of the 59+60 construct (Figure: 6.4.3). As the 54bp product was the MAX
containing product and therefore required downstream, the appearance of the 105-110bp
band was not a concern as a mis-ligation using this band would have resulted in an visually
larger band than was expected from the PCR amplification of the quad ligation product
(90bp, Figure: 6.6.3).
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6.5 Production of couplet 61+62 for generation of randomised contiguous

region in the ParaMAX model library

With the construction and restriction of couplet 59+60 completed, the engineering of couplet
60+61 commenced. As before MAX randomisation (2.2.2.2) was used to generate the MAX
codon containing DNA strand that would act as PCR template for couplet 61+62 PCR

optimisation.

6.5.1 Determining the optimal couplet 61+62 MAX randomisation product

template dilution and annealing temperature for PCR amplification

As with couplet 59+60, determining the optimal template dilution and annealing temperature
was the first stage of PCR optimisation, achieved using four individual annealing temperature
gradients (2.2.4.1), each using a different template dilution. The couplet 61+62 MAX
randomisation construct, produced via MAX randomisation (2.2.2.2) was diluted using milliq
water to achieve the four different template dilutions to be used: neat, 1/10, 1/100 and

1/1000. PCR products were visualised via agarose gel electrophoresis (2.2.1.3).
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Figure 6.5.1: Four annealing temperature gradients using couplet 61+62 MAX
randomisation product as template at varying dilutions to determine optimal

annealing temperature and template dilution for PCR amplification.

Four individual PCR reactions were made using (A) neat MAX randomisation
product, (B) 1/10 diluted MAX randomisation product, (C) 1/100 diluted MAX
randomisation product and (D) 1/1000 diluted positive MAX randomisation as
template and divided into 8 equal reactions. Annealing occurred at the temperatures
described below with an in cycle extension time of 30 seconds. Lanes: M= 50bp MW
ladder, annealing temperatures; 1.50.0, 2. 51.2, 3.53.4, 4.56.3, 5. 59.9, 6.62.8,

7.64.9, 8.66.0 (°C).
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All template dilutions used across the four annealing temperature gradients produced the
desired 92bp product (Figure 6.5.1). Across all of the annealing temperature gradients, the
higher the annealing temperature used, the fainter the couplet 61+62 product became. This
meant determining the optimal annealing temperature would be achieved by comparing the
lower temperatures of each temperature gradient. Extensive smearing in Figure 6.5.1 A and
B (template dilutions neat and 1/10 respectively) for the early annealing temperatures used,
meant these template dilutions were not optimal and were no longer considered. A
comparison between Figure 6.5.1 C and D, showed Figure 6.5.1C (1/100 template dilution)
had noticeably more smearing and was therefore deemed not optimal. Figure 6.5.1D showed
one annealing temperature that produced a single band (Lane 5, 59.9°C). This band was
considerably fainter than those in lane 1-4 so was no longer considered. Lanes 1-4 of Figure
6.5.1 D, were incredibly similar so a mean average of the annealing temperature was taken
between Lane 3 and 4 (53.4°C and 56.4°C) resulting in the annealing temperature of 54.9°C.
This annealing temperature was to be used for downstream couplet 61+62 production

alongside the 1/1000 diluted MAX randomisation product as template.

6.5.2 Testing asymmetry of MAX randomisation of couplet 61+62 under
optimised conditions

As with couplet 59+60, the negative couplet 61+62 MAX randomisation product (generated in
the absence of ligase) (2.2.2.2), was amplified using the optimal PCR conditions of 54.9°C
using a 1/1000 dilution of the negative MAX randomisation product as template (2.2.4.1).

The PCR products were visualised via agarose gel electrophoresis (2.2.1.3).
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Figure 6.5.2 : Couplet 61+62 negative control to assess
asymmetric amplification. PCR amplification of 1/1000
diluted no-ligase couplet 61+62 MAX randomisation product
using optimised annealing temperature of 54.9°C, with an in
cycle extension time of 10 seconds. Lanes: M=50bp MW
ladder, 1. Ligase-negative control, 2. No template control.

No 92bp product seen.

No product was visualised from the amplification of the control MAX randomisation template
(Figure 6.5.2), alongside a clean no template control. This meant using the annealing
temperature 54.9°C alongside the 1/1000 dilution of couplet 61+62 MAX randomisation
product as template were viable conditions for the specific asymmetric amplification of the

MAX codon containing strand.
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6.5.3 Couplet 61+62 construct for Mlyl restriction for Quad cassette

construction

With the optimal annealing temperature for couplet 61+62 amplification determined a final
PCR amplification was performed (2.2.4.1) to generate sufficient construct product volume
for Mlyl restriction (2.2.4.2) to expose the MAX randomised positions, ready for ligation with
couplet 59+60 to form the Quad cassette. The PCR product was visualised via agarose gel

electrophoresis (2.2.1.3).

92bp

Figure 6.5.3: PCR amplification to generate 61+62 couplet

construct.

A PCR amplification using 1/1000 diluted 61+62 MAX randomisation
product as template with an annealing temperature of 54.9°C and an
in cycle extension time of 30 seconds. Lanes: M= 50bp MW ladder,
1. Positive PCR reaction, 2. No template control. Expected 92bp
product generated in positive reaction and a faint upper band of

175bp, while the no template control was clear.

A bright product band was seen at 92bp correlating to couplet 61+62 (Figure 6.5.3), albeit
with a very faint smear of larger product. The no template lane was clean. The PCR product
was made in sufficient volume for purification (2.2.1.4) and quantified (2.2.1.5) for Mlyl

restriction.
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6.5.4 Mlyl restriction of couplet 61+62

As shown in Figure 6.2.2, for successful blunt-end ligation of the individual couplets, the 5’
flanking oligonucleotide of couplet 61+62 had to be removed. The sequencing of the couplet
was designed to contain a 5’-3’ directed Mlyl restriction site (Figure 6.2.2) to facilitate the
removal of the oligonucleotides and expose the couplet's MAX codons. The couplet 61+62
PCR product was restricted using Mlyl (2.2.1.1) with the restriction products visualised via

agarose gel electrophoresis (2.2.1.3).
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Figure 6.5.4 : Mlyl restriction of couplet 61+62.

Lanes: M= 50bp MW ladder, 1. Mlyl Restriction of couplet 61+62
(92bp) resulted in two fragments of size 56bp and 36bp. Minimal
full length couplet 60+61 product (92bp) seen.

The expected product bands of 56bp and 36bp were seen with some smearing between the
bands present (Figure 6.5.4), suggesting a longer electrophoresis run time would have been
beneficial. The Mlyl restriction of couplet 61+62 was considered successful as two bands

could be identified, with the MAX containing 36bp product used downstream.
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6.6 Production of the Quad cassette construct for incorporation into the
ParaMAX model library

With the successful construction and restriction of both couplets, the construction of the
Quad could take place. As shown in Figure 6.2.3 the Quad was generated using blunt end
ligation (2.2.1.2), between the restricted couplets, with the ligation product, acting as

template for subsequent PCR optimisation and amplification (2.2.4.1).

6.6.1 Determining the optimal Quad ligation product template dilution and

annealing temperature for PCR amplification

As with the individual couplet construction, the first stage in Quad PCR optimisation was to
determine the optimal annealing temperature and template dilution. This was achieved using
four individual annealing temperature gradients (2.2.4.1), each using a different template
dilution. The Quad ligation product was diluted using milliq water to achieve the four different
template dilutions to be used, neat, 1/10, 1/100 and 1/1000. PCR products were visualised

via agarose gel electrophoresis (2.2.1.3).
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Figure 6.6.1: Four annealing temperature gradients using Quad ligation
product as template at varying dilutions to determine optimal annealing
temperature and template dilution for PCR amplification.

Four individual PCR reactions were made using (A) neat Quad ligation product,
(B)1/10 diluted Quad ligation product, (C) 1/100 diluted Quad ligation product and
(D) 1/1000 diluted Quad ligation as template and divided into 12 equal reactions.
Annealing occurred at the temperatures described below with an in cycle extension
time of 10 seconds. Lanes: M= 50bp MW ladder, annealing temperatures; 1.45.0,
2454, 3.46.5, 4485, 5.51.1, 6.53.7, 7.56.1, 8.58.7, 9.61.2, 10.63.2, 11.64.4,

12.65.0(°C).
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All template dilutions generated a 90bp product with varying degrees of success across
lanes 1-8 (45.0-58.7°C) (Figure 6.6.1) with template dilutions 1/10 and 1/100 (Figure 6.6.1 C
and D respectively) also showing Quad product in lane 9 (61.2°C), yet noticeably fainter. The
neat template dilution annealing temperature gradient was also able to produce the Quad
construct using a temperature of 63.2°C (lane 10, Figure 6.6.1 A). All annealing temperatures
capable of generating the 90bp Quad product across all template dilutions, also produced an
upper band approximately 125bp in size, of a similar brightness to the Quad band. As this
upper band was a constant, the brightness of the Quad construct band was the deciding
factor in determining the optimal template dilution and annealing temperature for downstream
PCR optimisation. The brightest Quad product bands were seen using the neat template
dilution (Figure 6.6.1 A), so was the only one considered when identifying the optimal
annealing temperature. Quad construct bands of acceptable brightness were seen in lanes
1-6 (Figure 6.6.1 A), with a marginal increase in smearing as the annealing temperature
increased. Because of this, a balance between smearing and band brightness had to be
made, so the midrange temperature 48.5°C was chosen as the downstream annealing

temperature to be used alongside the neat template dilution.

6.6.2 Using specific denaturation temperatures to eliminate a higher molecular

weight construct formed during Quad PCR amplification

The 125bp product seen across Figure 6.6.1, had a consistent brightness relative to the 90bp
Quad product it accompanied, meaning as the Quad product band changed across the
different templates used, or the annealing temperature range, so did the 125bp product in the
same way. This meant the traditional PCR optimisation techniques of investigating the
optimal template dilution and annealing temperature failed to give a single Quad construct
band (Figure 6.6.1). A method of removing the higher molecular weight band was required.
The assumption that the 125bp product would require a higher denaturation temperature
when compared with the 90bp Quad was the foundation for using a denaturation temperature
gradient. The denaturation temperature gradient would identify a temperature high enough to
break open the shorter Quad DNA strands allowing for their amplification, while not being
sufficiently high to separate the 125bp DNA strands. Using the neat Quad ligation product as
template and an annealing temperature of 48.5°C, a denaturation gradient was performed

(2.2.4.1), with the PCR products visualised via agarose gel electrophoresis (2.2.1.3).
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Figure 6.6.2.1: Denaturation temperature gradient using neat Quad ligation product
as template to determine the optimal denaturation temperature for PCR

amplification.

A single PCR reaction was divided into 12 equal reactions. Denaturation occurred at the
temperatures listed below, with annealing at 48.5°C with an in cycle extension time of 10
seconds. Lanes: M= 50bp MW ladder, annealing temperatures; 1.80.0, 2.80.3, 3.81.2,
4.82.6,5.84.6, 6.86.5, 7.88.4, 8.90.3, 9.92.2, 10.93.7, 11.94.6, 12.95.0 (°C).

The 125bp band brightness reduced as the denaturation temperature decreased, with the
upper band almost completely removed in lane 1 of Figure 6.6.2.1, using a denaturation
temperature of 80.0°C. This Quad band alongside a very similar lane 2 result, was also
considerably brighter than the Quad products seen in lanes 3-12. This correlation between
reduced upper band brightness and decreasing denaturation temperature, prompted

investigation of a lower denaturation temperature range between 70°C and 80°C (2.2.4.1).
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Figure 6.6.2.2: Lower denaturation temperature gradient using neat Quad ligation
product as template to determine the optimal denaturation temperature for PCR

amplification.

A single PCR reaction was divided into 12 equal reactions. Denaturation occurred at the
temperatures listed below, with annealing at 48.5°C with an in cycle extension time of 10
seconds. Lanes: M= 50bp MW ladder, annealing temperatures; 1.70.0, 2.70.2, 3.70.8,
471.8,5.73.1,6.74.4,7.75.6, 8.76.9, 9.78.2, 10.79.2, 11.79.8, 12.80.0 (°C).

The lower range denaturation gradient (Figure 6.6.2.2) was successful in removing the upper
125bp band seen in the upper range denaturation gradient (Figure 6.6.2.1). Lanes 9-12
(denaturation temperatures 78.2-80.0°C) produced a bright Quad construct band in the
absence of the 125bp construct, so a midrange temperature (79.2°C) was chosen as the
optimal denaturation temperature and used in the downstream production of the Quad
construct. With the upper 125bp band removed, no investigations into the source of the band

were conducted.
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6.6.3 Production of the Quad cassette construct using optimised PCR

conditions

Using the optimised denaturation temperature, annealing temperature and template dilution,

a final PCR amplification to produce the Quad construct was performed (2.2.4.1).
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Figure 6.6.3: PCR amplification to generate Quad construct

A PCR amplification using 1/1000 diluted Quad ligation product as
template with a denaturation temperature of 79.2°C, an annealing
temperature of 48.5°C and an in cycle extension time of 10 seconds.
Lanes: M= 50bp MW ladder, 1. Positive PCR reaction, 2. No template

control.

A single bright Quad construct band was produced, with a clean no template control (Figure

6.6.3), meaning the construction of the Quad was completed successfully.
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6.7 Production of the conserved region for incorporation in the ParaMAX model

library

With the successful construction of the Quad cassette, the generation of the conserved
region began. The conserved region was constructed via overlap PCR (2.2.4.2), between its
two constituent oligonucleotides seen in Figure 6.1.2. The full length conserved construct
was then diluted to form a 1/1000 dilution which was used as template in downstream PCR

optimisation and amplification (2.2.4.1).

6.7.1 Determining the optimal annealing temperature for conserved region PCR

amplification

To determine the optimal annealing temperature for the conserved region PCR amplification,
an annealing gradient using a 1/1000 dilution of the conserved overlap PCR product as
template was performed (2.2.4.1). PCR products were visualised via agarose gel

electrophoresis (2.2.1.3).

200bp
150bp
125bp

147bp
100bp

Figure 6.7.1: Annealing temperature gradient using 1/1000 diluted conserved
region overlap product as template to determine optimal annealing

temperature for PCR amplification.

Annealing occurred at the temperatures described below with an in cycle extension
time of 10 seconds. Lanes: M= 25bp MW ladder, annealing temperatures; 1.45.0,
2453, 3.46.2, 4.47.6, 5.49.6, 6.51.5, 7.53.4, 8.55.3, 9.57.2, 10.58.7, 11.59.6,
12.60.0(°C).
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A bright conserved region construct band (147bp) was seen across the entire annealing
temperature range (Figure 6.7.1), with band thickness decreasing as the annealing
temperature increased. Lanes 1-7 produced a lower molecular weight product (approximately
70bp), which decreased in brightness as the annealing temperature increased. A balance
between band quality and avoiding an annealing temperature that produced non-conserved
region products, meant the annealing temperature 57.2°C (lane 9 Figure 6.7.1) was chosen
as the optimal condition.

Using a 1/1000 dilution conserved region product as template and an annealing temperature
of 57.2°C, the conserved region was then generated in sufficient volume for downstream
applications (2.2.4.1).

200bp
150bp
125bp
100bp

147bp

Figure 6.7.2: PCR amplification to generate the conserved
region construct.

A PCR amplification using 1/1000 diluted conserved region overlap
PCR product as template with an annealing temperature of 57.2°C
with an in cycle extension time of 10 seconds. Lanes: M= 25bp MW

ladder, 1. Positive PCR reaction, 2. No template control.

A single bright conserved region band was produced, with a clean no template control
(Figure 6.7.2).
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6.8 Construction of the complete ParaMAX model DNA library

With the successful construction of both the Quad and conserved region, the generation of
the full ParaMAX model library began. The ParaMAX model full length library was
constructed via overlap PCR (2.2.4.2), between the conserved region and Quad constructs
(Figure 6.1.2).

6.8.2 Determining the optimal ParaMAX model library overlap product template
dilution and annealing temperature for PCR amplification

Determining the optimal annealing temperature and template dilution was the first stage of
PCR optimisation and was achieved using four individual annealing temperature gradients
(2.2.4.1), each using a different template dilution. The ParaMAX model library overlap PCR
product was diluted using millig water to achieve the four different template dilutions to be
used: neat, 1/10, 1/100 and 1/1000. PCR products were visualised via agarose gel

electrophoresis (2.2.1.3).
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Figure 6.8.2: Four annealing temperature gradients using full length
construct overlap product as template at varying dilutions to determine

optimal annealing temperature and template dilution for PCR amplification.

Four individual PCR reactions were made using (A) neat overlap product, (B)1/10
diluted overlap product, (C) 1/100 diluted overlap product and (D) 1/1000 diluted
overlap product as template and divided into 12 equal reactions. Annealing
occurred at the temperatures described below with an in cycle extension time of
10 seconds. Lanes: M= 50bp MW ladder, annealing temperatures; 1.45.0, 2.45.4,
3.46.5,4.48.5,5.51.1,6.53.7,7.56.1, 8.58.7,9.61.2,10.63.2, 11.64.4, 12.65.0(°C).

151
B.P.G Wagstaffe, PhD Thesis, Aston University 2021.



A bright 216bp product band was seen across all template dilutions for lanes 1-7 (Figure
6.8.2), an annealing temperature range between 45.0-56.1°C inclusive, with the band quality
decreasing in lanes 8-12. Because of this decrease in band quality as the annealing
temperature increased, only lanes 1-5 across the template dilutions were from this point used
to determine optimal template dilution and annealing temperature to avoid any potential band
quality reduction. The smearing seen using the neat template dilution (Figure 6.8.2 A), meant
that template dilution was not considered optimal. Lanes 1-5 of the 1/10, 1/100 and 1/1000
template dilutions (Figure 6.8.2 B,C and D respectively) were all very similar. Ultimately the
annealing temperature of 45.0°C using a 1/1000 template dilution (Figure 6.8.2 D) were

determined to be the optimal conditions for downstream PCR reactions.

6.8.3 Using optimal conditions to produce the complete ParaMAX model cassette

A final, large-scale PCR amplification of the complete ParaMAX model cassette was
performed (2.2.4.1), with the PCR product visualised via agarose gel electrophoresis prior to
purification (2.2.1.3). The PCR product was purified (2.2.1.4), quantified (2.2.1.5) and sent for
Next Generation Sequencing (2.2.1.6).
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Figure 6.8.3: PCR amplification to generate full length ParaMAX

model library construct.

A PCR amplification using 1/1000 diluted full length construct overlap
product as template with an annealing temperature of 45.0°C with an
in cycle extension time of 10 seconds. Lanes: M= 50bp MW ladder,

1. Positive PCR reaction, 2. No template control.

6.8.4 Concluding ParaMAX randomisation for the saturation of four contiguous

positions in a modified designed armadillo repeat protein DNA backbone

The necessity for engineering randomised DNA libraries containing contiguous saturated
positions is vital for the success of PRe-ART. The requirement to investigate the impact of
saturating stretches of adjacent codons in an efficient manner, is perfectly demonstrated by
the potential introduction of loops to maximise the depth of the wild-type lysine binding
pocket, to accommodate larger amino acids. The invention of ParaMAX was the ideal

solution.

The randomised cassette generated using ParaMAX randomisation was based upon the
designed armadillo repeat protein DNA sequence, but unlike the single arginine library
(Chapter Three) and the At-Thr Library (Chapter Four) did not possess the flanking regions

required for homologous recombination to generate the full DNA sequence used to produce
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and then screen the protein libraries. The focus of the ParaMAX library was to analyse the
success of the positional randomisation of the contiguous codons, with no intentions of this
randomised cassette to be used downstream in binder investigations. After determining the
success of ParaMAX randomisation, a library design for extension of the single lysine pocket
by introducing a novel stretch of randomised codons, would have been created and

ParaMAX implemented in engineering the randomised pocket.

As seen in Figure 7.4, this preliminary attempt to engineer a contiguous randomised region
of four codons, revealed areas requiring optimisation and further investigation, primarily the
Mlyl restrictions involved to form the Quad cassette. Further work within the PRe-ART group

is underway and discussed extensively throughout section 7.5.
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7.0 The optimisation of an excel based NGS analysis technique to calculate

codon representation at saturated positions in the model ParaMAX DNA library

7.1 Introduction

With the construction of the ParaMAX model library (Figure 6.8.3) complete, determining the
amino acid representation at each of the four newly introduced positions, would determine
how successful the non-degenerate saturation via ParaMAX randomisation had been. An
accurate count of amino acid representation at each of the four novel positions, would need
to be performed. As the model ParaMAX library was structurally different to the At-Thr library,
in that it contained a contiguous region of randomisation, modifications and subsequent
optimisations of the methodology used to analyse the At-Thr library were required. This new
methodology, still used the open source web based bioinformatics platform, Galaxy
(https://usegalaxy.org/), to process the raw lllumina sequencing data and Microsoft Excel to

perform codon counts to determine the amino acid distribution at saturated potions.

This chapter focuses on the development of a NGS processing and codon counting
methodology for libraries containing contiguous randomised regions. The library used was
the model ParaMAX library (Chapter 6), containing a contiguous region of four saturated

positions, randomised using ParaMAX (2.2.2.3).

7.2 Processing the raw lllumina sequencing data of the model ParaMAX DNA

library using Galaxy

Initial Galaxy processing was divided into three stages (Figure 7.2), with each processing

stage optimised using the output of the previous function.
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Figure 7.2: Flow diagram depicting pre-count processing stages of

NGS data using the free online bioinformatics server, Galaxy, for the

model ParaMAX library.

Filter by quality: using the associated quality score for each read to
determine if the quality is satisfactory, Alignment: aligning the filtered
reads with a reference sequence. Alignment output is then formatted to be

used in an Excel Workbook.

The model ParaMAX library was sequenced using Miseq, with two 250bp reads 5’-3’ and 3'-
5’, as this was the default sequencing option provided by Genewiz (2.2.1.6). The production
of both a 250bp forward read (mate 1) and 250bp reverse read (mate 2) was not necessary
for the analysis of the model ParaMAX library as the complete construct length was 216bp.
Because of this, only one directional mate was required for full library sequence analysis

(read 1 was chosen), making the Fastq Join function redundant.
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7.2.1 Quality control using Filter by Quality function on mate 1 reads of the
model ParaMAX library

The Filter by Quality function uses two user defined parameters to determine if a read is
discarded; the ‘quality cut-off value’ and the ‘percent of bases in sequence that must have

quality equal to/higher than cut-off value’ (2.2.5.2.2).

As in the analysis of MAX randomisation libraries, a base quality score of 30 correlated to a
1/1000 chance of a base identity call being incorrect (lllumina, 2014), so was used as the
‘quality cut off value’. Quality scores are representative of the confidence in a base calling, so
non-identifiable bases (Ns) will have an intrinsically lower base call confidence and will
therefore impact on the total read quality. With the Filter by Quality function assessing the
quality score of every base in a read sequence (including randomised positions),
adjustments to ‘the percent of bases in sequence that must have quality equal to/higher than
cut-off value’ parameter were made. This accommodation for randomisation was done by
calculating the percentage of randomised bases in the library and lowering the value for
‘percent of bases in sequence that must have quality equal to/higher than cut-off value’ to the
nearest whole number under the randomised base percentage. The model ParaMAX library
contained 12 randomised bases 12/216*100=5.56 (2.dp), so 94% was used. Using the Filter
by Quality with a quality cut off value of 30 and a 94% requirement of bases in the sequence
to have a quality score of 30 or more resulted in an output of 186127 reads with 44079
(19.15%) discarded. When considering the mate 1 reads had not been subjected to the
quality control stages involved in the Fastq Join function (Figure 5.2.1), discarding 19.15% of

the total number of reads was deemed acceptable.

7.2.2 Using Bowtie2 to align model ParaMAX library reads to a reference

sequence

In order to align the library reads using Bowtie2, a reference sequence was required. This
sequence was the model ParaMAX sequence with MAX codons substituted for NNN at the
randomised positions, made using UGENE (2.2.5.1). This reference sequence was inputted
into the alignment function along with the 186127 filter by quality outputted reads (2.2.5.2.4).
The Bowtie2 output file was then reformatted (2.2.5.2.6) so the read data could be used in

Excel.
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7.3 Invariant anchor count methodology to determine codon frequencies’ at

saturated positions in the model ParaMAX library

The randomised region in the model ParaMAX library was made of four contiguous
randomised positions. This meant using the MAX selection oligonucleotide invariant region
as a count anchor (as was used in the At-Thr counts (Table 5.3)) was not possible for
positions 60 and 61 (Figure 6.1.2). Instead, the 12bp sequence adjacent to position 59 on the
5’ end of the randomised region (TCTAATATCGCT) was used as the invariant anchor. The
choice of a 12bp anchor corresponded to the length of the randomised region, reducing the
possibility of the anchor appearing in the randomised region to less than 0.0008% as each of
the positions was saturated using 19 different MAX selection oligonucleotides during
ParaMAX randomisation (Table 6.3) (2.2.2.3) ((((1/19)*4)*100= 0.0008 (2.dp)). To count
codon frequencies at positions 60, 61 and 62, the same 12bp anchor was used, alongside
“???, which in Excel represents any three characters (sequence bases). An example of this
is shown in Table 7.3, where aspartic acid is counted for at each of the four randomised
positions, with the use of “???’ to represent the previously counted codon, moving the focus

of the Countif function to the next randomised position.

Ej:;g?sed Excel function used to count aspartic acid frequency

59 SUM(COUNTIFS(N:N,{"*TCTAATATCGCTGAT*","*TCTAATATCGCTGAC*"}))

60 SUM(COUNTIFS(N:N{"*TCTAATATCGCT???GAT*" "*TCTAATATCGCT???GAC*"}))

61 SUM(COUNTIFS(N:N{"*TCTAATATCGCT??????GAT*","*TCTAATATCGCT??????GAC*"}))

62 SUM(COUNTIFS(N:N{"*TCTAATATCGCT?????2????GAT*"","*“TCTAATATCGCT?????????GAC*"}))

Table 7.3: Countif function to determine summed frequency of aspartic acid at

each of the four saturated positions in the model ParaMAX library.

7.4 Analysing the amino acid distribution at saturated positions in a Galaxy

processed Bowtie2 aligned model ParaMAX library

Once all counts had been performed at each of the four saturated positions in the model
ParaMAX library, the raw codon counts were converted to codon frequency (%) and

analysed graphically (Figure 7.4).
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Figure 7.4: Observed vs expected amino acid distribution for positions

randomised in the Bowtie2 aligned model ParaMAX library.

Letters in the legend correspond to universal amino acids abbreviations in the
genetic code: P: proline; C: cysteine; K: lysine; R: arginine; H: histidine; W:
tryptophan; Y: tyrosine; F: phenylalanine; G: glycine; A: alanine; V: valine; I:
isoleucine; L: leucine; M: methionine; S: serine; T: threonine; Q: glutamine; N:
asparagine; E: glutamic acid; D: aspartic acid; *: stop codon. Raw data from Miseq

lllumina sequencing. (See Appendix 7 for raw count data).

A comparison between the observed and expected codon frequency and therefore the amino
acid distribution, across all four randomised positions showed an over or under
representation of multiple amino acids (Figure 7.4). The most concerning observation was
the unexpectedly large percentage of termination codons present at positions 61 and 62
(black bars, Figure 7.4). Further investigation was required to determine the cause of the
poor correlation between the observed and expected amino acid frequencies at these

positions.
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7.5 Investigating potential contributing factors to the observed amino acid

distribution at randomised positions in the model ParaMAX library

Clearly, the application of ParaMAX to randomise the four novel positions in an unbiased
manner, particularly at positions 61 and 62, was unsuccessful. The problem might lie either
with the construction of the DNA cassette itself, or else with the in silico analysis of the
sequencing data, using the parameters selected. Since the data was already available, the
in silico analysis was first examined in detail. Several possible factors were identified as
potentially contributing to the amino acid distribution observed in Figure 7.4, with each

requiring their own separate investigations.

7.5.1 Determining the impact of count anchor on the observed amino acid

distribution at randomised positions in the model ParaMAX library

The success of the codon counts relies on the count anchor selected. The uniqueness of the
sequence is imperative to accurate counts as demonstrated during the At-Thr library analysis
(Figure 5.3). A search of the model ParaMAX library sequence for the 12bp anchor sequence
(TCTAATATCGCT) was performed and the uniqueness of the sequence was confirmed,

eliminating the anchor as a contributing factor to the amino acid distribution.

7.5.2 Assessing the quality of the lllumina sequence data for the model
ParaMAX library.

Before any investigations into the Galaxy processing stages occurred, the raw lllumina data
was scrutinised using the Galaxy function, Filter FASTQ. This function had two parameters,
each with a subset of user defined values that could be used to investigate the raw FASTq
sequencing file: read length and base quality score. When scrutinising the raw data using
length, user defined values for minimum and maximum read length could be input, while a
minimum and maximum per base quality score was also user determined. Each parameter

and the impact on the raw sequencing data, was investigated individually.
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7.5.2.1 Investigating the impact of quality score filtering on the raw lllumina

sequencing data of the model ParaMAX library

The quality scoring aspect of the Filter FASTQ function allowed a user defined minimum and
maximum quality score, as well as the number of bases allowed outside of the quality range
(2.2.5.2.3). The quality score range was set to 30 or more, (1/1000 chance of the base call
being incorrect, ((lllumina 2014) with a 12 base allowance outside of the range to
accommodate for the 12 randomised bases in the model ParaMAX library (Figure 6.1.2). Of
the 230206 inputted reads in the mate 1 FASTq file, 186371 reads (80.96% (2.dp)) were
within the Filter FASTq quality scoring filter parameters. The stringent filter parameter of only
having 12 bases outside of the quality score range, meant a single base change in the
conserved region of the model ParaMAX sequence would result in a read being discarded. In
this light, 80.96% of reads having no such base substitutions was deemed acceptable. As
the original Filter by Quality (2.2.5.2.2) performed on the model ParaMAX library using a
quality score of 30 and a 94% sequence requirement to have that score or more, resulted in
a read output of 186127 from the same input file (slight variation as Filter by Quality uses
percent of bases instead of a defined number), it was concluded the quality of the raw

lllumina reads was not a contributing factor to the amino acid distribution seen in Figure 7.4.

7.5.2.2 Investigating the impact of length filtering on the raw lllumina

sequencing data of the model ParaMAX library

With the quality of the raw lllumina reads within an acceptable level, the impact of filtering the
raw read 1 sequencing data by length was investigated. The full length model ParaMAX
library construct was 216bp. The raw non-quality checked mate 1 FASTq file was inputted
into the Filter FASTQ function, with the minimum and maximum length read parameters both
set to 216bp, with the quality range set to accept all base scores (2.2.5.2.3). Of the 230206
input reads, 46618 were 216bp (20.25%). Using the same length filter parameters, but
instead inputting the Filter Fastq quality score filtered reads resulted in 37724 of 186127
being kept (20.24%). This considerable reduction in the number of reads kept, highlighted
read length of the raw lllumina reads as a potential factor for the amino acid distribution

observed in Figure 7.4 and warranted further investigation.
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7.5.3 Analysing the amino acid distribution at saturated positions in a Filter

FASTq processed Bowtie 2 aligned model ParaMAX library

The key variation between the Galaxy processes outlined in Figure 7.2, which generated the
amino acid distribution observed in Figure 7.4, and the new model ParaMAX library
processing to investigate the impact of read length on amino acid distribution was the
additional filtering by length step. Unlike the previous Galaxy processing (Figure 7.2), the
filter by quality and the new filter by length was performed simultaneously by the Filter
FASTq function (2.2.5.2.3) (Figure 7.5.3.1).

Filter FASTQ

l

Alignment

l

File formatting

conversion

l

Generate Excel
Workbook

Figure 7.5.3.1: Flow diagram depicting the refined pre-count, Galaxy

processing stages for the model ParaMAX library NGS data.

Filter FASTq: using the associated quality score for each read to determine
if the quality is satisfactory and filtering by read length, Alignment: aligning
the filtered reads with a reference sequence. Alignment output is then

formatted to be used in an Excel Workbook.
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The 37724 outputted reads of the Filter FASTq function (2.2.5.2.3) (read length of 216bp
only, Q=30 or more with a 12 base exception) (16.39% (2.dp) of the inputted 230206 reads),
were then inputted alongside the model ParaMAX library reference sequence generated
using UGENE (2.2.5.1) into the Bowtie2 aligner (2.2.5.2.4). The Bowtie2 output file was
reformatted (2.2.5.2.6) and the codon counts for each of the four randomised positions
performed. The raw counts were changed to codon frequency per position and displayed
graphically (Figure 7.5.3.2).
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Figure 7.5.3.2: Observed vs expected amino acid distribution for positions
randomised in the Filter FASTq processed and Bowtie2 aligned model
ParaMAX library.

Letters in the legend correspond to universal amino acids abbreviations in the
genetic code: P: proline; C: cysteine; K: lysine; R: arginine; H: histidine; W:
tryptophan; Y: tyrosine; F: phenylalanine; G: glycine; A: alanine; V: valine; I
isoleucine; L: leucine; M: methionine; S: serine; T: threonine; Q: glutamine; N:
asparagine; E: glutamic acid; D: aspartic acid; *: stop codon. Raw data from Miseq

[llumina sequencing. (See Appendix 8 for raw count data)
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The observed amino acid distribution in Figure 7.5.3.2, particularly in comparison with Figure
7.4, demonstrated a good agreement between the observed and expected codons, with the
most prominent feature being the substantial reduction in the presence of termination
codons. By achieving a good match between the observed and expected amino acid
distribution using only 216bp length reads demonstrated clearly, that read length (and thus
the construction of the library), was the factor responsible for the unsatisfactory amino acid
distribution observed in Figure 7.4. Manual inspection of the conserved region downstream
of the randomised contiguous region showed poor alignment between the reference
sequence and the lllumina reads. As the alignment upstream of the randomised region had
been successful and no issues in alignment had been observed in any conserved region of
the single arginine or At-Thr library downstream of randomised positions, the conclusion that
the library construction was the cause for the amino acid distribution observed in Figure 7.4

was supported.

7.5.4 Investigating possible deletions caused by Mlyl star activity in couplet
59+60

Any potential star activity of Mlyl, resulting in non-specific restrictions would cause
unexpected base deletions, with any deletions less than 10bp not necessarily visible via

agarose gel electrophoresis.

To investigate the possibility of Mly/ star activity during couplet 59+60 restriction, a range of
codon counts (2.2.6.3) were performed pertaining to specific bp deletions, using all of the
Bowtie2 outputted reads as used to generate Figure 7.4. The deletion of a MAX codon at
position 62 would result in a 3bp deletion, meaning TGA would now be present at position 62
(Figure 6.1.2). A count for TGA at position 62 (2.2.6.3) using the countif criteria,

codons from couplet 59+60 (or 61+62) would result in codons TGA (a termination codon) and

CGG (arginine) occupying positions 61 and 62 respectively (Figure 6.1.2), with the countif

number of reads meeting the count criteria for a 6bp, 5bp, 4bp and 3bp deletion collectively
was 98324 reads, 53.71% of reads (183054 reads total). This strongly supports the suspicion
of Mlyl induced deletions being the causative factor for the varied read lengths, causing the

unsatisfactory distribution observed in Figure 7.4.
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7.5.5 Conclusion regarding the success of an Excel based analysis tool for
determining amino acid distribution in the contiguous saturated positions of
the ParaMAX library

The amino acid distributions at the four saturated contiguous positions in the ParaMAX
library were successfully determined using the novel Excel based count methodology. These
counts highlighted an unexpectedly high amount of stop codons in the randomised region.
Eliminating in silico causes for the stop codon ratios observed, coupled with further library
counts, strongly supported the suggestion of deletions within the randomised region
occurring during the library generation as the cause; most likely associated with suboptimal
Milyl restrictions. Work in the PRe-ART group is ongoing to further examine this
phenomenon, with the first stage using a fixed library at the four randomised positions to
determine the location of the deletions. Using the fixed codons; AAA, TTT, CCC, GGG, to
eliminate the potential of upstream bases of adjacent codons compensating in the event of
deletions, alongside sequencing of the couplet products and then the quad product, would
enable the precise location of all deletions to be determined, providing evidence of the

suspected Mlyl causation.

8.0 Discussion and Conclusion

8.1 Summary of results

The overall aim of this project was to engineer several randomised designed armadillo repeat
protein DNA libraries which would be incorporated into a designed armadillo repeat protein
backbone construct, for downstream protein production and screening to discover novel
peptide binders. Each of these randomised DNA libraries had their own specific amino acid
representation requirements at their targeted positions, which needed analysing to determine

library success.

The single arginine library was successfully engineered first, saturating seven positions
within the DNA sequence. The DNA library was divided into three individual constructs, each
designed to possess complementary regions with its adjacent constructs. The conserved
region was successfully generated by separating the region into two shorter sequences that
were purchased as synthetic oligonucleotides and joined via overlap PCR. The two
remaining regions contained saturation targets and were therefore engineered using MAX
randomisation. The full-length DNA library was produced by PCR amplification of the overlap

PCR cassette formed from the three individual constructs. lllumina sequencing of the
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randomised DNA library was performed using the amplicon EZ service of Genewiz. The
uniqueness of the sequencing data, in the sense that no main stream protocols exist for
counting codon frequencies at specific positions, meant a novel sequencing analysis
technique was required. Formatting of the sequencing data was performed using Galaxy, the
online bioinformatics server, with the processed data accessible in Excel. The specificity of
MAX selection oligonucleotides to each saturated position made them ideal count criteria for
the Excel function countif, allowing the determination of codon frequencies at each targeted
position. A comparison between the expected codon frequencies and those counted, showed

a close resemblance meaning the single arginine randomised library was successful.

Based on computational predictions provided by the Hocker Lab of the University of Bayreuth
generated by ATLIGATOR, a randomised DNA library schematic for a specific threonine
binding designed armadillo repeat protein was provided. This library utilised the same
binding pocket of the single arginine library and therefore DNA sequence, but required
saturation of the target positions with more specific amino acid subsets. Library construction
mimicked the process used in the single arginine engineered library, with the full length
cassette eventually submitted to Genewiz for lllumina sequencing. As the targeted positions
were identical to that of the single arginine, the same protocol for determining codon
frequencies at each saturated position was used with the resulting observed frequencies
compared to the expected. A close resemblance between observed and expected codon

frequencies was observed, indicating the successful production of the library.

The H3 groove of each armadillo repeat in the designed armadillo repeat protein possesses
two binding pockets originally targeting arginine and lysine. The shallowness of the lysine
pocket was a potential issue downstream as this pocket would need to bind specifically and
with a high affinity to more bulky amino acids, than could be accommodated for at present.
The idea to extend the pocket by introducing a loop between the H3 helix of repeat three and
H1 of repeat four was proposed by Dr Erich Michel at the University of Zurich. Since this
region would be completely novel, the traditional approach of using consensus sequences to
direct amino acid identities for the loop was not possible and therefore investigating all amino
acid combinations via saturation mutagenesis would be the most practical approach. This
would mean a contiguous region of codons would need to be engineered, making MAX
randomisation redundant. A new technique for randomising contiguous codons was required.
ParaMAX randomisation would use the principles of MAX randomisation to saturate two
adjacent codons, with production of multiple cassettes occurring simultaneously. These
cassettes would contain Mlyl restriction sites, to allow the exposure of the saturated positions
which could be joined via blunt end ligation, generating a construct containing a contiguous
region of randomised codons. A proof of concept library was designed containing four
randomised contiguous codons. The library sequence was separated into a conserved region

and two randomised cassettes. The upstream conserved region was generated by overlap
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PCR between two synthetic oligonucleotides encoding the whole region. The contiguously
randomised codon-containing cassettes were engineered as described above and joined via
overlap PCR to the conserved region. Genewiz provided lllumina sequencing data of the
complete model ParaMAX library cassette. Modifications to the Galaxy processing of the
sequence data were made to accommodate for the contiguous region, primarily the
avoidance of joining directional mates and the processed data was then subjected to codon
counting in Excel. As the second and third positions in the contiguous region no longer
possessed their MAX invariant region, a new codon count technique was required. To
accommodate for the 12bp-randomised region, the 12bp upstream of the first randomised
codon was used as a count anchor to minimise the chance of the anchor being present in the
randomised region. To move the count focus along the contiguous region, Excel’s ignorance

to sets of “???" was used, meaning the countif function ignored those base characters.

The codon counts showed an unexpectedly high frequency of termination codons, especially
that of TGA. As TGA was the adjacent codon downstream of position 62, it was suspected
deletions within the randomised region had caused a shift resulting in TGA occupying
position 62 more frequently. Codon counts relating to deletions in the randomised contiguous
region revealed a range of deletions had occurred. Upon reflection, an issue in the library
construction was the most likely cause for these deletions, most probably suboptimal Mly/
restrictions as opposed to sequencing errors, which would not have been confirmed until
codon counting in the lllumina sequencing data. Certainly, such small deletions would not be

detectable via agarose gel electrophoresis.

8.2 Methodological considerations and future directions

8.2.1 ParaMAX

The suspected issue of Mlyl restriction specificity and the range of deletions that were
introduced into the model ParaMAX library, were only identified when analysing the lllumina
sequencing data. In future, each new construct generated and amplified using PCR, instead
of being visualised using agarose gel electrophoresis, should be visualised using
polyacrylamide gel electrophoresis. This would allow the visualisation of different length
products with higher resolution (fewer bp differences) determining if each stage of ParaMAX
had been successful. A library design change, introducing a longer flanking oligo one side of

the randomised couplets would also allow easier differentiation by size after restriction.
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If Mlyl restriction proved a non-viable method of exposing the randomised codons, a different
type lls endonuclease could be used. As Mlyl is unique in that it produces no overhang, the
ParaMAX protocol would need to accommodate for a change from blunt end ligation to sticky
end ligation when joining randomised cassettes. These cassettes would still be randomised
using MAX randomisation with the type lls recognition site incorporated into the expendable
flanking oligonucleotides. To maintain non-degeneracy of MAX randomisation, a type lls
restriction enzyme that produces overhangs in multiples of three would be required. Two
endonucleases fall into the category, BspQI (GCTCTTC(1/4)) and Earl CTCTTC(1/4), with
Earl used in the Slonomics process (Van den Brulle et al., 2008). As both enzymes only
produce an overhang of 3bp, an acceptor cassette containing two randomised positions
engineered by MAX randomisation could be extended by one MAX codon per cycle (n), with
the MAX codon donor sequence containing the NNN overhang upon restriction for the

complementary annealing of the next MAX codon in the n+1 cycle.

Alternatively, as Mlyl restriction has been successfully used in ProxiMAX randomisation
(Ashraf et al., 2013), instead of a methodological change to a different restriction enzyme, a
thorough investigation to determine the basis of Mly/ star activity in the model ParaMAX

library could be performed.

The potential for ParaMAX in future protein engineering projects, both within PRe-ART and
other applications makes the optimisation of the methodology a worthwhile endeavour. The
ability to introduce novel regions into DNA sequences, with a user defined degree of
randomisation and length in regards to PRe-ART will be vital in generating binding pockets
capable of accommodating larger amino acids, necessary to achieve the final project aim of

generating a library of binding modules specific to all 400 di-amino acid combinations.

8.2.2 Processing of randomised DNA library NGS data

Closer inspection of the aligned data for the model ParaMAX library filtered by quality and
length using the FilterFastq tool (Figure 7.5.3.2), (the data set containing the correct length
reads only), showed the conserved region downstream of the contiguous randomised region
did not successfully align. The Bowtie2 tool used to align these reads to the reference
sequence can manage alignments containing N (ambiguous bases) but no clear limit of Ns
and the impact of their placement (point mutations vs contiguously randomised bases) is
discussed (bowtie-bio.sourceforge.net, n.d; Langmead & Salzberg, 2012). Considering the
alignment is incredibly accurate upstream of the contiguous region of the Filter Fastq
processed model ParaMAX library, the poor alignment of the conserved region downstream
of the randomised positions, suggests an incompatibility of Bowtie2 and therefore other

existing aligners, as they are not designed to align such niche randomised DNA libraries.
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Alignment programmes available are more commonly used instead to find regions of
similarity to identify homologues and functional similarities, investigating phylogenetic trees.

A well-known example being BLAST (Basic Local Alignment Search Tool (Altschul,1990).

A specific alignment tool script would ideally be produced to handle randomised DNA
libraries with regions of randomisation longer than 6bp. 6bp randomised regions were
observed in both the single arginine and At-Thr libraries (positions R5-29 and R5-30) with no
consequence to the alignment accuracy of the conserved region as codon counts for R5-30

were performed using its invariant anchor (downstream of the MAX codon).

A potential design for an alignment tool, would include the criteria to ignore the randomised
region completely, instead of negatively scoring matches against the Ns of the reference
sequence. The alignment process would begin simultaneously in both the upstream and
downstream direction from the 5’ and 3’ ends of the randomised region (red arrows Figure
8.2.2) instead. Alignment matches in the adjacent upstream and downstream conserved
regions equal to the length of the randomised region (green and yellow brackets Figure 8.2.2
) would be scored more favourably compared to the rest of the sequence to make alignments
where these conserved regions and therefore the contiguous region by association would be

correctly aligned (Figure 8.2.2).

Reference 5, NNN 3
sequence 3x X) 3x

lllumina 5 3
read X)

A
v

Figure 8.2.2 Diagrammatic representation of optimal read alignment

programme for DNA libraries containing contiguous randomised positions.

lllumina read of the randomised DNA library would be aligned to the reference
sequence (black) simultaneously in both the upstream and downstream direction
from the randomised region (grey box) (red arrows), ignoring the NNN region of
the reference sequence corresponding to the randomised region. (X) depicts the
number of codons randomised in the contiguous region. The base match scores
for the conserved region measuring 3X bp up and downstream of the contiguous
region (green and yellow brackets) would be scored higher relative to matches
outside of these regions to make alignments with these conserved regions and

therefore the contiguous region in the correct orientation more favourable.
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Careful consideration would be required to ensure the biased scoring of the adjacent
conserved regions to the randomised region (green and yellow brackets, Figure 8.2.2), did
not force alignments that would otherwise be incorrect. An example being if the conserved
region sequences were not unique in the library, an important factor for repeat protein DNA

sequences.

The invention of an invariant anchor based count methodology will significantly increase
NGS analysis efficiency and the confidence in library quality before progressing to the next
stage of protein expression and screening. To fully meet the requirements for processing
such unique libraries, the development of a new alignment tool with the basic criteria outlined
above would enable the accurate analysis of libraries with truncated regions of continuous

randomisation, for example the introduction of two novel loops via ParaMAX.

8.3 Conclusion

Two high quality DNA libraries were generated containing non-contiguous randomised
positions, with non-degeneracy successfully analysed using a novel codon count technique.
Methodological developments for randomising and then analysing contiguous codons was
initiated, but posed a greater challenge. These challenges however highlighted other
methodological approaches and the lack of analysis tools available for amino acid ratio

determination at specific DNA library positions.
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Appendices
Appendix 1

Oligonucleotides used for the engineering of the single arginine and At-Thr randomised DNA

libraries
Oligonucleotide Sequence (5°-3’)
name
Repeat 4 MAX
flanking oligo 1 GCAGGGGCCCTGCCAGCCCTTGTGCAATTATTGTCCAGCCC
AAATGAGCAGATC
Repeat 4 MAX
flanking oligo 2 [PHOJAACATCGCATCAGGTGGAAACGAGCAGATTCAGGCCG
TTATTGATGCCGGC
Repeat 5 MAX
flanking oligo 1 GCCGTTATTGATGCCGGCGCCCTTCCAGCTTTAGTCCAGTTG
CTGAGTTCTCCT
Repeat 5 MAX [PHOJTCTAATATTGCTAGCGGGGGTAATGAGCAAATCCAAGC
flanking oligo 2 AGTAATCGAT
Repeat 3 oligo 1 AATGAACAAATCTGGCAAGAGGCCTTGTGGGCCCTCAGCAAT
ATCGCTTCTGGAGGC
Repeat 3 oligo 2 (RC) | TGGCAGGGCCCCTGCGTCAATCACAGCCTGGATCTGCTCATT
GCCTCCAGAAGCGAT
Repeat 4 forward GCA GGG GCC CTG CCA
primer
Repeat 4 reverse GCC GGC ATC AAT AAC GGC
primer
Repeat 5 forward GCC GTT ATT GAT GCC GGC
primer
Repeat 5 reverse ATC GAT TACTGC TTG GAT
primer
Repeat 3 forward AAT GAA CAAATC TTG CAA
primer
Repeat 3 reverse TGG CAG GGC CCC TGC GTC
primer
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Appendix 2

Raw amino acid counts at each saturated position in the single arginine library

Saturated position
Aminoacid| R429 | R433 | R436 | R526 | R529 | R530 | R533
D 11886 | 9240 494 9832 10959 | 14693 | 10259
E 12416 | 13396 238 16227 | 11950 | 14969 | 7954
N 13273 | 13144 997 9465 13165 | 12296 | 14389
Q 13846 | 13531 219 16336 | 16668 | 16131 | 14339
T 15869 | 16881 | 91384 | 15162 | 17535 | 11235 | 15323
S 13463 | 13591 | 66286 | 13313 | 11750 | 11798 | 11866
M 12472 | 11895 204 19003 | 15469 | 14052 | 16112
L 13751 | 11245 1115 15919 | 10877 | 13969 | 12733
I 12325 | 12064 944 10590 | 9763 11756 | 12689
Vv 12279 | 11997 | 47112 | 2005 13064 | 15384 | 8819
A 13706 | 12782 | 10181 | 14745 | 16135 | 17314 | 14059
G 577 10719 310 50 95 136 14578
F 6834 8656 504 9290 6132 9290 8314
Y 9692 10635 522 8568 9903 10770 | 9676
w 13585 | 11306 28 18721 | 15909 | 15658 | 14445
H 14418 | 11985 608 13172 | 15425 | 14712 | 13743
R 15702 | 15292 399 18702 | 17431 | 10834 | 13645
K 13498 | 13882 290 15588 | 13618 | 9575 11890
C 472 468 177 43 111 41 132
P 2259 1162 1295 89 75 102 99
* 1070 1108 277 124 177 233 79
Total 223393 | 224979 | 223584 | 226944 | 226211 | 224948 | 225143
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Appendix 3

Raw amino acid counts at each saturated position in the Bowtie2 non-length filtered At-Thr

library
Saturated position
Aminoacid| R429 | R433 | R436 | R526 | R529 | R530 | R533
D 21759 69 101 16975 | 16881 | 21656 | 17627
E 21038 88 131 24380 | 19826 | 22669 | 12326
N 20624 121 219980 | 14535 | 17884 | 17797 | 22126
Q 23094 126 141207 | 25157 | 24618 | 24327 | 22688
T 23389 222 230 21576 | 26999 | 19096 | 24158
S 21086 473 1055 20279 | 19520 | 19868 | 20221
M 20747 86 411 26098 | 21982 | 19937 | 23260
L 22332 | 355549 170 24806 | 17926 | 22826 | 20915
I 19823 252 1287 15588 | 14314 | 16751 | 21152
Vv 21856 138 264 8977 21379 | 22163 | 16380
A 22881 134 985 22999 | 31607 | 25675 | 22611
G 135 84 102 658 818 832 826
F 14052 489 179 14065 8996 13026 | 14490
Y 17581 89 110 12065 | 13131 | 15401 | 16130
w 24294 207 46 30165 | 24395 | 22767 | 23269
H 22925 105 325 19375 | 23195 | 22606 | 21854
R 24360 219 348 25821 | 27693 | 18038 | 23651
K 20616 146 908 23599 | 21018 | 15091 | 19410
C 176 81 42 418 819 412 548
P 287 168 186 1187 1011 1245 1117
* 217 185 346 993 1065 1232 796
Total 363272 | 358846 | 368413 | 349716 | 355077 | 343415 | 345555
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Appendix 4

Raw amino acid counts at each saturated position in the BWA-MEM aligned At-Thr library

B.P.G Wagstaffe, PhD Thesis, Aston University 2021.

Saturated position
Aminoacid| R429 | R433 | R436 | R526 | R529 | R530 | R533
D 23132 75 115 18253 | 18065 | 23234 | 18927
E 22321 89 138 26089 | 21231 | 24315 | 13164
N 21985 134 | 233017 | 15556 | 19133 | 19185 | 23672
Q 24580 133 149834 | 26872 | 26398 | 26077 | 24306
T 24913 234 257 22975 | 28970 | 20356 | 25829
S 22407 512 1164 | 21641 | 20890 | 21287 | 21642
M 22068 95 466 27870 | 23581 | 21249 | 25031
L 23789 | 376481 180 26421 | 19392 | 24411 | 22411
I 21041 266 1381 16705 | 15290 | 17868 | 22678
Vv 23247 187 283 9590 | 22750 | 23789 | 17578
A 24245 148 1052 | 24594 | 35842 | 27549 | 24282
G 137 89 114 699 879 898 917
F 14882 511 205 15036 | 9633 13873 | 15441
Y 18683 93 115 12914 | 13996 | 16532 | 17336
w 25731 218 54 32229 | 26003 | 24410 | 24874
H 24354 120 341 20781 | 24755 | 24120 | 23388
R 25927 233 362 27575 | 29638 | 19329 | 25514
K 21895 154 998 25159 | 22538 | 16246 | 20735
C 184 91 45 451 898 440 606
P 304 181 198 1259 1085 1321 1187
* 231 194 370 1072 1133 1308 849
Total 386056 | 380044 | 390689 | 373741 | 382100 | 367797 | 370367
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Appendix 5

Raw amino acid counts at each saturated position in the Bowtie2 length filtered At-Thr library

B.P.G Wagstaffe, PhD Thesis, Aston University 2021.

Saturated position
Aminoacid| R429 | R433 | R436 | R526 | R529 | R530 | R533
D 11299 40 67 8741 8853 11848 | 9445
E 10854 58 58 13384 | 10812 | 12520 | 6773
N 10774 74 117192 | 7690 9656 9544 11908
Q 12062 63 70010 | 13606 | 13619 | 13469 | 12583
T 12215 125 93 11653 | 14866 | 10761 | 13550
S 10918 256 125 10844 | 10521 | 10920 | 11036
M 10641 45 74 14173 | 12029 | 11050 | 13066
L 11692 | 186473 82 13544 | 9443 12591 | 11379
I 10264 147 349 8144 7393 9006 11514
Vv 11397 57 57 4785 11495 | 12185 | 8704
A 11894 75 88 12321 | 13962 | 14434 | 12541
G 88 40 26 378 379 411 360
F 7340 249 99 7428 4734 6934 7871
Y 9125 48 55 6525 6971 8295 8754
w 12715 54 26 16518 | 13653 | 12524 | 12714
H 11977 51 194 10240 | 12552 | 12494 | 12315
R 12522 147 82 13881 | 15024 | 9856 12774
K 10454 70 333 12571 | 11388 | 8088 10501
C 110 42 26 264 283 245 283
P 167 77 68 695 593 711 648
* 120 101 88 563 493 516 463
Total 188628 | 188191 | 189192 | 187948 | 188719 | 188402 | 189182
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Appendix 6

Oligonucleotides used for the engineering of the model ParaMAX library

Couplet
59/60
forward
primer

AATGAGCAGATTCTTCAG

Couplet
59/60
reverse
primer

CCGGCTCGATGTACAATT

Couplet
59/60 MAX
flanking
oligo 1

AATGAGCAGATTCTTCAGGAGGCACTATGGGCTTTGTCTAAT

Couplet
59/60 MAX
flanking
oligo 2

[PHOJACTCGCAATTGTACATCGAGCCGG

Couplet
59/60 MAX
template

GCGAGTCTCACTNNNNNNAGCGATATTAGA[23ddC]

Conserved
oligo 1

AAT GAA CAAATC TTG CAATTAGCC TTG TGG GCC CTC AGC AAT
ATC GCC TCT GGT GGG AAT GAG CAG ATT CAA GCT GTC

Conserved
oligo 2 (RC)

CTGAAGAATCTGCTCATTAGGACTGCTTAAAAGCTGAACCAGTGCTGG
AAGTGCACCAGCATCAATGACAGCTTGAATCTGCTCATT

Couplet
61/62
forward
primer

CCCATATTACGACCTTGG

Couplet
61/62
reverse
primer

GATCAGTATCATAATGCC

Couplet
61/62 MAX
flanking
oligo 1

CCCATATTACGACCTTGGATGCTAATAATTGTACATCGTGCCGGTCGA
GT

Couplet
61/62 MAX
flanking
oligo 2

[PHOJACTTATGGCATTATGATACTGATC

Couplet
61/62 MAX
template

ATAAGTCCGTCANNNNNNCTTCTGACTCGA[23ddC]
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Appendix 7

Raw amino acid counts at each saturated position in the Bowtie2 aligned model ParaMAX

library

Saturated position
Amino acid 59 60 61 62
D 9330 13067 5990 26128
E 3497 10825 3791 3079
N 18174 12542 6606 3714
Q 6304 4690 809 2118
T 10841 7016 7869 | 44480
S 7406 6907 3205 1677
M 9599 5607 10823 | 4663
L 6268 10729 | 27365 7341
I 15643 13708 | 10146 3922
Vv 7529 9122 20267 3659
A 2951 2482 2467 907
G 4430 6057 6741 3956
F 9407 14169 | 4763 1778
Y 15264 17444 3984 2292
W 3297 4530 3296 1780
H 1615 6638 1996 3855
R 11024 983 5630 20636
K 10178 4240 5059 1797
C 440 882 5651 719
P 3683 2845 1994 1199
* 805 3188 19201 | 17938
Total 157685 | 157671 | 157653 | 157638
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Appendix 8

Raw amino acid counts at each saturated position in the FilterFastq processed model
ParaMAX library

Saturated position
Amino acid 59 60 61 62

D 2456 | 2761 2457 3086
E 1151 1658 2389 2482
N 2636 1959 2952 2809
Q 1398 1705 308 1812
T 3301 3114 4032 2523
S 1910 | 3539 553 1189
M 3701 1825 3612 3039
L 2257 1380 1238 1890
I 2802 | 3150 2018 1780
\Y 1795 | 2365 2322 1947
A 694 1056 1744 720
G 1051 2039 2264 1929
F 1749 1794 593 800
Y 2325 | 2972 1464 1919
w 1401 1743 990 1499
H 715 2847 1007 3116
R 2259 13 2799 2436
K 2790 664 3323 1543
C 2 9 3 15
P 1170 982 1488 1037
* 15 3 22 3
Total 37578 | 37578 | 37578 | 37574
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