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Resumo

Desenvolvimento e otimizacao de um método novo de mutagénese multipla dirigida

A mutagénese dirigida é um processo de alteracao de um ou mais nucleétidos numa molécula
de ADN de forma criteriosa e nao aleatdria. A introducdo de multiplas mutacées no ADN ¢é feita
frequentemente através da técnica de reacao em cadeia da polimerase (PCR) de modo a dar origem a
fragmentos que contém as mutacdes desejadas. Estes fragmentos podem ser usados para construir um
plasmideo /n vifro através da adicdo de misturas enzimaticas baseadas em ligases ou recombinases.
Para a construcdo de plasmideos /n vivo é possivel utilizar estirpes de clonagem de £scherichia coli
gracas aos seus mecanismos de recombinacao genética inerentes, sendo por isso desnecessario a
utilizacdo de misturas enzimaticas. Atualmente, protocolos que introduzem varias mutacdes
simultaneamente requerem misturas enzimaticas dispendiosas ou varios passos morosos. Neste
trabalho foi desenvolvido e otimizado um novo protocolo com vista a facilitar a introducao de varias

mutacdes simultaneamente de forma rapida e economica.

Estudos iniciais, acompanhados de uma analise da literatura atual, identificaram o tipo de
polimerase, competéncia das células, quantidade de ADN em PCR, extensdo de homologias e racios de
fragmento maior para mais pequenos como possiveis fatores importantes para garantir uma elevada
eficiéncia do protocolo de recombinacao genética in vivo em E. coli O estudo foi feito utilizando um
modelo de superficie de resposta, complementado por um central composite design para otimizar o
processo, minimizar o nimero de experiéncias e maximizar informacao para o modelo matematico. As
variaveis e modelos obtidos foram submetidos a uma ANOVA para avaliar a sua significancia estatistica.
Para todas as experiéncias, foram usadas estirpes de clonagem de £. coli apresentando uma
competéncia minima de 107. Os resultados mostraram compatibilidade com varios modelos
matematicos, dos quais foi adotado o modelo quadratico (p = 0.0148). Todas as variaveis testadas
(contetido de ADN, homologia, racio vetor para inserto) foram avaliadas como significativas, porém, nao
foi identificada interacao entre elas. As condicdes dtimas previstas para recombinacdo genética foram
testadas e confirmadas usando 0.1 ng de ADN, homologias de 52 nucleotidos e um racio de 1 para 10,

para o qual foi obtida uma eficiéncia de 97%.

O protocolo de mutagénese multipla dirigida desenvolvido e otimizado neste trabalho oferece

eficiéncias superiores a protocolos atuais, sendo ao mesmo tempo mais econémico e simples de efetuar.

Palavras-chave: Engenharia proteica; /7 vivo construcdo de plasmideo; Mutagénese; Protocolo; Recombinacao homéloga.



Abstract

Development and optimisation of a novel method for multi-site-directed mutagenesis

Multi-site-directed mutagenesis is a powerful tool used to alter several target nucleic acids within
a DNA molecule simultaneously. Mutations are generally introduced through a polymerase chain reaction
(PCR), producing mutagenic fragments that are assembled into a construct /7 vifro by use of conventional
ligase-based or recombination-based enzyme mixtures. Current multi-site-directed mutagenesis protocols
are characterised by high costs and/or laborious processes, requiring expensive enzymes and/or multiple
steps. Interestingly, many common £scherichia coli cloning strains are capable of carrying out /7 vivo
recombination, albeit at low frequencies, and were investigated and optimised in the present study for

use in a cost-effective multi-site-directed mutagenesis protocol.

Initial studies indicated that the type of polymerase, the cell competence, and process variables
such as the PCR template concentration, length of homologous regions and ratio of fragments, to be
critical for success of mutagenesis via /7 vivo recombination in £. coli. Response surface methodology
with central composite design was used to optimise process variables, identify interactions and determine
the protocol enabling highest multi-site-directed mutagenesis efficiency. Use of this mathematical and
statistical approach enabled experimental design with minimisation of the number of experiments and
maximisation of the information obtained, and allowed for data set analysis with development of statistical
previsions based on this. Statistical analysis of variables and obtained models was performed via ANOVA.
Experimental data showed compatibility with several models, of which a quadratic model with a p value
of 0.0148 was adopted. All tested variables: template amount, homology length and vector to insert ratio,
were identified as significant, while interactions between these factors were not. Predicted optimal
conditions were confirmed by using 0.1 ng template in the PCR reaction, a homology length of 52 base
pairs, a large fragment to small fragment ratio of 1:10, and highly competent cells (>107 cfu/ug),

producing an efficiency of 97%.

The hereby developed multi-site-directed mutagenesis protocol requires only three steps (PCR
amplification, Dprl digestion and transformation) and represents an easy and simple alternative to current

protocols without compromising efficiency.

Key words: Homologous recombination; /n7 vivo plasmid assembly; Mutagenesis; £. coli, Recombineering.
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1. Introduction

1.1 Protein Engineering

Mutagenesis - the act of altering nucleotides within a DNA or RNA sequence - is a fundamental
tool commonly used in molecular biology and protein science today. Various types of nucleotide
alterations can be carried out, substitution(s), insertion(s) and deletion(s), so as to alter the target
sequence and its properties. It is central to the investigation and engineering of the structure and function
of DNA, RNA and proteins and has been successfully used in the tailoring of these molecules for specific

functions and applications.

Protein engineering is a powerful technique making use of mutagenesis approaches wherein
alteration of the protein gene sequence is used to impact the amino acid content and hence thereby alter
the protein characteristics (Zoller, 1991). The main approaches used in modern protein engineering are
based on site-directed mutagenesis, in which specific amino acid changes are made, and random
mutagenesis, in which random changes are introduced in the protein sequence (Clore et al., 2011;
Turanli-Yildiz et al., 2012; Wong et al., 2006). Both approaches have various advantages and limitations

and thus the approach chosen should be suited to the particular objectives and available tools.

Random mutagenesis, or directed evolution, does not require extensive knowledge of the studied
protein and is based on the preparation of large libraries of randomly mutated sequences and the
screening of these for specific desired characteristics e.g. enhanced stability, increased activity, etc. (Clore
et al., 2011; Forloni et al., 2018; Romero and Arnold, 2009). While a number of different kits and
techniques for the efficient construction of large random mutant libraries do exist, screening for the
desired mutants is much more technically challenging and requires development of high through-put low
cost screening methods to identify the few desired mutants in the thousands (sometimes hundreds of
thousands) of mutants prepared. Furthermore, the mechanisms by which mutations are introduced may
not be entirely unbiased, and dependent on the method used. To give an example, the use of 7ag DNA
polymerase, to introduce mutations during an error-prone polymerase chain reaction (PCR), results in a
strong tendency for transition substitutions (purines substituted by purines, A < G; pyrimidines
substituted by pyrimidines, C < T), thereby leading to a less randomly mutated and possibly smaller
acquired library of protein mutants (Wong et al., 2006). Another downside of the random mutagenesis
approach is the accumulation of non-relevant mutations which interfere with identification of the effective

mutation(s) (Robinson et al., 2009; Wong et al., 2006).



Site-directed mutagenesis is often also called “rational design” because the alterations introduced
in the target protein do not occur randomly, but rather are targeted, predetermined changes designed by
the scientist and based upon acquired information (Antikainen and Martin, 2005; Arnold, 1993). Site-
directed mutagenesis is, in practice, relatively simple to carry out, but success with this approach, in
identifying the correct mutations to introduce, is based on an in-depth knowledge of the protein being
studied and of protein design principles and factors governing protein structure and function (Antikainen
and Martin, 2005). In particular, knowledge of the protein structure, function, activity, stability and
physicochemical characteristics as well as information on closely related homologs are key to success
with this approach. Site directed mutagenesis can involve the introduction of single alterations (single-
site-directed mutagenesis), which is commonly used in fundamental studies investigating the function of
specific amino acids, or the introduction of numerous alterations (multi-site-directed mutagenesis) which
is often required in engineering a specific property in a protein. A large variety of /n vitro and in vivo
techniques and commercial kits have been developed for each of these approaches, with difference being
observed in the costs, time, labour requirements and efficiencies of each and the most important of these

will be discussed below.

1.2 Single-Site-Directed Mutagenesis

There are a number of methods described for performing single-site-directed mutagenesis, but
presently the most commonly used /n vifro methods are based on either overlap extension PCR or inverse
PCR (iPCR) (Antikainen and Martin, 2005; Ho et al., 1989; Silva et al., 2017). The overlap extension
method requires multiple rounds of PCR (see Figure 1 for details), consisting of two separate initial PCRs,
each one with a different pair of primers, followed by a third PCR. Each pair of primers, a & b and ¢ & d,
has one primer with the intended mutation (primer b and c), and together produce fragment AB and CD,
respectively, which partially overlap. In some cases, unwanted PCR products can appear while amplifying
segments AB and CD. In those cases, gel purification of desired amplicons is recommended. The partial
overlap at the mutation site enables the synthesis of a whole double-stranded DNA molecule with the
intended mutation in a subsequent PCR. The final linear PCR product is then cloned into the appropriate

plasmid by restriction enzyme- and DNA-ligase-dependent cloning (Ho et al., 1989).



Mutant

Figure 1 | Overview of the overlap extension method for site-directed mutagenesis. Two pairs of
primers, each containing one primer with the desired mutation (shown as red crosses in primers b and c), are
required. Primers a & b and ¢ & d are used in two separate PCRs to amplify their corresponding segments, AB and
CD. Since the produced fragments in both PCRs have the mutated segment in common, it serves as a “primer” in
the third PCR and a complete double-stranded DNA molecule with the desired mutation can be synthesized. To

amplify the complete segment, primers a and d can be reutilised.

In iPCR, primers facing “outwards,” away from each other (see Figure 2A), are used, in contrast
to a typical PCR wherein “in-facing” flanking primers are employed. It is simpler than the overlap extension
method and numerous variations of the method, making use of various types of primer combinations,
have been described (see Figure 2A). Non-overlapping, partially overlapping or fully overlapping primers
can be used, giving rise to PCR products which are then circularised and transformed to the host. iPCR
using non-overlapping primers is a multi-step process involving mutant introduction by PCR, Dpnl
digestion of methylated template DNA, circularisation by phosphorylation and ligation and transformation
to a suitable host (£scherichia col) for propagation. It is the basis of numerous commercial mutagenesis
kits, e.g. the Phusion (Thermo Scientific), Q5 (New England Biolabs), and KOD-Plus (Toyobo) site-directed
mutagenesis kits (Silva et al., 2017). iPCR using fully overlapping primers makes use of a simpler protocol

and forms part of the commonly used QuickChange™ Site-Directed Mutagenesis Kit (Agilent Technologies)

3



(Figure 2B). Here, both primers contain the intended mutation, and PCR gives rise to mutated DNA
strands which are treated with the endonuclease Oprl, and directly transformed to competent cells (Bauer
et al., 1995a). The exact mechanism by which this functions is still under discussion, but linear
amplification to give a circular product was previously proposed, whereas more recently, exponential
amplification, to give a linear product with homologous ends and thereby enabling recombination, has
been suggested (Liu and Naismith, 2008; Xia et al., 2015). Finally, iPCR with partially overlapping primers
appears to be much less used, it is believed to involve production of a linear PCR product with short

homologous ends that is circularised by recombination (Silva et al., 2017).

A B

K{m
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Primers

Figure 2 | lllustration of iPCR primer layouts and representation of the various steps involved in
iPCR with the commercial site-directed mutagenesis kit QuickChange™ (Agilent Technologies). Use
of iPCR to introduce point mutations. (A) Three different primer layouts can possibly be used: non-overlapping,
partially overlapping or fully overlapping. Hatchet sections indicate overlapping regions of primers. (B) The
mechanism of action suggested by the manufacturer in which linear amplification gives rise to a circular product
is shown. Only one pair of primers (red and blue arrows) is required. Each primer has the desired mutation
incorporated (marked by a red cross) and anneals to a different template strand (yellow and green). After
amplification, the template is degraded with the restriction endonuclease Dprl. Adapted from Silva et al., 2017

and taken from QuickChange™ Il Site-Directed Mutagenesis Kit Instruction Manual, 200523, Agilent Technologies.



1.3 Multi-Site-Directed Mutagenesis

Introduction of mutations at single sites in proteins has already proven successful in altering
protein performance, but introduction of multiple mutations, at multiple sites throughout the protein, often
leads to combined and stronger effects. As an example, in the case of proteins with a reduced solubility
due to a high exposed hydrophobic surface area, it is believed that mutations of complete, or almost
complete hydrophobic patches, as opposed to single isolated hydrophobic residues, has a much greater
efficiency in disrupting inter-protein hydrophobic interactions and thereby reducing protein precipitation

(Matsui et al., 2017; Sormanni et al., 2015, 2017).

A variety of multi-site-directed mutagenesis techniques currently exist. The most basic approach
for introducing multiple mutations in a protein is to carry out consecutive single site mutations one at a
time, yet this approach is very laborious and time consuming. Currently, the simplest form for introducing
several mutations is through the application of either of two commercially available kits: the QuikChange™
Multi Site-Directed Mutagenesis Kit (Agilent Technologies) or the GeneArt Site-Directed Mutagenesis PLUS
System (Thermo Fisher Scientific). These kits represent the two mainstream PCR-mediated multi-site
directed mutagenesis approaches currently used. Both kits use PCR with mutagenic primers to produce
the desired mutations but differ significantly in the mechanism for preparing the final mutated circular

product.

The QuikChange™ Multi Site-Directed Mutagenesis Kit is based upon the binding of two or more
oligonucleotide primers containing the desired mutations to the same strand of the template construct
(Figure 3). During the PCR extension phase, and depending on the number of primers used, two or more
fragments are synthesised (with A7z DNA polymerase) and ligated (with e.g. 7ag DNA ligase) in vitro.
Thereafter, the DNA template is degraded with the restriction enzyme Dpnl and the resulting single-
stranded DNA transferred to competent cells. The cells then synthesize the complementary strand to the
mutated single-strand DNA, thereby giving rise to the mutated double-stranded circular product (Bauer et

al., 1995a, 1995b, 1995c; Hogrefe and Cline, 2001).
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Figure 3 | Overview of the QuikChange™ Kit multi-site-directed mutagenesis kit from Agilent
Technologies. Each mutation introduced (marked as a red cross) requires one mutated primer (blue arrows). A
maximum of five mutations are possible per PCR without compromising efficiency. Each primer anneals to the
same template strand and amplifies the segment until it encounters another primer. Template strands are then
degraded by Dpnl treatment after amplification and fragments are ligated and introduced into the host to produce
double-stranded vectors. Adapted from the QuickChange™ Multi Site-Directed Mutagenesis Kit Instruction Manual,

200514, Agilent Technologies.

The second, and more recently developed kit, by Thermo Fisher Scientific (GeneArt Site-Directed
Mutagenesis PLUS System), is based on PCR and /n vifro homologous recombination. Briefly, a multiplex,
or up to three separate PCRs, are performed to amplify mutated sequences (up to three-point mutations
are possible per mutagenesis round without compromising efficiency). The mutations are introduced by
PCR with overlapping primers that have the centred mutated base flanked on each side by at least 10
non-altered nucleotides. This leads to products with end-terminal homologies (Figure 4) which are treated
with Dpnl for template removal and recombined /7 vitro by use of a proprietary, manufacturer supplied,
enzymatic mix. This promotes /7 wiro homologous recombination, linking fragments together and

producing whole mutated circular plasmids which are then transformed to £. co/i (Liang et al., 2012).
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Figure 4 | Multi-site-directed mutagenesis method based on /in vitro homologous recombination.
This method can reliably introduce up to three mutations at a time, with each mutation requiring one pair of primers
(coloured arrows). Each mutated base (coloured squares) is required to be flanked by at least 10 nt at each side.
Reactions can be carried out in one multiplex or three separate PCRs. Amplified products have homologous end
regions which are used to produce a circularised plasmid via an enzyme catalysed /7 vifro recombination. Adapted

from Liang et al., 2012.

1.4 Fragment Assembly in Multi-Site-Directed Mutagenesis

From the above discussion, it can be seen that the most common site-directed mutagenesis
approaches used today are multi-step PCR based methods. PCR ampilification to introduce the desired
mutations is followed by recircularisation or directed fragment assembly in the case of multi-site-directed
mutagenesis, and then transformation to a host for propagation (Gibson et al., 2009; Hogrefe and Cline,
2001; Liang et al., 2012). Different approaches can be employed for the fragment assembly step.
Historically, restriction enzymes and ligases have been used but this is sequence dependent and time
consuming and hence various other novel approaches have been developed (Bhat et al., 1991; lto et al.,
1991; Scheller et al., 1977). These include enzyme based /n vifro methods and /n vivo or in vitro
recombination based methods. The enzyme based /n vitro methods rely on the use of exonuclease

activities for the generation of complementary overhangs at overlapping termini of fragments and their

7



subsequent enzyme catalysed annealing and repair e.g. Ligation Independent Cloning (LIC), Gibson
Assembly and In-Fusion cloning (Takara Bio) (Gibson et al., 2009; Scholz et al., 2013). /n vitro
recombination based methods involve the direct use of proteins involved in recombination or, more
probably and more economically, recombination promoting bacterial cell extracts, such as described
above for the GeneArt Site-Directed Mutagenesis PLUS System (Li and Elledge, 2007; Zhang et al., 2012).
All these /n vitro methods suffer from high cost and laborious procedures, with often long overhangs being
required. In contrast, /n vivo recombination mediated fragment assembly, making use of the intrinsic
recombination machinery of a biological system, should offer much potential for efficient, simpler and
reduced cost protocols (Huang et al., 2017; Jacobus and Gross, 2015; Kostylev et al., 2015). Currently,
this appears to be principally based on the use of yeasts, especially Saccharomyces cerevisiae, taking
advantage of their powerful recombination abilities, yet suffers from a need for laboratory capabilities for
working with eukaryotic systems and the necessity for specialised yeast plasmids (yeast compatible
shuttle vectors), thereby limiting its more widespread application in protein engineering (Baudin et al.,
1993; Carter and Delneri, 2010; Gibson, 2009; Guldener et al., 1996; Manivasakam et al., 1995;
Oldenburg et al., 1997). Interestingly, the use of £. colifor in vivo recombination would overcome these
disadvantages, yet, while the recombination capabilities of £. co/ihave been known for some time, it does
not seem to have been widely adapted for fragment assembly in site-directed mutagenesis protocols.
Recombination in £. coli depends mostly on the single-strand binding protein RecA but can also be
promoted by phage systems (the RecET and Red systems) and recently a RecA-independent pathway has
even been suggested (Lovett et al., 2002; Stewart et al., 1999, 1997; Zhang et al., 1998). As
recombination in £. coliis the principal focus of the present study, the following sections will give an in-
depth description of recombination and of the different types and mechanisms for achieving this in £.

coll.

1.5 Recombination

All living cells experience minor damages throughout their lifecycle to their DNA and these can
easily be repaired through a variety of processes, including nucleotide excision repair and base excision
repair (Gao et al., 2017; Michaels et al., 1992). However, these processes are insufficient in the event of
severe DNA damage, as in the case of double-strand breaks (broken or incomplete chromosomes), and
thus requires a more sophisticated solution. To repair major DNA damages, living cells use a process

called recombination - consisting of pairing homologous parts of DNA molecules to repair DNA damage.



It is suggested to be a process developed by ancestral cells since key proteins of this process exist
throughout the three domains of life — Bacteria (RecA), Archaea (RadA) and Eukarya (RAD51) (Morita et
al., 1993; Seitz et al., 1998; Shibata et al., 1981; Shinohara et al., 1992). In molecular biology,
recombination can be useful in performing recombination-mediated genetic engineering (recombineering)
for any type of mutation (insertion, deletion, substitution). It can also be used for cloning purposes, where
linear DNA fragments are assembled into a plasmid, or to perform allele rescues or even gene
replacements (Oldenburg et al., 1997; Rothstein, 1991). In the latter, knockout cassettes are used to
replace genes with selection markers within the genome or artificial chromosome (Baudin et al., 1993;

Carter and Delneri, 2010; Glildener et al., 1996).

1.5.1 Recombination Types

The main mechanism by which recombination acts is through pairing of homologous parts of
DNA molecules and exchanging DNA strands (gene conversion) to re-establish integrity. Currently, three
types of recombination-mediated DNA repair have been identified: broken fork repair (known as double-
strand end repair or recombination-dependent replication in £. co/) (Figure 5), double-strand break repair
(Figure 6) and gapfilling recombinational repair (known as post-replication repair in £. col) (Figure 7)
(Kuzminov et al., 1994; Rupp and Howard-flanders, 1968; Rupp et al., 1971; Szostak et al., 1983). The
recombination process for all three types can be split into three stages. The first stage (pre-synapsis) is
the preparation of single-stranded DNA for strand invasion (recombinogenic DNA, Figure 5A and B; for
further clarification see Figures 8 and 9) (Heuser and Griffith, 1989; McEntee et al., 1979; Shibata et al.,
1979a). In stage two (synapsis), protein-mediated strand invasion occurs and a heteroduplex is formed
(Figure 5C) (Cox and Lehman, 1981a, 1981b; Kowalczykowski et al., 1987; McEntee et al., 1979; Shibata
et al., 1979a). In the final stage (post-synapsis) strand exchange is disrupted (Figure 5D) or completed,
producing recombinant DNA duplexes (Figure 5E and F) (Shibata et al., 1979a). Each stage requires a
set of proteins, dictated by the chosen recombination pathway, which may or may not participate in more
than one type of recombination-mediated DNA repair (lvanci¢-Baée et al., 2005). While the mechanisms
described here are in the context of £. coli, these also extend to many other organisms across the three

domains of life, including S. cerevisiae (Seitz et al., 2001; Symington et al., 2014).
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Figure 5 | Broken fork repair model. Broken fork repair is initiated after the event of a collapsed replication

fork. (A) To re-establish chromosome integrity a sister chromosome is required to serve as template for the missing
region. (B) The protein complex RecBCD promotes a partial degradation of the dsDNA to produce 3’-overhang
dsDNA (resection). (C) RecA binds to the resected DNA and searches for homologous parts within the sister
chromosome (strand invasion) forming in the process a three-stranded structure called displacement-loop (D-loop).
(D) Branch migration occurs in the 3'-end of the invading strand leading to joint resolution (unsuccessful
recombination). (E) Branch migration occurs in the 5-end of the invading strand and produces a four-branched
structure called Holliday-junction which promotes recombination. (F) Branch migration is absent due to a D-loop
cleavage. Ligation is performed and both chromosomes retain a template to re-establish chromosome integrity.

Adapted from Persky and Lovett, 2008.

Broken fork repair (Figure 5) initiates when a replication fork has collapsed, for instance due to
nicks in the template (Heitman et al., 1999; Kouzminova and Kuzminov, 2004; Kuzminov, 1995;
Kuzminov et al., 1994). To begin broken fork repair in £. coli; the 5’-end of a double-strand DNA molecule
is digested by the RecBCD complex to expose the complementary 3'-end DNA (resection, Figure 5A and
B) (Arnold and Kowalczykowski, 2000; Kuzminov et al., 1994; Singleton et al., 2004; Wiktor et al., 2018).

As resection occurs, single-strand binding proteins called RecA (note that RecA differs from single-strand
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binding proteins — SSBs) are loaded onto the exposed single-strand and facilitate strand invasion (Figure
5C; for further clarification see Figure 8)(Anderson and Kowalczykowski, 1997a; Arnold and
Kowalczykowski, 2000; Churchill et al., 1999; Clark and Margulies, 1965; Willetts et al., 1969). Strand
invasion consists of a single-strand DNA displacing one strand of the double-stranded DNA to form a
heteroduplex (Cox and Lehman, 1981a, 1981b). The invasion and subsequent displacement produces a
three-stranded structure called displacement-loop (D-loop, Figure 5C) that can lead to a branch migration,
and can either resolve the joint, if migration is in direction of the 3'-end of the invading strand (Figure
5D), or produce a Holliday junction if migration is in direction of the 5’-end of the invading strand (Figure
5E) (Cox and Lehman, 1981a, 1981b; Kowalczykowski et al., 1987; McEntee et al., 1979; Smith, 1991).
Finally, a new replication fork can be formed by either cleaving the D-Loop and subsequent ligation (Figure

5F), or by resolving the Holliday junction (Cox and Lehman, 1981a; Smith, 1991).

Double-strand break repair (Figure 6) involves a similar repair mechanism to that previously
mentioned, except that instead of only recruiting one end of a chromosome, two are required to repair a
section in the damaged DNA molecule (Szostak et al., 1983). Many eukaryotes, including the yeast S.
cerevisiae, are able to repair these DNA lesions through non-homologous end joining (Kramer et al., 1994;
Moore and Haber, 1996). Conventional non-homologous end joining is absent in £. coli; though a similar
mechanism requiring small homologies named alternative end-joining could correct these double strand
breaks, even though in an inefficient manner (Chayot et al., 2010; Rocha et al., 2005). While S. cerevisiae
can make small deletions or insertions and recombine effortlessly with small homologies (<10 nt) at a
potential cost of losing genetic information, £. coli requires recruitment of an intact homologous
chromosome to repair double-strand gaps efficiently (Kramer et al., 1994; Moore and Haber, 1996).
Similar to the first type of recombination-mediated DNA repair described above (broken fork repair), both
ends of the damaged chromosome are digested at their 5’-ends to expose a 3'-end tail, with RecA being
loaded onto it shortly afterwards (Figure 6A, B and C) (Anderson and Kowalczykowski, 1997a; Arnold and
Kowalczykowski, 2000; Wiktor et al., 2018). Strand invasion initiates on one end, resulting in the
displacement of one of the strands in the duplex (Figure 6C) (Resnick, 1976). If the branch migration
favours the heteroduplex formation, the displaced strand is capable of aligning with the other 3'-end tail,
forming in total two Holliday junctions (Figure 6D). Favourable branch migration and DNA synthesis during
the process leads to the formation of two intact chromosomes once the Holliday junctions are cleaved off
(Figure 6E and F) (Resnick, 1976; Smith, 1991). However, if branch migration hinders heteroduplex
formation during D-Loop formation, primed DNA synthesis ceases (Figure 6C’" and D’) (Nassif et al., 1994;
Persky and Lovett, 2008). Nevertheless, the primed DNA synthesis might still have been sufficient to
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anneal to the other broken segment and complete DNA repair (Figure 6E' and F') (Gumbiner-Russo and
Rosenberg, 2007; Nassif et al., 1994). This alternative process is known as synthesis-dependent strand

annealing (SDSA) (Nassif et al., 1994).
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Figure 6 | Double-strand break repair model. Double-strand break repair is recruited in the event of missing
sections in a chromosome. (A) Both ends of the lesioned chromosome are paired with a sister chromosome. The
protein complex RecBCD promotes a partial degradation of the dsDNA to produce 3'-overhang dsDNA (resection).
(C) RecA binds to the resected DNA and searches for homologous parts within the sister chromosome (strand
invasion), forming in the process a three-stranded structure called a displacementloop (D-loop). (D) Branch
migration is directed to the 5’-end of the invading strand, forming a double Holliday junction and enabling DNA
synthesis. (E) Resolution of Holliday junctions is performed via resolvases. (F) Successful recombination can yield
cross-over products. (C') Only one chromosome end engages in recombination, promoting DNA synthesis on the
invading strand only; synthesis-dependent strand annealing is initiated. (D’) Branch migration in the 3'-end direction
destabilizes the joint. (E') Strand invasion ceases and partial or complete synthesis of the missing region of the
invading strand is capable of binding to the other chromosome end. (F') DNA synthesis of missing region is

performed, re-establishing chromosome integrity. Adapted from Persky and Lovett, 2008.

The third and final type of recombination-mediated repair (Figure 7), gap-filling recombinational
repair, is thought to be employed in cases where DNA replication ceased for short durations of time due
to bound proteins, DNA secondary structures or other lesions that led to the temporary arrest of the
replisome (Bichara et al., 2011; Persky and Lovett, 2008; Rupp and Howard-flanders, 1968). The
proposed model suggests that the intact single-strand, within the gap region, interacts with its
complementary sequence in a homologous chromosome (Figure 7A and B), forming a half- or whole-
Holliday junction and resulting in a sequence transfer from the homologous chromosome to the
incomplete one (Figure 7C and C’). Meanwhile, primed DNA synthesis on the homologous chromosome
replaces the transferred sequence (Figure 7D) (Bichara et al., 2011; Persky and Lovett, 2008). Although
gaps within the DNA sequence can be completed through recombination events, an error-prone
mechanism called trans-lesion DNA synthesis can be employed to fill in the gaps (Goodman and Tippin,

2000).

13



l Strand transfer

Half-Holliday

junctions fr—
Ty

CI’

Holliday junction /" Half-Holliday
resolution \4 4 junction resolution

—
=

Figure 7 | Gap-filling recombinational repair model. Gap-illing recombinational repair is performed in the

presence of single-strand gaps within a chromosome. (A) Intact strand of the incomplete chromosome interacts
with the complementary sequence in an intact chromosome. (B) Part of the intact strand is transferred in a RecA-
dependent matter to the gapped region. (C) Primed DNA synthesis on both ends of the gap interact with the
transferred strand, forming a Holliday junction. (C’) Non primed DNA synthesis leads to a half-holliday junction that
promotes cleavage. (D) Both Holliday und Half-Holliday junctions are resolved and produce a complete intact
chromosome and a DNA synthesis primed one which restores chromosome integrity. Adapted from Persky and

Lovett, 2008.

While production of recombinogenic DNA in £. coli during the first step of recombination (pre-
synapsis), for all three types of recombination, is principally promoted by the single-strand binding protein
RecA (RecA-dependent recombination), RecA-independent recombination has also been identified and is
only beginning to be understood. Both forms will now be discussed.
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1.5.2 RecA-Dependent Recombination

E. coli performs recombination primarily through the RecA protein. RecA is a single-strand DNA
binding protein, different to SSBs, which promotes recombination throughout all three stages (pre-
synapsis, synapsis and post-synapsis) (Clark and Margulies, 1965; Galletto et al., 2006; McEntee et al.,
1979; Shibata et al., 1979a, 1979b; Willetts et al., 1969). However, since SSBs are ubiquitous, strongly
bind to ssDNA and inhibit initial RecA filament formation, a RecA loading process is required to efficiently
promote recombination (Fu et al., 2013; Joo et al., 2006; Roy et al., 2009; Rupp and Howard-flanders,
1968; Thresher et al., 1988; Umezu et al., 1993). The two main pathways to load RecA onto ssDNA are
the RecBCD and the RecFOR pathways. These pathways show different substrate preferences and are

thought to be involved in the repair of different DNA lesions.

The RecBCD pathway is employed in the event of double strand breaks (e.g. double-strand break
repair) and uses the RecBCD complex to create ssDNA and load RecA onto it (Figure 8) (Anderson and
Kowalczykowski, 1997a; Arnold and Kowalczykowski, 2000; Churchill and Kowalczykowski, 2000;
Singleton et al., 2004; Wiktor et al., 2018). The RecB subunit is a helicase-nuclease that is capable of
digesting both the 5’- and 3'-end, while the RecD helicase attaches to the 5’-end and inhibits RecA loading
by RecB (Anderson and Kowalczykowski, 1997b; Boehmer and Emmerson, 1992; Dillingham et al.,
2003; Handa et al., 2005; Taylor and Smith, 1985, 2003; Yu et al., 1998). The crystal structure of RecC
suggests that it is responsible for splitting duplexes through a “pin”-structure and guiding the single-
strands to their respective subunits (RecB and RecD) (Singleton et al., 2004). Moreover, RecC is involved
in recognising a specific octamer sequence (GCTGGTGG), known as Chi (crossover hotspot instigator, ¥),
within a specific sequence context (Amundsen et al., 2016; McMilin et al., 1974; Ponticelli et al., 1985;
Smith et al., 1984). The Chi sequence promotes RecBCD-dependent recombination by modulating its
nuclease activity. Upon passing over a Chi sequence, RecC induces an overall conformational change in
the RecBCD complex that decouples the RecD subunit from the DNA while RecB changes its preferential
cleave activity from the 3’-end to the 5-end (Figure 8) (Amundsen et al.,, 2016; Anderson and
Kowalczykowski, 1997b; Handa et al., 2005). Moreover, the overall process speed of the complex
becomes reduced (Wiktor et al., 2018). As a result, a ssDNA tail emerges at the 3’-end with RecA being
continuously loaded onto the tail by RecB to produce a RecA filament (Figure 8) (Anderson and
Kowalczykowski, 1997a; Churchill and Kowalczykowski, 2000). Through this process, SSBs are unable
to bind to the DNA and inhibit RecA filament formation (Fu et al., 2013). Interestingly, once RecA
nucleation occurs, SSBs further promote RecA filament formation, presumably by removing secondary

structures (Fu et al., 2013; Kowalczykowski and Krupp, 1987; Muniyappa et al., 1984). When overhangs
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are present and recombination-mediated repair is required, RecBCD is unable to bind due to inhibition
by even small overhangs (> 25 nt) (Taylor and Smith, 1985). In this case, the alternative RecFOR pathway
can be used by £. coli (Tseng et al., 1994; Umezu et al., 1993). Alternatively, end-blunting by single-
strand exonucleases such as exonuclease | (Exol or SbcB), RecJ or SbcCD can be performed to allow
RecBCD to initiate its corresponding pathway (Connelly et al., 1997; Lehman and Nussbaum, 1964;
Lovett and Kolodner, 1989; Thoms and Wackernagel, 1998).
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Figure 8 | The RecBCD pathway. To initiate double-strand break repair, assembly of the three subunits RecB
(orange ovoid), RecC (green ovoid) and RecD (blue ovoid) is essential. The RecBCD complex combines the activity
of a helicase with a nuclease and uses only blunt or near (up to 25 nt) blunt ended dsDNA as substrate. Upon
binding to dsDNA and before encountering a Chi sequence (black arrow) the 3'-end is cleaved favourably in
comparison to the 5’-end and the motor units of RecB and RecD are active. The recognition of a Chi sequence by
RecC, disengages the RecD motor unit from the DNA. This is accompanied by a structural change in the RecBCD
complex which now cleaves preferentially the 5-end of the dsDNA. Decoupling the RecD unit from the DNA
promotes RecA loading by the RecB unit, leading to the formation of a RecA filament on 3’-overhangs. Adapted

from Singleton et al., 2004.
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The RecFOR pathway is thought to be specialised in repairing DNA lesions unsuitable for the
RecBCD pathway, namely ssDNA gaps. SSB proteins readily bind to exposed ssDNA and hinder RecA
nucleation (Fu et al., 2013; Joo et al., 2006; Roy et al., 2009; Rupp and Howard-flanders, 1968; Thresher
et al., 1988). The proteins of this pathway, RecF, RecO and RecR, are capable of removing SSBs bound
to ssDNA and replacing it with RecA. RecF binds in an ATP-dependent and RecR modulated matter to
dsDNA and is thought to direct and limit RecA nucleation to ssDNA gaps (Figure 9) (Madiraju and Clark,
1992; Webb et al., 1995, 1997). RecO has been shown to interact strongly with SSBs, and in conjunction
with RecR (forming RecOR) promotes replacement of SSBs within the ssDNA gap with RecA (Figure 9).
In addition, RecOR also stabilises the RecA filament to prevent RecA filament dissociation (Umezu and
Kolodner, 1994). Interestingly, RecF is a dispensable protein for this process (Figure 9), pairing of RecOR
is therefore sufficient to perform gap-illing recombinational repair on its own (Sakai and Cox, 2009;

Umezu et al., 1993).
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Figure 9 | The RecFOR pathway model. The presence of ssDNA gaps promotes the binding of SSBs (yellow
circles). Substitution of SSBs with RecA (grey circles) can be mediated by either RecF (orange circle), RecO (blue
circle) and RecR (green circle) or alternatively without the presence of RecF. (i) RecF binds to the interface of ssSDNA
and dsDNA to contain the RecA filament within the ssDNA gap. (i and ii) RecOR promotes the release of SSBs from
ssDNA, mediates RecA nucleation and further stabilises the filament formation in the 3’ direction. Adapted from

Handa et al., 2009.
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The RecFOR pathway is not limited to ssDNA gap repairs, it is also capable of resolving double
strand breaks through involvement of a synergistic mechanism performed by RecQ and RecJ (Morimatsu
and Kowalczykowski, 2014). RecQ acts as a helicase to unwind the dsDNA (Umezu et al., 1990). Its
substrate preference is dsDNA with 3’end overhangs (Figure 10A) or blunt-ended dsDNA (Figure 10B)
(Morimatsu and Kowalczykowski, 2014; Umezu et al., 1990). On the other hand, RecJ assumes the role
of a ssDNA exonuclease with preference for 5’-end overhangs (Figure 10C) (Lovett and Kolodner, 1989;
Morimatsu and Kowalczykowski, 2014). Moreover, extensive digestion performed by RecJ is enhanced in
the presence of SSBs and suggests a recruitment through this interaction (Han et al., 2006). Together,
RecQ and RecJ process any type of DNA end (blunt, 3'-end or 5’-end overhangs) to produce 3'-ended
overhangs for the RecFOR pathway to initiate (Figure 10D and E) (Bork et al., 2002; Morimatsu and
Kowalczykowski, 2014; Shan et al., 1997).

RecQ substrate Recd fsubstrate
preference preieronoe
A DNA with B : C DNA with
2.ssDNA overhang DNA with blunt end 5'-ssDNA overhang
" 3 " 3 " 3
5 (€ 5 (€
RecdJ, RecQ Recd, RecQ RecJ
2 SSElg s SSB g = SSB
& + (¢ + (¢ ‘ b))
2:!:5 {‘:$¢:D p: * )

za=£¢.‘§" . - e A

"
8:{.‘5""" D Recd
v <« RecQ
B:WD ® SSB
<] O RecA
E *RecA, RecFOR
=R

Figure 10 | Mechanism of resection of the three types of dsDNA ends by helicase RecQ and
nuclease RecJ. In the absence of RecBCD, the combined action of RecQ (blue triangle) and RecJ (yellow indented
circle) can process any type of dsDNA end for the RecFOR pathway. (A) dsDNA with 3’overhangs are unwound by
RecQ helicase enabling RecJ exonuclease to digest the 5-end. (B). Blunt ended dsDNA is also first processed by
RecQ to enable RecJ-dependent resection. (C) 5-overhangs do not require the presence of RecQ, instead RecJ
directly processes the dsDNA 5’-end into a dsDNA with 3’overhang. (D) Repeated processing of 3'-overhangs by
RecQ and RecJ increase the substrate availability for the RecFOR to operate on. (E) The RecFOR pathway mediates
RecA-loading (grey circles) onto the produced dsDNAs with 3'-end tails. SSBs (green circles) are removed from the

DNA substrate in the process. Adapted from Morimatsu and Kowalczykowski, 2014,
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Recently a rather unconventional RecA loading mechanism has been identified. This mechanism
requires the presence of the sbcB15 mutant encoding a partial functioning exonuclease with abolished
nuclease activity but retained ssDNA binding function (Buljubasi¢ et al., 2019; Phillips et al., 1988; Thoms
et al., 2008). Evidence supporting the interaction between SbcB and SSBs have led to the assumption
that SbcB15’s role relies not simply on its ability to protect ssDNAs, but rather in facilitating RecA loading
either directly or via interaction with other mediating proteins (Buljubasi¢ et al., 2019; Butland et al.,
2005; Sandigursky et al., 1996). Besides RecQ and RecJ, none of the other proteins involved in either
pathways (RecBCD and RecFOR) are required and thus the pathway was coined RecBFI (RecBCD-FOR-
independent) (Buljubasi¢ et al., 2019). Upon resection, it is postulated that SbcB15 binds to the SSB-
bound ssDNA, releasing SSB in the process. From here two possibilities are envisioned: initial RecA
nucleation is promoted at the site where SbcB15 binds to the ssDNA and further RecA filament extension
is achieved passively (which would explain the lower recombination efficiency) (Figure 11). Alternatively,
SbcB15 binds and moves through the ssDNA while also dissociating the SSB-ssDNA complex allowing for
a more rapid RecA filament creation (Figure 11) (Buljubasic¢ et al., 2019). Once a RecA filament has been
formed, the RecA-DNA complex will seek homologous sequences through strand invasion (synapsis). Long
homologies promote the formation of Holliday junctions and consequently strand exchange (post-
synapsis). Strand exchange is then completed once resolvases such as RuvC cleave Holliday junctions

and produce recombined DNA products (lwasaki et al., 1991).
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Figure 11 | Envisioned RecA-loading mechanism by SbcB15. In recBCD (or recCD) sbcB15 recFOR
mutants dsDNA is resected by the combined activity of RecQ (grey circles) helicase and RecJ (indented grey circle)
exonuclease (5'-3'). SSBs (empty circles) readily bind strongly to ssDNA. SbcB15 (orange circle) interacts with the
SSB-ssDNA complex and promotes RecA (blue circles) nucleation by one of two ways. (i) SbcB15 binds stably and
promotes RecA nucleation in the 3'-5" direction. (ii) SbcB15 binds and migrates along the ssDNA (3'-5'),
dissociating in the process SSBs and facilitating RecA nucleation in 3'-end direction. Adapted from Buljubasic¢ et

al., 2019.

1.5.3 RecA-Independent Recombination

Evidence supporting the existence of an endogenous RecA-independent recombination system
within £. coli started appearing during the early 1990s. Indeed, many strains used in molecular cloning
e.g. DH5a and XL1-Blue, have been engineered to express a dysfunctional RecA (recAl) as this protein
has been shown to negatively affect cell transformation efficiency and plasmid stability, yet, these cloning
strains are capable of recombining without the addition of any other auxiliary system (Garcia-Nafria et al.,
2016; Huang et al., 2017; Kostylev et al., 2015; Lovett et al., 2002). It was initially thought that RecA-
independent recombination mostly promoted tandem duplications and deletions, and were intramolecular
in nature (Bi and Liu, 1994; Bzymek and Lovett, 2001; Lovett et al., 1994). However, recent findings
support the idea of a system that promotes recombination between two different DNA molecules without
the presence of RecA. In fact, this process is not exclusive to £. coli and is present with equal
recombination efficiencies in several other proteobacteria (Swingle et al., 2010). The mechanisms and
proteins by which this process occurs are however largely unknown and so far, no protein with analogous
function to RecA has been identified. RecA-independent recombination relies mostly on short homologies
(=50 nt) in contrast to the large homologies (=150 nt) required for RecA-dependent recombination (Lovett
et al., 2002). In fact, the cloning strain DH5a is capable of recombining PCR fragments with homology
regions as low as 17 nt (Bubeck et al., 1993; Kostylev et al., 2015). On the other hand, the frequency of
recombination events is much lower in RecA-independent recombination, with events being almost four
orders of magnitude lower in comparison to conventional RecA-mediated recombination (Lovett et al.,
2002). Hence use of highly competent cells is critical (Bubeck et al., 1993; Kostylev et al., 2015). Deleting
exonucleases within £. coli can increase the frequency of recombinatorial events. In particular, deleting
the exonucleases RecJ and SbcB led to an up to 1000-fold increase in recombination events. Other
combinations of exonuclease deletions were less effective but still led to an overall increase in

recombination frequency (Dutra et al., 2007). The increases observed with RecJ and SbcB might be due
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to the nucleolytic activity of these, being active even on SSB coated ssDNA (Han et al., 2006; Molineux
and Gefter, 1975). Indeed, the increase in RecA-independent recombination events observed upon
deleting single-strand exonucleases led to the suggestion that ssDNA substrates, which lack the RecA
filament and thus protective action against these exonucleases, are the main substrate for this process
(Dermi¢ et al., 2017; Dutra et al., 2007). Two models are envisioned through which recombination
occurs. The first model postulates that 5'- or 3'-end overhangs are recruited to perform strand invasion
on homologous sequences in the broken fork repair or double-strand break repair. The second model
proposes that ssDNA anneals to single-strand regions within replication forks and becomes incorporated
(Dutra et al., 2007). While RecA-dependent recombination is well characterised, RecA-independent

recombination and how it operates still remains elusive.

1.6 Exogenous Recombination Pathways in £. co/i the Red & RecET Systems

Previous sections explained how £. cofiuses its endogenous pathways to perform recombination.
Exogenous pathways, such as those used by phages to insert their DNA into £. col/'s genome also exist.
These exhibit much higher recombination frequencies and do not require RecA to promote recombination
(Hall et al., 1993; Mosberg et al., 2010; Muyrers et al., 1999; Zhang et al., 1998). Two systems, the Red
system from the lambda (A) phage and the RecET system from the defective Rac prophage, are well

studied and commonly used in performing recombineering with gram-negative bacteria.

The Red system employs a total of three recombination-mediating proteins: Gam, Exo and Beta
(Kulkarni and Stahl, 1989; Murphy, 1991; Shulman et al., 1970). The Gam protein acts as an inhibitor
of the RecBCD complex and the SbcCD exonuclease, so as to prevent linear dsDNA degradation of the
phage DNA (Figure 12A) (Karu et al., 1975; Kulkarni and Stahl, 1989; Murphy, 1991). The Exo protein
replaces the function of RecBCD and degrades linear dsDNA to provide either 3’-end ssDNA overhangs
or complete ssDNA (Figure 12A) (Carter and Radding, 1971; Mosberg et al., 2010). Finally, the Beta
protein binds to the DNA and is responsible for the RecA-independent pairing and recombination (Figure
12A) (Li et al., 1998; Muniyappa and Radding, 1986). This system facilitates recombination between
short homology arms (36 to 50 nt) (Datsenko and Wanner, 2000; Muyrers et al., 1999; Stewart et al.,
1999, 1997).

The RecET system is part of the defective Rac prophage and is carried by many £. coli K12-
derivative strains (e.g. XL1-Blue, NZY5a and DHb5a). It employs the RecE and RecT proteins only (Hall
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and Kolodner, 1994; Hall et al., 1993; Kaiser and Murray, 1979; Low, 1973; Noirot and Kolodner, 1998).
Similar to Exo of the Red system, RecE resects the dsDNA to provide a ssDNA substrate for the
recombination-mediating protein RecT (Figure 12B) (Hall and Kolodner, 1994; Hall et al., 1993; Kushner
et al., 1974; Noirot and Kolodner, 1998). Unlike the Red system however, the Rec system does not
encode any exonuclease inhibitors (this being the Gam protein in the case of the Red system), and its
system operates efficiently in only recBC sbcA or recBC sbcBC mutants (Barbour et al., 1970; Kushner
et al., 1971, 1974; Lloyd and Buckman, 1985; Yamaguchi et al., 2000). Mutation in sbcA leads to a
more pronounced expression of the involved proteins (RecE and RecT) while mutating the exonucleases
ShcB and SbcCD (sbcBC strain) preserves the substrates used by this system (Kushner et al., 1971,
1974; Ryder et al., 1996; Yamaguchi et al., 2000). sbcA mutants easily perform recombination via this
system and require homology arms of at least 27 nt, but recombination was determined to be most
efficient with homology arms spanning 60 nt (Fishel et al., 1981; Kaiser and Murray, 1980; Zhang et al.,
1998). For non-sbcA mutant £. coli strains, plasmid constructs harbouring RecE, RecT, and additionally
the Gam protein from the bacteriophage lambda, may be used to induce recombination at high efficiency
despite the presence of suppressors (Murphy, 1991; Stewart et al., 1999, 1997; Zhang et al., 1998) as
the Gam protein inhibits the RecET suppressors present in £. co/i (Murphy, 1991).
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Figure 12 | Exogenous recombination systems in E. coli. (A) The lambda red recombination system is
formed by Gam (red), Exo (green) and Beta (orange). Gam protein inhibits RecBCD (grey) and SbcCD (blue)
endogenous exonucleases. Exo, a dsDNA exonuclease that degrades 5'ends, produces the ssDNA substrate that
is used by the Beta protein to bind to and promote recombination. (B) The RecET pathway utilises the RecE (yellow)
exonuclease to produce 3'-overhangs. RecT (green) proteins can then bind to the ssDNA and promote strand
invasion. Taken from https://blog.addgene.org/lambda-red-a-homologous-recombination-based-technique-for-

genetic-engineering and http://dev.genebridges.com/gh/red_et_principles.php.

pRed/ET plasmid constructs are commercially available (Genebridges, Biocat etc.) and offer
either one system or the other to be expressed in many different organisms so as to produce constructs
harbouring mutations or to directly mutate the hosts genome (Stewart et al., 1999, 1997). In addition,
co-expression of the Red system with RecA has been shown to improve the recombination efficiency
(Heermann et al., 2008; Wang et al., 2006). Both described phage systems provide easy alternatives for
introduction of DNA alterations and are more efficient than £. co//s endogenous recombination system
while requiring only short oligonucleotides as substrates. Of all the recombination systems possible in £.
coli, the Red system appears to be the most efficient. It is slightly more efficient than the RecET system
and its recombination rate is at least 70-fold higher than that of a non-phage system (e.g. the RecBCD
system) (Murphy, 1998; Muyrers et al., 1999). The biggest limitation to this system is related to its high
efficiency in performing recombination; short repeats (six or more nucleotides) within fragments or linear
vectors can lead to circularisation (microhomology-mediated recombination) and consequently, loss of
DNA material (Zhang et al., 2000a). Interestingly, both phage systems appear to have been principally
applied in the recombination of only two DNA entities, rather than in assembling multiple fragments as is

required in multi-site-directed mutagenesis.

1.7 Response Surface Design (RSM)
In this project, rational experimental design with response surface methodology was used to
optimise the efficacy of a multi-site-directed mutagenesis protocol and to identify interactions between the

various process factors.

Designing experiments can be a challenging task, especially when many factors (variables)
presumably have a significant impact on the results. Several methodologies exist to streamline the

process of designing experiments and evaluating statistically the results. These should be chosen in
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accordance with the objective of the experiment. In the case where optimisation of a process is the
objective of the operator, a simple “one factor at a time” design can be employed. This design can be
used with any number of factors since the process involves testing different values for one factor while
maintaining the others stable. This experimental design, however, assumes that all factors are
independent of each other, meaning that no interaction between these factors occur. Yet, factors
frequently do interact with each other; and therefore a rational experimental design approach such as the

response surface design is appropriate (Myers and Montgomery, 1995).

Response surface methodology is generally employed when two or more interacting factors have
a significant impact on a result and the objective of the experiment is to optimise a process or to measure
interaction between any number of factors. Since any number of measured points can be examined, this
design is often limited by the resources available and/or the degree of control over the factors. In any
case, the response surface model (RSM) employs mathematical models (frequently quadratic, but also
cubic models) that take into account the measured points to describe the behaviour of the process and
depicts it in the form of a surface diagram or 3D-image. Note that the produced models are only an
approximation to the reality and can further be improved by adding more measured points or by repeating
points. For a surface response design to be practically feasible the measured points (runs) are usually
selected by an experimental design such as the central composite design (CCD). This experimental design
ensures that a minimum of measurements (runs) are chosen while still monitoring all the possible
interactions between the factors. As a result, the response surface model in combination with the CCD

are efficient in describing most systems (Myers and Montgomery, 1995).

1.8 Central Composite Design (CCD)

Central composite design is a rational experimental design first described by Box, Wilson and
Hunter in the 1950s, it is used to select, out of many possible measurements (runs), a practically
achievable number of runs by either employing a factorial or fractional factorial design. A factorial design
uses 2% runs, where kis the number of factors (variables) considered. The fractional factorial design is
used when many factors are in play (e.g. 2° = 64 runs) to realistically measure all combinations of
interactions between all factors. In this case, only a fraction of the runs (generally Y2 or ¥4 of runs of the
factorial design) are selected, with special care to ultimately try and infer all possible interactions within

the total spectrum (NIST/SEMATECH, 2003).
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The CCD is cleverly designed in a way to produce a design space with 4 dimensions (Figure 13).
Inherent to this design space are -a, -1, O (origin), +1 and +a for each factor/dimension. These values
are fixed to create the design space which should ideally have the optimal condition in the origin’s (0)
vicinity (optimal conditions can be inferred by preliminary experiments). Measurements that represent
the origin of the design space are called centre points and are important in determining the standard
deviation within the experiments. Measurements taken at -1 and +1 are factorial points while axial points
are at the a extremities and their values within the space vary in function of the number of factors and
desired properties in the design. Both axial and factorial points are involved in determining the

interaction(s) between the factors (NIST/SEMATECH, 2003).

A Xon B X,

Figure 13 | Central composite design space. Centre points (dark blue dot), factorial points (light blue dots)
and axial points (green dots) inhabit the design space. Design space is dependent on the value of a, which depends
further on the number of factors. (A) Circular design space of a model with only two factors (X; and X,). (B)
Spherical design space of a model with three factors (Xq,X; and X3). Taken from

https://newonlinecourses.science.psu.edu/statb03/node/59/ .

Thus far, one type of CCD, denoted circumscribed (CCC), has been explained above. Within the
three types of CCD (CCC, CCl and CCF), CCC produces the largest design space. In contrast, the inscribed
type (CCl) produces the smallest design space. Alpha values become + 1 while factorial points are < 1.
This is used for experiments where the indicated limits truly are limits to experimental results and cannot
be extended. Finally, the face centred type (CCF) produces a squared (two factors) or cubic (three factors)
design space. It is characterised by having a values equal to factorial points (+1) (NIST/SEMATECH,
2003).
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2. Rational and Objectives

The laboratory where the present project was carried out is focused on protein science, with the
objective of better understanding protein structure-function relationships and in developing and
engineering enzymes for application in industry. In achieving this objective, the optimisation and
implementation of highly efficient, low cost in-house methods for protein engineering is essential. An
efficient method for single-site directed mutagenesis has already been implemented in the laboratory, but
the power of multi-site-directed mutagenesis in protein engineering has been recognised and an efficient,
low cost method is required (Silva et al., 2017). Unfortunately, many of the presently available methods
and commercial kits for implementing this are characterised by high costs and multi-step protocols, or
require expertise in working with eukaryotic hosts. Thus, in the present study, and taking into account the
ability of many commonly used laboratory strains to carry out recombination (probably via a RecA-
independent pathway), the objective was to develop and optimise a PCR - £. coli in vivo recombination
based protocol to enable the low cost, highly efficient multi-site-directed mutagenesis of proteins. £. col
endogenous recombination systems are believed to be poorly efficient in common laboratory cloning
strains, thus, in the present study, mathematical and statistical techniques were used to optimise all
process variable and identify interactions between process variables so as to enable for development of

an optimised process.

In the project, the gene encoding a cold-adapted glycoside hydrolase family 8 xylanase will be
used as model sequence (pXyl; European Nucleotide Archive (ENA) AJ427921; UniprotKB Q8RJNS). This
protein is the subject of current studies at the laboratory aiming to enhance protein solubility by
substituting numerous hydrophobic residues and hydrophobic patches to the more hydrophilic amino
acid serine and/or charged amino acids glutamic acid and arginine. Response surface methodology with
central composite design will be used to optimise process variables, identify interactions and identify the

protocol enabling highest multi-site-directed mutagenesis efficiency.
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3. Materials and Methods

3.1 Primer Design

Primers (synthesis scale: 0.01 or 0.05 pmol; purification: salt free; concentration: 100 uM) were
manufactured by Eurofins Genomics (Ebersberg, Germany). Fully overlapping primer pairs were designed
via SnapGene® (v2.3.2) for each mutation to be introduced and primer sizes ranging from 18 to 52 nt
were investigated. Whenever possible, the following design rules were taken into account: a maximum of
three G's and/or C's for the last five nucleotides were allowed while avoiding three G's and/or C's in a
row; the primers would preferably end with a C or G, and the mutated nucleotide(s) would ideally be
placed in the middle of the primers. The hydrophobic residues for mutation in the surface exposed
hydrophobic patches of the cold adapted xylanase had already been identified in previous studies. £. colf
's codon bias and use of serine/glutamic acid/arginine codons which minimise the number of nucleotide
substitutions, were taken into account during primer design. Possible secondary structures and their
predicted strengths were also considered when designing the primers via the bioinformatics tool

Primer3Plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi).

3.2 PCR

PCR was performed with a DOPPIO thermocycler (VWR). A variety of different polymerases were
investigated: Phusion® High-Fidelity polymerase (Thermo Fisher Scientific), NZYProof polymerase
(NZYTech) and Xpert HighFidelity polymerase (GRiSP).

The construct pET22b-pXyl (see Annexe 1), consisting of the whole 1281 bp gene sequence
(including signal sequence) of the cold-adapted endo-1,4-beta-xylanase (pXyl; ENA code AJ427921)
cloned in the Ndel and Xhdl sites of the expression vector pET22b(+) (Novagen), was used as template

in all PCRs. This template had been isolated from the dam+ £. co// strain XL1-Blue.

A total final volume of 20 pL was used with a final primer concentration of 0.5 uM - 1.0 UM, a
total template amount varying from 0.07 ng to 8.1 ng and the DNA polymerase master mix at a final
concentration of 1x (See Annex’s IV and V). The remaining volume was completed with ultra-pure water.
In all cases, 30 PCR cycles were employed. In Xpert HighFidelity employed PCRs, a master mix was
manually prepared and contained a final concentration of PCR buffer containing dNTPs 1x (GRiSP), a
total of 7 ng of template and a final polymerase concentration of 0.05 U/uL. The remaining volume (until

20 pL) was filled with ultra-pure water. Several controls were employed according to the type of
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experiment. Negative controls for unspecific amplification contained regular components of PCR (1 uM
primers) except for DNA template. Negative controls for Dpnl digestion contained all components for PCR
but were not run through a thermocycler (total of 7 ng template; 1 UM primers). Positive controls to
confirm amplification by polymerases contained all components for PCR, including 1 uM of primers
Y43E.Fwd and Y315R.Rev, 7 ng of total template, and had appropriate PCR conditions (see below), with

an annealing temperature of 60.5 °C.

For the Phusion® High-Fidelity PCR Master Mix with HF Buffer (Thermo Fisher Scientific), the
following PCR conditions were used: (1) initial denaturation for 3 minutes at 98 °C, (2) denaturation for
30 seconds at 98 °C, (3) annealing for 30 seconds at varying temperatures (at some conditions a 2 Step
PCR was performed) (see Annex IV for details), (4) extension time was adjusted to the size of PCR
fragments as recommended by the manufacturer (15 s/kb) at 72 °C, (5) final extension for 10 minutes

at72 °C.

For the NZYProof 2x Green Master Mix (NZYTech) and NZYProof 2x Colourless Master Mix
(NZYTech), the following PCR conditions were applied: (1) initial denaturation for 3 minutes at 95 °C, (2)
denaturation for 30 seconds at 95 °C, (3) annealing for 30 seconds at varying temperatures (see Annex
V, for details), (4) extension time was adjusted to the size of PCR fragments as recommended by the

manufacturer (60 s/kb) at 72 °C, (5) final extension for 10 minutes at 72 °C.

For the Xpert HighFidelity master mix, the following PCR conditions were applied: (1) initial
denaturation for 1 minute at 95 °C, (2) denaturation for 15 seconds at 95 °C, (3) annealing for 15 seconds

at 64.7 °C, (4) extension time for 4 minutes at 72 °C, and (5) final extension was 3 minutes at 72 °C.

PCR products were stored at -20 °C when necessary. Amplification of desired PCR products was

confirmed by gel electrophoresis.

3.3 Gel Electrophoresis

Gel electrophoresis was carried on a BioRad Sub-cell GT horizontal electrophoresis system
connected to a BioRad PowerPac 300 electrophoresis power supply. 1% (w/v) agarose gels containing
1.0 x TAE (40 mM Tris base, 20 mM glacial acetic acid and 1 mM EDTA) were used. Agarose gels were
pre-stained with GreenSafe Premium (NZYTech) according to manufacturer specifications (1x). An initial

constant 80 V current for 20 minutes was followed by 30 minutes at 120 V. Bands were visualized with
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a GenoSmart (VWR) transilluminator and band sizes were compared with the NZYDNA Ladder Il
(NZYTech).

3.4 Enzymatic Digestions

3.4.1 Plasmid Confirmation

To confirm the presence of the desired plasmid construct or as positive control for pXyl presence,
restriction digestion analysis was used. pET22b-pXyl constructs were confirmed via Ndel and Xhol
digestion, and pUC18 via BarmHI and Ndel digestions (Thermo Fisher Scientific, see Annex Il for details).
All reactions were performed with FastDigest enzymes and the FastDigest Green Buffer (1x final
concentration) with =0.1 ug of DNA in a final volume of 5 L, in accordance with the manufacturer 's
(Thermo Fisher Scientific) specifications. Reactions were carried out in an Incucell incubator (MMM
Medcenter) for 1 h at 37 °C and both digested and undigested plasmids were visualised by gel

electrophoresis.

3.4.2 Template Removal

To remove methylated template plasmid (template acquired from dam+ £. coli strains) following
PCR, Dpnl (NZYTech) digestion was employed. Various final concentrations (0.18 - 0.36 U/pL), incubation
times (0 - 24 hours) and reaction volumes (5.5 — 11.5 L) at 37 °C were investigated. A final total reaction
volume of 5.5 uL was employed for standard digestions and in the RSM-CC experiment. The volume
contained a final concentration of 0.18 U/uL Dprl, was incubated for 4 h at 37 °C and then used directly
to transform £. coli Complete template removal by DOprl digestion was confirmed by using samples
containing all necessary components for PCR (total of 7 ng of template; 1 uM primers) but without passing

through PCR.

Initial PCR-Dpnl reaction mixtures contained 1.5 ulL of each PCR fragment (three in total) and 1
WL of Dprl. For RSM-CCD experiments, a tube containing the correct volume ratio of big fragment to small
fragments was prepared prior to the digestion, containing always 0.5 yL of the big fragment and a volume
of small fragments corresponding to the desired ratio (0.5 — 5 pL). A final volume of 10.5 uL was used
for all fragment ratio preparations and in cases of missing volume the remaining volume was filled with

Phusion® High-Fidelity PCR Master Mix with HF Buffer (not passed through thermocycler). For Dpril
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digestion the final volume was increased to 7.3 L, containing 6.3 pL of PCR fragment mix and 1.4 pL

of Dpnl (1 U/uL). Incubations were perform as described above.

3.5 £. coli Strains

Table 1 | E. colistrains used in the present work. Specification, genotype and transformation efficiencies

are presented.

Transformation efficiency
Strain Specification Genotype
(cfu/pg) of pUC18
recAl endAl gyrA96 thi-1 hsdR17
XL1-Blue Cloning strain | supE44 relAl lac [F' proAB lact 106 — 107
ZAMI5Tn 10 (Tet)]
thuA2A(argF-lacU169 phoA
NZY5a Cloning strain | ginV44 ®80 A(lacAM15 gyrA96 107 — 108
recAl relAl endAl thi-1 hsdR17

3.6 Competent Cells

3.6.1 Modified Dagert and Ehrlich Method

A single large XL1-Blue colony was pre-inoculated in 5 mL lysogeny broth (LB, 0.5% (w/v) NaCl,
0.5% (w/v) yeast extract, 1% (w/v) tryptone) at 37 °C, 200 rpm, in a Minitron incubator (Infors HT)
overnight. 2 mL of pre-culture was inoculated in 200 mL LB at 37 °C, 200 rpm until reaching an optical
density (at 600 nm, ODg(q) of around 0.25 (as measured on a Genesys 20 spectrophotometer, Thermo
Spectronic). The entire cell suspension was centrifuged at 4 °C for 10 minutes at 4000 gusing the 5804
R centrifuge (Eppendorf). Obtained pellet was kept always on ice and was gently resuspended in ice cold
MgCl, (0.1 M) before incubating on ice for 30 minutes and centrifuging again at 4 °C for 10 minutes
and at 4000 g Supernatant was removed and cells were gently recollected in 10 mL of ice cold
transformation buffer | (75 mM CaCl,, 6 mM MgCl,, 15% (v/v) glycerol) and always kept on ice. After
centrifuging one last time at 4 °C for 10 minutes at 4000 g, pellet was resuspended in 3 mL of ice cold
transformation buffer | and kept at 4 °C up to 24 h. Competent cells were divided into aliquots of 200
WL, preserved in liquid nitrogen and stored at -80 °C.
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3.6.2 Modified Inoue et al. Method

A single large XL1-Blue colony was inoculated in 250 mL super optimal broth (SOB, 2% (w/v)
tryptone, 0.5% (g/v) yeast extract, 2.5 mM KCI, 10 mM NaCl, 10 mM MgS0O,, 10 mM MgCl,) for 4 -
5 days at 18 °C, 200 rpm. Cell culture was incubated on ice for 10 minutes once an ODg of 0.6 was
measured. From here, all additional steps were performed with cell culture on ice or at 4 °C. After
incubation on ice, cells were centrifuged for 10 minutes at 2500 g, using the centrifuge 4-16KS (Sigma),
and gently resuspended in 80 mL ice cold transformation buffer Il (10 mM Pipes, 15 mM CacCl,, 250
mM KCI, 55 mM MnCl,, pH 6.7). Cells were incubated on ice for 10 minutes and centrifuged once again
at 2500 gfor 10 minutes. Supernatant was removed and the pellet was gently resuspended in 20 mL
transformation buffer Il before adding carefully DMSO to a final concentration of 7% (v/v). Cells were
incubated one last time on ice for 10 minutes before being aliquoted in 200 pL and frozen in liquid

nitrogen. Competent cells were stored at -80 °C.

3.6.3 In-house Magnesium Chloride and Calcium Chloride Method

A streak of XL1-Blue cells was pre-inoculated in 10 mL LB at 37 °C, 200 rpm overnight. 1 mL of
overnight culture was then inoculated in 100 mL LB at 37 °C, 200 rpm until an ODgq between 0.4 -
0.6 was obtained. Upon reaching desired OD, 80 mL of culture was incubated on ice for 10 minutes and
for the remaining steps, culture was always kept on ice or at 4 °C. Following incubation, cells were
centrifuged for 10 minutes at 4000 g, resuspended very gently in 40 mL of ice cold MgCl, (0.1 M),
before being again centrifuged for 10 minutes at 4000 g Pellet was resuspended very gently in 4 mL of
ice cold CaCl, (0.1 M) and left in ice for 1 h and 30 minutes. DMSO was added slowly to cells until
obtaining a final concentration of 7% (v/v), aliquoted in 200 uL and immediately cryopreserved in liquid

nitrogen, before storing at -80 °C.

3.6.4 Rubidium Chloride Method

XL1-Blue cells were pre-pre-inoculated in 10 mL of LB at 37 °C, 200 rpm overnight. A pre-culture
was inoculated with 400 pL of pre-pre-culture and 10 mL of LB at 37 °C, 180 rpm until reaching ODgqo
between 0.3 and 0.4. Finally, 4 mL of pre-culture were incubated in 100 LB at 37 °C, 180 rpm until an
ODg between 0.3 and 0.4 was obtained. The entire culture content was incubated on ice for 5 minutes

and in all following steps, cells were kept either on ice or at 4 °C. Cells were harvested by centrifuging at
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2500 gfor 5 minutes, very gently resuspended in ice cold transformation buffer Ill (30 mM CH;COOK,
50 mM MnCl,, 100 mM RbCI, 10 mM CacCl,, 15% (v/v) glycerol, pH 5.8) and then centrifuged again
for 5 minutes at 2500 g The transformation buffer IV (10 mM MOPS, 75 mM CacCl,, 10 mM RbCl, 15%
(v/v) glycerol, pH 7) was used to resuspend cells before being aliquoted in 100 or 200 uL. Liquid nitrogen

was used to instantaneously cryopreserve, and cells were stored at -80 °C.

3.7 Transformation

In-house prepared £. coli XL1-Blue (100 and 200 L aliquots) and commercial £. coli NZY5a
(NZYTech) competent cells (Table 1) were used for transformation via heat shock. £. coli NZY5a
(NZYTech) cells were stored at -80 °C and carefully aliquoted in 100 pL or 95 L volumes before
transforming. Transformation procedures recommended by the manufacturer for £ coli NZY5a
(NZYTech) were followed with both strains. Various volumes (1 - 15 ulL) of material to be transformed
(pPUC18) were investigated and optimised. For the RSM-CCD experiment, a total volume of 5.5 L of the
PCR-Dprl mix was added to 100 pL or 95 pL cells. A control with 1 uL pUC18 (0.01 ng/ulL) was used to
determine the transformation efficiency during all runs. Following incubation on ice for 30 minutes, heat
shock at 42 °C for 40 seconds and immediate incubation on ice for 2 minutes, cells were incubated in
0.9 mL of room temperature super optimal broth with catabolite repression (SOC, 2% (w/v) tryptone,
0.5% (w/v) yeast extract, 2.5 mM KCI, 10 mM NaCl, 10 mM MgSO,, 10 mM MgCl,, 20 mM D-Glucose)
for 1 h at 37 °C, 225 rpm. Following incubation, cells were centrifuged for 1 minute at 5000 rpm with a
MiniSpin Plus (Eppendorf) and recovered in 150 pL of SOC. Finally, the entire volume was plated on
lysogeny broth (0.5% (w/v) NaCl, 0.5% (w/v) yeast extract, 1% (w/v) tryptone, 2% (w/v) agar) with
ampicillin (amp, 200 ug/mL) and incubated at 37 °C overnight. For pUC18 transformations, 100 uL
were previous to centrifugation removed and plated, while the remaining volume was treated as previously

described.

3.8 Bacterial Cell Storage: Glycerol Cell Stocks

E. coli cells harboring the pET22b-pXyl mutant constructs were stored at -80 °C in 8% (v/v)
glycerol. Cells were pre-cultured in 5 mL LB (0.5% (w/v) NaCl, 0.5% (w/v) yeast extract, 1% (w/v) tryptone)
containing 200 ug/mL amp overnight at 37 °C, 200 rpm. This pre-culture was used to inoculate 20 - 25
mL LB, containing 200 pg/mL amp, at an initial OD¢q( of 0.1. Cultures were then incubated at 37 °C,
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200 rpm until a final ODggo of 0.6 - 0.8 and 900 pL aliquots were added to 100 pL autoclave sterilised
80% glycerol, gently mixed and immediately stored at -80 °C.

3.9 Plasmid Extraction

A single transformed £. coli colony was pre-inoculated in 5 mL LB containing 200 pg/mL amp
and incubated overnight at 37 °C, 200 rpm. £. coli plasmids were extracted using the NZYMiniprep kit
(NZYTech), following the manufacturer specifications. Briefly, 3 mL cell suspensions were pelleted using
14100 gfor 30 seconds and resuspended in 250 uL of cold (4 °C) buffer A1 (resuspension solution) by
vigorously vortexing. Next, 250 uL of buffer A2 (lysis solution) was added followed by gently inverting
tubes 6 times and quick addition of 300 uL buffer A3 (neutralisation solution) before finishing again by
inverting tubes gently 6 times. Lysates were centrifuged for 10 minutes at 14100 g before loading
supernatant carefully onto a column to be centrifuged again at 11000 gfor 1 minute. The produced flow-
through was discarded and 500 L of buffer AY was loaded onto the column followed by a centrifugation
for 1 minute at 14100 g Flow-through was discarded before adding 600 L of buffer A4, centrifuging for
1 minute at 141000 gand 2 minutes at the same speed. Finally, the column was inserted into a new
tube and 35 L of ultra-pure water were added to the centre of the column. Incubation for 1 minute was
followed by a final centrifugation step for 1 minute at 14100 g Nucleic acid concentration was

subsequently quantified.

3.10 DNA Quantification
Plasmid DNA was quantified by absorption readings of 2 uL samples at 260 nm with a NanoDrop
ND-1000 (Alfagene) spectrophotometer. Absorption reading at 230 nm and 280 nm were also recorded

to determine sample purity.

3.11 Sequencing

Sequencing of the pXyl gene was used to determine mutagenesis efficacy. This was performed
by Eurofins Genomics (Cologne, Germany) with either the T7 promoter or T7 terminator primers (Annexe
1), with samples containing 80 — 100 ng/uL of extracted plasmid and 5 uM of primer in a final volume

of 10 pL.
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For sequencing of the RSM-CCD transformants, custom DNA sequencing with the SupremeRun
96 service at Eurofins Genomics was used. 96-well plates containing LB and amp (150 ug/mL) provided
by Eurofins Genomics were inoculated with transformants, incubated overnight at 37 °C and sequenced
using the standard primer pET-RP (listed in this document as T7 terminator short) provided by Eurofins

Genomics.

3.12 Central Composite Design

Statistical analysis and estimation of optimal condition for recombination of three fragments was
performed by using a surface response model within a central composite design (CCC) aided by the
software program Design Expert (v7.0.0). Three numeric factors: total template (ng), homology (nt) and
large PCR fragment to small PCR fragments ratio (1:n:n, where n € small fragment ratios of {1, 2, 5, 8,
10}) and O categoric factors were selected for this analysis. Experiment was divided into three blocks
within the CCD and only one response (recombination efficiency (%)) was analysed for data evaluation.
Order and Model (within the Evaluation category) was set to Quadratic and Polynomial, respectively.
ANOVA was applied to assess significance of the model and variables. The optimal condition was
determined with settings of a total template amount range of 0.1 ng — 8.1 ng, an 18 to 52 nt homology

range, and fragment ratio range 1:1:1 and 1:10:10 and efficiency to maximize.
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4, Results

The necessity for developing a time- and cost-efficient multi-site-directed mutagenesis protocol
emerged within our group during structure-function studies of a psychrophilic xylanase isolated from
Pseudoalteromonas haloplanktis TAH 3a wherein the preparation of a relatively large selection of multi-
mutated sequences was required. The previous reports of an endogenous recombination systems in many
commonly used £. colicloning strains, a well-established bacterial model in our group, seemed fitting for
this objective to avoid accessory biological models or even the use of recombination enhancing constructs
or/and enzyme cocktails that would increase costs. As discussed in the introduction of the present work
(see section 1.4), previous studies had indicated this endogenous system to be extremely inefficient, yet
we believed that use of highly competent cells in combination with mathematical and statistical
techniques to optimise all process variables would enhance efficiency and enable for effective

mutagenesis.

The strategy adapted (see Figure 14) was based on the protocol used in the GeneArt Site-Directed
Mutagenesis PLUS System described by Liang et al., 2012 (See Section 1.3 and Figure 4 for a
description). In the present study however, the /n vifro enzyme catalysed recombination reaction and
transformation steps were replaced by direct transformation with /n7 vivo recombination in a common E£.
colicloning strain. To demonstrate the potential of in-house £. cofistrains for use in the protocol, an initial
attempt was made at introducing three mutations in the pXyl gene sequence with use of £. coli NZY5a
and XL1-Blue strains. The three mutations to be introduced were determined in a previous bioinformatics
study (not published) attempting to identify mutations enabling enhanced pXyl solubility. The amino acids
tyrosine 43, tyrosine 315 and threonine 403 were selected for mutation to glutamic acid (Y43E) or
arginine (Y315R, T403R). Overlapping primers, forward (Fwd) and reverse (Rev), of sizes 24 bp (Y315R),
26 bp (Y43E) and 31 bp (T403R), with the mutation located in the middle, had already been designed
(See Annex Il for primer details). As depicted in Figure 14, three separate PCRs were carried out to
produce 3 fragments (F) with overlapping termini: fragments F1 (primers Y43E.Fwd & Y315R.Rev), F2
(primers Y315R.Fwd & T403R.Rev) and F3 (primers T403R.Fwd & Y43E.Rev). Two of the fragments (F1
-840 bp and F2 - 295 bp) harboured sequences from the inserted pXyl gene sequence, whereas the third
fragment (F3 - 5669 bp) amplified the remaining pXyl gene sequence and the whole plasmid backbone
to give a much larger fragment containing the ampicillin selection marker. Indeed, it is important to note
that any multi-site-directed mutagenesis study of any inserted gene sequence with this protocol would
always give rise to one large fragment, containing the vector and hence selection marker sequence, and
a number of much smaller fragments, whose number and size depends on the number of mutations and
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the insert size. For PCR, the high-fidelity DNA polymerase Phusion was used with 0.7 ng of the pET22b-
pXyl template as described in the Materials and Methods and agarose gel electrophoresis indicated
amplification of single bands at the expected sizes (Figure 15A). 1.5 uL of each of the three PCR products
were then added together to 1 yL Dprl (1 U/uL) and incubated at 37 °C for 4 h before transformation
and plating on selective media. By skipping the /n vifro step, time and more importantly costs are reduced
as the PCR-Dprl mix is directly transferred to the cloning host and fragments assembled dependent on
the capability of the host. 101 cfu were obtained with £. co/i NZY5a, which is reported by the
manufacturer to have a transformation efficiency of = 10° cfu/ug with the plasmid pNZY28, but was
observed to have an efficiency of 107 - 108 cfu/ug of pUC18 in our control study. For the preparation of
competent £. coli XL1-Blue cells, various methods were examined and indicated the rubidium chloride
protocol to be the most successful, producing competent cells with an efficiency of 107 cfu/ug of pUC18
and giving rise to 75 transformants with the multi-site-directed mutagenesis protocol. Sequencing of 10
E. coli NZY5a transformants indicated 8 sequences with the desired triple mutations, one truncated
sequence and one wild-type sequence. Sequencing of 3 £. coli XL1-Blue transformants also indicated
success, with two correct triple mutants and one single mutant. Hence, this preliminary study indicated
the high potential of the protocol used, with mutagenesis efficiencies of 66 - 80% even without

optimisation.

4.1 Method Development

Following the preliminary experiments, subsequent studies were focused on developing the
protocol and determining the limits and most appropriate methods to be used in the RSM-CCD process
optimisation study. Various parameters were examined, namely, PCR conditions, DNA polymerase,

template concentration, Dprl digestion protocol, fragment ratios for mixing and transformation volume.
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Figure 14 | Flowchart of the developed multi-site-directed mutagenesis protocol by in vivo
recombineering in E. coli. A summary of the developed protocol along with approximate times to perform each
step are shown. Primers should be designed as indicated, with each mutation (not shown) requiring one pair of
primers. Primers Al & A2 (green), B1 & B2 (brown) and C1 & C2 (blue) produce corresponding PCR products
which are assembled via recombination (indicated by crosses) through homologies at their termini. Agarose gel
confirmation of fragments along with proper controls is followed by the preparation of the PCR-Dprl mix, incubation
for 4 h at 37 °C to remove the template (pET22b-pXyl, vector backbone indicated by the black portion and insert

shown as purple section) and transformation of appropriate £. coli cloning strains with 5.5 pL of PCR-Dpnl mix.

Finally, cells are plated on appropriate selective media and incubated overnight.
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4.1.1 PCR Conditions

To better identify the effects of template concentration, the same protocol was repeated with
three different template amounts for the PCR reactions: 0.07 ng, 0.7 ng and 7 ng. Figure 15 shows the
PCR results where it can be seen that single bands of the expected size were observed for all reactions
(Figure 15A) and that band intensities increased for all fragments according to the template concentration
used (Figure 15B). Furthermore, it was also observed that fragment F2 (295 bp) showed generally a less
intense band compared to the other two bands at all concentrations examined and this is believed to be
associated with the non-optimised PCR conditions used. Therefore, for all subsequent PCR reactions,
identical conditions were to be employed for all fragments, but with use of extension times appropriate to
fragment length, and optimisation of primer concentration (0.5 - 1 uM) and annealing temperature only
as required to give single bands of the correct size with similar intensities for all fragments as monitored

by agarose gel electrophoresis.

{

5669 bp ‘:
-
. 840 bp
L

840 bp PN
R e

295 bp

Figure 15 | Amplification of F1, F2 and F3. (A) PCR products of fragments F1 (840 bp), F2 (295 bp) and
F3 (5669 bp, selection marker present), harbouring point mutations Y43E & Y315R, Y315R & T403R and T403R
& YA3E, respectively. (B) Band intensity of F1 increases as template amount for PCR reaction increases. No bands
are visible for both negative controls. OP P: PCR reaction without primers run through PCR thermal cycles; OP NP:

PCR reaction without primers not run through PCR. MWM: Molecular weight marker NZYLadder lIl (NZYTech).
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4.1.2 Template Concentration

Figure 16 shows the number of transformants and proportion of correct triple mutants obtained
(the recombination efficiency), as confirmed by sequencing of the pXyl insert gene (Table 2), for the
template concentration study. The number of transformants increased with increasing template
concentration (40, 101 and 134 cfu at 0.07, 0.7 and 7 ng total template, repectively) but recombination
efficiencies varied from a maximum of 80% at 0.7 ng to 40% at 0.07 ng and 30% at 7 ng total template.

The subsequent RSM-CCD experiment was to be designed to encompass this same range of template

concentrations.
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Figure 16 | Effect of PCR template concentration on recombination efficiency and number of
transformants. Recombination efficiency (orange columns), as determined by sequencing of 10 transformants
at each template concentration, and colony forming units (blue dots) as a function of the final amount of template

used in the PCR reactions.

Agarose gel analysis of digested and non-digested plasmids isolated from 10 transformants
(Figure 17) at each template concentration indicated a higher occurrence of truncation events with very
low template concentrations. 5 truncated fragments were observed when using the lowest template
concentration, one truncated fragment with each of the two other template concentrations investigated

and one plasmid of larger size with 0.7 ng total template for PCR.
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Figure 17 | Molecular weight analysis of pET22b-pXyl mutants. (A) Extracted pET22b-pXyl constructs
from triple mutant population at 7 ng total template. Constructs were digested with restriction enzymes Ndd and
Xhdl, producing the vector fragment (5363 bp) and the pXyl insert (1360 bp). (B) Extracted pET22b-pXyl constructs
from triple mutant population at 0.7 ng and 0.07 ng total template. Constructs were not digested. Red line (B)
indicates the vertical position of C+. C+: pET22b-pXyl digested (A) or undigested (B) that serves as positive control;
MWM: Molecular weight marker NZYDNA Ladder IlI; * - correct assembly of pXyl gene confirmed by sequencing;
** _truncation or complete absence of pXyl gene confirmed by sequencing. The remaining plasmid isolates of the

original 10 selected transformants were confirmed to be non-truncated and are not shown here.

Table 2 shows the complete results for the analysis of the sequences determined with the T7
promoter and terminator primers for each of the 10 selected transformants. This confirmed the restriction
digestion-agarose gel identification of truncated fragments and indicated these truncations to be
principally found at the 6xHis-tag related to repetitive sequences promoting deletions (Figure 18).
Truncation removed much more frequently the T7 promoter than the T7 terminator and thereby lower

the sequencing success by the T7 promoter primer.

Table 2 | Analysis of insert sequences. Sequencing of 10 transformants for each template amount used.
Number of triple mutants, wild-types, truncations, increased plasmid size and double mutants are shown. Sample

with increased size was also a triple mutant.

Total template Double
Triple mutants Wild-type Truncated Increased size

(ng) mutants

0.07 4 1 5 0 0

0.7 8 1 1 1 0

7 3 5 1 0 1
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Figure 18 | pET22b-pXyl truncations. pET22b-pXyl is represented with its main features on the bottom. The pXyl gene is inserted between the Xfid and Ndel restriction
sites. Primers used to either amplify fragments (only those for F1, F2 and F3 are shown) or to sequence (T7 terminator, T7 promoter) are displayed in pink. Sequenced constructs
of Y43E, Y315R, T403R pXyl mutants containing pXyl truncations are aligned with the construct (long red arrows). Missing sequence within the aligned sequences are displayed

in white. Short red arrows (left side) indicate aligned sequences where truncation occurred at a mutagenic primer annealing location. Samples are ordered from top to bottom:

1, 19, 24, 25, 27, 30 (sequenced via T7 terminator) and 30 (sequenced via T7 promoter). Sequencing of sample 26 gave no data.
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4.1.3 False Positives: Dpnl Digestion

It can be seen from Table 2 that higher PCR template concentrations led to a higher number of
non-mutated wild-type sequences; 7 ng template resulted in 5 (50%) wild-type sequences whereas only
one was observed for each of the other concentrations examined. Such observations are somewhat
unexpected as the Dprl digestion step was incorporated to remove all wild-type template. Indeed, the
negative control (titled OP NP in Table 3), wherein a PCR reaction mix without primers is directly treated
with Opnl and transformed as for the mutagenesis protocol, resulted in no transformants (see Table 3).
Multiple repetitions of this negative control with 7 ng template always gave zero transformants. Shorter
incubation times (down to 1 hour) or increased template concentrations (up to 10-times the amount used)
gave non to very little (maximum of 6 cfu for 10-times the normal template amount) transformants,
thereby confirming the efficacity of the Dprl digestion step in removing template under the conditions
used: 0.18 U/uL Dpnl final concentration in final volume of 5.5 L, incubated for 4 hours at 37 °C. A
second negative control was therefore designed wherein the PCR reaction mix without primers was
subjected to PCR thermal cycling. As expected, no bands were visible on agarose gel following PCR (see
Figure 15B, OP P), but, interestingly, transformants were obtained and the number of transformants
increased with increasing template concentration (Table 3). To investigate this further, we repeated the
PCR thermal cycling using a reaction mix without any polymerase and here again no transformants were
produced, indicating that it is the activity of the polymerase during the PCR thermal cycling, and not the
high temperatures or any other component, that apparently interferes with the subsequent Dprl digestion

step.

4.1.4 DNA Polymerase

To investigate whether the perseverance of false positive wild-type sequences was polymerase
specific we repeated the control experiment with thermal cycling (OP P) with a number of different DNA
polymerases: Phusion, Xpert HighFidelity and NZYProof. Duplicate experiments resulted in transformants
with both Phusion (6 and 7 cfu) and Xpert HighFidelity (25 and 54 cfu), both of which are differentiated
by the presence of an additional DNA binding clamp domain, whereas no colonies were observed with
the remaining polymerase tested. For this reason, NZYProof DNA polymerase was to be used in
subsequent mutagenesis experiments with the objective of eliminating background wild-type sequences

in transformants.
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Table 3 | Transformation associated recombination results of Y43E, Y315R, T403R mutants.
Number of cfu are displayed in accordance to the amount of template used in PCR reaction and number of
fragments used for the recombination events in competent NZYSa £. colicells. In all cases, three fragments must
recombine to produce a circular DNA product with pXyl Y4A3E, Y315R, T403R point mutations. O fragment samples

were transformed with PCR reaction mixtures lacking primers, with or without passing through a thermocycler.

Transformation results (cfu)
Total template (ng) 0.07 0.7 7
3 Fragments F1F2F3 40 101 134
2 Fragments F2 F3 13 17 234
F2 2 5 7
1 Fragment
F3 18 30 57
PCR (OP P) 0 12 57
0 Fragments
No PCR (OP NP) 0 0 0

In addition to the controls described above, controls in which only 1 or 2 fragments were
transformed were also carried out. Interestingly, relatively high numbers of transformants were observed
in all cases, with the number being influenced by the template concentration but also by the presence of
the large fragment containing the ampicillin selection marker (fragment F3) (Table 3). Such results
indicate the potential for partial plasmid assembly, influenced by the presence of wild-type sequence, in

leading to false postive transformants.

These method development experiments described above allowed for the obtention of a number
of single (Y43E; Y315R; T403R) double (Y43E-T403R) and triple (Y43E-Y315R-T403R) pXyl mutants

which will be of use for the structure-function studies of this protein.

4.1.5 Transformation Volume

The effect of transformation volume on the transformation efficiency of the NZY5a cells was also
investigated and indicated that lower volumes enabled highest efficiency (Figure 19). A significantly higher
transformation efficiency (=5-fold) was observed with 1 uL volume but we chose 5.5 uL for our

subsequent RSM-CCD experiments so as to overcome pipetting errors associated with very low volumes.
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Figure 19 | Transformation efficiency of varying volumes. Transformation of competent NZY5a cells with

1 uL, 5L, 10 yL and 15 L, containing always 0.01 ng of pUC18.

4.1.6 Fragment Ratio

In all types of cloning experiments, it is known that the relative fragment concentrations have a
major influence on cloning efficiency and that most typically higher amounts of the smaller insert fragment
are required as compared to the larger vector fragment (Oldenburg et al., 1997). Typically, ratios of large
fragment to small fragment range from 1:1 and 1:10 and therefore this range was to be investigated in

our RSM-CCD optimisation study (Jacobus and Gross, 2015; Kostylev et al., 2015).

4.1.7 Primer Size

A meta-study of already existing recombination protocols identified homology length, as defined
in our protocol by the primer length, as an important factor in recombination efficiency. RecA-independent
cloning has been reported to be effective with homologies at =50 bp to as low as 17 bp (Bubeck et al.,
1993; Kostylev et al., 2015). Thus, in the present study a primer range from 18 to 52 bp was chosen,

the latter being near the size limit for simplified, reduced cost primer design.
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4.2 NZYProof DNA Polymerase

As described above, the DNA polymerase NZYProof was chosen for subsequent studies and was
initially used to investigate a second set of primers so as to demonstrate that mutation site specificity was
absent with the mutagenesis protocol. Previous bioinformatics studies had indicated the following triple
mutations as potentially enabling an enhanced pXyl solubility: Y194S, A272S, Y378S. PCR was carried
out with NZYProof and the designed primers (see Annex Il and V), with a total template amount of 0.7
and 7 ng and enabled successful amplification of the three fragment at the correct sizes: F4 (Y194S.Fwd
& A272S.Rev; 258 bp), F5 (A272S.Fwd & Y378S.Rev; 350 bp) and F6 (Y378S.Fwd & Y194S.Rev; 6195
bp) (Figure 20A). Dprl treatment and transformation of competent NZY5a cells yielded 279 transformants
with 7 ng template and 9 with 0.7 ng template. Only three plasmids were extracted at each template
concentration investigated and agarose gel analysis indicated one of these to be truncated (0.7 ng

template) (Figure 20B).

A

6195 bp

350 bp.
258 bp|

Figure 20 | Amplification of fragments F4, F5 and F6. (A) PCR products of fragments F4 (258 bp), F5
(350 bp) and F6 (6195 bp, selection marker present), harbouring point mutations Y194S & A272S, A272S &
Y378S and Y378S & Y194S, respectively. (B) Undigested pET22b-pXyl constructs at 7 ng and 0.7 ng total template.
C+: undigested pET22b-pXyl; MWM: Molecular weight marker NZYDNA Ladder IIl; * - correct assembly of pXyl gene

confirmed by sequencing; **- truncation or complete absence of pXyl gene confirmed by sequencing.

Sequencing of inserts implied the total absence of wild-type sequence and thereby further
indicated the suitability of NZYProof for eliminating wild-type background false positives. Nevertheless,
with the higher template concentration, no triple mutant (among the 3 sequenced) was identified and one

single mutant (Y194S) and two double mutants (Y194S-Y378S) were observed. With 0.7 ng template,
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two triple mutants were indeed identified (67% recombination efficiency) but the remaining plasmid was
truncated in the pXyl gene. Thereafter, the NZYProof polymerase was investigated for use in the RSM-
CCD experiment and while it exceled in eliminating wild-type templates, limitations were observed with
the amplification of large fragments, fragment F6 in this case. Variable amounts of a smeared high
molecular weight DNA material often appeared and negatively influenced the band intensity of fragment
F6 (Figure 21). Various experiments under various conditions were carried out to try and overcome this.
Initially, it was believed that this smearing was the result of contamination problems but after numerous
experiments systematically replacing all reaction components and also comparing to the use of Phusion
polymerase, this possibility was excluded. Thereafter, optimisation studies, including PCR thermal cycling
optimisation, template concentration optimisation, were investigated but variable smearing with effects
on F6 intensity continued to be observed. Hence it was concluded that this polymerase was not optimal
to amplify fragment F6 under the conditions desired for the RSM-CCD experiment. Phusion DNA
polymerase was therefore chosen for all future studies. While being aware of the problems with false
positive wild-type sequences with this polymerase, it was believed that process optimisation by RSM-CCD

would allow for identification of those conditions in which such false positives were absent.

6195 bp

350 bp

258 bp

Figure 21 | High molecular DNA entities produced by NZYProof. PCR products of fragments F4 (258
bp), F5 (350 bp) and F6 (6195 bp) produced with NZYProof. Fragments F4 and F5 were amplified using an
extension time of 45 seconds and showed no signs of high molecular entities. Fragment F6 was amplified using
an extension time of 7 minutes and shows varying band intensities in function of the presence of high molecular

entities. MWM: Molecular weight marker NZYDNA Ladder Ill.
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4.3 RSM-CCD for Protocol Optimisation

RSM with a CCD was used to optimise the multi-site-directed mutagenesis protocol so as to
identify those conditions maximising the proportion of correctly mutated sequences in the transformants
obtained. RSM-CCD analysis consists of 5 principal steps: 1) definition of output response and input
factors (process variables); 2) experiment design and evaluation of design; 3) run experiment (measure

output response for each run); 4) fit, diagnose and interpret model; and 5) confirm model.

4.3.1 Output Response and Input Factors

As described above, initial experiments identified the total amount of template as a key factor
governing recombination efficiency of the multi-site-directed protocol while a meta-study of already existing
recombination protocols identified homology length and vector to insert ratio as further important factors.
Therefore, these three process factors (template amount, homology length and vector to insert ratio) were

selected as input factors, and recombination efficiency was selected as the output response.

4.3.2 Experiment Design and Analysis

The software Design Expert (v7.0.0) was used in conjunction with the results of the method

development studies described above for experimental design with the CCD matrix shown in Table 4.

Table 4 | Central composite design matrix. Variables, units and values of - a, -1, 0, +1 and a used to design

the experiment. n € {1, 2, 5, 8, 10}.

Variable Units -a -1 0 +1 +a
A Template ng 0.1 0.6 3.4 6.2 8.1
B Homology nt 18 25 35 45 52
C Ratio Linin 1:1:1 1:2:2 1:5:5 1:8:8 1:10:10
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The final designed experiment consisted of 26 experimental runs, including 6 replicates of one
condition (the center points) and 2 replicates for 6 conditions (axial points) to determine experimental
error (Table 5 and Table 6). Evaluation of the designed experiment indicated an appropriate degree of
freedom for lack of fit (11), while pure error was slightly below optimal (3 instead of 4). Standard errors
were equal or below 0.35 and were similar (within 0.06 of range) within types of coefficient (see Table
5). Variance inflation factor remained near the ideal value (1.00), ensuring that lack of orthogonality does
not have a significant impact on the variance of the model. Ri-squared means were also close to the ideal
value (0.0) indicating lack of correlation between terms and therefore higher chances for producing an

adequate model.

Table 5 | Evaluation of the designed experiment. Standard errors (StdErr), variance inflation factor (VIF)

and Ri-squared are shown for each variable/term.

Term StdErr VIF Ri-squared
A 0.26 1.13 0.1116
B 0.23 1.00 0.0000
C 0.25 1.06 0.0572
AB 0.35 1.00 0.0000
AC 0.35 1.00 0.0000
BC 0.35 1.00 0.0000
A? 0.27 1.24 0.1939
B2 0.21 1.13 0.1164
c? 0.25 1.18 0.1514

4.3.3 Experiment Run

All 26 experimental runs were then carried out according to the experimental conditions dictated
by each run (as defined in Table 6 for primer length, total template amount, and large fragment to small
fragment ratio). For PCR, Phusion polymerase was used with optimisation of both the annealing
temperature via a 2 °C temperature gradient and the primer concentration for each PCR for each of the
three fragments (see Figure 22 for examples). To achieve the fragment volume ratios defined by each

run, fragment mixtures containing 0.5 pL of the large fragment (F6) and the respective volume of the
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small fragments (F4 and F5) was used in a final volume of 10.5 L, e.g. for a ratio of 1:5:5, 0.5 yL F6 +
2.5 uL F4 + 2.5 pL F5 was used with 5 uL PCR reaction mix without primer (OP NP). For Dprl digestion,
6.3 UL of the fragment mix and 1.4 pL of Dprl (1 U/uL) were incubated for 4 hours at 37 °C. 5.5 pL of
this mix was then used to transform 95 uL of competent £. coli NZY5a before plating to ampicillin
containing medium for selection and propagation. 10 transformants from each of the 26 runs were then

randomly selected and the pXyl sequence inserts of the isolated plasmids sequenced.

5363 bp

MwWM F4_35 F5_35 F6_35 MWM
1360 bp
01 34 81 01 34 81 01 34 81

Figure 22 | Template preparation, F4, F5 and F6 fragment amplification and optimization with
Phusion. (A) Digested pET22b-pXyl templates to confirm correct construct (vector: 5363 bp; insert: 1360 bp). (B)
Optimization of annealing temperature for fragment F5_18 (=258 bp, fragment 5, 18 nt primers). (C) Amplification
of F4_35 (=258 bp), F5_35 (=350 bp) and F6_35 (=6195 bp) with different template quantities. (D) Optimization
of primer concentration for fragment F6_52 (26195 bp) amplification. MWM: molecular weight marker NZYDNA

Ladder lIl; C-: negative control, no template.
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Table 6 | Results corresponding to the RSM-CCD experiment. Colony and sequencing results of
transformations related to the RSM-CCD. Number of identified positives (Y194S-A272S-Y378S), wild-types (WT),
pET22b-pXyl truncations (truncated), single (Y194S; A272S; Y378S) and double (Y194S-A272S; Y194S-Y378S;
A272S-Y378S) mutants are displayed. Conditions are ordered with increasing homology, template and ratio,

respectively. Competence of NZY5a cells was 107 unless otherwise stated.

Conditions Negatives
to;?r;?]l']ojz;[e: cfu | Positives WT | truncated S Y194S- ?;;l:;l-e A272S-

vector to insert ratio Y1945 A272S Y3785 | \,05s v3783  Y378S
18;3.4; 1:5 94 0 0 0 2 0 1 0 7 0
18;3.4;1:5* 476 1 1 0 2 1 1 0 4 0
25;0.6; 1:2 12 4 1 3 0 0 1 0 1 0
25;0.6; 1:8 28 5 0 1 0 0 2 0 2 0
25:6.2; 1:2 124 1 0 0 2 1 2 0 4 0
25:6.2; 1:8 102 1 2 0 1 0 2 0 4 0
35;0.1; 1:5 43 9 0 1 0 0 0 0 0 0
35;0.1;1:5* 250 7 0 3 0 0 0 0 0 0
35;3.4; 1:1 66 1 6 0 0 0 3 0 0 0
35;3.4;1:1* 118 6 0 1 0 0 0 0 3 0
35;3.4;1:5 23 10 0 1 1 0 1 0 0 0
35;3.4; 1.5 12 4 0 1 3 0 1 0 1 0
35;3.4;1:5 9 4 0 2 2 0 0 0 1 0
35;3.4;1:5 44 10 0 2 1 0 0 0 0 0
35;3.4;1:5 50 6 1 2 0 0 0 0 1 0
35;3.4;1:5 20 6 1 3 0 0 0 0 0 0
35;3.4; 1:10 26 9 0 1 0 0 0 0 0 0
35;3.4;1:10 * 311 7 1 1 0 0 1 0 0 0
35;8.1; 1:5 30 5 2 3 0 0 0 0 0 0
35;81;1:5* 120 5 1 0 1 0 1 0 2 0
45:0.6; 1:2 61 5 0 4 0 0 0 0 1 0
45:0.6; 1:8 80 7 0 3 0 0 0 0 0 0
45:6.2; 1:2 36 5 0 1 0 0 0 2 2 0
45:6.2; 1:8 33 5 0 1 2 0 1 0 1 0
52;0.1; 1:10 *, ** 187 10 0 0 0 0 0 0 0 0
52;0.1; 1:10 *, ** 210 10 0 0 0 0 0 0 0 0
52;0.1; 1:10 *, ** 157 9 0 1 0 0 0 0 0 0
52;3.4;1:5 18 9 0 1 0 0 0 0 0 0
52;3.4;1:5* 308 5 2 1 1 0 0 0 1 0

18 2 17 2 35 0

Total - | s [18] 37
37 37

* - Competence of NZYa cells 108

** _ Optimal conditions suggested by the quadratic model
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4.3.4 Model Fit, Diagnose and Interpretation

The 260 sequencing results (see Table 6) were integrated into the surface response model to
evaluate different models. A confidence level of 95% was used for all statistical analysis and the linear
model was determined as the most significant with a p value of 0.0013. The data was also compatible
with a quadratic model (Figure 23) which showed a p value of 0.0148. For both models, lack of fit was
not significant. Although the linear model has a lower p value, the model which best explains the variation
encountered in the results is the quadratic model, which has an adjusted R? of 0.5109 versus the 0.4676

of the linear model (Table 7).

Table 7 | Model summary statistics for recombination efficiency. Standard deviation, R?, adjusted R?,

predicted R? and p values are listed for their respective models.

Adjusted Predicted R- Lack of
Model Std. Dev. R-Squared p value
R-Squared Squared Fit
Linear 19.58 0.5371 0.4676 0.2303 0.0013 0.6713
2FI 20.62 0.5635 0.4094 0.0624 0.0162 0.6145
Quadratic 18.76 0.7023 0.5109 -0.0319 0.0148 0.7080
Cubic 21.42 0.7783 0.3626 - 0.1866 0.5320

The input variables (total template, homology, vector to insert ratio) were statistically analysed
with the parametric ANOVA test and all variables are predicted to have a significant impact on
recombination efficiency (A, B, C, Figure 23A) while interactions between factors are not (AB, AC, BC).
Furthermore, B? (Figure 23A) is significant, which indicates that optimisation through this process

variable (homology size/primer size) has been exhausted.

Sequence analysis showed in accordance to previous results a slightly higher tendency to produce
truncated pXyl variants at lower template concentrations (Table 6). Interestingly, the single mutant A272S
was only encountered twice in a total of 37 sequenced single mutants. Moreover, Y194S and Y378S
single mutants were equally represented, with 18 and 17, respectively. For double mutants, similar results
were found. Y194S-Y378S mutations represent roughly 95% of all sequenced double mutants. Mutants

containing Y194S and A272S were only identified twice, while A272S-Y378S mutants were never found
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in a total of 37 sequenced double mutants. It is worth noting that mutants classified as single or double

mutants do not contain truncations but rather wild-type sequence between the mutations.

4.3.5 Model Confirmation

Optimal conditions determined by setting ranges for terms A, B and C between 0.1 - 8.1 ng, 18
-b2ntand 1:1:1 - 1:10:10, respectively, enabling maximum recombination efficiency were calculated
with this quadratic model as using a primer size of 52 bp, 0.1 ng template and a PCR volume ratio of
vector to inserts 1:10:10 (Figure 23B and C). To confirm this, the multi-site-directed mutagenesis
experiment was repeated in triplicate with these conditions; 29 plasmids of the 30 sequenced contained
all three desired mutations, indicating a recombination efficiency of 97% (Table 6). Estimated efficiency
by the model was 82%, showing a 15% difference, probably due to its relatively poor predicted R-squared
value (Table 7). When data from optimal conditions were introduced to complete the model, adjusted R-
squared and predicted R-squared rose to 0.6470 and 0.3478, respectively. Recombination efficiency for

optimal conditions estimated by the complete model (95%) was in good agreement with observed results.
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23 | Surface response model for recombination efficiency.

Figure

(C) Quadratic surface response model shown at a total template amount of 0.1 ng. Blue indicates

response model shown at a large fragment to small fragments ratio of 1:10:10.

low recombination efficiency. Red indicates high recombination efficiency.

The final quadratic equation applied was

75AC + 1.25BC + 1.14A? — 9.27B% — 3.17C*

-3

92B + 10.33C + 6.254AB

59.01 —10.924 + 16

y=
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5. Discussion

Site-directed mutagenesis is a powerful tool in protein engineering used to make specific
alterations to a specific gene and gene product. A number of protocols exist for both single-site-directed
mutagenesis and multi-site-directed mutagenesis but are characterised by multiple steps and high costs.
E. coli is a well-established biological model used worldwide with well characterised processes that
partake in recombination. Amplified, suitably designed, mutagenic fragments can be assembled into a
functional plasmid by these processes and hence this host offers a potential for simplifying and reducing

the costs of mutagenesis protocols. The present study was focused on the optimisation of such a protocol.

5.1 Possible Epigenetic Interference by DNA Polymerases

An initial interesting observation of the present study was the high number of wild-type unmutated
sequences that were identified in the final transformants, even after Dpnl digestion, when Phusion DNA
polymerase was used. Phusion is a recombinant protein that combines the family B DNA polymerase
from Pyrococcus furiosus with the proliferating cell nuclear antigen (PCNA) homolog from Su/folobus
solfataricus (Wang, 2000). PCNA homologs are non-specific dsDNA binding proteins that act as sliding
clamps and mediate metabolic processes involved in DNA replication and/or DNA repair by interacting
with polymerases and/or nucleases (Burkhart et al., 2017; Cann et al., 1999; Kong et al., 1992). The
sliding clamp is crucial for high processivity during DNA replication (Stukenberg et al., 1991; Wang et al.,
2004). Indeed, the Sso-7d PCNA homolog confers Phusion with its high processivity while the Az DNA
polymerase mediates thermostable DNA replication in a high-fidelity matter (Choli et al., 1988; Cline,
1996; Greagg et al., 1999; Wang et al., 2004). Phusion’s high processivity and high-fidelity makes it
attractive for site-directed mutagenesis and PCRs where the amplification of large fragments is necessary.
In the present study, Phusion was employed with mutagenic primers to produce mutated amplicons of
up to 6.2 kb long which were then treated with Dpril to digest the methylated GATC sequences of template
DNA isolated from dam+ £. coli strains and thereby remove the template. Our results indicate that
Phusion activity interfered with this Dprl activity, enabling the persistence of template DNA and suggesting
that Phusion could manipulate epigenetic marks, specifically adenosine methylations within GATC specific
sequences. Investigation of several high-fidelity DNA polymerases (Phusion, Xpert HighFidelity, NZYProof)
showed that Xpert HighFidelity also enabled template persistence. Interestingly, this DNA polymerase also
contains a clamping domain which is fused to an Archaean DNA polymerase to combine high-fidelity and

increased processivity. On the other hand, the NZYProof DNA does not contain such a clamping domain.
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PCNA are known to mediate epigenetic inheritance by interacting with methyltransferases and other
involved proteins (Chuang et al., 1997; Dionne and Bell, 2005; Moggs et al., 2000; Zhang et al., 2000b).
Interaction between epigenetic marks and PCNA are not however described in the literature. An alternative
explanation, though less likely, would be that both Phusion and Xpert HighFidelity remain tightly bound
to DNA and impede Dpnl activity by physically obstructing the GATC sites. Sliding clamps show high
affinity towards dsDNA and could therefore anchor the polymerase to the specific sites (Baumann et al.,
1994). Further studies investigating possible epigenetic interference of specific polymerases or attached

domains are called for.

5.2 Microhomology-Mediated Recombination and Fragment Bias

A second observation from our initial method development studies was the presence of constructs
containing pET22b-pXyl truncations in which pXyl was frequently completely removed from constructs
(Figure 18). Interestingly, these truncations were most frequent when low template concentrations were
used (0.07 ng template) and indeed in our later RSM-CCD study truncation frequency was found to be
slightly more frequent with decreasing template concentrations. Sequence analysis of adjacent truncation
sites revealed the presence of microhomologies of between 5 and 8 nucleotides. Frequently, truncations
occurred at the 6xHis-tag site (Figure 18), suggesting that repetitive sequences could interfere with the
efficiency of this protocol. Also, investigation of a sample with an increase in molecular weight (Figure 17,
Sample 17) revealed an insertion of 291 nt between Y266 and 1267. The inserted sequence was identified
as part of the fragment 5 PCR product. Similar to truncation events, this insertion was also most likely
caused by a microhomology of 10 nt. The idea that both truncations and insertions are performed by
microhomologies is further supported by the recent proposed mechanism of alternative end-joining
(Chayot et al., 2010). Evidence in the past had hinted to a DSB repair mechanism that promotes end-
joining in the absence of large homologous regions (Albertini et al., 1982; Meddows et al., 2005). On the
other hand, alternative end-joining could promote large deletions through resection by RecBCD and
possibly other nucleases which would continue until microhomologies were encountered by ligase A and
thereby facilitate microhomology-mediated recombination as seen in the present study (Chayot et al.,

2010).

During the studies, a number of single and double mutants were observed with a bias towards
mutations involving the large, selection marker containing fragment, i.e. F3 and F6. Single mutants are

most likely the result of linear amplification wherein £. coli cells are transformed with the linear
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amplification product of any given primer. Such linear amplifications produce relatively low levels of
amplicons containing the whole vector information with only one mutation (Figure 24A). Following Dpr
treatment the linear amplified product containing the single mutation is then transformed into £. colicells
along with the predominant PCR product (double mutant fragment). Since most template is removed by
the digestion step, the linear amplification product is in a ssDNA form. £. coli synthesises the
complementary strand to this and repairs nicks to produce circular dsDNA with a single mutation as
observed in our study. In the case of the production of double mutants, it is believed that this can arise
through recombination of predominant PCR products (Figure 24B) with either wild-type plasmids or single

mutation plasmids.

Data analysis of mutants from the RSM-CCD study showed that A272S single mutants were
strongly underrepresented when compared to Y194S and Y378S single mutants (Table 6). An equal
distribution of single mutants would be expected since linear amplification products are produced in
similar quantities during PCR. Interestingly, this pattern continued in double mutants, with Y194S-A272S
double mutants only identified two times and A272S-Y378S double mutants not being identified once
(Table 6). In contrast, the majority of double mutants were Y194S-Y378S, with 35 hits. The cause for this
bias towards specific mutants is unclear but is probably related to the large size and possibly also

presence of the selection marker gene of the fragment involved in the production of these mutants.
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Figure 24 | Mechanism of production of single and double mutants. Amplification of fragments using circular DNA template and primer setup previously stated. (A)
First PCR cycle produces circular nicked amplicons with only one mutation. Amplification of this PCR product is linear since this product is only produced when primers (blue
curved arrows) anneal to the template. (B) PCR product of the first PCR cycle serves as template for future cycles to produce the desired fragment, containing two mutations.
PCR fragments are also used in subsequent PCR cycles as templates to produce desired fragments, leading to exponential amplification. Bold lines indicate wild-type constructs;

Blue lines indicate PCR products; Red crosses indicate mutations.
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5.3 Identification of Crucial Factors for Mutagenesis Efficiency

Initial experiments identified the amount of total template as a key factor governing mutagenesis
efficiency. To identify additional crucial factors a meta-analysis of conditions used in both PCR and
recombination was conducted. |dentified factors were: (1) number of PCR cycles; (2) total template
amount used in PCR; (3) strategies to remove wild-type template; (4) minimal fragment size required for
recombination; (4) length of homologous regions; (5) maximum number of fragments assembled; and
(6) vector to insert ratio. Based on these parameters, three factors, believed to be crucial for efficient
recombination, were selected for use in our RSM-CCD study: template concentration, size of homologous
region (i.e. primer size), and fragment ratio. The number of PCR cycles was discarded as an input factor
since different template amounts would roughly regulate the amount of PCR product produced. Dpril
digestion is the most popular approach used for removing template, its digestion site (G™ATC) occurs
at a relatively high frequency (=1 per 256 bp in DNA of random sequence), and template methylation is
simply achieved by propagation in dam+ £. coli strains (Garcia-Nafria et al., 2016; Jacobus and Gross,
2015; Kostylev et al., 2015; Liu and Naismith, 2008). Hence Dpnl digestion was employed in our study.
Minimum fragment size and in particular maximum number of fragments do appear to be important in
recombination but study of these was believed to be outside the practical limits of the present study
(Mitchell et al., 2013; Taniguchi et al., 2013). Length of the homologous regions and vector to insert ratio
had already been identified as crucial factors and optimal conditions for both these factors in vector
recombination have been described through the “one factor at a time” methodology (Jacobus and Gross,
2015; Kostylev et al., 2015; Lovett et al., 2002; Watt et al., 1985). It was shown that recombination
efficiency tends to improve with increasing homology regions, with 30 to 50 nt generally being used.
Meanwhile, vector to insert ratio improves greatly until a ratio of 1:10, while up to 1:20 improvements
are subtle (Jacobus and Gross, 2015; Kostylev et al., 2015). These observations however did not consider

any interaction between the factors, which may or may not lead to different effects.

We sought to investigate whether interactions between template amount, size of the homologous
regions and vector to insert ratios occurs while simultaneously producing a model that would aid in
maximising mutagenesis efficiency with the multi-site-directed mutagenesis protocol conditions used. This
was carried out using surface response methodology which was employed in combination with a CCD to
design experimental conditions. Three significant models were obtained with this framework, the most
significant being a linear model (Table 7). Nevertheless, despite the linear model being more significant,
the quadratic model was preferred for data analysis and investigation of optimal conditions due to a higher

R? and adjusted R%. R? indicates the accuracy of the model based on the determined points, whereas
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the adjusted R? indicates how much variation within the experiment is explained by the model. Predicted
R? was lower than in the linear model however, meaning that prediction via this model is slightly less
accurate than by the linear model. The two-factor interaction (2F1) model scored worse in almost every
aspect comparative to linear and quadratic models and was therefore not adopted. The use of the cubic
model was strongly discouraged since aliasing was detected. The significance of numeric factors was
examined by ANOVA with a confidence level of 95% and determined in all cases as significant (Figure
23A). Interactions between factors (AB, AC, BC) were not detected. Use of the model identified optimal
mutagenesis conditions with the protocol as being 0.1 ng template, a fragment ratio of 1:10:10 and
between 40 and 50 base homologies. Triplicate investigations with these conditions demonstrated a 97%
efficiency in introducing all three desired mutations. This being similar to the predicted efficiency of 95%
by the complete model and thereby inferring the suitability of the model for estimating mutagenesis

efficiency for any combination of conditions within the design space.

5.4 recAl E. coli Strains as Hosts for Recombination /n Vivo

Recombination in £. coliis primarily performed by the single-strand binding protein RecA (Shibata
etal., 1979b). It promotes the formation of recombinogenic DNA, induces strand invasion and completes
recombination by exchanging strands (Dunderdale et al., 1991; Kowalczykowski et al., 1987; Shibata et
al., 1979b). The mechanisms by which RecA is loaded onto DNA is well characterised. Here, two main
pathways exist which are thought to have different roles. The RecBCD pathway employs the RecBCD
helicase-nuclease complex to convert dsDNA into a recombination suitable substrate (ssDNA-RecA)
(Amundsen et al., 1986; Churchill and Kowalczykowski, 2000; Singleton et al., 2004; Smith, 1991). The
RecFOR pathway, composed of RecF, RecO and RecR, is believed to have evolved to repair DNA lesions
unsuitable for RecBCD, such as ssDNA gaps (Churchill and Kowalczykowski, 2000; Morimatsu and
Kowalczykowski, 2014; Smith, 1991; Tseng et al., 1994). £. coli cloning hosts (e.g. XL1-Blue, DH5«,
NZY5a) generally contain the recAl genotype, which renders the RecA protein inactive and improves
plasmid stability. Loss of function resides in the substitution of glycine 160 by an aspartic acid residue
where RecAl is no longer able to interact competitively with ssDNA against SSBs and as a result, recA

mutants show significant recombination deficiency (Bryant, 1988; Kowalczykowski and Krupp, 1987).

Despite the occurrence of a recAl genotype, £. coli cloning strains have been found to still be
capable of performing significant recombination. In fact, our results indicate that given proper optimised

conditions £. coliis remarkably efficient in assembling three fragments. Indeed, recombination in recAl
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E. coli strains has been reported for some time but appears to have been little heeded by the scientific
community (Bubeck et al., 1993; Garcia-Nafria et al., 2016; Jacobus and Gross, 2015; Kostylev et al.,
2015). The type of recombination involved is believed to be different from the phage-induced RecA-
independent recombination (Dutra et al., 2007; Swingle et al., 2010). The RecET phage system is only
functional in recBC sbcA or recBC sbcBC mutants, and in recAl or ArecAthis phage system is supressed
(Fishel et al., 1981; Kushner et al., 1974). The Red system is not naturally present in cloning strains and
no other phage system that performs recombination is known to inhabit £. co/i. Therefore, a different
endogenous mechanism is thought to exist which is capable of performing recombination at moderate
frequencies (Dutra et al., 2007; Lovett et al., 2002; Ozgenc et al., 2005). £. colis RecA-dependent
recombination requires large homologies (=150 bp) while RecA-independent recombination, requires
smaller homologies, reaching near maximum efficiency at =50 bp as shown in our study. Recombinant
frequencies for two fragment assemblies with RecA-independent recombination varies between 1028 and
1077 per viable cell, far lower than RecA-dependent recombination rates of 10~®and 10™* per viable
cell (Lovett et al., 2002). Interestingly, deleting the ruvC gene, a gene encoding a recombinase that
resolves Holliday junctions (resolvase), has been shown to stimulate RecA-independent recombination
(Dunderdale et al., 1991; Lovett et al., 2002). The reason behind it is unknown but it is speculated that
RuvC cleaves critical intermediates required for more efficient RecA-independent recombination (Lovett
et al., 2002). In another report, the efficiency of RecA-independent recombination was found to be
competitive with that of RecA-dependent recombination by deleting single-strand exonucleases, such as
RecJ and SbcB (Dutra et al., 2007). Indeed, mutating several single-strand exonucleases and recA
increases the recombination rate 10-fold and cross-over recombination can by the same means be
increased up to 65-fold. The most dramatic increases however were found in gene conversion
recombination, where deleting rec/ and sbcB exonucleases led to a 1000-fold increase. Interestingly,
mutating only one given exonuclease produces comparable rates of gene conversion events compared to
wild-type, hence suggesting exonuclease redundancy in terms of removing substrates for RecA-
independent recombination. The low recombination frequency encountered in many cases seems to be
linked to low single-strand substrates, rather than to an inefficient RecA-independent recombination
system (Dutra et al., 2007). Indeed, the recent RecBFI pathway suggests that protection of ssDNA is
important for DNA repair by recombinatorial means (Buljubas$i¢ et al., 2019). In yeast the absence of the
RecA homolog RADb51, a crucial player in eukaryotic homologous recombination, can still promote
recombination through the ssDNA protective action of RAD52 (Malacaria et al., 2019; Malkova et al.,
1996; Tsukamoto et al., 2003). Taken together, studies imply that RecA-independent recombination
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occurs through its own pathway, rather than in a defective RecA-dependent manner or even by another

unidentified phage system (Dutra et al., 2007; Lovett et al., 2002; Ozgenc et al., 2005).

The presence of RuvC and several exonucleases in common cloning strains (e.g. XL1-Blue,
DH5a, NZY5a) could explain the requirement of £. coli cells with high competence (minimum of 107
cfu/ug) since these proteins might be involved in removing substrates required for RecA-independent
recombination. The current hypothesis implies that RecA-independent recombination is possibly
performed via strand invasion of 3'- or 5-end tailed DNA molecules that displace and anneal to
homologous sequences or alternatively by ssDNA molecules binding to single-strand regions within
replication forks (Bzymek and Lovett, 2001; Dutra et al., 2007). The later hypothesis appears to be more
appropriate in our case. The blunt-ended double-stranded DNA molecules prepared during the PCR
reactions could be processed by the functional RecBCD complex in the NZY5a and XL1-Blue cells. Since
the pET22b-pXyl construct features no Chi sequences, the double-stranded PCR fragments would be
processed into ssDNA. Alternatively, the combined action of RecQ and RecJ could also allow for PCR
products to be processed into ssDNA. In recAwild-type strains, the formation of the RecA filament protects
the 3'-ends of ssDNA against exonucleases (Dermi¢ et al., 2017). In the case of NZY5a and XL1-Blue,
the RecAl mutant is unable to bind to ssDNA and thus, cannot prevent its degradation from exonucleases
such as RecJ and SbcB. As a result, substrates required for RecA-independent recombination might be
present in only low amounts and hence reduces the recombination efficiency, requiring highly competent
cells for obtention of only low numbers of colonies, albeit in sufficient number for mutagenesis purposes

(Jacobus and Gross, 2015; Kostylev et al., 2015).

5.5 Protocol Mutagenesis Efficiency

Efficient site-directed mutagenesis protocols are crucial to the scientific community so that more
resources can be allocated to the research of protein function and structure and to protein engineering
for enhancing protein properties. Several commercial kits exist to simplify the process but require
considerable investment for relatively few mutations, especially if large mutant libraries are to be made
(Bauer et al., 1995a, 1995b, 1995c; Hogrefe and Cline, 2001; Liang et al., 2012). These kits come with
their own limitations and some protocols have improved upon them (Liu and Naismith, 2008; Zheng et
al., 2004). Many multi-site-directed mutagenesis protocols seem overcomplicated: requiring multiple PCR
rounds, employing special enzyme cocktails or multiple steps to assemble mutagenised constructs. The

method by which these mutagenic PCR products are assembled into one large DNA entity has since the
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1990s shifted from restriction and ligation cloning to recombination (Bubeck et al., 1993; Jacobus and

Gross, 2015; Jones and Winistorfer, 1991; Kostylev et al., 2015; Zhang et al., 2012).

Using the optimised conditions, a mutagenesis efficiency of 97% was achieved for introduction of
three mutations with our protocol. Commercial kits from Agilent Technologies and Thermo Fisher
Scientific showed lower (>55%) and comparable (*95%) efficiencies, respectively but require additional
steps and costs. S. cerevisae has also been shown to be an efficient host for recombination with
efficiencies of ®100% with three fragments, but this host is characterised by the necessity for expertise in
working with eukaryotic systems, a reduced growth rate and a capacity for performing non-homologous
end-joining which can lead to false positives and thereby requires a more elaborate amplification strategy
to increase recombination efficiency (Kuijpers et al., 2013; Shao et al., 2009). Considering that such high
efficiency multi-site-directed mutagenesis was performed in our study using a standard RecA negative £.
coli cloning host without recombination enhancing systems is remarkable and demonstrates the power
of mathematical and statistical techniques for experimental design and data set analysis for process

optimisation.
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6. Conclusions and Future Perspectives

A multi-site-directed mutagenesis protocol was optimised that is both highly reliable and practical.
The protocol makes use of PCR based introduction of mutations, Dprl digestion and £. col/'s endogenous
recombination machinery to assemble three mutagenic fragments into one functional construct /7 vivo.
The protocol was optimised by employing a response surface methodology along with a central composite
design. Over 300 sequencings were performed to seek optimal conditions given the variables: total
template amount (ng), homology length (nt) and large fragment to small fragments ratio (1:n:n). A
recombination efficiency of 97% was obtained when using 0.1 ng template, 52 base primers and a
fragment ratio of 1:10:10 (0.5 L of large fragment PCR product with 5 uL of each smaller fragment).
Both £. coli NZY5a and XL1-Blue strains were shown to function with the protocol developed and it is
expected that this can be extended to other common cloning strains e.g. DH5a, DH10B, XL10-Gold and
DB3.1. An essential requirement for success of the protocol is the use of highly competent cells with a

competency of at least 107 or 108 cfu/pg.

Current limitations associated with this protocol are the long Dprl digestion time (4 hours), false
positives related to template wild-type and use of Phusion DNA polymerase, and the requirement for high
cell competence to obtain sufficient colonies. Under the optimal process conditions with low template
concentrations (0.1 ng total template), Dpnl digestion could possibly be reduced and should be
investigated. Our investigation of different DNA polymerase hinted at the possibility that the clamping
domains of both Phusion and Xpert HighFidelity could possibly be involved in the persistence of wild-type
template when these polymerases are used. Future experiments should therefore seek to investigate this
further and to better understand the role, if any, of sliding clamps in interfering with DNA methylations
and/or in reducing subsequent Oprl activity. The requirement of highly competent cells is most certainly
related to the recAl genotype that cloning hosts generally have, but also to the existence of many single-
strand exonucleases simultaneously present, that degrade recombination substrates. To reduce the
requirement for high cell competence, expression or silencing of rec and/or sbc genes could possibly be
envisioned. Nevertheless, the high mutagenesis efficiencies attained in the present study and the relative
ease with which cells with competencies of 107 or 108 cfu/ug are prepared, probably negates the need
for this. Additional further studies could involve testing different cloning strains and even expression
strains (e.g. BL21) so as to expand the use of this protocol. Finally, investigating the minimal size of
fragments required for recombination and, more importantly, the maximum number of mutagenic

fragments that can be assembled in an efficient manner should be investigated.
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Annexe | — Map of Construct pET22b-pXyl
Gene sequence of Pseudoalteromonas haloplanktis xylanase (pXyl, European Nucleotide Archive code AJ427921),

including signal peptide and mature sequence, is inserted in the Ndel and Xhal sites of the multiple cloning site
(MCS) of the 5363 bp expression vector pET22b(+) (Novagen). The natural stop codon of pXyl was included and

no tags were added. Construct contains the resistance gene for ampicillin (amp®), an origin of replication (Ori-orp),
lacl repressor gene (/ach), multiple cloning site (MCS) and lac promoter and operator.
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Annexe |l - Map of Cloning Vector pUC18

also shown.

Map of vector pUC18 showing Ndel and BamHI restriction digestion sites used in plasmid digestion. Ampicillin
resistance gene (amp®), origin of replication (Ori), multiple cloning site (MCS) and lac promoter and operator are

‘NdeI (184)

0002/

puC18
2686 bp
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Annexe Ill = Primers

List of all primers used in the study, with specification of primer length, melting temperature (7, calculated via the Thermo Fisher Scientific website
https://www.thermofisher.com/pt/en/home/brands/thermo-scientific/ molecular-biology/ molecular-biology-learning-center/ molecular-biology-resource-library/thermo-
scientific-web-tools/tm-calculator.html), GC content and sequence. All primers were obtained from Eurofins Genomics and target the pET22b-pXyl construct. Mutated nucleotides

are shown in bold.

Name Length (nt) 7m (°C) GC (%) Sequence Name Length (nt) 7m (°C) GC (%) | Sequence

Y43E.Fwd 26 59.6 38 CAA TAT GTT TGG CGA AAA CAA CAC AC Y378S.Rev_25 25 62.1 48 CAT TAT AGT AAC GGG AGT CAC CCG T

Y43E.Rev 26 59.6 38 GTG TGT TGT TTT CGC CAA ACA TAT TG Y194S.Fwd_35 35 67.2 40 AAT CCG CTT TTC ACC TTC CAT TGA TAA CCT AAC AG

Y315R.Fwd 24 57.8 42 GGG CTT TTT AAG TCG TGC AAA AAC Y194S.Rev_35 35 67.2 40 CTG TTA GGT TAT CAA TGG AAG GTG AAA AGC GGA TT

Y315R.Rev 24 57.8 42 GTT TTT GCA CGA CTT AAA AAG CCC A272S.Fwd_35 35 70.0 43 CAT TTT TAA CGG CCA ATC TAA CCC AGG TCA ATG GT

T403R.Fwd 31 51.6 23 GTT TTATAA CAA CCG CTT TAATTAAAATAAC | A272S.Rev_35 35 70.0 43 ACC ATT GAC CTG GGT TAG ATT GGC CGT TAA AAA TG

T403R.Rev 31 51.6 23 GTT ATT TTA ATT AAA GCG GTT GTT ATAAAAC | Y378S.Fwd_35 35 69.6 49 CAA CCA ACG GGT GAC TCC CGT TAC TAT AAT GGT TC

Y194S.Fwd 24 58.5 42 GCT TTT CAC CTT CCA TTG ATA ACC Y378S.Rev_35 35 69.6 49 GAA CCA TTA TAG TAA CGG GAG TCA CCC GTT GGT TG

Y194S.Rev 24 58.5 42 GGT TAT CAA TGG AAG GTG AAA AGC Y194S.Fwd_45 45 71.3 42 CCA AAT AAT CCG CTT TTC ACC TTC CAT TGA TAA CCT AAC AGA CCC
A272S.Fwd 29 65.5 45 CAT TTT TAA CGG CCA ATC TAA CCC AGG TC Y194S.Rev_45 45 715 42 GGG TCT GTT AGG TTA TCA ATG GAA GGT GAA AAG CGG ATT ATT TGG

A272S.Rev 29 65.5 45 GAC CTG GGT TAG ATT GGC CGT TAA AAA TG A272S.Fwd_45 45 73.3 42 GGC TAC ATT TTT AAC GGC CAA TCT AAC CCA GGT CAA TGG TAT GAA
Y378S.Fwd 27 63.2 48 CAA CGG GTG ACT €CC GTT ACT ATA ATG A272S.Rev_45 45 73.3 42 TTC ATA CCATTG ACC TGG GTT AGA TTG GCC GTT AAA AAT GTA GCC
Y378S.Rev 27 63.2 43 CAT TAT AGT AAC GGG AGT CAC CCG TTG Y378S.Fwd_45 45 73.1 47 GTC TTT ATC GCA ACC AAC GGG TGA CTC CCG TTA CTA TAATGG TTC
Y194S.Fwd_18 18 49.3 44 CAC CTT CCATTG ATA ACC Y378S.Rev_45 45 73.1 47 GAA CCA TTA TAG TAA CGG GAG TCA CCC GTT GGT TGC GAT AAA GAC
Y194S.Rev_18 18 49.3 44 GGT TAT CAA TGG AAG GTG Y194S.Fwd_52 52 733 40 GGA AAA CCA AAT AAT CCG CTT TTC ACC TTC CAT TGA TAA CCT AAC AGA CCC T
A272S.Fwd_18 18 56.5 50 AAC GGC CAA TCT AAC CCA Y194S.Rev_52 52 73.5 40 AGG GTC TGT TAG GTT ATC AAT GGA AGG TGA AAA GCG GAT TAT TTG GTT TTC C
A272S.Rev_18 18 56.5 50 TGG GTT AGA TTG GCC GTT A272S.Fwd_52 52 737 40 GGC TAC ATT TTT AAC GGC CAA TCT AAC CCA GGT CAA TGG TAT GAA TTT GAT G
Y378S.Fwd_18 18 54.8 56 GGG TGA CTC CCG TTA CTA A272S.Rev_52 52 737 40 CAT CAA ATT CAT ACC ATT GAC CTG GGT TAG ATT GGC CGT TAA AAA TGT AGC C
Y378S.Rev_18 18 54.8 56 TAG TAA CGG GAG TCA CCC Y378S.Fwd_52 52 75.4 44 TTG GTC TTT ATC GCA ACC AAC GGG TGA CTC CCG TTA CTATAATGG TTC GTT A
Y194S.Fwd_25 25 59.9 40 GCT TTT CAC CTT CCA TTGATAACC T Y378S.Rev_52 52 75.4 44 TAA CGA ACC ATT ATA GTA ACG GGA GTC ACC CGT TGG TTG CGA TAA AGA CCA A
Y194S.Rev_25 25 59.9 40 AGG TTA TCA ATG GAA GGT GAA AAG C T7 promoter 24 54.5 33 GAA ATT AAT ACG ACT CAC TAT AGG

A272S.Fwd_25 25 64.1 48 TTT AAC GGC CAA TCT AAC CCA GGT C T7 terminator 20 55.4 40 TAT GCT AGT TAT TGC TCA GC

A272S.Rev_25 25 64.1 48 GAC CTG GGT TAG ATT GGC CGT TAAA T7 terminator (short) 18 55.2 50 CTA GTT ATT GCT CAG CGG

Y378S.Fwd_25 25 62.1 48 ACG GGT GAC TCC CGT TAC TAT AAT G
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Description of PCR conditions used to amplify each specific fragment for recombination

template amount and annealing temperature are specified.

Annexe IV = PCR Conditions used with Phusion® High-Fidelity Polymerase

experiments. Name of the fragment, primers used, final primer concentration, total

Fragment | Primers Final primer concentration (uM) Total template (ng) Annealing T° (°C) Fragment | Primers Final primer concentration (uM) Total template (ng) Annealing T° (°C)
F1 Y43E.Fwd and Y315R.Rev 1 7 64.7 F5_35 A272S.Fwd_35 and Y378S.Rev_35 1 0.1 o
F1 Y43E.Fwd and Y315R.Rev 1 0.7 64.7 F6_35 Y378S.Fwd_35 and Y194S.Rev_35 1 0.1 > x
F1 Y43E.Fwd and Y315R.Rev 1 0.07 64.7 F4_35 Y194S.Fwd_35 and A272S.Rev_35 1 3.4 o
F2 Y315R.Fwd and T403R.Rev 1 7 61.5 F5_35 A272S.Fwd_35 and Y378S.Rev_35 1 3.4 o
F2 Y315R.Fwd and T403R.Rev 1 0.7 61.5 F6_35 Y378S.Fwd_35 and Y194S.Rev_35 1 3.4 o
F2 Y315R.Fwd and T403R.Rev 1 0.07 61.5 F4_35 Y1948S.Fwd_35 and A272S.Rev_35 1 8.1 o
F3 T403R.Fwd and Y43E.Rev 1 7 61.5 F5_35 A272S.Fwd_35 and Y378S.Rev_35 1 8.1 o
F3 T403R.Fwd and Y43E.Rev 1 0.7 59.7 F4_45 Y194S.Fwd_45 and A272S.Rev_45 1 0.6 >
F3 TA403R.Fwd and Y43E.Rev 1 0.07 59.7 F5_45 A272S.Fwd_45 and Y378S.Rev_45 1 0.6 o
F4_18 Y194S.Fwd_18 and A272S.Rev_18 1 3.4 56.4 ** F6_45 Y378S.Fwd_45 and Y194S.Rev_45 1 0.6 o
F5_18 A272S.Fwd_18 and Y378S.Rev_18 1 3.4 39.7 ** F4_45 Y194S.Fwd_45 and A272S.Rev_45 1 6.2 o
F6_18 Y378S.Fwd_18 and Y194S.Rev_18 1 34 53.5** F5_45 A272S.Fwd_45 and Y378S.Rev_45 1 6.2 >
F4_25 Y194S.Fwd_25 and A272S.Rev_25 0.5 0.6 63.4** F6_45 Y378S.Fwd_45 and Y194S.Rev_45 1 6.2 o
F5_25 A272S.Fwd_25 and Y378S.Rev_25 0.5 0.6 64.6 ** F4_52 Y194S.Fwd_52 and A272S.Rev_52 1 3.4 * o
F6_25 Y378S.Fwd_25 and Y194S.Rev_25 0.5 0.6 66.1** F5_52 A272S.Fwd_52 and Y378S.Rev_52 1 3.4 >
F4_25 Y194S.Fwd_25 and A272S.Rev_25 0.5 6.2 63.4** F6_52 Y378S.Fwd_52 and Y194S.Rev_52 0.5 3.4 o
F5_25 A272S.Fwd_25 and Y378S.Rev_25 0.5 6.2 64.6 ** F4_opt Y194S.Fwd_52 and A272S.Rev_52 1 0.1 >
F6_25 Y378S.Fwd_25 and Y194S.Rev_25 0.5 6.2 66.1 ** F5_opt A272S.Fwd_52 and Y378S.Rev_52 1 0.1 o
F4_35 Y194S.Fwd_35 and A272S.Rev_35 1 0.1 *o F6_opt Y378S.Fwd_52 and Y194S.Rev_52 0.5 0.1 >

*

** - conditions used for the RSM-CCD experiment

- no annealing step was used, instead a 2 step PCR was performed
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Annexe V - PCR Conditions used with NZYProof Polymerase

Description of PCR conditions used to amplify each specific fragment for recombination experiments. Name of the fragment, primers used, final primer concentration, total

template amount and annealing temperature are specified.

Fragment | Primers Final primer concentration (uM) Total template (ng) Annealing T° (°C)
F4 Y194S.Fwd and A272S.Rev 1 7 56.1
F5 A272S.Fwd and Y378S.Rev 1 7 61.3
F6 Y378S.Fwd and Y194S.Rev 1 7 56.1
F4 Y194S.Fwd and A272S.Rev 1 0.7 56.1
F5 A272S.Fwd and Y378S.Rev 1 0.7 61.3
F6 Y378S.Fwd and Y194S.Rev 1 0.7 56.1
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