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Bacteriophages produce endolysins at the end of their lytic cycle to degrade bacteria
host cell walls and release progeny virions. Endolysins are being extensively studied
as antimicrobial alternative due to rising antimicrobial resistance and as biosensors for
their high specificity. Endolysins typically consist of enzymatically active domains
(EADs) at the N-terminus, which degrade the bacterial peptidoglycan layer, and a C-
terminal cell wall binding domain (CBD), which binds to specific peptidoglycan
components and influences endolysin lytic host range. This study investigates the role
of the CBD in lytic host range by analyzing the impact of amino acid modifications
introduced through site-directed mutagenesis in the CBD of Endo88, an endolysin
derived from Staphylococcus aureus phage 88. The mutations were designed based on
two strategies; (i) comparison of primary structure of the SH3 domains with different
host range, and (ii) comparison of the tertiary structure of predicted binding site of

endolysins with different host range. Five mutant endolysins were generated, cloned,



and expressed in Escherichia coli, and their lytic and binding activities against an array
of bacteria were compared to those of the wild-type Endo88. Lytic activity was
evaluated using turbidity reduction assay which was optimized by Biophysical
characterization of Endo88 including different buffers, temperature and pH. It was
ascertain that Endo88 had optimum lytic activity in Tris buffer without NaCl, was
active at pH of 6.0-11.0 and possessed lytic activity up to 37°C but quickly loses
activity at 45°C. The binding activity of endolysins to various bacteria was assessed
via a GFP-bound CBD flow cytometry fluorescence assay. The results revealed that
while the mutations affected lytic and binding activity significantly, it did not alter the
host range of Endo88. This suggests that CBD modifications may not necessarily
affect host specificity but do influence binding activity and even lytic efficiency,
despite the CBD having no lytic activity and the Endo88 being a modular protein.
Further, flow cytometry analysis indicated no direct correlation between binding and
Iytic activity. This aligns with findings from previous studies, which have shown that
some endolysins can retain lytic activity even in the absence of a CBD. Although the
CBD is generally considered essential for maximal lysis, the data from this study
suggest that binding may not always be critical for determining the host range.
Nevertheless, the reduction in lytic activity caused by CBD mutations points to the
CBD's auxiliary role in enhancing overall lysis in endolysin. Molecular docking of two
mutants and Endo88 provided insights into binding site interactions with various
peptidoglycan structures, which could aid in predicting host range alterations through
endolysin engineering. This study highlights the intricate relationship between the
CBD and EAD in modulating endolysins efficiency. Understanding this interplay
could be contributory in developing more effective endolysins to combat antimicrobial
resistance, especially in developing targeted phage endolysin therapies and diagnostics

via biosensor development. Finally, this study contributes to the limited knowledge on



endolysin host range since most studies focusses on the lytic efficiency rather than the
host-range.

Keywords: Binding specificity, Cell-wall binding domain (CBD), Endolysin, Lytic
host range, Molecular docking.

SDG: GOAL 3: Good Health and Well-Being.
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Pengerusi : Adelene Song Ai Lian, PhD

Fakulti : Bioteknologi dan Sains Biomolekul

Bakteriofaj menghasilkan endolisin pada penghujung kitaran lisis mereka untuk
menguraikan dinding sel bakteria hos dan melepaskan virion progeni. Endolisin
sedang dikaji secara meluas sebagai alternatif antimikrobial disebabkan oleh
peningkatan rintangan antimikrobial dan sebagai biosensor kerana kespesifikan tinggi
mereka. Endolisin biasanya terdiri daripada domain aktif enzimatik (EAD) pada
terminus-N, yang menguraikan lapisan peptidoglikan bakteria, dan domain pengikat
dinding sel terminal C (CBD), yang mengikat komponen peptidoglikan tertentu dan
mempengaruhi julat hos lisis endolisin. Kajian ini mengkaji peranan CBD dalam julat
hos lisis dengan menganalisis kesan pengubahsuaian asid amino yang diperkenalkan
melalui mutagenesis terarah tapak dalam CBD Endo88, satu endolisin yang diperoleh
dari faj Staphylococcus aureus 88. Mutasi telah direka berdasarkan dua strategi; (i)
perbandingan struktur utama domain SH3 dengan julat hos yang berbeza, dan (ii)

perbandingan struktur tertiari tapak ikatan yang diramalkan bagi endolisin dengan
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julat hos yang berbeza. Lima endolisin mutan telah dihasilkan, diklon dan
diekspresikan dalam Escherichia coli, dan aktiviti lisis serta aktiviti pengikatan
mereka terhadap pelbagai bakteria dibandingkan dengan Endo88 jenis liar. Aktiviti
lisis dinilai menggunakan ujian pengurangan kekeruhan yang dioptimumkan melalui
pencirian biofizikal Endo88 termasuk penimbal, suhu, dan pH yang berbeza. Didapati
bahawa Endo88 mempunyai aktiviti lisis optimum dalam penimbal Tris tanpa NaCl,
aktif pada pH 6.0-11.0, dan mempunyai aktiviti lisis sehingga 37°C tetapi dengan
cepat kehilangan aktiviti pada 45°C. Aktivitit pengikatan endolisin kepada pelbagai
bakteria dinilai melalui ujian kekalimantangan aliran sitometri CBD yang terikat
GFP. Keputusan menunjukkan bahawa walaupun mutasi memberi kesan signifikan
kepada aktiviti lisis dan pengikatan, ia tidak mengubah julat hos Endo88. Ini
mencadangkan bahawa pengubahsuaian CBD mungkin tidak semestinya
mempengaruhi kespesifikan hos tetapi mempengaruhi aktiviti pengikatan dan bahkan
kecekapan lisis, walaupun CBD tidak mempunyai aktiviti lisis dan Endo88 adalah
protein modular. Selain itu, analisis sitometri aliran menunjukkan tiada korelasi
langsung antara aktiviti pengikatan dan lisis. Ini selaras dengan penemuan kajian
sebelum ini, yang menunjukkan bahawa beberapa endolisin boleh mengekalkan
aktiviti lisis walaupun tanpa CBD. Walaupun CBD secara amnya dianggap penting
untuk lisis maksimum, data dari kajian ini mencadangkan bahawa pengikatan
mungkin tidak selalu kritikal untuk menentukan julat hos. Namun begitu,
pengurangan dalam aktiviti lisis yang disebabkan oleh mutasi CBD menunjukkan
peranan auksiliari CBD dalam meningkatkan keseluruhan lisis dalam endolisin. Dok
molekul bagi dua mutan dan Endo88 memberikan pandangan tentang interaksi tapak
pengikatan dengan pelbagai struktur peptidoglikan, yang boleh membantu dalam
meramalkan perubahan julat hos melalui kejuruteraan endolisin. Kajian ini menyoroti

hubungan rumit antara CBD dan EAD dalam memodulasi kecekapan endolisin.
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Pemahaman hubungan ini boleh menyumbang kepada pembangunan endolisin yang
lebih berkesan untuk melawan rintangan antimikrobial, terutamanya dalam
membangunkan terapi endolisin faj yang disasarkan dan diagnostik melalui
pembangunan biosensor. Akhir sekali, kajian ini menyumbang kepada pengetahuan
terhad mengenai julat hos endolisin memandangkan kebanyakan kajian menumpukan

pada kecekapan lisis berbanding julat hos.

Kata Kunci: Kespesifikasi pengikatan, Domain pengikat dinding sel (CBD),
Endolisin, Pemodelan Homologi, Julat hos lisis.

SDG: MATLAMAT 3: Kesihatan Baik dan Kesejahteraan
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CHAPTER 1

INTRODUCTION

1.1 Background

The emergence of antimicrobial resistant bacteria (superbug) such as Methicilin-
resistant Staphylococcus aureus (MRSA) poses a significant challenge in healthcare
settings and the community (N. A. Turner et al., 2019). The spread of superbug is
mainly attributed to the misuse of antibiotics (Harkins et al., 2017), and the
overreliance to antibiotic, which exerts selective pressure favouring the development
of resistant strains. The emergence of the SARS-CoV-2 pandemic has heightened the
demand for antibiotics in managing secondary bacterial infections in critically ill
Covid-19 patients, thus further exacerbating the antimicrobial resistance crisis (Arshad
etal., n.d.; Garg, 2021; Pandak et al., 2023; Shah et al., 2023). The surge in demand is
likely contributed by nosocomial infections among these patients. Therefore, the need
for alternative antimicrobial compounds to antibiotics is crucial in combating
antibiotic resistance. The prospective antimicrobial activity of endolysins has been
studied intensively over recent years, and the result has been promising (Chandran et
al., 2022; Gondil et al., 2020; Rahman et al., 2021). There are currently two endolysin-
based commercialized products which are Staphefekt™ [developed by Micreos
(https://www.staphefekt.com/en/)] and  Artilysin  [developed by Lysando

(https://www.lysando.com/overview.html)]. Staphefekt mainly targets MRSA (Totté

et al., 2017), while Artilysin mainly targets multidrug resistance Gram-negative

bacteria (Briers et al., 2014).


https://www.lysando.com/overview.html)

Endolysins are bacteriophage-encoded peptidoglycan hydrolases which hydrolyze the
bacterial peptidoglycan layer. These enzymes are produced within the host cell at the
end of the phage lytic cycle. Their primary function is to lyse the host cell from within,
leading to bacterial lysis and the subsequent release of virion progeny (Loessner, 2005;
Schmelcher, Donovan, et al., 2012). This process is facilitated by another phage
protein, holin, which forms a pore in the inner bacterial membrane and allows passage
of endolysin to the peptidoglycan layer (Lin et al., 2017; Loessner et al., 1999; I. N.
Wang et al., 2000). When applied externally, recombinant endolysins exhibit the same
effect, without the need of holin (Haddad Kashani et al., 2017; Melo et al., 2018), thus
holding promise for therapeutic applications as an alternative to antibiotics (Gondil et
al., 2020; Heselpoth et al., 2017). It is noteworthy that phages itself typically display
a relatively narrow lytic host range (Rahman et al., 2021), targeting specific strains
within species. In contrast, recombinant endolysin often demonstrate a broader host
range, enabling them to lyse bacteria across species or genera (Abdelkader et al., 2019;

Maciejewska et al., 2018; Murray et al., 2021; Yoong et al., 2004).

Gram-positive phage endolysin mostly exists as modular proteins consisting of several
functional domain, including the N-terminal enzymatically active domain (EAD) and
the cell wall binding domain (CBD) (Haddad Kashani et al., 2017; Maervoet & Briers,
2016). The EAD is responsible for the degradation of the peptidoglycan (PG), while
the CBD recognizes and facilitates endolysin binding to bacterial peptidoglycan (PG),
leading to host lysis (Bateman & Rawlings, 2003; Gutiérrez et al., 2018). The CBD is
believed to play a pivotal role in determining the lytic host range and affinity of the
endolysin (Y. Chang & Ryu, 2017; Loessner, 2005; Son et al., 2018). Staphylococcal

phage endolysin typically consist of two EADs - the Cysteine, Histidine-dependent



amidohyrolases/peptidases (CHAP) domain and the Amidase domain (AMD), along
with a CBD - the Src Homology 3 (SH3) domain (Benesik et al., 2018; Gutiérrez et
al., 2018; Jarabkova et al., 2015). Notably, some staphylococcal phage endolysin lacks

the AMD in their structure (Y. Chang & Ryu, 2017).

The SH3 domain is ubiquitous across various organisms and was first found for its
involvement in protein-protein signaling within eukaryotic cells (Mayer & Eck, 1995).
This domain is also commonly present in staphylococcal phage endolysins, and is
proposed to confer host range specificity to the endolysin (S. C. Becker, Foster-Frey,
et al., 2009; Loessner, 2005). Specifically, the SH3 domain binds to the interpeptide
bridge within bacterial peptidoglycan which varies among bacterial species/genera
(Grundling & Schneewind, 2006; Mitkowski et al., 2019; Schleifer & Kandler, 1972).
In the case of Staphylococcus aureus, studies suggested that the SH3 domain
recognizes the pentaglycine interpeptide bridge (Y. Chang & Ryu, 2017; Gonzalez-

Delgado et al., 2020; Gu et al., 2014; Jarabkova et al., 2015).

Despite high similarities in sequences and structure, many endolysins including SH3-
domain containing endolysins exhibit varying degree of lytic host range. Some have a
narrow host range, with observed capability of lysing within species, while other have
a wider host range, capable of lysing across genera (Huang et al., 2015; Melo et al.,
2018; Yokoi et al., 2005; Yoong et al., 2004). The mechanism by which the CBD
influences endolysin lytic host range remains elusive. Current research predominantly
involves CBD domain swapping, truncation or addition, but no specific functional or

structural motif that determine the host range have been identified within the CBD.



While endolysins are mostly studied for its antimicrobial properties, it is also worth
mentioning that the CBD of endolysins is also used to develop biosensors for detection
of bacteria, especially in diagnostics against pathogens (Al-Hindi et al., 2022; Cho et
al., 2021). As such, the host-range of endolysins is important depending on its
application. In therapy, endolysins should be specific enough that it does not harm host
beneficial microbes yet not too specific that it is only effective against certain strains
or serovar. In diagnostics, customizable endolysins which can detect either the

species or genus level depending on the needs, is desirable.

Thus, the current study aimed to elucidate the relationship between endolysin-
peptidoglycan binding and target host range by determining if there are specific
factors, structure or motifs within the CBD of an endolysin which affects host-range.
A staphylococcal endolysin, Endo88 was chosen as the model protein, since
staphylococcal endolysins are among the most studied and established endolysin.
Endo88 was subjected to a series of mutations with the aim to alter the host range and

to elucidate the factors which affects host-range.

1.2 Problem statement

The structure and function of CBD is similar amongst phage’s endolysin, yet different
endolysins possess different degrees of lytic host range. The underlying mechanism
by which the CBD influences the host range specificity of the endolysin remains
unclear. Current research predominantly involves CBD domain swapping, truncation
or addition, but no specific functional or structural motifs that determine the host range
have been identified within the CBD. Therefore, this study hypothesized that mutation

introduced into the SH3 domain of the Staphylococcus aureus phage 88 endolysin will



alter its binding specificity and lytic host range, resulting in measurable differences in

Iytic activity and bacterial binding affinity as compared to the wild-type endolysin.

1.3 Objectives

The general objective of this study is to elucidate the relationship between endolysin-
peptidoglycan binding and target host range by altering the lytic host range through a
mutagenesis approach. Specific objectives include:

I.  To design and validate targeted mutations of the wild-type Staphylococcus
aureus phage 88 endolysin CBD through bioinformatics approaches for
potential alteration of endolysin target host-range.

Il. To optimize the cloning and expression conditions for the wild-type
Staphylococcal phage 88’s endolysin and mutants endolysin in E. coli.

1.  To evaluate the lytic activity and host-range of wild-type and mutant
endolysins through quantitative assays.
IV.  To assess the correlation between lytic activity and binding affinity of mutant

endolysins to various bacterial strains using CBD-GFP fusion protein.



CHAPTER 2

LITERATURE REVIEW

2.1 Bacteriophage endolysin

Endolysin is a lytic enzyme within the peptidoglycan hydrolases (PGHs) enzyme
family (Jardbkova et al., 2015). It is produced at the end of a bacteriophage/ phage
Iytic cycle. Prior to lysis, a protein, holin, creates pores in the inner bacterial
membrane, allowing endolysins access to the peptidoglycan layer (Loessner et al.,
1999; I. N. Wang et al., 2000; Young, 1992). The peptidoglycan layer will then be
digested by endolysins which results in cell lysis, subsequently releasing newly
formed virion progeny (Gutiérrez et al., 2018; Loessner et al., 1998). This process,
known as “Lysis-from-within”, involves endolysins lysing the cell internally which is
a natural phenomenon (Young, 1992). Conversely, “Lysis-from-without” is a human-
mediated phenomenon which occurs when externally applied recombinant endolysins
result in bacterial cell death without the presence of holin since the endolysins is
directly in contact with the cell wall when applied exogenously (Abedon, 2011). In
view of the ability to act externally, the endolysin are considered as potential

alternatives to antibiotics (Haddad Kashani et al., 2017).

Endolysins can be either globular or modular protein, with modular endolysins being
more common in Gram-positive phages (Haddad Kashani et al., 2017; Maervoet &
Briers, 2016). Modular endolysin consist of two main domains with distinct function,
including the Enzymatically Active Domain (EAD) and the Cell wall Binding Domain

(CBD). The EAD is responsible for digesting the peptidoglycan layer, whereas CBD



facilitates the binding of endolysin to bacterial peptidoglycan, and is believed to confer
Iytic specificity to the endolysin (Loessner, 2005; Son et al., 2018).

Unlike Gram-negative bacteria, Gram-positive bacterial PG display more diverse PG
compositions and arrangements, particularly within the peptide stem region (Bouhss
et al., 2002; Schleifer & Kandler, 1972; Vollmer et al., 2008). This diversity in
peptidoglycan components may create selective pressure, resulting in the varieties in
EAD and CBD observed in Gram-positive phage endolysin (Figure 2.1) (Oechslin et

al., 2022; Schmelcher et al., 2015).
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Figure 2.1: Diversity of EAD and CBD in phage endolysins. Total of 727 putative
endolysins were analysed and annotated (Adapted from Oliveira et al., 2013).



Despite conservation in biological function, the EAD and CBD are diverse amongst
bacteria in terms of target site and structure. This reflects the specificity and versatility
of endolysins in lysing their host. This modular architecture of endolysin is believed
to have evolved through homologous recombination between phages infecting the
same host (Oechslin et al., 2022), or heterologous recombination between phages and
their bacteria host (Garcia et al., 1988). The diversity in modular endolysin could be
attributed to evolutionary pressure on phages to adapt to diverse and ever-changing
bacterial cell wall structures (Labrie et al., 2010). Moreover, the presence of various
EAD and CBD domains and their diverse combinations in endolysins provide
possibilities for host-range expansion, including cross-genus lysis (Liu et al., 2023;
Vazquez et al., 2021). For example, although CHAP and SH3 domains are
predominant in staphylococcal phage endolysins, a small number of other bacteria
genus have been found to acquire these domains (Vazquez et al., 2021). The biological
diversity of these combination remains unknown. One of the speculations are that the
exchange of domains occurred at some point during the past evolution, followed by
evolutionary selective pressure that favored certain combinations of lytic systems.
These favored combinations persisted in phages due to their fitness advantage
(Oechslin et al., 2022; Oliveira et al., 2013). However, logically, in evolution, the
fitness cost will always be prioritized, and domains that are favored by the selective
pressure (components on peptidoglycan) will be inherited (Oechslin et al., 2022). This
explains why some domains are prevalent in an endolysin targeting a specific genus,
while others are unique to certain endolysins. For instance, while CHAP and SH3
domain are commonly found in staphylococcal phage’s endolysin (S. C. Becker,

Foster-Frey, et al., 2009; Véazquez et al., 2021), the CW _binding_1 CBD in



streptococcal phage endolysins are rarely found in endolysins from other genus of

phages (Bustamante et al., 2017; Vazquez et al., 2021).

2.2 Modular Mechanism of Gram-Positive Phage Endolysins in Peptidoglycan
Lysis
Bacteriophage have evolved specialised mechanisms to lyse their bacterial hosts and
release virion progeny (Young, 1992). In Gram-positive phages, this process involves
the coordinated action of holins and endolysins (Jacob et al., 1957; Leprince et al.,
2022; Loessner et al., 1999; 1. N. Wang et al., 2000). Holins are small transmembrane
proteins that perforate the bacterial inner membrane at the end of the phage lytic cycle,
allowing endolysins to acess the peptidoglycan (C. Y. Chang et al., 1995; Grindling
et al., 2000). Holins are able to regulate the lysis timing which is crucial, as premature
lysis resulted in the realease of immature virion progeny, whereas delayed lysis may
slow down infection cycles to a new host and reduce phage propagaiton (Abeysekera
et al., 2022; Leprince et al., 2022). Once access is granted, the EAD catalyzes the
cleavage of peptidoglycan bonds, while the CBD facilitates recognition and
attachment to specific cell wall structures. This modular architecture enhances
substrate specificity and lytic efficiency. Upon peptidoglycan degradation, the loss of
structure intergrity results in increased osmotic pressure, ultimately causing bacterial
lysis and release of virion progeny (Jarabkova et al., 2015; Liu et al., 2023;

Schmelcher, Donovan, et al., 2012).
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2.2.1 Synergistic interactions between EADs and CBDs

Although the function of EADs in bacterial lysis is well characterized, the role of
CBDs remains controversial (Phothichaisri et al., 2022). Some studies suggest that
CBD removal does not impair, and may even enhance lytic activity, indicating that
CBD binding is not always necessary for cell wall degradation (Cheng & Fischetti,
2007; Donovan, Dong, et al., 2006). Conversely, other studies demonstrated reduction
in lysis efficiency upon CBD removal, supporting its role in enhancing endolysin lytic
activity (S. C. Becker, Dong, et al., 2009; Gu et al., 2014; Huang et al., 2015). While
domain truncation studies provide insight into the role of individual domain, growing
evidence suggests that EAD and CBD exhibit structural interdependence (Oechslin et
al., 2022). The modular nature of endolysins implies that interactions between the

EAD and CBD may modulate enzymatic activity synergistically.

For instance, PlySK1249 a endolysin with Amidase doamin and CHAP, also contains
a LysM as CBD. While direct lytic was not observed on CHAP domain alone, it
exihibit a dechaining effect on Streptococcus dysgalactiae. (Oechslin et al., 2013). A
similar effect was observed in CHAP domain in Cse autolysin from Streptococcus

thermophiles (Layec et al., 2009).

Additionally, truncation studies of staphylococcal endolysins revealed that the
amidase domain alone was inactive (Benesik et al., 2018; Horgan et al., 2009).
However, its consistent presence in many staphylococcal phage endolysins suggests
and evolutionarily conserved function (S. C. Becker, Foster-Frey, et al., 2009; Y.

Chang & Ryu, 2017; Jarabkova et al., 2015). In some case, amidase domain in

11



LysSA12 and LysSA97 was enzymatically inactive, but its presence enhanced the
binding of CBD (Son et al., 2018). Similar observations were reported in phill

(Donovan, Lardeo, et al., 2006) and E-LM12 (Costa et al., 2020).

2.2.2 Types of Enzymatically Active Domains (EAD) and Cell wall Binding
Domain (CBD)

Due to the high variability in PG composition, different endolysins have evolved
different EAD and CBD to target different bond within the PG (Broendum et al., 2018;
Oechslin et al., 2022). These enzymes are classified based on the type of bond they

cleave within the peptidoglycan layer:

(1) N-acetylglucosaminidase target the reducing end of the GICNAc within the glycan
chain. Example endolysin: streptococcal C1 phage endolysin, PlyC (McGowan et al.,
2012).

(1) N-acetylmuramidase target the reducing side of the MurNAc. Example endolysin:
pneumococcal Cp-1 phage endolysin, Cpl-1 (Hermoso et al., 2003); Listeria phage
P40 endolysin, Ply40 (Romero et al., 2018).

(111 Transglycosylases, disrupt the PG recycling by forming non-reducing N- acetyl
1,6-anhydromuramic acid and N-acetyleglucosamine (Suvorov et al., 2008). Example
endolysin: Phage phiKZ endolysin, Gp144 (Fokine et al., 2008; Paradis-Bleau et al.,
2007).

(1V) Metal-dependent PG amidases and endopeptidase cleave the amide bond
between the MurNAc sugar backbone and the peptide crosslink or cleave the peptide
bonds between the stem peptide and the peptide crosslink (endopeptidase). Example

endolysin: LambdaBa02 Bacillus phage endolysin, PlyL (Low et al., 2005); Bacillus

12



subtilis prophage endolysin, XIyA (Low et al., 2011); LysGH15 (Gu et al., 2014);
LysK (S. C. Becker, Dong, et al., 2009; Sanz-Gaitero & van Raaij, 2021), Ply500
(Korndorfer et al., 2008).

(V) Cysteine, histidine-dependent Aminohydrolase/peptidase (CHAP) domains
are not named based on the specific bond they cleave in the peptidoglycan, but on their
catalytic mechanism dependent on the cysteine and histidine residue in their active site
(Bateman & Rawlings, 2003). Two commonly reported target site for CHAP are
amidase (e.g. L-muromoyl-L-alanine amidase) (Bateman & Rawlings, 2003; Nelson
et al., 2006) and endopeptidase (e.g. D-alanyl-glycyl endopeptidase) (S. C. Becker,
Dong, et al., 2009; J. Z. Lu et al., 2006), some even comprising of both activities

(Linden et al., 2015).

The CBD is ubiquitous and diverse among phage endolysins, especially in Gram
positive phage endolysins. There are 6 common groups of CBD found in phage
endolysins (Jarabkova et al., 2015):

(1) Lysin Motif (LysM), which was observed to target the N-acetylglucosamine
(GIcNAC) residues in the glycan strand of the peptidoglycan (Garvey et al., 1986;
Ohnuma et al., 2008);

(I1) Peptidoglycan Binding Domain (PG binding). Protein family commonly
consists of three-helical bundle (Dideberg et al., 1982; Krogh et al., 1998). It was
proposed to only target D-Asn in PG crosslink, which are found in prophage’s
endolysins from Lactobacillus casei BL23 (Lc-Lys and Lc-Lys-2 (Regulski et al.,

2013).

13



(111) Choline-binding Modules. It recognizes choline rich regions on the cell wall of
Streptococcus pneumonia (Buey et al., 2007; Hermoso et al., 2003, 2007; Maestro &
Sanz, 2016)

(1V) Clostridial Hydrophobic with Conserved Tryptophan (CHW). The domain
family was first observed targeting the cell wall of Clostridium acetobutylicum
(Sullivan et al., 2007). It was also found on Lactobacillus phage A2 (Conserved
domain: smart00728) and Lactococcus phage 949 (Conserved domain:
PF07538/IPR006637) (Oliveira et al., 2013).

(V) SRC Homology 3 (SH3). Mostly found in Staphylococcus phage endolysin
(Jardbkova et al., 2015), including Endo88 (Chandran et al., 2022) used in this study
and described below. It can also be found in Streptococcus spp. (Huang et al., 2015; Ji
et al., 2015; Tang et al., 2013), Enterococcus (Yoong et al., 2004) and Bacillus spp.

(Etobayeva et al., 2018; Son et al., 2012).

2.3 Domain swapping/shuffling in endolysins

Due to the vast diversity of EAD and CBD available in phage endolysins, researchers
have attempted to construct optimised synthetic endolysins through domain
swapping/shuffling (Table 2.1). This strategy has also been widely used to investigate
endolysin host range by exchanging domains between different endolysins (Table 2.1)
(Dong et al., 2015; Jarabkova et al., 2015; Son et al., 2021; H. Yang et al., 2014).

While domain swapping/shuffling is often associated with engineered constructs to
enhance specificity or activity, there is no direct evidence that this process occurs
naturally. However, under in vitro conditions, studies have shown that phages co-
infecting the same bacterial host can exchange genetic materials, including endolysin

genes, through homologous recombination between virulent phage and prophage
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(Oechslin et al., 2022). Although these recombination events may not necessarily lead
to direct domain swapping, they suggest a potential mechanism by which phages could
acquire and rearrange endolysin domains over evolutionary timescales. Given the vast
diversity of endolysin domains discovered, the acquisition of specific domain
combinations may be influenced by the host peptidoglycan composition (Oliveira et
al., 2013). This raises the possibility that natural selection, rather than frequent
recombination, plays a greater role in shaping the modular architecture of endolysins

in response to variations in bacterial cell wall structure.

Table 2.1: Chimeric endolysin with enhanced/extended lytic host range.

Endolysin

Lytic host range of the
parental endolysin
(genus)

References

Parental N-terminal
Ply187_CHAP

Parental C-terminal
LysK _SH3

Mutant
Ply187CHAP — LyskSH3

Staphylococcus aureus,
S. albus, S.epidermidis,

Staphylococcus spp.

Staphylococcus spp.
(Ten-fold increase)

(Bateman & Rawlings,
2003; Dong et al., 2015;
Loessner et al., 1999)

(O’Flaherty et al., 2005)

(Mao et al., 2013; P. K.
Singh et al., 2014)

Parental N-terminal
Ply187 CHAP

Parental C-terminal
PlyV12 SH3

Mutant
Plyl187CHAP
PlyV12SH3

Staphylococcus aureus,
S. albus, S.epidermidis,

Staphylococcus spp.,
Streptococcus spp.,
Enterococcus spp.

Staphylococcus spp.,
Streptococcus spp.,
Enterococcus spp.

(Bateman & Rawlings,
2003; Dong et al., 2015;
Loessner et al., 1999)

(Yoong et al., 2004)

(Dong et al., 2015)
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Table 2.1: Continued

Parental N-terminal
Lys168 CHAP

Parental C-terminal
Lys87_CBD

Mutant
Lys168CHAP - Lys87CBD

Enterococcus faecalis,
Enterococcus faecium

Staphylococcus,
Micrococcus, Bacillus,
Enterococcus.

Staphylococcus spp.,
Streptococcus pyogenes,
Enterococcus spp.

(Fernandes et al., 2012;
Proenca et al., 2012)

(Fernandes et al., 2012)

(Fernandes et al., 2012)

Parental N-terminal
Lys170_ AMD

Parental C-terminal
Lys87_CBD

Mutants
Lys170AMD — LysCBD

Enterococcus faecalis,
Enterococcus faecium

Staphylococcus,
Micrococcus, Bacillus,
Enterococcus.

Staphylococcus spp.,
Streptococcus pyogenes,
Entrococcus spp.

(Fernandes et al., 2012;
Proenca et al., 2012)

(Fernandes et al., 2012)

(Fernandes et al., 2012)

Parental N-terminal
LambdaSa2_endopeptidase

Parental C-terminal
Lysostaphin, SH3b
domain

like

Mutant
LambdaSa2_E
Lyso-SH3b

Streptococcus sp.
Staphylococcus sp. (weak
activity)

Staphylococcus spp.

Streptococcus sp.

Staphylococcus sp.

(increased in lytic
activity)

(Donovan & Foster-Frey,
2008; Pritchard et al.,
2007)

(Bastos et al., 2010; S. C.
Becker et al., 2008;
DeHart et al., 1995;
Gonzalez-Delgado et al.,
2020; Recsei et al., 1987)

(S. C. Becker, Foster-

Frey, et al, 2009;
Schmelcher, Korobova,
etal., 2012)
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Table 2.1: Continued

Parental N-terminal
LambdaSa2_endopeptidase

Parental C-terminal
LysK _SH3

Mutant
LambdaSa2_endopeptidase
- LysKSH3

Streptococcus sp.
Staphylococcus sp. (weak
activity)

Staphylococcus spp.

Streptococcus sp.

Staphylococcus sp.

(increased in lytic
activity)

(Donovan & Foster-Frey,
2008; Pritchard et al.,
2007)

(S. C. Becker, Dong, et
al., 2009; Horgan et al.,
2009; Mao et al., 2013;
O’Flaherty et al., 2005)

(S. C. Becker, Foster-

Frey, et al, 2009;
Schmelcher, Korobova,
etal., 2012)

Parental N-terminal
Ply187_CHAP

Parental C-terminal
LysK _SH3

Mutant
Ply187CHAP
LysKSH3

Staphylococcus aureus,
S. albus, S.epidermidis,

Staphylococcus sp.

Staphylococcus sp.,
Streptococcus
dysgalactiae (weak
activity)

(Bateman & Rawlings,
2003; Dong et al., 2015;
Loessner et al., 1999)

(S. C. Becker, Dong, et
al., 2009; Horgan et al.,
2009; Mao et al., 2013;
O’Flaherty et al., 2005)

Mao et al, 2013;
O’Flaherty et al., 2005;
Schmelcher et al., 2015)

Parental N-terminal
B30 lysin_endopeptidase

Parental C-terminal
Lysostaphin, SH3b
domain

like

Mutant
B30 lysin_endopeptidase —
Lysp-SH3b

Streptococcus agalactiae,
Streptococcus
dysgalactiae,

Streptococcus uberis

Staphylococcus spp.

S. aureus, Streptococcus
agalactiae, Streptococcus
dysgalactiae,
Streptococcus uberis

(Donovan, Dong, et al.,
2006; Pritchard et al.,
2004)

(Bastos et al., 2010; S. C.
Becker et al., 2008;
DeHart et al., 1995;
Gonzalez-Delgado et al.,
2020; Recsei et al., 1987)

(Donovan, Dong, et al.,
2006)
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For instance, the domain swapping between LysK and Ply187. Ply187 was first studied
and found in S. aureus bacteriophage 187 (Loessner et al., 1999). It consists of a N-
terminal CHAP domain and a C-terminal glucosaminidase domain with an unknown
CBD (Bateman & Rawlings, 2003; Loessner et al., 1999). LysK from staphylococcal
phage K features two EAD (CHAP & AMD) and one CBD (SH3), displaying high
Iytic activity against Staphylococcus .spp (MRSA, S. epidermidis, S. saprophyticus, S.
chromogenes, S. capitis, S. hominis, S. haemolyticus, S. caprae, S. hyicus) (O’Flaherty
et al., 2005), whereas the C-terminal truncated Ply187 exhibits enhanced activity
against S. aureus compared to the full-length Ply187 (Loessner et al., 1999). The
fusion of the CHAP from Ply187 and the CBD from LysK resulted in ten-fold increase
in lytic activity against S. aureus (Mao et al., 2013), and was also shown to work
effectively in vivo (P. K. Singh et al., 2014). Beside enhanced staphylolytic activity,
chimeric Ply187 also exhibited weak lytic activity against Streptococcus dysgalactiae
(Mao et al., 2013). It was uncertain that where the ability to lyse S. dysgalactiae
originated from, as both Plyl87 CHAP (Dong et al., 2015) and LysK (Mao et al.,

2013) were unable to lyse it.

Another fusion example involved the CBD of Enterococucs phage endolysin PlyV12
(Yoong et al., 2004), which was fused to the Ply187_ CHAP. This fusion resulted in
increased lytic activity against S. aureus and extended the host range to
Streptococcus dysgalactiae, Streptococcus agalactiae, and Streptococcus pyogenes, as
showed by plate lysis assay. Despite no lysis zone was observed for Enterococcus
faecium and Enterococcus faecalis in the plate lysis assay, lytic activity was observed
through turbidity reduction, albeit reduced activity as compared to PlyV12 (Dong et

al., 2015). Additionally, Lys168 and Lys170 are also derive from Enterococcus phage,
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with lytic host range specifically target against Enterococcus spp, predominantly E.
feacalis and E. faecium (Proenca et al., 2012). In the studies by Fernandes et al, the
EAD of these endolysin was fused with the CBD of Lys87, a staphylococcal phage
endolysin. These chimeras demonstrated a wider lytic host range against Enterococcus

spp, S. pyogenes, and Staphylococcus spp (Fernandes et al., 2012).

2.4 CBD as potential candidate in biosensor development

Antibodies are commonly used for bacterial detection, but their production remains
laborious and time-consuming. Although phage-based biosensors offer high
specificity and stability, bacterial resistance poses challenges for their future
development as the it might affect the binding of phage (Al-Hindi et al., 2022). In
contrast, CBDs have gained attention as promising alternatives in biosensors
development due to their strong binding capabilities (Cho et al., 2021). Genetic
engineering enables the attachment of different probes (E.g. GFP protein) on CBD
easily, enhancing their versatility as candidate in biosensor development. One of the
example was the CBD from Ply500, an endolysin from Listera monocytogenes (Gaeng
et al., 2000; Loessner et al., 2002). The CBD was fused with GFP, and was
successfully used to detect L. monocytogenes ScottA cells from a mixture solution of
different bacteria, including Staphylococci, Enterococci, Bacilli, and Lactococci
(Figure 2.2) (Loessner et al., 2002). Furthermore, this CBD was utilised in the
development of a CBD-based electrochemical impedance biosensor. In the studies by
Tolba et al., 2012, the CBD of Ply500 was immobilised on a gold-coated sensor chip,
allowing rapid detection of Listeria cells in both buffer and artificially contaminated
milk. This method demonstrated a detection limits of 10°4 CFU/mL in buffer and 10°5

CFU/mL in milk using the electrochemical impedance spectroscopy.
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Lactococci

Bacilli
Enterococci

Staphylococci =

Figure 2.2 Superimposed phase-contrast microscopy and fluorescent microscopy
image. L. monocytogens ScottA cells labelled with GFP-CBD in a mixture of different
bacteria (Staphylococci, Enterococci, Bacilli, and Lactococci. (Photo reproduced from
Loessner et al., 2002).

S. aureus is a notorious pathogen associated with both nosocomial infection and
foodborne diseases (K. Becker et al., 2014; Chaibenjawong & Foster, 2011,
Hennekinne et al., 2012). Conventional methods detecting this pathogen include
biochemical coagulase test, Methichillin-resistance S.aureus (MRSA)-selective
chromogenic agar (Wassenberg et al., 2010; Xu et al., 2016), antibody agglutination
tests (French, 2009; Jafri et al., 2000), and PCR-based detection of the mecA gene
(Francois et al., 2003; Grisold et al., 2002; Jonas et al., 2002; Reischl et al., 2000;
Ryffel et al., 1992). However, these approaches are laborious and time-consuming,
PCR can be difficult to assess in some developing countries (Ahmed et al., 2014;
Hallak et al., 2016; Wassenberg et al., 2010). Therefore, there is a pressing need for a

rapid and cost-effective diagnostic alternatives.

In recent years, several studies have focused on the development of CBD-based

biosensors for pathogen detection (Rahman et al., 2021). For instance, a CBD-based
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magnetic enrichment immuneassay was developed to detect S. aureus in contaminated
milk (Yu et al., 2016). In this assay, immunomagnetic particles (IMPs) coated with
antibodies targeting S. aureus surface protein A were used to capture and concentrate
cells from the milk samples. Following this, CBD fused with a probe (Red
fluorescence) was used to detect the cell. This technique achieved a detection limit of
4 x 10° CFU/mL within two hours (Yu et al., 2016). Moreover, flow cytometry assay
could be one of the options for rapid and sensitive detection. In the studies of Costa et
al., 2020, S. aureus was successfully detected in horse blood sample and also buffer
by use of flow cytometry assay. However, these technique often require costly
equipment and advanced knowledge which can be a disadvantage in developing
countries. In light of this, a cost-effective detection assay for B. cereus could be
adapted for S. aureus detection. A nitrocellulose-based lateral flow assay was
developed for Bacillus cereus using the CBD of endolysins LysB4. This method
involves dipping the nitrocellulose membrane into a B. cereus-containing solution,
allowing bacterial cells to adhere to the immobilized CBD on the membrane (Kong et
al., 2017), Adapting this approach for S. aureus could help in the development of a

rapid and affordable detection Kit.

The principle of these techniques ultimately relies on the binding ability and host range
of the CBD.However, the exact mechanism of CBD binding remains unclear. Gaining
a deeper understanding of the CBD could provide an alternative way to modify the

host range of endolysin, which also would be crucial for biosensor development.
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2.5 Staphylococcal phage endolysins

Staphylococcal phage endolysins typically consists of the Cysteine, Histidine-
dependent amidohydrolase/peptidase (CHAP) domain, the Amidase domain (AMD)
and the SRC Homology 3 (SH3) domain (Benesik et al., 2018; Gutiérrez et al., 2018;
Jardbkova et al., 2015). However, not all staphylococcal phage endolysins possess two
EADs (Chang & Ryu, 2017). Also, not all staphylococcal endolysin have SH3 domain

as the CBD. (Table 2.2).
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2.5.1 Role of SH3 in endolysins host-range

While the SH3 domain does not exhibit lytic activity, they are suggested to recognise
and bind to the interpeptide bridge within the bacterial PG (Griindling & Schneewind,
2006; Gu, Lu, et al., 2011; Mitkowski et al., 2019). Interestingly, the SH3 domain’s
binding target was first elucidated in a bacterial lysin, lysostaphin, rather than in a
staphylococcal phage endolysin. Lysostaphin is a peptidoglycan hydrolase found in
Staphylococcus simulans. It is involved in cell division and shares SH3 domain
homologues with Staphylococcus phage endolysin (Broendum et al., 2018; H. Kim &
Seo, 2023; Mayer, 2001). The lysostaphin SH3 domain recognise the pentaglycine
interpeptide bridge as the recognition site (Gonzalez-Delgado et al., 2020; Hirakawa
et al., 2009; J. Z. Lu et al., 2006; Mitkowski et al., 2019; Tossavainen et al., 2018),
which differs between bacterial species/genus (Schleifer & Kandler, 1972; Vollmer et
al., 2008). This observation aligns with findings from another homologue of
Lysostaphin — ALE-1, originally found in Staphylococcus capitis ALE-1 (Hirakawa et
al., 2009; J. Z. Lu et al., 2006). Notably, the suggested binding target site for the SH3
domain in phage endolysins is also the interpeptide bridge (Gu et al., 2014; Gu, Lu, et

al., 2011).

The CBD was suggested to play a crucial role in mediating the host range and affinity
of the endolysin (Liu et al., 2023; Loessner et al., 2002). The changes in lytic host
range was observed through experiments where replacing the SH3 domain with those
from other phage endolysins led to altered lytic activity and host range (S. C. Becker,
Foster-Frey, et al.,, 2009). This indicated that the presence of the SH3 domain
specifically affects the lytic activity and host range of the endolysin. A study by

Oliveira et al., 2019 reported that approximately 96 % (analysis from 205
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Staphylococcus phage) of staphylococcal phage endolysins contain only one binding
domain from the SH3 family, indicating a conserved recognition strategy among the
endolysins for the staphylococcal peptidoglycan layer. Intriguingly, the SH3-
containing endolysin from staphylococcal phage exhibit varying lytic host range.
Some endolysins are limited to lysing within a single species, while some others have
broader host ranges, capable of lysing bacteria across different genera (Huang et al.,
2015; Melo et al., 2018; Yokoi et al., 2005; Yoong et al., 2004). Despite having similar
SH3 functions and sequences among different SH3-containing endolysins, studies

suggest it exhibited differences in lytic host-range, as shown in Table 2.3.
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Table 2.3: Lytic host-range of different SH3-containing endolysins

Binding
Domain Lvtic host assay of
Origin Endolysin | architec | Bacteria tested ):'an o truncate Ref.
ture ¢ d SH3
domain
Staphylococcus
spp.,
Staphylococe [CkiAP] Enterggoccus
us aureus [Ami_2] S Staphylococcu (Rashel et
bacteriophag MV-L - Streptr:)r::.(;ccus p_syspp. null al., 2007)
e ¢MR11 [SH3_5] spp.,
Bacillus spp.
Staphylococcus
spp.,
Enterococcus | Staphylococcu
hirae ity
Bacill ) Lactococcus Schmelch
Staphylococc [CHAP] aciilus sp., -1 giacetylactis (Schmele
. - Lactobacillus eretal.,
us warneri M [Ami_2] s ' 2015:
prophage LysWMY = Lactgfdlccus Pediococcus Y OKoi ,e i
(GWMY) [SH3.5] | diacetylactis, | Pentosaceus - null —f . “5005)
E Ped'o)éocc ’ Micrococcus N
. 'V luteus
pentosaceus,
Micrococcus
luteus
Staphylococcus
spp.,
Staphylococe Enterggoccus
us [CHAP] spp
bacteriophag - i Staphyloc
erve Sau- | E-miz | tpores | Srepocoens | seet | Lo | (Mo
LM12 % ) i spp. N
Bacillus spp.
(LM12) Al Listeriapp
monocytogenes,
Staphyloc
-occus (Schmelch
Staphylococcu aureus eretal.,
Staphylococc P68 [CHiAP] Staphzlococcus -S spp. 2015, p.
us phage P68 [SH3_5] Pp- *did not 44;
- tested on | Vybiral et
other al., 2003)
species
Staphylococc [cHAP] | Staphylococcus (Donovan,
us aureus - spp., Lardeo, et
(NCTC Phill [Ami_2] Streptococcus | Staphylococcu null al., 2006;
8325) phill - agalactiae -S spp. X. Wang
prophage [SH3_5] etal.,
1991)
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Table 2.3: Continued

Binding
Domain Lvtic host assay of
Origin Endolysin | architec | Bacteria tested r;’n o truncate Ref.
ture g d SH3
domain
[cHAP] | Staphylococcus | Staphylococcu (Guetal
_ spp., “Saureus. I staphyloc Py
Staphylococe LysGH15 | [Ami_2] | Streptococcus -0ccus 2014; Gu,
us phage G15 y - pneE)umonia *did not tested spp Xu, et al.,
y on other "
[CHAP] (Fujiki et
Staphylococc Lys- - Staphsy;gcoccus T — al., 2018;
us phage phiSA012 [Anl'—z] Streptococcus -S spp. Rl Nakamura
SA12 lacti etal.,
[SH3_5] aga actiae 2020)
Staphylococcus
Spp.,
Staphylococc [CHAP] | Enterococcus .
us phage LysGRCS - spp., Stap_f;yslggoccu null g]mgggg
GRCS [SH3_5] | Streptococcus ' K
spp.,
Bacillus pumilus
Staphylococcus Stif:%l:c
[CHAP] spp., (Benesik
Staphylococc LvsEL S Staphylococcu spp., |
us phage 812 ys b FRPRFFUs -$ spp. Streptoco etal,
[SH3_5] uberis, P 2018)
Micrococcus uberis
luteus '
Staphylococcus
spp.,
Streptococcus
pneumonia,
Enterococcus
Staphylococc [CAAP] sp., Bacillus
u‘; yha o LvsH5 [ An:i 2] cereus, Staphylococcu null (Obeso et
pﬁng 4 - Lactobacillus -S Spp. al., 2008)
[SH3_5] SPP-,
Lactococcus
spp.,
Leuconostoc
spp-.,
Clostridium
spp., Listeria
spp.
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Table 2.3: Continued

Origin

Endolysin

Domain
architec
ture

Bacteria tested

Lytic host
range

Binding
assay of
truncate
d SH3
domain

Ref.

Staphylococc
us
haemolyticus
prophage
OSH2

Staphylococc
us phage K

Staphylococc
us phage 80
alpha

Staphylococc
us phage
2638A

Staphylococc
us phage
Twort

PhiSH2

LysK

phi80 o

2638A

Twort

[CHAP]
[Ami_2]

[SH3_5]

[CHAP]
[Ami_2]

[SH3_5]

[Ami_3]

[SH3_5]

[NIpD]
~ [Ami]
—[SH3]

[CHAP]
[Ami 2]

[SH3_5]

Staphylococcus
spp.

Staphylococcus
Spp.,
Streptococcus
spp.,
Lactobacillus
spp., Listeria
monocytogenes,
Rhodococcus
equi

Staphylococcus
spp.

Staphylococcus
spp.

Staphylococcus
spp.

Staphylococcu

-S Spp.
(Not lysing S.
epidermidis)

Staphylococcu
-S spp.

Staphylococcu
-S Spp.

Staphylococcu
-S Spp.

Staphylococcu
-S Spp.

null

null

null

null

null

(Schmelch
er et al.,
2015;
Schmelche
r,
Korobova,
etal.,
2012;
Takeuchi
etal.,,
2005)

(S.C.
Becker,
Dong, et
al., 2009;

S.C.
Becker et
al., 2008;

Gill, 2014;
O’Flaherty
etal.,

2005;

Schmelche
retal.,

2015)

(Christie et
al., 2010;
Schmelche
retal.,
2015)

(Abaev et
al., 2013;
Kwan et
al., 2005;
Schmelche
retal.,
2015)

(S.C.
Becker et
al., 2015;
Loessner

etal.,

1998;

Schmelche
retal.,

2015)
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Table 2.3: Continued

Binding
Domain Lvtic host assay of
Origin Endolysin | architec | Bacteria tested );an o truncate Ref.
ture ¢ d SH3
domain
Staphylococe [CHAP] Staphylococcus | Staphylococcu (Mishra et
us phage LysSA4 - s s Spp null al., 2013)
SA4 [SH3_5] Pp- : 4
Streptoco
Staphylococcu -ccus ]
Staphylococcus -5 Spp. . (Gilmer et
Streptococcu [CHAP] ' suis. L 2017-
s s - spp., Streptococcus *did not al., X
PlySs SH3b Streptococcus spp., Huang et
prophage [SH3b] Enterococcus | tested on
spp., al., 2015)
spp. other
genus
Staphylococcus | staphylococcu
spp., -S spp.,
Entero_coccus [ Streptococcus Streptococcus (Yoong et
bacteriophag P60] - null
PlyVv12 spp., spp., al., 2004)
e dl [SH3l | ¢ E
nterococcus nterococcus
spp. o
Bacillus spp., Bacillus spp.
Lysinb. Lysinb.
Sphaericus, Sphaericus
Bacillus [Ami_3] Paenib. (weak Bacillus (Etobayev
phage PlyTB40 - Polymyxa, activity), s aetal.,
TsarBomba [SH3_5] | Streptococcus Paenib. Pp- 2018)
pyogenes Polymyxa
(binding assay (weak
only) activity)
Bacillus spp.,
[L- Lysinb.
alaSyl- Sphaericus,
. } Paenib. . . (Etobayev
Bacillus PlyP56 glutamat Polymyxa, Bacillus spp. | Bacillus aetal.,
phage Phrodo ¢ Streptococcus SPp- 2018)
endopep P
tidase] — [byogenes
[SH3b] (binding assay
only)
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Table 2.3: Continued

Binding
o _ Domain _ Lytic host assay of
Origin Endolysin | architec | Bacteria tested range truncate Ref.
ture d SH3
domain
Bacillus spp.,
Lysinb.
Sphaericus,
Bacillus Ami_3 Paenib. . . Etobayev
phage PlyN74 : - : Polymyxa, Bacillus spp. | Bacillus (aet a)I/.,
Nigalana [SH3b] | Streptococcus SPP. 2018)
pyogenes
(binding assay
only)
Staphylococcus
3 Spp.,
. . treptococcus
phfgicg'gglg LysBPS13 E’*[”S“hg]] sp., Bacillusspp. | null S.‘,,PS(S'I;;
Enterococcus
SPp,
Listeria sp.

PGRPs: Peptidoglycan recognition proteins. N1pc_P60: Protein superfamily consists of protein function similar to N1pC — an E. coli membrane-
associated lipoprotein and P60 — murein hydrolases of Listeria monocytogenes (Anantharaman & Aravind 2003). Null: not tested
1

From the table 2.3 it can be observed that the host range varies among SH3-containing
endolysins, with some even exhibiting an extended host range. For example, LysWMY
(Schmelcher et al., 2015; Yokoi et al., 2005) displayed a wider host range by lysing
Staphylococcus spp, Lactobacillus diacetylactis, Pediococcus pentosaceus and
Micrococcus luteus. In contrast, other endolysins have a much narrower host range,
often restricted to species level. For instance, MV-L demonstrated staphylococcal-
specific activity when tested against different genus of bacteria (Rashel et al., 2007).
Similarly, LysF1 (Benesik et al., 2018), a natural mutant derived from LysK (S. C.
Becker, Dong, et al., 2009), possessd only staphylolytic activity. However, domain
truncation studies involves GFP-fused SH3 domain revealed that the SH3 domain from
LysF1 was able to bind to some Staphylococcus spp and Streptococcus uberis (Benesik

et al., 2018). Aside from staphylococcal phage endolysin, SH3 domains can also be
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found in other genera. PlyV12 from Enterococcus phage ®1 exhibited cross-genus
Iytic activity, including Staphylococcus spp., Streptococcus spp., and Enterococcus
spp. (Yoong et al., 2004). Conversely, SH3-containing endolysins from Bacillus
species often exhibit a rather narrower host range restricted to Bacillus spp. For
example, LysBPS13 was shown to specifically target Bacillus spp. (J. Park et al., 2012).
Additionally, while the binding activity of PlyTB40, PlyP56 and PlyN74 were restrict
to Bacillus spp, a weak lytic acitivity on Lysinb. Sphaericus and Paenib. Polymyxa

could be observed (Etobayeva et al., 2018).

2.5.2 Structural study of the SH3 domain

The SH3 domain was initially defined in human proteins and is associated with
protein-protein signaling (Jarabkova et al., 2015; Mayer et al., 1988). This domain is
particulary known for its ability to recognize proline-rich sequences, specifically the
PXXP as the core motif (Proline-x-x-Proline) (Asbach et al., 2012; Kaneko et al.,
2008),or even lipid molecules (Sipeki et al., 2021). Beside eukaryotic proteins, SH3
domains are ubiquitous across various organisms, including bacterial lysostaphin
(Gonzalez-Delgado et al., 2020; Mitkowski et al., 2019) and phage endolysin (S. C.

Becker, Foster-Frey, et al., 2009; Gu, Lu, et al., 2011).

Despite their presence in diverse organisms, the SH3 domains maintain a conserved
structure which includes the characteristic -barrel fold consists of five or six 3-strands
arranged into two anti-parallel B-sheets, along with two key structure: arginine-
threonine loop (RT) loop and Src loop (Figure 2.3A). While the RT and Src loop have
been extensively studied in eukaryotic SH3 domains, their roles in phage endolysins

remain insufficiently explored. The RT loop is a flexible region that forms part of the
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binding site (Figure 2.3B), and its flexibility has been suggested to influence binding
specificity (Arold et al., 1998; Longshore-Neate et al., 2024). The Src loop, on the
other hand, commonly forms a hydrophobic pocket within the binding site, which are
critical to ligand recognition (D’ Aquino & Ringe, 2003; Longshore-Neate et al., 2024).
Interestingly, in bacterial lysostaphin, the binding site is also located near the RT and

Src loops (Figure 2.3B), suggesting potential structural and functional similarities.

While bacterial SH3 domain are known to bind the peptides within the PG layer (J. Z.
Lu et al., 2006; Mitkowski et al., 2019; Tossavainen et al., 2018), SH3 domain derived
from phage endolysins possess a similar mechanism (Benesik et al., 2018; Gu et al.,
2014; Tamai et al., 2014). To the best of our knowledge, most studies investigating
SH3 domain interactions with the PG layer were primarily reliant on wet lab
experiments (e.g. Nuclear magnetic resonance, NMR). However, some computational
approaches, including molecular docking have also been employed, vyielding
comparable results (Hirakawa et al., 2009; S. Wang et al., 2025). Given their efficiency
and cost-effectiveness, in silico analyses as recommended as complementary tools for
studying SH3-PG interaction, particularly with the advancement of Al-based tools (e.g.
AlphaFold), which further enhance the accuracy and reliability of structural

predictions and interactions.
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Figure 2.3: Conserved structural motifs of SH3 domain across different
organisms. The SH3 domain exhibits a conserved pB-sheeted barrel structure,
connected by the Src loop and RT loop. (A): Cartoon representation of the lysostaphin
SH3b (Green) and eukaryotic SH3 domain (Blue). (B): Superimpose 3D structure of
the lysostaphin SH3 domain (PDB: 6RK4), LysGH15 phage endolysin SH3 domain
(PDB: 2MK5) and Endo88 SH3 domain (Chandran et al., 2022), demonstrating the
conserved architecture of SH3 domains aross different species.
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2.6 Stapylococcus Phage 88 and its endolysin (Endo88)

To investigate the specificity of the cell wall binding domain of stapylococcus
endolysins, the staphylococcal phage 88 endolysin, Endo88 was selected as a
candidate for mutagenesis studies. Endo88 was isolated from Staphylococcus Phage
88 (ATCC 33742-B1), which targets S. aureus subsp. aureus PS88 (ATCC 33742).
According to American Type Culture Collection (ATCC), this strain is a clinical

isolate from New York.

Bioinformatic characterization has previously been performed for Endo88 (Chandran
et al., 2022). In brief, the endolysin encoded by the Staphylococcal Phage 88
(YP_240699), denoted as Endo88, is encoded in ORF006 and comprises of 491 amino
acids. According to NCBI Conserved Domain Database (CDD), Endo88 belongs to
the Peptidoglycan recognition proteins (PGRPSs). It consists of a Cysteine, Histidine-
dependent Amidohydrolase/Peptidase (CHAP) domain at residues 31 — 119
(Accession number: pfam05257; E-value: 2.96e-08), an Amidase (Ami_2) domain at
residues 198 — 322 (Accession number: smart00644; E-value: 1.05e—24),and a SH3 5
domain at residues 395-460 (Accession number: pfam08460; E-value: 2.03e—21)

(Figure 2.4).
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Figure 2.4: Domain architecture of Endo88. Endo88 consists of two EAD — CHAP
& AMD, and one CBD — SH3.

Amino acid sequence of Endo88 has high similarity with MV-L (BAF33253.1,
similarity: 99.8%; Identity: 99.6%) (Rashel et al., 2007, 2008) and LysH5
(YP_002332536.1, similarity: 96.5%; Identity: 94.7%) (Rodriguez-Rubio et al., 2012),
but not with LysGH15 (ADG26756.1, similarity: 50.6%; Identity: 38.2%) (Gu et al.,
2014; Gu, Lu, etal., 2011), LysK (YP_009041293, similarity: 50.8%; ldentity: 38.2%)
(S. C. Becker et al., 2008) and Twort (AAX92311, similarity: 55.3%; ldentity: 41.9%)
(S. C. Beckeretal., 2015) (Figure 2.5). The residues forming the catalytic site in CHAP
(C32, H95, E111 & N113) and the SH3 binding site (N390, Y392, G393 & T394) are

conserved among the endolysin (Gu et al., 2014).
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Multiple sequence alignment of Endo88 with other SH3-containing

staphylococcal phage endolysin. The alignment consists of Endo88 (YP_240699),
LysGH15 (ADG26756.1), MVL (BAF33253.1), LysK (YP_009041293), Twort
(AAX92311.1) and LysH5 (ACJ64589.1). Blue, orange and green bar represent the

CHAP, Am

idase, and SH3 domains, respectively. The conserved region are denoted

as “*”, semi-conserved region are denoted as “+” and scores were given for other
column (higher number mean more conserve). The residues forming the catalytic site
in CHAP (C32, H95, E111 & N113) and the SH3 binding site (N390, Y392, G393 &
T394) are indicated by the red and black box, respectively. (Adapted from Chandran

etal., 2022)

36



2.6.1 Target sites of Staphylococcal endolysin 88 domains on bacterial
peptidoglycan
The precise site of action for Endo88’s CHAP domain is unknown, but it likely
possesses D-alanyl-glycyl endopeptidase activity (Figure 2.6), as it shares >99%
identity with the CHAP domain of the phi_P24556 and MV-L endolysins, which site
of action have been experimentally confirmed (Navarre et al., 1999; Rashel et al.,
2007). On the other hand, the AMD is presumed to exhibit N-acetylmuramoyl-L-
alanine amidase activity. However, several studies suggested that the AMD may not
significantly contribute to the lytic activity of the endolysin (S. C. Becker, Dong, et
al., 2009; Costa et al., 2020; Fujiki et al., 2018; Navarre et al., 1999; Son et al., 2018).
As indicated by its name, the CHAP domain relies on cysteine and histidine residues,
along with a third residue, to form a catalytic triad in its active site (Gu et al., 2014;
Sanz-Gaitero et al., 2014). These catalytic residues are highly conserved among

staphylococcal phage endolysins (Chandran et al., 2022).

Staphylococcus aureus cell wall consists of a highly cross-linked peptidoglycan (PG)
layer, which provides structural integrity and protection (Vollmer, 2008; Vollmer &
Seligman, 2010). As shown in Figure 2.6 the main glycan back bone consists of
alternating N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNACc)
linked by B-1,4 linkage, with peptide stems crosslinking these backbones to form a
rigid structure (Garde et al., 2021; S. J. Kim et al., 2015). Notably, in Gram positive
bacteria, the peptide crosslink varies across species/genera (Garde et al., 2021; S. J.

Kim et al., 2015; Schleifer & Kandler, 1972).

37



. N-acetylmurami . .
N-acetylglucosamine cety _d" ¢ N-acetylglucosamine
aci

|' A |. A
GlcNAc MurNAc GlcNAc

L-alanine
|
D-isoglutamine
[ |
L-Lysinel *GLY = GLY = GLY = GLY = GLY = D-alanine
' I
D-alanine L-Lysine
[ | . I-
D-alanine . .
D-isoglutamine
1
L- alanine

N-acetylmuramic N-acetylmuramic
acid N-acetylglucosamine -
MurNAc GlcNAc TN A

Figure 2.6: Illustration of peptidoglycan in S. aureus. The repeating unit of N-
acetylglucosamine (GIcNAc) and N-acetyl muramic acid (MurNAc) polymerize
through beta-1, 4-glycosidic bonds to form a glycan strand. Between the glycan strands
are peptide stems, which consist of short amino acid chains attached to the MurNAc
residues. These peptide stems are crosslinked through pentaglycine (or an interpeptide
bridge in general) that link to the adjacent peptide stem. Red arrow: Putative CHAP
target site - D-alanyl-glycyl endopeptidase; Green arrow: N-acetylmuramoyl-L-
alanine amidase; Blue bracket: Pentaglycine chain.

38



CHAPTER 3

DEVELOPMENT OF MUTATIONS BASED ON THE PRIMARY

SEQUENCE

3.1 Introduction

Despite the similar functions and sequence in SH3 domains among various SH3-
containing endolysins, studies suggest they exhibit differences in lytic host range. This
observation implies that while there is a conserved mechanism for the SH3 domains
to recognize staphylococcal PG, variation within the amino acid sequence of SH3
domains may contribute to the differences in host range. Such variations are typically
caused by mutations, which play a pivotal role in evolution, particularly in relation to
the structure and functionality of proteins. Studies have demonstrated that proteins can
acquire new functions through mutations in the amino acid sequence without
compromising the original function, thereby driving evolution (Jayaraman et al., 2022;
Sotomayor-Vivas et al., 2022). Mutation can occur in both conserved region and non-
conserved region. While conserved positions are undoubtedly critical for the protein
function, mutations in non-conserved positions can also affect protein functionality

(Gloor et al., 2005).

Mutations are thought to occur along with phage evolution (Oechslin et al., 2022). It
is noteworthy that during phage evolution, mutations have been detected in virion
proteins, particularly those related to host attachment (Ceyssens et al., 2006; Paterson
et al., 2010). Intriguingly, beside host attachment proteins, several point mutations in

endolysin have also been identified (Oechslin et al., 2022). For instance, studies have
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indicated that phages with a broader host range may require a longer adaptation period
with their host to achieve long-term co-evolution rather than spontaneous adaptation.
This extended adaptation period allows multiple mutations to occur gradually during
the co-evolution process (Chin et al., 2022; Gibson et al., 2020; Hall et al., 2011). In
contrast, if phages are grown with non-evolving hosts, the selective pressure is low,
resulting in fewer mutations in the amino acid sequence (Chin et al., 2022; Gibson et

al., 2020; Hall et al., 2011).

In the work of Oechslin et al. 2022, phages were genetically modified to replace their
original endolysin gene with endolysins targeting different bacteria. This modification
was intended to observe adaptive mutations in the foreign endolysin as it interacts with
the same host. During the experimental evolution assay, several point mutations were
detected in both conserved and non-conserved regions of the endolysin’s CBD as the
phages were adapting to their host. This observation leads to the speculation that
staphylococcal phages may evolve their SH3 domains to alter their host-range, thereby
increasing their chances of survival. Therefore, in this chapter, the goal was to identify
amino acids that could alter the host range of the Endo88 endolysin using a
bioinformatics approach targeting differences in the primary structure of Endo88 in

comparison with other SH3-containing endolysins.

This chapter describes the first objective of the study which was to design and validate
targeted mutations of the wild-type Staphylococcus aureus phage 88 endolysin CBD
through bioinformatics approaches for potential alteration of endolysin target host-
range. In this chapter, primary sequences of endolysin SH3 domains were compiled

and analysed for differences in sequences with possible correlation to its host-range.
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Shannon’s entropy and mutual information (MI) analysis were used to identify
differences in amino acids in the SH3 domain, comparing Endo88 with endolysins of
different lytic host range. This was performed by means of a bioinformatics tool -
Antigenic Variability Analyser (AVANA). These analyses resulted in two regions with
high MI value and low entropy value which were chosen for mutation (Mutants Al
and A2). Additionally, the multiple sequence alignment of staphylococcal phage
endolysin’s SH3 domain was also analysed manually to identify distinct differences in
the sequences of the SH3 domain between endolysins with different lytic host range

(Mutant M).

3.2 Methodology

3.2.1 Bioinformatic characterization of Endo88 (YP_240699).

The Sequence of Endo88 was retrieved from GenBank database (accession numbers:
YP_240699). The functional conserved domain was predicted using NCBI Conserved
Domain Database (NCBI CDD) and Pfam database. Multiple sequence alignment was
performed on Endo88 with other SH3-containing staphylococcal phage endolysins
with Multiple Alignment using Fast Fourier Transform (MAFFT) alignment tool

(https://tcoffee.crg.eu/) to study the conserved amino acid.
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3.2.2 ldentification of highly conserved serotype-specific sequence (HCSS) with
information theory using Antigenic Variability Analyser (AVANA).
The overview for the workflow to develop the mutants using AVANA is summarized
in Figure 3.1. AVANA is a bioinformatics software which calculates the variability in
a set of protein sequences alignment and identifies mutation in different sequence sets.
Although AVANA is typically used to determine the antigenicity of vaccine
candidates, this bioinformatics tool was employed here because it utilizes an algorithm
capable of identifying gene sequences that are unique within certain defined groups.
In this case, the algorithm was used to identify sequences unique within defined

endolysin host range groups.

In brief, two local databases denoted as NCBI Local Database and Literature Local
Database were generated to compile a comprehensive list of the SH3 domain of SH3-
containing phage endolysin amino acid sequences. These two databases were then

joined together and analysed using AVANA (Miotto et al., 2008).
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Figure 3.1: Overview of the workflow used to design mutations using AVANA
based on the primary structure of endolysins.
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3.2.2.1 Construction of NCBI local database

The NCBI Local database comprised of sequences retrieved from the non-redundant
(nr) database, primarily derived from genome sequencing data, including those with
or without experimental characterisation. Construction of this database involved
submitting amino acid sequences of Endo88 (YP_240699) to NCBI BLASTp which
was filtered based on several parameters, including Non-redundant protein sequence
(nr) database, Organism: Viruses (Taxid: 10239), E- value (<0.05), Identity (>20%),
Similarity (>50%), Query coverage (>50%), and Alignment score (>50%). To reduce
sampling bias, CD-Hit tool (W. Li & Godzik, 2006) was used to eliminate redundant
sequences (sequences that have 100% identity to Endo88), and manual screening was
performed to remove hypothetical or partial proteins. A total of 100 sequences were

initially retrieved, with 92 remaining after screening.

3.2.2.2 Construction of Literature local database.

The Literature Local Database was compiled using phage endolysin sequences
reported in published research articles which had their lytic host-range experimentally
characterized. These endolysin sequences were compiled, annotated and categorized
into four groups: (1) Narrow host-range (NH), indicating endolysins that specifically
lyse within species (e.g. lyse only S. aureus); (I11) Medium host-range (MH): Endolysin
which lyse within the same genus but across species (e.g. capable of lysing both S.
aureus and S. epidermidis); and (I11) Wide host-range (WH), encompassing endolysins
with ability to lyse across genus (e.g. targeting both S. aureus and Streptococcus
pyogenes). However, many of the reported literature focused primarily on the lytic activity

instead of the lytic host-range of the endolysin and only tested lysis in the primary host. These
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endolysins were grouped as (IVV) Ambiguous host-range (AH). In total, 24 sequences

with annotated host-range were compiled to construct the Literature Database.

3.2.2.3 Multiple sequence alignment (MSA) with the database.

The amino acid sequence of Endo88 (YP_240699) was aligned and compared to other
homologous endolysin. Two multiple sequence alignments were performed. The first
alignment combined the sequences from the BLASTp search and the sequences
retrieved from the literature. Subsequently, the alignment was subjected to phylogenic
tree and AVANA analysis. The second alignments included only the sequences
retrieved from literature. This alignment was to observe any distinct differences in the
amino acid sequence, amongst the SH3 domains of staphylococcal phage endolysins
with annotated host range for manual design of one of the mutants. MAFFT, an
alignment tool was used (Katoh et al., 2002) for both alignmenst and was manually

inspected to ensure no misalignments were present.

3.2.2.4 Phylogenetic tree analysis.

The aligned sequences from the combined database (NCBI local databse & Literature
local database) were retrieved. The sequence corresoponding to the SH3 domain were
extracted for further analysis. Notably, a few additional amino acids upstream
(NKYGT) of the SH3 domain were also included in the extraction, as they are suggested
to contribute to ligand binding (Gonzalez-Delgado et al., 2020; Gu et al., 2014,
Mitkowski et al., 2019). The combined dataset underwent phylogenetic analysis using

the Maximum Likelihood method in MEGAX software (Kumar et al., 2018). Clades
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within the resulting phylogenetic tree were annotated and grouped according to their

predicted host range (NH/MH/WH/AH) derived from the Literature Database.

3.2.2.5 Designing of Mutant A1 and A2 with AVANA.

By leveraging these two distinct databases, AVANA was employed to analyse the
amino acid sequences of endolysins with different Iytic host-range. Despite its
conventional usage in identifying antigenic regions in vaccine development,
AVANA'’s algorithm is suitable in this context. In the current study, AVANA was used
to detect sequences differences between the clade annotated as having a putative Wide
host range (WH) and the clade representing a putative Medium host range (MH),

where Endo88 was positioned.

AVANA measure the diversity of sequences within and across group/clade by
combining Shannon’s entropy and mutual information (MI) analysis (Chong & Khan,
2019; Gloor et al., 2005; Paninski, 2003, 2003; Shannon, 1948). Shannon entropy is a
measure from information theory, to determine how much variation exists at each
position in the sequence. High entropy values mean that a particular amino acid
position changes frequently (i.e., it's variable), which could indicate a region is not
conserved. Mutual information looks at how changes in one part of the protein
sequence might be linked to changes in another part. This helps to identify co-evolving
positions—places where mutations in one region depend on or are related to mutations
in another, which may suggest their functional and structural importance. By
comparing endolysins with different host ranges, nonamers were chosen from region

where M1 values were high and entropy was low.
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Prior to calculation, three gaps were removed in the multiple sequence alignment of
combined database to prevent interference (Chong & Khan, 2019; Paninski, 2003).
Entropy calculations were performed for overlapping nonamers, using a window size
of nine amino acids (e.g. Calculating the sequence diversity from amino acid 1 — 9,

followed by 2 — 10, and so on). The Shannon’s formula is expressed as :-

n(x)

H(x) = — Z pi,x Loglog2 (p;x)

i=1

Where H(x) represent the entropy of the nonamer peptide, pi,x is the probability of a
specific nonamer peptide (i), starting at a particular amino acid position (x) (Chong &
Khan, 2019). A low entropy value indicates that the region of the sequence is highly
conserved within the group, while a high entropy value suggests the region is less
conserved. The entropy values were then incorporated into the Mutual information
(MI)’s formula to analyse the mutual dependency between the MH group and the WH

group. The formula is expressd as follows (Gloor et al., 2005; Paninski, 2003):
MI(WH, MH) = H(MH) + H(WH) — H(WH, MH)

H (WH, MH) represent the joint entropy between the MH and WH group, while H
(MH) and H (WH) denote the entropy calculated from the MH and WH groups,
respectively. Mutual information (MI) values range from O to 1, where higher values
indicated significant differences in the nonamers between the two groups. Ultimately,
two nonamers with high Ml values and low entropy values were selected for mutation.

A high M1 value and low entropy value indicated that these nonamers are specific and
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less diverse within a group. These selected nonamer sequences were then substituted
into the wild-type (Endo88) at corresponding amino acid position, resulting in two

mutants denoted as “A1” and “A2”.

3.2.3 Manual designing of Mutant M

Apart from AVANA, another approach was conducted based on the multiple sequence
alignment of SH3-containing staphylococcal endolysins from the Literature local
database. After the phylogeny tree was constructed, staphylococcal endolysin with the
annotated host-range were retrieved from the tree and aligned with MAFFT.
Subsequently, the aligned sequences were manually inspected to identify distinctive
amino acid regions within each host-range group. The region was then replaced into
Endo88 at the corresponding amino acid position and the mutant generated was

denoted as “M1”.
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3.3 Results & Discussion

By comparing endolysins with different host ranges, nonamers were chosen from
region where M1 values were high and entropy was low. Before AVANA analysis, the
host range of all the endolysins sequences (from NCBI database and literature

database) were annotated based on phylogenetic tree analysis.

3.3.1 Phylogenetic Tree analysis

The SH3 amino acid sequences from both the NCBI Database (92 sequences remained
after filtering) and the Literature Database (24 sequences with annotated host range)
were merged, aligned and a phylogeny tree was constructed (Figure 3.2). The clades
were annotated based on host range information from the sequences in the Literature
Database, which had been experimentally verified and reported in literature. The
hypothesis of the experimental design was that SH3 sequences with high similarity
will have similar host range. Endo88 was predicted to possess a medium host range
(MH) as it was clustered within the MH clade. The clades without annotation either
did not belong to the Staphylococcus genus but possessed the SH3 as CBD or did not

have sequences from the Literature Database, thus the host-range was unknown.
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Figure 3.2: An unrooted maximum likelihood phylogenetic tree of SH3 domain
sequences from both databases. Dots with different colour denotes sequences with
annotated host range from the Literature Database: Black dots: AH endolysins; Dark
green: WH endolysins; Dark purple: NH endolysins; Dark red: MH endolysins.
Yellow arrow = Wild-type Endo88. Based on these annotated endolysin host-range,
the clades were assigned their respective host-range as such: Red box: Medium host
range (MH) clade; Green box: Wide host range (WH) clade; Purple box: Narrow host
range (NH) clade. Literature Database
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3.3.2 AVANA

The HCSS is a nonamer with sequence that is unique within a group, and also less
diverse within the group (Chong & Khan, 2019). In the phylogeny tree, the reference
endolysin — LysWMY (BAD83402.1) from the previously designed mutation (Mutant
M), formed a WH clade with other sequences from the NCBI database. It was expected
that the nonamers derived from the WH groups would be unique for the WH group,
and might potentially alter the host range of Endo88. By use of the AVANA analysis,
HCSS within the WH group of SH3-containing endolysin was identified by comparing

with the MH group.

Using AVANA, a total of 58 HCSS nonamers were identified within the WH group,
with MI > 0.5, and average entropy of 337 (Highest: 3.75; Lowest: 2.26) (Figure 3.3).
Two best potential candidates with the combined highest MI value and lowest entropy
value were chosen for mutation (FTPNTD-IITRTTGP & SGVLKAGQTIHYDEVMK) WeEre
chosen for mutation (Table 3.1). These sequences had the lowest Shannon Entropy
value which means that this sequence was conserved within the WH group in
comparison with the MH group. It also had the highest M1 value, which meant that the
sequence is more specific within the WH group. These sequences were then replaced
into Endo88 at the same amino acid position, resulting in two mutants (Al and A2)
with the expectation of the host-range of Endo88 changing from MH to WH (Figure

3.4).
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Figure 3.3: Scatter plot of Mutual Information (MI) versus Entropy. Nonamers
with highest M1 value and low entropy value were chosen and concatenated (Red box).

Table 3.1: Nonamers with highest M1 value and lowest entropy value within the
58 nonamers.

Position | Ml value Nonamers Entropy Combined | Average | Average
Nonamers | Ml value | Entropy

16 0.9848 PNTDIITRT 3.375459

17 0.9848 NTDIITRTT 3.375459

18 0.9848 TDIITRTTG 3.375459

19 0.9848 DIITRTTGP 3.375459 FTPNTD- | 0.9848 3.41273

13 0.9848 FTPNTDIT 3.462415 ITRTTGP

14 0.9848 TPNTDIITR 3.462415

15 0.9848 PNTD-IITR 3.462415

34 0.9848 SGVLKAGQT | 3.555533

35 0.9848 GVLKAGQTI | 3.757925

37 0.9848 LKAGQTIHY | 3.757925

38 0.9848 KAGQTIHYD | 3.757925

39 0.9848 AGQTIHYDE | 3.757925 SGVLKA | 0.9848 3.7451

40 0.9848 GQTIHYDEV | 3.757925 GQTIHYD

36 0.9848 VLKAGQTIH | 3.844882 EVMK

41 0.9846 QTIHYDEVM | 3.757925

42 0.9846 TIHYDEVMK | 3.757925

The nonamers with high M1 value and low Entropy value were chosed and concatenated, yielding two potential candidates for

mutation.
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Figure 3.4: Nonamers selected as mutational candidate. Two amino acid nonamers
"FTPNTD-IITRTTGP” & “SGVLKAGQTHYDEVMK” with high MI value and low
entropy values were output by the AVANA analysis (Red box) and chosen for
mutation. A high MI value indicates that the region is specific within a group (WH
group), while a low entropy value indicates that the region is less diverse in the WH

group.

3.3.3 Manually design based on MSA (Mutant M)

The amino acid sequences of the SH3 domain of staphylococcal phage endolysins from
the Literature Database were aligned and observed manually. The lytic host-range of
the endolysins were annotated based literature reports. As depicted in Figure 3.5, the
region (Red box) in LysWMY_BAD83402.1 display distinct differences compared
with the MH group, specifically the wild-type Endo88. The regions were then replaced
into Endo88 at the same amino acid position. LysWMY was annotated as a endolysin
exhibiting wide lytic host range based on the lytic assay (Yokoi et al., 2005), while

Endo88 was predicted as medium host range from the phylogeny tree (Figure 3.2).

The hypothesis underlying this substitution is that variations in the SH3 domain
influence the lytic host range of endolysins. LysWMY, has been reported to exhibit a
wide host range, contains the “SWTTSDG” motif which is not present in any of the MH

sequences which instead contains the “GYTWE/QG”, this region was replaced in
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Endo88 with the intention to investigate if this mutation may similarly expand its lytic
host range. The approach is similar with the AVANA mutants, which aims to assess
whether specific amino acid differences contribute to host specificity. However, while
AVANA facilitate large-scale comparative analysis between WH and MH groups, this
approach was identified through manual screening, focus exclusively on the literature

database which all analysed suquences had annotated host range.

Endo88=—=Fp YP_240699.1 NXE  NKYGIYYMEESARFTN-GNQPITVRKIGPFLSCPVAYQFQPGGYCDYTEVMLODGHVWVGYT-WE PIRTWNGSAPPNQILGDLWGEIS-
MH_BAF3325371_M  NKYGTYYMEENARFTN-GNQPITVRKIGPFLSCPVAYQFQPGGYCDYTEVMLODGHVWVGYT-WEGQR! IRTWNGSAPPNQILGDLWGEIS-
MH_AHJ10590.1_P  NQYGTYYRNENATFTC-GFLPIFARVGSPKLSEPNGYWFQPNGYTPYDEVCLSDGLVWIGYN-WQGTR! GKTGNSYSIGLPWGVFS-
MH_ACE77796.1_L  NKYGTYYMEESARFTN-GNQPITVRKVGPFLSCPVGYQFQPGGYCDYTEVMLODGHVWVGYT-WE PIRTWNGSAPPNQILGDLWGEIS-

LysWMY ==p WH_BAD83402.17L NEYGTLWKKEHATFTCGVRQGIVIRTTGPETSCPQAGVLYYGQSVNYDTVCKODGYVWISWITSDG IRTWDRSTD- - -KVSEIWGTIS-

AH_J | ADG26756. M NQYGTWYKPENATFVN-GNQPIVTRIGSPFLNAPVGGNLPAGATIVYDEVCIQAGHIWIGYNAYNGDRVYCPVRTCQGVPP-NHIPGVAWGVFK-
AH YP_0090067 22 NQYGTWYKPENATFVN-GNQPIVTRIGSPFLNAPVGGNLPAGATIVYDEVCIQAGHIWIGYNAYNGNRVYCPVRTCQGVPP-NQIPGVAWGVFK-
AH_AAOB 3890.1_P NQYGTYYRNENGTFTC-GFLPIFARVGSPKLSEPNGYWFQPNGYTPYNEVCLSDGYVWIGYN-WQGTRYYLPVRQWNGKTGNSYSVGIPWGVES-
AH_AHY26256.1 L NQYGTWYKPENATFVN-GNQPIVTRIGSPFLNAPVGGNLPAGATIVYDEVCIQAGHIWIGYNAYNGNRVYCPVRTCQGVPP-NQIPGVAWGVFK-
AH_P24556_phill NKYGTYYMEESARFTN-GNQPITVRKVGPFLSCPVGYQFQPGGYCDYTEVMLODGHVWVGYT-WEGQRYYLPIRTWNGSAPPNQILGDLWGEIS-
AH BAE05642.1_s NPHGTLYKEEHATFT--ANANIITRYVGPFTNMPQAGILKAGQTIIYDEVMKQDGYIWVGYTAYNGKRVYLPVRKWNRETD - - - SVGKLWGVIS-
AH YP_0090412 93 NQYGTWYKPENATFVN-GNQPIVTRIGSPFLNAPVGGNLPAGATIVYDEVCIQAGHIWIGYNAYNGNRVYCPVRTCQGVPP-NQIPGVAWGVFK-

AH_J _ABF71642.1 ) DKNNVPYKKEQGNYTV-ANVKGNNVRDGYSTNSRITGVLPNNTTITYDGAYCINGYRWITYIANSGQRRY IATGEVDKAGNRISSFGKFSTI---
AH_J | AAX90995. 252 NKDGIWYKAEHASFTVTAPEGIITRYKGPWTGHPQAGVLOKGQTIKYDEVQKFDGHVWVSWETFEGETVYMPVRTWDAKTG - - ~-KVGKLWGEIK-
AH_J | AAX92311. 1 T NNYGTYYKSESATFKCTARQGIVTRYTGPFTTCPQAGVLYYGQSVTYDTVCKQDGYVWISWTINGGQDVWMPVRTWDKNTD - - - IMGQLWGDIY-
AH_J | AUV56903.1_E NQFGTWYKPESATFVN-GNQPIVTRIGSPFLNAPVGGNLPAGATIVYDEVAIQAGHIWIGYNAYNGNRVYCPVRTCQGVPP-NHIPGVAWGVFKG
AH_AS278266.1_L NQYGTYYRNEKGTFTC-GFLPIFARVCSPKLSEPNGYWFQPDGYCDYDEVCLSDGLVWIGYN-WQGTRYYLPVRQWNGKTGNAYSIGEPWGAFS-

cons s B 3 - * i g *: o

Figure 3.5: Multiple sequence alignment of SH3 domain of annotated
staphylococcal phage endolysin. The distinctive region (Red box) was then
substituted into Endo88 at the corresponding amino acid position. “:” denotes
conserved regions; “.” denotes semi-conservative regions; “*”” denotes fully conserved
regions. MH preceding the protein accession number denotes Medium Hosta-Range
while WH denotes Wide Host-Range.
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In summary, two mutations were designed through AVANA analysis. Top two
nonamers “FTPNTD-IITRTTGP” and “SGVLKAGQTHYDEVMK” were selected for
mutation with highest MI value and lowest entropy value. Another mutation was
determined through manual screening in literature database. WH group endolysin
containing “SWTTSDG” motif is absent in all MH sequences, which instead contain
the “GYTWE/QG” motif. Therefore, “SWTTSDG” motif was selected as the third

mutation, denoted as “M”.
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CHAPTER 4

CLONING AND EXPRESSION OF WILD-TYPE ENDO88 AND MUTANTS
DESIGNED BASED ON PRIMARY STRUCTURE

4.1 Introduction

Recombinant phage endolysins have shown to inhibit a variety of pathogens when
applied externally to the cell, making them potential candidates for antibiotic
alternatives in treating Gram-positive bacterial infections (Fischetti, 2008; Loessner,
2005). Given that promising role, in this chapter, the cloning of Endo88 in E. coli is
described. Initially, we cloned Endo88 with a N-terminal his-tag (denoted as
BXEndo88, with BamHI & Xhol flanking the gene) which was not expressed in the
solubilised fraction. After much effort in optimising the re-folding and solubilisation
of the protein from the pellet, the protein was not functional. Thus, we re-cloned the
Endo88 with a C-terminal his-tag (denoted NXEndo88, with Ncol & Xhol flanking the
gene) which was expressed in the soluble fraction. Using the conditions optimised for
the NXEndo88 (which was after that just referred to as Endo88), the mutants designed
in the previous chapter (Al, A2 and M1) was similarly cloned and expressed. The
Endo88 was fully characterised for lytic activity in various biophysical conditions
including different buffers, pH and temperatures. Using the optimised conditions, lytic

activity and host range of Endo88 and mutants were characterised and compared.

Escherichia coli is commonly utilized for recombinant protein production due to its
well-established expression system and various commercially available strains and
compatible plasmid vector. The combination of E. coli B strain (e.g. BL21(DE3)) with

PET plasmid vector is widely adopted. However, overexpression often results in the
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formation of inclusion bodies, which are expressed insoluble protein structure (mostly
unfunctional) found in the host cytoplasm (Palmer & Wingfield, 2004). Due to mis-
folding during overexpression, the functionality of these proteins are often
compromised. To restore its biological activity, purification protocols involving
solubilization and refolding can be used (S. M. Singh & Panda, 2005; Z. Yang et al.,
2011). However, these processes often yield low and are laborious. Hence, the

expression of soluble protein is preferable.

This chapter describes the second and third objectives of the study which was to clone
and express the endolysin, subsequently analyse the lytic host range. Firstly, the
cloning and expression of wild-type Endo88 was optimized prior to cloning of the
mutants. Different cloning strategies and buffer adjustments were implemented to
ensure the expression of soluble and functional Endo88. After the expression of
soluble proteins, the activity and stability of the endolysin under different biochemical
conditions such as concentration of Sodium Chloride (NaCl), temperature, and pH
were also investigated. The optimized expression conditions were then applied to
mutant constructs, and their lytic host range was evaluated and compared to wild-type

Endo88 using turbidity reduction assay.
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4.2 Methodology

4.2.1 Bacterial strains and growth condition

The plasmid and bacterial strains used in this study are listed in Table 4.1. Escherichia
coli BL21(DE3) was sub-cultured from plate colonies and grown in Luria-Bertani
broth (LB broth). The culture was then incubated at 37 °C, 200 rpm for 16-18 hours.
Recombinant E. coli Top 10 and BL21(DE3) containing pET28a expression plasmid
was grown in LB broth supplemented with 50 pg/mL Kanamycin as the selection
marker, and incubated at 37 °C, 200 rpm for 16-18 hours. Pathogens were grown in
different condition. Staphylococcus aureus PS88, Staphylococcus epidermidis (ATCC
12228), Staphylococcus hominis and Enterococcus faecalis (ATCC 29212) were
grown in Brain Heart Infusion broth (BHI broth) and incubated at 37 °C, 200 rpm for
16-18 hours. Streptococcus pyogenes (ATCC 19615) and Streptococcus agalactiae
were grown in BHI broth and incubated statically at 30 °C for 16-18 hours. Bacillus
subtilis (ATCC 6633), Bacillus cereus (ATCC 11778) and Micrococcus luteus (ATCC
10240) were grown in TSB broth and incubated at 37 °C, 200 rpm for 16-18 hours.
Lactobacillus plantarum was grown in De Man, Rogosa and Sharpe broth (MRS broth)

and incubated statically at 30 °C for 16-18 hours.
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Table 4.1: List of plasmid and bacteria used in this study

Bacteria strain and plasmid

used

Features

Sources

E. coli Top 10

E. coli BL21(DE3)

E. coli Origami B(DE3)

Lactococcus lactis NZ9000

pET28a

Staphylococcus aureus PS88
Staphylococcus epidermidis
Staphylococcus hominis
Streptococcus pyogenes
Streptococcus agalactiae
Enterococcus faecalis

Bacillus subtilis

Bacillus cereus

Micrococcus luteus

Lactobacillus plantarum

Cloning host for plasmid
pET28a amplification

Expression host for
PET28a. Protease deficient
protein  expression  host
containing gene for T7
RNA polymerase. Suitable
expression host for pET28a.

Expression host for pET28a

Expression  vector  for
pNZ8048

Expression plasmid vector
carry an N-terminal His-
tag/Thrombin cleavage site/
T7.tag configuration plus an
optional C-terminal His-

tag.

Clinical isolates from New

York City

FDA strain use for food
testing

Clinical isolate isolated

from Human Breast milk
Clinical isolate from the
pharynx of a child

Isolated from Tilapia fish

Isolated from urine

Test microorganism  for
food, media, and
pharmerceutical testing
Test microorganism  for
food, media, and
pharmerceutical testing
Isolated from air and
involves in pharmaceutical
research

Isolated from pandan

Novagen, USA

Novagen, USA

Novagen, USA

MoBiTec, Germany

Merck, Bioscience

ATCC 33742
ATCC 12228
Gifted by Dr Nurulfiza Mat Isa,
UPM (Hassan et al., 2016)
ATCC 19615
(Megat Mazhar Khair et al.,
2023)
ATCC 29212

ATCC 6633

ATCC 11778

ATCC 10240

UPMC 267 (Jalilsood et al.,
2015)
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4.2.2 Plasmid extraction

Plasmid extraction was done using FavorPrep Plasmid DNA Extraction Mini kit
(Favorgen, Taiwan). A 3 mL overnight bacterial culture was transferred and pooled
into a 1.5 mL microcentrifuge tube by centrifuging at 12 000 x g for 3 minutes to obtain
the cell pellet and discard the supernatant. Washing step was performed by
resuspending the cell pellet with 1 mL Phosphate-buffered saline (PBS) and
centrifugation to remove the supernatant. The cell pellets were then resuspended
completely with 250 pL FAPD1 Buffer containing 50 pg/mL RNase A. After that, 350
puL of FAPD3 Buffer were added and gently inverted 5 — 10 times to ensure complete
neutralization of the mixture. The tube containing white precipitate was centrifuged
for 10 minutes at 13 000 x g, 4 °C. After centrifugation, the supernatants were then
carefully transferred to FAPD column with collection tube and centrifuged for 30
seconds at 11 000 x g. Four hundred microliter of W1 Buffer were then added and
centrifuged for 30 seconds at 11 000 x g. Second washing step was performed by
adding 750 pL of Wash Buffer to FAPD column and centrifuging for 1 minute at 11
000 x g after which the flow-through solution was discarded, followed by additional
centrifugation for 7 minutes at 13 000 x g to removed residual liquid in the column.
Then, the plasmid DNA was eluted by adding 50 pL of warm water and centrifuging
for 5 minutes at 13 000 x g. The extracted plasmid DNA was then stored at 4 °C for

short-term usage and -20 °C for long-term storage.
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4.2.3 Cloning of endolysin (Endo88) gene.

The plasmid pET28a (Novagen) served as the expression vector for Endo88 in this
study. The nucleotide sequence of the S. aureus Phage 88 (ATCC 33742-B1) endolysin
(RefSeq ID: YP_240699; ORF006) was obtained from the genomic sequence
(GenBank ID: NC_0070631) of Phage 88 (Kwan et al., 2005). The ORF006 was
synthetically synthesized (IDT, Singapore) and inserted into the pUCIDT plasmid
provided by the company. Then, 250 pL of FAPD2 Buffer were added to the
synthesized plasmid and gently invert the tube 5 — 10 times and incubated at room

temperate for 5 minutes for storage.

4.2.4 Primers design

Two different sets of primers (Table 4.2) were designed to introduce RE sites flanking
the Endo88 gene using Phusion High-Fidelity DNA polymerase (ThermoFisher,
USA). BXEndo88 primer sets contained the BamHI and Xhol, while the NXEndo88
primer sets contained the Ncol and Xhol restriction site. Moreover, the annealing
temperature for the primers were predicted using Tm calculator web tool provided by
ThermoFishe Scientific (https://www.thermofisher.com/my/en/home/brands/thermo-
scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-

resource-library/thermo-scientific-web-tools/tm-calculator.html).

Table 4.2: Primer sets used to clone NXEndo88 and BXEndo88.

NXEndo88 NXEndo88-Fwd 5'- CATG CCATGG CA
ATGCAAGCAAAATTAACTAAAAAAG -3'

NXEndo88-Rev 5’- CC CTCGAG GCC
AGGTGACTTATGGGGAGAAATCAGT -3’

BXEndo88 BXEndo88-Fwd 5'- CGC GGATCC GCG

ATGCAAGCAAAATTAACTAAAAAAG -3'
BXEndo88-Rev  5’- CCCTCGAGGACTGATTTCTCCCCATAAGTCACCT-3’

Italic: Restriction site; Bold: Endolysin sequence
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4.2.5 Polymerase Chain Reaction (PCR)

The primers used to amplify the Endo88 gene are listed in Table 4.2. The PCR reaction
was conducted according to the manufacturer’s instructions for Phusion DNA
polymerase kit (ThermoFisher, USA). Prior to amplification, the PCR profile was
optimized with gradient PCR (gPCR) to determine the optimal annealing temperature
for the primers. Three different annealing temperatures (55 °C, 60 °C, 65 °C) were
used to assess the optimum annealing temperature for the primers. Next, conventional
PCR reaction was carried out in a total reaction of 20 uL reaction mixture using the
Master cycler Gradient (Eppendorf, USA). The reaction mixture included 1X of 5X
Phusion HF Buffer which provided in the kit, 0.5 pM of forward and reverse primers,
200 uM of 10 mM dNTP, 0.02 U/uL of Phusion High-Fidelity DNA Polymerase and
1 pg of DNA template. The reaction was performed with settings as follows: (Step 1)
pre-denaturation at 98 °C for 3 minutes, 1 cycle, (Step 2) denaturation at 98 °C for 10
seconds, annealing at 60 °C for 30 seconds, extension at 72 °C for 30 seconds, 35
cycles, and (Step 3) final extension at 72 °C for 5 minutes (1 cycle). Subsequently, the

amplified products were analysed through agarose gel electrophoresis.

4.2.6 Agarose Gel Electrophoresis

Agarose gel electrophoresis was conducted to separate the size of the DNA bands. A
1% agarose gel was prepared by dissolving 0.25 g agarose powder (Vivantis,
Malaysia) in a conical flask with 25 mL of 1x TAE (Tris-acetate, EDTA) buffer. The
mixture was microwaved until boiling (approximately 1 minutes), swirled and re-
heated until fully dissolved. After a brief cooling under running tap water, 2 pL of

nucleic acid stain (ViSafe Red Gel Stain, Vivantis Malaysia) was added and mixed
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well. The mixture was then poured into the pre-assembled gel cast with comb and
allowed to solidify. The solid gel was immersed into the gel tank filled with 1X TAE
running buffer. Prior to loading into the wells, the sample was mixed with 6x loading
dye (ThermoScientific, USA). Gel electrophoresis was carried out at 90 V for 40
minutes or until the loading dye reached the bottom of the gel. The bands were then
visualized using Benchtop UV Transilluminator (DaiggerScientific, Malaysia) and the

images were captured using Amersham Imager 600 (GE Healthcare,USA).

4.2.7 DNA purification

After PCR, two DNA purification processes were employed based on the specific
application using FavorPrep GEL/PCR Purification Kit (Favorgen, Taiwan).

(1) PCR clean-up: This method was employed when only a single bright band was
observed on electrophoresis gel with the correct size. First, the PCR product was
pooled into a 1.5 mL microcentrifuge tube and 5 volumes of FADF Buffer (100 puL
PCR product + 500 pL FADF Buffer) were added. Then, the mixture was transferred
into the FADF Column and centrifuged for 30 seconds at 11 000 x g, and the flow
through was discarded. After that, 750 pL of Wash Buffer was added into the FADF
column, centrifuged for 30 seconds at 11 000 x g and the flow through was discarded.
The column was then dried by centrifuging again for 5 minutes at 17 000 x g. Then,
PCR product was eluted by adding 40 puL of warm distilled water in the column and
centrifuged for 5 minutes at 17 000 x g. The extracted PCR product was then store at

4 °C for short-term usage and -20 °C for long-term storage.

(I1) Gel excision purification: In cases where the target band was bright and of the

correct size multiple bands were presented on the electrophoresis gel even after
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optimization, gel excision purification was used to purify the target gene. Additionally,
this step was also applied to both restriction enzyme digestion (RE digestion) and
Splicing by Overlapping PCR (SOE-PCR) which is elaborated below. First, the target
band was excised from the electrophoresis gel and weighed. Then, 500 uL of FADF
Buffer was then added and mixed by vortex. The mixture was then incubated at 60 °C
and vortexed every 2 — 3 minutes until the gel slice fully dissolved into the solution.
After that, the dissolved gel solution was then transferred to FADF column and
centrifuged for 30 seconds at 11 000 x g after which the steps are as described in the
PCR clean-up protocol above. Finally, the concentration and purity of purified

products were measured using NanoPhotometer (Implen, Germany).

4.2.8 Restriction Enzyme (RE) digestion

The DoubleDigest Calculator web tool provided by ThermoFisher Scientific

(https://www.thermofisher.com/my/en/home/brands/thermo-scientific/molecular-

biology/thermo-scientific-restriction-modifying-enzymes/restriction-enzymes-

thermo-scientific/double-digest-calculator-thermo-scientific.html) was used to

determine the optimal double digestion reaction conditions for the target genes and
pET28a. Two different set of primers were designed to introduce restriction (RE) sites
flanking the Endo88 gene (Denoted as: BXEndo88 and NXEndo88). The recipe for the
reaction is listed below (Table 4.3 and Table 4.4). In brief, total 50 pL of reaction
mixture was incubated at 37 °C, overnight and enzyme deactivation was done at 80
°C, 10 minutes. The double digested DNA products were then purified using the gel

excision purification method which was mentioned in section 4.2.1.7.
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Table 4.3: Double-digestion recipe for BXEndo88

Ingredients Final amount in 50 uL
BamHI 2 pL(10 V)

Xhol 1pL( V)

10x Tango Buffer | 10 pL (2x)

DNA 1ug

dH.0

Top up to 50 pL

Table 4.4: Double-digestion recipe for NXEndo88

Ingredients Final amount in 50 pL
Ncol NUESY)

Xhol 1l (5 U)

10x Tango Buffer | 10 pL (2x)

DNA 1ug

dH.0

Top up to 50 pL

4.2.9 Ligation of pET28a with endolysin gene

Ligation of the double digested target gene and pET28a were done using T4 DNA
Ligase (Vivantis, Malaysia). A ligation ratio (1:5) was calculated using the ligation
calculator web tool provided by Qiagen (link), and the recipe for ligation is listed in

Table 4.5. The mixture was then incubated in 4 °C overnight.

Table 4.5: Ligation recipe for double digested gena and pET28a

Ingredients Final amount in 50 uL
dH20 Top up to 20 pL

10x T4 buffer 2 uL (1x)

Vectors 150 ng

Inserts 205 ng

T4 Ligase 0.5uL (1 V)
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4.2.10 Preparation of E. coli BL21(DE3) competent cell

Preparation of E. coli BL21(DE3) competent cells was done using the CaCl, treatment
method (Chan et al., 2013). Initially, a single bacterial colony was inoculated into 10
mL LB broth and incubated at 37 °C, 200 rpm for 16 — 18 hours. The overnight culture
was then sub-cultured again into fresh LB broth and grown until reaching the log-
phase (ODsoo: 0.5 ~ 0.6). After incubation, the cells were harvested by centrifugation
at 4000 x g for 8 minutes at 4 °C. After the supernatant was discarded, the cell pellets
were gently resuspended in 10 mL of ice-cold 0.1 M CaCl; and incubated on ice for
30 minutes. Subsequently, the culture was centrifuged again at 4000 x g for 8 minutes
at 4 °C and gently resuspended again with 2 mL storage buffer (0.1 M CaCl,, 15 %
glycerol). The competent cells were then aliquoted into a sterile 1.5 mL

microcentrifuge tubes, with a total volume of 100 pL each and stored at -80 °C.

4.2.11 Transformation

Transformation of E. coli BL21(DE3) competent cells were done using the heat-shock
method. Five microliter of the ligation mixture was gently added into competent cells,
and the mixture was incubated on ice for 10 minutes. After incubation, the cultures
were then heat-shocked at 42 °C for 30-50 seconds and then incubated back on ice for
5 minutes. One milliliter of LB broth was then added to the culture and allowed to
grow at 37 °C, 250 rpm for 1 hours. The cultures were then plated on LB agar
supplemented with 50 pg/mL Kanamycin and incubated at 37 °C overnight. The
putative positive E.coli BL21(DE3) transformants were initially verified by their
ability to grow on LB agar supplemented with 50 pg/mL Kanamycin. The colonies

were then picked and proceeded with colony PCR screening.
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4.2.12 Colony PCR screening

Colony PCR screening was used to screen transformants which harbored recombinant
PET28a (Endo88). The PCR reaction was performed using Tag DNA polyemerase (1%
Base, Malaysia) and a pair of primers targeting upstream and downstream of the
multiple cloning side (pETF2_Fwd: 5’- TCCCGCGAAATTAATACGAC-3’;
PETR_Rev: 5’- GCTGAGCAATAACTAGCATA -3°). The reagents are listed below
(Table 4.6) and the template preparation was slightly different from conventional PCR.
After transformation, the colonies were labelled alphabetically and streaked onto a
fresh LB agar supplemented with 50 pg/mL Kanamycin and incubated overnight at 37
°C. Using a sterile pipette tip, the cultures were swabbed and immersed into a PCR
tube containing 20 pL sterile dH2O. The tubes were then boiled for 10 minutes and
spinned down with benchtop mini-centrifuge to separate the debris from the

supernatant. The 20 pL of the solution was then used as the template for colony PCR.

Table 4.6: Recipe for colony PCR screening

Ingredients Final amount in 25 pL
dH20 Top up to 25 pL

10x Taq buffer 1X

dNTP Mix 0.2mM

Forward primer 0.1 puM

Reverse primer 0.1 puM

Tag DNA polymerase 1.25U

MgCl; 2.5 mM

Template 0.5 uL
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4.2.13 Sanger sequencing of insert

The same pairs of primers in the colony screening PCR were used for DNA
sequencing. The purified recombinants plasmid, along with the primers, were sent to
1% Base Company for sequencing services. Subsequently, the sequencing results were
aligned with the expected sequence to ensure the absence of mutations. All sequencing

results are appended in Appendix A.

4.2.2 Protein expression and purification

BXEndo88 and NXEndo88 were expressed at two different temperature (18 °C and 37
°C) and different concentrations of p-D-1-thiogalactopyranoside (IPTG) to check the

solubility of the expressed endolysin. Overnight culture of E. coli BL21(DE3)
harboring recombinant pET28a harbouring BXEndo88 or NXEndo88 were cultured in
LB broth supplemented with 50 pg/mL Kanamycin at 37 °C, 200 rpm until reaching
mid-log phase (ODeoo: 0.4 — 0.6). Subsequently, gene expression was induced by
adding different concentrations of IPTG (0.05 mM, 0.1 mM, 0.5 mM, 1 mM), and the
bacteria were incubated at 200 rpm for 18 hours at 18 °C and 4 hour at 37 °C
respectively. After induction, the cells were harvested by centrifugation (4000 x g, 4
°C for 10 minutes), washed two times with PBS and resuspended in Tris buffer (50mM
Tris-HCI, pH 7.5; 150 mM NaCl) at a ratio of 1:10 (1g of cell pellet to 10 mL of
buffer). The cells were ruptured physically using sonication (QSONICA, USA) for 5

minutes (30 seconds sonication separated by 30 seconds rest) in an ethanol ice bath.
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4.2.2.1 Purification of BXEndo88 (Inclusion body) under denaturing condition.

The protocol of protein purification under denaturing condition was adapted from
other studies (Schmelcher, Korobova, et al., 2012; S. M. Singh & Panda, 2005). After
BXEndo88 was induced at 37 °C, 4 hours, the inclusion bodies obtained from the pellet
fraction were treated with 8 M urea and incubation on ice for 30 minutes. Then, the
mixture underwent centrifugation (4000 x g, 20 minutes, 4 °C) to separate the
supernatant from the pellet. The supernatant was then proceeded with purification
under denaturing conditions using cOmplete His-tag Purification Resin column
gravitational dripping method (Merck), with decreasing concentrations of urea in the
washing steps (6, 4 and 2 M) and elute with elution buffer (250 mM imidazole, 50 mM
Tris-HCI, 150 mM NaCl). Lastly, the buffer in the eluted sample was exchanged for
Tris buffer (50 mM Tris-HCI, 150 mM NaCl, pH 7.5) using Pierce Protein
Concentrator with a polyethersulfone membrane and a 5k molecular cutoff (Thermo

Fisher Scientific).

4.2.2.2 Purification of NXEndo88 (Soluble fraction) under native condition

NXEndo88 was induced at 18 °C, 200 rpm for overnight and proceeded with sonication.
Then, the mixture underwent centrifucation (4000 x g, 20 minutes, 4°C to obtain the
soluble fraction (supernatant). Subsequently, the soluble fraction underwent filtration
with a 0.22 uM syringe filter (Merck). NXEndo88 in the soluble fraction was then
purified using cOmplete His-tag resin column (Merck) with gravitational dripping
method. Elution was done with elution buffer (250 mM imidazole, 50 mM Tris-HCI,
150 mM NaCl). Lastly, the buffer in eluted sample was exchanged for Tris buffer (50

mM Tris-HCI, 150 mM NaCl, pH 7.5) using Pierce Protein Concentrator with a
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polyethersulfone membrane and a 5k molecular cutoff (MWCO) (Thermo Fisher

Scientific).

4.2.2.3 Lysis buffer optimisation for protein stability

Different lysis buffers (Table 4.7) were tested during sonication to determine the effect
of lysis buffer on the solubility of expressed protein (Anthony C.Grabski, 2009;
Hjertén et al., 1988; Kragh-Hansen et al., 1998; Son YJ et al., 2008; Vagenende et al.,
2009, 2009; Y. Wang et al., 2009). Two gram of cell pellet (g) to 20 mL lysis buffer
(mL) (1:10) and proceed with sonication. After sonication, the cell lysate was
incubated on ice for 30 minutes and centrifuged (4000 x g, 20 minutes, 4 °C) to
separate the soluble fraction (supernatant) and pellets (inclusion bodies). The total
protein of the each fractions were then quantified using Bicinchoninic acid assay

(BCA) and analysed using SDS-PAGE.

Table 4.7: Optimisation of lysis buffer for sonication to reduce formation of
inclusion body.

Buffer A Buffer B Buffer C Buffer D Buffer E
150 mM 150 mM 150 mM 150 mM 150 mM
NaCl NacCl NaCl NaCl NaCl
50 mM Tris- 50 mM Tris- 50 mM Tris- 50 mM Tris- 50 mM Tris-
HCI HCI HCI HCI HCI
(pH 7.4-7.6) (pH 7.4-7.6) (pH 7.4-7.6) (pH 7.4-7.6) (pH 7.4-7.6)

0.1% SDS 0.1% SDS 0.1% SDS
0.05% Beta- 0.05% Beta- 0.05% Beta-
mercaptoethan  mercaptoethan  mercaptoetha
ol ol nol
dH20 dH20 dH20 dH20 dH20
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4.2.2.4 Bicinchoninic acid assay (BCA)

Protein concentration was quantified using the microplate procedure in Pierce BCA
Protein Assay Kit (ThermoFisher, USA). The diluted albumin (BSA) standards and
protein standard curve were prepared according to manufacturer’s manual. The
working reagent (WR) was prepared in 50:1 ratio (Reagent A: B) and 200 pL of the
mixture was then aliquoted into each well in a 96-well plate. After that, 25 pL of
samples or BSA were then added and resuspended into the well and incubated for 30
minutes at 37 °C. Lastly, the plate was then measure at 570 nm absorbance. All the

samples were measured in triplicate.

4.2.2.5 Sodium dodecyl sulphate polyacrylamide Gel Electrophoresis (SDS-
PAGE) analysis.
All proteins were analysed using SDS-PAGE prepared using the Mini-PROTEAN
Tetra Handcast system (Bio-rad, USA) (Gallagher & Wiley, 2012). The gel casted
contained 15 % resolving gel and 4 % stacking gel and the detailed composition of all
buffers and materials used in SDS-PAGE is provided in Appendix B After assembling
the casting apparatus, resolving gel solution was loaded into the apparatus until 75 %
full. Butanol was pipetted into the glass cassette to ensure the separating gel produced
a smooth and straight surface on top of the separating gel. After polymerization, the
glass cassette was then washed with distilled water to remove the remaining butanol
and dried with blotting paper to remove water. Subsequently, 4 % stacking gel was
then gently loaded on top of the resolving gel and 1.0 mm gel-comb (10 wells or 15
wells) was inserted into the fully loaded stacking gel. After polymerization, the comb
was removed gently and the glass cassette was then transferred to the Mini-PROTEAN

Tetra vertical chamber (Bio-rad, USA) and filled with 1X SDS running buffer. Before
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loading into the well, protein samples were pre-treated by mixing with (4x loading
buffer, and boiled for 10 minutes. The mixtures were then loaded into the well and ran
together with a 5 — 245 kDa protein ladder (1% Base, Malaysia) at 100 V for 90 minutes
or until the dye reached the gel end. After electrophoresis, the stacking gel was
removed using a gel releaser. The resolving gel was stained with Coomassie blue
staining solution by immersing the gel into the staining solution and microwaved until
it started bubbling. The gel was then incubated with slight agitation for 2 hours. After
staining, the stained gel was gently washed by distilled water and immersed into

Destaining solution and incubated overnight or until the bands can be clearly seen.

4.2.2.6 Western blotting analysis

After SDS-PAGE, the gel was proceeded to wet Western blotting analysis to detect
the His-tag embedded on the endolysin. The detailed composition of all buffers and
materials used in western blot is provided in Appendix B. A transfer sandwich was
prepared using Mini Trans-blot Module (Bio-Rad, USA) by stacking two pieces of
Whatman 3 MM filter paper which were pre-soaked in ice-cold 1x Western blot
transfer buffer. Then, a polyvinylidene difluoride membrane (PVDF) (GE Healthcare
Life Science, USA) was activated by soaking into 100 % methanol before stacking on
top of the two filter papers, followed by the SDS-PAGE gel and another two piece of
filter papers. The staking process was done by soaking the materials in ice-cold transfer
buffer and gently pressing to remove bubble trapped between the sandwich.
Subsequently, the sandwich was transferred into the blotting tank filled with ice cold
1x Transfer buffer and the protein was blotted at 100 V, 90 minutes in cold room. After
blotting was completed, the PVDF membrane was proceeded to blocking step by

soaking the membrane with 1 % bovine serum albumin (BSA) and incubated at room
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temperature for 1 hours. After blocking, the membrane was then washed three times
with Tris-Buffered Saline with 0.1 % Tween-20 (TBST) for 10 minutes. Then, the
membrane was then incubated with 1:1000 primary antibody; mouse Anti Hia-tag
Monoclonal Antibody (Thermo Scientific, USA) at 4 °C, overnight. Next, the
membrane was washed three times, five minutes each and incubated with 1:50 000
secondary antibody; goat anti-mouse 1gG peroxidase-conjugated antibody (Thermo
Scientific, USA) for 1h at room temperature. Another washing step (three times, 5
minutes each) was performed after the secondary antibody incubation. Finally, the
bands were then visualized using SuperSignal West Dura substrate (Thermo

Scientific) and viewed under Amersham imager 600 (GE Healthcare Life Science).

4.2.3 Protein functionality assessments

The functionality of the endolysin was assessed by the lytic ability on Staphylococcus

aureus PS88, through well diffusion plate lysis assay and turbidity reduction assay.

4.2.3.1 Plate lysis well-diffusion assay (PLA)

Method of lytic activity assessment was adapted from Chandran et al. 2022 with slight
modifications. S. aureus PS88 overnight culture was inoculated into a 10 mL fresh
BHI broth and incubated at 37 °C, 200 rpm until mid-log phase (ODeoo: 0.4 — 0.6).
Alternatively, BHI agar plate (0.7% soft agar) was prepared and 1/1000 of PS88 was
inoculated into the warm sterile agar solution and mixed well. After pour plate, the
plate was then allowed to solidify in laminar flow. Subsequently, wells were then
punched into the agar using sterile 1 mL pipette tips and 100 pg of endolysin were

pipetted into the well and allowed to diffuse completely.
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4.2.3.2 Turbidity reduction assays (TRA)

The experiment was adapted from Zhang et al. 2019, with some modification.
Overnight cultured of PS88 was sub-cultured into fresh BHI broth and grown to mid-
log phase (ODeoo: 0.4 — 0.6) at 37 °C with shaking. The pellets were then harvested by
centrifugation (4000 x g, r.t., 10 minutes), washed twice with PBS and finally
resuspended in Tris buffer (50 mM Tris-HCI, 150 mM NacCl, pH 7.5), and standardized
to ODeoo: 0.6 — 0.7 using 96-well plate and nanophotometer. The bacterial suspension
was then pipetted into 96-well plate in aliquots of 180 pL , and 10 pg of endolysin (20
uL) was then mixed with the culture to a final volume of 200 pL per well. The assay
was also repeated with varying amounts of endolysin (0.1 pg, 1 pg, 5pg and 10 pg).
The OD decrease was measured every five minutes using the iMark Microplate
Absorbance Reader (Bio-Rad). The lytic activity was quantified by measuring the

percentage OD drop with the formula below (adapted from Ding et al. 2020)

(0D600 of control — OD600 of the reacion mixture with endolysin)

Initial OD X100

4.2.4 Biophysical characterization of NXEndo88

Biophysical properties were determined by assessing how changes in environmental
factors such as NaCl concentration, pH and temperature impacted on endolysin lytic
activity. Different concentrations of NaCl were tested to assess the influence of ionic
strength on the endolysin stability. The optimal pH range was determined by exposing
the endolysin to different pH conditions. Additionally, the impact of temperature was

examined by exposing the endolysin to different temperature prior to lytic assay.
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4.2.4.1 Effect of Sodium chloride (NaCl) on lytic activity

Sterile 1M NaCl stock solution was prepared. Different concentration (50 mM, 100
mM, 150 mM, 300mM, 500 mM) of NaCl solutions were prepared by diluting the 1M
NaCl stock with 50 mM Tris-HCI. Turbidity reduction assay was conducted as
mentioned above (section 4.2.3.2), with slight changes. After the washing step, the
mid-log phase cell pellet was resuspended with Tris buffer containing different
concentration of NaCl. Then, the OD was standardised to 0.6 — 0.7 and proceeded with

the assay using 10 pg of endolysin (adapted from Guo et al., 2017).

4.2.4.2 Effect of pH on lytic activity

To evaluate the effect of pH on lytic activity, TRA was conducted with slight changes
on the buffer. The pH of 50 mM sodium acetate buffer was adjusted to pH 4.0, pH 5.0
and pH 6.0 and 50 mM Tris-HCI buffers which were adjusted to pH 7.0 — 11. These
buffers were then used to resuspend the mid-log phase cell pellets and proceeded with
TRA. Bacteria in each buffer without endolysin treatment were used as the negative
control, to ensure that the bacteria was able to survive at the respective pHs before
treatment with endolysin (adapted from Guo et al., 2017).

4.2.4.3 Effect of temperature on lytic activity

Turbidity reduction assay (TRA) was used to evaluate the effect of temperature on
Iytic activity, the steps were similar to section 4.2.3.2 with slight changes. Prior to
treatment of endolyin on the bacteria, the endolysin was aliquoted into PCR tubes
which were then incubated at different temperature (Table 4.8) (adapted from Ding et
al., 2020; Obeso et al., 2008). The rationale for testing temperatures ranging from -20

°C to 100 °C was to evaluate the thermal stability of Endo88 under various conditions
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relevant to storage and application. Room temperature (26 °C) and the optimal
bacterial growth temperature (37 °C) were included, as 37 °C is also used for the lytic
assay later. Gradual increases in temperature (45, 55, and 65 °C) allowed for the
examination of enzyme stability at each increment. Low temperatures (-20 and 4 °C)
were also used to assess the potential preservation of enzymatic activity during
freezing/cold condition (Filatova et al., 2015), while high temperatures (100 °C)
determined the protein’s thermal denaturation threshold. EXposing the enzyme
solution to 100 °C for more than 10 minutes resulted in precipitation, which affected
the protein concentration to be used in subsequent analysis; thus, 10 minutes exposure
was used to evaluate its stability. In contrast, longer incubation (60 minutes) allowed
the protein to equilibrate for other selected temperatures, including freezing at -20 °C.
However, further studies are required to evaluate long-term storage stability at -20 °C,
including prolonged storage duration (few months or years) and the optimization of

cryoprotectants (Cao et al., 2003; H. Park et al., 2021; Umbach et al., 2019).

Table 4.8: Effect of different temperature treatment on lytic activity

Temperature (°C) Treatment times
(minutes)

-20 60

4 60

26 60

37 30

45 30

55 30

65 30
100 10
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4.2.5 Cloning (SOE-PCR) and expression of mutants

SOE-PCR was used to introduce the mutations designed in Chapter 3 into the wild-
type Endo88 gene. The mutated gene was then cloned into pET28a using the same
methodology in section 4.2.1. The mutants were generated by separating the gene into
a few regions with primer-initiated complementary overhangs and the procedures are

shown in Figure 4.1.

4.2.5.1 Construction of mutant gene (M, Al, A2)

The mutations were introduced into the SH3 domain by use of splicing by overlap PCR
(SOE-PCR). SOE-PCR is a type of PCR which is used to generate point mutations at
a specific place on a gene sequence (Higuchi et al., 1988; Ho et al., 1989; Zarghampoor
et al., 2020). Additionally, it can be utilized to generate chimeric genes without the use
of restriction sites (Horton et al., 1989). The SH3 domain gene sequence was separated
into different regions by use of primers with overhang, where the overhang contained
the mutation and the overhang for the first region is complementary to the overhang
from the second region (Example shown in Figure 4.1A). Prior to joining the two
regions, each regions were gel purified to prevent unspecific binding. The two regions
were then allowed to anneal without primers (Table 4.9) and the ratio (1:1) amount of
both regions were calculated using a ligation calculator (Qiagen webtool) (Figure 4.1
B). The annealed gene were then amplified from the reaction mixture using NXEndo88

primers (Table 4.2), and gel purified for downstream application.
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Figure 4.1: Schema of mutant gene (Al) development through SOE-PCR. Red
colour regions denote the overlapping region which allows annealing of region 1 and
region 2. Green colours represents the original Endo88 sequence. (A): Two sets of
primers were designed to amplify region 1 and region 2. (B): Each primer set generated
sequences with flanking region that contain the mutations and overlapping region to
facilitate the joining of the two fragments. The two regions were joined into one
continuous DNA fragment successfully incorporating the mutation (Red region).

Table 4.9: Reagents for SOE-PCR, annealing condition for region joining.

Ingredients Final amount in 25 pL PCR conditions
dH20 Top up to 25 pL 98 °C 3 mins
5x Phusion HF buffer 1X 98 °C 10s
dNTP Mix 0.2 mM 65 °C 30 s x15 cycles
Phusion  High-Fidelity | 1.25 U 72 °C 30s
DNA polymerase
Region 1 150 ng (6 ng/uL) 72 °C 5 mins
Region 2 14.56 ng (0.5824 ng/uL)

(Mutant M) 4°C -

28.2 ng (1.128 ng/uL)

(Mutant A1)

21 ng (0.84 ng/uL)

(Mutant A2)
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The primers used for splicing by overlap extension PCR (SOE-PCR) were stated in
Table 4.10. Mutant M was initially fused with pNZ8048 plasmid vector for an attempt
to express in Lactococcus lactis NZ9000. However, the attempt was not successful and
switched the expression system to E. coli BL21(DE3). The mutant M gene used in this
study was directly amplified from recombinant pNZ8048(M) using NXEndo88-
Forward and NXEndo88-Reverse primer (Section 4.2.1.4, Table 4.2). The PCR

conditions and cloning methods were same as in section 4.2.3.
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4.2.5.2 Expression of mutants and lytic host range assessments

The mutants were expressed and purified with a similar condition to NXEndo88
(Section 4.2.2.2), with slight modifications in the buffer during buffer exchange. In
brief, NaCl was not added in the buffer used for exchange, as the endolysin lysed better
without the presence of NaCl (shown in 4.3.4.1). Subsequently, wild type endolysin
and the mutants underwent host range analysis against various bacterial genera,
including Staphylococcus (S. aureus PS88, S. epidermidis, S. hominis), Enterococcus
(E. faecalis), Streptococcus (S. pyogenes, S. agalactiae), Bacillus (Bacillus cereus, B.
subtilis), Micrococcus (M. luteus) and Lactobacillus (L. plantarum). Turbidity
reduction assay was used to assess the ability of the endolysin to lyse different genus

of bacteria.
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4.3 Results & Discussion

4.3.1 Cloning strategy using different set of primers.

This section describes the effect of different cloning strategies in pET28a expression
vector on solubility and functionality of Endo88, as previously published in our study
(Tham et al., 2020). In this study, two different sets of primers were used to amplify
Endo88 gene: NXEndo88-Forward (Fwd), Reverse (Rev), and BXEndo88-Fwd, Rev
(Table 4.2). Both primer pairs produced slightly differing sequences of the Endo88,
with differences in the restriction enzyme (RE) sites and the location of the His-tag
(Figure 4.2A). Initially, the BXEndo88 primer sets were utilised, resulting in the
expression of BXEndo88. This construct comprised of a His-tag, T7 tag and an
additional 35 amino acids from the plasmid at the N-terminal, along with a 5x proline
tail and 8 amino acids from the plasmid at the C-terminal (Figure 4.2B). Conversely,
the NXEndo88-Fwd, Rev primers generated NXEndo88 with the N-terminal His-tag

and T7 tag being removed, and the His-tag was located at the C-terminal (Figure 4.2B).
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WHTANQLGNKYYYGIEVCOSMGADNATFLKNEQATFQECARLLKKWGLPANRNTIRLHNEFTSTSCPHRSSVLH
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EAYRNGLVNAPSSRELEAGIAHSYVSGNTVW QALDESQVGWHTANOLGNKYYYGIEVCOSMGADNATFLKNEQ
ATFOQECARLIKKWGLPANRNTIRLHNEFTSTSCPHRSSVIHTGFDPVTRGLLPEDKQLQLKDYFIKQIRVYMDGKI
PVATVSMNESSASSNTVKPVASAWKRNKYGTYYMEESARFTNGNQPITVRKIGPFLSCPVAYQFQPGGYCDYTEV
MLODGHVWVGYTWEGQORYYLPIRTWNGSAPPNQILGDLWGEISPLEHHHHHH

Bold: Methionine, Italic: His-tag, Underline: Endolysin amino acid sequence, : Extra
amino acid from pET28a vector

Figure 4.2: Cloning strategy on pET28a by using different set of primers. (A)
pET28a vector map adapted from Novagen. Red box: Restriction site used in this
study; Blue box: Two his-tag located at different frames. (B) Amino acid sequence for
NXEndo88 and BXEndo88. NXEndo88 consisted of the endolysin amino acid
sequences with a C-terminal his-tag and BXEndo88 consisted of the endolysin’s amino
acid sequence, a N-terminal his-tag and other amino acid sequences from pET28a
including a T7.Tag (Adapted from Tham et al., 2020).
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4.3.1.1 Gradient PCR Optimisation of BXEndo88 & NXEndo88 using two sets of
primer with different Restriction Enzyme site (RE).

Prior to conventional PCR, gradient PCR was employed to determine the optimal

annealing temperature of the primer sets. Annealing temperatures ranging of 55°C,

60°C and 65°C were tested for each reaction. The DNA band sizes of the PCR

products at different annealing temperature were visualized using agarose gel

electrophoresis (Figure 4.3). BXEndo88 (1464 bp) and NXEndo88 (1464 bp) were

successfully amplified across all tested annealing temperature given.

1500 bp
1000 bp
750 bp

Figure 4.3: Gradient PCR product at different annealing temperature (55°C,
60°C & 65°C). Lane L: 1 kb DNA ladder (1% Base, Malaysia); Lane 1 to 3: PCR
product of BXEndo88 at 55°C, 60°C & 65°C; Lane 4 to 6: PCR product of NXEndo88
at 55°C, 60°C & 65°C; Lane 7: Negative control (PCR Master mix without DNA
template).
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4.3.1.2 Cloning of Endo88 gene (BXEndo88 & NXEndo88) with pET28a
expression vector into E. coli BL21(DE3) strain.
Recombinant plasmid pET28a harbouring BXEndo88 or NXEndo88 were generated
using different pairs of restriction enzyme (RE). BamHI & Xhol were used to cleave
BXEndo88, while Ncol & Xhol were used to cleave NXEndo88. Concurrently, pET28a
underwent double digestion with the corresponding RE. Double digestion of pET28a
was expected to produce DNA band approximately 5323 bp (BamHI & Xhol) and 5225
bp (Ncol & Xhol). Following electrophoresis, a single band was observed between
5000 bp and 6000 bp on the 1 kb ladder (Figure 4.4). Subsequently, the product of

double digestion was then subjected to gel excision purification (section 4.2.1.7).

Both the purified insert (double digested Endo88) and vector (double digested
plasmid) were then subjected to ligation (section 4.2.1.9) followed by transformation
(section 4.2.1.11). The colonies were then picked with sterile pipette tips and subjected
to colony PCR screening (section 4.2.1.12). Transformants harbouring the
recombinant plasmid were expected to yield bands larger than the insert due to the
design of the primers, which were positioned approximately 100bp away from both
the upstream and downstream of the pET28a multiple cloning site. As depicted in
Figure 4.5, transformants harboring the recombinant plasmid (lane 3, 4, 6, 7, 8)
exhibited a band size slightly larger than the insert (above 1.5 kb band size in ladder),
while those with empty plasmid (no insert) showed bands approximately 200 bp in
size or no bands at all. Subsequent verification of the insert was done using DNA
sequencing, which revealed that the sequence matched 100 % with the expected

sequence (Appendix A).
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6000 bp 1500 bp

5000 bp
1500 bp

Figure 4.4: Double digestion of pET28a and PCR product (BXEndo88 &
NXEndo88) with two different pairs of RE. (A): Lane L: 1 kb Ladder (1% Base,
Malaysia), Lane 1: pET28 (~ 5.3 kb) double digested with BamHI and Xhol; Lane 2:
PET28a (~ 5.3 kb) double digested with Ncol and Xhol. (B): Lane L: 1 kb Ladder (1%
Base, Malaysia), Lane 1: BXEndo88 (~1.5 kb) double digested with BamHI and Xhol;
Lane 2: NXEndo88 (~1.5 kb) double digested with Ncol and Xhol.

L1123 4567 89

1500 bp

250 bp

Figure 4.5: Colony PCR of recombinant E. coli harbouring pET28a (BXEndo88)
and pET28a (NXEndo88). Lane L: 1 kb Ladder (1st Base, Malaysia); Lane 1 to 4:
colony screening PCR of colonies acquiring pET28a (BXEndo88); Lane 5 to 8: colony
screening PCR of colonies acquiring pET28a (NXEndo88). Lane 9: Negative control
(Master mix without template).
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4.3.2 Optimisation of protein expression and downstream processing of
BXEndo88.
Prior to large scale protein expression, the induction of endolysin gene was optimized
for optimum expression conditions. Both pellet (inclusion body) and supernatant
(soluble fraction) were analysed via SDS-PAGE to determine the condition that yields
the highest observable amount of soluble proteins (endolysin). Soluble proteins are
found in the soluble fraction, while the proteins being separated in the pellet are usually
non-functional aggregated protein caused by mis-folding which are known as the
inclusion bodies (Bhatwa et al., 2021; Kopito, 2000; A. Singh et al., 2015). Expression
of inclusion bodies is a common phenomenon in the over-expression of recombinant
protein in E. coli expression systems (Baneyx, 1999; Sgrensen & Mortensen, 2005;
Upadhyay et al., 2012); it often caused low-yield of functional proteins during protein

expression.

4.3.2.1 Optimisation of protein expression with different induction temperature
and different concentration of IPTG.

One of the factors that contributed to inclusion body formation is the increase in
temperature during gene induction. An increase in temperature may expose the cells
to optimum growth rate which increases the metabolism during over expression,
consequently causing the the folded protein intermediates to accumulate (Neudecker
et al., 2012; Santucci et al., 2008; Sgrensen & Mortensen, 2005) which is further
exacerbated by insufficient chaperones which aids in folding (Serensen & Mortensen,
2005). Moreover, depending on the protein being expressed, the induction temperature
might not be the optimum temperature for protein stability (Hunke & Betton, 2003).
Therefore, to counter this, expression at low temperature is thought to be a better

solution (de Groot & Ventura, 2006; Hunke & Betton, 2003; Song et al., 2012). In this
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study, BXEndo88 was induced at two different temperatures (18 °C and 37 °C) to
check the solubility of expressed endolysin. However, observation based on Figure 4.6
showed that induction using both temperateures were infavourable which resulted in
the BXEndo88 was being expressed mostly in the pellets. On top of that, concentration
of IPTG was also thought to indirectly affect the formation of inclusion body by
increasing the expression rate (Silaban et al., 2018). Figure 4.7 showed different
concentrations of IPTG used during induction. No distinct differences were observed

as all proteins were expressed in the pellet fraction instead of the supernatant fraction.
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Figure 4.6: Expression of BXEndo88 analysed by SDS-PAGE (left panel) and
Western blot (right panel). Red arrow: BXEndo88 was expressed in pellets
(approximately 59 kDa) at both temperature (18 °C and 37 °C). Lane L: 5 — 245 kDa
protein ladder; Lane 1: Pellet fraction; Lane 2: Soluble fraction. (A): Expression at 18
°C; (B): Expression at 37 °C. (C): 5 — 245 kDa protein ladder (1% Base, Malaysia).

L 1P 1S 2P 2S 3P 3S 4P 4S
kDa

75
60

45

25

Figure 4.7: Effect of IPTG concentration during protein induction. No distinct
differenced can be observed under different concentration of IPTG during induction.
Red arrow: BXEndo88 approximately 59 kDa. P: Pellets fraction; S: Soluble fraction;
Lane L: Ladder; Lane 1: 0.05 mM IPTG; Lane 2: 0.1 mM IPTG; Lane 3: 0.5 mM
IPTG; Lane 4: 1 M IPTG.
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4.3.2.2 Purification of BXEndo88 (Inclusion body) under denaturing condition.

Despite unsuccessful attempts on obtaining soluble protein during induction, the
inclusion bodies were collected and subjected to purification under denaturing
conditions (section 4.2.2.1). This process involved the uses of denaturing agent (8M
Urea was used in this study) to solubilize the protein prior to his-tag purification,
followed by washing step with decreasing amount of urea in the buffer to achieve
protein tertiary structure re-folding, and elution with buffer without the denaturing
agent (Pesarrodona et al., 2022). As depicted in Figure 4.8, BXEndo88 was
successfully solubilised (Lane 1) and purified (Lane 7). The eluted protein fraction
was subjected to plate lysis well-diffusion assay (section 4.3.3.3) to evaluate the
functionality of the protein. However, as shown in Figure 4.9, no halo zones were
observed indicating that the BXEndo88 was not functional even after solubilisation
and purification (Figure 4.9A). This could be due to misfolded proteins during
refolding (Kathir et al., 2005). SDS with 0.2% concentration was used as positive
control, as it is commonly included in bio-surfactant to kill S. aureus and disrupt its
biofilm. Typically, concentrations ranging from 0.2 % to 5 % are included in these

formulations (Bezrodnykh et al., 2021; Diaz De Rienzo et al., 2016).
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Figure 4.8: Purification of BXEndo88 (Inclusion body) under denaturing
condition. Red arrow: The protein was successfully solubilised and purified under
denaturing condition. Lane L: 5 — 245 kDa ladder; Lane 1: solubilised BXEndo88
treated with 8M urea; Lane 2: negative control (expression of empty plasmid -
pET28a); Lane 3: flow-through; Lane 4: wash 1; Lane 5: wash 2; Lane 6: wash 3; Lane
7: elution.
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Positive control: 0.2 % sodium dodecyl sulphate (SDS)

Figure 4.9: Plate lysis well-diffusion assay of BXEndo88 after refolding and
purification. No halo zones were observed after treated with purified and refolded
BXEndo88. (A): Negative control (expression of empty plasmid - pET28a); (B):
Purified BXEndo88. The assay was done with three technical replicates. Positive
control: 0.2 % sodium dodecyl sulphate (SDS).
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4.3.2.3 Lysis buffer optimisation for protein stability

The choices of lysis buffer significantly impacts the solubility of proteins during
extraction (Peach et al., 2015), specifically during the sonication step. Reactive oxygen
species (ROS) generated during sonication could induce oxidative stress and damage
the protein (Miljevic et al., 2014). Generally, the thiol side chains on two cysteine
residues require oxidation to form a disulphide bond, which are is of the factor that is
involved in stabilising the protein structure (Daniels et al., 2010; Haase-Pettingell et
al., 2001; Nishino et al., 2022). The ROS generated during sonication could potentially
affect the oxidation between the thiol side chain, resulted in mis-folding of the protein
(Harris & Hansen, 2012; Miljevic et al., 2014; Stathopulos et al., 2004). There are six
cysteines found in Endo88, which are potentially susceptible to the ROS. In light of
that, different additives such as reducing agent, detergent and stabilizers which are
added to buffers could aid in stabilising and releasing soluble protein from non-soluble

component and preventing protein degradation (Leibly et al., 2012).

The reagents used in different buffers are stated in Table 4.7, section 4.2.2.3, all
buffers were adjusted and maintained at pH 7.4 — 7.6, which were about two points
below the isoelectric point of BXEndo88 — 9.02 (Predicted in EXPASYy (Gasteiger et
al., 2005)). In the buffer, the pH lower than the protein’s isoelectric point ensures that
the proper charge of the protein is maintained, facilitating the solubilisation of the
protein molecules (Loell & Nanda, 2018; Tokmakov et al., 2021). The presence of
NaCl was to increase the ionic strength and to stabilise the protein in the buffer (Leibly
et al., 2012; Yong-Jin Mao et al., 2007). Beta-mercaptoethanol acts as a reducing

agents to counter the oxidative stress (Son YJ et al., 2008) during sonication and
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glycerol acts as a stabilizing agent in the buffer (Vagenende et al., 2009). Lastly, SDS

solubilizes the protein (He & Ohnishi, 2017; Hjertén et al., 1988).

As depicted in Figure 4.10A, BXEndo88 was solubilized when Buffer B and D were
applied, which indicated that the SDS alone was involved in the solubilization. The
observations were expected as SDS is a detergent commonly used to solubilize
proteins. SDS solubilize proteins by disrupting the hydrophobic interaction which
leads to unfolding of the protein, depends on the condition (Hjertén et al., 1988;
Winogradoff et al., 2020). Despite this, most of the protein remained in the pellet
fraction as shown by the intense band in that fraction. To further evaluate the
functionality of the solubilized protein, the soluble fraction from Buffer B was further

purified and tested on plate lysis well-diffusion assay against S. aureus PS88.

As shown in Figure 4.10B, despite a faint halo zone was observed, it was ascertained
that the lysis zone was caused by SDS carry over, since the negative control (Buffer
B) also showed a clear halo zone. It was further validated by other reported study
showing that Gram-positive bacteria are inhibited at 0.1 % SDS and above (Diaz De
Rienzo et al., 2016; Flahaut et al., 1996). Similar to urea solubilization, this could be
due to denaturation by SDS which resulted in mis-folding during sonication (Kathir
et al., 2005). It suggested that the strong denaturation properties of SDS and urea that
caused complete denaturation (Bennion & Daggett, 2003; Winogradoff et al., 2020)

did not favor the re-folding into solubilized and functional proteins.
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Negative control
(Buffer B only)

Figure 4.10: Optimisation of lysis buffer used during sonication. The solubility and
functionality of BXEndo88 were evaluated using SDS-PAGE and PLA. P: Pellet
fraction; S: Soluble fraction. Red arrow: BXEndo88 expressed at around ~ 59 kDa.
(A): SDS-PAGE showing the expression of BXEndo88 in pellet and soluble fraction
after treatment of different lysis buffer. Lane L: 5 — 245 kDa ladder; Lane A: Buffer
A; Lane B: Buffer B; Lane C: Buffer C; Lane D: Buffer D; Lane E: Buffer E. (B):
Plate lysis well diffusion assay tested with purified BXEndo88 in Buffer B. Black
arrow: Observable faint halo zone. However, the negative control also showed a clear
halo zone indicating that the SDS in the buffer was the cause of the halozone and not
the solubilised endolysin.
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4.3.2.4 Alternative approaches to obtain stable and solubilised endolysin.

The BL21(DES3) strain contains the DE3 gene, which encodes T7 RNA polymerase,
enabling high-level protein expression (Tabor, 1990). However, it does not specialize
in facilitating disulphide bond formation between cysteine residues (Bhatwa et al.,
2021), which are present in Endo88. Therefore, concurrent to buffer optimization,
preliminary experiments were done on swapping the expression host to E.coli Origami
2(DE3) as an alternative expression host. This E. coli strain carries mutation in both
the thioredoxin reductase (trxB) and glutathione reductase (gor) gene (Gordon et al.,
2008; Hayat et al., 2018), which improve the formation of disulfide bond during
protein expression (Hatahet et al., 2014; Xiong et al., 2005). This strains could
facilitate the formation of disulfide bond between the 6 cysteine amino acid within
Endo88. As depicted in Figure 4.11, the proteins were expressed in inclusion body
(lane 1) and no observable band can be seen on the soluble fraction (lane 2). Therefore,

attempts of obtaining soluble protein was not successful.

2

uy
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Figure 4.11: Expression of BXEndo88 in E. coli Origami 2(DE3). Band with size
approximately 59 kDa was spotted in the pellet fraction, and no observable band can

be observed in soluble fraction at the same size. Lane L: 5 — 245 kDa ladder; Lane 1:
Pellet fraction; Lane 2: Soluble fraction.
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4.3.3 Optimisation of protein expression and downstream processing of
NXEndo88
Several studies have reported the successful expression of endolysins using the
pET?28a vector and cloning strategies similar to those employed for BXEndo88, with
the proteins being expressed in the soluble fraction (Gerova et al., 2011; K. O. Lee et
al., 2019; N. Lu et al., 2020). These proteins contained an N-terminal His-tag along
with additional amino acids derived from the plasmid. However, unlike in BXEndo88,
none resulted in proline tail at the C-terminus (Figure 4.2B). This difference appears
to have a significant impact on protein solubility. Although proline is a small,
uncharged amino acid, its unique pyrrolidine side chain can influence protein folding
due to cis-trans isomerization and conformational rigidity (Cortes-Hernandez &
Dominguez-Ramirez, 2017; S. C. Li et al., 1996; Osvath & Gruebele, 2003;
Wedemeyer et al., 2002; Williamson, 1994; Zosel et al., 2018). Since all optimisation
of BXEndo88 failed to yield soluble proteins, Endo88 was re-cloned using a different
pair of primers with different set of restriction site (Ncol & Xhol), resulting in
NXEndo88 (Figure 4.2B, section 4.3.1) which resulted in a frame shift that covered

the proline tail to a C-terminal his-tag instead.

4.3.3.1 Induction of NXEndo88 at different temperatures and concentrations of
IPTG

NXEndo88 was induced at both cold temperature (18 °C) and warm temperature (37

°C) using different concentrations of IPTG (0.1 mM, 0.5 mM & 1 mM) at 18 °C

(Figure 4.12), while only 0.5 mM IPTG was used at 37 °C. Higher IPTG concentration

(e.g. 1 mM) at 37 °C has been correlated with inclusion body formation (Mihlmann

et al.,, 2017; Soleymani & Mostafaie, 2019). Conversely, using too low IPTG
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concentration might result in excessive cell growth with reduced protein expression.
Similar to BXEndo88, most of the protein were being expressed in pellet fraction when
induced with 37 °C (Lane 4, Figure 4.12). However, the protein was expressed in

soluble fraction at 18 °C (Lane 1 — 3, Figure 4.12).

Figure 4.12: Optimisation of NXEndo88 expression in BL21(DE3) at different
temperatures and IPTG concentrations. NXEndo88 was induced in cold
temperature (18 °C) and warm temperature (37 °C) with different concentration of
IPTG (0.1 mM, 0.5 mM & 1 mM). Band with size approximately 55 kDa was spotted,
indicated the presence of target protein. P: Pellets fraction, S: Soluble fraction. Lane
L: 5 — 245 kDa ladder; Lane 1: 0.1 mM, 18 °C, overnight; Lane 2: 0.5 mM, 18 °C,
overnight; Lane 3: 1.0 mM, 18 °C, overnight; Lane 4: 0.5 mM, 37 °C, 4 hours.
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4.3.3.2 Purification of NXEndo88 under native conditions and screening of its
functionality
Subsequently, the soluble fractions were pooled and subjected to purification under
native condition (Section 4.2.2.2). As depicted in figure 4.13A, NXEndo88 was
successfully purified and yielded good amounts as indicated by the thick band on lane
5 (eluted protein) and lane 6 (Buffer exchanged and concentrated protein) (Figure
4.13A). Both fractions from lane 5 and lane 6 showed clear halo zone formation on
plate lysis well diffusion assay (Figure 4.13B). Additionally, although the soluble
fraction (lane 1) appears to exhibit a band intensity similar to that of a purified fraction,
the soluble fraction showed only faint halo zone formation in plate lysis assay. This is
anticipated as 100 pg of soluble fraction contains crude proteins which include other
cellular components, thus the concentration of endolysin in the soluble fraction is
lower than using purified proteins.The Elution buffer (50 mM Tris-HCI, 150 mM
NaCl, and 250 mM imidazole) without any other stabilizing additive, act as a negative

control show no halo zone indicated that the lysis effect was from endolysin itself.
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Figure 4.13: Purification and functional screening of different fractions of
NXEndo88. Protein induction at 18 °C followed by purification under native
conditions, the protein fractions were then subjected to plate lysis assay to evaluate the
expression of soluble and functionality of NXEndo88. Bands with size approximately
55 kDa were observed, indicated the presence of target protein. (A): 5 — 245 kDa
Ladder. (B): SDS-PAGE showing each protein fraction during purification under
native condition. Lane L: 5— 245 kDa Ladder, Lane 1: Soluble fraction; Lane 2: Pellet
fraction; Lane 3: Flow through; Lane 4: Wash; Lane 5: Elution (with 250 mM
imidazole); Lane 6: Purified and concentrated NXEndo88 (without imidazole). Elution
buffer was used as negative control.
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4.3.3.3 Characterisation of protein functionality by TRA and PLA

To quantitatively evaluate the inhibitory effect of NXEndo88 against S. aureus PS88,
turbidity reduction assay was performed. As depicted in figure 4.14A, the fractions
containing soluble NXEndo88 were able to lyse S. aureus PS88, as shown by the
decrease in OD within 30 minutes at different rates. Remarkably, the elution fraction
(purified NXEndo88 with 250 mM imizadole) reduced the OD slightly faster than the
concentrated fraction (purified NXEndo88 without 250 mM imidazole as buffer has
been exchanged with concentrator). This indicated that 250 mM imidazole did not halt
the NXEndo88 activity, despite previous reports that imidazole affected the protein
function (Chagas et al., 2023; Hamilton et al., 2003; J. J. Lee et al., 2007). The slight
decrease of OD in the negative control (live cells only) and elution buffer is probably
due to the nutrient depletion in the 96-well plate throughout the experiment, which
resulted in natural cell death. NXEndo88 also showed a dose dependent manner, as
shown in figure 4.14B. The highest concentration (10 pg) of NXEndo88 reached OD
0.1 within 20 minutes, while the lowest (0.5 ug) took almost 50 minutes to reach OD
0.1. The slight increase of OD during the first 5 minutes might be due to the low
concentration of endolysin which was unable to overcome the growth of the S. aureus

PS88 at the beginning, but become effective as time elapsed.
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Figure 4.14: Turbidity reduction of NXEndo88. (A): Various fractions of
NXEndo88 expressed at 18 °C. Conc: 10 pg purified endolysin (without imidazole);
Elu: 10 pg NXEndo88 in elution fraction with 250 mM imidazole; S: 10 pg of soluble
crude fraction; Elu buffer alone: Elution buffer (Tris-HCI, 150 mM NaCl, 250 mM
imidazole); Control: untreated S. aureus PS88 as negative control. (B): Turbidity
reduction assay with different concentrations of NXEndo88.
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4.3.4 Biophysical characterization of NXEndo88 (Denoted as Endo88).

The biophysical characterization of Endo88 involves studying the effects of
temperature, NaCl concentration, and pH on enzyme activity and stability. These

factors play crucial roles in determining the optimal conditions for enzyme activity.

4.3.4.1 Effect of NaCl on lytic activity

The effect of NaCl on enzyme activity can be complex and vary depending on enzyme
and condition (Braham et al., 2021; Falk, 1918). This also apply on endolysin, which
studies have suggested that the presence of NaCl can stabilize endolysins by affecting
the ionic environment around the enzyme (Briers et al., 2014; Yong-Jin Mao et al.,
2007), but diverse impacts on the lytic activity of endolysin has been reported (S. C.
Becker et al., 2008; Etobayeva et al., 2018; Linden et al., 2015; Son et al., 2012).
Different concentration (0 mM, 50 mM, 100 mM, 150 mM, 300mM, 500 mM) ) of
NaCl were included into the reaction buffer containing endolysin (Endo88) against S.
aureus PS88. The percentage bacteria OD drop was calculated as mentioned in section
4.2.3.2. The highest OD drop (97.7 %) was observed on buffer without NaCl, while
the lowest OD drop (6.2 %) was observed on 500 mM (Figure 4.15A). This indicated
that the increase in NaCl concentration was inversely proportional to the effectiveness
of Endo88 against S. aureus PS88. Similar results were observed with other endolysin,
which prefer no salt/ low salt concentration in the buffer (Etobayeva et al., 2018;
Filatova et al., 2015; Linden et al., 2015; Son et al., 2012). Additionally, Figure 4.15B
showed that the decrease in OD was not caused by salt induced osmotic homeostasis
as reports have shown that S. aureus acquire salt-tolerance in high salt condition (Feng

etal., 2022; Parfentjev & Catelli, 1964; Trognon et al., 2023; Vaish et al., 2018). Thus,
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this shows that the drop of OD in Figure 4.15A was caused by the endolysin and not

due to the high salt concentration.

Effect of NaCl on lytic activity
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Figure 4.15: Effect of NaCl concentration on lytic activity. (A): Percentage of S.
aureus PS88 OD dropped within 60 minutes after treated with different concentration
of NaCl. Each column represents the mean of triplicate experiments, and error bars
indicate the standard deviation. The asterisks indicate significant differences, “*”:
P<0.05; “**”: P<0.01; “***”: P<0.001; “****”: P<0.0001. (B): Negative control, S.
aureus PS88 exposed to different concentration of NaCl without endolysin.

4.3.4.2 Effect of pH on lytic activity

The lytic activity of Endo88 was then tested in sodium acetate buffer and Tris-buffer
with pH range from pH 4.0 — pH 11.0 to determine the optimum lytic conditions.
Endo88 was active between pH 6.0 and pH 11.0, indicating a high alkaline tolerance,
which was also found in other endolysin (range pH 8 — pH 10.5) (Y. Lu et al., 2021,
Oliveira et al., 2014; Son et al., 2012) In contrast, many other endolysin exhibit
different active range between pH 6.0 — pH 9.0 (Filatova et al., 2015; Obeso et al.,

2008; H. Yang et al., 2017). Conversely, Endo88 lytic activity decrease significantly
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at pH 5 and lower pH (Figure 4.16A). Since the active range was between pH 6 to pH
11, with no significant differences, pH 7.5 was selected for subsequent analysis since
it is the most common pH used in other endolysin studies (S. C. Becker et al., 2008;
Gu et al., 2014; Melo et al., 2018; Navarre et al., 1999; Schmelcher, Korobova, et al.,
2012). Additionally, Figure 4.16B showed that the decrease in OD were not caused by
the extreme pH as previous reports have shown that S. aureus can to adapt to extreme

pH (Efthimiou et al., 2019; Vaish et al., 2018, 2019).
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Figure 4.16: Effect of pH on lytic activity. (A): Percentage of S. aureus PS88 OD
dropped within 60 minutes after treated with different pH. Each column represents the
mean of triplicate experiments, and error bars indicate the standard deviation. Different
alphabet (a, b & c) means they are significant to each other, same alphabet means not
significant (P<0.05). (B): Negative control, S. aureus PS88 exposed to different pH
without endolysin.
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4.3.4.3 Effect of temperature on lytic activity

The thermodynamic stability of Endo88 was investigated by exposing the endolysin
to different temperatures prior to turbidity reduction assay. Endo88 exhibited high lytic
activity (>90 %) after incubating at temperatures ranging from -20 °C to 37 °C (Figure
4.17). The lytic activity begins to abolish at 45 °C and stopped at 55 °C onward. This
observation is consistent with other phage endolysin (Y. Chang et al., 2017; Linden et
al., 2015; Obeso et al., 2008). Therefore, a temperature of 37 °C was used for
subsequent analysis as it corresponds to the optimal growth conditions of many
bacterial pathogens, including S. aureus. Since endolysin activity in this study was
assessed against live bacterial cells, this temperature provides conditions that mimic

natural bacterial environments.

Effect of temperature on lytic activity
150

100

50

Percentage decrease in OD600 (%)

Temperature (°C)

Figure 4.17: Effect of temperature on Endo88 prior turbidity reduction assay.
Each column represents the mean of triplicate experiments, and error bars indicate the
standard deviation. Different alphabet (a, b & ¢) means they are significant to each
other, same alphabet means not significant (P<0.05).
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4.3.5 Comparison of mutant genes (M, Al & A2) lytic host range with Endo88

4.3.5.1 Construction of mutant genes

Gradient PCR was employed to determine the optimal annealing temperature (55°C,
60°C and 65°C) for the primer sets (Table 4.10, section 4.2.5.1) amplifying each
region’s fragments. The expected bands were visualized through agarose gel
electrophoresis, as depicted in Figure 4.18. The primer set for mutant M generated two
region fragments with the expected band size (Region 1: 1370 bp & Region 2: 133 bp),
as well as mutant Al (Region 1: 1260 bp & Region 2: 237 bp), and A2 (Region 1:
1332 bp & Region 2: 183 bp). After gel purification, all regions were annealed together
and amplified using NXEndo88 primers, except for Mutant M, for which a different
primers set for pNZ8048 (Table 4.10) (Figure 4.19) was used. Notably at this stage,
Mutant M was still amplified using the primer set designed for cloning into pNZ8048
plasmid vector. This was attempted to express in Lactococcus lactis NZ9000. However,
the attempt was unsuccessful and was switched back to E. coli BL21(DE3) expression
system, which uses the same primers (NXEndo88, Table 4.2). As depicted in Figure

4.20, the mutant M gene incorporated with Ncol and Xhol was successfully amplified.
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Figure 4.18: Gradient PCR to determine optimum annealing temperature for
each primer sets. (A): Mutant M; (B): Mutant Al; (C): Mutant A2. Lane L1: 1 kb
DNA ladder (1% Base, Malaysia); Lane L2: 100 bp ladder (GeneRuler, Thermo); Lane
1 to 3: PCR product of Region 1 at annealing temperature 55°C, 60°C & 65°C; Lane
4 to 6: PCR product of Region 2 at annealing temperature 55°C, 60°C & 65°C; Lane
7: Negative control of Region 1 PCR master mixture; Lane 8: Negative control of
Region 2 PCR master mixture.
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Figure 4.19: Conventional PCR to amplify the annealed region. Region 1 and
region 2 of the mutants were annealed and then subjected to conventional PCR (Ta:
60 °C, section 4.2.1.5) to amplify the target mutant genes. Lane L: 1 kb DNA ladder
(1% Base, Malaysia); Lane 1: Expected PCR product (~1466 bp).

Figure 4.20: PCR product (incorporate with Ncol & Xhol) of mutant M amplified
from pNZ8048 (mutant M). Lane L: 1 kb DNA ladder (1% Base, Malaysia); Lane 1:
PCR product of Mutant M incorporate with Ncol & Xhol (~1466 bp).
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The mutant genes (M, Al, A2) were subsequently cloned and transformed into E.coli
BL21(DE3) using the same methodology as cloning of NXEndo88 (Section 4.2.1.3).
As depicted in Figure 4.21, colonies harbouring the expected recombinant plasmid
displayed band size slightly above 1.5 kb band size on the ladder, while the empty
plasmid showed band approximately 200 bp in size. Subsequent verification of the

mutation was conducted through Sanger sequencing (Appendix A).

A B

L1'1 2 3 4567 8 LI'1 2 3 4567 8 9 1011

1500=>

1000 =
750 =%

bp

C

L1 1 23 4567 8 9 10111213

Figure 4.21: Colony PCR screening of recombinant plasmid (pET28a)
harbouring mutant gene (M, A1 & A2). Lane L1: 1 kb DNA ladder (1% Base,
Malaysia); Lane L2: 100 bp ladder (GeneRuler, Thermo). Red box: Expected band
size (above 1.5 kb) indicated the insert was successfully inserted into pET28a. (A)
Colony PCR screening of pET28a (M) Lane 1 — 7: colony screening PCR; Lane 8:
Extracted and purified empty plasmid using the same primer sets (Negative control).
(B) Colony PCR screening of pET28a (Al): Lane 1 —8: colony screening PCR; Lane
10: Negative control. (C) Colony PCR screening of pET28a (A2): Lane 1 — 12:
colony screening PCR.
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4.3.5.2 Expression and purification of mutant protein (A1, A2 and M)

Mutants A2 and M were successfully induced and purified (Section 4.2.2.2) under the
same condition as NXEndo88 (Figure 4.22), but mutant A1 was not expressed well
(Figure 4.23). Most of the proteins were expressed as inclusion body even after
optimization, as shown in (Figure 4.23). Therefore, A1 was excluded from subsequent

analysis.

0 1 2 3 456 7 8

A2

Figure 4.22: SDS-PAGE gel and Western Blot of mutants M and A2 purified
under native condition (~55.4 kDa). Lane 0: 5 — 245 kDa protein ladder (1% Base,
Malaysia); Lane 1: Pellets; Lane 2: Soluble fraction; Lane 3: Flow through; Lane 4 -
6: Wash 1 — 3; Lane 7: Elution; Lane 8: Concentrated and buffer exchanged protein.
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Figure 4.23: Mutant Al expression and purification under native condition.
Expression of Mutant Al in cold temperature (18 °C) and warm temperature (37 °C)
with different concentration of IPTG (0.1 mM, 0.5 mM & 1 mM). No bands were
observed on soluble fraction even after optimisation. P: Pellets fraction (~55.4 kDa),
S: Soluble fraction. Lane L: 5 — 245 kDa ladder; Lane 1: 0.1 mM, 18 °C, overnight;
Lane 2: 0.5 mM, 18 °C, overnight; Lane 3: 1.0 mM, 18 °C, overnight; Lane 4: 0.5 mM,
37 °C, 4 hours.

4.3.5.3 Turbidity reduction assay (TRA)

The wild-type endolysin (Endo88) and the mutants (M and A2) were tested against
different genera of bacteria (Figure 4.24). Endo88, A2 and M were able to lyse S.
aureus PS88, S. epidermidis, S. hominis and E. faecalis with different degrees of lytic
activities, but were incapable of lysing S. pyogenes, S. agalactiae, B. subtilis, B.

cereus, M. luteus and L. plantarum.

Despite sharing a similar lytic host range, the mutants displayed lower lytic activity
compared to Endo88. Specifically, A2 displayed significantly lower lytic activity,
particularly in S. aureus PS88 (15.5% lesser), S. epidermidis (8% lesser) and E.
faecalis (13.3% lesser). Mutant M exhibited the lowest lytic activity compared to

Endo88 and A2, particularly in S. aureus PS88 (24.3% lesser), S. epidermidis (18.1%
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lesser) and E. faecalis (26.8% lesser). However, for S. hominis, lytic activity was
similar for wild-type, A2 and M with no significant differences. These observations
indicate that the mutation on the SH3 domain influenced the lytic activity of the
endolysin, despite the SH3 CBD having no lytic activity. This could be attributed to
the folding of the endolysin despite the EAD and CBD regions being distinctively
modular. Additionally, the 24.4 % decrease in OD observed in the negative control for
S. epidermidis may be due to unfavourable buffer conditions and the absence of

nutrients, which could have affected bacterial viability despite no treatment.
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Figure 4.24: Turbidity reduction assay of wildtype Endo88 and mutants against
various bacteria. The Endo88 and mutants (M and A2) were able to lysed S. aureus
PS88, S. epidermidis, S. hominis, and E. faecalis with different degree of lytic activity.
Untreated: Bacteria cell without endolysin treatment as negative control; “*” indicates
significance with p < 0.05; “**”: p < 0.01; “***”: p < 0.001; p < 0.0001 and ns: not

significant.
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Both M and A2 were designed and anticipated to broaden their lytic host range
compared to Endo88, but the mutants exhibited the same spectrum of lytic host range

as Endo88. The unaltered host-range may be attributed to several reasons:

(1) The inaccurate prediction of the host range for the clades in the phylogeny
tree.

Endo88 was initially predicted as a MH endolysin as it grouped in the MH clade
(Figure 3.2, section 3.3.3.1) based on our hypothesis that SH3 sequences with high
similarity may have similar host-range. However, the TRA revealed that the Endo88
could lyse across genera, as evidenced by its ability to lyse E. faecalis. This
discrepancy may be caused by the limited number of sequences with defined host
range in the Literature Database. Although the clades in the phylogenetic tree were
clustered based on SH3 amino acid sequence similarity, the host range annotations
were derived from endolysin sequences with experimentally proven host ranges.
However, the host range of many endolysins in the Literature Database were
ambiguous, as comprehensive testing across Staphylococcus sp is limitedly reported,
subsequently leading to inaccurate designation of host range to the clades. For
instance, the WH clade and NH clade each had only one experimentally proven
endolysin to define their host ranges, and the MH clade (with Endo88) had only two
(Figure 3.2). This limitation is compounded by the limited number of studies testing
Iytic activity across different genera as most studies on endolysin focusses on
improving lytic activity rather than altering host-range, highlighting a research gap in

endolysin studies.
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Furthermore, the limited number of sequences in the database might led to increase in
the background noise during calculation, potentially affecting the interpretation of the
HCSS site. There are studies suggesting that at least 125 sequences are needed to
reduce the background noise during AVANA analysis (Gloor et al., 2005; Martin et

al., 2005).

(11) Differences in techniques used for quantifying lytic activity.

In the TRA, Endo88 was able to lyse E. faecalis (ATCC 29212) and S. epidermidis
(ATCC 12228). However, an endolysin from the Literature Database, namely MV-L
(BAF33253.1), which falls within the same clade with Endo88 was previously
reported to be unable to lyse E. faecalis ENT1 (Isolate from Kochi Medical School
Hospital) and S. epidermidis (ATCC 12228) (Rashel et al., 2007) despite sharing a 99%
sequence identity with Endo88. The differences could be due to different techniques
used to analyse lytic activity. In this study, TRA was used for both E. faecalis and S.
epidermidis to determine the host range of Endo88, where the lysis reaction is
performed in Tris buffer. This method is also used in many previous studies (Y. Chang
& Ryu, 2017; Ding et al., 2020; Fujiki et al., 2018; Linden et al., 2015; Melo et al.,
2018). In contrast, MV-L was tested against S. epidermidis but the protocol tested the
lysis activity in culture media instead. Furthermore, another technique which is
measurement of colony forming unit was used to measure MV-L lytic activity in E.

faecalis (Rashel et al., 2007).
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The inconsistencies of techniques to measure lytic activity of endolysins makes
comparison between studies difficult. Notably, one study compared the effects of using
buffer versus culture media in lysis reaction (Bhagwat et al., 2021). It was found that
the endolysin exhibit weaker lytic activity in the culture media as compared to the
buffer, and CBD binding assay also revealed weaker binding in culture media. The
authors suggested that the components in the nutrient-rich media could interfere with

the CBD binding, thus affecting the overall lytic activity of the endolysin.

Finally, the mutants Al, A2 and M were designed based on the hypothesis that SH3
sequences with high similarity may have similar host range as there may be certain
conserved regions in the primary sequence which affects the host-range. However, the
primary sequence of a CBD may not be a contributing factor to host-range at all and
thus a different strategy based on the tertiary structure of endolysins and its binding
site were then used to elucidate the factors that affects host-range in an endolysin

(Chapter 5).

In summary, cloning strategies using primers with Ncol and Xhol restriction sites
enabled the expression of soluble and functional Endo88 at 18 °C with 0.5 mM IPTG.
biophysical characterization revealed that Endo88 lyse optimally in the absence of
NaCl at 37 °C and pH 7.5, with retained activity at higher pH. While lysis was
observed on S. aureus, S. epidermidis, S. hominis & E. faecalis, the mutations did not
alter the host range, as all mutants (A2 and M) exhibited the same lytic host range as
the wild-type Endo88. However, mutations in the SH3 domain affected lytic activity,
confirming its role in modulating endolysin function. Since the previous mutation did

not alter the host range, a different strategy was employed as described in Chapter 5.
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CHAPTER 5

DEVELOPMENT OF MUTANTS BASED ON THE TERTIARY
STRUCTURE

5.1 Introduction

The previous mutations based on primary sequences of the SH3 domain in Endo88 did
not alter the host range as expected, but instead reduced its lytic activity. Therefore, a
different approach was employed, focusing on the tertiary structure of the SH3 domain.
This involved comparing the binding site between endolysins with different host range.
Firstly, the binding site of SH3 domain in Endo88 was determined by: (1)
Identification of ligand-interacting amino acids in the binding site of SH3 based on the
crystal structure of a homologous SH3 domain (PDB: 6RK4) available online. (2)
Binding site prediction using online tool (DoGsite3) to identify the binding site on
SH3 domain of homologous endolysins (6RK4). Subsequently, structural alignment
between 6RK4 and Endo88 was then carried out to identify the corresponding binding
site on the Endo88 SH3 domain. Once the binding site was determined, the amino
acids at the binding site of Endo88 was compared to an endolysin of narrower host
range and one of wider host range than Endo88. Mutations were then introduced to
Endo88 at these sites with expection of host range alteration. Given that the mutations
were specifically targeted to the binding site, truncated SH3 domains (without the lytic
domains) fused to Green Fluorescent Protein (GFP) were also generated to assess the

binding activity of the SH3 domain and the mutants to bacteria cells.

Additionally, 3D structure of SH3 domain (Endo88 and mutants) were also generated

through homology modelling. Given the lack of experimentally determined protein 3D
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structure, homology modeling serves as a less labor-intensive and time-saving
alternative for generating the 3D structure of proteins of interest (Haddad et al., 2020).
High-quality 3D structures generated in silico can significantly reduce the time and
cost needed for wet-lab 3D structure analysis (e.g. protein crystallization) (Cavasotto
& Phatak, 2009). The process involves several key steps (Cavasotto & Phatak, 2009;
Haddad et al., 2020; Sali & Blundell, 1993): First, homologous proteins with
experimentally determines structures are retrieved from databases (e.g. PDB) to serve
as templates. The target protein sequences is then aligned with the template squences
to position structurally relevant regions to guide model generation. Multiple models
are subsequently generated and evaluated for quality using structural validation tools
such as the Ramachandran plot. Finally, model refinement including loop region

refinements is performed to enhance structural accuracy and ensure proper folding.

This chapter also addresses the second and third objectives of the study which was to
design and validate another batch of mutations designed based on their tertiary
structure, subsequently studying the relationship between lytic and binding host range
through binding assays (GFP-fused SH3 domain) and molecular docking (Objective
four). The SH3 binding site of Endo88 was predicted using bioinformatics tools, and
mutations were introduced at the predicted binding residues to assess their impact on
Iytic and binding host range. Molecular docking was used to provide insights into
interactions between binding sites and varies peptide crosslinks, which representing

different bacterial peptidoglycan.
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5.2 Methodology

5.2.1 SH3 domain’s 3D structure homology modelling and binding site prediction.

Protein sequence of Endo88 (Accession numbers: YP_240699) was submitted to the

SWISS_MODEL online server (https://swissmodel.expasy.org) in December 2021 to

retrieve suitable 3D templates for each domains. Suitable templates for each domain
were retrieved, except for the looping region between the CHAP and AMD domains,
which did not have an appropriate template. To address this, the AMD and SH3
domains were first joined. Subsequently, the AMD+SH3 construct was joined with the
CHAP domain using MODELLER 10.1 (Fiser et al., 2000; Sali & Blundell, 1993).
The python script to operate the MODELLER is shown below:-

1 # Homology modeling by the automedel class

2 from modeller import * # Load standard Mgdeller classes
3 from modeller.automodel import * # Load the gutomeodel class

4 log.verbose () # request wverbose ocutput

5 env = environ() # create a new MODELLER environment to build this model in
6 # directories for input atom files

7 env.io.atom files directory = ['.', "']

a = AutoModel (env,

C alnfile = "40l1s2mkS.pir # alignment filename
10 knowns = (° # codes of the templates
11 sequence = 3 # code of the target

12 assess methods=(assess.DOPE, assess.GA341))

13 a.starting model= 1 # index of the first model

14 a.ending model = 20 # index of the last model

15 # (determines how many models to calculate)

16

17 a.make () # do the actual homology modeling
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After that, the looping region was then refined using the python script shown below:-

1 # Loop refinement of an existing model
2 from modeller import *

from modeller.automodel impert *
4 #from modeller import soap_loop

& log.verbose ()
env = Environ()

~

# directories for input atom files

10 env.ioc.atom files directory = ['.', '.‘fat:m_iilea']

11

12 # Create a new class based on 'LoopModel' so that we can redefine
13 # select loop atoms (necessary)

14 e¢lass MyLoop (LoopModel) :

15 # This routine picks the residues to be refined by loop modeling
16 def select loop atoms (self):

17 # One loop in chain A from residue 19 to 28 inclusive

18 return Selection(self.residue range('l:A', "25:A"))

18 # Two loops simultaneously

20 freturn Selection(self.residue range('19:A", '28:A'),

21 # Self.IESidue_range{'BS:A’, '42:A"))

odb ", # initial model of the target

m = MyLoop (env,
inimodel="

5 sequence="I # cede of the target
26 loop_assess methoda—assess DOPE) # assess loops with DOPE
27 # l::p_~55ess_m—th3d4 soap leop.Scorer()) # assess with SOAP-Loop
25 m.loop.starting model= 1 # index of the first loop model
30 m.loop.ending model = 20 # index of the last loop meodel
31 m.loop.md level = refine.fast # loop refinement method
3 m.make ()

A total of twenty models were generated from each modelling during optimization,
where three models with the lowest Discrete Optimized Protein Energy (DOPE) score
and GA341 (nearest to 1) were chosen for further evaluation (Shen & Sali, 2006).
Ramachandran plot generated by PROCHECK (Laskowski et al., 1993) was also used
to evaluate the quality of the top 3 models. After the 3D structure was constructed, the
structure was then viewed using PyMol 3 (The PyMOL Molecular Graphics System,

Version 3.0 Schrodinger, LLC).

5.2.1.1 Binding site prediction in SH3 domain of Endo88.

The crystal structure of a SH3 domain derived from another homologous protein (PDB

ID: 6RK4) was used to identify the binding site. The crystal structure, co-crystallized
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with a peptide crosslink/ligand, was previously deposited by other researchers
(Gonzalez-Delgado et al., 2020). The crystal structure was then submitted to the
Protein Ligand Interaction Profiler (PLIP) to identify the binding residues and various
type of bonds between the ligand (peptide cross-link) and the binding residues in the
crystal structure. Subsequently, the amino acid sequence of 6RK4 was then aligned
with  Endo88’s SH3 using EXPRESSO pairwise structural alignment
(https://tcoffee.crg.eu/apps/tcoffee/do:expresso), structural alignment score of 98 and
a sequence identity of 54.8 % indicates that the proteins are homologous and share a
highly similar three-dimentional structure despite moderate sequence divergence. The
amino acids at the corresponding positions in Endo88 were predicted to be the binding

residues in Endo88’s SH3. Online tools — DoGsite3 (https://proteins.plus/#dogsite)

(Graef et al., 2023) was used to further validate the binding site predicted in the
previous section (5.2.1.1). After homology modelling of Endo88’s SH3, the Program

database (.PDB) file generated was submitted to DoGsite3 for binding site prediction.

5.2.2 Mutation on the interacting residue located within the SH3’s binding
groove.
Two endolysins with different host range than Endo88 were used as reference
endolysins to design mutations based on the biding site. E-LM12 (AUV56903.1) (a
narrower host range endolysin) (Costa et al., 2020; Melo et al., 2018) and LysWwMY
(BAD83402) (a wider host range endolysin) (Yokoi et al., 2005), were selected from
the literature database as reference to design the mutations. These endolysins were
seletected due to their well-defined host range, as demonstrated in their original
studies. Pairwise sequence alignment was performed between the reference endolysin

(E-LM12 & LysWMY) and Endo88 using EMBOSS Needle Wunsch pairwise
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alignment tool. Additionally, extra five amino acids upstream of the SH3 domain

(Endo88: NKYGT; E-LM12: NQFGT; LysWMY: NEYGT) were included in the

alignment as they were predicted as binding residues. Through this alignment, the
binding residues located on the SH3 domain of Endo88 were changed with residues of
either E-LM12 or LysWMY at the corresponding amino acid position. The objective
of this approach was to introduce the binding characteristics from the reference

endolysins into Endo88, with the aim to modify its host range.

5.2.3 Construction of recombinant plasmid pET28a encoding for mutant gene
(D1, D2)
SOE-PCR was used to introduce the mutation into the wild-type Endo88 gene using
designed primers set (Table 5.1). After mutation, the gene was then cloned into
pET28a using the same methodology in section 4.2.1. The SOE-PCR process for
constructing mutant gene D1 and D2 was same as in section 4.2.5.1, with slight
changes for annealing condition for region joining (Table 5.2). The first mutant —
denoted D1, was generated by separating the Endo88 gene into 3 regions with primer-
initiated complementary overhangs as shown in Figure 5.1A. The regions were
assembled using SOE-PCR, region 2 (68 ng) was first combined with region 3 (150
ng), and then this combined sequence was ligated with region 1 (Figure 5.1B). For D2,
initially it was divided into five regions by used of five different primer sets. However,
region 2, 3, 4 and 5 failed to amplify in gradient PCR. To overcome this issues,
sequences of region 2, 3, 4, 5 were combined into single region (denoted as Region 2)
and synthesized (Integrated DNA Technologies_IDT) instead and joined with region

1. The synthesized Region 2 was then joined with Region 1 similar to Figure 5.1.
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Table 5.2: Recipe for SOE-PCR, annealing condition for region joining.

2+3)
36.04 ng (1.44 ng/pL)
ng (Mutant D2)

Ingredients Final amount in 25 uL | PCR conditions
dH20 Top up to 25 pL 98 °C 3 mins
5x Phusion HF buffer 1X 98 °C 10s
dNTP Mix 0.2 mM 65 °C 30 s x15 cycles
Phusion  High-Fidelity | 1.25 U 72°C 30s
DNA polymerase
Region 1 150 ng (6 ng/pL) 72°C 5 mins
Region 2 36 ng (1.44 ng/uL)
(Mutant D1, Region| 4°C -
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Full Endo88 1464 bp

; 5' -CATGCCATGGCRAATGCRAGCRERATTRACTRRARRRAG 37

! Endo88 (Region 1) 1202 bp - 1

! 1 1
1 3’ -AACGCTCACGTACCTTTGCATTAGTCAAGCCATGARATGATETA-5" \
\ 23 bp Regionl D1-Rev _'

_:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:'.:
/ Region2_ D1-Fwd 23 bp “
5 —RARTCAGTTCGETACTTACTACATGGARGA-3" .

I
A B eoceeoen _ DN

I
! r 21 bp 1
1 3 —GTTGGTTAGTGACATTCTTTTCCACCTGGTARGARATAGTACG-5" *
\ Region2 D1-Rev .'
e r s mmm ow s mmm w mE o mEm E mE r M R S MR R mE N M R M N M R M N M R M R N M R M M R Em s s o mm -
————————————————————————————————————————————————————— -
¢
i Region3 D1-Fwd 21 bp 1
. 5" -GGTGGACCATTCTTATCATGCCCG-3” 1

! - Ende88 (Region 3) 212 bp 1

3’ -AGGTGACTTATGGGGAGRAAT CAGTGGCCTCGAGGG-5" |

\ Region3_ D1-Rev /]
Y am e mm s mm e mm s mm s o w EEm s SN Em s R M s E S s m N Em s s o w s e w mmm s s Em s mm s - M
5’ ~-CATG-NNN-ARACGTRATCAC LCTTACTACATGGRAG-NNN-AGARRAAGCTGGRCCATTCTTATCATGCCCGGTAG-NNN-3
B 3" —-GTAC-NNN-TTTGCATTAGTCRA TGAATGATGTACCTTC-NNN-TCTTTTCC TEETEAGERATAGTACGGGCCATC-NNN-5

| - |

Figure 5.1: Schema of mutant gene (D1) development through SOE-PCR. Red
color region denotes the overlapping region which allow annealing of all the regions.
Underline represent the mutation to be introduces into Endo88 SH3 domain. (A):
Primers were designed to amplify each regions. Each primer sets gereated sequences
with flanking region (red) that contain the mutations and overlapping rgion to facilitate
the joining of the fragments. (B): Regions were joined into one continuous DNA
fragment incorporating the mutation (Underline).
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5.2.3.1 Construction of GFP fused SH3 domain (SH3 of Endo88, D1 and D2)

For GFP-fused mutants, the SH3 gene of endolysins (Endo88, D1 and D2) and GFP
were PCR amplified using two different primer sets (GFPSH3 & SH3GFP) listed in
Table 5.1. The GFP gene was isolated from pOLTV5 (rAF-GFP) plasmid, which was
gifted by Dr. Chia Suet Lin (UPM). The processes of amplifying the gene, including
gradient PCR were similar in section 4.2.1.5. Initially, the GFP gene was first cloned
into pET28a to generate pET28a (GFP) for later use. The GFP gene was fused
upstream of SH3 gene at the N-terminal (Figure 5.2). However, it is noteworthy that
the the putative binding site is located at the N-terminal of the SH3 domain (Gu et al.,
2014; Hirakawa et al., 2009; J. Z. Lu et al., 2006; Mitkowski et al., 2019; Tossavainen
et al., 2018), raising concern that the N-terminal GFP fusion might interfere with
folding and affect the binding site. Therefore, the location of the GFP was taken into

consideration.

Several other studies using GFP-fused SH3 domain were referred (Y. Chang & Ryu,
2017; Costa et al., 2020; Gu, Lu, et al., 2011; Kong et al., 2015) and the location of
GFP varied among them. Therefore, an additional primer set (SH3GFP) was used to
swap GFP to the C-terminal of SH3 (Figure 5.3), to determine the effect of GFP
location on binding activity. The final products were then transformed into BL21(DE3)

E. coli for expression.
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Ncol — GFPa Forward BamH|— SH3a Forward

_
fee0 | S
GFPa Reverse - BamH| SH3a Reverse - Xhol

Double-digestion with Ncol & BamHI
Ligate pET28a with GFP

- Double-digestion with BamHI & Xhol
- Ligate SH3 with pET28a/GFP

T S SH3

Heat shock transformation

pET28a/GFPSH3
&42 G

BL21(DE3)

Figure 5.2: Schematic representation of GFP fused at N-terminal of SH3 with
designed primer set. Initially, the GFP gene was first cloned into pET28a to generate
pET28a (GFP) for later use. The GFP gene was fused upstream of SH3 gene at the N-

terminal

129



Ncol — SH3b Forward BamHI|— GFPb Forward

[——— [——=3
o] =
SH3b Reverse - BamHI| GFPb Reverse - Xhol

- Single-digestion with BamHI
- Ligation

- Double-digestion with Ncol & Xhol
- Ligate pET28a with Ncol

Heat shock transformation

pET28a/SH3GFP 42 °C

.

-

BL21(DE3)

Figure 5.3: Schematic representation of GFP fused at C-terminal of SH3 with
designed primer set. GFP was first fused at the C-terminal of the SH3 domain.
Subsequently, the SH3_GFP was then cloned into pET28a.
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5.2.3.2 Expression of mutants (D1 and D2) and lytic host range assessments
The expression and assay were conducted with same conditions as described in section

4.2.2.2.

5.2.4 Flow cytometry binding assay

The experiment was adapted from other studies (Y. Chang & Ryu, 2017; Costa et al.,
2020; Gu, Lu, et al., 2011; Kong et al., 2015), with slight modifications. Bacterial cells
were cultured overnight in their respective culture media. Subsequently, 200 pL of the
overnight culture were subcultured into 20 mL of fresh culture medium and incubated
until reaching OD600 0.6 — 0.7. Cell pellets were collected via centrifugation (4000
Xg, 10mins, and 4 °C) and washed thrice with cold phosphate-buffered saline (PBS)
buffer. After washing, 1 mL of culture was transferred into a 1.5 mL microcentrifuge
tube, centrifuged (12, 000 xg, 4 °C, 5 mins) and the pellet was washed once with 500
pL of Tris buffer (50 mM Tris, pH 7.5) and then re-suspended with 100 pL of Tris
buffer. Suspended pellets were subsequently incubated with GFPSH3/SH3GFP (10
pg) for 30 minutes at room temperature. After incubation, the mixture was centrifuged
centrifuged (12, 000 xg, 4 °C, 5 mins) and washed thrice with cold PBS. The pellets
were then re-suspended in cold fixing solution (2 % paraformaldehyde in PBS) and
incubated for 10 minutes on ice. Subsequently, the mixture was washed thrice with
300 uL cold PBS and finally re-suspended in 500 uL PBS for flow cytometry analysis
(NovoCyte Flow Cytometer, Agilent, USA). A total of 50,000 events with a sample
flow rate of 10 uL min"* were used for a single run, and fluorescence was detected with

a FIT-C filter. Gram-negative bacteria E. coli served as a negative control in this assay.
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5.2.5 Molecular docking

Two docking tools — HADDOCK and Autodock4 were used to compare their
applicability on this study. These tools were validated by re-docking the protein-ligand
crystal structure available in the PDB database (PDB: 6RK4), which consists of SH3
domain co-crystalised with a crosslink peptide ligand (Gonzalez-Delgado et al., 2020).
The crosslink peptide ligand consists of a tetrapeptide stem (L-ala, D-isoGlu, L-Lys,
D-ala) linked to a pentaglycine (Gly-Gly-Gly-Gly-Gly), representing the peptide stem
between the N-acetylglucosamine (GIcNAc) and N-acetyl muramic acid (MurNACc)
polymer (Figure 2.6) within the cell wall. The docking was justified based on several
criteria: (i) the peptide crosslink fitting and binding into the binding groove. (ii) Root
Mean Square Deviation (RMSD) comparison between the docking pose and the 6RK4

structure. (iii) The similarity of the binding residues involved with those in 6RK4.

5.2.5.1 Autodock4

Autodock 4.2.6 manual guide was referred to and the procedures were summarized in
Figure 5.4. Prior to the docking process, an extended PDB format, denoted as PDBQT
file, was used as the coordinate file. It contains the information required for AutoGrid
and AutoDock software to generate the SH3 domains and peptide crosslink PDB file.
These coordinate files consist of information including assignment of polar hydrogen
atoms, partial charge (Kollman charges) and number of torsion. Polar hydrogen bonds
and Kollman charges were assigned to the peptide crosslink and SH3 domain. Instead
of rigid docking, flexible docking was performed. Various numbers of torsions were
assigned on the peptide crosslink (ligand), and amide bonds were set to non-rotatable.

This is to test the Autodock4’s ability to handle flexibility in ligand, as bacterial
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peptidoglycan are flexible in nature to adapt the osmotic changes in envorinment

(Doyle & Marquis, 1994; Scheffers & Pinho, 2005; VVollmer et al., 2008)

Subsequently, an Autodock4 build-in tool- AutoGrid was used to create three-
dimensional lattice grid map, which surrounded and centred on the region of interest
within the SH3 domain. The space covered in the grid consists of calculated
information which speed up the docking process. Two type of grids were set where:
(i) A lattice grid covered the entire SH3 domain (Figure 5.5A) and (ii) a lattice grid
covered only the binding groove, in accordance with residues predicted to be involved
in binding (Y411, N405, E451, Y472, T429, Y407, K406) (Figure 5.5B). A total of
100 Genetic Algorithm (GA) runs were set for each docking. Each pose generated
were then evaluated manually to check the binding location of the ligand and Root

Mean Square Deviation (RMSD) differences with 6RK4 crystal structure.

Re-docking of 6rk4
with Autodock4

THHE

Lattice grid Lattice grid
covered the entire covered the

SH3 domain binding groove

Ligand torsion Ligand torsion

N/

Flexible torsion

Figure 5.4: Overview of the workflow used to prepare the PDBQT coorfinate file
for Autodock4. Two types of lattice grids were generated: (i) a lattice grid that
encompassed the entire SH3 domain, which is known as the blind docking; (ii) a lattice
grid that specifically targeted the binding groove.
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Figure 5.5: 6RK4-The crystal structure of Lysostaphin SH3b in complex with P4-
G5 ligand. (A) Lattice grid was set encompass the entire SH3 domain. (B) Lattice grid
was adjusted to specifically cover the binding groove.
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5.2.5.2 HADDOCK 2.4

High Ambiguity Driven protein-protein DOCKing (HADDOCK) online tool was used
for comparison with Autodock4. Although most settings were kept as default, a few
modifications were made where: (i) the entire peptide crosslink were set as semi-
flexible and (ii) docking with Ambiguous Interaction restraint (AIR) and without AIR
were compared. AIR script was prepared to guide the peptide crosslink towards the
binding site, akin to the functionality of the AutoGrid system in AutoDock. The
distances in the AIR script were derived from the 6RK4 crystal structure, which was

analysed by PLIP (Figure 5.6). The details of the AIR script are outlined below:

assign (resid 1 and segid A)
(resid 405 and segid B) 2.6 1.0 1.0

assign (resid 1 and segid &)
(resid 411 and segid B) 2.6 0.5 1.5

assign (resid 1 and segid A)
(resid 451 and segid B) 2.6 0.5 0.5

assign (resid 1 and segid A)
(resid 472 and segid B) 2.6 0.5 0.5

assign (resid 1 and segid A)
(resid 429 and segid B) 2.6 0.5 0.5

assign (resid 1 and segid &)
(resid 407 and segid B) 3.0 0.5 3.0

assign (resid 1 and segid A)
(resid 406 and segid B) 2.6 0.5 1.0

assign (segid A and resid A)
1 B and

d resid B) Distance, lower-bound correction, upper-bound correction
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Figure 5.6: Crystal structure of LSS (6RK4)’s CBD analyzed by PLIP. Green:
CBD:; Purple: peptide crosslink. Pymol was used to measure the distance (A) between
the interacting amino acids and the ligand.

5.2.5.3 Molecular docking of SH3 domain with varies type of peptide crosslink.

Molecular docking was conducted to study the amino acid interactions between the
SH3 domain and various peptide crosslink. First, the peptide crosslinks were generated
using Avogadro 1.2.0 molecules editor and stabilized using UFF (Universal Force
Field) and Steepest Descent algorithm. To ensure the reliability of the peptide crosslink
generated from Avogadro, a peptide crosslink of S. aureus was generated and served
as a control. The validation of the generated peptide crosslink was summarized in
Figure 5.7. In brief, validation was performed by docking the generated S. aureus
peptide crosslink to 6RK4 (ligand removed) and compared to the resulting amino acid
interaction profile. Additionally, the peptide crosslink was docked into the modeled
SH3 domain of Endo88 to create a control interaction profile for subsequent docking

experiments.
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HADDOCK (de Vries et al., 2010) and PRODIGY tools (Vangone & Bonvin, 2015;
Xue et al., 2016) were used to evaluate the binding pose and predict the binding energy
of the pose, respectively. The selection of the best binding pose was based on several

criteria:

(i) Experimental validation from other studies, ensuring similarity between the
amino acid interaction profile in the docking and experimental results
(6RK4). The interacting amino acids were identified using Protein-Ligand
Interaction Profiler (PLIP).

(i)  Consistency in the binding site, ensuring that the ligand is consistently
bound to the same binding site across the docking poses generated.

(iii)  The ability for the ligand to bind into the predicted binding groove.

(iv)  The best binding score (HADDOCK score).

To accommodate the flexibility of the peptide crosslink, the docking was guided by
Ambiguous restraint (AIR) and also Un-ambiguous restraint (UIR) in some
circumstances to prevent uncommon binding and also enhance docking quality. The
flexibility of the peptide crosslink increases the chances of peptide crosslink which
could fit and accomodate to anywhere around the binding groove (Figure 5.8A, B, C),
which reduce the accuracy of the docking. With the guidance from experimental result

(PDB: 6RK4), the distance between atoms were used in AIR and UIR.

Subsequently, the docking was repeated with solvated docking and further refined with

short molecular dynamics in explicit solvent (water). In the Input Data section, the

peptide crosslink was set as “Ligand” instead of “Peptide” due to the presence of iso-
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glutamic acid and unconventional peptide bonding, which were not recognized by the
HADDOCK 2.4. Additionally, the peptide crosslink was set as full semi-flexible

segments in the Input Parameters.

S. aureus peptide
crosslink generated in
silico.

/ X

/

/Molecular docking
y

¥
6rk4 without Modelled SH3

ligand , domain
y 4
\ | 4
‘/

Compare with 6rk4
amino acid
interaction profile

Figure 5.7: Validation steps for peptide crosslink generated in silico. The
Avogadro 1.2.0 molecules editor was used to generate the peptide crosslink for
molecular docking. The generated peptide crosslink was validated through the
following steps: (i) Docking the peptide crosslink to 6RK4 (ligand removed); (ii)
Docking the peptide crosslink to the modelled SH3 domain of Endo88. The amino acid
interaction profiles from both docking experiments were then compared with the
native 6RK4 structure (with ligand).
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Figure 5.8: Example of docking pose with peptide crosslink bind at uncommon
binding site with odd comformation. (A): One of the uncommon binding pose
between peptide crosslink of E. faecalis and Endo88_SH3. The peptide crosslink was
bound to a groove away from the binding groove, and the tail of the interpeptide bridge
wedged into the binding groove. (B): One of the uncommon binding pose between
peptide crosslink of S. aureus and Endo88 _SH3. The peptide crosslink did not fit into
any binding groove, but was bound and localized on the surface of the SH3 domain.
(C): One of the uncommon binding pose between peptide crosslink of S. aureus and
Endo88_SH3. The peptide crosslink was bound to a groove away from the binding
groove, and the pentaglycine chain was wedged deep into the binding groove.
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5.3 Result & Discussion
Homology modelling was conducted for Endo88 (WT) and its mutants D1 (predicted
to have a narrower host range than WT) and D2 (predicted to have a wider host range

than WT).

5.3.1 SH3 domain’s 3D structure homologous modelling

Instead of generating the 3D structure of the SH3 domain alone, the entire endolysin
structure was modeled. This approach is generally preferred as the interactions
between domains within a protein can influence its overall structure and stability
(Schauperl & Denny, 2022; Xia et al., 2023; Zhou et al., 2019). The amino acid
sequence of Endo88 was submitted to the SWISS-Model database in December 2021.
Three templates were retrieved (Table 5.3) and multiple sequence alignment was

performed (Figure 5.9).

As shown in Figure 5.9, a loop region without structural information required loop

refinement to resolve the missing structural data. Initially, the AMD and SH3 domains

were first joined together and a total of 20 models were built.
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Table 5.3: Templates for Endo88 homology modeling.

Template Corresponding GMQE Seq ldentity Coverage
(PDB ID) domain
Bist CHAP 0.15 21.68 30%
4ols AMD 0.28 51.22 42%
2mk5 SH3 0.18 45.08 25%

GMQE: Global Model Quality Estimation.GMQE score range between 0 and 1. The higher the number, the higher
the reliability (Waterhouse et al., 2018).
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Figure 5.9: Multiple sequence alignment of Endo88 with the template (PDB:
6I1ST, 40LS & 2MKS5). Yellow highlights: Sequences containing structural
information, which serve as the foundation for building the 3D model of each domain
in Endo88. Red bracket: Loop region of Endo88 without any structural information.
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The top three models were chosen based on the top three best DOPE and GA341 score
obtained. A lower DOPE score indicates a better model, and a GA341 score closer to
1 is preferred. The best model was then submmited to PROCHECK (Laskowski et al.,
1993) for Ramachandran plot analysis (Table 5.4). The Ramachandran plot provides
insight into the stereochemical quality of the modeled structure by evaluating the
distribution of backbone dihedral angles (¢ and ) of amino acid residues. A higher
percentage of residues in the favored and allowed regions suggests a well-defined
model (Hollingsworth & Karplus, 2010; Lovell et al., 2003). While a value of >90 %
in the favored region is generally considered good, models with >80 % in the favored
region are still acceptable, especially given the lack of template during homology
modeling. After the 3D structure of AMD+SH3 was confirmed, the process was
repeated by joining AMD-SH3 to the CHAP domain. Loop refinement was performed
on the complete 3D structure before submitting it to PROCHECK (Table 5.4). Finally,
the top three best models were then submitted to PROCHECK to determine the best

model (Figure 5.10).

Table 5.4: Models quality scoring generated by Modeller and Ramanchandran
plot evaluation.

Models DOPE GA341 Ramanchandran
Most favoured Disallowed
regions (%) regions (%)
AMD+SH3 -30071.4 1 88.5 1.5
CHAP+(AMD+SH3) -45100.1 1 83.8 1.8
Loop refinement -2271.8 1 83.1 1.8

DOPE: Discrete Optimized Protein Energy
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Figure 5.10: 3D structure of Endo88 generated by MODELLER and viewed in
PyMol. Best model was chosen from PROCHECK analysis. Blue: CHAP domain;
Orange: AMD domain; Yellow: SH3 domain.

5.3.2 Binding site prediction in SH3 domain of Endo88.

The binding site of SH3 domain in Endo88 was predicted using binding site
information from other studies, in conjunction with a binding site prediction tool. The
predicted binding residues were then used as mutation candidates for mutational

studies.

6RK4 is an orthologous SH3 domain derived from bacterial lysostaphin (LSS) with
experimentally validated binding sites. It served as a reference for Endo88 binding site
prediction due to its unique co-crystallization with a peptide crosslink (Gonzalez-
Delgado et al., 2020). This ortholog shares a sequence identity of 54.8 % and a
similarity of 58.1 % with Endo88. Moreover, it achieved 98 out of 100 score in

structural alignment (Figure 5.11A), indicating high structural similarity between them
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(C. Kim & Lee, 2007; Malmstrém et al., 2007; Zhou et al., 2019). The crystal structure
was then submitted to PLIP to identify the interacting amino acid between the ligand
and 6RK4 (Fig 5.11B). Through pairwise structural alignment, the amino acids at the
corresponding position in Endo88 SH3 were predicted to be the interacting amino acid.
These residues (N387, K388, Y389, Y393, E434, Y454, and 1412) were then used as

mutation candidates (Figure 5.12).

Online binding site prediction tools — DoGSite3 were utilized to further validate the
previously predicted binding site. One of the detected binding grooves aligned with
the earlier prediction (Figure 5.13), providing further validation. This binding groove
was 45.026 A2, and consists of four Hydrogen (H) bond donors, four H bond acceptors
and six aromatic atoms. This combination indicated that the binding mechanism likely

involves non-covalent bonding (Adhav & Saikrishnan, 2023).
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Figure 5.11: Binding site prediction in SH3 of Endo88 by the use of homologous
protein reference. (A) Structural alignment of Endo88 and LSS _6RK4. Scores
greater than 50 are considered reliable alignments, indicating structural similarity. Red
box: 6RK4 amino acids involved in binding, as analysed by PLIP. Alignment was done
to predict the binding amino acid in Endo88. (B) Crystal structure of 6RK4 illustrated
using Pymol 3. Interacting amino acids (colored, stick) were identified by use of PLIP,

pink color stick is the ligand.
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Figure 5.12: 3D model structure of Endo88’s SH3. (A): The colored residues (N387,
K388, Y389, Y393, E434, Y454, and 1412) were the interacting amino acid predicted.

Volume [A%] : 45,026
Surface [A®] : 181.988
Depth [A] : 493153

Hydrophobicity ratio: 0.777778

H bond donors  : 4
H bond acceptors: 4
Aromatic atoms : 6

Endo88

Figure 5.13: 3D structure analysis of the modeled SH3 domain. The size, shape
and chemical features of the predicted binding groove (represented by the white mesh)
were calculated using DoGSite3. Residues highlighted in blue indicate the predicted
interacting amino acids in SH3 domain of Endo88.
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5.3.3 Mutation on the binding residues located within the SH3’s binding groove

Two reference endolysins — E-LM12 (AUV56903.1) and LysWMY (BAD83402)
were used as the reference for mutation design due to their defined host ranges in this
study. E-LM12 was categorized as a narrow host range endolysin, lysing only S.
aureus species (Costa et al., 2020; Melo et al., 2018). LysWMY was defined as a wide
host range endolysin, as it was able to lyse across genus (Staphylococcus sp,
Lactobacillus sp, Pediococcus sp, Micrococcus sp) (Yokoi et al., 2005). Pairwise
sequence alignment between the SH3 domains of the reference endolysins and Endo88
was performed to identify the binding residues on the reference endolysin.

E-LM12 shares 46.8% identity and 56.4% similarity with Endo88, while LysWMY
shares 41.5% identity and 56.4% similarity. These identified binding residues were
subsequently substituted into Endo88 (YP_240699) at the corresponding amino acid
positions (D1: K391Q, Y392F, 1415G; D2: K391E, Y396W, 1415T, E437T, Y457W).

(Figure 5.14)
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-This mutant was named as “D2” Score: 177.0

Figure 5.14: Needle-Wunsch pairwise alignment between Endo88 with E-LM12,
as well as between Endo88 and LysWMY. The amino acid involved in binding were
replaced in the protein sequence of Endo88 at the corresponding amino acid positions.
Red box: Amino acids that are involves in binding. (A) Pairwise alignment between
Endo88 and ELM12. (B) Pairwise alignment between Endo88 and LysWMY.
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5.3.4 Construction of mutant gene

The optimal annealing temperature for the primer sets (Table 5.1) used to generate the
mutants were determined using the method described in section 4.3.5.1. For mutant
D1, the primer set produced three region fragments with expected sizes: Region 1:
1202 bp (lane 1 — 3), Region 2: 96 bp (lane 4 — 6), and Region 3: 212 bp (lane 7 — 9)
(Figure 5.15). Lane 10 — 12 is the negative control for each region, primer dimers can
be seen at the bottom of the gel. For D2, the initial approach involved separating it into
five regions using five different primer sets. However, region 2 (75 bp), 3 (87 bp), 4
(83 bp), 5 (99 bp) failed to amplify in gradient PCR (Figure 5.16A). Consequently, the
sequences of regions 2, 3, 4, 5 were combined and synthesized, denoted as region 2A
(Figure 5.16B). The sequence of region 2A (283 bp) was then joined with region 1
(1200 bp). After gel purification of each region, all regions were annealed together and

amplified using NXEndo88 primers (Figure 5.17).

1500 =»
1000~ 5

Figure 5.15: Gradient PCR to determine optimum annealing temperature for D1
mutant’s primer sets. L: 1 kb DNA ladder (1% Base, Malaysia); Lane 1 to 3: PCR
product of Region 1 (~1202 bp) at annealing temperature 55°C, 60°C & 65°C; Lane 4
to 6: PCR product of Region 2 (96 bp) at annealing temperature 55°C, 60°C & 65°C,;
Lane 7 to 9: PCR product of Region 3 (~212 bp) at annealing temperature 55°C, 60°C
& 65°C; Lane 10 to 12: PCR master mix without template as negative control.
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Figure 5.16: Gradient PCR to determine optimum annealing temperature for D2
mutant primer sets. (A): Region 1 (R1, 1200 bp) was successfully amplified at three
different annealing temperatures, while no expected bands were observed for R2, R3,
R4, and R5. Lane L1: 1 kb DNA ladder (1% Base, Malaysia); Lane L2: 100 bp ladder
(GeneRuler, Thermo); Lane 1 to 3: PCR products at annealing temperature of 55°C,
60°C & 65°C; Lane M: Negative control. (B): Gradient PCR of region 2A (283 bp) at
different annealing temperature. Lane 1 to 3: PCR products at annealing temperatures
of 55°C, 60°C & 65°C; Lane 6: Negative control; Lane L1: 1 kb DNA ladder (1% Base,
Malaysia); Lane L2: 100 bp ladder (GeneRuler, Thermo).
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Figure 5.17: PCR product (incorporated with Ncol & Xhol) of the mutants (D1
& D?2) after annealing of each regions. (A): Mutant D1 (~1466 bp). Lane L: 1 kb
DNA ladder (1% Base, Malaysia); Lane 1 — 3: D1 PCR product; Lane 4: Negative
control. (B): Mutant D2 (~1466 bp). Lane L: 1 kb DNA ladder (1% Base, Malaysia);
Lane 1 —4: D2 PCR product; Lane 5: Negative control.

The mutant genes (D1 and D2) were then cloned and transformed into E. coli
BL21(DE3), following the procedure outlined for cloning NXEndo88 (Section
4.2.1.3). As shown in Figure 5.18, colonies containing the expected recombinant

plasmid exhibited a band size slightly above 1.5 kb on the ladder. The mutations were

subsequently verified using Sanger DNA sequencing (Appendix A).
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Figure 5.18: Colony PCR screening of recombinant plasmid (pET28a) harbouring
mutant gene (D1 & D2). Lane L: 1 kb DNA ladder (1 Base, Malaysia); Lane 1 — 10:
Colony PCR screening. (A): pET28a (D1) (~1648 bp), (B): pET28a (D2) (~1648 bp).
Transformants harboring the recombinant plasmid exhibit band size slightly larger
than the insert (above 1.5 kb band size in ladder).
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5.3.5 Construction of GFP fused SH3 domain

Two different primer sets were used to generate two types of GFP-fused SH3: GFP-
SH3, with GFP fused at the N-terminal, and SH3-GFP with GFP fused at C-terminal.
An annealing temperature of 60 °C was determined for both primer sets by use of

gradient PCR (Figure 5.19).

A B
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Figure 5.19: Gradient PCR to determine optimum annealing temperature for
each primer sets. Primer sets incorporated with different RE were used to amplify
SH3 and GFP gene. Gradient PCR was used to determine the optimum annealing
temperature for each primer sets. Lane L1: 1 kb DNA ladder (1% Base, Malaysia); Lane
M1: Negative control of SH3; Lane M2: Negative control of GFP. (A): Primer set for
SH3GFP. Lane 1 — 3: PCR product (~318 bp) of SH3 at annealing temperature 55°C,
60°C & 65°C; Lane 4 to 6: PCR product (~740 bp) of GFP at annealing temperature
55°C, 60°C & 65°C. (B): Primer set for GFPSH3. Lane 1 — 3: PCR product (~317 bp)
of SH3 at annealing temperature 55°C, 60°C & 65°C; Lane 4 to 6: PCR product (~741
bp) of GFP at annealing temperature 55°C, 60°C & 65°C.
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5.3.5.1 Construction of recombinant plasmid pET28a encoding for GFP-SH3

The GFP gene was first cloned and ligated into pET28a using Ncol and BamHI
restriction sites and subsequently transformed into E. coli BL21(DE3). As depicted in
Figure 5.20A, colonies harbouring the expected recombinant plasmid displayed a band
size of approximately 962 bp. The GFP sequence in the plasmid was verified through
Sanger DNA sequencing (Appendix A). Subsequently, pET28a (GFP) and SH3 were
digested and ligated at the BamHI and Xhol restriction sites, resulting in pET28a
(GFP-SH3). This construct was then cloned into BL21(DE3), and the colonies
harbouring the expected recombinant plasmid were confirmed with colony PCR

screening (~ 1228 bp) (Figure 5.20B) and Sanger DNA sequencing (Appendix A).
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Figure 5.20: Colony PCR screening of recombinant plasmid. (A): pET28a + GFP.
Lane L1: 1 kb DNA ladder (1% Base, Malaysia); Lane 1 — 15: colony PCR screening.
Recombinant plasmid harboring the expected GFP gene displayed band size
approximately 962 bp. (B): pET28a (GFP-SH3). Lane 1 — 10: colony PCR screening.
Recombinant plasmid harboring the expected GFP gene displayed band size
approximately 1228 bp.

5.3.5.2 Construction of recombinant plasmid pET28a encoding for SH3-GFP.

The DNA fragments — Ncol-SH3-BamHI and BamHI-GFP-Xhol generated in section
5.3.5 were double-digested and ligated, resulted in SH3-GFP (1046 bp). Conventional
PCR was performed to amplify SH3-GFP (Figure 5.21A). The SH3-GFP was then
cloned and ligated into pET28a using Ncol and Xhol, and subsequently transformed

into E. coli BL21(DE3). As depicted in Figure 5.21B, colonies harbouring the expected
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recombinant plasmid displayed band size of approximately 1228 bp. Subsequent

verification was then conducted through Sanger DNA sequencing (Appendix A).

1500 =

A 1000 =

750

Figure 5.21: Cloning of SH3GFP into BL21(DE3). Lane L1: 1 kb DNA ladder (1%
Base, Malaysia). (A): Lane 1 — 2: PCR of ligation product (SH3-GFP) (~1046 bp).
(B): pET28a (SH3-GFP). Lane 1 — 10: colony PCR screening. Recombinant plasmid
harboring the expected GFP gene displayed band size approximately 1228 bp.
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5.3.5.3 Construction of recombinant plasmid pET28a encoding for GFP-SH3
with SH3 from the mutants D1 and D2

Flow cytometry binding assay showed no significant differences between SH3GFP
and GFPSH3, and the results of these binding assays will be presented later in section
5.3.8.1. Therefore, the GFP-SH3 method (GFP fused at the N-terminal) was chosen
for cloning the mutant SH3 domains. The SH3a-Fwd and SH3a-Rev primers (Table
5.1) was used to amplify the mutated SH3 domain from D1 and D2 endolysin, resulting
in D1SH3 and D2SH3 (Figure 5.22A). Using the GFP-SH3 method (section 5.3.5.1),
the SH3 domains were then fused with pET28a and transformed into BL21(DE3). As
depicted in Figure 5.22B (D1SH3 and D2SH3), colonies containing the expected
recombinant plasmid exhibited a band size of approximately 1228 bp. The mutations

were subsequently verified using Sanger DNA sequencing (Appendix A).
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Figure 5.22: Cloning of GFP-fused SH3 mutants. Lane L1: 1 kb DNA ladder (1%
Base, Malaysia). (A): Lane 1 —5: PCR product of D1SH3 (~317 bp); Lane 6: Negative
control (Master mix); Lane 7 — 11: PCR product of D2SH3 (~317 bp); Lane 12:
Negative control (Master mix). (B): pET28a (GFP-SH3). Recombinant plasmid
harboring the expected GFP gene displayed band size approximately 1228 bp.
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5.3.6 Expression and purification of mutant endolysins and SH3 domains

All the mutants were successfully induced and purified under same conditions as with
Endo88 (section 4.2.2.2). As depicted in Figure 5.23, D1 and D2 endolysins were
successfully expressed in the soluble fraction and purified using his-tag purification.
Similarily, the GFPSH3 and the mutants were induced and purified under the same

condition (Figure 5.24).
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Figure 5.23: SDS-PAGE gel and Western Blot of mutants D1 and D2 purified
under native conditions. (A): Expression of Mutant D1 (~55.4 kDa) and purified
under native condition. (B): Expression of Mutant D2 (~55.4 kDa) and purified under
native condition. Lane 0: 5 — 245 kDa protein ladder (1% Base, Malaysia); Lane 1:
Pellets; Lane 2: Soluble fraction; Lane 3: Flow through; Lane 4 - 6: Wash 1 — 3; Lane
7: Elution; Lane 9: Concentrated and buffer exchanged protein.
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Figure 5.24: Western Blot of Endo88 GFP_SH3, D1 GFP_SH3, and
D2_GFP_SH3. GFP-fused SH3 domain with mutants were expressed and purified
under native condition (~39.1 kDa). (A): Endo88_GFP_SH3 purification under native
condition. 0: 5 — 245 kDa protein ladder (1st Base, Malaysia); 1: Pellets; 2: Soluble
fraction; 3: Flow through; 4: Wash 1; 5: Wash 2; 6: Wash 3; 7: Elution; 8: Concentrated
protein. (B): Western Blot of purified and concentrated protein (~39.1 kDa). L: 5 —
245 kDa protein ladder; D1G: D1_GFP_SH3; D2G: D2_GFP_SH3.

5.3.7 Assessment of mutant (D1 & D2) lytic host range

Mutants D1 and D2 were tested against the same set of bacteria previously tested with
Endo88 and other mutants (M and A2). Despite the anticipation for a change in host
range, the mutants did not exhibit any alteration. However, these mutations similarly
resulted in decreased lytic activity (Figure 5.25). Both mutatns showed significantly
lower lytic activity compared to the wild-type, except for D1 against S. hominis, which
showed no significant difference from the wild-type Endo88. Notably, D2 exhibited

the lowest lytic activity against all bacteria tested.
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LysWMY, which served as the mutation reference for D2, had its lytic host range
experimentally tested in its original study (Yokoi et al., 2005). Lytic activity was
observed on various bacterial genera, including S. warneri, S.xylosus, S. simulans, S.
epidermidis, S. hycus, S. haemolyticus, Lactobacillus gasseri, L. plantarum,
Pediococcus pentosaceus, and Micrococcus luteus (Yokoi et al., 2005). While D2 was
similarly able to lyse all Staphylococcus spp. tested in the current study, it was unable
to lyse L. plantarum & M. luteus. On the other hand, E-LM12, which served as a
narrow host range reference for D1, was previously reported to be unable to exhibit
Iytic activity against S. epidermidis, E. faecalis and S. hominis (Costa et al., 2020),
which were also tested in the current study. In contrast to E-LM12, D1 was still able
to lyse these bacteria, similar to the wild-type Endo88. These observations indicated
that mutations in the native CBD mainly affect the lytic activity of the endolysin

without significantly altering its host range.
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Figure 5.25: Turbidity reduction assay of wildtype Endo88 and mutants against
various bacteria. The Endo88 and mutants (D1 and D2) were able to lysed S. aureus
PS88, S. epidermidis, S. hominis, and E. faecalis with different degree of lytic activity.
Untreated: Bacteria cell without endolysin treatment as negative control; “*” indicates
significance with p < 0.05; “**”: p < 0.01; “***”: p <0.001; p < 0.0001 and ns: not
significant.
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5.3.8 Flow cytometry binding assay with GFP-fused SH3 domains

In previous studies, there have been contradictory statements about the role of the CBD
in lytic activity. Some studies have reported increased lytic activity after CBD removal
(Cheng & Fischetti, 2007; Gaeng et al., 2000; Low et al., 2005; Schmelcher, Korobova,
etal., 2012; Yokoi et al., 2005), while others have observed decreased efficiency after
CBD removal (Abaev et al., 2013; S. C. Becker et al., 2015; S. C. Becker, Foster-Frey,
et al., 2009; Donovan, Lardeo, et al., 2006; Fujiki et al., 2018; Huang et al., 2015;
Linden et al., 2015). The precise mechanism by which the CBD confers specificity to
endolysins remains uncertain, but it definitely possesses evolutionary impotance as it
is nearly ubiquitous in all Gram-positive endolysins (Oechslin et al., 2022). Since the
mutants in the current study did not alter the host-range which was tested through its
ability to lyse a certain bacteria, we next studied the binding activity independent from
the lytic activity to determine if binding and lytic activity was correlated. To do this,
the SH3 domains of Endo88, as well as D1 and D2 mutant endolysins were fused to

GFP without the EAD domains.
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5.3.8.1 Effect of location of GFP at N- & C-terminal of the SH3 domains

SH3GFP and GFPSH3 were incubated separately with S. aureus PS88 and E. coli. The
binding of the GFP-fused SH3 domain to the bacteria was then detected using FIT-C
filter in flow cytometry. Both SH3GFP and GFPSH3 achieved above 90%
fluorescence detection, while no fluorescence was detected for E. coli (Figure 5.26).
This result indicates that the SH3 domain successfully binds to PS88 and does not bind
to E. coli. There was no significant difference between SH3GFP and GFPSH3
constructs. Consequently, the N-terminal GFP construct was chosen for the mutant

SH3 domains.
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Figure 5.26: Comparison of C-terminal fused GFP construct (SH3GFP) and N-
terminal fused GFP (GFPSH3). Percentage mean of fluorescence intensity over cell
population were analyzed by flow cytometry. Untreated PS88 and E. coli BL21(DE3)
were used as negative control. “*” indicates significance with p <0.05; “**”: p <0.01;
CREE” p <0.001; “F*EE p <0.0001 and ns: not significant.
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5.3.8.2 Binding assay of GFPSH3 and mutant SH3

To investigate the correlation between binding activity and lytic activity, the SH3
domains of Endo88 and its D1 and D2 mutant endolysins were fused to pET28a (GFP),
with GFP fused at N-terminal. This resulted in Endo88_GFPSH3, D1_GFPSH3 and
D2_GFPSH3. The same set of bacteria used in the turbidity reduction assay was

employed to assess the binding activity of these GFP-fused SH3 domains.

Both Endo88_GFPSH3 and D1_GFPSH3 demonstrated high binding activity (>90%)
on PS88 (Figure 5.27). Interestingly, despite the D2 full endolysin being able to lyse
PS88 as shown previously in Figure 4.24 (section 4.3.5.3), albeit less effectively than
Endo88 and D1, D2_GFPSH3 exhibited minimal binding activity (<5%) on PS88

(Figure 5.27).

An unexpected observation was made with S. epidermidis, where all the GFP-fused
SH3 domains showed almost no binding activity (<2%). Nevertheless, Endo88, D1
and D2 full endolysins were able to lyse S. epidermidis effectively, as indicated by the
turbidiy reduction assay. Interestingly, in one of our recent study (Krishnan et al.,
2024) the truncation effect on Endo88, it was observed that SH3b reinforced the lytic
activity of CHAP on S. aureus, but not on S. epidermidis. This indicated that the
binding of SH3 may not be favoured on S.epidermidis. As per the current study, the
SH3 domain of Endo88 was unable to bind S. epidermidis (Figure 5.27), and the lytic
activity was reduced to below 80% (Figure 5.25, section 5.3.7) as compared to its lysis

effect against S. aureus.
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Conversely, the binding activity on E. faecalis and S. hominis showed similar patterns
to the lytic activity observed in the turbidity reduction assay, with D2_GFPSH3
displaying the lowest binding activity among the SH3 domains, consistent with D2
exhibiting the lowest lytic activity. It is also noteworthy that D1 and D2 showed low
fluorescence level (<20%) in B. subtilis, although no lytic activity was shown in the

TRA (Figure 5.25, section 5.3.7).
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Figure 5.27: Percentage mean of fluorescence intensity over cell population
analyzed by flow cytomtry. E. coli was used as negative control. The GFP-fused SH3
domains were incubated with different genus of bacteria and analyzed by flow
cytometry. “*” indicates significance with p < 0.05; “**”: p <0.01; “***”: p <0.001;
oksckE”: p < 0.0001 and ns: not significant.
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5.3.9 Molecular docking

Molecular docking tools are essential for studying the interactions between proteins
and ligands. One of the key metrics for evaluating the compatibility of those tools is
binding site consistency, which refers to the ability of the docking tool to reproduce a
binding pose similar or identical to the experimentally proven binding pose (Agu et
al., 2023; C et al., 2022). In this study, two molecular docking tools- Autodock4 and
High Ambiguity Driven Protein-protein Docking (HADDOCK) were compared by re-
docking ligands into the binding site of the experimentally solved crystal structure

(PDB: 6RK4).

5.3.9.1 Comparison of docking tools - Autodock4

Two types of docking approaches were employed in this study. Firstly, blind docking
was performed where the three-dimentional lattice grid covered the entire SH3
domain. A total of 100 runs were clustered into 49 clusters, and the top 10 poses with
the lowest mean binding energy (ranging from -1.00 to -2.90 kCal/mole) were chosen
and superimposed with 6RK4 crystal structure (Figure 5.28). However, none of the

clusters had poses similar to 6RK4.

The docking was then repeated with the three-dimension lattice grid covering only the
binding groove. A total of 52 clusters were generated, with only one pose from cluster
39 being closest to the native form. Despite this, although the pentaglycine region
(interpeptide bridge) was bound into the groove, the peptide stem region was bent
downwards (Figure 5.29A), resulting in a 1.942 A difference from 6RK4. This
discrepancy might be due to the high flexibility of lysine, caused by its three flexibile

methylene group side chains (Azevedo & Saiardi, 2016; Clark et al., 2019; Kono,
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2013). Additionally, manually fixing the torsion at the methylene side chain caused
the ligand to deviate from the binding site, resulted in 1.389 A difference from 6RK4
(Figure 5.29B). Concurrently, HADDOCK was used to compare the docking

compatibility with Autodock4.

Surface

Cartoon

Figure 5.28: Cartoon and Surface representation of 3D docking structure. Top 10
poses were superimposed with the 6RK4 crystal structure (Green), none of the poses
were similar to the ligand in 6RK4. Green: 6RK4.
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Figure 5.29: Illustration of docking pose superimposed with 6RK4. Green: 6RK4;
(A): Smaller docking grid caused the ligand to successfully bind into the binding
groove, but the peptide stem deviated downwards. (B): Fixed torsion at the methylene
group of the lysine caused the ligand to deviate from the binding groove.

170



5.3.9.2 Comparison of docking tools - HADDOCK

HADDOCK was used to re-dock 6RK4 with or without the use of AIR guidance. The
AIR are restraints designed to guide the docking process by incorporating
experimental data of the protein interactions, specifying the active and passive residues
that may or may not be involved in the interaction (Saponaro et al., 2020). Docking
without AIR resulted in lesser binding site consistency, while both approaches resulted

in the ligands binding in proximity to the binding groove:
(1) With AIR

A total of 309 docking poses were generated and clustered into 28 clusters. Top 10
clusters with the highest HADDOCK scores were chosen for detailed analysis. Among
the 10 clusters, 9 clusters were successfully docked into the binding groove, (Figure
5.30A), including the best cluster, which showed a RMSD of 0.354 A from the 6RK4
structure (Figure 5.30B). Although one cluster did not dock directly into the binding

groove, the pentaglycine chain was positioned in proximity to the binding groove.
(1) Without AIR

A total of 247 poses were generated and clustered into 30 clusters. Top 10 clusters
with the highest HADDOCK scores were chosen for analysis. The best pose showed a
RMSD of 0.357 A from the 6RK4 structure. Additionally, within the 10 clusters, 6
clusters were successfully docked into the binding groove including the best clusters

(Figure 5.30B).
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Figure 5.30: Superimposition of docking clusters with 6RK4. (A) Docking with
AIR guidance: Top 10 best poses were superimposed with 6RK4; (B) Docking with
AIR: Best docking pose was superimposed with 6RK4; (C) Docking without AIR
guidance: Top 10 best poses were superimposed with 6RK4; (D) Docking without
AIR: Best docking pose superimposed with 6RK4; Green: 6RK4 crystal structure.
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5.3.9.3 Molecular docking of SH3 domain with varies type of peptide crosslink

Various peptide crosslink representing different bacterial peptidoglycan types were
generated by use of Avogadro 1.2.0. This approach was employed to explore the
binding interactions between these peptide crosslink and the SH3 domain, with the aim
of correlating these interactions with the results obtained from the binding assays. The
study aimed to understand the influence of the mutations on the SH3 domain

developed in this study to various types of peptide crosslinks.

To further improve the accuracy of the docking, solvated docking with short molecular
dynamic (MD) refinement was incorporated using HADDOCK (de Vries et al., 2010;
Dominguez et al., 2003). This approach accounts for the effect of water molecules in
the docking environment, which is crucial since protein-ligand interactions occur in
aqueous conditions. Solvated docking enhances the reliability of predicted binding
conformations in response to solvation effects. Subsequently, short MD refinement
further optimizes the binding conformation by allowing side-chain rearrangements and
relaxation of the docked complex into a more energetically favourable state. This step
is crucial in generating a more physiologically relevant binding conformations, thereby
complementing the results obtained from standard docking and binding assay
(Bienstock, 2015; Genheden et al., 2011; Mahmoud et al., 2020; van Dijk & Bonvin,

2006).

AIR and UIR were also applied in the docking. AIR are restraints which part/molecules
of two proteins might be interacting with some uncertainty, allowing some flexibility
in the docking process. In contrast, UIR are more certain with specifically defined

distance between atoms interacting with each other (Dominguez et al., 2003). Firstly,
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the docking was run with only AIR (Figure 5.31A). If the docking poses generated a
high number of docking poses with binding in uncommon binding sites, UIR will be
applied to guide the docking. UIR was applied to docking of S. aureus (Figure 5.31B)

and E. faecalis (Figure 5.31C) peptidoglycan.

assign (segid A and resid A andjfname atom)
(segid B and resid B) Dista ower-bound correction, upper-bound correction
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B

x d nd n 3 5 segid A
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Figure 5.31: Ambiguous restraints (AIRs) and Unambiguous restraints (UIRS)
were used for peptide crosslink to guide their movement in the proximity of the
binding site. “Name atom” (red box) is for UIR to assign specific amino acid
interaction. (A): AIRs was used for all peptide-crosslink to guide their movement in
the proximity of the binding site. (B) UIRs was applied between S. aureus peptide
cross-link and Endo88_SH3 for optimization, with the distance restraint referenced
from the interaction between 6RK4 and its ligand (Figure 5.6). Additionally, the
minimum length for hydrogen bond distance was considered (Dannenberg, 1998). (C):
UIRs was applied between E. faecalis peptide cross-link and the SH3 domains.
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Molecular docking between the SH3 domains and peptide crosslinks revealed several

notable interactions:
(1) S. aureus peptide crosslink

As depicted in Figure 5.32, the peptide crosslink of S. aureus was generated,
comprising a peptide stem (D-isoGlutamine, L-Lysine, D-Alanine, and D-Alanine)
and a pentaglycine (interpeptide bridge). These components are typically found in S.
aureus peptidoglycan (Schleifer & Kandler, 1972; Vollmer et al., 2008). The generated
peptide crosslink was then docked into 6RK4 (ligand removed) for validation. The
docking poses achieved a RMSD of 0.427 A (Figure 5.33) when superimposed with
6RK4, and the amino acid interaction profile closely matched that of 6RK4 (Table
5.5). This indicated that the protocol used for generating the peptide crosslink is

reliable.

Peptide stem Interpeptide bridge

‘D-iGIu l ’ ‘
vy ¢
L-LyS g Gy €= G|y == Gly &= Gly *=—Gly
4 (G5) (Ga) (G3) (62) (G1)
D-Ala (A4)
v

D-Ala (A5)

Staphylococcus aureus

Figure 5.32: Peptide crosslink of S. aureus were generated using Avogadro 1.2.0.
This structure were created based on references from existing studies (Sharif et al.
2009; Kim, Chang, and Singh 2015; Schleifer and Kandler 1972; Gonzalez-Delgado
et al. 2020; Vollmer, Blanot, and de Pedro 2008).
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Figure 5.33: Superimposition of docking clusters with 6RK4. Peptide crosslink of
S. aureus was generated in silico and docked with 6RK4 (ligand removed). The final
docking pose was then superimposed with 6RK4. Green: 6RK4; Pink: Best docking
pose.

Table 5.5: Amino acid interaction profile between the SH3 domain and the
peptide crosslink. Bold font: Interaction profile between generated peptide crosslink
and 6RK4 (Ligand removed); Red font: Interation profile of 6RKA4.

Residues on Hvdroe
peptide cross- lyarorss Hydrogen bond Salt-bridges
link interaction
D-iGlu (K406)
L-Lys Y407 (Y407)
D-Ala (A4)
D-Ala (A5)
Gl Y411, N405
(Y411), (Y405)
G2 E451 (E451)
G3 Y472 (Y472)
G4 T429 (T429)
G5
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The generated peptide crosslink was docked with the modeled SH3 domain with the
guidance of AIR and UIR (Figure 5.31B), as well as with the mutant SH3 domains.
Docking analysis of the Endo88 SH3 domain with the S. aureus peptide crosslink
revealed that majority of hydrogen bonds formed at the pentaglycine region,
supplemented by several hydrophobic interactions and one salt-bridge (Appendix C).
Hydrogens bonds are commonly known for their crucial role in molecular recognition
and binding affinity (Chen et al., 2016; Wade & Goodford, 1989), which were
abundant in the interaction between the peptide crosslink and the SH3 domain. This
observation is consistent with findings from other studies (Gu et al., 2014; J. Z. Lu et
al., 2006; Mitkowski et al., 2019), suggesting that hydrogen bonds play a significant

role in stabilizing the SH3 domain and potentially conferring its specificity.

One obvious difference was observed in the docking poses between Endo88_SH3 and
its mutants. In Endo88_SH3, the D-iGlu residue in the peptide crosslink formed a
hydrophobic interaction with F415. However, mutations (K388Q and Y389F in D1
and K388E in D2) caused the D-iGlu to deviate approximately 2.2 A for D2 and 4.2
A for D1 from its original pose in Endo88 (Figure 5.34A). This deviation disrupted
the hydrophobic interaction with F415 in both D1 and D2. Despite this noticeable
deviation, the overall conformation of the peptide stem in D1 and D2 remained
unchanged, the salt-bridge between K411 and D-Ala was preserved. Nevertheless, no
binding activities were detected in the flow cytometry assay for D2. Despite having a
high HADDOCK score and predicted energy (Table 5.6), D2 formed fewer hydrogen
bonds at the pentaglycine region (2 hydrogen bonds) compared to Endo88 (5 hydrogen
bonds) and D1 (3 hydrogen bonds) (Appendix C). Furthermore, after subjecting D2 to

solvated docking with short MD refinement, no hydrogen bond interactions were
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detected at the pentaglycine region, which may explain the lack of binding activity

observed in flow cytometry Figure 5.34B.

Overall, the amino acid interaction profile revealed that the mutants exhibited fewer
interactions with the S. aureus peptide crosslink (Appendix C), and demonstrated
lower predicted binding energy in dry docking compared to the Endo88_SH3. These
findings suggest that alterations in hydrogen bonds may compromise the stability of

the binding interaction.

The decrease in electrostatic energy aligns with the observed pattern, indicating that
electrostatic interactions play a role in changes in binding affinity. This reduction in
electrostatic energy could be attributed to the substitution of the charged amino acid
K388 (positive) in Endo88, with Q388 (polar) in D1 and E388 (negative) in D2.
Additionally, the substitution of E434 (negative) with T434 (polar) in D2 may have
further contributed to the decrease in electrostatic energy. The increase in molecular
volume of the binding groove (Endo88 SH3: 45.026 A: D1_SH3: 59.904 A;
D2_SH3: 72.704 A) (Figure 5.35) might also lead to insufficient contacts between the
peptide crosslink and the surrounding residues, resulting in decreased binding affinity

and consequently reduced lytic activity (Ha et al., 2020; Pang et al., 2018).
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Figure 5.34: Hlustration of molecular docking between the S. aureus peptide
crosslink and the SH3 domains (Endo88, D1 and D2). (A): Superimposition of the
best docking poses of the SH3 domains (Endo88, D1 and D2). Notable conformational
changes were observed at the D-iGlu in the peptide crosslink. Green: Docking pose of
Endo88_SH3 and the peptide crosslink; Magenta: Docking pose of D2_SH3 and the
peptide crosslink; Cyan: Docking pose of D1_SH3 and the peptide crosslink. (B):
Docking pose of D2_SH3 with the S. aureus peptide crosslink after subjected to
solvated docking and refined with short molecular dynamic. No interactions were
observed at the pentaglycine region.
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Endo88

Volume [A%] :45.026
Surface [A?) : 181.988
Depth [A] :4.93153

Hydrophobicity ratio: 0.777778

H bond donors  : 4
H bond acceptors: 4
Aromatic atoms : 6

Volume [A%]
Surface [A?]
Depth [A]

H bond donors

:59.904
:239.311
:5.71314
Hydrophobicity ratio: 0.72

14

H bond acceptors: 3

Aromatic atoms

: D

Volume [A’] 1 72.704
Surface [A?] :264.759
Depth [A] : 5.87878
Hydrophobicity ratio: 0.727273
H bond donors  : 6

H bond acceptors: 4
Aromatic atoms : 10

Figure 5.35: Physical properties of the SH3 domains analysed by DoGSite3. The
volume of the binding groove increases after mutation in D1 and D2 SH3 domains.
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Table 5.6: Molecular docking

of the SH3 domain and different type of PG’s peptide

crosslink
Dry docking Solvated Docking + Short MD
Bacteria PG’s | SH3 HADDOCK  Predicted Electrostatic | HADDOCK Predicted  Electrostatic
peptide domain | score binding energy score binding energy
crosslink energy energy
(Kcal/mol) (Kcal/mol)

Endo88 | -47.6 -8.14 -146.73 -65.7 -8.86 -203.84
PS88

D1 -34.4 -1.7 -126.99 -66.0 -7.49 -111.53

D2 -39.1 -7.56 -103.71 -70.3 -7.72 -127.86

Endo88 | -33.3 -6.99 -69.7 = - -
S. epidermidis

D1 -37.9 -7.04 -71.11 - - -

D2 - - 3 4 - .

Endo88 | -37.8 -8.24 -192.98 -45.9 -7.49 -95.72
E. faecalis

D1 -31.9 -7.32 -80.92 -40.9 -7.36 -115.33

D2 -27.6 -6.96 -59.05 -50.6 -7.36 -85.86

Endo88 | -45.9 -7.89 -91.03 -55.5 -7.15 -46.92
M. luteus

D1 -38.8 -8 -95.06 - - -

D2 -44.2 -8.59 -147.85 -47.4 -6.90 -31.81

Endo88 | -42.6 -7.61 -104.03 -47.7 -7.77 -148.77
L. plantarum

D1 -35.6 -7.21 -81.32 -40.1 -6.77 -72.72

D2 -39.3 -7.23 -70.38 -50.4 -8.23 -191.33
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(11) S. epidermidis peptide crosslink

The structure of peptide crosslink in S. epidermidis is similar to that of S. aureus,
except that the peptide crosslink of S. aureus consists of little to no L-serine. Research
have shown that serine replaces one of the glycine in the pentaglycine chain (Figure

5.36) (Schleifer & Kandler, 1972; Tipper, 1969; Willing et al., 2020).

D-iGlu

vy

L-Lys 4-8— Gly €= Gly €—L-Ser 4—Gly *=Gly
; (G5) (Ga) (G2) (G1)

D-Ala (A4)

y

D-Ala (A5)

Staphylococcus epidermidis

Figure 5.36: Peptide crosslink of S. epidermidis were generated using Avogadro
1.2.0. This structure was constructed based on references from existing studies (Sharif
et al. 2009; Kim, Chang, and Singh 2015; Schleifer and Kandler 1972; Gonzalez-
Delgado et al. 2020; VVollmer, Blanot, and de Pedro 2008).

Previously, the binding assay for S. epidermidis exihibited almost no fluorescence
detection in flow cytometry, accompanied by lower electrostatic energy and binding
affinity compared to S. aureus in molecular docking (Table 5.6). Dry docking results
revealed that the S. aureus peptide crosslink exihibited greater flexibility, enabling it
to adapt more effectively to the shape of the binding groove. This flexibility resulted
in higher binding coverage, as the S. aureus peptide crosslink interacted with a larger
surface area within the binding groove compared to the S. epidermidis peptide
crosslink, which appear to be straight and rigid (Figure 5.37A). For D2, the peptide
crosslink did not bind to the binding groove during dry docking (Figure 5.37B).

Additionally, the dissociation of the S. epidermidis peptide crosllink from the binding
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site of SH3 domain was observed following solvated docking with short MD

refinement for Endo88 and both mutants (Figure 5.37B).

It is noteworthy that in S. epidermidis, the glycine at position number 3 (denoted as
G3) of pentaglycine is substituted with serine. This substitution may increase rigidity
and potentially affect the binding of SH3 domain, resulting in almost no observed
fluorescence in the binding assay (Abbas, 2017; Gray & Matthews, 1984; Mitkowski
et al., 2019). Interestingly, lysostaphin also is unable to bind to some strains of S.
aureus when the G3 is similarly substituted with serine, thus making these strains
lysostaphin-resistant (Gonzalez-Delgado et al., 2020; Tossavainen et al., 2018).
However, in constrast to lysostaphins, which are unable to bind or lyse these
lysostaphin-resistant bacteria because the modified peptide crosslink served as both
the binding and cleavage site, Endo88 and its mutants can still lyse the cells. This is

likely because the CHAP’s cleavage site is distinct from the pentaglycine chain.

The CHAP domain of phi_P24556 and MV-L, which share over 99% identity with the
CHAP domain of Endo88, has been shown to possess D-alanyl-glycyl endopeptidase
activity, cleaving the D-Ala-Gly bond (Figure 2.6) within the peptide crosslink
(Navarre et al., 1999; Rashel et al., 2007). Given the high amino acid identity between
these domains, it is plausible that the CHAP domain of Endo88 may also possess

similar endopeptidase activity.
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Endo88_SH3 D1_SH3 D2_SH3

Figure 5.37: Superimposition of molecular docking. (A): Superimposition of
docking between Endo_SH3 with S. aureus peptide crosslink AND Endo_SH3 with S.
epidermidis. Green: Endo_SH3 with S. aureus; Cyan: Endo_SH3 with S. epidermidis.
(B): Superimposition of dry docking between SH3 domains with S. epidermidis
peptide crosslink AND after subjected to solvated docking with MD refinement.
Green: Dry docking; Cyan: Solvated docking with MD refinement.
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(1) E. faecalis peptide crosslink

The structure of the peptide crosslink in E. faecalis is similar to S. aureus at the peptide
stem. However, in E. faecalis the peptide crosslink differs by incorportating two L-
Alanine resideus instead of the typical interpeptide bridge found in S. aureus (Figure
5.38) (Bouhss et al., 2002; Schleifer & Kandler, 1972). The generated peptide
crosslink was docked with the modeled SH3 domain with the guidance of AIR and

UIR (Figure 5.31C)

Peptide stem Interpeptide bridge

| |

[ | 17 | |
D-iGlu
v .
L-LyS e | -Ala == L-Ala
$ (A2) (A1)
D-Ala (A4)

v

D-Ala (A5)

Enterococcus faecalis
Figure 5.38: Peptide crosslink of E. faecalis were generated using Avogadro 1.2.0.
This structure were created with reference to existing studies (Bouhss et al., 2002;
Schleifer & Kandler, 1972).

The docking results aligned with the trends observed in both the Turbidity Reduction
Assay (TRA) and binding assay. Specifically, D2 and D2_SH3 exhibited lytic and
binding activity, respectively, with D1 showing higher activity than D2, although
Endo88 was still the highest. Among the SH3 domains, Endo88_SH3 achieved the
highest HADDOCK score and predicted binding affinity (HADDOCK score: -37.8;
predicted binding energy: -8.24 kcal/mol), whereas D2 had the lowest (HADDOCK
score: -27.6; predicted binding energy: -6.96 kcal/mol). This pattern persisted after
solvated docking and refinement with short MD, where D2’s HADDOCK score (-

50.6) exceeded those of Endo88 (-45.9) and D1 (-40.9), with a predicted binding
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energy same as D1 (-7.36 kcal/mol). The amino acid interaction profile for D2_SH3
revealed that only two residues (Y389 and T412) formed hydrogen bonds with the
stem peptide, and no salt bridges were observed. The absence of salt bridges, which
are present in Endo88_SH3 and D1 _SH3, may account for the decreased in binding

activity and lytic activities observed for D2.

The reduced number of interactions in the amino acid interaction profile of D2_SH3
raises concerns about potential inaccuracies in docking predictions. However,
consistent results across multiple docking attempts indicate that the ligand consistently
binds to the same site in all poses (Figure 5.39), albeit with a low number of
interactions, suggesting the stability and reliability of the docking results. The
discrepancy between the docking result and experimental result suggests that
additional factors beyond the predicted docking interactions may influence the binding

efficacy of SH3 domain in real-life situations.

As previously discussed, SH3 domains are commonly found in staphylococcal phage
endolysin,s suggesting that these domains have evolved to specifically interact with
the Staphylococcus peptidoglycan (Labrie et al., 2010; Oechslin et al., 2022; Vazquez
etal., 2021). In contrast, Enterococcus phage endolysins are often abundant with LysM
binding domains (Oliveira et al., 2013) instead of SH3 domains, which is interesting
since Endo88 and all mutants generated in this study could both bind and lyse to E.
faecalis in this study. As far as to our knowledge, our group is the first to report on a
staphylococcal endolysin which can lyse E. faecalis (Krishnan et al., 2024). However,
there have been reports of Streptococcus endolysins with SH3 domains which can lyse

Streptococcus, Staphylococcus and Enterococcus (Gilmer et al., 2017; Huang et al.,
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2015; Vander Elst et al., 2020). Due to a different binding domain found in E. faecalis
compared to S. aureus, it is indicated that a different binding mechanism applies to the
binding of the SH3 domain to E. faecalis. Research has shown that the LysM domains
primarily target the N-acetylglucosamine (GIcNAc) within the glycan chain of
peptidoglycan, with secondary interactions occurring with the peptide stems. This
secondary interaction could be where SH3 binds. This specificity in target recognition
influences both the binding affinity and specifity of the LysM domains (Mesnage et

al., 2014; Salamaga et al., 2023).

Figure 5.39: Molecular docking of D2_SH3 with the E. faecalis peptide crosslink.
Docking poses were superimposed and illustrated consistent binding to the same site.

(V) M. luteus and L. plantarum peptide crosslink

The peptide crosslinks in M. luteus and L. plantarum differ from the previous 3 peptide
crosslink due to the absence of an interpeptide bridge. In these cases, the peptide
crosslink are directly crosslinked by the peptide stem (Chapot-Chartier &
Kulakauskas, 2014; Duchéne et al., 2019; Jensen & Campbell, 1976; KOCUR et al.,

1972; Schleifer & Kandler, 1972). In this study, two stem peptides were joined and
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generated in Avagadro for docking analysis. The peptide stem of M. luteus consists of
a D-iGlu (side chain substituted with a glycine), L-lys and a D-Ala, with the L-Ala
linking the peptide crosslink to the glycan chain (Figure 5.40). In L. plantarum, the
side chain of D-iGlu is aminated (NH2), and the L-lys is replaced by meso -

Diaminopimelic acid (m-Dpm), followed by a D — Ala (Figure 5.41).

r Peptide stem

D-Glu =—p- Gly r Gly
e |v I | IR

E

% |Llys = D-Ala €= L-Lys QLD-GM < L-Ala
m-—
=
2 il
)
o D-Ala

Micrococcus luteus

Figure 5.40: Peptide crosslink of M. luteus was generated using Avogadro 1.2.0.
This structure was created with reference to existing studies (Jensen & Campbell,
1976; KOCUR et al., 1972; Schleifer & Kandler, 1972).

D-iGlu — (NH2)

(NH,) == m-Dpm <= D-Ala

v ¥

D-Ala m-Dpm — (NH.)

Lactobacillus plantarum

Figure 5.41 Peptide crosslink of L. plantarum was generated using Avogadro
1.2.0. This structure was created with reference to existing studies (Chapot-Chartier &
Kulakauskas, 2014; Duchéne et al., 2019; Schleifer & Kandler, 1972)

For binding of M. luteus with Endo88, the docking results showed that the docking
pose with the best HADDOCK score was positioned closed to the binding site, with
other poses from other cluster being even more distant (Figure 5.42A). In the case of

D1_SH3, all clusters conformations docked near the binding groove, yet only the

highest HADDOCK score pose partially occupied the groove (Figure 5.42B).
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However, post-solvated docking with short MD refinement revealed that these
conformations eventually moved out of the groove. For D2, while initial docking
showed all conformations were near the binding groove, none successfully fit into it
(Figure 5.42C). Post-solvated docking with short MD refinement showed that only one
pose managed to occupy the groove. However, this was accompanied by a significant

drop in predicted binding energy and electrostatic energy.
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Figure 5.42: Superimpose of all the docking poses from the docking clusters. The
binding interactions between SH3 domains and M. luteus peptide crosslink showed
inconsistencies in conformation. (A): Endo88_SH3; (B): D1_SH3; (C): D2_SHa3.

In summary, the docking results across all variants showed inconsistencies in the
binding of the SH3 domain and the M. luteus peptide crosslink, complicating the
identification of the most accurate binding conformation. Despite the limited
understanding of the true interaction from other experimental data, the binding assay
confirmed the absence of binding between the SH3 domain and the M. luteus peptide
crosslink. While the peptide crosslink was positioned near the binding groove in the
docking, it may not fully represent in vivo conditions, where other cell wall

components such as teichuronic acid (Jensen & Campbell, 1976; Schleifer & Kandler,
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1972; S. Yang et al., 2001) — analogous to teichoic acid and abundant in species like

M. luteus, B. subtilis, and B. licheniformis, could influence the binding result.

Lactobacillus phage endolysin feature a diverse binding domain in their endolysin,
including the SH3 domain (Figure 2.1). In contrast to Staphylococcus endolysins,
which bind to the interpeptide bridge in the peptide crosslink, Lactobacillus does not
have interpeptide bridge and the peptide stem was directly linked together at m-Dpm.
It was postulated that the docking result may be similar to those observed for the M.

luteus peptide crosslink.

For Endo88, 227 docking structures were clustered into 25 clusters. Among these, only
2 clusters, including the one with the best HADDOCK score, showed close fit into the
binding groove. However, following solvated docking and short MD, the peptide
crosslink left the binding groove (Figure 5.43A). For D1, 246 docking structures were
clustered into 26 clusters. Of the top 10 clusters, 5 clusters displayed poses where the
peptide crosslink fit into the binding groove. After solvated docking with short MD
refinement, the peptide crosslink consistently remained within the binding groove
across all clusters (Figure 5.43B). For D2, 293 docking structures were clustered into
29 clusters. The results were similar to D1, with 4 out of the top 10 clusters fitting into
the binding groove. Even after solvated docking with short MD, the peptide crosslink

consistently fit into the binding groove in all clusters (Figure 5.43C).
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Dry docking Solvated docking + Short MD

Figure 5.43: Superimposition of all the docking clusters close to the binding
groove, both before and after solvated docking with short MD refinement. (A):
Endo88_SH3 - Only one cluster was generated from the solvated docking, with the
peptide crosslink dissociating from the binding groove. (B): D1_SH3 - Ten clusters
were generated from the solvated docking, all remaining close to the binding groove.
(C): D2_SH3 - Three clusters were generated from the solvated docking, all remaining
close to the binding groove.
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The docking result for the mutants suggest potential interactions between the L.
plantarum peptide crosslink and D1 _GFP_SH3 and D2 _GFP_SH3. While
D2_GFP_SH3 was designed to increase the host-range of Endo88 which can be seen
from the molecular docking since the L. plantarum could dock into the binding groove,
this was not correlated with the flow cytometry binding assay as no binding was
detected. Even more baffling, the D1_GFP_sh3 docking results also showed docking
of the L.plantarum peptide cross link with its binding site, although D1 was designed
to be of narrower host-range than Endo88. This discrepancy raises concerns about the
reliability of the docking predictions, as the true mechanism and binding conformation
remain poorly defined. Two possible postulations for these observations can be

considered:

(1) the observed binding in molecular docking might be a false positive. This could
occur due to the docking of the peptide crosslink to the enlarged volume of binding
groove on mutant SH3 domain (Endo88 SH3: 45.026 A; D1 SH3: 59.904 A;
D2_SH3: 72.704 A). Additionally, the L. plantarum peptide crosslink generated was
relatively smaller compared to other peptide crosslink generated. The docking
algorithm may then generate multiple poses for the peptide crosslink to fit within this
larger space, even if these poses are not biologically relevant. Despite the use of
solvated docking and short MD refinements, a longer duration of MD (e.g. >100 ns)
might be required to observe the dissociation of peptide crosslink from the binding
groove. Also, additional data such as a crystal structure that includes both the SH3

domain and the peptide crosslink would be essential for accuracy.
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(11) The docking results is accurate but no binding was observed in the flow cytometry
assay as docking primarily focuses on the interaction between the peptide crosslink
and the SH3 domains while overlooking the presence of other cell wall components
found in whole cells, which was used in the binding assay. In nature, the peptidoglycan
layer is much more complex. A study by Dorosky et al., 2023 demonstrated that the
removal of cell wall components (e.g. teichoic acid) from the Lactobacillus using
trichloroacetic acid (TCA) led to an eight-fold increase in binding during flow
cytometry. This indicated that components such as teichoic acid can interfere with the
SH3 domain ability to bind optimally to the peptide crosslink, despite favorable
docking predictions. Thus, while docking may accurately reflect the interaction
between SH3 domain and peptide crosslink, the interference of other cell wall

components must be considered in a biological context.

Moreover, the flow cytometry binding assay for D1_GFP_SH3 and D2_GFP_SH3
(Figure 5.27) against B. subtilis further highlights this interference. The peptide
crosslink in B. subtilis shares high similarities with that of L. planarum (Angeles &
Scheffers, 2021; Foster & Popham, 2001; Hayhurst et al., 2008; Schleifer & Kandler,
1972), where the m-Dpm residues directly link to each other and form the cross linkage
in the peptidoglycan. Despite these structural similarities, weak binding of less than
20% was detected on B. subtilis during flow cytometry binding assay in comparison
with L. plantarum which had no binding detected. This could suggest that B. subtilis
has fewer interfering components on the whole cell wall compared to L. plantarum,

resulting in lesser intereference of the SH3 domain binding.
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In summary, the docking results revealed that the peptide crosslink was involved in
the binding mechanism between SH3 domains and peptidoglycan. For the S. aureus
peptide crosslink, the role of the interpeptide bridge (pentaglycine) as a host-range
determining site for SH3 domains was aligned with other studies. This was further
validated by the binding assays and molecular docking of S. epidermidis, where the
replacement of one glycine with serine resulted in unsuccessful binding of the peptide
crosslink to the SH3 domain. Although Endo88 was able to lyse S. epidermidis (Figure
5.25), the unsuccessful binding of the CBD could be one of the reasons the endolysins
only achieved <80% OD reduction in turbidity reduction assay compared to S. aureus
(Figure 5.25). Intriguingly, the SH3 domain from Endo88 exhibited a rather wide
binding host range as it showed successful binding to E. faecalis in both binding assay
and molecular docking. No binding was detected in M. luteus in binding assay. This
was further validated by the molecular docking, which showed inconsistent binding
pose. Albeit no binding was detected for L. plantarum in the binding assays, molecular
docking revealed potential interactions between the peptide crosslink and the SH3
domains, suggesting that the binding could also be hindered by other components in

the peptidoglycan.
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5.3.9.4 Correlation between binding and lytic host range

Although numerous studies suggest that the SH3 domain confers specificity to the
endolysins, the exact mechanism remains unclear to date. The observations in this
study indicated that the presence of a SH3 domain in Staphylococcus phage endolysins
is not essential for lytic activity, at least under laboratory conditions. This finding
supports our study on Endo88 truncation and domain swapping study which was
performed concurrently with the current study (Krishnan et al., 2024) where truncation

of SH3 did not diminish lytic activity but reduced it significantly.

Host-range specificity of endolysins may not be dependent solely on the CBD but the
EAD may also play an important role. The lytic ability of an endolysin depends on the
specific bonds that the EAD can cleave. As aforementioned, in the current study, it
was shown that Endo88, D1 and D2 were able to lyse S. epidermidis at different
degrees although no binding was detected, possibly due to the fact that the EAD had a
cleavage site different from the SH3 binding site. This was in contrast with
lysostaphin-resistant S. aureus where substitution of a glycine in the peptide stem with
serine caused lysostaphin to be unable to bind and also lyse the bacteria it since the
binding and cleavage site is the same (Gonzalez-Delgado et al., 2020; Tossavainen et
al., 2018). In another scenario, previous studies have also shown that swapping a CBD
of a Streptococcus endolysin with a Staphylococcus CBD allowed the endolysin to
lyse Staphylococcus (S. C. Becker, Foster-Frey, et al., 2009; Donovan, Dong, et al.,
2006; Fernandes et al., 2012; Schmelcher, Korobova, et al., 2012). However, swapping
the CBD of a Endo88 with a Streptococcus endolysin did not extend the host-range to
Streptococcus and it was also postulated that this could be due to the fact that the EAD

of the Streptococcus endolysin could lyse both Streptococcus and Staphylococcus, but
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Endo88 EAD was unable to cleave Streptococcus peptidoglycans (Krishnan et al.,

2024).

In addition, while our previous study (Krishnan et al., 2024) and various other studies
have found that removal of CBD reduces lytic activity (Cheng & Fischetti, 2007;
Gaeng et al., 2000; Low et al., 2005; Schmelcher, Korobova, et al., 2012; Yokoi et al.,
2005), there were other studies that found that removal of the CBD did not affect the
Iytic activity (Cheng & Fischetti, 2007; Donovan, Foster-Frey, et al., 2006) or even
enhances it (Abaev et al., 2013; Huang et al., 2015; Phothichaisri et al., 2022.). It has
been suggested that the retained catalytic activity of the CHAP domain alone could
be due to the overall positive charge on the CHAP domain (Low et al., 2011) of Gram-
positive bacteria with overall negatively charged peptidoglycan which favours the
binding of the EAD. However, this is not the sole factor contributing to lytic activity,
as suggested by another study (Shang & Nelson, 2019). Both studies utilised site-
directed mutagenesis to alter the overall charge of the CHAP domain to increase the
positive charge. As compared to the full-length endolysin, Low et al was able to
enhance the lytic activity of CHAP, while Shang & Nelson observed decrease in lytic
activity. In both cases, the mutation sites were strategically introduced in non-
interacting regions, regions without any secondary structure and surface accessible
regions. The key differences were the distribution and location of these mutations:
Shang & Nelson’s mutations were evenly distributed on the surface, while Low et al
was in the proximity of the active site. Furthermore, the active site in Shang and
Nelson’s mutants is located in a neutral groove, while in Low et al’s mutants, it is
positioned in an anionic pocket. Further studies are necessary to explore how these

differences influence lytic activity of the CHAP domain.
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On another note, one studies postulated that the retained/enhanced lytic activity of
EADs without the CBD might be due to the purified and high concentration of EAD
used in lytic assays (Loessner et al., 2002). In the studies of Phothichaisri et al., 2022,
100 pg of EAD was used in lytic assay, unlike 10 pg used for Endo88. In nature, the
endolysin may be produced at relatively lower amounts within the host cell as
compared to lab-based assay, making CBD necessary to facilitate binding to

peptidoglycan when the EAD concentration is low (Loessner et al., 2002).

The above discussion shows that binding and lysis are two separate events which do
not always correlate. Nonetheless, in previous reports where endolysin are tested
against their original bacterial hosts, both lytic and binding activities are consistently
observed together (Benesik et al., 2018; Etobayeva et al., 2018; Gu, Lu, et al., 2011;
Linden et al., 2015; Loessner et al., 2002; Schmelcher et al., 2011; Vander Elst et al.,
2020). Additionally, in the few studies where both lysis and binding assay were
performed across different bacterial species or genera, it was also indicated that
binding typically correlates with lysis (Y. Chang & Ryu, 2017; Kong et al., 2015;
Loessner et al., 2002; Schmelcher et al., 2011). For example, the SH3 domain-
containing endolysin, LysGH15 was able to lyse and bind to S. aureus (Gu et al., 2014;
Gu, Lu, et al., 2011; Gu, Xu, et al., 2011). When tested against S. pneumonia and B.
subtilis, both lysis and binding were not observed. An exception to this was reported
for endolysin LysF1 (Benesik et al., 2018). In this study, binding and lysis were both
observed in S. aureus, S. epidermidis, S. rosti, S. capitis, and S. carnosus. However,
while binding was detected on both S. sciuri and Streptococcus uberis, no lysis was
observed. It is noteworthy that the peptide crosslink of S. sciuri is substituted with one

L-Ala in the glycine chain (L-Lys - L-Ala — Glyss) (Schleifer & Kandler, 1972;
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Schumann, 2011), which in the case of S. epidermidis and lysostaphin, seem to
diminish binding when a substitution occur which is opposite from what was reported
for LysF1. In addition, the peptide crosslink for S. uberis is similar to E. faecalis (L-
Lys — L-Alay) (Figure 5.38), which showed both binding and lysis in this study, while
in the case of LysF1 only binding was observed. As such, the correlation between CBD
and EAD remains unclear due to conflicting reports and also due to a lack of studies

which have conducted both lytic and binding assay on cross-species or —genus bacteria.

Finally, As aforementioned, the mutations leading to a broad host range in endolysins
likely occur over longer periods of time as phage adapt to new hosts with different
peptidoglycan components (Oechslin et al., 2022). This gradual process may be a
protective measure to avoid loss of protein function due to excessive amino acid
mutations at once (Strobel et al., 2024). This may explain why the mutations
introduced in this study resulted in reduced lytic activity rather than an altered host
range, as observed with the M, A2 (Figure 4.24), D1 and D2 mutants (Figure 5.25),
and why the Al mutant was expressed as non-functional inclusion bodies (Figure

4.23).

In summary, this study employed a structure-based approach to design mutations in
the SH3 domain of Endo88, specifically targeting the predicted binding residue (NKY -
Y-I-E-Y) identified through bioinformatics analysis. Binding activity was assessed
using a GFP-fused SH3 domain. Similar to previous mutations (Chapter 4), the
modifications did not alter the host range but reduced the lytic and binding activity of
the endolysin. While wild-type Endo88 and its SH3 domain exhibit highest lytic and

binding activity, respectively, D2 and its SH3 domain exhibit the lowest for both assay.
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Notably, binding assays indicated that the binding activity did not always correlate
with lytic activity, as shown by S. epidermidis lysis despite no binding were detected.
Molecular docking revealed that hydrogen bonding plays an important role in binding
interactions, particularly at the pentaglycine region. The Endo88 SH3 domain formed
the highest number of hydrogen bonds with the peptide crosslink, whereas D2_SH3
exhibited fewer hydrogen bond with pentaglycine. No hydrogen bonds were observed
even after solvated docking with short MD refinement, which may explain no binding

activity was detected in the assay.
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CHAPTER 6

CONCLUSION, LIMITATIONS, AND RECOMMENDATIONS

6.1 Conclusion

This study sought to elucidate the host specificity of the SH3 CBD of Endo88 as a
model for S. aureus endolysins by assessing the effects of amino acid modifications
within the domain. Five mutant endolysins were successfully designed, cloned and
expressed, and their lytic and binding activity were compared with the wild type
(Endo88). Initial attempt to widen the host range by replacing specific regions in
Endo88 presumed to be exclusive in endolysins with a wide host range (resulting in
mutants Al, A2 and M) failed to alter the host range. In addition, attempts to narrow
or widen the host range based on mutations of the binding sites of endolysins (mutants
D1 and D2, respectively) similarly did not alter the host range. Instead, both lytic and
binding activity were decreased significantly, implying that the mutations in the SH3
domain affected both lytic and binding activity to a certain degree but did not alter host
range as all mutants showed the same lytic host range as the wild-type comprising S.
aureus, S. hominis, S. epidermidis, and E. faecalis. Finally, investigations using CBD-
GFP fusion protein, indicated that the binding of the CBD and EAD lysis activities
may not be closely correlated, as evidenced by lack of binding detection for S.
epidermidi, despite positive lysis. This corroborates findings from other studies that
some endolysins can still lyse bacteria without the CBD, implying that binding may
not be a prerequisite for lysis, although most studies show that the CBD is needed for
maximum lysis and that removal of the CBD results in major reduction of lytic activity

in most cases. In the current study, the specific mutations in the CBD region
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significantly reduced the overall lytic efficiency of the endolysin, highlighting the
intricate relationship between the role of CBD and EAD, despite their modular
structure. In addition, the molecular docking results obtained in this study suggests
that molecular docking can offer a cheap, rapid and simpler approach for
understanding the binding interactions between the CBD and various peptide
crosslinks. However, this depends on having an adequate number of endolysin
sequences with specific host ranges and that the host range data from these references

are derived from a standardised method.

While advanced techniques such as molecular dynamics (MD) and NMR can provide
detailed insights into molecular interactions, molecular docking offers a more rapid
and simpler approach for understanding the binding interactions between the CBD and
various peptide crosslinks. In future applications, by using substantial dataset of
homologous endolysins as mutational references, molecular docking could efficiently

screen through each candidate and identify the best mutants for subsequent analysis.
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6.2 Limitations

The study faced challenges due to the limited availability of experimental data on S.
aureus endolysins with well-defined host ranges. Although numerous sequences of
Staphylococcus phage endolysin were retrieved from BLAST, most were the results
of genomic sequencing without further analysis. Additionally, those that underwent
experiemental characterisation mostly did not extend their host range studies across
multiple genera. This lack of comprehensive data contributed to ambiguities in
defining the host range of endolysin in this study. This is further complicated by the
variations of protocols used to determine lysis activity and by extension, the host-
range. This limitation may explain why the mutations introduced, based on the primary

sequence of the endolysins, did no alter the host range, as dicussed in section 4.3.5.3.

Another limitation was the lack of understanding of the true binding mechanism
between the CBD and its ligand. The interaction between most CBDs and theirs
targets, including SH3, has not been fully elucidated. Despite some studies suggesting
that the peptide crosslink is the binding site of the SH3 domain (from Staphylococcus
phage endolysin), these conclusions were based on the analysis of peptidoglycan
fragments rather than fully intact peptidoglycan, The complexity of the peptidoglycan,
which includes components such as teichoic acids, membrane-bound proteins and
compositions of peptidoglycan at different growth phase are likely to interfere with
binding. It is also challenging to account for all these factors in a single analysis,
further complicating the understanding of how these interactions influence the lytic

host range.

203



6.3 Recommendations

To accurately determine and establish the host range of endolysins, based on the

current study, a few recommendations are made for future studies as described below.

6.3.1 The choices of assay

When determining the host range of an endolysin, the choice of assay used must be
standardized, as both the media and environmental conditions can influence both the
bacteria (Oechslin et al., 2013; Vander Elst, 2024) and also the endolysin (Bhagwat et
al., 2021). Broth-based assays support the growth of bacteria and maintain the
“natural” condition of the bacteria cell, but the nutrient content can vary depending on
the brand, consequently, affecting the structure or growth of the target bacteria. In
contrast, buffer solutions provide a more controlled environment for assessing the lytic
activity. Although real-life applications might encounter more complex conditions that
could influence the lytic analysis, it is essential to first establish a baseline

understanding in a standardized manner.

Moreover, the technique used can also influence host range determination for the same
endolysin (Schmelcher et al., 2015; VVander Elst, 2024; Yokoi et al., 2005). Endolysins
work synergistically between their EAD and CBD on the complex peptidoglycan
structure. Therefore, it is recommended to use assay which preserve the integrity of
the peptidoglycan overall structure (e.g. Turbidity reduction assay, time-kill assay and
etc), rather than destructive methods (e.g. zymogram involving SDS, autoclaving of
cells prior to analysis and etc). These destructive approaches may disrupt the natural

interactions, leading to inaccurate host range results.

204



6.3.2 Separate evaluations of EAD, CBD and full-length endolysins

To thoroughly understand the contributions of each domains, experiments should
include separate evaluations of the EAD, CBD and the full-length endolysin. This
allows for better understanding of their individual roles and their synergistic effects on
Iytic activity agains different bacterial genera. For instance, in the current study and
some others, binding host-range and lytic host-range are not the same. In addition,
some studies have reported that their EAD lyse better than the full-length endolysin
(Abaev et al., 2013; Huang et al., 2015; Phothichaisri et al., 2022.), which could lead
to misinterpretation of the lytic host range if not assessed separately. The EAD that
lyse better without CBD could become potential candidate for chimeric endolysin

development, potentially leading to more effective antimicrobial agents.

6.3.3 Use of advanced technologies and computational methods

Given that peptidoglycan structures can vary across different genera (Garde et al.,
2021; Khairulddin et al., 2004; S. J. Kim et al., 2015; R. D. Turner et al., 2014), these
variations must be considered, as most endolysins are reported to target specific
components on peptidoglycan. Even slight structural differences can significantly
influence the lytic/binding activity, as seen in the case of Endo88 towards S.

epidermidis. Due to the many variations in peptidoglycan structure, it is difficult to

predict the mechanism of action of endolysins on these peptidoglycan, thus proving it
difficult to find mutations which can cause host-range alteration. However, achieving
this understanding presents a challenge in maintaining the balance between mutating
the amino acids in a particular type of CBD and preserving the tertiary structure’s

integrity amidst conformational changes induced by the introduced mutations.

205



To further understand this, more experimental data and computational analysis for
different combinations of amino acids are needed. Advanced techniques such as
molecular dynamic simulations, and nuclear magnetic resonance (NMR) and X-ray
crystallography remains valuable for structural analysis (Sanz-Gaitero & van Raaij,
2021) and can provide a more comprehensive understanding of the binding
mechanisms. In addition, emerging technologies such as cryo-electron microscopy
(Cryo-EM) offer alternative methods for detailed structural visualization (Sanz-
Gaitero & van Raaij, 2021). Additionally, Al-driven tools such as AlphaFold offer a
cost-effective and time-efficient approach of predicting structure, thus facilitating
rapid analysis (Nakonieczna et al., 2024; Oechslin et al., 2024). Machine learning may
also prove useful in screening the numerous combinations of amino acid combinations
with the different peptidoglycan structures whilst maintaining endolysin protein

structure in order to come up with better mutations.
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APPENDICES

APPENDIX A: Sequences of the wild-type and mutants

Expected Endo88 sequence (1466 bp)

5°-
CATGCCATGGCAATGCAAGCAAAATTAACTAAAAAAGAGTTTATAGAGTGGTTGAAAAC
TTCTGAGGGAAAACAATTCAATGTGGACTTATGGTATGGATTTCAATGCTTTGATTATGC
CAATGCTGGTTGGAAAGTTTTGTTTGGATTACTTCTGAAAGGTTTAGGTGCAAAAGATAT
ACCATTTGCAAACAATTTCGATGGACTAGCTACTGTATACCAAAATACACCGGACTTTTT
GGCACAACCCGGCGACATGGTTGTATTCGGTAGCAATTACGGTGCAGGATACGGACACG
TAGCATGGGTAATTGAAGCAACTTTAGATTATATCATTGTATATGAGCAGAATTGGCTAG
GCGGTGGCTGGACTGACAGAATCGAACAACCCGGCTGGGGTTGGGAAAAAGTTACAAGA
CGACAACATGCTTACGATTTCCCTATGTGGTTTATCCGTCCTAACTTCAAAAGCGAAACA
GCTCCACGATCAATACAATCTCCTACGCAAGCATCTAAAAAGGAAACAGCTAAGCCACA
ACCTAAAGCGGTAGAACTTAAAATTATCAAAGATGTGGTTAAAGGTTATGACCTTCCTAA
ACGTGGTGGTAATCCTAAGGGTATAGTTATTCATAACGACGCAGGAAGCAAAGGGGCAA
CAGCAGAAGCGTATCGAAACGGATTAGTTAACGCACCTTCATCAAGATTAGAAGCGGGT
ATTGCGCATAGTTATGTATCAGGTAACACAGTGTGGCAAGCTTTAGATGAATCGCAAGTA
GGTTGGCATACTGCTAACCAATTAGGCAATAAATATTATTACGGTATTGAAGTGTGTCAA
TCAATGGGAGCGGATAATGCGACGTTTTTAAAAAATGAACAGGCGACTTTCCAAGAATG
CGCTAGATTGTTGAAAAAATGGGGATTACCAGCAAACAGAAATACAATCAGATTACACA
ACGAATTCACTTCAACATCATGCCCACACAGAAGCTCAGTATTGCACACTGGTTTTGACC
CAGTAACTCGTGGCCTATTGCCGGAAGATAAACAATTACAACTTAAAGACTACTTTATCA
AGCAAATTAGAGTGTATATGGACGGTAAGATACCAGTTGCCACTGTCTCTAATGAGTCAA
GCGCTTCAAGTAATACAGTTAAACCAGTTGCGAGTGCATGGAAACGTAATAAATATGGT
ACTTACTACATGGAAGAAAGTGCTAGATTCACAAACGGTAATCAACCAATCACTGTAAG
AAAAATAGGACCATTCTTATCATGCCCGGTAGCTTACCAATTCCAACCTGGTGGATATTG
TGATTATACAGAAGTGATGTTACAAGATGGTCATGTTTGGGTAGGATATACATGGGAGG
GGCAACGTTATTACTTGCCTATTAGAACATGGAATGGTTCTGCCCCACCTAATCAGATAT
TAGGTGACTTATGGGGAGAAATCAGTCCGCTCGAGCC -3°

242



Sequencing result using pETF2_Fwd

Expected Endo88 sequence (Top) vs sequencing result (Below)
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AGATAAACAATTACAACTTAARGACTACTTTATCAAGCAAATTAGAGGEN

ATATGGACGGTRAGATRCCAGTTGCCACTGTCTCTAATGAGTCAAGCGET
ERERLEETRE LR ERERL PR R R i
-TATGGRACGGTAAGATACCAGTTGCCACTGTCNCTARGGAGTCARGCGCT

TCARGTAATACAGTTARACCAGTTGOGAGTGCATGGAARCGTARATARATA
e R AR RN R P N P R N
TCA--NTAAACAGTTARACCAGT TGCGAGGGCTGGAAACGTAARAARATG

TEGTACT TACTACATGEARGARAGTGCTAGATTCACARACGETAATCAAC
BIENP. | . . | 1.1 L .
GGACTTTCTCCTTGGAGARAA TTAATT-

CAATCACTGTAAGAAAARATAGGACCATTCTTATCATGCCCGGTAGCTTAC

CAATTCCARCCTGGTGGATAT TETGATTATACAGAAGTGATGT TACARAGA

TGETCATGTTTGEGTAGCATATACATGGGAGGGEGCARCGTTATTACTTGE

CTATTAGRAACATGGAATGGTTCTGCCCCACCTAATCAGATATTAGGTGAC

TTATGGGGAGARATCAGTCCOGCTCGAGCC 1466

1277

B00
787
850
B37
200
887
450
937
1000
a87
1050
1037
1100
1087
1150
1137
1199
1187
1247
1237
1277
1287
1277
1337
1277
1387
1277
1437

1277



DNA chromatography:

CAGGGATGTGMCGG ATMCAA T TCCCCTCTAGAAATAAT TTTGT TTAACTT TAAGAAGG AGATATACCAT 66 CAATG CAA

GATTATATCATT GTATAT GAGCAGAATTGGCTAGGCGG TGGCTGOACTGACAGAATCGAABAACCC G66CTGEGG6G6T
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Sequencing result using pPETR_Rev

Expected Endo88 sequence (Top) vs sequencing result (Below)

1

1

51

W
i=1
-

601
283
651
333

70

38

w

CATGCCATGGCAATGCARGCARRATTAACTARARARAGAGTTTATAGAGTG

GTTGAAARCTTCTGAGGGARARCAATTCAATGTGGACTTATGGTATGGAT

TTCAATGCTTTGATTATGCCAATGCTGGTT ARGTTTTGTTTGGATTA

CTTCTGARAGGTTTAGGTGCARARGATATACCATT TGCAAACAATTTCGA

TGGACTAGCTACTGTATACCARAATACACCGGACT TTTTGGCACAACCCG

GOGRCATGETTGTATTCGETAGCAATTACGGTEGCAGGATACGGACACGETA

GCATGGGTAATTGAAGCARCTTTAGATTATATCATTGTATATGAGCAGAR
R R R RN A NRRR R
----------------- CACTTTTGATTATTTCCTTGTATNTGAGCAGAA

TTGGCTAGGCGGTGECTGGACTGACAGAATCGAACARCCCGGCTGGGETT
PEVEERRRR L] DR L el
TTGGTTAGGCGGTGG-TGGACTGACAGARTCGAACARCCCGGETGGEETT

GGGARAARGTTACAAGACGACAACATGCTTACGATTTCCCTATGTGGTTT
FEORRERRRER et et e e e e e
GGGAAAAAGTTACAAGACGACAACATGCT TACGATTTCCCTATGTGGTTT

ATCCGTCCTAACT TCAAAAGCGAAACAGC TCCACGATCAATACAATCTCC
L N N N R NNy
ATCCGTCCTAACT TCAARAGCGARACAGT TCCACGATCAATACARTCTCC

TACGCAAGCATCTAAARRGGARACAGC TAAGCCACARCCTARAGCGRTAG

FEVEERERRRR P r e e P re b el
TACGCAAGCATCTARARRGGARACAGCTARGCCACARCCTARAGCGGTAG

ARCTTAARATTATCAAAGATGTGGTTAARGGTTATGACCTTCCTAARCGT
(RN RN N R NN AN AR NN NN RUNE  ANE]
AARCTTAAMATTATCAARGATGTGGTTAAAGGTTATGACCTTCCTAARCET

GGTGGTAATCCTAAGGGTATAGTTATTCATARCGACGCAGCARGCARNGE

I N NP RN A RE]
GGTGGTAATCCTAAGGGTATAGTTATTCATARCGACGCAGGARGCANAGE

GGCAACACGCAGAAGCETATCGARACGGAT TAGTTAACGCACCTTCATCAR
(R RN NN NN NN NN RNRRR LA NNANaS
CGGCARCACCAGAAGCCTATCGAAACGEATTAGT TAACGCACCT TCATCAR

GATTAGAAGCGGGTATTGCGCATAGTTATGTATCAGGTAACACAGTGTGE
TRREERREE e b e e fee e
GATTAGRAGCGGGTATTGCGCATAGTTATGTATCAGGTAACACAGTGTGG

50

200

250

300

350

33
400

B2
450
132
500
182
550
232
800
282
650
332
700
gz

150

432

245

]

-

433

B0l

483

BS

-

533

901

583

a5

-

633
1001
683
1051
733
1101

18

w

1151

B3

1201
B83
1251
933
1301

983
1351

1033
1401
1083
1451
1133
1487

1183

CAAGCTTTAGATGAATCGCAAGTAGGT TGGCATACTGCTAACCAATTAGG
TREEEREERTE e e e et e v e eereren
CRAGCTTTAGATGAATCGCAAGTAGGT TGGCATACTGCTARCCARTTAGS

CAATAAATATTAT TACGGTATTGAAGTGTGTCAATCAATGGGAGCGGATA
PREEEREER T e et
CRATAAATATTATTACGGTATTGAAGTGTGTCARTCAATGGGAGCGGATA

ATGCGACGTTTTTAAARAATGAACAGGCGACTTTCCAAGAATGCGCTAGA
TREEERRERTE e e e e e e e e el
ATGCGACGTTTTTAARARATGAACAGGCGACTTTCCAAGARTGCGCTAGA

TTGTTGAAARAATGGGGAT TACCAGCAARCAGARATACAATCAGATTACA
R RN RN RN RN RN RNNR RN RANER AN NN
TTGTTGARAAARTGGGGATTACCAGCAARCAGRAATACAATCAGATTACA

CRACGAATTCACTTCAACATCATGCCCACACAGARGCTCAGTATTGCACA
PERRRRRRR e e b e e e e e e
CAACGAATTCACTTCAACATCATGCCCACACAGRAGCTCAGTATTGCACA

CTGGTTTTGACCCAGTAACTCGTGGCCTATTCCCGGRAGATARACAATTA
PEERRRERR e e v e e b e e v
CTGGTTTTGACCCAGTAACTCGTGGCCTATTGCCGGRAGATARACAATTA

CRARCTTAARGACTACTTTATCAAGCARAT TAGAGTGTATATGGACGGTAR
PERRERRERTEE T e R v g
CRACTTAAAGACTACTTTATCAAGCARAT TAGAGTGTATATGGACGGTAR

GATACCAGTTGCCACTGTCTCTAATGAGTCAAGCGCTTCAAGTAATACAG
I N NN N NN RNy
GATACCAGTTGCCACTGTCTCTAATGAGTCARGCGCTTCARGTAATACAG

TTARRCCAGTTGCGAGT GCATGGAAACGTAATARATATGGTACTTACTAC
TRRRRIEEE LT TR R r v reererend
TTAARCCAGTTGCGAGTECATGGARACGTAATARATATGGTACTTACTAC

ATGGRAGARAGTGCTAGAT TCACAARCGGTARTCARCCAATCACTGTARG
LA ERECRERL LR e rn et
ATGGAAGAARGTGCTAGAT TCACAAACGGTAATCAACCAATCACTGTAAG

ARBRATAGGACCATTCTTATCATGCCCGGTAGCTTACCAATTCCARCCTG

FEPEERECE L e et
ARMAATAGGACCATTCTTATCATGCCCGGTAGCTTACCAATTCCARCCTG

GTGGATATTGTGATTATACAGAAGTGATGTTACAAGATGGTCATGTTTGE
TRLERRREE T e e e e e v el
GIGGATATTGTGATTATACAGAAGTGATGTTACAAGATGGTCATGTTTGE

GTAGGATATACATGGGAGEGGCARCCT TATTACTTGCCTAT TAGARCATG
N N NN NN RN Ry
GTAGGATATACATGGGAGGGGCAACCT TATTACTTGCCTATTAGARCATG

GAATGGTTCTGCCCCACCTARTCAGATATTAGGTGACTTATGGGGAGARA
TRRERRRERR RN R e et e e
GARTGGTTCTGCCCCACCTAATCAGATATTAGGTGACTTATGGGGAGARR

TCAGTCCGCTCGAGCC:
TRLEL sl DL,
TCAGTGGCCTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAAL

1486

AAMGCCCGAAAGARAGCTNATG 1203

800
482
850
532
900
582

450

1000
682
1050
732
1100
182
1150
832
1200
882
1250
932
1300
982
1350

1032
1400

1082
1450
1132
14686

1l1s2



DNA chromatography:
CATMECTT C TTTCG66CTTTGTTAGCAGCCG G ATCTCAGTE
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Expected sequence of M (1469 bp), Red: mutation region

5°-
CATGCCATGGCAATGCAAGCAAAATTAACTAAAAAAGAGTTTATAGAGTGGTTGAAAAC
TTCTGAGGGAAAACAATTCAATGTGGACTTATGGTATGGATTTCAATGCTTTGATTATGC
CAATGCTGGTTGGAAAGTTTTGTTTGGATTACTTCTGAAAGGTTTAGGTGCAAAAGATAT
ACCATTTGCAAACAATTTCGATGGACTAGCTACTGTATACCAAAATACACCGGACTTTTT
GGCACAACCCGGCGACATGGTTGTATTCGGTAGCAATTACGGTGCAGGATACGGACACG
TAGCATGGGTAATTGAAGCAACTTTAGATTATATCATTGTATATGAGCAGAATTGGCTAG
GCGGTGGCTGGACTGACAGAATCGAACAACCCGGCTGGGGTTGGGAAAAAGTTACAAGA
CGACAACATGCTTACGATTTCCCTATGTGGTTTATCCGTCCTAACTTCAAAAGCGAAACA
GCTCCACGATCAATACAATCTCCTACGCAAGCATCTAAAAAGGAAACAGCTAAGCCACA
ACCTAAAGCGGTAGAACTTAAAATTATCAAAGATGTGGTTAAAGGTTATGACCTTCCTAA
ACGTGGTGGTAATCCTAAGGGTATAGTTATTCATAACGACGCAGGAAGCAAAGGGGCAA
CAGCAGAAGCGTATCGAAACGGATTAGTTAACGCACCTTCATCAAGATTAGAAGCGGGT
ATTGCGCATAGTTATGTATCAGGTAACACAGTGTGGCAAGCTTTAGATGAATCGCAAGTA
GGTTGGCATACTGCTAACCAATTAGGCAATAAATATTATTACGGTATTGAAGTGTGTCAA
TCAATGGGAGCGGATAATGCGACGTTTTTAAAAAATGAACAGGCGACTTTCCAAGAATG
CGCTAGATTGTTGAAAAAATGGGGATTACCAGCAAACAGAAATACAATCAGATTACACA
ACGAATTCACTTCAACATCATGCCCACACAGAAGCTCAGTATTGCACACTGGTTTTGACC
CAGTAACTCGTGGCCTATTGCCGGAAGATAAACAATTACAACTTAAAGACTACTTTATCA
AGCAAATTAGAGTGTATATGGACGGTAAGATACCAGTTGCCACTGTCTCTAATGAGTCAA
GCGCTTCAAGTAATACAGTTAAACCAGTTGCGAGTGCATGGAAACGTAATAAATATGGT
ACTTACTACATGGAAGAAAGTGCTAGATTCACAAACGGTAATCAACCAATCACTGTAAG
AAAAATAGGACCATTCTTATCATGCCCGGTAGCTTACCAATTCCAACCTGGTGGATATTG
TGATTATACAGAAGTGATGTTACAAGATGGTCATGTTTGGGTAAGTTGGACAACAAGTGA
TGGCCAACGTTATTACTTGCCTATTAGAACATGGAATGGTTCTGCCCCACCTAATCAGAT
ATTAGGTGACTTATGGGGAGAAATCAGTCCGCTCGAGCC -3°

Mutation part (yellow highlight) and DNA chromatography

& I D I35 §oo+ E2HEREINIE: o
- 0 Soaoaano et
j 1330 1340
M pETF2 Fwd |ACAAGATGGTCATGTTTGGGT:
Expected AC. GGG

GATGGTCATGTTTGGGT

0
0t
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Expected sequence of Al (1463 bp), Red: mutation region

5°-
CATGCCATGGCAATGCAAGCAAAATTAACTAAAAAAGAGTTTATAGAGTGGTTGAAAAC
TTCTGAGGGAAAACAATTCAATGTGGACTTATGGTATGGATTTCAATGCTTTGATTATGC
CAATGCTGGTTGGAAAGTTTTGTTTGGATTACTTCTGAAAGGTTTAGGTGCAAAAGATAT
ACCATTTGCAAACAATTTCGATGGACTAGCTACTGTATACCAAAATACACCGGACTTTTT
GGCACAACCCGGCGACATGGTTGTATTCGGTAGCAATTACGGTGCAGGATACGGACACG
TAGCATGGGTAATTGAAGCAACTTTAGATTATATCATTGTATATGAGCAGAATTGGCTAG
GCGGTGGCTGGACTGACAGAATCGAACAACCCGGCTGGGGTTGGGAAAAAGTTACAAGA
CGACAACATGCTTACGATTTCCCTATGTGGTTTATCCGTCCTAACTTCAAAAGCGAAACA
GCTCCACGATCAATACAATCTCCTACGCAAGCATCTAAAAAGGAAACAGCTAAGCCACA
ACCTAAAGCGGTAGAACTTAAAATTATCAAAGATGTGGTTAAAGGTTATGACCTTCCTAA
ACGTGGTGGTAATCCTAAGGGTATAGTTATTCATAACGACGCAGGAAGCAAAGGGGCAA
CAGCAGAAGCGTATCGAAACGGATTAGTTAACGCACCTTCATCAAGATTAGAAGCGGGT
ATTGCGCATAGTTATGTATCAGGTAACACAGTGTGGCAAGCTTTAGATGAATCGCAAGTA
GGTTGGCATACTGCTAACCAATTAGGCAATAAATATTATTACGGTATTGAAGTGTGTCAA
TCAATGGGAGCGGATAATGCGACGTTTTTAAAAAATGAACAGGCGACTTTCCAAGAATG
CGCTAGATTGTTGAAAAAATGGGGATTACCAGCAAACAGAAATACAATCAGATTACACA
ACGAATTCACTTCAACATCATGCCCACACAGAAGCTCAGTATTGCACACTGGTTTTGACC
CAGTAACTCGTGGCCTATTGCCGGAAGATAAACAATTACAACTTAAAGACTACTTTATCA
AGCAAATTAGAGTGTATATGGACGGTAAGATACCAGTTGCCACTGTCTCTAATGAGTCAA
GCGCTTCAAGTAATACAGTTAAACCAGTTGCGAGTGCATGGAAACGTAATAAATATGGT
ACTTACTACATGGAAGAAAGTGCTAGATTTACCCCGAATACCGATATTATTACCCGCACC
ACCGGCCCGTTCTTATCATGCCCGGTAGCTTACCAATTCCAACCTGGTGGATATTGTGATT
ATACAGAAGTGATGTTACAAGATGGTCATGTTTGGGTAGGATATACATGGGAGGGGCAA
CGTTATTACTTGCCTATTAGAACATGGAATGGTTCTGCCCCACCTAATCAGATATTAGGT
GACTTATGGGGAGAAATCAGTGGCCTCGAGCC -3°

Mutation part (yellow highlight) and DNA chromatography (Rev-complement)

£ 1DIT 6o =R IRIP:

Jvlvvvv||||v||v|||vt-|||-'- e

<..>[GATGAT 114 = Scroll Lol |
¥ c_:,TSA‘l‘ o5 @311 H peed slow

| 1200 1210 122 12 12 12
Expected TTA GGAAGAAAGTGCTAGA 2
Al pETR Rev TTACTA CATGGAAGAAAGTGCTAGA
Selected: none | S2mple 3932581_AlEndo88_petR File: C:\BioEdit'Sequence'Alendo88 Full sequencing'lst_BASE_3932581_AIlE
GATAAGAACGGGCCGGTGGTGCGGG CGG GGGG

i\ f
| - \ 1
i Il f A | 4

| \ f\
||| | ‘\||‘“. \" I|‘| HH |H r\”\[ |
',I H. {\"J,‘.. "“,'

. . \'r
\ A I\I f\ |J i
‘\I\ l'l‘!h“l

1"
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Expected sequence of A2 (1466 bp), Red: mutation region

5°-
CATGCCATGGCAATGCAAGCAAAATTAACTAAAAAAGAGTTTATAGAGTGGTTGAAAAC
TTCTGAGGGAAAACAATTCAATGTGGACTTATGGTATGGATTTCAATGCTTTGATTATGC
CAATGCTGGTTGGAAAGTTTTGTTTGGATTACTTCTGAAAGGTTTAGGTGCAAAAGATAT
ACCATTTGCAAACAATTTCGATGGACTAGCTACTGTATACCAAAATACACCGGACTTTTT
GGCACAACCCGGCGACATGGTTGTATTCGGTAGCAATTACGGTGCAGGATACGGACACG
TAGCATGGGTAATTGAAGCAACTTTAGATTATATCATTGTATATGAGCAGAATTGGCTAG
GCGGTGGCTGGACTGACAGAATCGAACAACCCGGCTGGGGTTGGGAAAAAGTTACAAGA
CGACAACATGCTTACGATTTCCCTATGTGGTTTATCCGTCCTAACTTCAAAAGCGAAACA
GCTCCACGATCAATACAATCTCCTACGCAAGCATCTAAAAAGGAAACAGCTAAGCCACA
ACCTAAAGCGGTAGAACTTAAAATTATCAAAGATGTGGTTAAAGGTTATGACCTTCCTAA
ACGTGGTGGTAATCCTAAGGGTATAGTTATTCATAACGACGCAGGAAGCAAAGGGGCAA
CAGCAGAAGCGTATCGAAACGGATTAGTTAACGCACCTTCATCAAGATTAGAAGCGGGT
ATTGCGCATAGTTATGTATCAGGTAACACAGTGTGGCAAGCTTTAGATGAATCGCAAGTA
GGTTGGCATACTGCTAACCAATTAGGCAATAAATATTATTACGGTATTGAAGTGTGTCAA
TCAATGGGAGCGGATAATGCGACGTTTTTAAAAAATGAACAGGCGACTTTCCAAGAATG
CGCTAGATTGTTGAAAAAATGGGGATTACCAGCAAACAGAAATACAATCAGATTACACA
ACGAATTCACTTCAACATCATGCCCACACAGAAGCTCAGTATTGCACACTGGTTTTGACC
CAGTAACTCGTGGCCTATTGCCGGAAGATAAACAATTACAACTTAAAGACTACTTTATCA
AGCAAATTAGAGTGTATATGGACGGTAAGATACCAGTTGCCACTGTCTCTAATGAGTCAA
GCGCTTCAAGTAATACAGTTAAACCAGTTGCGAGTGCATGGAAACGTAATAAATATGGT
ACTTACTACATGGAAGAAAGTGCTAGATTCACAAACGGTAATCAACCAATCACTGTAAG
AAAAATAGGACCATTCTTATCATGCCCGGTAAGCGGCGTGCTGAAAGCGGGCCAGACCA
TTCATTATGATGAAGTGATGAAACAAGATGGTCATGTTTGGGTAGGATATACATGGGAG
GGGCAACGTTATTACTTGCCTATTAGAACATGGAATGGTTCTGCCCCACCTAATCAGATA
TTAGGTGACTTATGGGGAGAAATCAGTGGCCTCGAGCC -3°

Mutation part (yellow highlight) and DNA chromatography (Rev-complement)

B S

P T Trac
H & ave | GAT A,
fivr gt vy

Expected  ATT
A2 pETR Rev ATT

N\~ Selected: none |S2mple: 3949242_A2 petR |File: C: BioEdit'Sequence'A2endo88 Full sequencing\lst_BASE_3949242_A2_petR abl

.y s ERM DA RLLNDBLELRSRA LA
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Expected sequence of D1 (1466 bp), Red: mutation region

5°-
CATGCCATGGCAATGCAAGCAAAATTAACTAAAAAAGAGTTTATAGAGTGGTTGAAAAC
TTCTGAGGGAAAACAATTCAATGTGGACTTATGGTATGGATTTCAATGCTTTGATTATGC
CAATGCTGGTTGGAAAGTTTTGTTTGGATTACTTCTGAAAGGTTTAGGTGCAAAAGATAT
ACCATTTGCAAACAATTTCGATGGACTAGCTACTGTATACCAAAATACACCGGACTTTTT
GGCACAACCCGGCGACATGGTTGTATTCGGTAGCAATTACGGTGCAGGATACGGACACG
TAGCATGGGTAATTGAAGCAACTTTAGATTATATCATTGTATATGAGCAGAATTGGCTAG
GCGGTGGCTGGACTGACAGAATCGAACAACCCGGCTGGGGTTGGGAAAAAGTTACAAGA
CGACAACATGCTTACGATTTCCCTATGTGGTTTATCCGTCCTAACTTCAAAAGCGAAACA
GCTCCACGATCAATACAATCTCCTACGCAAGCATCTAAAAAGGAAACAGCTAAGCCACA
ACCTAAAGCGGTAGAACTTAAAATTATCAAAGATGTGGTTAAAGGTTATGACCTTCCTAA
ACGTGGTGGTAATCCTAAGGGTATAGTTATTCATAACGACGCAGGAAGCAAAGGGGCAA
CAGCAGAAGCGTATCGAAACGGATTAGTTAACGCACCTTCATCAAGATTAGAAGCGGGT
ATTGCGCATAGTTATGTATCAGGTAACACAGTGTGGCAAGCTTTAGATGAATCGCAAGTA
GGTTGGCATACTGCTAACCAATTAGGCAATAAATATTATTACGGTATTGAAGTGTGTCAA
TCAATGGGAGCGGATAATGCGACGTTTTTAAAAAATGAACAGGCGACTTTCCAAGAATG
CGCTAGATTGTTGAAAAAATGGGGATTACCAGCAAACAGAAATACAATCAGATTACACA
ACGAATTCACTTCAACATCATGCCCACACAGAAGCTCAGTATTGCACACTGGTTTTGACC
CAGTAACTCGTGGCCTATTGCCGGAAGATAAACAATTACAACTTAAAGACTACTTTATCA
AGCAAATTAGAGTGTATATGGACGGTAAGATACCAGTTGCCACTGTCTCTAATGAGTCAA
GCGCTTCAAGTAATACAGTTAAACCAGTTGCGAGTGCATGGAAACGTAATCAGTTCGGTA
CTTACTACATGGAAGAAAGTGCTAGATTCACAAACGGTAATCAACCAATCACTGTAAGA
AAAGGTGGACCATTCTTATCATGCCCGGTAGCTTACCAATTCCAACCTGGTGGATATTGT
GATTATACAGAAGTGATGTTACAAGATGGTCATGTTTGGGTAGGATATACATGGGAGGG
GCAACGTTATTACTTGCCTATTAGAACATGGAATGGTTCTGCCCCACCTAATCAGATATT
AGGTGACTTATGGGGAGAAATCAGTGGCCTCGAGGG -3’

Mutation part (yellow highlight) and DNA chromatography (Rev-complement)

Seroll Lal 3 =
speed slow 'l’ - fast

L Selected none |Sample: 4433889_A R |File: C: BioEdit Sequence E-LM12 (Modaller1) SaqResult-192124-205462(correction) 1st_BASE_4433889_A_Rabl

ATTACCGTTTGTGAATCTAGCACTTTCTTCCATGTAGTAAGTACCGAA(

ol
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Expected sequence of D2 (1466 bp), Red: mutation region

5°-
CATGCCATGGCAATGCAAGCAAAATTAACTAAAAAAGAGTTTATAGAGTGGTTGAAAAC
TTCTGAGGGAAAACAATTCAATGTGGACTTATGGTATGGATTTCAATGCTTTGATTATGC
CAATGCTGGTTGGAAAGTTTTGTTTGGATTACTTCTGAAAGGTTTAGGTGCAAAAGATAT
ACCATTTGCAAACAATTTCGATGGACTAGCTACTGTATACCAAAATACACCGGACTTTTT
GGCACAACCCGGCGACATGGTTGTATTCGGTAGCAATTACGGTGCAGGATACGGACACG
TAGCATGGGTAATTGAAGCAACTTTAGATTATATCATTGTATATGAGCAGAATTGGCTAG
GCGGTGGCTGGACTGACAGAATCGAACAACCCGGCTGGGGTTGGGAAAAAGTTACAAGA
CGACAACATGCTTACGATTTCCCTATGTGGTTTATCCGTCCTAACTTCAAAAGCGAAACA
GCTCCACGATCAATACAATCTCCTACGCAAGCATCTAAAAAGGAAACAGCTAAGCCACA
ACCTAAAGCGGTAGAACTTAAAATTATCAAAGATGTGGTTAAAGGTTATGACCTTCCTAA
ACGTGGTGGTAATCCTAAGGGTATAGTTATTCATAACGACGCAGGAAGCAAAGGGGCAA
CAGCAGAAGCGTATCGAAACGGATTAGTTAACGCACCTTCATCAAGATTAGAAGCGGGT
ATTGCGCATAGTTATGTATCAGGTAACACAGTGTGGCAAGCTTTAGATGAATCGCAAGTA
GGTTGGCATACTGCTAACCAATTAGGCAATAAATATTATTACGGTATTGAAGTGTGTCAA
TCAATGGGAGCGGATAATGCGACGTTTTTAAAAAATGAACAGGCGACTTTCCAAGAATG
CGCTAGATTGTTGAAAAAATGGGGATTACCAGCAAACAGAAATACAATCAGATTACACA
ACGAATTCACTTCAACATCATGCCCACACAGAAGCTCAGTATTGCACACTGGTTTTGACC
CAGTAACTCGTGGCCTATTGCCGGAAGATAAACAATTACAACTTAAAGACTACTTTATCA
AGCAAATTAGAGTGTATATGGACGGTAAGATACCAGTTGCCACTGTCTCTAATGAGTCAA
GCGCTTCAAGTAATACAGTTAAACCAGTTGCGAGTGCATGGAAACGTAATGAATATGGT
ACTTACTGGATGGAAGAAAGTGCTAGATTCACAAACGGTAATCAACCAATCACTGTAAG
AAAAACAGGACCATTCTTATCATGCCCGGTAGCTTACCAATTCCAACCTGGTGGATATTG
TGATTATACAACTGTGATGTTACAAGATGGTCATGTTTGGGTAGGATATACATGGGAGGG
GCAACGTTATTGGTTGCCTATTAGAACATGGAATGGTTCTGCCCCACCTAATCAGATATT
AGGTGACTTATGGGGAGAAATCAGTGGCCTCGAGGG -3’

Mutation part (yellow highlight) and DNA chromatography (Rev-complement)

et jreee v R
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J
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Expected sequence of GFP protein (720 bp)

5.
ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGA
CGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCT
ACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCA
CCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGA
AGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCT
TCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACC
CTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGG
GCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGA
AGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAG
CTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGAC
AACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCA
CATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTA
CAAG -3’

Expected GFP sequence (Top) vs sequencing result (Below)

1 TCCCGCGARATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACA 50
1 =mmmmmmmmmm e mmmm e e mmmm - ~NNNNGGGATGNNGAGCGGNNAC 22
51 ATTCCCCTCTAGAAATARTTTTGTTTAACTTTAAGARGGRAGATATACCAT 100

FEETTEEEE et et et e e e et
23 ATTCCCCTCTAGRAATAATTTTGTTTAACTTTAAGARGGAGATATACCAT 72

iTGGTGAGCAAGGGCGEGGAGCTGTTCACCGGGGTGGTSCCCRTC? 150
FEEEEEEEEEEEEEEEERr P e PR T Rt T LT T
73 GGC ETGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGMTGGTGCCSATCC 122

151 qul “GAGCTGGACGGCGACGTAARCGGCCACAAGTTCAGC lfLPCGGC 200
| AEEEREERE RN ARN, AR ENE R NN AEEERRER
l23kTGGTﬁGHGCTGGACGGCGACGTARACGGCCLCLAGTTCLGCGTGTCCGG% 172

' ~
201| GAGGGCGAGGGCGATGCCACCTACGGCARGCTGACCCTGAAGTTCATCTG 250

I |I| FTACPT PR ESEErEr bbbt
173kGAGCGﬁE&GCGCG&TGCCACCTACCGFA&GCTHACCCTGAAGTTCATCT% 222

- R
251| CACCACCGGCARGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGA 300
T TR I|I| III|I RENESRERERANR RN III Il
223 fAﬂ[rﬂh.._“AGTT( CGTGCCCTGGCCCACCCTCGTGACCAC THG% 272
s ~
301 CCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGRAAGCAGCAC 350
| dTETTT [ 11 [T ARERERE [11] [11] Il
2?3kCCTACGGCGTGCRGTGCTTCAGC"”“TACTPCGﬁ"C ACATGAA GCRGC&E 322
351 GACTTCTTCRAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCAT 400

NEREREN
GACTTCTTC

CEEEEEErrr et et e e e e e e et
GTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCAT 372
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DNA chromatography:
(NEEbce AT oiMlc A6¢c GG ACATT CCCCTCTAGAAMTAATT TT GTTTAACTTTAAGAAGGAGATAT ACCATGG CAJATG
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Expected sequence of Endo88_SH3 (294 bp)

5°-
GCGAGTGCATGGAAACGTAATAAATATGGTACTTACTACATGGAAGAAAGTGCTAGATT
CACAAACGGTAATCAACCAATCACTGTAAGAAAAATAGGACCATTCTTATCATGCCCGGT
AGCTTACCAATTCCAACCTGGTGGATATTGTGATTATACAGAAGTGATGTTACAAGATGG
TCATGTTTGGGTAGGATATACATGGGAGGGGCAACGTTATTACTTGCCTATTAGAACATG
GAATGGTTCTGCCCCACCTAATCAGATATTAGGTGACTTATGGGGAGAAATCAGT -3’

Expected sequence of Endo88 GFP_SH3 (1040 bp)

5°-
CCATGGCAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTC
GAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCG
ATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGC
CCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCG
ACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAG
CGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGA
GGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCA
ACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCC
GACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACG
GCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGLCCCGTG
CTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGA
GAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCAT
GGACGAGCTGTACAAGCGCGGATCCGCGGCGAGTGCATGGAAACGTAATAAATATGGTA
CTTACTACATGGAAGAAAGTGCTAGATTCACAAACGGTAATCAACCAATCACTGTAAGA
AAAATAGGACCATTCTTATCATGCCCGGTAGCTTACCAATTCCAACCTGGTGGATATTGT
GATTATACAGAAGTGATGTTACAAGATGGTCATGTTTGGGTAGGATATACATGGGAGGG
GCAACGTTATTACTTGCCTATTAGAACATGGAATGGTTCTGCCCCACCTAATCAGATATT
AGGTGACTTATGGGGAGAAATCAGTGGCCTCGAG -3’
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Expected GFPSH3 sequence (Top) vs sequencing result (Below)

1 S —— ————- 0

1 NNGNNNANTGTGANCGGNACAATTCCCCTCTAGAATAATTTTGTTTAACT 50

1] ——————— CCATGGCAATGGTGAGCAAGGGCGAGGAGCTGTT 34
PEREEREEETEEEEE e el

51 TTAAGAAGGAGATATACCATGGCAATGGTGAGCAAGGGCGAGGAGCTGTT 100

35 CACCGGGGTGGTGCCCATCCTGETCGAGCTGEACGGCGACGTARACGGCE 24
RN RN RN RN NN NN NN RN RN ARNAANE

101 CACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTARACGGCC 150

B85 ACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAG 134
RN RN R RN A NN RA NN RN RRARARNAAAE

151 ACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAG 200

135 CTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCC 184
R RN RN NA NN NN NN RN RNARARNAANN

201 CTGACCCTGRAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCC 250

185 CACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACE 234
RN RN RN NN RN NN N AR N RN NRRNAAAAn

251 CACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACC 300

235 CCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGC 284
(AR RN RN RN R R A RN RN RN RN R R RR AR

301 CCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGE 350

285 TACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGAC 334
R AR AN AN NN RN AN RN A RNRNAANN

351 TACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACARRGAC 400

335 CCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGE 384
FECEEEDE DN PR L R e e i

401 CCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGE 450

385 TGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTG 434
R AR RN RN AN R RN RN RN RRRRARRNRNEN

451 TGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTG 500

435 GAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAA 484
RN RN NN NN RN AR R RNR NN

501 GAGTACAACTACARCAGCCACARCGTCTATATCATGGCCGACAAGCAGAA 550

485 GAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCA 534
RN NN AN RN NN AN R N RARNAANY

551 GAACGGCATCAAGGTGAACTTCAAGATCCGCCACARCATCGAGGACGGCA 600

535 GCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGC 584
PECEERTEE R e e b e e

601 GCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGC 650

585 CCCOIGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTEAS 634
I AR R A

651 CCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAG 700

DNA chromatography :

8 ¢ §8 99 ¢ 1

DU

AASE GEeaaBABCT aTTEAC

N A A oA AN M b i)

3rTeascarerccoegMAcocceasacaAbec

L e e

€866 676670 ChATCEToETERABET SO AEBEESACETAAACEOE CACAAS

AcETARGecAsBETaACCET O ANRTTE TechecacEo e cant

serscccereccerenegs

AW AN i AAAAA‘AAA\AAAAAAIA AW AWV AR

AN WAV VWA uuhuu..ﬂ LWV uln AJA

nlmnmum.m N M s VAN VA Y AN

uut.JmA.Aumumumm AWM I

(A hhJuNun.‘MAMMMMAMANMMJLJmht“u“hmlhMM

Jnhnh.huuh‘ JuummmunhdhmluuthmhMuhl

TeeASTICUTUAL

A€ EEE AT a8 EaAEaaccEcTecTocreccearcaAccaCTACETOABCACEEAOTCEOECCTOAER

seace CeAsadscaceaTCaCAT

A LAIJAAAAAA‘lAlAlA‘AAAIAIAAAAAAIAAAA‘.lAlAAA'AAAAAAAAA‘A‘AAAAIAAAAAAAAAA

635 CAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGA 684
(NN AR N A RN NN RN RRRA RN AAY]

701 CAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGA 750

685 CCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACRAGCGCGGATCC 734
(NN N A RN NN RNRRRARNARAAY]

751 CCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGCGCGGATCC 800

735 GCGGCGAGTGCATGGAAACGTAATAAATATGGTACTTACTACATGGAAGA 784
(NN R RN AN N RN RN AT

801 GCGGCGAGTGCATGGAAACGTAATAAATATGGTACTTACTACATGGAAGA 850

785 AAGTGCTAGATTCACARACGGTARTCAACCAATCACTGTAAGARARATAG 834
(NN N AR NN R AR RN NAY]

851 AAGTGCTAGATTCACAAACGGTAATCAACCAATCACTGTAAGARARATAG 900

835 GACCATTCTTATCATGCCCGGTAGCTTACCAATTCCAACCTGGTGGATAT 884
(NN RN NN AN RN A RN NN R RN RN NAN]

901 GACCATTCTTATCATGCCCGGTAGCTTACCAATTCCAACCTGGTGGATAT 950

885 TGTGATTATACAGAAGTGATGTTACAAGATGGTCATGTTTGGGTAGGATA 934
(RN NN NN RN AR N RN A RNy

951 TGTGATTATACAGAAGTGATGTTACAAGATGGTCATGTTTGGGTAGGATA 1000

935 TACATGGGAGGGGCAACGTTATTACTTGCCTATTAGAACATGGAATGGTT 984
[RERRR RN NN RN NN RN AR RN A RN NN RN NRANAAY

1001 TACATGGGAGGGGCAACGTTATTACTTGCCTATTAGARCATGGAATGGTT 1050

985 CTGCCCCACCTAATCAGATATTAGGTGACTTATGGGGAGARATCAGTGGC 1034
FEELREEPEEE PR R R PR

1051 CTGCCCCACCTAATCAGATATTAGGTGACTTATGGGGARARATCAGTGGC 1100

1035 CTCGAG======= 1040
[NRERR

1101 CTCGAGCACCACCACACCACCACTGAGATCCGGCTGCTAACAAAGCCCGA — 1150

€ ETOTACAANCHEaEATCCOCORCOABTOCATORANACET ATeeTACTIACTACATOGANBARABT OE

.Anmm.muummduh.mmmA M A

MM W AN A WA g M P W WY

CAEAAACOETAATEAACCAATEACTETALS cesccatrerraTear
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Expected sequence of D1_GFP_SH3 (1042 bp), Red: mutation region

5’-

CCATGGCAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTC
GAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCG
ATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGC
CCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCG
ACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAG
CGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGA
GGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCA
ACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCC
GACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACG
GCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTG
CTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGA
GAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCAT
GGACGAGCTGTACAAGCGCGGATCCGCGGCGAGTGCATGGAAACGTAATCAGTTCGGTA
CTTACTACATGGAAGAAAGTGCTAGATTCACAAACGGTAATCAACCAATCACTGTAAGA
AAAGGTGGACCATTCTTATCATGCCCGGTAGCTTACCAATTCCAACCTGGTGGATATTGT
GATTATACAGAAGTGATGTTACAAGATGGTCATGTTTGGGTAGGATATACATGGGAGGG
GCAACGTTATTACTTGCCTATTAGAACATGGAATGGTTCTGCCCCACCTAATCAGATATT

AGGTGACTTATGGGGAGAAATCAGTGGCCTCGAGGG -3’

Expected D1_GFPSH3 sequence (Top) vs sequencing result (Below)

1 NNNNNNNGNGAGCGGNACATTCCCCTCTAGAATAATTTTGTTTAACTTTA

I seewteeeeaaes CCATGGCAATGGTGAGCAAGGGCGAGGAGCTGTTCAC
PEEELREEER e e erntl (EERREN
51 AGAAGGAGATATACCATGGCAATGGTGAGCAAGGGCGAGGAGCTGTTCAC

38 CGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACA
{0 8 O 0 O I O
101 CGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACA

88 AGTTCAGCGTGTCC
[RENRRRNRRRRN]
151 AGTTCAGCGTGTCCC

GGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTG
(ARENRARANANNMRNNNNEANR <}
GGGCGATGCCACCTACGGCAAGCTG

138 ACCCTGAAGTTCATCTGCA!
[RENR RN
ACCCTGAAGTTCATCTG

"CACCGGCAAGCTGCCCGTGCCCTGGCCCAC
(ANNRANRARNE BN NAN NN NN YANAN
CCGGCAAGCTGCCCGTGCCCTGGCCCAC

188 CCTCGTGACCACCCTGACCTAC
PERREERREErrrerernd
51 CCTCGTGACCACCCTGA!

GCGTGCAGTGCTTCAGCCGCTACCCCG
(AR RN RR RN AN
GGCGTGCAGTGCTTCAGCCGCTACCCCG

ACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTAC
FERREERREE el TEEERRI T rereernnl
ACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTAC

GTCCAGGAGCGCACCATCTT
FEELEEEErrrrrreernl
51 GTCCAGGAGCGCACCATCTT

\AGGACGACGGCAACTACAAGACCCG
PEEEEREEET R e rrenn el
GACGA! 'ACAAGACCCG

38 CGCCGAGGTGAAGTTCGAG( GAC CCTGGTGA.
FEREELEEERERrrr bl [ARERERNNR |
CGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAAC

(AR RARRNRRRREE
CTGGGGCACAAGCTGGAG

438 TACAACTACAACAGCCACAA ACAAGCAGAAGAA
PEELEERERRrrreerrerererrrrerrenl (ARNRARRRRRRRER
TACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAA

CGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCG
PORREETEEEE e e et et r e e e et e e eren
CGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCG

487
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488 CGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCG
PELRRRRL PR PR E e e bbb et
551 CGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCG

TGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGC
FEEETEEREE PR e et e b e rrrenel
601 TGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGC!

o
©
©

GTGCTGCTGCCCGACAACCACTACCT CGCCCTGAGCAA
(RSN RERE LEEERERrern (NER RN RN
GTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAA

38 AGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCG
PIEELLEEELERr el PEREERREERR et
AGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCG

688 CCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGC!
(RN RN RN AR AR R AR
51 CCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAG

ATCCGCG
(RN
CGCG

(RN
TC

738 GCGAGTGCATGGAAACGTAATICAGTTC
PELRERETERE Rl
GCGAGTGCATGGAAACGTAATCAGTT

SGTACTTACTACATGGAAGAAAG
MR Lrrrr et

801 GTACT1 AAAG

788 TGCTAGATTCACAAACGGTAATCAACCAATCACTGT:
POEETEREEEE R b e e et
TGCTAGATTCACAAACGGTAATCAACCA?

GAA. SGAC

838 CATTCTTATCATGCCCGGTAGCTTAC
POEETEEEEr et

[RRERERRN
CATTCTTATCATGCCCGGTAGCTTA 5

GATATTGT

888 GATTATACAGAAGTGATG
FELRERELERr el
51 GATTATACAGAAGTGATGTTACAAGAT

AGGATATAC
[RRRRAREE
SGTCATGTTTGGGTAGGATATAC
938 ATGGG-AGGGGCAACGTTATTACTTGCCTATTAGAACATGGAATGGTTCT
POEEE PRt e et e e e e e e e e e e ererrd
1001 ATGGGAAGGGGCAACGTTATTACTTGCCTATTAGAACATGGAATGGTTCT
987 GCCCCACCTAATCAGATATTAGGTGACTTATGGGGAGAAATCAGTGGCCT
(RN NN RN R RN RN RN RN R AR AN
1051 GCCCCACCTAATCAGATATTAGGTGACTTATGGGGAGAAATCAGTGGCCT

1037 CGAGGG= == === e e e e e e e e e e e e e e e e
..
1101 CGAGCACCACCACCACC

CCACTGAGATCCGGCTGCTAACAAAACCCGAA

850

837

900

887

950

1050

1036

1100

1042

1150



DNA chromatography
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Expected sequence of D2_GFP_SH3 (1042 bp), Red: mutation region

5°-
CCATGGCAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTC
GAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCG
ATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGC
CCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCG
ACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAG
CGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGA
GGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCA
ACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCC
GACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACG
GCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGETG
CTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGA
GAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCAT
GGACGAGCTGTACAAGCGCGGATCCGCGGCGAGTGCATGGAAACGTAATGAATATGGTA
CTTACTGGATGGAAGAAAGTGCTAGATTCACAAACGGTAATCAACCAATCACTGTAAGA
AAAACAGGACCATTCTTATCATGCCCGGTAGCTTACCAATTCCAACCTGGTGGATATTGT
GATTATACAACTGTGATGTTACAAGATGGTCATGTTTGGGTAGGATATACATGGGAGGGG
CAACGTTATTGGTTGCCTATTAGAACATGGAATGGTTCTGCCCCACCTAATCAGATATTA
GGTGACTTATGGGGAGAAATCAGTGGCCTCGAGGG -3’

Expected D2_GFPSH3 sequence (Top) vs sequencing result (Below)

1 e e — — = = e — = === 0 537 GTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCC
LILLE TP EEE et e e e et et et
1 NNNNGNNNGTGAGCGGTACATTCCCCTCTAGAATAATTTTGTTTAACTTT 50 601 GTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCC
1 ———m— CCATGGCAATGGTGAGCAAGGGCGAGGAGCTGTTCA 36 587 CGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCA
(RN RN AR RN R RR AR RREREEE [REER RN RN RN RN RN RN RN RN RN RN RN
1 AAGAAGGAGATATACCATGGCAATGGTGAGCAAGGGCGAGGAGCTGTTCA 100 651 CGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCA
7 CCGGGGTGGTGCCCATCCTGGTCGAGC TGGACGGCGACGTARACGGCCAC 86 637 AAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACC
NERRRRRR RN AR R RN RN RN N RNy FEEETTrr e e e e e e et e e e e e et el
1 CCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTARACGGCCAC 150 701 AAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACC
7 AAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCT 136 687 GCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGCGCGGATCCGC
RN R RN RN RN NN R RN NN RN FPEERETEEET et e e e e e e e e e e e
1 AAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCT 200 751 GCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGCGCGGATCCGC
7 GACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCETGCCCTGGCCCA 186 737 GGCGAGTGCATGGAAACGTAATGAATATGGTACTTACITGGRTGGAAGAAA
PEETEEEEEEr e e e e e e e e e e e b e b b L E el RN R RN RN (AN R NN
1 GACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCA 250 801 GGCGAGTGCATGGAARACGTAATGAATATGGTACTTACTGGATGGAAGARA
7 CCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCC 236 787 GTGCTAGATTCACAAACGGTAATCAACCAATCACTGTAAGAAANACA
(RN RN RN RN RN RN RN AR (RN R R RN R RN AR RN RN NN (AN
1 CCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCC 300 851 GTGCTAGATTCACAARACGGTAATCAACCAATCACTGTAAGAAA
7 GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTA 286 837 CCATTCTTATCATGCCCGGTAGCTTACCAATTCCAACCTGGTGGATATTG
(RERA RN RN RN R AR RN RN RN RN (RN RN RN R RN RN RN RN RN
1 GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTA 350 901 CCATTCTTATCATGCCCGGTAGCTTACCAATTCCAACCTGGTGGATATTG
7 CGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCC 336 887 TGATTATACAACTGTGATGTTACAAGATGGTCATGTTTGGGTAGGATATA
RN RRR RN RN RN RN AR NN RR RN RN R (RN R NN RN R NN RN RN RN RN R RR RN
1 CGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCC 400 951 TGATTATACMACTGTGATGTTACAAGATGGTCATGTTTGGGTAGGATATA
7 GCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTG 386 937 CATGGGAGGGGCAACGTTAT[IGGTTGCCTATTAGAACATGGAATGGTTCT
NERRRR RN AR RN RN RN N R RN FEErrrerrrrrrrrrr ey rgerrr et e e et el
1 GCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTG 450 1001 CATGGGAGGGGCAACGTTATLGETTGCCTATTAGAACATGGAATGGTTCT
7 AAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACARGCTGGA 436 987 GCCCCACCTAATCAGATATTAGGTGACTTATGGGGAGAAATCAGTGGCCT
(RN RN R RN RN RN R RN R RN RN RRRA RN FPELETEERE e re et v e b e b e e e et
1 AAGGGCATCGACTTCAARGGAGGACGGCAACATCCTGGGGCACARGCTGGA 500 1051 GCCCCACCTAATCAGATATTAGGTGACTTATGGGGAGARATCATTGGCCC
7 GTACAACTACAARCAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGA 486 1037 CGAGGG======= === e e e e
PEETEEEEr et e e e e e e e e e e e et rnd wevala
1 GTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGA 550 1101 TCGAGCACCACCCCCACCACCACTGAAATCCGGCTGCTAACAAAACCCCG
7 ACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGC 586 L0443 e e e e e
PIETEEEEEEr e e e e e e e et e e e el
1 ACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGC 600 1151 AAAGGARAACTGAATTGGCTGCTGCCACCCCTGAACAATAACTAACCTARA

258

586

650

636
700

686

736

800

786

850

836

900

886

950

936

1000

986

1050

1036

1100

1042

1150

1042

1200



DNA chromatography:
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Schematic Diagram of pET28a used in this study.

Xho 1{158)
Mot {168}
Eag Ij1g)
Hind II{173)
Sal j1r3)
Sac 1{130)
EcoR lj132)
BamH §138)

Bpu1102 I[a0) Hne ”ig;;
L]

P‘( Heo lj25¢)
Xba l{335)

Bgl llj401)
SgrA lj242)
Sph I(588)

Dra I1i5127)

Pwu l2426)
Sgf I{a426)

Sma l{4300) Miw Ij1423)

Bel I{1137)
Cla I{#117}

Mru l{4083) BstE 1l{1304)

PELZSS)

Ecob7 13772) EcoR W[1573)
Hpa [{1629)

Alwh 1[3640)

BssS I{33a7) Psha I{1958)
BspLU11 l3224) Bgl l{z187)
Sap 1{3108) Fsp I{2205)
Bst1107 lf2005) Psph 12230
Tth111 I;z969)
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APPENDIX B:

Buffer composition for SDS-PAGE gel preparation and analysis

Composition 12 % Resolving Gel 4 % Stacking Gel
dH20 3.3mL 2.1 mL
10% (w/v) SDS 0.1 mL 0.03 mL
Resolving/Stacking buffer 2.5 mL of Resolving 0.38 mL of Stacking
buffer buffer
30 % Acrylamide solution 4 mL 0.5mL
10 % Ammonium 0.1 mL 0.03 mL
persulfate
TEMED 0.004 mL 0.003 mL
Note: Preparation for two gels
Buffers: -
Resolving buffer
Tris1.5M 36.34 g of Tris base

Deionized dH20

Stacking buffer

Top up to 200 mL
-adjust pH to 8.8 using HCI

Tris0.5 M
Deionized dH20

10X SDS running buffer

15.76 g of Tris-HCI
Top up to 200 mL
-adjust pH to 6.8 using HCI

Tris 0.277 M
Glycine 2.13 M
SDS 0.0385 M
Deionized dH20

4X Loading buffer

60.4 g of Tris base
288 ¢

209
Topupto2L

Stacking buffer

10 % SDS

80 % Glycerol
DTT

Bromophenol Blue
Deionized dH20

Coomassie Blue Staining solution

5mL
8 mL
4 mL
0.62¢
4 mg
Top up to 20 mL

Coomassie R250
Glacial Acetic acid
Methanol
Deionized dH»0O

lg

100 mL
400 mL
500 mL
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De-staining solution

Methanol
Glacial Acetic acid
Deionized dH20

10 X Western blot transfer buffer

Tris-base
Glycine
Deionized dH20

10 X Tris-buffered Saline (TBS)

Tris base
NaCl
Deionized dH20

1 X TBST

10 X TBS
Tween 20
Deionized dH20

200 mL
100 mL
700 mL

3049

144 g
TopuptolL
-Adjust pH to 8.3

259

889
TopuptolL
-Adjust pH to 7.6

100 mL
1mL
TopuptolL
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APPENDIX C: Molecular docking amino acid interaction profile table

Staphylococcus aureus

Endo88
Residues on Hydrophobic Hydrogen bond Salt-bridges
peptide cross-link interaction
D-iGlu Y389, F415 K388, Y389
L-Lys 1412
D-Ala (A4) P419, K411
D-Ala (A5) K411
Gl Y393
G2 E434, R452
G3 R452
G4 1412
G5

: Stem peptide; : Pentaglycine
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D1

Residues on peptide
cross-link

Hydrophobic
interaction

Hydrogen bond

Salt-bridges

D-iGlu
L-Lys
D-Ala (A4)
D-Ala (A5)
G1
G2
G3
G4

G5

F389

K411, P419

Q388

E395

R452

Y454

K411

: Stem peptide;

: Pentaglycine

D2

Residues on peptide
cross-link

Hydrophobic
interaction

Hydrogen bond

Salt-bridges

D-iGlu
L-Lys
D-Ala (A4)
D-Ala (A5)
G1
G2
G3
G4

G5

Y389

P419

E388

T412

R452

Y389

K411

*Dry docking.

: Stem peptide;

: Pentaglycine
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Staphylococcus epidermidis

Endo88
Residues on peptide Hydrophobic Hydrogen bond Salt-bridges
cross-link interaction
D-iGlu Y389
L-Lys 1412 Y389
D-Ala (A4)
D-Ala (Ab)
Gl E395
G2 E395
S Y393, E434
G4 E434, R452
G5 R452, E434
*Dry docking. : Stem peptide; Blue: Peptide cross-link
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D1

Residues on peptide Hydrophobic Hydrogen bond Salt-bridges
cross-link interaction

D-iGlu F415, F389
L-Lys F415, F389
D-Ala (Ad)
D-Ala (A5)
Gl E395, Y393
G2
s Y393, E434, N387

G4 E434, R452

G5 Y454

*Dry docking. : Stem peptide; : Peptide cross-link

D2

Residues on peptide Hydrophobic Hydrogen bond Salt-bridges
cross-link interaction

D-iGlu
L-Lys
D-Ala (A4)
D-Ala (A5)
-Not In Binding
Groove-

Gl
G2
S
G4

G5

*Dry docking. : Stem peptide; : Peptide cross-link
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Enterococcus faecalis

Endo88
Residues on peptide Hydrophobic Hydrogen bond Salt-bridges

cross-link interaction
D-iGlu K388 K388, N387
L-Lys R452

D-Ala (A4)

D-Ala (A5) K388
Ala-1 E434 E395, E434
Ala-2 E434, R452

*Dry docking. : Stem peptide; : Peptide cross-link
D1
Residues on peptide Hydrophobic Hydrogen bond Salt-bridges

cross-link interaction
D-iGlu F389 Q388
L-Lys G412, R452, E434

D-Ala (A4)

D-Ala (A5) G412, Q451 K411
Ala-1 Y393, N387
Ala-2

*Dry docking. : Stem peptide; : Peptide cross-link
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D2

Residues on peptide
cross-link

Hydrophobic Hydrogen bond
interaction

Salt-bridges

D-iGlu
L-Lys
D-Ala (A4)
D-Ala (A5)
Ala-1

Ala-2

Y389

Y389

T412

*Dry docking. : Stem peptide;

: Peptide cross-link
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Micrococcus luteus

Endo88
Residues on peptide Hydrophobic Hydrogen bond Salt-bridges
cross-link interaction

Gly L416, S417
D-Glu F415
L-Lys F415 Y389
D-Ala
D-Ala Y389
L-Lys G450
D-Glu

Gly Y393 K385
L-Ala

*Dry docking.  Stem peptide; Blue: Peptide cross-link
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D1

Residues on peptide Hydrophobic Hydrogen bond Salt-bridges
cross-link interaction
Gly
D-Glu F389
L-Lys G412
D-Ala K411
D-Ala R452
L-Lys T433
D-Glu Y393
Gly K385
L-Ala
*Dry docking. : Stem peptide; BIue: Peptide cross-link
D2
Residues on peptide Hydrophobic Hydrogen bond Salt-bridges
cross-link interaction
Gly L416, S417
D-Glu
L-Lys F415 T412, Y389
D-Ala K411 K411
D-Ala
L-Lys R452
D-Glu N387
Gly
L-Ala W393, R386 K385
*Dry docking. : Stem peptide; Blue: Peptide cross-link
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Lactobacillus plantarum

Endo88
Residues on peptide Hydrophobic Hydrogen bond Salt-bridges
cross-link interaction
D-iGlu
m-Dpm
D-Ala Y454
m-Dpm Y393 Y454, N387, R452
M394,E395
*Dry docking. : Stem peptide; m-Dpm: meso-Diaminopimelic Acid
D1
Residues on peptide Hydrophobic Hydrogen bond Salt-bridges
cross-link interaction
D-iGlu
m-Dpm
D-Ala Q388, N387
m-Dpm Y393 R452, E434
*Dry docking. : Stem peptide; m-Dpm: meso-Diaminopimelic Acid
D2
Residues on peptide Hydrophobic Hydrogen bond Salt-bridges
cross-link interaction
D-iGlu T412
m-Dpm T412
D-Ala WA454 N387
m-Dpm W393 E395

*Dry docking.

: Stem peptide; m-Dpm: meso-Diaminopimelic Acid
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