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Abstract

The Streptococcus genus contains a large variety of species across seven subgroups. The lesser-
known Streptococcus dysgalactiae of the pyogenic group is both a human and an animal pathogen
and is subsequently divided into two subspecies: S. dysgalactiae subsp. equisimilis (SDSE) and S.
dysgalactiae subsp. dysgalactiae (SDSD), respectively. The SDSD has been the main focus of the
present work, where it has great significance in causing bovine mastitis in cows and septic arthritis
in lambs. This has caused various problems in the dairy industry and livestock production, where
antibiotics for treatment are necessary. The relatively recent observation of zoonotic diseases in
humans, and reports of penicillin-resistant SDSE isolates, have made it a vital pathogen to focus
our studies on. In addition, considering S. dysgalactiae has a complete set of competence genes
and a fratricin for competence-induced cell lysis, natural competence for genetic transformation
might be an important horizontal gene transfer mechanism to acquire genes for adaptability and
evolution. The following work has therefore been an in-depth investigation of the S. dysgalactiae
fratricin protein and specifically on its lesser characterized conserved domain. It has previously
been shown by fluorescence microscopy that the protein binds to the septal region (the division
zone) of targeted cells. Here, it was seen that by fusing a superfolder green fluorescent protein onto
the conserved domain, it still retained its septal binding abilities, demonstrating that this domain is
responsible for directing the fratricin to septum. A conserved leucine-alanine-glycine-glycine motif
and conserved amino acids glutamine and tryptophan were identified by a multiple sequence
alignment, individually point-mutated by overlap-extension polymerase chain reaction and
visualized by a fluorescence microscope to determine if the septal binding patterns changed.
Unevenly binding across the entire target cells was observed, indicating that these highly conserved
amino acids are important for the conserved domain’s ability for septal recognition. Several
protocols for removal of teichoic acids on isolated S. dysgalactiae sacculi were also performed,
where using trichloroacetic acid for two weeks on the sacculi was ultimately chosen. Sacculi
deficient in teichoic acids showed no septal recognition by the fratricin, revealing that specific
molecular moieties on these polymers are necessary to guide the protein towards the division zone.
Competent-induced and non-induced S. dysgalactiae cells were also exposed to the fratricin in a

Iytic assay, revealing that the induced cells had acquired immunity.



Sammendrag

Slekten Streptococcus inneholder et stort utvalg av arter spredt over syv undergrupper. Den mindre
kjente Streptococcus dysgalactiae fra pyogenic-gruppen er bade et menneske- og et dyrepatogen,
og er dermed delt inn i to underarter: S. dysgalactiae subsp. equisimilis (SDSE) og S. dysgalactiae
subsp. dysgalactiae (SDSD), hhv. SDSD har vert i hovedfokus i denne oppgaven, hvor den har
stor betydning i a forarsake bovin mastitt i kyr og septisk artritt hos lam. Dette har skapt en rekke
problemer i meieriindustrien og husdyrproduksjonen, hvor antibiotika ma brukes for behandling.
Det har ogsa nylig blitt observert zoonotisk sykdom i mennesker, og rapporteringer om
penicillinresistente SDSE-isolater, noe som gjgr S. dysgalactiae et viktig patogen a studere. |
tillegg, ettersom arten har et komplett sett med kompetansegener og et fratrisin for kompetanse-
indusert celle lysis, kan naturlig kompetanse for genetisk transformasjon veere en viktig horisontal
genoverfgringsmekanisme for & tilegne seg gener for tilpasning og evolusjon. Fglgende arbeid har
derfor veert en grundig undersgkelse av fratrisin-proteinet og dets knapt karakteriserte konserverte
domene. Det har tidligere blitt vist ved fluorescensmikroskop at proteinet binder til den septale
regionen av malrettet celler. | denne oppgaven ble det sett, ved fusjonering av et superfoldende
grent fluorescerende protein pa det konserverte domenet, at det likevel beholdt proteinets septale
bindingsevne. Dette demonstrerer at domenet er ansvarlig for & dirigere proteinet til septum. Det
konserverte leucin-alanin-glysin-glysin motivet og aminosyrene glutamin og tryptofan ble ogsa
identifisert ved multippelsekvensanalyse, individuelt punktmutert ved overlapp-polymerase
kjedereaksjon og visualisert under fluorescensmikroskopet for & se om septalbindingsmgnsteret
endret seg. Ujevn binding over hele malcellen ble observert, noe som indikerer at disse hgyt
konserverte aminosyrene er viktig for det konserverte domenets evne til septal gjenkjennelse. Det
ble ogsa utfart flere ulike protokoller for a fjerne tekoinsyrene pa isolert S. dysgalactiae sacculi,
hvor bruk av trikloreddiksyre i to uker pa sacculi ble valgt til slutt. Sacculi uten tekoinsyrer viste
ingen septal gjenkjennelse av fratrisinet, og det ble konkludert at disse polymerne er ngdvendig for
a lede proteinet mot delingssonen. Kompetent-induserte og ikke-induserte S. dysgalactiae celler
ble ogsa eksponert for fratrisinet i en lytisk analyse, som avslgrte at de induserte cellene hadde

oppnadd immunitet.
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1. Introduction

1. Introduction

1.1 Streptococci

Although the Streptococcus was first recorded in 1684 by van Leeuwenhoek’s drawings of
microscopic images of material found between his teeth, the genus found its place in history in
1874 by Billroth who introduced its descriptive term (strepto = twisted, coccus = spherical) as well
as in 1879 by Louis Pasteur who was studying puerperal fever (1, 2). The Streptococcus genus as
seen today consists of Gram-positive ovococci bacteria, appearing in either pairs or in chains of
varying lengths due to incomplete separation after cell division (3). They are non-motile, non-
sporing, facultatively anaerobic although some are obligate anaerobic, catalase-negative and have
complex nutritional requirements (2—4). Glucose remains the preferred energy source, though
equivalent carbohydrates are also employed, where through the Embden-Meyerhof-Parnas
glycolytic pathway two molecules of pyruvate are produced with simultaneous production of ATP
and NADH. Streptococci are also homofermentative under oxygen limiting conditions with excess
carbohydrates, allowing the bacteria to perform fermentation by reducing the pyruvate into lactic
acid and regeneration of NADH. During carbohydrate limitations or increased oxygen conditions,
they produce alternative fermentation products by different metabolic pathways (formate, ethanol
or acetoin) (5, 6). Substrate-level phosphorylation and carbohydrate fermentation therefore
primarily provide energy for the streptococci, especially since they lack oxidative phosphorylation,
electron chain transport systems and retains an incomplete Krebs cycle. In contrast, however, the
glucose phosphotransferase system is maintained in the genus and by using phosphoenolpyruvate
derived from glycolysis as an energy source, phosphorylated carbohydrates are transported across

the cellular membrane (5, 7).

Streptococcal classification has historically been based on hemolytic reactions displayed on blood
agar and serological testing developed by Rebecca Lancefield in 1933 (5, 8). Hemolysis patterns
are seen as either B-hemolysis (complete lysis of red blood cells), a-hemolysis (oxidation of
haemoglobin to methaemoglobin causing a green patch) or y-hemolysing meaning nonhemolytic
colonies (3, 5). The Lancefield groups were applied on the f-hemolytic species only and were
based on carbohydrate compositions of cell wall antigens. Streptococcus pyogenes, for instance,
became group A Streptococcus (GAS) and Streptococcus agalactiae became group B

Streptococcus (GBS). Sherman in 1937 made a general classification scheme based on the
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Lancefield groups and other physiological characteristics to separate the genus into four divisions,
“pyogenic” (B-hemolytic and Lancefield grouped), “viridans” (a-hemolytic and from oral cavity),
“lactic” (later became Lactococcus genus) and “enterococci” (later became Enterococcus genus)
(2, 9-11). Confusion of the streptococcal taxonomy was soon a realization as the bacteria could
display various hemolytic patterns under different conditions. In addition, group-specific antigens
for other species were absent or shared between distinct taxa (1, 3). 16S rRNA gene sequencing
has since become the more reliable approach for identification of bacteria and has been utilized for
revision of the classification system (5, 9). The pyogenic division remained as a subgroup, while
the viridans division were split into five subgroups: anginosus, mitis, salivarius, bovis and mutans
(Figure 1.1) (10). Streptococcus suis has phenotypically and genetically diverse strains where little
is known, and is placed in its own group as illustrated in Figure 1.1 (12).

Anginosus group

Pyogenic group Mitis group

S. anginosus
S. intermidius
S. costellatus

S. agalactiae (GBS) S. pneumoniae

S. dysgalactiae SS g:g;fé;
g ' .i??:é S. cristatus
S. pyogenes (GAS) Ss.s%%rdjg?s
S. uberis ] g

S. thermophilus
S. salivarius
S. vestibularis

Suis

group S. mutans S. bovis Salivarius group
S. sobrinus S. gallolyticus
Mutans S. downeil S. infantarius
group S. rattus S. equinus

S. cricetus

Bovis group

Figure 1.1: Phylogenetic relationship between the seven main streptococci subgroups as based on 16s rRNA gene
sequencing. The main subgroups consists of a pyogenic group, an anginosus group, a mitis group, a salivarius group,
a bovis group, a mutans group and the suis group. The pyogenic group are still Lancefield serologically-grouped based
on cell wall antigen, and S. agalactiae is therefore given the name Group B Streptococcus (GBS) and S. pyogenes
given the name Group A Streptococcus (GAS) (based on polysaccharides). Furthermore, anginosus group and the mitis
group possess the ComCDE pathway for natural transformation, while the pyogenic group (type-Il), suis group (type-

111), mutans group (type-II), bovis group (type-Il) and salivarius (type-1) groups possess a ComRS pathway. Figure
adapted from (13) created with BioRender (14).
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Streptococci are normally found as part of the microbial flora of animals and humans, with specific
locations at the upper respiratory tract, alimentary and genitourinary tracts and on the skin (2, 3).
Some species are restricted to a single animal or human host, while others can infect multiple hosts
(10). Foods (e.g., salads, eggs and meats) and dairy products are also to be seen responsible for
streptococci outbreaks (4). Furthermore, pathogenicity varies across the genus where some species
are non-pathogenic commensals and others are pathogenic causing diseases ranging from subacute,
acute and chronical (15). For instance, S. pyogenes and Streptococcus pneumoniae are generally
associated with human disease, and have the potential to cause scarlet fever, rheumatic fever,
glomerulonephritis or pneumonia to life-threatening septicemia in the case of S. pneumoniae (2, 3,
16). Other streptococcal species can also cause the disease bovine mastitis, which strongly plagues
the dairy industry (17). A selection of antibiotics for treatment of streptococcal infections is
possible, but an increasing number of antibiotic-resistant bacteria in recent decades are being
observed. Antibiotic resistance can arise by spontaneous mutations or by the various mechanisms
of horizontal gene transfer (HGT) for acquisition of resistance genes — where the latter is considered
the most significant (18) (section 1.2). Streptococcal vaccines also present some problems, as a
large number of serotypes (extracellular polysaccharide capsule or surface proteins) must be
included due to the extensive genetic diversity of antigen targets (3, 19). However, there is a
pneumococcal vaccine containing 23 different polysaccharide serotypes and in use in the USA
today for those in high risk of serious disease (3). Yet, vaccination programs and treatment
regimens face significant challenges regarding pneumococci. This species can become natural
competent for genetic transformation, facilitating active uptake and genome integration of
extracellular DNA. Natural competence has been shown to be the major route for spreading
antibiotic resistance- and serotype genes (vaccine escape) among pneumococci (20). Most other
streptococcal species also contain the genes required for natural competence, including important
pathogens of the pyogenic group (21, 22). However, little is known about the contribution natural

competence for genetic transformation has on gene spreading among the pyogenic streptococci.

1.1.1 Streptococcus dysgalactiae: a pathogen on the rise

Streptococcus dysgalactiae became recognized as a distinct species by DNA hybridization studies
performed by Farrow & Collins (1984), after having lost its name in the nomenclature of Approved
List of Bacterial Names in 1980 (23). They demonstrated that there was high DNA relatedness

between Streptococcus equisimilis of Lancefield group C, the large colony-forming Lancefield

3



1. Introduction

group G and B-hemolytic streptococci group L, and therefore had to belong to a single species (24,
25). In addition, Vandamme et al. (1996) showed by whole-cell protein electrophoresis patterns of
several S. dysgalactiae strains that two distinct subpopulations of strains existed. The strains of
human origin were named S. dysgalactiae subspecies equisimilis (SDSE) while the subpopulation
of animal origin was named S. dysgalactiae subspecies dysgalactiae (SDSD) (23, 24). These
subspecies are distinguished from each other by hemolysis and the Lancefield carbohydrate
antigens, as SDSD can be a-, - or nonhemolytic and belong to groups C and L, while SDSE are

only B-hemolytic and belong to groups C and G (23).

Both SDSD and SDSE belong to the pyogenic group (Figure 1.1), and together with S. agalactiae
and S. pyogenes, represent the major pathogens of this group (26). Their habitats are relatively
similar, with subsp. dysgalactiae found in respiratory and genital tracts of various animals and
subsp. equisimilis in the upper respiratory, gastrointestinal and female genital tracts of humans (23,
27). Furthermore, SDSD is an animal pathogen and frequently associated with bovine mastitis in
cows, which is an disease that causes an inflammatory reaction of the udder tissue in their
mammary glands thereby affecting milk production (28, 29). This reduces animal welfare and
causes a great economic loss in the dairy industries due to lower yield and quality of the milk, as
well as the need to use antibiotics (29). SDSD infections are also associated with septic arthritic
outbreaks in lambs of less than four weeks old, also causing major challenges in livestock
production (30). The epidemiology of SDSD is not fully known, although it is believed to be
contagious. Teat lesions caused by flying insects and similar pulsed-field gel electrophoresis
patterns collected from different farms also suggest that this subspecies can be found as an
environmental source (28, 31). SDSE, on the other hand, is a human pathogen that can cause
superficial skin infections to life-threatening toxic-like syndromes, with infections transmitted
from human to human. S. pyogenes has a similar disease range, and it is therefore believed that this
species and SDSE have near identical virulence determinants and virulence regulators. For
instance, the M protein of S. pyogenes, encoded by the emm gene, allows for evasion of the host
immune system by resistance to phagocytosis and adherence to human epithelial cells. The M
protein is also consistently found in SDSE strains (32). SDSE is considered less virulent than S.
pyogenes, where its infection is frequent among elderly persons and especially those with

underlying medical conditions (33).
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An increase in infections by SDSE has been observed worldwide, where Oppegaard et al. reported
in 2014 that SDSE is the leading cause of invasive B-hemolytic disease in Western Norway (34).
Within the same year, McNeilly et al. conclusively suggested that HGT and recombination has an
important role of generating genetic diverse isolates of SDSE, which include giving rise to clones
with increased virulence or increased fitness (35). This could thereby be an apparent link between
the higher infection rate worldwide, and that SDSE isolates resistant to fluoroquinolones and
penicillin have been reported (36, 37). SDSD only gives disease in animals, but there has been
reports of zoonotic infective capabilities into humans. Although human diseases caused by this
subspecies are rare, three cases of SDSD infections has been reported, with a fourth case recently
reported in 2018 by Chennapragada et al. (38). These traits therefore make S. dysgalactiae (both
SDSE and SDSD) a relevant and risk-imposed specie for both human and animal health. Although
natural competence is important for the adaptability of pneumococci, little is known whether S.
dysgalactiae employs natural competence to acquire genes that helps it become antibiotic-resistant
and adapt to different hosts. However, considering that many streptococci, including S.
dysgalactiae, have a complete set of competence genes, it suggests that HGT by using natural
competence for genetic transformation is important for the evolution and adaptability of most

streptococci (22).

1.2 Horizontal gene transfer

Horizontal gene transfer (or lateral gene transfer) involves sharing genetic material independently
of reproduction events and occurs between cells with an exclusion of transmission between parent-
to-offspring (39). Avery described this form of exchange in 1944 in pneumococci (40), where its
significance for bacterial diversity has only become more and more apparent. HGT involves DNA
transferred from donor to recipient microbe by different mechanisms, and then integration into the
recipient's genome by either homologous recombination or an additive integration process (39, 41).
Subsequently, HGT is an important driver of prokaryotic evolution as the horizontally acquired
genetic material must confer a selective advantage in order to remain in the recipient lineage, such
as adapting to a new ecological niche or bestow antibiotic resistance (39). Horizontally acquired
DNA conferring an advantageous selection can then be spread quickly within a bacterial
population, although some cause deleterious effects and become lost in the population over time

or are even effectively neutral and depend on chance events (42).
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Conjugation, transduction and transformation are the main three mechanisms of HGT (Figure 1.2).
Conjugative transfer is when genetic material is transferred by cell-to-cell contact/bridge-like
connection by a conjugation pilus between a donor and a recipient cell (39). Small genetic elements,
such as plasmids, are often seen to be the genetic material as they can be transferred quickly, in
contrast to whole chromosomes, which can take more than an hour to be transferred often resulting
in the interbacterial junctions breaking down before completion (42). Transduction involves
bacteriophages integrating host genetic material into their own phage genome and passing it from
one bacterium to another. The genetic material can either be random portions of the host’s genome
(generalized transduction, lytic stage) or a specific portion of the host’s DNA (specialized
transduction, lysogenic stage) (39). Finally, natural transformation is the least widespread of the
three HGT mechanisms among bacteria, and involves active uptake and integration of extracellular
free DNA by competent bacterial cells (42). Since a significant portion of the streptococci genome
consists of exogenous and mobile DNA (transposons, prophage and plasmids), HGT is thus

considered the primary mechanism for creating diversity within the Streptococcus genus (26).
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Figure 1.2: The different mechanisms of horizontal gene transfer (HGT). A) Transformation involves uptake and
integration of extracellular DNA by competent bacterial cells, B) transduction involves use of viruses (bacteriophages)
who integrates either a random part of the host’s genome (generalized transduction) or a specific part (specialized
transduction) into own phage genome, which can then be passed from one bacterium to the other. C) Conjugation
involves physical contact by cell-to-cell junctions and pores through which the material can pass. Created with
BioRender (14).
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HGT varies greatly between streptococci, with high genetic flow found between the -hemolytic
pyogenic group of the Streptococcus genus. The highly similar virulence genes of S. pyogenes and
SDSE are most likely the result of genetic exchange due to their evolutionary relationship and
shared ecological niches (human hosts). Moreover, as reported by Choi et al. (2012), HGT occurs
in a S. pyogenes to SDSE direction, with more homologous recombination than additive transfers.
There is also seen more SDSE to SDSD genetic flow than the other way around, and much less
SDSD to S. pyogenes most likely due to being in different ecological habitats (41).

1.2.1 The discovery of natural genetic transformation

Natural genetic transformation was originally discovered in S. pneumoniae by Frederick Griffith
in 1928 (43). The “Griffith experiment” used both virulent and nonvirulent strains of S.
pneumoniae, where it was seen that virulent colonies had a smooth appearance due to the presence
of a polysaccharide capsule (S-type) whilst the nonvirulent colonies were rougher due to capsular
absence (R-type). Furthermore, these R-type bacteria, as they have no protective coat, were killed
by the host’s immune system after injection into mice. The same was also observed for heat-killed
S-type bacteria. However, by injecting both the non-lethal heat-killed S-type bacteria and live R-
type into mice, it was seen that it caused a lethal infection. It was therefore believed that the
polysaccharide capsule responsible for S. pneumoniae virulence had been passed from the heat-
killed S-type into the live R-type by a chemical compound. Griffith called this observation the
“transforming principle”. This compound was later confirmed to be DNA, as observed by Avery,
MacLeod and McCarty in 1944 (44). In 1931, Dawson & Sia also reported of a method for inducing
transformation of pneumococcal types in vitro and thereby made it possible to better understand
the mechanisms of the transformation process (45). These investigations, and further investigations
through the decades, have slowly but surely decoded the transformational process and how it is

regulated.

1.2.2 Induction of natural competence

Transformation is a parasexual process, which unlike conjugation and transduction, depends on the
recipient cell with the necessary proteins encoded within its genome. These proteins are not
expressed continuously, but rather under specific conditions to develop a specialized physiological
state, a so-called competent state (46). Induction of competence in streptococci starts with

expression of a competence-inducing peptide (peptide pheromone) monitored by a regulatory
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system, which will be described in greater detail in section 1.2.3 (47). Although induction of
competence is primarily dependent of the inducing peptide, several external signals, such as
antibiotics, high phosphate concentration, bovine serum albumin and alkaline pH, indirectly cause
increased concentrations of the peptide pheromone and therefore entrance to the competent state,
as reported in pneumococci (46-49). For instance, in response to higher decoding rates during
translation caused by the antibiotics streptomycin and kanamycin, the HtrA protease represses
competence induction under normal conditions of low translational error. It does this by direct
degradation of the peptide pheromone. HtrA can also degrade misfolded proteins. Therefore, when
the abundance of mistranslated proteins increases, the protease no longer degrades the peptide
pheromone as it is saturated by these wrongly-translated proteins (50, 51). Additionally, DNA
damage also cause induction of competence, though the cause behind this is still debated. The
pneumococci lacks an SOS response when their DNA is damaged by e.g., mitomycin C, causing

the competence regulatory cascade to be initiated instead to coordinate a response (52).

The regulatory system is an example of quorum sensing, but in a broader sense to include
population density and integration of past and current environmental factors (53). The growth phase
sets the amount of cells producing the inducing peptide necessary for regulation of competence
(exponential growth in pneumococci), while environmental factors modify the rate at which
individual cells produce and sense the extracellular peptide pheromone, thereby up-regulating

competence (46, 53).

1.2.3 Regulation of natural competence for genetic transformation

Regulation of natural competence in streptococci is performed by a two-component regulatory
system, either known as the ComCDE system or the ComRS system, depending on the
streptococcal species. Species having the ComCDE system do not have homologues to the ComRS
proteins and vice versa and the genetic determinants are therefore different. Nevertheless, these
two systems display a similar competence regulatory cascade. Both use a peptide pheromone
(ComC or ComS) who’s extracellular concentration is monitored by the cells. At a critical
pheromone concentration, transcriptional activation of a competence regulon is triggered leading

to production of all components necessary for DNA uptake and recombination (51).

The ComCDE system can be found in the anginosus and mitis groups as presented by their blue

color in Figure 1.1, where S. pneumoniae is by far the best studied species. Details provided here
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are therefore how the ComCDE system regulates competence in this model organism. A vital
component of the ComCDE regulatory cascade is the CSP (competence stimulating peptide),
discovered in the mid-90s by Havarstein et al. (1995), where it coordinates competence
development (47). The comCDE operon encodes the CSP-precursor peptide ComC, a membrane
protein histidine kinase (ComD) and a response regulator (ComE). ComC has a signal sequence
that is recognized by an ABC transporter composed of ComA and ComB, which causes processing
of the ComC into the mature form CSP as well as secretion to the outside of the cell (47, 49, 51,
54). Meanwhile, the two-component regulatory system for signal transduction ComDE monitors
the extracellular levels of CSP. At a critical level, the extracellular mature CSP binds to ComD
resulting in autophosphorylation and activation of its intracellular kinase domain. It then
phosphorylates the response regulator ComE at a conserved aspartate residue (49, 55).
Phosphorylated ComE (ComE-P) binds to two 9-bp imperfect direct repeat motif in the promoter
region of a set of genes, thereby allowing transcription of about 20 early competence genes,
including the operons comCDE and comAB thus producing an auto-catalytic circuit. Among the
other early com genes is comX, which encodes an alternative sigma factor (ComX) and comM
coding for the fratricide immunity protein ComM (see section 1.3.2) (51, 56). The alternative sigma
factor ComX activates the transcription of more than 80 late competence genes, necessary for
fratricide (section 1.3), DNA uptake and the recombination machinery by binding to a 7-20 bp
conserved region (combox) present in the promoters of these late genes (51, 57). The late-
competence protein DprA is also necessary for termination of the competence period, which it does

by binding to ComE-P to prevent further transcription of early genes (51).

Sequencing a large number of strains from numerous species (e.g., S. pneumoniae, Streptococcus
mitis, Streptococcus oralis) has revealed that there exists large variations in the CSP sequences
(different pherotypes), although they mostly all contain a negatively-charged N-terminal amino
acid residue, positively charged C-terminal end and an arginine at the N-terminal end important for
its biological function (58). Several variants of mature CSPs have been identified, although in
pneumococci the vast majority of strains produce either a CSP1 or a CSP2 variant (59). Each CSP
pherotype is therefore recognized by a specific and cognate ComD receptor (e.g., ComD1 or
ComD2), leaving other variants unable to respond to the same receptor (58). It has also been shown
that CSP1 and CSP2 contains amino acids constituting a hydrophobic patch which is essential for

CSP receptor specificity (60). Pherotype switching often occurs among naturally competent
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streptococci either by accumulation of point mutations or by HGT. In addition, the presence of
different pherotypes of CSP allows a subset of the bacterial population to become competent and

permits gene exchange within and between bacterial populations (58).

ComRS is the other regulatory system controlling competence in the pyogenic (including S.
dysgalactiae), suis, mutans, bovis and salivarius groups. ComR is an Rgg-like transcriptional
activator, while ComS isa 17 amino acid pre-peptide. ComsS is secreted via an unknown transporter
to form a 7-8 amino acid long mature peptide pheromone called XIP (SigX inducing peptide - SigX
is a ComX homolog) (61-63). XIP is then imported back into the cell by the Ami oligopeptide
transporter, where it interacts with the cytoplasmic transcriptional regulator ComR (61). The ComR
is activated and binds to the early competence box (ECom box) consisting of two 9-bp inverted
repeats (AACANGACAN;TGTCN/ATGTTN) in the promoter regions of comS and sigX. This
amplifies the production of ComS by a positive-feedback loop and induction of late competence
genes by SigX, similarly as for the ComCDE system above (22, 61, 64). See Figure 1.3 for

overview of the ComRS pathway.
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Figure 1.3: lllustrative overview of the ComRS system for regulation of natural competence as presented in
Streptococcus thermophilus. A 17 amino acid pre-ComS peptide is transcribed from comS by an unknown fashion,
most likely induced by extracellular signals. The precursor peptide is secreted by an unidentified transporter, processed
into a mature ComS-inducing peptide (XIP) and transported back into the cell by an Ami transporter. XIP binds to the
Rgg-like transcriptional regulator ComR, which activates it and cause it to bind to inverted repeats found at the
promoter regions of comS and sigX. This creates a positive-feedback loop as more comsS is transcribed, as well as
expression of late competence genes. ClIpC has a role in degradation of SigX under suboptimal conditions due to weak
environmental stimulus. Figure acquired from (64).
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The different Streptococcal groups can be classified into three general classes of the ComRS
pathway, with the salivarius group belonging to type I, bovis, mutans and pyogenic groups of type
I and the suis group of type Ill. This is presented in Figure 1.1, as different colors of the groups
indicate different ComRS types. This classification system was implemented due to observational
variations in the inverted repeats of comS and sigX promoters, and the XIP sequences (13, 22). For
instance, as S. dysgalactiae falls in the type-11 class, this species has an comS gene encoding a XIP
with a C-terminal double-tryptophan (WW) motif. This is not observed in the type I class, although
type 111 has a WW motif split by two residues. Subsequently, there exists different variations of the
XIP signaling peptide between species, although they mostly all contain this conserved aromatic
amino acid. It has also been shown that the ComR proteins can either be strict or promiscuous in
recognition of the XIP messenger from other species, most likely due to a XIP-binding pocket of
the ComR with two faces: a conserved face for peptide binding and a variable face for peptide
pheromone specificity. Although this pocket allows binding of several XIP sequences, it is only
those that satisfy correct molecular interactions with both faces and with sufficient affinity that can
activate ComR. This XIP selectivity could indicate that a subset of a bacterial population becomes
competent, although more work still remains to fully understand what this selectivity means for

bacterial interactions in nature (13).

1.2.4 DNA uptake and homologous recombination

The extracellular free DNA is "captured™ by a type IV-like pilus at the competent cell surface, and
thus constitutes the primary DNA receptor (51). This transformation pilus was believed to be the
case, as it was seen that a comG operon in Gram-positive bacteria encodes proteins homologous to
proteins involved in type IV pilus assembly in Gram-negative bacteria (65). The pseudopilus
delivers the double-stranded DNA (dsDNA) across the cell wall and periplasm to a membrane
transport apparatus composed of ComEA, EndA, ComEC and ComFA. It is believed that
depolymerization of the pseudopilus allows the DNA to travel across the cell wall (66). The dsSDNA
binds to the membrane receptor ComEA, while the endonuclease EndA creates a nick in one of the
DNA strands. EndA also degrades the nontransforming DNA, while the transforming single-
stranded DNA (ssDNA) is passed through a channel produced by ComEC in a 3°— 5’ direction
into the cytoplasm. ComFA, on the cytoplasmic side, facilitates the DNA internalization through
ComEC. Homologous recombination of the ssDNA occurs by several late competence gene

products, including a ssDNA-binding protein B (SsbB) which protects the DNA from degradation
11
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by endogenous nucleases by creating a so-called eclipse complex. SsbB is then displaced by DprA,
where it promotes the loading of RecA onto sSDNA. The ssDNA can thus be integrated into the

chromosome by RecA-mediated homologous recombination (51, 65, 66).

1.3 The fratricide mechanism

Transformation requires uptake of homologous free DNA to facilitate chromosomal integration.
Steinmoen et al. (2002) questioned if this homologous DNA is only derived from other streptococci
when they die and fall apart, or if DNA is released from donor cells in a controlled and coordinated
manner followed by uptake by a recipient. Following their investigations in S. pneumoniae, it was
reported that chromosomal DNA could be released from cells during competence by a cell-lysing
mechanism. It was later found that competent pneumococci express a late competence gene
encoding a secreted cell wall hydrolase called CbpD (choline-binding protein D) (67). Hence, the
competent pneumococci employ CbpD to actively lyse other pneumococci and close relatives, like
S. oralis or S. mitis, to access homologous DNA as far-related DNA can be hazardous to the cells
(68). This mechanism is called competence-induced fratricide and the lytic enzyme is called a
fratricin (51). The presence of other cell wall hydrolases (LytA and LytC) in target cells of
pneumococci also facilitate the lytic activity of CbpD, although these do not constitute the key
components of fratricide (64). An important aspect of fratricide is also that a mixed population of
competent predator cells and non-competent target cells are required. This is possible as bacteria
belong to different pherogroups (section 1.2.3), meaning that one subpopulation might react with
a different CSP and ComD receptor than others, causing competence to arise at different times
(69). Consequently, the fratricide mechanism therefore has a large positive impact on horizontal

gene transfer between streptococcal bacteria (49).

The biological function of the fratricide mechanism has suggested to be access to nutrients, to
increase genetic exchange, a killing mechanism to eradicate competing bacteria or stabilize host
relationships by activating innate host defenses (70). The biological function is not yet fully
understood, but most data suggests that competent cells use this mechanism to obtain homologous
DNA during stress. The streptococci can thereby quickly adapt to new environmental challenges

as they have access to genetically different strains and species (71).
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1.3.1 The choline binding protein D

The choline-binding protein D is the key protein of the fratricide mechanism in S. pneumoniae,
where similar fratricins are also found in e.g., S. mitis and S. oralis. These fratricins have three
different domains: an N-terminal CHAP (cysteine, histidine-dependent
amidohydrolases/peptidases) domain, either one or two central Src homology 3b (SH3b) domains
and a C-terminal choline-binding domain (CBD) with four choline-binding repeats (Figure 1.4). A
signal sequence is also found at the N-terminal of the CbpD protein as shown by a computational
analysis of several amino acid sequences (72). The different domains possess different biological
functions, where the important CBD module binds non-covalently to the phosphorylcholine
residues of teichoic acids (TAs) found at the cellular envelope of pneumococci and other close
relatives (see section 1.4.2). This would therefore allow cross-species lysis as the related species
contain similar recognition molecules at their cell wall (64). CBD also directs the CbpD towards
the septal division zone (see section 1.4.3) (73). The catalytic CHAP domain of CbpD still has
unknown enzymatic specificity, but characterized members of the CHAP family act as either
endopeptidases (cleaves murein stem peptides) or as amidases (cleaves N-acetylmuramyl-L-Ala
bonds). By this manner, and due to its homology of other cell wall hydrolases that cleaves the stem
peptide, it is believed that the CopD CHAP domain performs the same function of cleaving the
peptidoglycan. An conserved active-site cysteine (C) has also been proved to be essential for its
catalytic activity, as mutating it into an alanine or treatment with iodoacetamide (IAM) renders the
CbpD without any lytic properties (70, 73, 74). ALE-1 is a lysostaphin homologue in
Staphylococcus aureus which contains the SH3b domain, and where its crystal structure has
revealed that it has a similar protein structure of that with its eukaryotic Src homology 3 (SH3)
counterpart. It does, however, contain a unique structural feature of its own and due to low sequence
similarity of the eukaryotic SH3 domain, it was believed to possess a different function (75). It was
therefore proposed that the SH3b domain of CbpD domain binds to the peptidoglycan, where later
findings have supported this (69, 73). It has also been suggested that the SH3b domain of CbpD
specifically binds to the moieties of the glycan chains, as well as participating in a substrate-binding
pocket together with the CHAP domain (73).

Experimental data has later revealed a large diversity of fratricins in different streptococcal species
where the N-terminal CHAP domain is highly conserved and their C-terminal halves differs. This

could perhaps indicate different cell wall binding specificities, which has most likely evolved to
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limit their target range. This might be because integration of DNA from unrelated bacteria can be
more harmful than beneficial to the recipient cell or cause harm to the recipient by functional
incompatibility (51, 64). Figure 1.4 illustrates the domain organization of different fratricins found
in streptococci. This includes, for instance, the LytF which is a functional analogue to CbpD with
a C-terminal CHAP domain and is found in several streptococcal species. It has also been proposed
that Zoocin A functions as a fratricin in S. agalactiae due to the presence of a SigX binding site

upstream of the gene (64, 68).

o* promotor Choline-binding repeats
s CHAP SH3b S, pneumoniae
CbpD -
—— S. pneumoniae, S. pseudopneumoniae,
= S. mitis, S. oralis, S. infantis, S. peroris
—— S. suis
- Conserved domain S. pyogenes, S. uberis, S. ictaluri,
S. zooepidemicus, S. porcinus, S. equi,
S. dysgalactiae, S. iniae
-t S. thermophilus, S. salivarius,
S. vestibularis
ZooCin A = = Peptidase_M23 S. agalactiae

S. gordonii, S. sanguinis, S. mutans,
Lth R Bsp CHAP S. macacae, S. cristatus, S. australis,

S. infantarius, S. anginosus, S. bovis,

S. parasanguinis, S. urinalis,

S. equinus

Figure 1.4: Illustrative overview of fratricins found in various streptococcal species. Common for all is the presence
of a ComX/SigX promoter region upstream of the gene, as well as a catalytic CHAP domain responsible for cleaving
the cell wall (except Zoocin A). The Scr homology 3b (SH3b) domain binds to the peptidoglycan and is most likely
responsible for correct positioning of the CHAP domain against substrate, while the choline-binding domain (CBD) is
responsible for binding to teichoic acids with choline residues at the septum of dividing cells. Some CbpDs have two
SH3b domains, while others only have one or none. The CBD domain only applies for fratricins in some species, where
a conserved domain can be found for other species, including S. dysgalactiae. Zoocin A and LytF are alternative
fratricins, found in a handful of species. Figure adapted from (64) with BioRender (14).
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S. dysgalactiae has also been found to have a fratricin, which confusingly is also called CbpD,
although it does not contain a CBD domain. Instead it has a C-terminal conserved domain, which
likely mediates binding to the cell wall of target bacterial cells (64). It is the CbpD protein from
this species which is under investigation in this work, where the conserved domain is of particularly
interest. Furthermore, the CbpD of S. dysgalactiae has a signal sequence (5°-
MKKIHQLLVSGAILLSVNGAVSSVASTLNA-3’), an N-terminal CHAP domain, a single SH3b
domain and the C-terminal conserved domain. The protein has a combined molecular weight of
~41 kilodalton (kDa) (~38 kDa without its signal sequence). To not confuse the various CbpD
proteins and CbpD-like proteins, CbpD from S. dysgalactiae will henceforth be called CbpDSP and

CbpD®F for S. pneumoniae.

1.3.2 Immunity against fratricide

The ComM protein in pneumococci is necessary to prevent the competent cells from committing
suicide by their own fratricin (70). The comM gene has a ComE-binding promoter, meaning it is
expressed as an early competence gene, where after expression constitutes a polytopic membrane
protein with six to seven transmembrane segments. Furthermore, comM transcription peaks five
minutes after competence induction, with basal expression levels after 15-20 min. This means that
ComM is produced before induction of the late competence gene cbpD, giving the cell time to

develop full immunity against the fratricin (71).

Although there are some speculations, the exact mechanism behind its immunity function is not
known. It has been suggested by Straume et al. (2017) that ComM acts indirectly on CbpD, since
the immunity protein is an integral membrane protein and CbpD cleaves the peptidoglycan from
the outside (71). For instance, this could occur by changing the cell wall structure of peptidoglycan
newly synthesized at the septal region, or modifications on the stem peptides where the catalytic
CHAP domain cleaves. Changing these parts might be done as the immunity protein does not have
time to modify the eternity of the cell wall, which could even be damaging to the competent cell
(71, 73). Pneumococcal ComM has been the most researched immunity protein, but amino acid
sequence alignments have also shown homologous proteins in other streptococcal species (71). So

far, no immunity protein has been uncovered in S. dysgalactiae.
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1.4 Streptococcal cell wall structure

The target and enzymatic substrate of fratricins is the cell wall, which functions to protect the cell
from harsh environments, retain its shape and withstand turgor pressure exerted on the plasma
membrane (76). The streptococci are Gram-positive bacteria and have therefore no outer
membrane, but are instead surrounded by a thick peptidoglycan layer. The peptidoglycan consists
of many layers, which as a whole are flexible and can thereby expand under pressure, but also
contain relatively large pores for diffusion of large molecules. The cell wall also function as a
scaffold for various components such as teichoic acids (section 1.4.2) and proteins, where they are
needed for cell growth and division, to regulate passage of nutrients and ions, for transformation
and serve as environmental sensors (77—79). The cellular envelope is often found to be the target
of antibiotics due to its importance for bacterial survival: p-lactams and glycopeptides are for
instance two antibiotic classes that inhibits peptidoglycan biosynthesis by various manners,
ultimately causing cell lysis. As mentioned previously, antibiotic resistance is becoming more
widespread possibly due to HGT events, and a push to understand the different components of the

cellular envelope is becoming urgent in order to identify new cell wall targets (79, 80).

The peptidoglycan layer (also called sacculus/murein) in Streptococcus consists of long linear
chains of alternating N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNACc)
residues linked together by B-1 — 4 bonds, which together constitutes the glycan chain (78, 79).
The glycan chains are cross-linked via stem peptides and their side-chains, where the stem peptides
are composed of amino acids L-Alanine — y-D-isoGlutamin — L-Lysine — D-Alanine — D-Alanine,
although the last residue (D-Ala) is lost in the mature macromolecule. The stems are also found
protruding from MurNAc by substitution of its D-lactoyl group (78, 81). The cross-linking occurs
either directly or indirectly by an interpeptide bridge (Figure 1.5). The direct cross-linkage occurs
via the carboxyl group of D-Ala in position 4 and the e-amino group of L-Lys at position 3 of a
stem peptide at an adjacent MurNAc at another glycan strand. The indirect cross-linking involves
one of two dipeptides, seryl-alanine or alanyl-alanine, positioned between L-Lys at position 3 and
D-Ala of position 4 (either L-Ala — L-Ala or L-Ser — L-Ala) (78, 81). It is believed that these
variations of either linear or branched stem peptides are a result of differences in the composition
of a cell wall precursor pool, caused by rate alterations of production of these compounds as
reported in pneumococci (82). The general structural features of the mentioned glycan chain, stem

peptides and the interpeptide bridges are commonly found for several bacteria, although a certain
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degree of variation exists. It should also be taken into consideration that the peptidoglycan layer of
S. pneumoniae has far been studied the most (78). The glycan strands of pneumococci are for
instance modified in two ways: N-deacetylation of some GICNAc residues and O-acetylation of
MurNAc residues, where both modifications provides lysozyme resistance for the cells (81). Figure

1.5 illustrates the structure of the peptidoglycan layer in S. pneumoniae.

GleNAc MurNAc GleNAc MurNAc GleNAc MurNAc
| ' |
L-Ala L-Ala N-dAc
|
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D-iGln D-iGln
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L-Lys— L-Ser - L-Ala — D-Ala L-Lys— D-Ala
' |
Indirect cross-linking L-Lys L-Lys
| |
D-iGIn D-iGIn
| |
0-Ac L-Ala L-Ala
| | |
GlecNAc MurNAc GleNAc MurNAc GlcNAc MurNAc

Figure 1.5: lllustrative overview of the peptidoglycan structure of pneumococci. A glycan chain consists of repeating
units of N-acetylglucosamine (GIcNAC) and N-acetylmuramic acid (MurNAc) residues, linked together with p-1 — 4
bonds. Stem peptides (L-Ala — D-isoGlutamin — L-Lys — D-Ala — D-Ala, latter is not present in the mature
peptidoglycan) attached to MurNAc, links glycan strands together to form a meshwork. It occurs by either direct cross-
linkage between L-Lys of position 3 and D-Ala of position 4 of opposite strands or indirect by a interpeptide bridge
either with L-Ser — L-Ala or L-Ala — L-Ala. N-deacetylation of some GIcNAc and O-acetylation of MurNAc residues
also occurs as secondary modifications. Figure adapted from (81) with BioRender (14).

1.4.1 Peptidoglycan synthesis

The biosynthesis of the peptidoglycan is a multistep process which involves several enzymes
coordinated in a dynamic assembly. Different enzymatic reactions, involving synthesis of the
nucleotide precursors, synthesis of lipid-linked intermediates (i.e., membrane-anchored cell wall
precursor Lipid Il) and polymerization reactions, occurs, with locations respectively being the
cytoplasm, the inner and the outer side of the cytoplasmic membrane (83).

The membrane-bound penicillin-binding proteins (PBPs) are a large class of enzyme found on the
exterior of the cytoplasmic membrane, and a part of the later stages of peptidoglycan biosynthesis
(84). In S. pneumoniae, there are five different high molecular mass PBPs (PBP1a, PBP1b, PBP2a,
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PBP2b and PBP2x). The first three are designated as class A PBPs (aPBPs) comprising bifunctional
enzymes catalyzing transglycosylation and transpeptidation, while the two last are designated as
class B PBPs and constitute monofunctional transpeptidases. There also exists low molecular mass
PBPs, referred to as class C PBPs (PBP3), which regulates the level of peptidoglycan cross-linking
(85, 86). After Lipid Il is transported across the bacterial membrane (by a translocation process
called flipping) to the exterior surface of the cell, the peptidoglycan can be synthesized from this
precursor by polymerization of the glycan chains (transglycosylation reactions) and
interconnection of the chains by peptide stem cross-linking (transpeptidation reactions) (86, 87).
Importantly, the PBP2x is also necessary for septal cross wall synthesis, while PBP2b is necessary
for peripheral peptidoglycan synthesis (88). PBP2x and PBP2b also have cognate partners: FtsW
and the RodA proteins belong to the shape, elongation, division and sporulation (SEDS) family,
and work together with PBP2x and PBP2b, respectively (Figure 1.6) (86, 89). FtsW and RodA use
Lipid Il as substrate to polymerize the new glycan strand, although they were initially believed to
be Lipid Il flippases (86, 87). It remains, however, a possibility that they possess a double role as

glycosyltransferases and flippases (89).

Cell division and bacterial morphology are heavily linked to peptidoglycan metabolism, where
synthesis of new cell wall (septum) at the division zone divides the mother cells into two identical
daughter cells (90, 91). There are two membrane- and periplasm-spanning protein complexes
necessary for peptidoglycan synthesis: the divisome responsible for cell division and septal cross
wall synthesis for producing two new poles, and the elongasome for lateral insertion of
peptidoglycan along the axis of the cell giving rise to its ovococci form (89, 90). The PBP2x is a
key constituent of the divisome, while PBP2b is an essential member of the elongasome, as shown
by the experimental results from Berg et al. (2013) (88). Cell division starts with initial inward
growth of the cell wall at the cell equator which is marked by an equatorial ring (Z-ring). This
equatorial ring is made by polymerization caused by the highly conserved FtsZ tubulin-like protein
after its recruited to the mid-cell. On the sides of the original ring, two new equatorial rings are
formed marking the future division site of the daughter cells. Moreover, the Z-ring promotes the
assembly of the divisome by constituting as a scaffold. Inward septal growth continues by insertion
of peptidoglycan, where the complete septum is split by peptidoglycan hydrolases to separate the
daughter cells (84, 92). It is believed that the DivIVA protein is required for correct localization of

the elongasome at the curve membrane region between the septal and lateral cell wall, as loss of
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DivIVA localization was associated with loss of elongasome function (93). This peripheral
machinery remains at the edges of the invagination of the cell membrane and ingrowth of the cell
wall structure, and inserts material between the equatorial rings and the septum (84, 94). Recently,
it has been reported that the septal cross-wall in Gram-positive bacteria could appear to consist of
two peptidoglycan layers, one layer produced by PBP2x/FtsW and the other by aPBPs. These layers
have different compositions and/or architecture as CopDS® was active towards the PBP2x/FtsW-
produced peptidoglycan but not towards aPBPs peptidoglycan. Based on data from Straume et al.
(2020), it is believed that aPBPs work in conjunction with the divisome to synthesize a disordered
peptidoglycan layer facing the cytoplasm. It also lags a few minutes behind the PBP2x/FtsW
machinery (Figure 1.6) (86, 89). Furthermore, as shown in Escherichia coli, aPBPs might also be
important for repair and maintenance of the peptidoglycan layer with similar roles suggested in
Gram-positive bacteria (89).

O—>CD—>C-~ =d. . and 1

-

Periplasm

Cell membrane

Divisome

- —— o —— o — — ——
-

Figure 1.6: Overview of septal (divisome, PBP2x and FtsW) peptidoglycan synthesis and the peripheral (elongasome,
PBP2b and RodA) peptidoglycan synthesis (brown/blue layer). The divisome is recruited mid-cell by the FtsZ
(polymerizes into Z-ring), while the elongasome is believed to be recruited by a DivIVA protein. The completed septa
is split by hydrolases to separate the ovococci daughter cells. A two-layered cell wall is also proposed, where class A
PBPs work in conjunction with the divisome to synthesize a peptidoglycan layer facing the cytoplasm of the daughter
cells (green layer). aPBPs might also have a role in repair and maintenance of the peptidoglycan layer. Figure acquired
from (89).
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S. pyogenes lack PBP2b and RodA necessary for the peripheral peptidoglycan synthesis, but still
retains septal peptidoglycan synthesis. Therefore, this species appears more spherical and less
elongated than the ovococci shape seen in pneumococci (95). S. dysgalactiae, on the other hand,
has both the PBP2b/RodA and PBP2x/FtsW pairs, where it has been reported of amino acid
substitutions in the PBP2x of penicillin-resistant SDSE isolates within and outside of its active-site
motif for transpeptidase activity (37). It lacks, however, both MreC and MreD, which are two
membrane proteins shown to be important for cell elongation in pneumococci. The lack of these

two proteins may explain why S. dysgalactiae appear shorter than other ovococci (95).

1.4.2 Lipo- and wall teichoic acids

Teichoic acids are long anionic polymers which accounts for a substantial fraction of the cell wall
mass (~60 %) of Gram-positive bacteria (76). The TAs polymers contribute to a variety of
processes, including resistance to environmental stresses (e.g., heat, low osmolarity), trafficking of
ions and nutrients, antibiotic resistance, cation homeostasis and acts as receptors for phage
particles. Cell surface proteins involved in interactions with host factors can also be found
noncovalently bound to the TAs (77, 96, 97). For many Gram-positive bacteria (including most of
the streptococcal species), the TAs consists of repeating units of polyglycerol phosphates or
polyribitol phosphates of variable length that can carry either D-alanine residues, which reduces
the negative charge of the cell envelope, or glycosyl residues (77). There also exists two main
classes of TAs: the lipoteichoic acids (LTAs) and the wall teichoic acids (WTAs). The LTAs are
anchored to the cytoplasmic membrane by possessing a glycolipid moiety functioning as an anchor,
while the WTAs are covalently attached to the MurNAc residues of the peptidoglycan layer (98)
(Figure 1.7A). Insertion of newly synthesized TAs into the cell wall also occurs at the mid-cell,

where the septal cross-wall is formed (99).

S. pneumoniae is unique in that the WTA and LTA are most likely produced in the same
biosynthetic pathway as they have similar repeating units and length distribution (97). The
pneumococci TAS are a tetrasaccharide-ribitol structure, where the repeated unit of the main chain
is composed of a 2-acetamido-4-amino-2,4,6,-trideoxygalactose (AATGal) sugar, D-glucose (Glc),
ribitol-5-phosphate (Rib-P) and two GalNac (N-acetylgalactosamine) residues each decorated with
phosphorylcholine (Figure 1.7B). The degree of phosphocholine substitution varies. These choline

decorated TAs, as previously mentioned, are therefore anchor sites for choline-binding proteins
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(97, 100). It has also been reported of a lack of D-alanylation in S. pneumoniae, which contrasts
the TAs of many other Gram-positive bacteria, though the dIt operon which encodes proteins
necessary for D-alanine substitution has been found in both clinical and laboratory pneumococcal
strains. Kovacs et al. (2006) reported that preparations of TAs could cause loss of D-alanyl esters

and that pneumococci TAs therefore contains these substitutions (100).
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Figure 1.7: A. Overview of pneumococci lipoteichoic acids (LTAs) and the wall teichoic acids (WTAs) anchored
respectively either to the cytoplasmic membrane or to MurNAc residues at the peptidoglycan layer. Some cell surface
proteins can also be found anchored to the TAs. This sketch is provided by Werner Fischer (1997) (98). B. lllustrates
pneumococcal repeating units (RU) of both LTAs and WTAs main chain, with a 2-acetamido-4-amino-2,4,6-
trideoxygaalactose sugar (AATGal), glucose, ribitol phosphate (Rib-P) and two N-acetylgalactosamine (GalNAc) with
phosphorylcholine. Figure obtained from (97). Both figures adapted with BioRender (14).

Most details obtained on streptococcal cell wall structure comes from studies on S. pneumoniae.
Therefore, little information is available on the cell wall structure of S. dysgalactiae, which is the
organism that has been studied in the present work. It has however been reported by Czabanska et
al. (2012) that the LTA backbone of S. dysgalactiae has a poly(sn-glycerol-1-phosphate) (GroP)
structure with 37% substitutions at O-2 with D-Ala. A kojibiose-diacylglycerol lipid anchor was
also identified (101) (Figure 1.8). In addition, the species has a group C carbohydrate, where the

repeating unit of the backbone is rhamnose with GalNAc side-chains (102). More research has been
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performed on the related species S. pyogenes of which belong to the same pyogenic group as S.
dysgalactiae. The cell walls are composed of a peptidoglycan network identical to the
peptidoglycan description in section 1.4, with additional type-specific M, R and T proteins. The
stem peptides are also identical of what has been discussed, although a ratio of 10:1 lysine to
hydroxylysine has been found (78, 103). Furthermore, an indirect linkage sites necessary for cross-
linking occurs by an interpeptide bridge of the dipeptide L-alanyl-L-alanine (103). S. pyogenes as
GAS has a glycopolymer, instead of expression of a classical WTA, composed of a rhamnose
polysaccharide backbone with GIcNAc side-chain modifications on every a-1,2—linked rhamnose
(102). On the other hand, the LTAs have polyglycerol phosphate repeating units, where sugars and

D-alanine can be substituents (104).
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Figure 1.8: The lipoteichoic acids from S. dysgalactiae strain 2023. Its backbone chain consists of a poly(sn-glycerol-
1-phosphate) (GroP) repeating units with 37% substitution at O-2 with D-alanine. It also has a kojibiose-containing
anchor structure linked with diacylglycerol with the following structure a-D-Glcp-(1-2)-a-D-Glcp-(1-3)-1,2-diacyl-
sn-glycerol. It also has 28 repeating units of GroP within their LTA. Figure acquired from (101) and adapted with
BioRender (14).

1.4.3 CbpD*®P attacks the septum of target cells

It has been shown that pneumococci treated with CbpDSP specifically cause rupture at the cell
septum. CbpDSP uses its CBD to bind noncovalently to the choline-moieties of the TAs located at
the septum region of target cells, where it cleaves the septal cross wall (synthesized by the
divisome, PBP2x/FtsW) (73). How CbpDS" discriminates between TA in newly synthesized cell

walls and mature cell walls is not known. Similarly, it has been shown that LytF from S. gordonii
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also binds to the septum of target cells (68). A previous master’s degree thesis performed in the
Molecular Microbiology group explored the localization of CbpDSP from S. dysgalactiae, and
showed that also this fratricin localized to the septum of target cells (105). In summary, this
strongly suggests that the newly synthesized peptidoglycan layer serves as a substrate for these
lytic enzymes and that the domains, other than the CHAP domain, are important for recognizing
target cells and guiding the fratricins to the division zone. Evidently, TA is critical for septal
localization of CbpDSP, but whether TA is important for target recognition and septum localization
of LytF or CbpD®P is not known. Considering that the differences in TA structure between
streptococcal species correlates with production of a fratricin with different target recognition
domains, it is likely that TA is the key recognition molecule also for these. However, experimental

evidence for this is lacking.

23



1. Introduction

1.5 Aim of study

S. dysgalactiae is both an animal pathogen (SDSD) with potential to cause bovine mastitis, as well
as a human pathogen (SDSE) with potential to cause life-threatening toxic-like syndromes. An
increase in cases of infections by this species has been observed worldwide, with penicillin-
resistant bacteria and zoonotic diseases also reported. This combination therefore has the potential
to cause serious issues in the future if more patients are hospitalized and cannot be properly treated
with antibiotics due to the emergence of resistant strains. In light of the situation with pneumococci,
where natural transformation and fratricide are crucial for the spread of resistance genes and for
vaccine escape, it is critical to determine the potential of similar scenarios for this “new” pathogen
S. dysgalactiae. Since S. dysgalactiae has a CbpDSP fratricin with lytic activity that appears to be
competence regulated (having a SigX binding site in the Pepp®® promoter), fratricide could
potentially be an important mechanism for this bacterium to gain new traits. The current work was
therefore initiated to further characterize the S. dysgalactiae fratricin, where it is known that
CbpDSP causes lysis of target cells by its CHAP domain. Little is known about its conserved
domain, although it is believed to be involved in target cell recognition. Understanding the
biochemical properties of CbpD®P allows for better understanding of S. dysgalactiae evolution and
adaptability, as not much is known about its importance in becoming natural competent for genetic

transformation. This research has therefore focused on the following:

e Overexpress and purify different CopDSP versions from S. dysgalactiae subsp. dysgalactiae
strain MA201

e Study whether the conserved domain of CbpDSP alone accounts for septum binding

e Identify conserved amino acids in the conserved domain important for its function

e Study if CopD®P binds to teichoic acids

e Check if S. dysgalactiae strains are immune against CbpDSP activity
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2. Materials

2.1 Vectors and bacterial strains

Table 2.1: List of vectors used in this work, with a short description, variants and source of vectors also included.

recombinant proteins

Vector Description Variants? Source

PRSET A High-level expression vector for PRSET-A-cbpDSP, ampR Lab collection
recombinant proteins PRSET-A-sfgfp"-cbpD*P, ampR

PRSET A High-level expression vector for PRSET-A-chpDG302AG303A ampR This work

PRSET-A-cbpD®8%#, ampR
pRSET-A-sfgfp-cbpD#H2®, ampR
pRSET'A'ngfp'Cbp DASH3b, L300S, A3015’ ampR
PRSET-A-sfgfp-chpD4sH3b 302463034 ampR
PRSET-A-sfgfp-chpD4sHbQ829A ampR
PRSET-A-sfgfp-chpDASHWS5A ampR

a. ampR; ampicillin resistance

b. sfGFP = superfolder green fluorescent protein

Table 2.2: List of Escherichia coli strains used in this work, with characteristics and source of strain also included.

Source

Escherichia coli strain Characteristics

DH50 Parental strain: pRSET-A-ChpD®P vector, ampR
BL21 Parental strain: pRSET-A-CbpDSP vector, ampR

JAL DH50, pRSET-A-CbpDSP, ampR

JA2 BL21, pRSET-A-CbpDSP, ampR

JAG6 DH50, pRSET-A-sfGFP-ChpDSP, ampR

JAT BL21, pRSET-A-sfGFP-CbpDSP, ampR

JAS? BL21, pRSET-A-sfGFP-CbpDSP, ampR

JA9 DH50, pRSET-A-sfGFP-ChpDASH3® ampR

JA10 BL21, pRSET-A-sfGFP-CbpDASH, ampR

JA11 DH5a, pRSET-A-sfGFP-ChpDASH3b, G302A.G303A ampR
JA12 DH50, pRSET-A-sfGFP-ChpDASH3b. L300S, AS01S ampR
JA13 DH50, pRSET-A-sfGFP-ChpDASH3.W385A ‘ampR
JAL4 DH50, pRSET-A-sfGFP-ChpDASH3Q329A ampR
JA15 BL21, pRSET-A-sfGFP-ChpDASH3b G302A.G303A "gmpR
JA16 BL21, pRSET-A-sfGFP-ChpDAsHab. L3005, A301S ampR
JAL7 BL21, pRSET-A-sfGFP-ChpDASHIWIEA gmpR
JA18 BL21, pRSET-A-sfGFP-ChpDASH3.Q829A ampR
JA19 DH50, pRSET-A-ChpDG302AC303A ampR

JA20 BL21, pRSET-A-ChpDG302AG303A gmpR

JA21 DH50, pRSET-A-CbpD®©%°4, ampR

JA22 BL21, pRSET-A-ChpDCSA ampR

JA23 BL21, pRSET-A-CbpD A ampR

Invitrogen™
Invitrogen™
Lab collection
Lab collection
Lab collection
Lab collection
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

a. transformed vector from JA6 into BL21 again for verification
b. transformed vector from JA21 into BL21 again for verification
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Table 2.3: List of Streptococcus dysgalactiae subspecies dysgalactiae strains used in this work, with characteristics
and source of strain also included.

SDSD strain Characteristics Source
MA201 Parental strain: truncated ComR, isolated from cow, wt Norwegian Veterinary Institute
JA5 MA201, wt This work
MM352 Strain 015, AcbpD::spectinomycin, isolated from cow Lab collections
MM356 Strain 047, isolated from cow, wt Lab collections
2.2 Primers

Table 2.4: Overview of the primers used in this work, with primer sequence (5’— 3’) and source also included.
Primer name Sequence 5°—> 3’ Source

Primers for validation of cbpDSP and for use in sequencing

pPRSET (F)? AATACGACTCACTATAGGGAGA Invitrogen™
PRSET (R) CTAGTTATTGCTCAGCGGT Invitrogen™

Construction of sfgfp-chpD4SH3®

JAAL (F) AAAAAGACGGGGCAAAAAACAC This work
JAA2 (R) GTGTTTTTTGCCCCGTCTTTTTTACTGCTTCTTTAGAAACCTGTTG This work

Construction of sfgfp-chpD4SH3b, G302A.G303A g cphpDS302A G303A

JAA3 (F) GCTGCTGGCGCTACTTCTCTTAACTG This work
JAA4 (R) CAGTTAAGAGAAGTAGCGCCAGCAGCAGCTAGCTCCTCGCTAACTAATAG  This work

Construction of sfgfp-chpD#SH3b. L300S, A301S

JAAS (F) AGTAGTGGTGGGGGCGCTACTTCTC This work
JAAG (R) CAGTTAAGAGAAGTAGCGCCCCCACCACTACTCTCCTCGCTAACTAATAG  This work

Construction of sfgfp-chpD#4SH3b.W365A

JAAT (F) GCTTTAACTGCTGATAAAGCCTCTAAATTG This work
JAAS (R) TAGAGGCTTTATCAGCAGTTAAAGCTGTTCCACGTGATCCAATC This work

Construction of sfgfp-chpD45H3b.Q329A

JAA9 (F) GCTATTTTACAGGCCGGTGAGTTTTTTG This work
JAAL0 (R) AAACTCACCGGCCTGTAAAATAGCATTTCCTGCTTTTACTCCTTTAC This work

Construction of chpD®%A

JAALL (F) GCCACATCATTTGTCGCTTTCCGTC This work

JAA12 (R) GACGGAAAGCGACAAATGATGTGGCCTGACGAACATACATATTCCAG This work
a. (F) — forward primer, (R) — reverse primer
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2.3 Chemicals

Table 2.5: Overview of the various chemicals used in this work, with product number and supplier also listed.
Chemical? Product number  Supplier
Acetic acid, CH3COOH 100063 Merck
Acrylamide 4x (40%), CsHsNO A0962.1000 VWR
Agarose 15510-027 Invitrogen™
Agar powder 20768.292 VWR
Ammonium persulfate (APS), (NH4)2S20g 1610700 Bio-Rad
Bacto™ Yeast Extract 212750 BD Diagnostics
Brain Heart Infusion (BHI) Broth CM1135 OXOID
Bromophenol blue, C19H10Brs0sS 115-39-9 Sigma-Aldrich
Calcium chloride, CaCl; 102378 Merck
Coomassie brilliant blue, C37H34N2Na»09S3 20278 ThermoFisher Scientific™
Disodium phosphate (DSP), NazHPO. 106586 Merck
DL-Dithiothreitol (DTT), C4H1002S: D0632-10G Sigma-Aldrich
Ethanol (96%), C,HsOH 20824 VWR International
Ethylenediaminetetraacetic acid (EDTA), C1oH16N20g 108418 Merck
Glass beads, acid washed < 106 um (=140 U.S. sieve) G4649-100G Sigma-Aldrich
Glycerol 85%, C3HsO3 49781-1L Sigma-Aldrich
Hydrochloric acid fuming 37%, HCI 100317 Merck
2-iodineacetamid, C,H4INO 8047440025 Merck
Imidazole, CsHaN> 12399 Sigma-Aldrich
Isopropyl p-d-1-thiogalactopyranoside (IPTG), CoH1505S A1008.0005 PanReac AppliChem
Lithium chloride, LiCl L9650 Sigma-Aldrich
Magnesium sulfate, MgSQO4 2312982 Sigma-Aldrich
Monopotassium phosphate (MKP), KH2PO4 1.04873.1000 Merck
peqGREEN PEQL37-501 Saveen Werner
Potassium chloride, KCI 1.04936.1000 Merck
Sodium chloride, NaCl 27810.295 VWR
Sodium dodecyl sulfate (SDS), CH3(CH2)1:0SO3Na 05030 Fluka®
Sodium hydroxide, NaOH 1.06498.1000 Merck
Sucrose, C12H22011 102745C Sigma-Aldrich
N,N,N',N'-tetramethylethane-1,2-diamine (TEMED), CsH1sN> 1610800 Bio-Rad
Trichloroacetic acid (TCA), C,HCI30; 91699 Fluka®
Trizma® base C4H11NO3 SLBz4871 Sigma-Aldrich
Tween® 20, C58H114026 1706531 Bio-Rad

a. Chemicals for C-medium not included

2.4 Antibiotics

Table 2.6: Overview of the antibiotic used in this work, with stock solution, product number and supplier also listed.

Antibiotic Stock solution

Product number

Supplier

Ampicillin

100 mg/mL A9251

Sigma-Aldrich
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2.5 Enzymes, stains, size markers and nucleotides

Table 2.7: Overview of the various enzymes, stains, size markers and nucleotides used in this work, with product
number and supplier also listed.

Compound Product number Supplier

1 kb DNA ladder N3232 New England BioLabs®
Alkaline Phosphatase, Calf Intestinal (CIP) MO525S New England BioLabs®
Broad Range Protein Ladder P7719S New England BioLabs®
Deoxyribonuclease | from bovine pancreas DN25 Sigma-Aldrich

dNTPs (dATP, dGTP, dCTP, dTTP) NO0447 New England Biolabs®
HindlII1 restriction enzyme R0104S New England BioLabs®
Lysozyme human L1667 Sigma-Aldrich

Ndel restriction enzyme RO111S New England BioLabs®
Phusion® High-Fidelity DNA polymerase MO0530L New England BioLabs®
RedTaq 2x Master mix 1.5 mM MgCl, 52000300-1250 VWR Life Science
RNase A from bovine pancreas R6513 Sigma-Aldrich
SYTOX™ Green Nucleic Acid Stain S7020 Invitrogen™

Trypsin from porcine pancreas 93615 Sigma-Aldrich

Quick Ligase M2200L New England BioLabs®

2.6 Inducer peptides

Table 2.8: Overview of the inducer peptide used in this work, its amino acid sequence (N-terminal — C-terminal
direction), stock solution and supplier are also included.

Inducer peptide Amino acid sequence (N— C) Stock solution Source
ComS2 QVDWWRL 0.01 mg/mL Research Genetics, Inc
2.7 Kits
Table 2.9: Overview of the various Kits used in this work, with product name and supplier also included.
Kit Product number  Supplier
96-well polystyrene microtiter plates 82.1581.001 Sarstedt
E.Z.N.A. ® Plasmid DNA Mini Kit | D6943-02 Omega Bio-Tek
NucleoSpin® Gel and PCR Clean-up 740609.250 Macherey-Nagel®
Protino Ni-TED 150 kit in Mini format 745100.10 Macherey-Nagel®
Slide-A-Lyzer™ Dialysis Cassette G2 87730 ThermoFisher Scientific™
Spectra/Por molecularporous membrane MWCO 12-14.000 17127 Spectrum®
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2.8 Equipment

Table 2.10: Overview of the equipment used in this work, with model and supplier also listed.

Grinder and lysis system

FastPrep®-24

Equipment Model Supplier
Agarose electrophoresis system Mini-Sub Cell GT cell Bio-Rad
Chromatopgrahpy system AKTA pure 25L Cytiva
Electrophoresis chamber for

agarose gel Mini-Sub Cell GT Cell Bio-Rad

Gel imager | GelDoc-1000 Bio-Rad

Gel imager Il Azure Imager c400 Azure Biosystems

MP™ Biomedicals

Homogenesing system “Pressure cell” homogenizer SPCH-EP Stansted®

IMAC?column HisTrap HP precharged with nickel Cytiva

Microplate reader Hidex Sense Hidex Oy

Microscope LSM700 Zeiss

Microscope camera ORCA-Flash4.0 V3 Digital CMOS camera Hamamatsu Photonics K.K.
PCR machine ProFlex™ PCR system Applied Biosystems™
SDS-PAGE system Mini-PROTEAN® Tetra Handcast Systems Bio-Rad
Spectrophotometer | NanoDrop™ 2000 ThermoFisher Scientific™
Spectrophotometer Il GENESYS™ 30 Visible Spectrophotometer ~ ThermoFisher Scientific™
Spectrophotometer 111 Pharmacia type Novaspec Il Pharmacia

a. IMAC = immobilized metal affinity chromatography

2.9 Growth medium, buffers and solutions

Table 2.11: Overview of premade buffers used in this work, with product number and supplier also included.

Buffer

Product number

Supplier

NEBuffer™ 2.1 for restriction cutting

5x Phusion High-Fidelity reaction buffer B0518S
2x Quick Ligase reaction buffer

B2200S
B7202S

New England BioLabs®
New England BioLabs®
New England BioLabs®

2.9.1 Growth media

Lysogeny Broth (LB) medium

10 g/L NaCl, 10 g/L tryptone, 5 g/L yeast extract

Autoclaved.

LB agar (LA)

10 g/L NaCl, 10 g/L tryptone, 5 g/L yeast extract, 15 g/L agar powder

Autoclaved, cooled down to 55 °C and appropriate antibiotics added.
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Super optimal broth with catabolite repression (SOC) medium

20 g/L tryptone, 5 g/L yeast extract, 10 mM sodium chloride, 2.5 mM potassium chloride

Autoclaved, with 20 mM magnesium chloride and 20 mM glucose added afterwards.

C-medium

150 pL 0.4 mM MnClz, 1.5 mL 20% (w/v) glucose, 3.75 mL ADAMS III, 110 uL 3% (w/v)
glutamine, 2.25 mL 2% (w/v) Na pyruvate, 95 mL 1.5 M sucrose, 1.5 mL 2 mg/mL uridine
adenosine, 1.5 mL 8% (w/v) albumin/BSA, 3.75 mL yeast extract

Added to 150 mL pre-C medium and stored fresh at 4 °C. See appendix 1 for pre-C medium,
ADAMS |, ADAMS Il and ADAMS II1 recipes.

2.9.2 Buffers and solutions for agarose gel electrophoresis

6x DNA loading buffer
10 mM Tris-HCI (pH 8.0), 1 mM EDTA, 40% (w/v) sucrose, 0.01% (w/v) bromophenol blue.

50x Tris-acetate EDTA (TAE buffer)
242 g Tris base, 57.1 mL acetic acid, 100 mL 0.05 M EDTA (pH 8.0)
Volume adjusted to 1 L with dH-O.

1% agarose gel
0.5 g agar, 50 mL 1x TAE buffer, 1 pL peqGREEN

Heated until agar was dissolved and then added peqGREEN.

1 kb DNA ladder
10 pg 1kb ladder, 75 pL 10x loading buffer
Adjusted to 750 pL using dH20 and stored at 4 °C.

2.9.3 Buffers and solutions for sodium dodecyl sulfate-polyacrylamide gel electrophoresis

2x SDS sample buffer

0.125 M Tris-HCI (pH 6.8), 4% (w/v) SDS, 0.2 M DTT, 20% (v/v) glycerol, 0.01% (w/v)
bromophenol blue

Stored at 4 °C.
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10x SDS running buffer
144 g glycine, 30.2 g Tris base, 1% (w/v) SDS

dH20 was added to a final volume of 1 L.

12% Separation gel

4.3 mL dH20, 2.5 mL 1.5M Tris-HCI (pH 8.8), 0.1 mL 10% (w/v) SDS, 3.0 mL 40% acrylamide
+ 0.8% "bis -acrylamide, 0.1 mL 10% (w/v) APS, 0.005 mL TEMED

Mixed all reactants together, except from APS and TEMED which was added last, right before

casting the gel.

4% Stacking gel

3.15 mL dH20, 1.25 mL 0.5M Tris-HCI (pH 6.8), 0.05 mL 10% (w/v) SDS, 0.5 mL 40%
acrylamide + 0.8% "bis -acrylamide, 50 pL bromophenol blue, 0.05 mL 10% (w/v) APS, 0.005
mL TEMED

Mixed all reactants together, except from APS and TEMED which was added last, right before

casting the gel.

Coomassie blue stain
0.1 g 0.1% (w/v) Coomassie Brilliant Blue, 250 mL 50% (v/v) ethanol, 37.5 mL 7.5% (v/v) acetic

acid

dH>0 was added to a final volume of 500 mL.

Destainer solution
50 mL (v/v) acetic acid, 50 mL (v/v) ethanol
dH20 was added to a final volume of 400 mL.

2.9.4 Buffers and solutions for His-tag purification by immobilized-metal affinity
chromatography

Buffer A
20 mM Tris-HCI (pH 7.4), 500 mM NaCl, 20 mM imidazole.

Buffer B
20 mM Tris-HCI (pH 7.4), 500 mM NaCl, 500 mM imidazole.
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Tris-buffered saline (TBS)
10 mM Tris-HCI (pH 7.4), 150 mM NacCl.

2.9.5 Buffers for microscopy

Phosphate-buffered saline (PBS)
8 g NaCl, 0.2 g KCl, 1.44 g NazHPO4, 0.24 g KH2PO4
The components were dissolved in 800 mL dH-O and pH was adjusted to 7.4. dH>0O was then added

to a final volume of 1 L.

1.2% agarose gel in PBS

0.24 g certified molecular biology agarose, 20 mL PBS

Dissolved by heating in a microwave oven and stored at 55 °C until use.

PBS + Tween 20
0.05% (v/v) Tween-20 in PBS.

2.9.6 Solutions and buffers for competent cell preparation

0.1 M CaCl,
Sterile filtered using a 0.2 pum filter.

15% glycerol with 0.1 M chloride
30% glycerol, 0.2 M calcium chloride dihydrate

Equal parts mixed.

2.9.7 Other solutions

1 M Tris-HCI buffer

121.14 g Tris base

The components were dissolved in 200 mL with dH20 and adjusted to pH 7.4 by HCI. dH20 was
then added to a final volume of 250 mL.

100 mM isopropyl-B-D-thiogalactoside (IPTG)
Sterile filtered using a 0.2 um filter.

32


https://www.sigmaaldrich.com/US/en/product/roche/iptgro

3. Methods

3. Methods

3.1 Growth and storage of Escherichia coli and Streptococcus dysgalactiae
Escherichia coli parental strains BL21 and DH5a and Streptococcus dysgalactiae parental strains

MAZ201, 015 and 047 were used for the several experiments conducted in this work.

The E. coli strains (Table 2.2, section 2.1) were grown under aerobic conditions at 37 °C, either in
a lysogeny broth with shaking (200 rpm) or on lysogeny agar plates prepared with 1.5% (w/v) agar.
Both LB medium and LA plates were supplemented with ampicillin (100 pg/mL) for correct
selection of transformants. The S. dysgalactiae strains (Table 2.3, section 2.1) were either grown
in BHI medium or C-medium at 37 °C without shaking. Moreover, glycerol stocks of all bacteria
were made by adding a final concentration of ~15 % (v/v) glycerol to a log-phase culture. These
were then stored at -80 °C. Start cultures of S. dysgalactiae were made and stored the same way.

For short-term storage, the E. coli culture tubes or plates were kept and stored at 4 °C.

3.2 Plasmid isolation

Bacterial plasmids are independently replicating pieces of extrachromosomal circular DNA of
varying lengths, often carrying beneficial genes such as antibiotic resistance. These plasmids are
taken advantage of in several ways for different purposes as they can be used as tools for cloning
and manipulation of genes, and are therefore often experimentally referred to as vectors (106). By
transformation, these vectors can then be introduced into bacteria (section 3.7) and copied into
larger quantities following bacterial division. For this project, the pRSET A vector was used as a
high-level expression vector to overexpress genes (i.e., cbpDP) in E. coli BL21, in order to produce

recombinant proteins necessary for the present work (section 3.9) (107).

The pRSET A vector was isolated from E. coli. DH5a, using the E.Z.N.A.® Plasmid Mini Kit I
(Omega Bio-tek) which features a chaotropic salt-based silica column for purification. Following
the manufacturers protocol, E. coli cells were harvested from 1-5 mL cultures by centrifugation at
4000 x g for 5 minutes. The supernatant was discarded, and the acquired pellet was resuspended in
250 pL Solution I (resuspension buffer), which contains ribonuclease A (RNase A) to eliminate
any RNA contamination. The mixture was then transferred to a clean 1.5 mL microcentrifuge tube,
followed with further lysis by the addition of 250 pL Solution Il (alkaline lysis buffer). After

inverting the tube gently and observing a clear lysate, 350 ul solution III (neutralization buffer)
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was added to neutralize the acidic pH. This caused precipitation of cellular debris with
chromosomal DNA and proteins, while the vector DNA remained in the solution. The precipitated
debris was pelleted at 20,000 x g for 10 minutes, and the cleared supernatant was transferred to an
equilibrated HiBind® DNA Mini Column (50 pl Equilibrium Buffer). The column contains a silica
membrane constituting the DNA binding technology, so that after the addition of 500 uL HBC
buffer to the sample, the water molecules capability of keeping the DNA soluble is reduced due to
high salt conditions. This allows the negatively charged phosphates in the DNA-backbone to bind
to the net positively charged hydrogen atoms of the hydroxyl group in the silica membrane instead.
The bound plasmid was then washed with 700 uL DNA Wash Buffer. To remove any residual
ethanol left over from the wash buffer, the column was dried by centrifugation at maximum speed
for 2 minutes. The column was transferred to a clean 1.5 mL microcentrifuge tube, and the plasmid
was eluted using 30-40 uL Elution Buffer (low salt) followed by incubation at room temperature
for 1 minute and centrifugation. The concentration of the isolated plasmid was determined using
the NanoDrop™ 2000 before being stored at -20 °C (section 3.3).

3.3 Quantification of DNA and proteins

Microvolume quantification of DNA and proteins was done using the NanoDrop™ 2000
(ThermoFisher Scientific™) spectrophotometer. For DNA, the spectrophotometric analysis is
based on the principle that nuclei acids absorb ultraviolet (UV) at a wavelength of 260 nanometers
(nm), where the amount of light absorbed is proportional to the concentration of DNA in the
sample. On the other hand, determination of protein concentration is performed by measuring
absorbance at 280 nm, and is based on the absorbance of UV light by the aromatic amino acids
tryptophan (W) and tyrosine (Y) as well as disulphide-bonded cysteine residues (108). The
ProtParam tool (109) was employed to calculate the theoretical molecular weight (kDa) and the
molar extinction coefficient (g) of various CopDSP protein sequences, with the latter being the
weighted sum of the 280 nm molar absorption coefficients of the three mentioned amino acids (1.1)
(110, 111).

€ = (nW x5500) + (nY x 1490) + (nC x 125), (1.1)

The factor n is the number of each type of residue (Trp, Tyr and Cys) per molecule of protein, and
the stated values are the amino acids molar absorptivities at 280 nm. In light of this and utilizing

Beer’s law, absorbance (Azso) of a sample is dependent on the molar extinction coefficient (g), the
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molar concentration (c) and the light path length in centimeters (L) which is usually assumed to be

equal to one, resulting in the following formula (1.2) (110, 111).
A\ = ecL (1.2)

The NanoDrop™ utilizes this formula to calculate the protein concentration (c) in mg/mL when
given the molecular mass and extinction coefficient of the protein. Two pL of the sample was
pipetted directly onto the pedestal of the instrument, and concentration of either nuclei acids (in
ng/mL) or proteins (in mg/mL) of the samples were readily available.

3.4 Polymerase chain reaction

The polymerase chain reaction (PCR) is a revolutionary in vitro technique used to amplify a stretch
of distinct DNA sequence, where it can amplify infinitesimally small amounts of DNA into
quantities amenable for analysis (112). These DNA amplicons are subsequently used in various
ways, for instance for sequencing, visualization by gel electrophoresis or for cloning into a plasmid,
making it an indispensable and versatile tool in modern molecular biology. The fundamental
principle of PCR is the use of a DNA polymerase to amplify the DNA sequence by using a pre-
existing DNA molecule (112, 113). The Norwegian researcher Kjell Kleppe demonstrated the
principle of PCR in 1969 at a The Gordon Conference and published its practical use in 1971 (114),
but in lack of a DNA polymerase surviving the heating steps required to melt DNA in a PCR
reaction, he had to add new enzyme for each cycle. The method was further developed in the 1980s
by Kary B. Mullis, who instead used a thermostable DNA polymerase acquired from the
thermophilic bacterium Thermus aquaticus. The DNA strands could therefore be synthesized
repeatedly, paving the way for the development of fully automated PCR using thermocyclers (115,
116). The PCR reaction requires other essential components as well: DNA serving as the template,
primers and the four deoxynucleotide triphosphates (ANTPs) dATP, dCTP, dGTP and dTTP (117,
118). Primers are short oligonucleotides used to specify the DNA sequence to be amplified and
must be sequence complementary to the desired target DNA, where both a forward and reverse

primer are necessary for flanking the target region (113).

PCR consist of a three-step cycle of thermal denaturation of the dsDNA, annealing of primers to
target sequence and extension performed by the thermostable DNA polymerase from the 3’-OH

ends of primers. These steps constitutes only one cycle, but where for each cycle the PCR product
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is doubled and is usually repeated 25-30 in order to yield millions copies of identical DNA (118).
Primers and the dNTPs will become depleted, as well as that the number of DNA templates exceeds
the polymerase supply, causing the DNA synthesis to become less efficient if the cycles are

repeated far over 30 cycles (116).

The first step of the PCR cycle involves separating the DNA strands by heating the mixture to 94-
98 °C. At this temperature range, the hydrogen bonds between the complementary base pairs of the
two DNA strands become separated, causing denaturing of the DNA molecule into single strands
(118, 119). During the second step of the cycle, lowering the temperature to between 50-72 °C
allows for annealing of the primers to their respective complementary sites on the single stranded
DNA molecule (119). Primer design is an important aspect of PCR, where primer length and
sequence composition needs to be considered. Primers usually consist of 18 to 22 nucleotides as
this lowers the probability of a primer binding to a random sequence. In regard to the primer
sequence, the primers melting temperature (Tm) needs to be calculated and refers to when half of
the primer is hydrogen bonded to the DNA sequence and the other half is not. This is influenced
strongly by both G/C content and length (112). Too low Tm can result in non-specific annealing,
and if too high, may result in no annealing of the primers to the template (120). In this work, the
primers were designed to have a Tm between 60-65 °C. Finally, in the extension phase, the
temperature is raised to 72 °C which is the optimal working temperature for the DNA polymerases
used in this work (Phusion® and RedTag®). The polymerase can thereby synthesize a new
complementary DNA strand in a 5° — 3’ direction from the free 3> OH end of the primers. The
synthesized extension product produced at the end of this cycle is used as a template for subsequent
cycles, where theoretically one template molecule is amplified at the rate of 2" (n = the number of
cycles). This produces the exponentially growing population of identical DNA molecules (118,
119). Figure 3.1 illustrates the three-step cycle of PCR, with a denaturing step, annealing step and
finally an extension step where for each step the typical temperature ranges are given. Figures 3.2
and 3.3 displays the specific temperatures and durations applied in this work, respectively for each
DNA polymerase used. The PCR conditions are optimized for each DNA template and primer pairs
used (116).
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Figure 3.1: A general schematic representation of the three-step cycle of PCR, where the double-stranded DNA is
displayed in a red and blue, the primers in orange and the free dNTPs in grey. Denaturation (1) occurs first and cause
the DNA molecules to separate into two separate single-stranded DNA molecules. This occurs due to the high
temperature disrupting the hydrogen bonds between the complementary base pairs of the opposite strands (94-98 °C).
Next is the annealing (2) of the synthetic oligonucleotide primers to the 3* end of the complementary sites of each
DNA strands at temperatures 50-72 °C. This allows elongation (3) by the DNA polymerase, where its optimal
temperature is usually 72 °C, by adding these free dNTPs to the free 3° OH end of each primer. Theoretically, for each
cycle, the number of double-stranded DNA should double. Figure adapted from BioRender (14).

The Phusion® High-Fidelity (HF) DNA polymerase (New England BioLabs®) and the RedTaq®
DNA polymerase (WVR Life Sciences) were the two DNA polymerases used throughout this work.
The Phusion® DNA polymerase was used when precise accuracy of the PCR product was necessary
(e.g., sequencing and cloning), as it has a 50X higher fidelity than RedTaqg® due to its unique
structure: a Pyrococcus-like enzyme fused with a processivity-enhancing domain. This confers the
polymerase with a 3> — 5’exonuclease activity and provides it with speed (30 seconds per kilobase)
(121). RedTag®, on the other hand, lacks this proofreading ability and was primarily used for
screening colonies when the fidelity was not as important. It also has lower speed, with

approximately one min per kilobase (112).

Tables 3.1 and 3.2 displays the various components for PCR either with the Phusion® HF

polymerase or the RedTag® polymerase, respectively. The RedTag® polymerase comes as a
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ReadyMix™ which contains a reaction buffer with MgClz, dNTPs, the Tag polymerase and a 2x
loading dye. Primers, DNA template and dH2O were the only components needed to be added
separately. On the other hand, the Phusion® HF polymerase does not come as a ready master
mixture, and a 5x Phusion® HF buffer, dNTPs and Phusion® HF polymerase must be added
separately, in addition to the primers, DNA template and dH20. A 6x loading dye is also added
after PCR amplification, before being loaded onto the agarose gel (section 2.9.2). The appropriate
primers are listed in Table 2.4 in section 2.2.

Table 3.1: Components required for the Phusion® High-Fidelity polymerase PCR. The various components are listed

on the left-hand side of the table, with the final concentration or volume for the corresponding component found on
the right-hand side of the table. The final volume for this PCR-setup was 50 L.

Components for Phusion® PCR Final concentration/ volume

5x Phusion® High Fidelity Buffer? 1x

10 uM Primer F 0.5 pM

10 uM Primer R 0.5 uM

10 mM dNTPs 200 uM

DNA template <250 ng

Phusion® HF polymerase 1 unit/50 pL PCR

dH,0 Adjust to a final volume of 50 uL

Final volume of 50 pL

a. The 5x Phusion® High Fidelity buffer contains 1.5 mM MgCl: (121).

Table 3.2: Components required for the RedTag® PCR. The various components are listed on the left-side of the table,
with the final concentration or volume for the corresponding component found on the right-side of the table. The final
volume for this PCR-setup was 10 uL.

Components for RedTag® PCR Final concentration/ volume

2x RedTag® ReadyMix™ PCR reaction mix? 1x

10 pM Primer F 1uM

10 pM Primer R 1uM

DNA template 1uL

dH20 Adjust to a final volume of 10 pL
Final volume of 10 pL

a. Contains a RedTaq reaction buffer (Tris-HCI pH 8.5, (NH4)2SO4, 3.0 or 4.0 mM MgCI2, 0.2 % Tween®), 0.4 mM of each dNTP,
0.2 units/uL VWR Taq polymerase and 2x red dye (122).

Figure 3.2 displays the thermocycling conditions when the Phusion® HF DNA polymerase was
utilized for PCR. The three-step cycle is consistent of what was previously mentioned, with a
denaturation step, an annealing step and an elongation step. Additionally, it should also be

recognized that an initial denaturation step and a final elongation step also occurs, but only for a
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single cycle (x 1). The temperature and duration of each step is displayed, with an indefinite hold
at 4 °C to allow the preservation of the samples in the end. The conditions displayed here are
adjusted after the length of the DNA template and the Tn of the primers, where the annealing

temperature is set 2 °C below.

x1 1 X 25-30 I X1
| |
o I o I
98 °C 98 °C
I I
I 72 °C | 72 °C
Initia | Denaturation ° -
denaturation 30 sec 58-63 °C Final
2-8 min | | elongation
1 Annealing I 5-10 min o
30 sec 4 °C
Hold
o]

Figure 3.2: The standard program for Phusion® High Fidelity DNA polymerase PCR, with an initial denaturation,
denaturation, annealing, elongation, final extension and a hold step. Each step of the program is given a colour which
corresponds to the description and duration of the step underneath. Above each step, the temperature is also displayed.
The number of cycles are listed on top, as indicated by the x. The conditions are affected by both the length of the
DNA template, efficiency of the polymerase, as well as the Tr, of the primers.

Figure 3.3 displays the thermocycling conditions when the RedTaq® DNA polymerase was utilized
for PCR. Similarly for the Phusion® PCR, an additional pre-denaturation and final extension steps
are also included and only occurs as a single cycle. The temperature and duration of each step is
also displayed, with an indefinite hold for 4 °C in the end for preservation. The conditions displayed

here are adjusted after the length of the DNA template and the Tm of the primers.

x1 1 x 35 I x 1
| |
o I [] I
95°C 95 °C
1 |
| 72 °C | 72 °C
Pre | Denaturation o |_
denaturation 30 sec 58-63 °C Final
5-10 min | I extension
I Annealing I 5 min o
30 sec 4 °C
Hold
o

Figure 3.3: The standard program for RedTaq® DNA polymerase PCR, with a pre-denaturing step, denaturing step,
annealing step, elongation step, final extension step and finally a hold. Each step of the program is given a colour
which corresponds to the description and duration of the step underneath. Above each step, the temperature is also
displayed and the number of cycles (indicated by the x). The conditions are affected by both the length of the DNA
template, efficiency of the polymerase, as well as the T, of the primers.
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3.4.1 Colony PCR

Colony PCR was used as a method of rapid screening of bacterial colonies in order to confirm the
presence of correct construct after a transformation into E. coli (123) (section 3.7). The primer pair
used for colony PCR anneal to sites flanking the insert and gave a PCR product of known size if

the desired construct was present (Table 2.4, section 2.2).

After a transformation and visible growth of colonies on the LA plate, a sterile toothpick was used
to pick an E. coli colony. The toothpick was tapped two times at the bottom of an empty sterile
PCR tube to leave a footprint of cells before it was transferred to a culture tube containing
appropriate growth medium and ampicillin (100 pg/mL). 10 uL RedTag® PCR mixture was then
added to the PCR tube (see Table 3.2), which was placed directly into the PCR thermocycling
machine (ProFlex™ PCR system, Applied Biosystems™) with an extended duration of the pre-
denaturation step to 10 minutes. It was also possible to lyse the E. coli colony in 10 pL dH2O with
microwaving at max for 2 minutes, though this was not done very often. These heating steps were
necessary to release the plasmid from the bacterial cells, which was then used as template for PCR.
The standard thermocycling conditions for the RedTag® screening can be found in Figure 3.3.
Lastly, the PCR products were visualised and verified using agarose gel electrophoresis (section
3.5).

3.4.2 Overlap-extension PCR

Overlap-extension PCR (OE-PCR) is a variation of PCR, which can be used for site-directed
mutagenesis of a DNA sequence or fusing DNA fragments not normally next to each other (112,
124). The most crucial part of OE-PCR is the use of overlapping primers, meaning they have a 5’
overhang complementary to the end of the DNA fragment to be fused with or also contains a site-
directed mutation (125). In this work, OE-PCR was employed in order to introduce site-directed
mutations of cbpDSP and sfgfp-cbpD®P and removal of the DNA sequence encoding the SH3b-
domain of sSfGFP-ChpDSP. The Phusion® HF DNA polymerase was made use of in amplifying the
DNA fragments, with components necessary for the PCR reaction mixture presented in Table 3.1

and the thermocycling conditions presented in Figure 3.2.

OE-PCR is a two-step process (Figure 3.4), where the first step, by two parallel PCR reactions,
creates intermediate PCR fragments (AB and CD) having sequence overlaps so that the 3* end of

one fragment (AB) overlaps at the 5° end of another fragment (CD). In the second step of OE-PCR,
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the fragments are used as template and will hybridize at their overlapping, complementary regions.
The overlaps of each strand can thereby serve as “oversized” primers for extension by the Phusion®
DNA polymerase, resulting in the hybrid gene product (AD). By including the forward and revers
primer flanking PCR products 1 and 2, the fused PCR product can be amplified by conventional
PCR. Finally, the product is visualised, verified and separated by gel electrophoresis (section 3.5),

and purified using the NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel®) (section 3.5.2).

a-—» C—
| | . |
'_\b +«—d
1 PCR #1
AB Primers a+h, c+d
| - -
| |
\ /  PCR#2
q . AB Primers a+d
l | >
< |
CcD «—d
l 1 ]
AD

Figure 3.4: Schematic overview of OE-PCR, which is a two-step PCR process. In the first step of PCR (PCR #1), the
intermediate PCR products AB and CD are created, where AB fragment has an overlapping region with fragment CD
due to the use of overlap primer b (red tail) with 5> overhang complementary to the 3’ end at the other fragment. In the
next step, AB and CD fragments are used as templates, and hybridize together in order to serve as primers for Phusion®
DNA polymerase. Primers a and d are also included to amplify the final hybridization product AD. Created with
BioRender (14).

3.4.2.1 SH3b domain deletion

In this work, as already mentioned, OE-PCR was used to remove the SH3b encoding domain
positioned between the sfgfp and the cbpD coding sequences, giving rise to sfgfp-cbpD45H3 (Figure
3.5). The pRSET A vector with the sfgfp-cbpD®P coding sequence was used as template, along with
flanking primers pRSET(F)+pRSET(R) and internal primers JAA2+JAAL. See section 2.2, Table
2.4 for primer sequences. In the first step of OE-PCR, a reverse primer (JAA2) complementary to

sequence sfgfp and with a 5> overhang was used in order to create the complementary junction
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between sfgfp and the conserved domain coding sequence of cbpD. This made it possible in the
next step of OE-PCR for fusion of the sfgfp amplicon and the cons.dom®®PP-SP | thereby allowing
extension by Phusion® DNA polymerase. Two flanking master primers were also used to mark the

5” ends of all strands and amplify the final hybridization product sgfp-cbpD4SH®,

pPRSET(F) — JAAT —»
| SfGFP [ SH3b | Conserved domain |
+— pRSET (R)
JAA2
PCR #1
Primers pRSET(F)+JAA2,
PRSET(R)+JaA1
sfGFP | | | Conserved domain
PCR #2
PRSET(F) —» Primers pRSET(F)+pRSET(R)
| sfGFP [ | e -
e Conserved domain |
«— pRSET (R)
sfGFP | Conserved domain |

Figure 3.5: Schematic overview of overlap-PCR when used for fusing DNA sequences not normally next to each
other, in this case removing the SH3b encoding domain (187 bp). Primers are displayed as arrows, pointing ina 5” —
3’ direction and the different colored boxes indicate the DNA sequences of sfgfp-cbpD (1371 bp). In the first step of
PCR, amplification of the sfGFP coding sequence (744 bp) and amplification of the part in cbpD encoding the
conserved domain (360 bp) occurs in two parallel reactions. The sfGFP amplicon has a complementary region at the
3’ end due to the reverse primer with 24 bp 5” overhang (JAAZ2, red tail) complementary to the forward primer (JAAL).
The two fragments are combined in a single PCR reaction and will thus anneal at their complementary regions. This,
in combination with the outside flanking primers pRSET(F) and pRSET(R), creates the hybridization gene product
sfgfp-cbpD45H3, Created with BioRender (14).

3.4.2.2 Site-directed mutagenesis of CbpDSP and sfGFP-CbpDSP

OE-PCR was also employed to create two point-mutated versions of CbpDSP (CbpD®®** and
CbpDG302AC303AY - and  four point-mutated  versions of sfFGFP-CbpDAS"%®  (sfGFP-
CprASH3b,LSOOS,A3OlS1 SfGFP-CbpDASHgb’G302A’G303A, SfGFP-CprASHgb’Q329A, and SfGFP-
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ChpDASH3bWSESAY - Sjte-directed mutagenesis involves introducing nucleotide alterations into the
target sequence by changing specific DNA bases, e.g., altering specific codons to change one or
more amino acids in a protein sequence. The OE-PCR principle remains the same, although the
reverse internal primer with the overhang carries the mutation of interest, in addition to being
complementary to the forward primer of the next fragment in order to create these overlapping
junctions. The next step of OE-PCR can then occur, with the amplicons of the previous step
annealing at their complementary regions and become extended by the Phusion® DNA polymerase.
Flanking master primers pRSET(F) and pRSET(R) were yet again utilized to amplify the fused
recombinant DNA fragment.

3.5 Gel electrophoresis

Gel electrophoresis is a crucial tool for separating, visualizing and purifying DNA, RNA and
proteins by primarily their intrinsic electrical charge and secondarily by their size and shape when
applied to a porous gel matrix and subjected to an electrical field (118, 126). This method was
developed by Arne Tiselius, who saw that molecules would migrate along an electric field if an
electrical charge was laid over a sheet of damp paper with a solution containing some electrically
charged molecules (127). It has since, conceivably, become the most widely used physical method
in molecular biology. The gel material for electrophoresis in the present work consisted either of
agarose or polyacrylamide, depending on the particles to be analyzed. Agarose gel electrophoresis
was used to separate and visualize DNA molecules, whilst sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) was used to separate and visualize proteins. A description of
SDS-PAGE can be found in section 3.10.

3.5.1 Agarose gel electrophoresis

Agarose gel electrophoresis, as previously mentioned, is used for separating various DNA
fragments of different sizes. The agarose used is a linear polymer consisting of repeating units of
agarobiose isolated and purified from certain red seaweeds (128, 129). When the agarose is heated
up in a buffer and set to cool in a process of gelation, the agarose polymers will associate non-
covalently and form a molecular sieve of various sized pores. In order to separate the DNA, the
sample(s) is loaded into pre-cast wells found at the top of the gel and an electric current is applied.
Since DNA has a uniform mass/charge ratio as the phosphate backbones are negatively charged at

physiological pH, the molecules will collectively migrate towards the positively charged anode at
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the other end of the gel. The distance the DNA fragment have travelled is inversely proportional to
the log of its molecular weight, meaning that smaller DNA fragments travel faster through the gel
than larger ones (129). In this research, the fluorescent dye peqGREEN was also used to visualize
the DNA after separation and was added to the gel right before casting. When bound to DNA, the
dye will fluoresce under UV light (130).

In this work, a 1% (w/v) agarose gel was used, with the recipe found in section 2.9.2. After mixing
the agarose with 1x TAE (40 mM Tris-Acetate, 1 mM EDTA), the mixture was brought up to a
boil by a microwave with some pauses throughout to swirl and allow the components to mix well.
When the agarose had completely dissolved, the flask was cooled to approximately 65 °C. The
agarose mixture was not cooled enough to allow for gelation, but rather to avoid bending the gel
casting tray. After some swirls under cold water, pegGREEN (1 uL/50 mL) was added into the
flask and the solution was poured into a cast. Appropriate combs were also placed in the gel to
create the wells. After firming up by allowing it to set at room temperature, the combs were
removed and the gel was moved to a gel electrophoresis chamber filled with TAE buffer. The
samples were finally applied onto the gel within each well. In this work, only PCR products and
restriction cut fragments were separated by gel electrophoresis. For screening of PCR products,
where the RedTaqg® polymerase was used, no loading dye had to be used as it was already present
in the PCR mix. PCR products produced by the Phusion® HF polymerase, however, had to have a
6x loading buffer mixed with it, resulting in a final concentration of 1x. The loading buffer contains
sucrose which raises the density of the DNA sample and allows it to sink to the bottom of the well,
as well as bromophenol blue to make the sample visible under application to the gel (section 2.9.2).
A 1 kb DNA ladder with DNA fragments of known sizes (0.5 kB to 10 kB) was also applied to one
of the wells (5 pL), in order to estimate the sizes of the DNA fragments of the sample. The
electrophoresis was performed at 90 V for 20-25 minutes in a Mini-Sub Cell GT Cell (Bio-Rad) to
allow the DNA fragments to separate. Lastly, the fragments were visualised under UV light in the
GelDoc-1000 (Bio-Rad).

3.5.2 PCR clean-up and extraction from gel
PCR products and other DNA fragments were cleaned free from primers, dNTPs, polymerase

enzymes, salts or restriction enzymes, in order to be used for further work (i.e., restriction digestion,
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ligation, sequencing or OE-PCR). This was done using the Nucleospin® Gel and PCR Clean-up kit

by following its user manual.

If the whole PCR product was loaded onto the gel, the correct DNA band was excised from the
agarose gel visualised by UV light, by using a clean scalpel. The gel piece was then dissolved in
NTI buffer (~200 pL buffer per 100 mg agarose gel) at 55 °C for 5-10 minutes and transferred to
a Nucleospin® Gel and PCR Clean-up Column. For screening, only a small amount of the PCR was
necessary to load into the gel. The NTI buffer was therefore directly added to the PCR sample (2-
3x the PCR sample volume), and then transferred to the Nucleospin® column. The column was
subsequently centrifuged at 11,000 x g for 30 seconds, allowing the DNA to bind to the silica
column due to the presence of chaotropic salts in the NTI buffer (as described in section 3.2). The
silica membrane was washed with 700 pL buffer NT3 by centrifugation to remove any
contaminations, followed with yet another centrifugation to remove any residual ethanol. Lastly,
the Nucleospin® column was placed in a clean 1.5 mL Eppendorf tube and the DNA was eluted
with 15-30 pL of the slightly alkaline buffer NE (5 mM Tris-HCI, pH 8.5). The column was
incubated at room temperature for one minute and then centrifuged. The Nanodrop™ 2000 was
used to measure the concentration of the eluted DNA (section 3.3), and then stored at -20 °C until

further use.

3.6 Restriction digestion and ligation

In DNA cloning, restriction digestion and ligation are widely used to insert a piece of DNA into a
vector that can then be transformed into an appropriate bacterium to produce several copies. This
is possible as the DNA fragment to be inserted (insert) and the receiving vector (backbone) has to
be cut with compatible restriction enzymes in two separate reactions (Figure 3.6). Restriction
enzymes are proteins produced from different bacterial species to protect them from DNA deriving
from other organisms or phages by cutting their sequence (118). These enzymes can be isolated
from the bacterial cells to be used as an indispensable tool in the laboratory for recombinant DNA
technology by taking advantage of their specific recognition sites. Several different restriction
enzymes have been identified, where each recognizes a specific non-methylated palindromic
sequence of either four, six or eight DNA bases (112). When the restriction enzyme recognizes a
sequence, it cuts the DNA by catalyzing hydrolysis of covalent phosphodiester bonds between

adjacent nucleotides, producing patterns of either blunt or sticky ends. Sticky ends means that the
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ends of the dsSDNA molecule have unpaired single-stranded overhangs, which can usually reattach
to other ends by forming hydrogen-bonded base pairs with other complementary sticky ends of
DNA molecules cut by the same enzymes. In principle, this means that the DNA fragment to be
inserted and the vector has to be cut with the same restriction enzyme to generate compatible sticky
ends. However, these associations are only temporary but can be made permanent when the enzyme
DNA ligase catalyzes the formation of covalent bonds that close up the sugar-phosphate backbones
of adjacent DNA strands. This produces the recombinant vector (112, 118).

In this work, the restriction enzymes Hindlll (5° A*AGCTT 3’, 4 bp overhang) and Ndel (5’
CA*TATG 3’, 2 bp overhang) (New England BioLabs®) were used for cutting the cbpDS® and
sfgfp-cbpD®P fragments and the pRSET A vector. They both belong to the Type Il restriction
enzymes, meaning that they cut the DNA in the middle of its recognition site and produce sticky
ends (112). In addition, the Ndel restriction site includes the ATG start codon for protein translation
and therefore cause ligation of the start of the gene, which is useful for expression of the constructs
produced throughout this work. A standard restriction digestion reaction for this work is found in
Table 3.3. The DNA (insert or backbone) to be digested was mixed with NEBuffer™ 2.1 (New
England Biolabs®), the restriction enzymes Hindlll and Ndel and dH>O. The reaction was then
incubated at optimal temperature for 1-2 hours, which in this work was in a 37 °C water bath for 1
hour and 30 min. In addition, for the reaction containing the destination vector, the component CIP
(Alkaline Phosphatase, Calf Intestinal) had to be added into the mixture after 1 hour into the
incubation and with 30 minutes remaining. CIP dephosphorylates the 5° ends of DNA
phosphomonoesters, thereby preventing the possibility of self-ligation of the vector. In order to
confirm correct restriction cutting, it was verified by gel electrophoresis, cut directly from the gel
and purified with the NucleoSpin® Gel and PCR Clean-up kit (section 3.5.2).
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Table 3.3: The components necessary for a standard restriction digestion in this work, with final concentration/volume
also included. Only restriction enzymes HindlIl and Ndel were used.

Components Final concentration/volume
DNA 1pg

Restriction enzyme HindlIlI 1uL

Restriction enzyme Ndel 1uL

10x restriction buffer? 1x

Alkaline Phosphate, Calf Intestinal (CIP)? 1uL

dH,0 X uL

Final volume of 40 pL.

a. 1x NEBuffer™ 2.1 contains 50 mM NaCl, 10 mM Tris-HCI, 10 mM MgClz and 100 ug/mL BSA, pH 7.9. Supplied as a 10x
concentrated stock (131)
b. CIP was added as a component when restriction digesting the pRSET A vector

For ligation, the purified restriction cut DNA fragment and vector backbone were mixed together,
along with a 2x Quick ligase reaction buffer (New England Biolabs®), Quick Ligase™ (New
England Biolabs®) and dH20. An excess of the DNA insert (3:1 in molar) is necessary to ensure
proper incorporation of the insert into the vector. The ligation was brought by the Quick Ligase™
which catalyzes the formation of covalent phosphodiester bonds between adjacent vector and
insert. The ligase mixture was then incubated for 5 minutes at room temperature, and either stored
indefinitely at -20 °C or chilled on ice before being transformed directly into competent E. coli
DH5a cells (section 3.7). Table 3.4 lists all of the mentioned components for the ligation reaction,

along with their final concentrations or volumes.

Table 3.4: The components necessary for a standard ligation reaction in this work, with final concentration/volume
also included. Only the Quick ligase™ was used.

Components Final concentration/volume
Restriction cut DNA fragment (insert) 6 uL

Restriction cut vector (backbone) 2L

Quick Ligase Reaction Buffer (2x)? 1x

Quick ligase™ 1uL

dH20 XuL

Final volume of 20 pL

a. 1X NEBNext Quick Ligation Reaction Buffer contains 66 mM Tris-HCI, 10 mM MgClz, 1 mM DTT, 1 mM ATP, 6%
polyethylene glycol, pH 7.6. Supplied as a 2x concentration stock (132).
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Figure 3.6: Overview of the various steps for restriction digestion and ligation to construct recombinant vector. The
DNA insert and vector contain the same restriction sites (CATATG for Ndel + AAGCTT for HindlIl) and are thereby
cut with the same restriction enzymes Ndel and HindlIll. Ndel leaves a 2 bp single-stranded overhang after cutting,
while HindlIl leaves a 4 bp overhang. This produces compatible sticky ends and cause the insert and vector backbone
to be complimentary towards each other. In order to close the gaps together permanently by covalent bonds, ligation
by Quick ligase™ occurs. The ligase joins the sugar-phosphate backbone permanently together, and the recombinant

vector is made. Created with BioRender (14).
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3.7 Transformation of chemically competent Escherichia coli

The pRSET A vector was introduced into chemically competent E. coli using heat-shock
transformation, and as E. coli are not naturally competent for genetic transformation, competence
had to be developed by a CaCl,-treatment (133). It is believed that ice-cold CaCl, facilitates
introduction of a vector to a cell, although the mechanism behind this remains unknown. Though,
it is hypothesized that the divalent calcium ions shield the repulsive forces between the negatively
charged phosphate groups on the DNA and the negative charges of the outer membrane of E. coli.
Cell-membrane disintegration has also been shown to occur during treatment, which increases

membrane permeability and makes it accessible for DNA uptake (133, 134).

The following protocol was used in order to make chemically competent E. coli DH5a and BL21
cells: 5 mL overnight culture of the strain was grown in LB medium, incubated at 37 °C with
shaking. The culture was then diluted to ODego = 0.05 and placed in an Erlenmeyer flask with LB
medium (5-10x the previous medium volume) to allow growth to early log phase (ODeoo = 0.2 —
0.4). The cells were placed on ice for 20 minutes, before being collected by centrifugation at 5000
x g for 5 minutes at 4 °C. The supernatant was discarded, and all subsequent steps were carried out
at 4 °C. The cells were resuspended in % culture volume in 0.1 M sterile ice-cold CaCl; and kept
on ice for 2 hours. This was followed by centrifugation at 5000 x g for 5 minutes and resuspension
in 1/10 culture volume 0.1 M CaCl; with 15% (v/v) glycerol (section 2.9.6). The now competent

E. coli cells were stored at -80 °C.

For heat-shock transformation, 50 uL. competent E. coli DH5a or BL21 cells were thawed on ice
and mixed with 1-10 uL of the ligated construct (section 3.6). The mixture was then incubated on
ice for 30 minutes, following by a heat shock at 42 °C for 30 seconds. The cells were then cooled
on ice for about 1 minute. 450 uL. SOC medium (section 2.9.1) was added to the Eppendorf tube
containing the cells and then incubated at 37°C with shaking for 1 hour. SOC medium is a nutrient-
rich microbial broth and cell recovery medium, and was therefore used to help the E. coli cells
recover optimally from the stress of heat-shock and pore formation by providing them with a source
of carbon, nitrogen and other minerals (135). Finally, the whole bacterial culture was plated on LA
plates containing ampicillin (100 pg/mL) for selection of transformants. Colony PCR (section
3.4.1), as well as targeted gene sequencing of the plasmid insert (section 3.8) were used to verify

the transformants.
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3.8 DNA sequencing

Sanger sequencing is a method for determining the nucleotide order of a sequence and was used to
verify correct plasmid construct, as well of those with mutations and deletion of DNA sequences
created by OE-PCR (section 3.4.2). The sequencing itself was performed by GATC, Eurofins
Genomics (136).

Sanger sequencing was first developed in 1977 by Frederick Sanger (137) and is often referred to
as a chain termination method (138). The technique requires a DNA polymerase, primers flanking
the sequence area of interest, and a supply of deoxynucleotide and dideoxynucleotide
triphosphates. Similar to PCR, there are also several cycles of denaturing, primer annealing and
elongation. However, the DNA molecule is mainly determined by dideoxynucleoside triphosphates
(ddNTPs: ddATP, ddTTP, ddCTP, ddGTP) carrying a fluorescent dye for each base. These lack
the 3’-OH group, and DNA extension comes to a halt as no nucleotide can be added next by the
DNA polymerase. The sequencing reaction therefore produces several truncated DNA fragments
as the enzyme could either incorporate dNTPs or ddNTPs causing chain termination (106, 112,
138). The Sanger sequence method also employs a capillary system with a polymer matrix for
fragment separation in a manner similar to electrophoresis. A laser excites the fluorescent tag found
on the ddNTPs as the fragments pass through the system and either a G, A, T or C is recorded
(112). A computational software is employed and records the color produced from each fragment
which can be displayed as a four-colored chromatogram. Each peak of the chromatogram

corresponds to different bases, with often the decoded sequence along the top (106, 112)

The gene to be sequenced was first amplified by Phusion® and verified by gel electrophoresis. The
sequencing reaction was set up as follows: 4 uLL PCR amplicon (80-100 ng/uL), 1 uL sequencing
primers (10 uM) (Table 2.4, section 2.2), and 5 uL. dH20 were all mixed together in separate tubes
for each DNA strand. These were sent in for sequences, where a successful read gave about 1000
bases. The sequences were then analyzed using Benchling (139) and nucleotide BLAST by aligning

query and subject sequences against each other (140).
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3.9 Overexpression of recombinant proteins in Escherichia coli strain BL21

CbpDSP and the point-mutated version ChpD®®A, ChpDC30?ACBA - sfGFP-ChpDASH3P sfGFP-
CprASHSb,L3OOS,A301S’ SfGFP-CbpDASH3b’G?’02A'G?’O?’A, SfGFP_CprASH3b,Q329A and sfGFP-
ChpDASH3bWSESA \were overexpressed in E. coli BL21. This strain was used as an expression host
as it lacks both a lon protease as well as the ompT outer membrane protease that potentially could
degrade the proteins (141). In addition, it expresses the T7 RNA polymerase which is required for
transcription of recombinant genes placed behind the T7lac promoter found on the pRSET A

vector.

In order to overexpress these recombinant proteins, a 400 mL culture of LB medium with ampicillin
(100 pg/mL) and BL21 cells were grown to an ODgoo of 0.4. IPTG was added to a final
concentration of 0.1 mM in order to induce the expression of the recombinant gene. The culture
was then placed in a 25 °C incubator with 150 rpm shaking for 4 hours. Lastly, the pellet was
harvested by centrifuging for five minutes at 7000 x g and 4 °C and by decanting the supernatant.

The pellet was then stored at -20 °C until the following day.

3.9.1 Plasmid for expression by T7 RNA polymerase

In order for high-level protein expression and purification, the pRSET A vector was utilized. This
vector is based on the pET (plasmid for expression by T7 RNA polymerase) series of vectors (142).
Figure 3.7A illustrates the general features of the pRSET vector, where it contains an ampicillin
resistance gene, which allows for correct selection, a pUC origin for high copy replication and
growth and a f1 origin for ssDNA production by rolling circle replication. Furthermore, the vector
also contains a ribosomal binding site (RBS) for translation of desired gene and an initiation ATG
as a translational initiation site for the fusion protein. An N-terminal 6xHis-tag (polyhistidine-tag)
encoding sequence which allows for purification on IMAC (section 3.9.3). Lastly, the vector
contains a multiple cloning site (MCS) where the desired DNA sequence was inserted. The RBS,
ATG initiation site, 6xHis and the MCS are all under the control of a hybrid T7lac promoter (107).
It is recognized by T7 RNA polymerase, but also contains the binding site for the Lacl repressor
which blocks transcription. Lacl releases DNA upon binding to its allolactose ligand, allowing
transcription to occur. Instead of allolactose, which will be metabolized, the non-metabolizable

analogue molecule IPTG was used to induce the T7lac promoter (Figure 3.7B.)
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Figure 3.7: A. General features of the pRSET A vector. It contains an ampicillin resistance gene which allows for
correct selection of the strain, a pUC origin for high copy replication and a f1 origin for single strand DNA production.
A ribosomal binding site (RBS), initiation ATG for translation of recombinant proteins and a N-terminal 6xHis tag is
found under the control of a T7 promoter. B. Graphical overview of the t7lac promoter with a T7 promoter and a lacO
operator. The desired gene, for instance cbpDSP, is found downstream of the operator. When no iso-propyl-
thiogalactoside (IPTG) inducer is present, the repressor protein Lacl binds to the operator thereby preventing the T7
RNA polymerase (already present in E. coli BL21) to express the gene due to blockage. When IPTG is present, it
causes Lacl to lose affinity and is released from the operator. The polymerase binds to the promoter, thus starting
transcription of the gene. Figures created with BioRender (14).

Figure 3.8 represents both the pRSET-His-CbpD®P and pRSET-His-sfGFP-CbpD®P vectors in
which the his-copDSP and his-sfgfp-cbpDSP gene has been cloned downstream of the T7lac
promoter using the Ndel and HindIIl restriction sites. Various versions of CbpDSP and sfGFP-
CbpDSP were cloned into the pRSET A vector in a similar fashion. A TEV-proteolytic sequence
(N’-ENLYFQG-C’) was introduced between the His-tag and cbpDSP gene to facilitate removal of
the His-tag. However, it was found that this polyhistidine tag did not significantly interfere with
the overall function of the CbpD®P, hence, all versions of sfgfp-cbpDSP cloned in this work were
constructed without the TEV-site (143).
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Figure 3.8: Features of the pRSET-His-TEV-CbpDSP and pRSET-His-sfGFP-CbpDSP vectors sharing almost identical
characteristics and is therefore displayed as a single vector in this figure. Both vectors were used throughout this work.
It contains an f1 origin for rolling circle replication, and ampR gene for selection of correct bacteria by ampicillin. In
addition, it contains a pBR322 origin for high copy numbers. The desired DNA sequence is cloned into the vector
behind a t7lac promoter. Localisation of the restriction sites for Ndel (96 bp) and HindlIl (1179 bp for CbpDSP and
1470 bp for sSfGFP-ChpD®P) are also included in the figure. It should be taken into consideration that the size of the
vector and restriction are dependent on the recombinant gene used. Created with BioRender (14).

3.9.2 Lysis of Escherichia coli strain BL21 cells with expressed recombinant proteins

Mechanical lysis of the E. coli BL21 cells were performed in order to release the various
overexpressed recombinant CbpD®P and sfGFP-CbpDSP proteins, which was done using the High
Pressure Cell Disrupter (Stansted®). The pellet, which was obtained as described in section 3.9,
was dissolved in 5 mL buffer A as this was the maximum the machinery could handle. Before
loading the sample into the Cell Disrupter, 3 rounds of buffer A were loaded in order to flush the
system with the right buffer conditions. A 5 mL cell suspension was then loaded, and the cells were
subjected to 1 psi pressure before being subjected to ~234 psi pressure leading to cell lysis. The
lysate was then centrifuged at 13,000 x g for 5 minutes at a temperature of 4 °C. The supernatant
was transferred to a new tube with the additional use of a sterile filter (0.45 uM pore size) to clear

any insoluble material.
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3.9.3 His-tag purification by immobilized-metal affinity chromatography

Six tandem histidine residues were fused to the various recombinant CbpDSP and sfGFP-CbpDSP
proteins to allow for purification of the proteins. Histidine has a strong affinity towards divalent
nickel(11) ions (Ni?*), and the IMAC column HisTrap High Performance (HP) (Cytiva) could
therefore be used as it contains cross-linked agarose beads coupled to a chelating group decorated
with Ni?* (Ni Sepharose HP affinity resin). The lysate (section 3.9.2) is passed through the column,
and the 6xHis-tagged proteins are retained as they are bound tightly to the nickel resin while all
other proteins originating from the bacterial host pass through (143). The histidine has a positively
charged imidazole functional group where its nitrogen atoms allows for electron donation causing
formation of coordinate bonds with the immobilized Ni?* ions (144). Figure 3.9 displays the Ni%*-

based IMAC for the purification of proteins with a 6xHis-tag.
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Figure 3.9: Overview of 6xHis-tagged proteins binding to Ni?* ions in an immobilized-metal affinity chromatography
(IMAC) column. The lysate mixture is loaded into the column (Loading) where the polyhistidine-tag has strong
interactions with the immobilized nickel decorating the chelating group coupled to agarose beads in the column
(Binding/Washing). The use of free imidazole cause competition with the 6xHis-tag proteins of the nickel ions, thus
displacing the proteins (Competition/Elution). Figure adapted from (145) with BioRender (14).

The clarified cell lysate was manually pushed through a 1 mL HisTrap HP column preequilibrated
in buffer A (20 mM free imidazole, see section 2.9.4) using a syringe. Then an AKTA pure 25L
(Cytiva) instrument was used for column wash and protein elution, where 10x column volume of
buffer A was sent through the protein purification system first in order to displace non-specific
proteins and other contaminants. Buffer B with 500 mM free imidazole was then sent through in

order to elute the 6xHis-tagged proteins as the higher concentration of imidazole competes for the
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Ni2*-ions. The flow rate was set at 1 mL/min, with a linear gradient elution of 0-30 mL (0-100%),
and the proteins detected by UV light at 280 nm. Finally, the eluted proteins were collected as 1
mL fractions, with the correct fractions followed up with dialysis and SDS-PAGE (section 3.10) to

check purification.

3.9.3.1 His-tag protein purification kit on mutated recombinant proteins

An alternative protein purification method was also conducted in correspondence with the amount
of recombinant proteins to be purified: a Protino Ni-TED 150 kit for His-tag protein purification
in Mini format (Macherey-Nagel®) was used for the various point-mutated sfGFP-ChpDASH3
proteins as it allowed the purification process to be run in parallel. This IMAC column has a dry
silica-based resin precharged with Ni?* ions, where its chelating group (tris-carboxymethyl
ethylene diamine based, TED) occupies five of six binding sites in the coordination sphere of the
nickel ion. This leaves a remaining site of the Ni?* ion, which will bind to the 6xHis-tagged proteins
(146). This method was performed instead of using the Stansted® High Pressure Cell Disrupter and
IMAC in combination with AKTA pure 25L. The pellet (section 3.9) was dissolved in 2 mL TBS
and the cells were mechanical crushed with the use of the bead beating grind and lysis system
(FastPrep 24®) with a speed of 6.5 m/s for 2x20 seconds. The Protino Ni-TED kit was then applied
on the lysed samples by following the manufacturers protocol (146). The elution gave three

fractions with a volume of 240 pL each.

3.9.4 Dialysis

Dialysis of the recombinant proteins was done to remove any imidazole and excess amounts of
salts after purification by IMAC (HisTrap and Protino Ni-TED). This was accomplished using
either a 3 mL 2K molecular weight cut-off Slide-A-Lyzer™ Dialysis Cassette G2 (ThermoFisher
Scientific™) or a molecularporous membrane with cut-off 12-14,000 Dalton (Da) (Spectra/Por®).
The preparation and the method for the cassette and the dialysis tubes remained the same, with 10
mM Tris-HCl and 150 mM NaCl mixed together in a 1-liter flask and rehydrating of the membranes
by placing either the cassette or tubes in the flask for 1 minute. The sample was then loaded into
either the cassette or the tubes and placed in the flask again for 1 hour on a magnetic stirrer. A
syringe was then used to recover the sample from the sample ports found on the cassette or carefully
inserted from the side of the dialysis tubes. The dialyzed recombinant proteins were quantifiably
measured (section 3.3) and finally mixed with 20% glycerol and stored in -80 °C.
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3.10 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used throughout this
work to obtain an analytical separation of the recombinant proteins based on their molecular
weights. The molecular weight can be estimated by including a marker of known size, and indicates
therefore the correct presence of the protein as well as the purity in a given sample. Similarly to
agarose gel electrophoresis, the proteins are separated by an electrical field. The gel used, however,
is the polymer polyacrylamide, as mentioned in section 3.5. Polymerization of acrylamide
monomers and the cross-linking agent “bis -acrylamide produces a cross-linked matrix acting as a
sieve, allowing smaller molecules to migrate faster than larger ones (147, 148) (section 2.9.3).
Additionally, the pores of the matrix in which the proteins migrate through can be altered
depending on the acrylamide concentration, so the higher the concentration, the smaller the pore
size (147). Polymerization is also only initiated by ammonium persulfate and N,N,N',N'-
tetramethylenediamine, and is an example of a free-radical catalysis reaction. TEMED catalyzes
the decomposition of the persulfate-ion of the APS in order to produce a free radical, i.e., a
molecule with an unpaired electron. This free radical binds to the acrylamide monomer molecule,
which produces a complex with an unpaired electron, and yet another acrylamide monomer
molecule can bind. Long linear chains of acrylamide are therefore made, with occasional cross-
linking by “bis -acrylamide (148).

Unlike nucleic acids, which are all negatively charged, the amino acids of proteins might be either
positive, negative or neutral. In order to separate the proteins based on their molecular weight,
boiling them in anionic sodium dodecyl sulfate and B-mercaptoethanol/dithiothreitol is necessary
(112, 148, 149). p-mercaptoethanol/DTT disrupt any disulfide bridges that help maintain the
protein tertiary structure, while the amphipathic structured SDS denatures the protein by destroying
their 3D structure. In addition, the SDS has a long hydrophobic hydrocarbon tail with a negative
charge at the end, which wraps around the backbone of the protein giving it an overall negative
charge and prevents the protein from refolding. The hydrophilic sulfate part of the SDS keeps the
protein soluble in water and also maintains the proteins’ unfolded shape. In this manner, the
proteins will migrate towards the positive electrode in the electrophoretic field in a measure
proportional to their weight (112, 150).
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In this present work, SDS-PAGE was done as following: the protein samples were prepared by
mixing 2x SDS loading buffer (section 2.9.3) to a total volume of 20 pL. The loading buffer also
contains bromophenol blue for easier application of the sample onto the gel and for monitoring the
electrophoresis run, as well as glycerol for solution density. The mixture was then incubated and
let boil for 5-10 minutes at 95 °C. In the meantime, the gel casting molds were assembled with a
short plate and a spacer plate, as provided by the Mini-PROTEAN® Tetra Handcast Systems (Bio-
Rad), and placed on the casting stands. Two different gels were made, a separation gel and a
stacking gel. The short stacking gel was placed on top of the separating gel in order to concentrate
the protein sample into a tight and sharp band before it entered the main separating gel. This helped
to improve the resolution of electrophoresis, as well as allowing for entrance of the proteins at the
same time (148). A 12% separation gel and a 4% stacking gel were made as described in section
2.9.3, with freshly made 10% (w/v) APS and 0.005 mL TEMED added last in order to initiate the
polymerization. Bromophenol blue dye (0.05 % w/v) was also added to the stacking gel for better
visualization of the wells. 3.2 mL of the separation gel was then quickly pipetted between the two
plates, immediately followed by adding approximately 3.2 mL of the stacking gel. The correct
comb style was then placed within the plates, and the gels were let polymerize for 30 minutes.
After polymerization, the gel casting molds were placed in a multi-casting chamber filled with 1x
SDS running buffer. The combs were removed, and the samples were added into wells.
Electrophoresis was then started using 120 V until separation of the ladder and then 200 V until
the bromophenol dye had reached the end of the separation gel. The separated proteins on the gel
were removed between the glass plates, and shaken in Coomassie Brilliant Blue for 10 minutes to
stain the proteins (section 2.9.3). A destainer solution was then added onto the gel in order to
remove any unbound background dye, and was let sit for 1 hour (section 2.9.3). Destainer was
subsequently removed, and water was added to allow for some swelling of the gel and an image

was taken with the Azure Imager c400 (Azure Biosystems).

3.11 Isolation of bacterial cell wall

In order to determine the binding pattern of sfGFP-CbpDSP against cell wall with and without
teichoic acids, isolating the sacculi was necessary. The following protocol is a hybrid of protocols
obtained from Eldholm et al. (73) and VVollmer (151).
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A 100 mL S. dysgalactiae strain MA201 culture grown in BHI medium to an ODssp = 0.35 was
harvested at 4000 x g for 10 minutes. The cellular pellet was dissolved in 5 mL 5% (w/v) SDS and
incubated at 85 °C for 15 min to dissolve the cellular membrane and proteins. The cells were then
harvested at 18,000 x g for 15 minutes, and stepwise washed twice with 5 mL 2 M NaCl and then
washed four times with 10 mL H.O. These wash steps were necessary to remove proteins,
electrostatically binding to the sacculi, and SDS. The cells were then resuspended in 5 mL 50 mM
Tris-HCI (pH 7.4), 20 mM MgSO4 and DNase | and RNase to a final concentration of 10 pg/mL
and 50 pg/mL, respectively. These nucleases were added in order for enzymatic breakdown of any
DNA and RNA. The mixture was incubated for 1 hour at 37 °C with shaking. Finally, CaCl, was
added to a final concentration of 10 mM and trypsin to a final concentration of 100 pg/mL. Trypsin
is a protease and therefore cleaves proteins, while CaCl, was utilized in order to stabilize the
enzyme (152). The mixture was incubated overnight at 37 °C with shaking. The following day, 8%
(w/v) SDS to a final concentration of 1% was added to the overnight mixture, and then incubated
at 85 °C for 15 min. SDS was used here to dissolve the remnants of the enzymes DNase, RNase
and trypsin (153). The cells were harvested by 18,000 x g for 15 minutes, washed stepwise once
with 10 mL 8 M LiCl and four times with 10 mL H20O, resuspended in 1 mL dH2O and stored at -
80 °C. The sacculi was later labelled with fluorescent fusion proteins to be visualised under a

fluorescence microscope, as described in section 3.12.

3.11.1 Removal of teichoic acids

Removal of TAs from cell wall sacculi were prepared as described by Sanderson et al. (1962),
however with some modifications (154). 100 uL of the isolated sacculi was centrifuged at 11,000
x g for 5 minutes. The sacculi was then resuspended in 1 mL of 10% (w/v) TCA. The tube was
incubated at 37 °C with shaking for two weeks and immediately prepared for fluorescence

microscopy.

3.12 Microscopy

The LSM 700 (Zeiss) laser scanning microscope with a 100x phase contrast objective was used to
observe the binding patterns of the recombinant sfGFP-proteins against S. dysgalactiae cells and
sacculi with and without TAs. The HPX 120 Illuminator (Zeiss) was used as a fluorescent light
source, and the ORCA-Flash 4.0 digital complementary metal-oxide-semiconductor camera

(Hamamatsu Photonics) attached to the microscope was used to capture images.
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3.12.1 Labelling cells with sfGFP-proteins

The targets for protein attachment involved either a 2.5 mL culture of S. dysgalactiae strain MA201
at an ODsso = 0.25, 25 pL of isolated sacculi with teichoic acids or 1 mL of sacculi without TAs
(treated with 10% TCA). The cells were then washed once in PBS and harvested at 4000 x g, while
the sacculi (with and without TAs) was washed three times in PBS and collected at 11,000 x g. All
targets were resuspended in 500 uLL PBS-Tween (section 2.9.5) containing 15 pg/mL of the various
sfGFP-CbpDSP versions. The mixture was then placed in the dark for 8 minutes at room
temperature, immediately followed with three washing steps with PBS. Lastly, the pellets were
dissolved in 150 uL PBS, and 0.5 pL of the S. dysgalactiae or sacculi (with or without TAs) cells
marked with sfGFP-protein were applied within the wells of a microscope slide covered with a thin
layer of 1.2% agarose (section 2.9.5). The microscope slide was cast with a thin layer of agarose
in order to prevent movement of the bacteria cells and keep them immobilized. After applying the
sample onto the wells, a cover glass was placed on top making the slide ready for fluorescence

microscopy.

3.12.2 Fluorescence microscopy

The basic principle of fluorescence involves absorption of light at a specific wavelength, which
causes the energy level of an electron to rise from a ground to an excited state. When the excited
molecule returns to the ground state, it emits a photon of light of lower energy by a longer
wavelength causing fluorescence. This therefore gives the fluorescent substance a distinct color
when exposed to a specific wavelength, for instance UV light. While the phase-contrast microscopy
uses phase shifts in light passing through the specimen, the fluorescence microscope uses a set of
barrier filters where the illuminating light is passed through, and a dichroic mirror. The wavelength
that excites the fluorescent dye passes only through the first filter, while the second filter blocks
out this light and allows only the emitted fluorescence produced from the dye. The cells therefore
glow against a dark background (113). The sfGFP reporter gene was used in this research for
subcellular location of the target, and requires no substrate or co-factor to emit green light (112). It
has an excitation maximum of 485 nm and an emission maximum of 510 nm, which gives it its
inherent green fluorescence (155). Images were taken with an exposure time of ~1060 ms and at a
wavelength of 485 nm.
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3.12.3 Analysis of microscope images with ImageJ and MicrobeJ

Subcellular localization patterns were determined using ImageJ and its plugin software MicrobeJ
(156, 157). Microbe] was used when analyzing the binding patterns of sfGFP-CbpDSP, sfGFP-
CbpDASH3 and the point-mutated versions. The bacteria were detected by several specifications:
area (uM?), length (uM), width, circularity, curvature, sinuosity, angularity, solidity and intensity,
although the default settings [0-max] were mainly used as the bacteria could be detected using
these values. In addition, exclude edges, shape descriptors, segmentation and chain were also
options included in the description. After bacterial detection, the Maxima function was used to
define the parameters for fluorescent foci detection, with the default setting yet again applied.
Inside, outside, location, localization and coverage were the associations also included. An
XYCellDensity plot from the Results Interface with a heatmap rendering was then used as a
subcellular localization chart of the fluorescence foci relative to the center of the bacterial cell
(158).

3.13 Growth curve assay

Optical density (OD) is the most commonly used method for quantifying the number of cells in a
liquid suspension, and was used in this work to determine the growth of a bacterial culture at a
specific wavelength. The principle is based on light scatter, or amount of intensity lost when light
passes through an optical component, where wavelength 550 nm (ODsso) was used for S.
dysgalactiae and wavelength 600 nm (ODseoo) for E. coli. One disadvantage of optical density
measurement is that it is only viable within a limited range (= 0.01 — 1.0) (159). The primary use
of plate readers is OD measurement, yielding fast, inexpensive and readily automated
measurements, where both a lysis-assay with CbpDG3%2A G334 and checking for immunity were
performed. In addition to OD, the Sytox™ Green nucleic acid stain (Invitrogen™) was used as a
viability assessment. This stain is a DNA-binding agent that cannot cross the cell membrane of
living cells, and is therefore useful as an indication of lysis as the amount of fluorescence directly
correlates with cell lysis by CbpDSP. This dye becomes excited at 488 nm with an emission
maximum of 523 nm, producing green fluorescence (160). The Hidex Sense (Hidex Oy) microplate
reader was used in this project.
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3.13.1 CbpDG302AG303A gctivity assay

CbpD®P and ChpD®302AG303A \were added to S. dysgalactiae grown in a 96-well polystyrene
microtiter plate (Sarstedt), where lytic effect was measured by ODsso and Sytox™ fluorescence.
The negative control of inactive enzyme was prepared by treating CbpDSP with iodoacetamide,
which alkylates and inactivates the catalytic cysteine residue found in the CHAP domain of CbpDSP
(section 1.3.1). 50 pg of CbpDSP was firstly treated with 150 mM DTT and incubated for 5 minutes
at room temperature. DTT is a reducing agent and was used to open the cysteine linkages in the
protein. In order to prevent reformation of these disulfide linkages, IAM was subsequently used
(161). lodineacetamide to a final concentration of 0.5 M was added, and the mixture was incubated

in the dark for 15 minutes.

3.13.2 Preparation for microplate reading

The appropriate S. dysgalactiae MA201 strain was grown in 5 mL C-medium (section 2.9.1) to
ODssg = 0.5, and then diluted to ODsso = 0.05. Volumes of 280 L of the diluted culture were
transferred to twelve separate wells (280 pL x 12) in a 96-well microtiter plate containing 20 uL 5
mM Sytox™ Green. C- medium in a single well was used as reference. The plate was then incubated
at 37 °C in the Hidex Sense plate reader, with the ODsso being measured automatically every 5
minutes. At ODsso = 0.2, CbpD®P (a positive and a negative control after IAM treatment) and
ChpD©302AG303A \were added to each well to give final concentrations of 2.5 pug/mL, 1 pg/mL and
0.5 pg/mL. The microtiter plate was then placed back in the plate reader and continued for 200

cycles. Individual growth curves were made using the ODsso values and the Sytox™ Green values.

3.13.3 Immunity assay

S. dysgalactiae strains MM352 (015) and MM356 (047) (Table 2.3, section 2.1) were used to
confirm the presence of an immunity mechanism against wildtype CbpDSP. These strains were
used, instead of the MA201 strain, as they have a functional ComRS-system. Preparations for the
microplate reading was performed identical to what has been discussed above (section 3.13.2),
although at ODss0 = 0.2, ComS2 (section 2.6) was added to half of the wells of each strain in the
96-well microtiter plate to a final concentration 250 ng/mL. In twelve separate wells, where each
strain occupied six wells each, half were induced with ComS2 and the rest left uninduced. After 20
minutes, CbpDSP (final concentration of 1 pg/mL) was added to all wells. Similarly, individual

growth curves were made using the ODssp values and the Sytox™ Green values.
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4. Results

4.1 Overexpression and purification of sSfGFP-CbpDASH3P

CbpD has mostly been studied in S. pneumoniae, where its role in the fratricide mechanism is
evident (72). Pneumococcal CbpD (CbpD®P) binds specifically to the septal area of target cells
where it makes cuts in the peptidoglycan resulting in cell lysis (64). It has also been shown that the
SH3b domain of CbpDS® is important for binding to peptidoglycan, but not for guiding the protein
to the septum. This is accomplished by its choline binding domain which binds to choline moieties
found on the teichoic acids in the cell wall of S. pneumoniae (73). The CbpD protein in S.
dysgalactiae (CbpD®P) contains a homologous SH3b domain, but instead of a choline binding
domain, it has a conserved domain of unknown function (Figure 4.1). We hypothesize that this
conserved domain in CbpDSP is functionally analogous to the choline binding domain of CbpDS®,
i.e., it guides the protein to the division zone of target cells. In order to investigate this possible
function of the conserved domain, several recombinant versions of CbpD®P were overexpressed

and purified (see section 3.9 for protocol).

HzN—{ CHAP ]—[ SH3b ]_[ Conserved domain ]—COOH

Figure 4.1 Simplified illustrative overview of the CbpD®P structure from S. dysgalactiae. The protein consists of a
CHAP domain (in blue), an SH3b domain (in yellow) and the conserved domain (in grey). The CHAP and SH3b
domains are similarly found in CbpDS® but the protein has a conserved domain of unknown function instead of the
choline binding domain of CbpDSP. Created with BioRender (14).

It has been shown previously in the lab that purified sfGFP-ChpD®P, in which the CHAP domain
has been substituted with superfolder green fluorescent protein, binds specifically to the division
zone of S. dysgalactiae target cells. To test if the conserved domain of CbpDSP could have a similar
function to the choline binding domain of CbpD®", namely that the domain alone localizes to the
septum of target cells, we fused the sfGFP directly to the conserved domain for overexpression and
purification. A 6xHis-tag was also fused to the proteins facilitating purification by using Ni%*
IMAC (section 3.9.3) (Figure 4.2).

EmHis—[ sfGFP ]—[ Conserved domain ]_

Figure 4.2: The CHAP domain has been substituted with a superfolder green fluorescent protein (sfGFP) and fused
directly to the conserved domain for overexpression and purification. This was done to test if the conserved domain
alone guides CbpDSP to the septum of target cells. A fused 6xHis-tag also facilitated purification. Created with
BioRender (14).
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The fusion-protein obtained from a 400 mL E. coli BL21 culture is shown in Figure 4.3A. A 280
nm absorbance peak was registered after 10 mL of linear gradient elution. Fractions 13-15 were
therefore collected, which collectively had a protein yield of 2.92 mg/mL (NanoDrop™ 2000).
Based on the SDS-PAGE and Coomassie blue staining, the purity of recombinant protein was in
the range of ~75-80%. Additionally, and according to the SDS-PAGE, the protein construct had
~43 kDa sized-bands which is in accordance with its theoretical molecular mass of 43.57 kDa
(Figure 4.3B).

A. B.
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Figure 4.3: A. Chromatogram showing elution of sSftGFP-CbpD~$"%, The graph displays a 280 nm absorbance peak of
the protein (grey line) after about 10 mL (~170 mM imidazole) of linear gradient elution with Buffer B (dark orange
line). Fractions 13-15 were therefore collected. B. SDS-PAGE confirmed the presence of sfGFP-CbpD*S"* as correct
band sizes (43.57 kDa) were displayed. The purity of the recombinant protein was estimated to be in the range of ~75-
80%.

The sfGFP-CbpDSP parental protein was similarly overexpressed and purified, in order to use the
protein as control of normal localization of CbpD. Figure 4.4A displays the eluted fusion-proteins
from a 400 mL culture, with 280 nm absorbance registered after 3-10 mL of the linear gradient
elution of Buffer B. Fractions 8 and 9 were therefore collected. sSFGFP-CbpDSP was purified several
times during the course of this work, and the protein yield therefore ranged from 0.15 mg/mL to
0.45 mg/mL. The SDS-PAGE and Coomassie blue staining of the recombinant protein indicated a
protein purity of ~70%. Furthermore, the sSfGFP-CbpDSP has a theoretical molecular weight of
50.62 kDa, which was in accordance with the bands in the SDS-PAGE (Figure 4.4B).
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Figure 4.4: A. Chromatogram showing elution sfGFP-ChpDSP, with the graph displaying 280 nm absorbance of the
protein (grey line) after about 3 mL of linear gradient elution with Buffer B (~100 mM imidazole) (dark orange line).
The first peak was assumed to be caused by contaminants, and only fractions 8 and 9 were collected. B. SDS-PAGE
confirmed the presence of sfGFP-CbpDSP as correct band sizes (50.62 kDa) were displayed, where the purity was
estimated to be in the range of ~70%.

4.1.1 sfGFP-CbpDASH3b hinds to the division zone

To test if the conserved domain alone could localize to the septum of dividing target cells,
exponentially growing S. dysgalactiae strain MA201 cells were labelled with purified sfGFP-
CbpD*5H3® proteins (section 3.12) (Figure 4.5). For comparison with normal CbpDSP localization,
similar preparation was also performed for sSfGFP-CbpDSP. Fluorescence microscopy showed that
the signal from sfGFP-ChpD*St3® was enriched at the division zone of cells, strongly resembling
the localization pattern of sfGFP-CbpD®SP. All images were captured using the same settings
(exposure time) on the microscope. XY CellDensity plots (created with ImageJ and its plug-in
software MicrobeJ) confirmed that the conserved domain alone is sufficient to guide the protein to
the septal area of target cells, as revealed by its strong density of subcellular foci at the outer edges
of the bacterial cells (Figure 4.5, heatmap). The sfGFP-CbpD*5t3® heatmap was made by analyzing
1375 bacterial cells (n=1375), whilst the sfGFP-CbpD®P heatmap was made by analyzing 1272
bacterial cells (n=1272) using the same Maxima and XY CellDensity settings (section 3.12.3).
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Figure 4.5: Subcellular localization of sfGFP-ChpDSP and sfGFP-ChpDS"% on target cells. The fluorescent images
and heatmaps showed that both sfGFP-CbpDSP and sfGFP-CbpD*SH® |ocalized at the septal region of the S.
dysgalactiae MA201 cells, indicating that the conserved domain alone is sufficient to guide the protein towards septum.
The bar on the right of the heatmap specifies the level of subcellular location density, indicating that the two red areas
of the heatmaps are high density levels of fluorescence foci (at the division zone). The axes of the cell density plot (x
and y) also denotes the relative length. Scale bars for the microscopy images are 2 um.

A linker region does exist between the sfGFP and SH3b domain (N-PSGEAS-C, Appendix 2) of
the CbpDSP proteins that potentially could be involved in division zone targeting. This region was
not removed for any of the recombinant expressed proteins. Work by Eldholm et al. (2010) on
CbpDSP showed that the linker does not contribute in binding patterns (73). This revealed that the
linker region does not possess a septal targeting ability, and conclusively it was believed similarly
in this project. The conserved domain alone of CbpDSP therefore guides the protein to the division

zone of target cells.

4.1.2 Does sfGFP-CbpDASH3b bind to teichoic acids?
The CbpDSP binds non-covalently to the phosphorylcholine moieties of wall- and lipoteichoic acids
at the septal cell wall of S. pneumoniae, and it was therefore hypothesized that the CbpD®P also

binds to the teichoic acids found at the newly synthesized cell wall at the division zone of S.
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dysgalactiae (64) (section 1.3.1). In order to confirm this, a protocol for successful removal of TAs
on isolated sacculi had to be performed first. The removal of TAs is most efficiently done by
incubating cell wall material in 48% hydrofluoric acid for 48 hours at 4 °C (73, 162). However,
hydrofluoric acid is highly toxic, and for safety reasons, a different protocol was used in this work.
There are other methods as well, for instance using 0.5 M NaOH, 1 M HCl or 10% TCA for removal
of teichoic acids (154, 163, 164), where using NaOH and TCA on the isolated sacculi from S.
dysgalactiae was performed in this project. Different conditions of treatment (i.e., temperature,
light and duration) were also tested simultaneously. Subsequently, using 10% TCA on the sacculi
for two weeks at 37 °C was redeemed as the better protocol for teichoic acid removal as other
methods caused the sacculi to completely disappear. It has also been shown by Sanderson et al.
that prolonged treatment of TCA (10%) removed 95% of S. aureus (strain Copenhagen) cell wall
TAs (154). The purity of the peptidoglycan sacculi after two weeks of treatment remains unknown

however, as residual TAs could remain after treatment.

The sfGFP-CbpDASH3® protein was labelled to the isolated sacculi from S. dysgalactiae cells
without TAs before fluorescence microscopy analysis, where sacculi treated with water for two
weeks was used as a control for sacculi containing TAs (Figure 4.6). It was seen that the sSfGFP-
CbpD2SH® hound to TA-enriched sacculi at its septal region, whereas sacculi deficient of teichoic
acids were more evenly labelled with the GFP-fusion. This finding demonstrated that the conserved
domain recognizes these peptidoglycan components and that they are needed for division zone
recognition. Additionally, to determine whether the fluorescent signal for TCA-treated sacculi
derived from sfGFP-CbpDA%H3 or was background noise, unlabeled TCA-treated sacculi were
imaged using the same microscopic parameters (Figure 4.6, bottom panel). The low fluorescent
signal further confirmed that sfGFP-CbpD25H3 bound to sacculi without TAs. It does, however,
not enrich at the septum. All images were captured using the same settings (exposure time) on the

microscope and analyzed with the ImageJ software using the same brightness/contrast settings.
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Phase contrast Fluorescence
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Figure 4.6: Phase contrast and fluorescence microscope images of sfGFP-CbpD2SH3® |abelled to two weeks of water-
treated sacculi or two weeks of TCA(10%)-treated sacculi. The topmost panel is the control, followed with sfGFP-
CbpDASH3® Jabelled to sacculi deficient of teichoic acids (removed by TCA). It was seen that sacculi deficient of TAs
were more evenly labelled with the GFP-fusion. In order to exclude that the fluorescent signal from the fusion was
background noise, unlabeled TCA-treated sacculi were imaged using the same microscopic parameters (bottom panel).
Little fluorescent signal was registered from these images, and conclusively it was confirmed that sSfGFP-CbpDASH3b
bound to sacculi without TAs. It does however not enrich at the septum. Scale bars for the microscope images are 2
pm.
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4.2 ldentification of conserved amino acids by multiple sequence alignment

A multiple sequence alignment (MSA) was performed in order to identify conserved amino acids
in the conserved domain of CbpDSP. A selection of these conserved amino acids were individually
mutated to amino acids of different charges within the sSFGFP-CbpD2S™® sequence, subsequently
creating different point-mutated sSFGFP-CbpDASH3? protein versions. By visualizing them under the
fluorescence microscope their binding patterns could be observed to reveal a conserved role of the
conserved domain in directing the CbpDSP protein to the septal region of targeted cells. The
CbpDSP amino acid sequence without its signal sequence (see Appendix 2) was aligned against
CbpD from S thermophilus, Streptococcus vestibularis, Streptococcus porcinus, Streptococcus
uberis, Streptococcus iniae, Streptococcus ictaluri, Streptococcus equi and S. pyogenes. These
species were picked as their CbpD protein all harbor a homologous conserved domain (Figure 1.4,
section 1.3.1), as well as possessing the ComRS regulatory system for regulation of competence
(Figure 1.1, section 1.1). After entering the query sequence and specifying the search set in BLAST
(140), the alignment with the highest query cover and lowest E-value were chosen. The aligned
sequences of the various species were downloaded as FASTA files and uploaded to Clustal Omega

in order to produce an MSA with an output format with character counts (165).

Figure 4.7 displays the MSA of the mentioned species CbpDs, but only of the conserved domain
as this was of main significance (see Figure A.3 in Appendix 3 for the complete MSA). The protein
alignment revealed that there are several conserved and highly similar amino acid residues across
the different streptococcal species. The highly conserved leucine-alanine-glycine-glycine (LAGG)
motif was identified, and since it is the only motif that was 100% conserved, it was of interest from
the start of the project. Among the other highly conserved amino acids, numerous conserved
glycine (G), as well as a couple of valines (V), prolines (P), phenylalanine (F) and leucines were
observed in the aligned sequences. The glutamine (Q) and tryptophan (W) were interestingly only
repeated once, and was therefore also chosen for further work in studying their importance for
guiding the protein towards target cells’ septum. These are, with the LAGG motif, highlighted in
yellow in the following Figure 4.7.
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S. thermophilus SIKVGDSVRFTGTFRVTSVSGNTITSQDLAGGT PTKHNIVDPSPVLEVDAQGNP 234
S. vestibularis  SIKVGDSVRFTGTFRVTSVSGNTIT SQDLAGGTPTEKHNIVDPGPVLEVDGQGNP 230

S. porcinus DFKVEQIVHFKGPFQVSHNHGWMILSNILAGGAATQLNWLDPGPLIETDKIGQK 312
S. uberis DFAPGDQVTEFSGVYQVTQIHGSLLSSKDLAGGEPGPLNWLDPGPILESNRDGQQ 312
S. iniae IFKVGDTVSFQGTFEKVTQIHGNLVSSADLAGGQPSQLNWIDPGPVDKTNASGQK 328
S. ictaluri PIVVGDQVTFPGVFKVTQVINGLITSSQLAGGDPTHYNWIDPGPLTETDAKGNT 337
S. equi PIKVGDTVAFPGVFRVDQVAQNMIASSELAGGEPTSLNWIDPAPLHETDHKGRI 335

S. pyogenes SIKVGDTVTFPGVFRVDQLVNNLIVNKELAGGDPTPLNWIDPTPLDETDNQGKV 325
S. dysgalactiae PINIGDRVTFPGVFRVDRIVNNLLVSEELAGGGATSLNWIDPSPLDETDRKGVK 295
. . *

* * & [ * ' * ¥ k # * ' & ¥ # ' ' '
S. thermophilus TSDQYLNPGETFTIPGNFKVLAIDPPSDGILVQIGNLKTWVTQSVLEKI- 283
S. vestibularis  TSDQYLNPGETFTIPGNFKVLAIDPPSDGVLVQIGNRKTWVTQSVLEKA- 279
S. porcinus AGDQVLYPGEYFSIPGEFKILQVDQESKGIKIKIGQKQTWISMDQVHKK—~ 361
S. uberis SGDQILYPGDFFIIPGNYKVLQIHKETKGLLIQIGNRQTWVSMNKVQKST— 362
S. iniae EANQILSPDNYFTIPGTYKVLQIHKETKGLLIQIGNRQTWVSMNKVQKST— 378
S. ictaluri AGNQILQVGDYFTVPGTYKVLQVDLPSRGLYIQIGSRASWVTMDRVLKQ- 386
S. equi AGNQILQVGDYFVISGTYKVLKVDQPSKGIYVOMGSRGTWLTIDKAKKV- 384
S. pyogenes LGDQILRVGEYFIVTGSYKVLKIDQPSNGIYVQIGSRGTWVNADKANKL- 374
S. dysgalactiae  AGNQILQAGEFFVIPGNYRVLKVDRPSNGIYVKIGSRGTWLTADKASKLP— 345

k¥ . . K ... . # . e . *

Figure 4.7: A multiple sequence alignment of the conserved domain found in CbpDs from various streptococcal
species, including S. dysgalactiae as query. The following species were included in the MSA (with BLAST accession
number also displayed): S. thermophilus (AKH33394.1), S. vestibularis (WP_117648089), S. porcinus
(WP_003083717), S. uberis (WP_203261572.1), S. iniae (WP_071127360), S. ictaluri (WP_008089638.1), S. equi
(WP_012677198.1), S. pyogenes (WP_136094586.1). A conserved leucine-alanine-glycine-glycine (LAGG) motif and
conserved amino acids glutamine (Q) and tryptophan (W) were chosen for further studies. The consensus symbols
included mean: an asterisk (*) for a fully conserved residue, a colon (:) for highly similar residues and a period (.) for
weak similar residues. Created with Clustal Omega (165).

The protein structure prediction services AlphaFold (166) and RoseTTAFold (167) were also used
to make a prediction of the CbpDSP protein by entering the amino acid sequence without its signal
sequence. The 3D models were, to a certain degree, different, and the RoseTTAFold 3D prediction
can therefore be found in Appendix 4 as Figure A.4. The AlphaFold prediction service was believed
to be the most accurate, and is therefore presented in Figure 4.8. The predicated 3D structure of
CbpDSP showed a typical CHAP domain with an open cavity where the catalytical cysteine is
located. The CHAP is connected to the SH3b domain via several loops and a single a-helix.
Furthermore, the SH3b domain are predicted to be built up by six B-strands that form two 3-sheets
packed against each other forming the typical B-barrel fold found for these domains (75). The
conserved domain is predicted to consist of eight anti-parallel B-strands that form a cylindric-like
structure. However, this domain is probably predicted with less confidence, since no structural

homologous exists in the databases. This is perhaps why some long stretches are predicted as
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unstructured. Moreover, the conserved LAGG motif and amino acids GIn and Trp of the conserved
domain are positioned, according to Figure 4.8, within the loops of these secondary protein
structures and towards the surface of the protein. Being surface exposed suggests that the conserved
motif and conserved amino acids have a role in directing the CbpD®P protein towards the septal
regions of the cellular division zone, which would conceivably be difficult if isolated within the

domain core and away from the target.

Conserved domain

CHAP domain

SH3b domain

Figure 4.8: Predicted 3D structure of ChpDSP of S. dysgalactiae strain MA201. The cysteine (C) of the CHAP domain,
glutamine (Q), tryptophan (W) and the leucine-alanine-glycine-glycine motif (LAGG) of the conserved domain are
the important conserved amino acids in this work and therefore presented as red sticks. Meanwhile, the predicted
structure is presented as a cartoon with B-strands (yellow), a-helices (brown) and loops. A transparent surface behind
was also included. Created with PyMOL (168).
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4.3 Overexpression and purification of point-mutated sfGFP-ChpDASH3b

The LAGG motif, GIn329 and Trp365 amino acids were chosen to mutate individually to produce
different protein versions. This was made possible by constructing primers with 5° overhangs
carrying site-directed mutations and then performing OE-PCR, as explained in sections 3.4.2 and
3.4.2.2. Both alanine and serine were introduced as the mutated amino acids, due to their non-bulky
structure and charges. Ala is a hydrophobic amino acid, whilst Ser has a hydroxyl group making it
polar but uncharged (150). Ala was therefore introduced as a mutation for the two last amino acids
Gly (a neutral amino acid) of the LAGG motif, for GlIn (has a polar uncharged side chain) and Trp
(hydrophobic). Ser, on the other hand, was introduced as a mutation for the two first amino acids
Leu (hydrophobic) and Ala (hydrophobic) of the LAGG motif. These were the preferred amino
acids to use as they preferably do not impose structural limitations, but are physiochemically
different from the original conserved amino acids. The exception is Trp which has the same charge
as alanine, but is nonetheless less bulky. Four different point-mutated sfGFP-CbpDASH3® versions
were successfully produced: a sfGFP-ChpDASH3L3WSAIS - 5 sfGFP-ChpDASH3D.G302AG303A - 5
SfGFP-CbpDASH3PQ329A and a sFGFP-ChpDASHEW3SA (Figure 4.9). Appendix 5 includes the
complete DNA sequences for each point-mutated sSFGFP-CbpD2SH® version with the specific DNA

changes needed to mutate the conserved amino acids into either Ala or Ser.

6xHis—( sfGFP ]—[ Conserved domain ]_.
|

L300S, A301S

6xHis—[ sfGFP ]—[ Conserved domain ]—
|

G302A, G303A

6xHis—[ sfGFP ] [ Conserved domain ]—

I
Q329A

ﬁxHis—[ sfGFP ]—( Conserved domain ]_

W365A

Figure 4.9: Schematic presentation of four sfGFP-CbpDSH® versions with indicated point-mutations into either
alanine or serine (L300S,A301S, G302A,G303A, Q329A and W365A). An N-terminal 6xHis tag was also fused to the
proteins facilitating purification by Ni** IMAC.
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The eluted point-mutated proteins from 400 mL cultures are shown in Figure 4.10 (A, C, E and G),
with 280 nm absorbance registered roughly after 8-11 mL of linear gradient elution. Fractions were
collected for each CbpDASH®-mutant, where sSFGFP-ChpDASH3b: L300S, A301S haq 3 protein yield of
0.40 mg/mL, SfGFP-ChpDASH3b.G302AC303A 3 yield of 0.86 mg/mL, sFTGFP-ChpDASH3.Q329A yith
1.50 mg/mL and sfGFP-CbpDASH3>:W385A \with a protein yield of 0.55 mg/mL (NanoDrop™ 2000).
Based on the SDS-PAGE and Coomassie blue staining, the purity of L300S,A301S mutant was in
the range of ~70%, while for the other mutated proteins in the range of ~55-60%. The proteins had
sizes in the ~43 kDa range (4.10B, D, F and H), which is in accordance with their theoretical

molecular weights (also in a ~43 kDa range).
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Figure 4.10: Chromatogram of sfGFP-ChpDASH30L300SA30S (A sfGFP-ChpDASh3nG302A,G303A - (), sfGFP-
ChpD2SH30.Q329A (E) and sfGFP-ChpDASH3:W385A (G), Proteins with a 280 nm absorbance peak (grey line) eluted at
approximately 35% Buffer B (~175 mM imidazole, dark orange line). Fractions 8-11 were therefore collected. They
were examined by SDS-PAGE (B, D, F and H) and confirmed to have a size corresponding to their theoretical mass,
in the range of ~43 kDa. The purity of the recombinant proteins were also believed to be between 55-70%.

4.3.1 Identification of amino acids important for guiding CbpD*®P towards septum

Phase contrast and fluorescence microscope images were taken of S. dysgalactiae MA201 cells
labelled with the different mutated sFGFP-CbpD2S"% versions to establish any differences in
binding patterns. To be specific, would these mutated proteins still bind to the division zone of

target cells? Binding to teichoic acids present at the septum was displayed in Figures 4.5 and 4.6,
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and any difference in binding patterns presented here would suggest that these conserved amino
acids have a conserved guiding role for CbpDSP towards the septal region. The sSfGFP-CbpDASH3P
protein was included as a positive control during microscopy. All images were captured using the
same settings (exposure time) on the microscope and analyzed with ImageJ using the same

brightness/contrast settings.

As seen in Figure 4.11, the sfGFP-CbpDASH% control targets the division zone of MA201 target
cells as expected. Collectively the binding is observably different for the point-mutated proteins,
than the control. It was seen that septal recognition was lost for L300S,A301S, G302A,G303A,
Q329A and W365A mutants, with an unevenly binding across the entirety of the targeted cells
observed. This was similarly observed for their cognate heatmaps produced for each point-mutated
sfGFP-fusion proteins, as the control clearly displayed strong density of subcellular location of the
protein at septum (1493 bacteria analyzed). On the other hand, sfGFP-ChpDASH3bL300SA301S
(n=1854), SfGFP-CbpDASHCG302AC303A  (n=1635), ChpDASHPQ32%A  (n=1805) and sfGFP-
ChpDASHPWSESA (1=1805) proteins showed strong density of subcellular fluorescent foci
irregularly across the cells. Although, a higher degree of subcellular density at the septal regions
seemed to be present for the two latter sSfGFP-constructs (Q329A and W365A). Interestingly, small
fluorescent foci were also observed within several of the cells across many of the fluorescent
images. These were, though, only observable for the point-mutated protein versions and none in
the control, with a general trend of occurring once or twice for each cell. This could perhaps be
misfolded point-mutated sfGFP-CbpDASH3 aggregates bound strongly at certain points of the

cellular wall.
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Phase contrast Fluorescence Heatmap
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Figure 4.11: Phase contrast and fluorescent images of sfGFP-CbhpD*SH® (control), sfGFP-ChpDASH3b.L300SAS01S
SFGFP-ChpDASH3b.G302A.G303A | sfGFP-ChpDASH30.Q329A gnd |astly sSFGFP-CbpDASH3W3A The microscopy images and
heatmap of the control displayed septal binding, whereas the point-mutated sfGFP-versions displayed a lack of this
with binding rather occurring unevenly across S. dysgalactiae MA201 target cells. This was also seen by their
respective heatmaps, where n indicates the number of bacteria analyzed. Fluorescence foci were also observed in the
mutated versions, where each speck seemed to occur once or twice per cells. Scale bars are 2 uM, with heatmaps
produced by Microbel.
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4.4 Testing the lytic activity of ChpD®302A.G303A

A growth curve assay was performed to measure the lytic activity of CbpD®302AG303A ggainst S.
dysgalactiae strain MAZ201 cells. Based on the results presented in Figure 4.11, sfGFP-
ChpDASH3bG302A.G303A \yas not enriched at septum suggesting that the LAGG motif is essential for
the conserved domain’s ability to guide the fratricin to the division zone. It was therefore
hypothesized that CopD®302AS303A \would not bring about the CHAP domain to the cell septum to
cause cell lysis. This point-mutated version of the protein was chosen to use in this assay, as it had
high protein yield after purification (Figure 4.10 D) suggesting that the mutations had minimal
effect on protein folding and due to significant interest in the highly conserved LAGG motif.
ChpD®302AG303A \yas therefore a representative of a CopDSP version unable to bind correctly at the
division zone of target cells, and the results from the assay was assumed to be similar if the other
point-mutated sfGFP-fusions were used instead.

The full-length CbpD®P protein with the CHAP domain, SH3b domain and the conserved domain
was necessary (i.e., instead of sfGFP fused directly to SH3b) to measure its lytic effect on the S.
dysgalactiae cells, and OE-PCR was subsequently used to introduce the G302A,G303A mutation
to CbpDSP (Figure 4.12). Wild-type CbpDSP was used as positive control, as it is known to cause
cellular lysis of targeted cells. As negative control we first wanted to use a version of CopDSP in
which its catalytic cysteine (C65) residue in the CHAP domain was changed to Ala, rendering it
inactive (Figure 4.12). The essentiality of the CHAP Cys residue for CbpD function was discovered
by Havarstein et al. (2006), who mutated the active site Cys into an Ala rendering it non-functional
(70). Overexpression and purification of the C64A mutant was, however, unsuccessful (Appendix
6. Figure A.6.2). A wild-type CbpDSP treated with iodoacetamide was used to create the negative
control instead (see section 3.13.1).

6xHis—[ CHAP ]—[ SH3b ]_( Conserved domain ]—
|

I
C65A G302, G303A

Figure 4.12: Schematic view of the full-length CbpD®P where the positions of the point mutations C65A and G302A,
G303A are indicated to create two individual proteins.
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The CbhpD®30?AG303A protein (Figure 4.13) and positive control CbpDSP were overexpressed and
purified. Wild-type CbpD®P was overexpressed in strain JA2, previously created in the research
group, yielding 2.55 mg/mL of purified protein from a 400 mL cell culture (see Appendix 6, Figure
A.6.1). Purified CbpD®302AG303A \yas obtained in the range of 0.42 mg/mL from the same culture
volume (Figure 4.13A and B).
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Figure 4.13: A. Chromatogram of CbpDG®302A.G303A The graph displays absorbance at 280nm (grey line) after 12 mL
of linear gradient elution and approximately 30% Buffer B (~150 mM imidazole, dark orange line). Fractions 12 and
13 were therefore collected. B. SDS-PAGE confirmed the presence of ChpDC%?AG30SA a5 correct band sizes (40.01
kDa) were displayed. The purity of the recombinant protein was believed to be in the range of ~85%.

Final concentrations of 0.5 pg/mL, 1 pg/mL and 2.5 pug/mL of CbpDSP, ChpDG302AC303A gng
iodoacetamide-treated CbpDSP were added to exponentially growing S. dysgalactiae cells at ODsso
~ (0.2. Each concentration was carried out in three parallels. Sytox™ Green was also included for
fluorescent measurements of cell lysis, as it is a more sensitive method to detect cell lysis compared
to OD measurements, and could therefore detect potentially small Iytic effects of the enzymes. It
was seen that after the addition of the different CbpDSP samples, the cells treated with wild-type
enzyme lysed rapidly within 5 minutes as indicated by the heavy drop in ODsso and high fluorescent
signal (Figure 4.14, only 1 pg/mL shown for simplicity of the figure). This showed that the wild-
type CbpD®P works efficiently against target cells. Addition of the mutated CbpD, having G302
and G303 changed to alanines, displayed significantly reduced ability to lyse target cells by only a
small drop in ODsso and low fluorescent signal. Similarly, the iodoacetamide treated CbpDSP had
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no effect on the cells, which was expected. Although the LAAA mutation does not render the
protein completely ineffective as some cell lysis was registered, the lytic effect was dramatically
reduced suggesting that septal binding is critical for lytic activity. See appendix 7 (Figures A.7.1

and A.7.2) for the complete growth curve of all CbpDSP samples at all concentrations.
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Figure 4.14: A lytic assay of S. dysgalactiae strain MA201 cells against CbpDSP with G302A,G303A mutation. The
cultures were incubated at 37 °C in C-medium, where growth was monitored until stationary phase by automatic
detection of the ODssp at 5-minute intervals for 200 cycles. ChpD®302AC303A (1 11g/mL) was added at ODsso = 0.2 (shown
by arrow). An iodoacetamide-treated CbpDSP was used as negative control and a CbpDSP-wild-type was used as
positive control. It was seen that the mutant CbpD®302A.G303A had nearly lost its ability to lyse the MA201 cells, as ODsso
continued after adding the protein as well as registering low cell rupture of the cells by fluorescence (Sytox™ Green).
Its conserved domain without a functioning LAGG motif can most likely not guide ChpDSP towards septum, evidently
showing that septal binding is necessary for hydrolytic activity of CHAP.
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4.5 Competent Streptococcus dysgalactiae is immune against CbpDSP

Havarstein et al. (2006) set out to uncover the mechanism behind a clumping reaction produced
from competent pneumococci, and discovered that a novel competence-induced protein called
ComM was responsible. This protein was found to prevent the competent cell from committing
suicide by its own fratricin, although the activity of ComM and which cellular processes it affects
is still largely unknown (70, 71) (section 1.3.2). Such a fratricide immunity protein has not yet been
described for other streptococci. But, having access to a pure and active fratricin from a streptococci
in the pyogenic group, we wanted to use this enzyme to test if competent S. dysgalactiae also had
a competence-induced mechanism giving them protection against their own fratricin. An obstacle
for testing this has been that many S. dysgalactiae isolates vary in their abilities to enter competence
in laboratory conditions. However, work done by PhD student Marita Torrissen Marli in the
Molecular Microbiology group have identified a S. dysgalactiae strain 047, which enters

competence upon addition of ComS (XIP) inducer.

In order to check for an immunity, a growth curve assay was performed. S. dysgalactiae strain
MAZ201 has a truncated ComR, and could therefore not be used in this assay as a functional
ComRS-system for competence induction was necessary. S. dysgalactiae strain 015 modified in a
way that cbpD is knocked out and replaced with a spectinomycin (MM352) resistance gene and S.
dysgalactiae strain 047, as previously mentioned, were instead utilized (section 2.1, Table 2.3).
Their ComR proteins are not truncated, and they both depend on ComS2 (QVDWWRL) for
induction of the ComRS regulatory system. Each strain occupied six wells each of the 96-well
polystyrene microtiter plates, half of which were induced with ComS2 (see section 3.13.3). After
reaching an ODsso ~ 0.2, ComS2 (250 ng/mL) was added to the specified wells and after 20 minutes
CbpDSP wild-type (1 pg/mL) was added to all wells. A 20 min incubation with ComS2 was chosen
to give the competent S. dysgalactiae cells enough time for induction of competence, expression
of the potential immunity factor and to become fully immune before adding extracellular CbpD.
Both ODsso and fluorescence (by Sytox™ Green) were measured every 5 minutes for 200 cycles,

with the results from strain 015 displayed in Figure 4.15.

It was seen, after the addition of CbpDSP-wild-type, that non-induced cells lysed strongly whereas
the induced cells had no rupture. The non-induced cells had a strong drop in ODssop measurments,

and high fluorescent signal indicating elevated amounts of cell rupture. The opposite was seen for
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the cells induced to competence as only a small drop in ODssg was registered before continuing
growing, and small amounts of cell rupture as displayed by the low fluorescent signal. There
therefore seems to be an immunity mechanism produced in strain 015, which protects the
competent cells from CbpD®P self-harm. Figure A.8 of Appendix 8 displays the results from strain
047. In contrast to strain 015, there is no clear difference between the induced competent

streptococci and the non-induced by ODsso measurements nor fluorescence by Sytox™ Green.
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Figure 4.15: A growth curve of modified S. dysgalactiae strain 015 cells (cbpD::spc) where ComS2 (250 ng/mL) was
added at ODsso = 0.2 to induce the cells to competence in half of the wells, and CbpDSP-wild-type (1 pg/mL) added
after 20 minutes. The cultures were incubated at 37 °C in C-medium, where growth was monitored until stationary
phase by automatic detection of the ODssp at 5-minute intervals for 200 cycles. S. dysgalactiae strain 015 was proposed
to have a immunity factor due to low ODsso drop and only small increase in fluorescence (Sytox™ Green) of the
induced cells (in dark yellow). Non-induced cells were used as a control for Iytic activity (in yellow). Similar results
were obtained in repeated experiments.
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5. Discussion

There are three mechanisms of horizontal gene transfer (transduction, conjugation and
transformation), where genetic transformation has been explored in this project. The pathogenic S.
pneumoniae is naturally competent for genetic transformation and has served as a model organism
on this phenomenon. Its murein hydrolase CbpD*" is a crucial component of the pneumococcal
fratricide mechanism, where its biological significance is immense as it readily makes DNA
available for uptake and homologous integration into recipient genome. This provides the
necessary material for further evolution and adaptability. Other streptococcal species outside the
mitis group also contain gene sets that, in theory, should enable them to enter the competent state
and execute fratricide. However, data showing active fratricide in streptococci outside the mitis

group are limiting (51).

Members of the clinical relevant pyogenic subgroup of the Streptococcus genus have for a long
time been considered non-transformable, though high recombination rates and HGT have been
reported (41, 169). With the relatively recent discovery that S. pyogenes and other pyogenic species
have a conserved set of competence genes and an sigX regulatory structure (for late competence
gene expression), transformation could therefore have a larger impact on evolution and genome
plasticity of the pyogenic group than previously believed (22). By identifying protein sequences
with a CHAP domain and a SigX binding site in the promoter regions, several CbpD-like proteins
from other streptococcal species (including S. dysgalactiae) have also been revealed. Their C-
terminal halves are variable, although they most likely are functional analogues of CbpDSP, where
different recognition sites in their cellular envelope have been suggested (64). The CbpDSP has,
however, a C-terminal conserved domain of unknown function. The present work has accordingly
been an in-depth exploration of the conserved domain of CbpDSP in order to understand its
biological function: does it localize to the septal cell wall, and does it bind to teichoic acids
protruding from the peptidoglycan? The questions to be investigated could unravel the fratricide
mechanism of S. dysgalactiae, its importance for making DNA available for integration and

thereby genome plasticity for adaptation to changing environmental conditions.

5.1 The conserved domain guides CbpDSP to the cell division site
The binding pattern of recombinant sfGFP-CbpD*St™* protein on S. dysgalactiae MA201 cells

revealed that the conserved domain from CbpDSP alone could recognize and bind to the septal cross
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wall produced by the PBP2x/FtsW of the divisome machinery. This was clearly seen from the
fluorescent images, as well as its cognate heatmap for subcellular location of the protein with high
density at the septal locations (Figure 4.5, section 4.1.1). After these findings, identifying
conserved amino acids which could constitute the septal guiding abilities of the protein was
performed by creating a multiple sequence alignment of CbpDSP and various other streptococcal
fratricins also with a conserved domain (Figure 4.7, section 4.2). A highly conserved LAGG motif
and amino acids GIn329 and Trp365 were identified and individual proteins were made by site-
directed mutations in order to observe protein localization. sfGFP-ChpDASH3.L300SA0IS  ofGFP-
ChpDASH3b.G302AG303A - ofGFP-ChpDASHPQ329%4 gnd  sFGFP-ChpDASHIWSSSA  had  significantly
reduced abilities to bind to the division zone (Figure 4.11, section 4.3.1). Correct septal binding
was also shown to be essential for the lytic function of CbpD®P, since a CbpDSP version lacking
the conserved LAGG motif (CbpDC392AG303A) displayed significant reduction in lytic abilities
against sensitive S. dysgalactiae cells (Figure 4.14, section 4.4). Although this mutation (LAAA)
does not render the protein fully ineffective, the low levels of cell rupture indicates that this motif
might be essential for septum localization and thereby cause lysis of target cells by its CHAP
domain. Since all point-mutated sfGFP-CbpD*5t3® versions had a dramatically reduced ability for
division zone binding, CbpD®302AG303A \was selected as a representative for them all. The
conclusion is therefore drawn that the conserved LAGG motif and the GIn329 and Trp365 amino
acids are critical for the localization of the CbpDSP protein to the septal regions, and that this
localization is vital for the enzyme’s ability to lyse the target cell. This is similar to what has been

reported for the pneumococcal CbpDS®.

The CbpD* attacks the septal regions of target cells, but has a limited range as it can only target
other species with choline-decorated teichoic acids at the division site (73). Similarly, it has been
theorized that the conserved domain of CbpDSP most likely has a function equivalent to the CBD-
domain of CbpD®P, i.e., guiding the fratricin to the septal area of target cells. It has now been shown
that CopD®P targets the septal regions of S. dysgalactiae MA201 target cells and that teichoic acids
are also necessary for the protein’s ability for septal binding (Figure 4.6, section 4.1.2). The
interesting question is why these specific murein hydrolases display such specificity towards the
division zone. It was proposed by Eldholm et al. (2010) that the septal region is the weakest part
of the cell wall, thereby allowing the CbpDs to cause cell rapture effortlessly. Straume et al. (2020)

also discussed whether the peptidoglycan synthesized by the divisome is not perfect, and could
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contain both gaps and small holes making this layer quite irregular and fragile. The CbpD-B6
(fratricin used in their work, from S. mitis strain B6) could use these imperfections from the
otherwise tightly woven peptidoglycan to gain access to its substrate (73, 86). In addition, it was
mentioned in section 1.4.1 that aPBPs synthesize a disordered secondary peptidoglycan layer, and
although this two-layered septal cross wall has yet been demonstrated in S. dysgalactiae, it could
make the peptidoglycan more robust and denser necessary for it to handle turgor pressure and retain
the bacterial shape. The activity of aPBPs in the septal region also lags behind the primary divisome
machinery, allowing CbpDs time to attack the weaker septal cross wall produced by the
PBP2x/FtsW complex (86, 89). Although this model is based on results from studies in S.
pneumoniae, due to the analogous function of CbpDSP and similar peptidoglycan synthesizing
machineries, this might be similar for S. dysgalactiae as well. The septal cross wall might also be
an indication of well-being, as cells that reproduce by cellular division displays that they thrive in
the environmental conditions they are in. Although the biological role of these fratricins have not
been determined, most data suggest that competent cells use them to acquire homologous DNA
such that they can overcome challenges in the environment. By targeting healthy and closely-
related cells carrying DNA capable of surviving stress-full environments, it makes sense to target

their septal cross walls.

5.1.1 Identification of conserved amino acids important for septal binding of CopD®P

From the MSA (Figures 4.7 and A.3), several conserved amino acids were identified, but only the
LAGG motif and amino acids Q329 and W365 were further studied. Creating individually point-
mutated sfGFP-ChpD2SH3 proteins of absolutely all these different conserved amino acids would
have been ideal to map out their importance and significance at their specific locations.
Nevertheless, only the above mentioned conserved amino acids were chosen due to time
constraints. For instance, there are seven conserved glycine residues across the conserved domain.
Figure 5.1 displays the position of the conserved glycine residues (in red and as sticks), where they
are seen positioned within the loops towards the surface. Although this domain, as previously
mentioned, probably is predicted with less confidence due to lack of homologous domains in the
database, the several glycines can be hypothesized to have a structural role. Since Gly does not
have a Cp atom (i.e., no side chain) and can create many dihedral angle combinations, this allows
for structural possibilities and flexibility of the protein. This could give the conserved domain of

CbpDSP optimal function for binding to its substrate by adopting different confirmations (150,
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170). Additionally, since the Gly is positioned between the -strands within their turns due to their
sterical flexibility, these promote the formation of antiparallel B-sheets. Two proline residues are
also conserved and found in close proximity to each other, as seen on the MSA. In contrast to Gly,
the Pro amino acids give structural rigidity to the protein. Perhaps a specific part of the conserved
domain is rigid, while the rest of the domain has a higher degree of flexibility. It would therefore
be interesting to make individual point-mutated sfGFP-CbpDSP proteins where the several Gly’s
and Pro’s are mutated into physiochemical different amino acids and see if the CopDSP loses its

septal binding abilities and cause cellular lysis of target cells.

Figure 5.1: Predicted 3D structure of CbpD®P, where the secondary structures are colored in grey (AlphaFold). The
seven glycine residues are displayed as red sticks and can be seen within the loops. Created with PyMOL (168).

The function of the LAGG motif and GIn and Trp are unknown, but since they are positioned

towards the surface (Figure 4.8, section 4.2) it can be speculated that they have a role in mediating

binding to proteins or other molecules found at the septal regions, such as the teichoic acids. The

motif is especially of interest as it consists of four amino acids conserved across several species

with similar structure of CbpDs, and must proposedly have an essential functional role. It could be

interesting to further research if the streptococcal species CbpD®P is able to lyse has this LAGG-
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motif, and if resistance species lack this. Previous work has revealed that CbpD®P cannot fully lyse
S. pneumoniae (105), where preliminary investigations has revealed that CbpDS® does not contain
this LAGG motif. Further work should be done, although this might suggest that LAGG recognizes
something on the cells in common for all strain with LAGG-containing CbpDs. This would
therefore constitute the binding specificity within the conserved domain of the protein, which can
also be regarded for Q329 and W365, as their microscopy images were similar to that of the LAGG
motif (Figure 4.11, section 4.3.1). Their heatmaps, however, indicate that the Q and W mutations
still retain some septal binding abilities, with somewhat strong density of subcellular location in
this area. Heatmaps produced from mutating the LAGG motif seem to have strong density of
subcellular location across the entirety of the cells. This could indicate that the motif has the more
important role of substrate recognition, with these amino acids (GIn and Trp) as supporting roles

in cell wall binding specificity.

It should also be considered that introducing these mutations into the conserved domain could have
caused the protein to misfold by affecting the stability of the protein. Proteins are dependent on
their 3D structure, but alterations in this chain can cause the folding process to change, which gives
rise to a misfolded protein (171). Its preferred fold or the native confirmation is lost, along with its
ability, for instance, to bind to the septum and cause cellular lysis rupture for access to extracellular
DNA. This could partly explain the several foci observed in Figure 4.11. They could be aggregates
of misfolded proteins, where the lower signals could also be reasonable caused by the incorrect
folding of GFP, as this would result in abnormally low fluorescence. However, since the mutated
proteins were expressed and purified in fairly good amounts (0.4 — 1.5 mg/mL), it suggests that the
proteins have an overall 3D structure that is correct or very close to native folding. Circular
dichroism could have been applied to check that the secondary structures of the mutant proteins
are similar to the native protein. Also, 3D crystallography or NMR studies would be necessary to
confirm that the structure is unaltered. The amino acid residues chosen to mutate also are predicted
(AlphaFold and RoseTTAFold) to lie towards the protein's surface and more so within the loops,
and are probably more tolerant to changes within their sequences. Therefore, the belief is that the
point-mutated sfGFP-CbhpDASH® versions have not misfolded and that something else is causing

these observable foci. This has yet to be determined.
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5.2 Teichoic acids in the septum function as a cell wall target recognition site for
CbpD*SP

The binding patterns of sfGFP-CbpD*SH to sacculi (with and without teichoic acids) differed
significantly (Figure 4.6). The GFP-fusion was seen clearly bound to the septal regions of murein
sacculi with TAs, whereas the protein labelled to sacculi deficient in TAs was evidently seen to
have lost its septum binding ability. Although not enriched at the septum, the sfGFP-CbpDASH3®
still bound to the sacculi. This latter finding was unexpected. The SH3b domain, as mentioned in
section 1.3.1, most likely bind to the peptidoglycan part of the cell wall and forms a substrate-
binding pocket together with the CHAP domain. Proteins with the SH3b domain are found in a
variety of bacteria, where both the SH3b domain of CbpDSP (73) and SH3b domain of ALE-1 (75)
of S. aureus have been shown to bind to the peptidoglycan layer. Accordingly it can be speculated
that the SH3b domain of CbpDSP binds similarly. Eldholm et al. (2010) also suggested that it is not
the interpeptide bridge that is recognized by the SH3b of CbpD®", but more likely either the
GIcNAC or MurNAc residues (73). It was therefore interesting to see the ASH3b mutant remained
bound to the S. dysgalactiae MA201 cellular envelope. Perhaps the conserved domain has a dual
binding role, where it has the strongest affinity towards the TAs present at the division zone. When
these TAs are lost, other parts of the cell wall of lower affinity could be the target for the conserved
domain of CbpD®P, although unspecific binding could also be a possibility. Another prospect is
that a certain threshold of TAs at the septum is needed to recruit the conserved domain, and
although the 10% TCA removed TAs, some of these polymers might still have remained causing
sfGFP-CbhpD25H3 to bind elsewhere on the sacculi. These are, however, only speculations.
Interestingly, S. thermophilus (CbpDS™) (Figure 1.4) lacks the SH3b domain (has only the N-
terminal CHAP domain and a C-terminal conserved domain) but binds to the septal and polar
regions of their targeted cells (Bjgrnstad et al. (2012) (172). In this work, the MSA created included
S. thermophilus (AKH33394.1) and showed that its conserved domain sequence is relatively
homologous with the corresponding domain of CbpDSP. It could therefore be hypothesized that
CbpDST targets the division sone and the teichoic acids located there, although experimental
evidence is lacking. Since it lacks the SH3b domain, the CbpDST might have evolved to bind to the
peptidoglycan glycan chains or teichoic acids located outside the division zone, although with a

stronger affinity for the TAs at the septum. It would therefore be interesting to conduct the same
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experiment, as described in sections 3.11 and 3.11.1, on S. thermophilus and labelling the sacculi

(with and without TAs) with sfGFP-CbpD®T to see if unevenly binding of the cells is also seen.

The specific parts of the teichoic acids which the CbpDSP targets are unknown. Research from
previous lab work (105) showed that CbpDSP (strain MA201) is able to lyse other streptococcal
species from the mitis group (i.e., S. gordonii and S. sanguinis, furthest relatives of S. pneumoniae),
species from the salivarius group (S. thermophilus and S. salivarius) and several species from the
pyogenic group (S. agalactiae and S. pyogenes for instance). This target range would mean that
these species possess specific recognition moieties on the TAs that CbpDSP recognizes. It can be
speculated that this moiety could be the D-alanine residue, as S. dysgalactiae (section 1.4.2), S.
gordonii (173), S. sanguinis (174), S. thermophilus (175), S. salivarius, S. agalactiae and S.
pyogenes (104) all have D-Ala decorated TAs. It would also be possible to quantify and compare
the amount of D-alanine in the TAs of the different streptococci by liberating D-Ala from the
teichoic acids and derivatizing them with a so-called Marfey’s reagent (1,5-difluoro-2,4-
dinitrobenzene). Reverse-phase chromatography easily separated D-Ala from L-Ala after
derivatization (100, 176). Furthermore, it is known that the content of D-alanine esters is variable
and depends on pH, salt concentrations (NaCl) and temperature (177). For instance, for S. gordonii
LTAs, it has been reported that lower pH conditions cause an increase of dlt expression, while for
S. aureus TAs (similar structure), an increase in pH, temperature or NaCl concentration cause a
lower degree of D-alanylation where it has been shown that sublethal heating resulted in a 65%
loss of the D-alanyl ester content (77, 178, 179). The dlt operon of S. aureus is also repressed by
increasing the amount of divalent cations (such as Mg?*) in the medium. It would therefore be
interesting to alter the medium’s salt concentration, pH or even the temperature during the growth
of these mentioned streptococcal species and see if CbpDSP still can cross-lysis. If CopDSP cannot,
it may indicate that the D-alanine moieties at the TAs at the division site could be responsible. It
was also suggested that the TAs of S. pneumoniae contain D-alanine residues, but by the works of
a previous master student, CbpDSP is not able to lyse S. pneumoniae (105). This might be due to
the different teichoic acid structures these two species have, where S. dysgalactiae has a rhamnose
polysaccharide (WTASs) and polyglycerol phosphate chains (LTAS) and S. pneumoniae uniquely
of a tetrasaccharide-ribitol structure for both WTA and LTA. High structural variability of these

polymers, even if they both contain D-Ala, might influence CbpD®P not to cause lysis.
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CbpDSP can target non-competent and closely-related species S. oralis and S. mitis, as they all have
choline-decorated teichoic acids (51, 69). On the other hand, the phylogenetic relationship of
CbpDSP targets is not that clear, as it was shown that the fratricin could cause cross-lysis of several
strains belonging to almost all streptococcal groups (except the bovis and anginosus groups) (105).
It was mentioned in section 1.3 that the biological function of the fratricide mechanism probably
is to gain access to homologous DNA, as stable integration of diverging DNA sequences could be
more harmful than beneficial due to functional incompatibility. The targets of fratricide should
therefore naturally be more related species than species far unrelated, as they most likely possess
more homologous DNA. HGT can, however, occur between distantly related organisms, but it is
then more probable that genes belonging to simpler functional networks are transferred (than
belonging to DNA replication, transcription or translation) (42). The fact that CbpD®P has an
extensive target range could indicate that its recognition moiety on the TAs is quite general (such
as the D-Ala) and not as limiting as choline. It is puzzling, however, that the CopDSP can cause
lysis of so many species and not only closely related ones, but perhaps its bovine habitat limits its

range for cross-lysis of furthest relatives.

Why fratricins selectively bind at the septum is still an open question. It has been speculated that
TAs inserted into the newly synthesized peptidoglycan layer undergoes chemical modifications, a
kind of maturation, before they become part of the mature cell wall further away from the septum
(99). S. pneumoniae, for example, express an enzyme called pce, which cleaves off a subfraction
of choline residues on the teichoic acids inserted into the cell wall. It has been hypothesized that
this could create a pattern of choline-rich teichoic acids near the septum. However, a Apce mutant
is still sensitive to CbpD®F, excluding pce’s involvement in fratricin placement (unpublished data
in the Molecular Microbiology group). Moreover, as already mentioned, one could also imagine
that the concentration of teichoic acid is higher at the place of insertion (the septum), and that this
locally high concentration of TAs has a titration effect recruiting fratricins to the division zone.
Higher TA concentrations at the division zone have not been confirmed experimentally. What
chemical determinants that induce the selectivity between peripheral and septal teichoic acids by
these enzymes also remains to be determined. Curiously, the major autolysin in pneumococci called
LytA also has a CBD, which it employs to bind teichoic acids before cutting the peptidoglycan.
Similarly to CbpDSP, this enzyme targets the TAs at the septum (99).
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5.3 Substitution of cysteine to alanine in the CHAP domain of CbpDSP

Creating the negative control for the CopD®P lysis assay (section 4.4) involved mutating the highly
conserved cysteine residue within the CHAP domain to an alanine (C65A), which unfortunately
did not succeed in this work. Attempts to overexpress and purify CopD®** resulted in no protein
yield, as seen in Figure A.6.2 in Appendix 6. The conserved Cys in the CbpD®P is as expected
predicted to be positioned in the active site cleft of the CHAP domain (Figure 4.8). The residue lies
also more towards the core of the domain, and one could speculate that amino acid changes in this
area is not so tolerated for the 3D structure of the domain. Changing this Cys to Ala has previously
been done to inactivate CopDS? and PcsB (CHAP-containing protein involved in daughter cell
separation in S. pneumoniae) (70). Changing the catalytic cysteine in the homologous CHAP
domain of PcsB did not result in a misfolded protein (180). However, the cysteine mutated CopDSP
was never tested for correct folding. It is therefore plausible to consider that the CbpD®®A from S.
dysgalactiae was misfolded upon overexpression. A small-scale experiment involving just
overexpression of ChpD®%A by IPTG and then directly onto the SDS-PAGE revealed no bands
which could belong to the protein. The mutation (C to A) itself has most likely affected the

expression of the protein. Exactly why the expression of CopD®° failed in this work is not known.

5.4 Immunity against CopDSP

Clear experimental evidence of a fratricin immunity protein have only been found in pneumococci,
which express the early competence protein ComM for protection against CbpDSF. ComM
homologs are found in other mitis streptococci, but not in more distantly related species such as S.
gordonii, S. thermophilus and S. dysgalactiae. A key question is therefore whether the ComM-
deficient streptococci express an alternative immunity factor. Experiments performed in this
project have confirmed that S. dysgalactiae has a competence-induced immunity factor as
competent S. dysgalactiae showed almost complete immunity against 1 pg/mL CbpDSP. Non-
competent cells displayed, on the other hand, high cellular lysis (Figure 4.15, section 4.5). To avoid
lytic interference from self-produced CbpDSP during competence induction, a AcbpD mutant
(strain 015) was used in this experiment. S. dysgalactiae strain 047 was also included (Figure A.8,
Appendix 8), but the resulting growth curve displayed similar ODsso and fluorescent measurments
between the induced and non-induced cells. No clear indication that strain 047 produce immunity
against CbpDSP was therefore found. This could indicate differences between strains and isolates
whether they are immune to CbpD activity or not. Although another possibility could be that the
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047 cells have become induced for natural competence by various environmental factors before
adding ComS2, rendering all cells immune. These are only speculations, and since it was observed
that S. dysgalactiae strain 047 did not grow “smoothly” as shown by its ODssp measurments, more

work should be done.

A MSA was also performed on the various CbpDs from S. dysgalactiae strains 015, 047 and
MAZ201, with the following results presented in Figure A.9 in Appendix 9. It is seen that these
CbpDs are highly conserved, with only a few divergences from the MA201 sequence. In the present
work, it was therefore assumed that the CbpDSP from S. dysgalactiae strain MA201 would be
equally efficient against S. dysgalactiae strains 015 and 047. Although strain 047 does contain a
functional cbpD gene, and could potentially cause lysis by its native CbpD and provoke an immune
response in avoidance of self-suicide, the CbpD level of expression within the isolate remained
unknown. Knowing the concentration of the purified CbpD®P from MAZ201 and using a
concentration that would undoubtedly cause lysis (1 pg/mL) was hence the best solution for this
experiment. Optimally it would be preferred to test for immunity in strain MA201 but, as
previously mentioned, this was not possible because it contained truncated ComR, leaving it non-

competent upon ComS2 addition.

With the discovery that competent S. dysgalactiae strain 015 cells are immune to CbpDSP, the
competent cells must be protected from fratricide by an unknown mechanism. As discussed in
section 5.2, S. dysgalactiae has a somewhat large target range where CbpD®P is able to lyse several
species of several streptococci groups (105). The CbpD®P can thereby target non-competent cells,
gain access to possibly homologous DNA and integrate into recipient genomes of the competent
cells. Straume et al. (2017) discussed that ComM and CbpDS" probably interacts indirectly, where
ComM could make changes to the cell wall structure of the newly synthesized peptidoglycan at the
septal region. This could occur by modifications to the stem peptide in which the CHAP domain
cleaves, the peptidoglycan to which SH3b binds or to the teichoic acids where the CBD domain
binds to block the attachment of CbpD®F. However, overexpression of ComM in S. pneumoniae
produced cells with multiple septa to which a GFP-ChpD®" could still bind (71). Similarly, it has
also been argued that ComM guarding and modifying only the division zone would be more
beneficial than changing the entire cell, and since the ComM is only expressed a couple of minutes

before CbpDSP, it might not have time to protect the whole cell wall. These arguments, although
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for S. pneumoniae, might be highly relevant for the immunity factor in S. dysgalactiae strain 015
as well. This could be a hypothesis for why CbpDSP targets the septum of non-competent cells, as
the immunity factor guards or modifies only the septal area of competent cells. This is the first
study showing that streptococci other than S. pneumoniae possess a competence-induced immunity
mechanism against fratricins. Much therefore remains unknown and further research is needed.
There has also been attempts to use the MEME Suite tool for motif-based sequence analysis (181)
to search for other promoters with the same ComR early gene promoter binding site (AACAN
GACA N4 TGTCN TGTT Nig TATAAT, excluding the last part in the search) as the promoter
regions of comS and sigX (section 1.2.2). A list of possible candidate motifs within the genome of
S. dysgalactiae NCTC13762 was generated, with the Psigx and Pcoms 0on top. The following motifs
further down the list contained an increasing number of mismatches to the consensus, and it was
often seen that the suggested motif sites were in the middle of genes or belonged to genes whose
activity were considered as not relevant for competence and transformation. The list of candidate
motifs was quite long, and comparing one by one against the genome was deemed quite time-
consuming and impossible to complete within the time frame of this work. Completion of this list
provided by MEME Suite could possibly yield interesting findings of candidate genes with the
consensus promoter region for ComR binding, assuming that this immunity gene is expressed early
during competence. RNAseq comparing the transcriptomes of non-competent with competent S.
dysgalactiae cells will also be done in the future to identify both early and late competence genes

in this bacterium. Hopefully, one of the early genes can be identified as the immunity factor.

5.5 Is natural genetic transformation important for adaptability and evolution in the
pyogenic group?

S. pyogenes and SDSE share similar ecological niches as they both infect humans with colonization
in the respiratory tract, where similar disease associations have also been reported (35). It is
therefore believed that entrance into a competence state and transformation for homologous
recombination of extracellular DNA is relatively accessible for them due to overlapping habitats
and a close evolutionary relationship. Although the HGT mechanism is unknown, it has been
shown by Choi et al. (2012) high genetic flow between these two species by favoring S. pyogenes
to SDSE replacing transfers (41). Additionally, Porcellato et al. (2021) reported that the majority
of SDSE genetic content had high homology to the genes of S. pyogenes (30). For instance, the

virulence gene emm encodes for the M-protein necessary to confer resistance to phagocytosis by
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the host immune system, where S. pyogenes specific emm-genes have been found in SDSE isolates,
revealing interspecies HGT events (32, 35). S. pyogenes and S. dysgalactiae does belong to the
same ComRS pathway type 11 (section 1.2.3) and therefore have similar XIP sequences. There are
however sequence variations among the XIP and ComR sequences, and competence induction
between these two species might be XIP-specific. This would permit a subset of the bacterial
population to become competent and allow for interspecies genetic exchange, just as there are
different CSP pherotypes needed for a mixed population of predator and target cells among the
mitis streptococci. However, it has been reported that both SDSE and S. pyogenes are low-
specificity groups and hence respond to several XIP types. Research regarding XIP specificity still
needs more work, and a possibility for SDSE/S. pyogenes responding to specie-specific XIPs by
their ComR might still be the case (13). In addition, the use of penicillin (a B-lactam antibiotic)
against S. pneumoniae infections over the last decades has resulted in penicillin-resistant
pneumococci. The penicillin-binding proteins (section 1.4.1) are the targets for this antibiotic, but
by expressing altered versions of these enzymes (low-affinity PBPs), higher penicillin
concentrations are required to inhibit the enzymes. Furthermore, PBP2x, PBP2b and PBP1la are
primary resistance determinants and commonly altered in resistant clinical isolates. Such
alterations can come about by point-mutations of the transpeptidase domain or acquisition of low-
affinity genes or gene fragments resulting in mosaic PBP genes, which have most likely occurred
by transformation and homologous recombination events between closely related species (182—
184). The PBPs of p-lactam-sensitive pneumococci are therefore relatively conserved, while low-
affinity PBPs have high sequence diversity (182, 183). Fuursted et al. (2016) revealed four
penicillin-resistant SDSE isolates with several amino acid substitutions within their transpeptidase
domains of PBP2x, PBP1a and PBP1b. Two of the substitutions in PBP2x have commonly been
observed in pneumococci and S. agalactiae penicillin-resistant strains (37). Low-affinity PBP
mutations might have spread by natural transformation and recombination events to S.
dysgalactiae from species of overlapping habitats, as this has been observed for S. pneumoniae.
However, large segments of low-affinity PBPs genes, which seem more plausible to acquire from
transformation events, have not yet been found. Acquisition of pbp2b and pbp2x- like genes, most
likely from S. dysgalactiae donors to S. pyogenes by horizontal transfer, have also recently been
reported (185).
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SDSD is an animal-restricted pathogen and resides only in animals. Little genetic flow between
SDSE to SDSD and SDSD to S. pyogenes is therefore found due to ecological mismatch (41).
Porcellato et al. (2021) also reported that SDSD-specific genes have a closer resemblance to
homologs in other animal-associated pathogens, for instance to S. agalactiae. A lac2 operon, a part
of a mobile genetic element, constitutes a selective growth advantage in lactose-rich environments
(e.g., milk) for S. agalactiae, which was ubiquitous in bovine SDSD-isolates perhaps indicating
important environmental adaptation (30). These two species have overlapping ecological habitats,
providing ideal opportunities for genetic recombination for insertion of non-mobile and mobile
genetic elements. Although Porcellato et al. concluded that cross-species transmissions are rare and
that these subspecies are equipped with distinct repertories contributing to specific host adaptation,
zoonosis has been observed by appearance of zoonotic diseases in humans (30, 186, 187). This
could perhaps allow genetic exchange by competence and transformation (and fratricide) between
SDSD and human streptococcal species, further developing its host adaptivity in humans and

virulence of a human SDSD pathogen.

In section 1.1.1, it was mentioned that it is not known if S. dysgalactiae employs natural
competence and genetic transformation to acquire genes for adaptability and evolution. It has been
suggested that competence is regulated in a strict manner in the pyogenic group and population
mixing might reflect exchange via transformation (22). From the findings in this thesis, S.
dysgalactiae possesses a functional CbpDSP, which is believed to help the competent cells getting
access to homologous DNA for uptake and recombination. This murein hydrolase binds to the
teichoic acids located at the septal region of non-competent cells, where the competent cells (for S.
dysgalactiae strain 015) are protected by a supposed immunity mechanism. Competence for
genetic transformation therefore seems like a plausible mechanism of HGT, especially because
many S. dysgalactiae strains contain all genes required to become competent and to execute
fratricide. With the given examples above for SDSE and SDSD strains and isolates who have gone
through genetic exchange for evolution (for instance, in virulence or avoidance of antibiotics) and
adaptability (into new hosts), transformation should not be discounted as a method of genetic
exchange between pyogenic species, and may be more or equally important as transduction and

conjugation.
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6. Conclusion and future research

S. dysgalactiae subspecies dysgalactiae is an important animal pathogen and is primarily
associated with clinical and subclinical bovine mastitis in cows, sheep and goats, which strongly
plagues the dairy industry. SDSD can also cross-infect from animals into humans, most often in
individuals in the fishing or animal industry, but can nonetheless potentially be a serious risk to
immunocompromised patients. Antibiotics must be used to treat these infections, and in the
prospect of sharing the same fate as penicillin-resistant S. pneumoniae, resistant isolates might be
a possibility as well (29, 38, 186, 187). Penicillin-resistant SDSE isolates have now recently been
recorded (37). The acquisition of virulence factors, resistance genes and adaptability to new hosts
is dependent on the different horizontal gene transfer mechanisms, where transformation is often
discounted. Several discoveries have been made throughout the present work, suggesting that
natural transformation and fratricide could play a more significant role in HGT among S.
dysgalactiae than previously assumed. Studying the CbpDSP from an SDSD strain has revealed
many similarities with CbpDS" from S. pneumoniae, a key protein for gene exchange in this
species. These similarities include possessing a C-terminal domain (CBD/conserved domain)
which directs the fratricin to the septal regions, binding to the TAs present at the division zone,
efficient lysis on exponentially growing cells and that competent producer cells express a fratricin
immunity factor. A LAGG motif in the conserved domain of CbpDSP was shown to be essential
for its septal binding ability, and hence necessary for target cell lysis by the CHAP domain. It is
therefore a strong belief that natural competence for genetic transformation is a crucial mode of
HGT for this species of streptococci, and perhaps for many other streptococci where transformation
has previously been discounted. In this manner, genome analyses have recently suggested that
mobile genetic elements are shared between S. dysgalactiae strains for host adaptability (30). It
will be interesting to see in the future if there is a link between the bacteria’s ability to share these
elements and their ability to become natural competent. This work has increased our knowledge of
an otherwise barely characterized fratricin in S. dysgalactiae, leaving a foundation for further
research on fratricide, natural competence and genetic transformation as well as the immunity

mechanism in this species.

There are several prospects for further work, for instance, testing the binding and effect of CopD®P

on teichoic acid knock-down mutants by utilizing the CRISPRI system (a technique for repression
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of gene expression) and purifying CbpDSP for crystallography in order to determine the protein 3D
structure. Due to time constraints, these two research areas were not possible to pursue. This could
have made it possible to study the levels of TAs necessary for CopDSP to bind at septum and see
the location of the conserved amino acids on a very precise 3D structure of the fratricin made by
X-ray crystallography. This 3D structure would also reveal how the CHAP domain and the SH3b
domain are positioned against each other and therefore how they could work together, as the 3D
structure from AlphaFold/RoseTTAFold was predicted with various confidence across the
structure. A co-crystallization of extracted WTAs with CbpD®P could also possibly reveal how this
protein binds to the TAs. Other exciting prospects could be to identify the specific cut site for the
CHAP domain, along with the specific TA recognition molecule the conserved domain of CopD®P
is guided towards along the division zone. Furthermore, understanding the immunity mechanism
discovered in S. dysgalactiae strain 015 would also be interesting to further research. The
transcriptomic approach RNAseq should be utilized to find competence-induced genes (by
comparing transcriptomes of non-competent with competent S. dysgalactiae cells), where an
immunity gene would hopefully be among them. Additionally, only two strains (015 and 047) were
used in this experiment, and including other strains should be considered if the immunity
experiment were to be repeated. Finally, finding a natural competent strain for genetic
manipulations (e.g., knock-out experiments) would be ideal, and although this investigation is

ongoing in the Molecular Microbiology lab, it should be a strong focus for the coming future.

Conclusively, there are several opportunities for further research on the CbpDSP fratricin, which
would provide essential knowledge of CbpD from the pyogenic group, and where this knowledge
might be of importance for the future in understanding the spread of antibiotic resistance genes and

zoonotic capabilities this species potentially possess.
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Appendix 1: Preparation of C-medium

C-medium was used as medium for growth curve assay with Streptococcus dysgalactiae (sections
4.4 and 4.5). This was done as the CbpD®P protein works best under the conditions provided by
this medium. In order to make C-medium (section 2.9.1), a pre-C-medium, ADAMS |, ADAMS
Il and ADAMS I11 solutions were necessary and had to be made in advance. The following

recipes for the various solution are given:

ADAMS |

0.15 mL 0.5 mg/mL biotin, 7.5 mg niacin, 87.5 mg pyridoxine hydrochloride, 300 mg calcium
pantothenate, 800 mg thiamine hydrochloride, 35 mg riboflavin

Adjusted to 0.5 L with dH.O, with pH adjusted to 7.0. Solution was sterile filtered, and stored at 4
°C.

ADAMS 11 (10x)
500 mg iron sulfate heptahydrate, 500 mg copper sulfate pentahydrate, 500 mg zinc sulfate

heptahydrate, 200 mg manganese chloride tetrahydrate, 10 mL concentrated HCI
Adjusted to 100 mL with dH20, sterile filtered and stored at 4 °C.

ADAMS Il

128 mL ADAMS 1, 3.2 mL ADAMS II (10x), 1.6 mL asparagine monohydrate, 0.16 g choline
chloride, 0.4 g calcium chloride, 16 g magnesium chloride hexahydrate

Adjusted to 800 mL with dH20, with pH adjusted to 7.6. Solution was sterile filtered, and stored
at4 °C.

Pre-C medium

0.045 g cysteine hydrochloride, 8 g sodium acetate, 20 g Bacto™ casitone, 0.024 g L-tryptophan,
34 g dipotassium hydrogen phosphate

Adjusted to 4 L with dH20, and autoclaved.
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Appendix 2: CbpD3P and sfGFP-CbpD®P amino acid sequences

The CbpDSP and sfGFP-CbpDSP amino acid sequences are given below, where each domain is
colored accordingly. The signal sequence for a mature CbpDSP is also included. The CbpDSP
sequence (1131 bp) contains an underlined leader peptide, the CHAP domain highlighted in blue,
a linker between CHAP and SH3b domains, the SH3b domain highlighted in yellow and lastly the
conserved domain in black. Similarly, the sfsGFP-CbpDSP (1371 bp) contains the same linker, SH3b
domain in yellow and the conserved domain in black. The CHAP domain has been replaced by a

sfGFP sequence, highlighted in green which also include the (poly)His-tag.

>CbpD dysgalactiae with signal sequence

MKKIHQLLVSGAILLSVNGAVSSVASTLNAEHTGVVHAAVLGDNYPSKWKKGSGIDSWNMYVRQCTSEFVAFRLSSANGEQL
PKGYGNACTWGHIAKKQGYTVNKTPKVGAVAWEDTNAFQSHATYGHVAWVAEVRGDSVVIEEYNYNAGQGPEKYHKRQ
IPKNHVSGYIHFKDLPSGEASKSQTKEQQVSKEAVKOGGTYHFTERTPVKAQAQLTSPDLAYYNPGQSVHYDQAMTVD
GHEWISYLSESGSRRYIPIKKTGOKTQQVSETTSPINIGDRVTEFPGVEFRVDRIVNNLLVSEELAGGGATSLNWIDPSP
LDETDRKGVKAGNQILQAGEFFVIPGNYRVLKVDRPSNGIYVKIGSRGTWLTADKASKLP-

>sfGFP-CbpD dysgalactiae

MHHHHHHKHLTGSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYG
VOCEFSRYPDHMKQHDEFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFE
NSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQONTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEF
VTAAGITHGMDELYKTSGAAAPSGEASKSQTKEQQVSKEAVKQGGTYHFTERTPVKAQAQLTSPDLAYYNPGQSVHYD
OAMTVDCHEWISYLSEFSGSRRY IPTKKTGQKTQQVSETTSPINIGDRVTFPGVFRVDRIVNNLLVSEELAGGGATSLN
WIDPSPLDETDRKGVKAGNQILQOAGEFFVIPGNYRVLKVDRPSNGIYVKIGSRGTWLTADKASKLP-
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Appendix 3: Multiple sequence alignment of CbpDs from various

streptococcal species

The complete multiple sequence alignment produced with query protein sequence CbpD®P (without
leader peptide) against streptococcal species S. thermophilus (AKH33394.1), S. vestibularis
(WP_117648089), S. porcinus (WP_003083717), S. uberis (WP_203261572.1), S. iniae
(WP_071127360), S. (WP_008089638.1), S. equi (WP_012677198.1), S. pyogenes
(WP_136094586.1) CbpDs sequences. The MSA includes the CHAP domain, the SH3b domain
and the conserved domain, although not all species possess an SH3b domain in their fratricin.
Furthermore, the MSA reveals the conserved cysteine (C) of the CHAP domain, the LAGG
(leucine-alanine-glycine-glycine) motif and the conserved amino acids glutamine (Q) and

tryptophan (W).

AKH33394.1 MEVEMKKKLLNYLILL----—--- ACLATVSVSCSGSAQAAVLGDDYPFSWKYGGFGVDPW 53
WP 117648089 ——--MKKKLLNCLLPL--==-—-- ACLATISVSCGSSAQAAVLGDDYPSSWKYGGFGVDPW 49
WP 003083717 MK-YFTNKGISFLL----—— FVSLGLATLFPSCCQPVTAAVIGDDYPINWKS-GLGSDTW 52
WP_203261572.1 MK-FIKILLS-QIVSL---—-—-- FLLLTISLHSLETVNAAVLGDDYPIAWKS-GWGTDTW 50
WP_071127360 MK-ILKQVLSLTLVLTSLWGIQTLPLTNKSLAFSKTVKAAVLGDNYPHKWQK-GWGADSW 58
WP 008089638.1 MK-KFHQLLVSGAILLSVNGAISTAAPLENPNSVSQVQAEVLGDNYPSKWKK-ESGIDSW 58
WP 012677198.1 MK-KVYQLLTSGAILLGVNGAISSTTTAISQGQSGIVHAAVLGDNYPSKWKQ-GFGADPW 58
WP_136094586.1 MK-KFHRFLVSGVILLGEFNGLVPTMPSTLISQHENLVHAAVLGDNYPSKWKK-GNGIDSW 58
CbpD e e e EHTGVVHAAVLGDNYPSKWKK-GSGIDSW 28
koK kKkokk Kk * x x
AKH33394.1 TMYWRQCTSFAAYRLSNTNGFTLPIGYGNAITWGNIARANGYRVDMNPAVGSTIAWESAGV 113
WP_117648089 TMYWRQCTSFAAYRLSNSNGFTLPVGYGNAITWGPIARANGHRVDMNPAVGSIAWESNGV 109
WP 003083717 GMYLRQCTSEFVAYRLHIVNGFSLPSGYGNADSWGHVARRNGYQVDINPQVGSVAWEDKGV 112
WP 203261572.1 GMYRRQCTSEFVAFRLNQVNGFSIPSGLGNADTWGHIARRMGYPVNDIPAVGAVAWEDKGI 110
WP 071127360 GMYLRQCTSFVAFRLSTANGFNLPAGYGNADSWGHIAKAQGFLVNQIPQVGAVAWEDKGV 118
WP 008089638.1 NMYVRQCTSFVAFRLSSANGFQLPRGYGNAHTWGHIAKTQGYAVNKTPKVGSVAWFDKGA 118
WP_012677198.1 NMYLRQCTSFVAFRLHSANGEFSLPRGYGNAESWGHIAKHQGYLVDHTPRVGAVAWWDKGE 118
WP_136094586.1 NMYIRQCTSFAAFRLSSANGFQLPKGYGNACTWGHIAKNQGYPVNKTPSIGAIAWEFDKNA 118
CbpD NMYVRQCTSFVAFRLSSANGFQLPKGYGNACTWGHIAKKQGYTVNKTPKVGAVAWEFDTNA 88
Kok kxkkkk ko kk KKK ok ok kkKk kK sk k| ke ok akeakk.
AKH33394.1 NGA-GHMGHVAWVAEVHGDQVTIEEYNYDAGQGPEKYHKRSFHKSQVSGYIHFKDLESGT 172
WP_117648089 NGA-GYMGHVAWVAEVNGDQVTIEEYNYNAGOGPEKYHKRSFHKSQVSGYIHFKDLESGT 168
WP 003083717 SLSHREYGHVAWVAEVKGDLVTLEEYNYNAGQGPEKYHRRQILRQEASGYIHEFKNLINNS 172
WP 203261572.1 NGSHLAYGHVSWVAEVNGNLVTLEEYNEFDAGQGPEQYHRRVINSHQVSGFIHFKDVDTGS 170
WP_071127360 NYSHRDYGHVAWVAEVSGDYVTLEEYNYNAGQGPEKYHRRQIHRQQVSGFIHFKDITTEQ 178
WP_008089638.1 NNSSAIYGHVSWVAEVSNDYVTLEEYNYNAGOQGPEKYHKRQIHKSKVSGFIHFKDLPSTT 178
WP 012677198.1 NQSHALYGHVAWVAEVNGDTVIIEEYNYNAGQGPEKYHKRQIHKHQVSGYIHFKDLDHNS 178
WP 136094586.1 YOSNAAYGHVAWVADIRGDTVTIEEYNYNAGQGPERYHKRQIPKSQVSGYIHFKDLSSQT 178
CbpD FOSHATYGHVAWVAEVRGDSVVIEEYNYNAGQGPEKYHKRQIPKNHVSGY IHFKDLPSGE 148
H ***:***:: .2 * :****::******:**:* H ..**:****::
AKH33394.1 ONRNP-——————mmmmm o 177
WP_117648089 ONGNP === === ———m—— 173
WP_003083717 SNISI----SQLSRHSYLAPKGSYTFNQRKAVKAQPSLNSSDLVYYEKGNTVHYDKILDA 228
WP 203261572.1 IPISS----PMQSPRSSIPNQGSYHFTEQMPIKAQPIVNSQAIAFYQAGOMVHYDKTIIA 226
WP_071127360 STIPS-SKHILAESTKLLPNKGTYYFKAMSPVKEEARFQSLTLTSYSAGQYVHYDQTMVA 237
WP 008089638.1 SSSSVEINQPLSNKDKTLPKSGLYQFTQKHLIKGEAKIDSPDLGYYDAGQSVNYDQLLSS 238
WP 012677198.1 TSHTQML-HASQAGPARLAKSGTYYFSSQSPIKAEATLASPDLAYYHTGQLVHYDQTLVA 237
WP_136094586.1 SHSYP-R-QLKHISQSSFDPSGTYHFTTRLPVKGQTSIDSPDLAYYEAGQSVYYDKVVTA 236
CbpD ASKSQ-T-KEQQVSKEAVKQGGTYHFTERTPVKAQAQLTSPDLAYYNPGQSVHYDQAMTV 206
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AKH33394.1 oo TNSSIKVGDSVREFTGTFR 195
WP 117648089 —mmmmmm oo TNSSIKVGDSVRFTGTFR 191
WP 003083717 DGYRWLSYIGGSGNRRYIATEKLEHQV--——---=————=—— ETNDFKVEQIVHFKGPFQ 273
WP 203261572.1 DGYQWLSYIAYSGQRRYIPIAKVTSKESS————---—-—=—- KQEDFAPGDQVTFSGVYQ 273
WP 071127360 DGYQWISYIGFSGNRRYIPVVKIEERKSES---———- PETPKSERIFKVGDTVSFQGTFK 290
WP _008089638.1 DGYDWLSYLSFSGNRRYIPLKKITEKSNTVEVTHAKTTTTTAIQNPIVVGDQVTFPGVFK 298
WP 012677198.1 DGYEWLSYIGHSGNRRYIPTHKLPVQPQOHSQGA-IDKPKPVATTPIKVGDTVAFPGVFR 296
WP 136094586.1 GGYTWLSYLSFSGNRRYIPIKEPAQSVVQN---------- DNTKPSIKVGDTVTFPGVER 286
CbpD DGHEWISYLSFSGSRRYIPIKKTGQKTQOV----———==- SETTSPINIGDRVTFPGVFR 256
. *x Kk ok
AKH33394.1 VTSVSGNTITSQDLAGGTPTKHNIVDPSPVLEVDAQGNPTSDQYLNPGETFTIPGNFKVL 255
WP 117648089 VTSVSGNTITSQDLAGGTPTKHNIVDPGPVLEVDGQGNPTSDQYLNPGETFTIPGNFKVL 251
WP 003083717 VSHNHGWMILSNILAGGAATQLNWLDPGPLIETDKIGQKAGDQVLYPGEYFSIPGEFKIL 333
WP 203261572.1 VTQIHGSLLSSKDLAGGEPGPLNWLDPGPILESNRDGQOSGDQILYPGDFFIIPGNYKVL 333
WP 071127360 VTQIHGNLVSSADLAGGQPSQLNWIDPGPVDKTNASGQKEANQILSPDNYFTIPGTYKVL 350
WP _008089638.1 VTQVINGLITSSQLAGGDPTHYNWIDPGPLTETDAKGNTIGDQILHSGEYFTVPGTYKVL 358
WP 012677198.1 VDQVAQNMIASSELAGGEPTSLNWIDPAPLHETDHKGRIAGNQILOVGDYFVISGTYKVL 356
WP 136094586.1 VDQLVNNLIVNKELAGGDPTPLNWIDPTPLDETDNQGKVLGDQILRVGEYFIVTGSYKVL 346
CbpD VDRIVNNLLVSEELAGGGATSLNWIDPSPLDETDRKGVKAGNQILQAGEFFVIPGNYRVL 316
* H . * Kk kK * :** ‘k: H . * .:* * . * H * :::*
AKH33394.1 AIDPPSDGILVQIGNLKTWVTQSVLEKI- 283
WP 117648089 AIDPPSDGVLVQIGNRKTWVTQSVLEKA- 279
WP 003083717 QVDQESKGIKIKIGQKQTWISMDQVHKK- 361
WP 203261572.1 QIHKETKGLLIQIGNRQTWVSMNKVQKST 362
WP 071127360 QVDLPSRGLYIQIGSRASWVTMDRVLKQ- 378
WP _008089638.1 KVDKPSNGIYVOMGSRGTWEF IMDKAKKV - 386
WP _012677198.1 KVDQPSKGIYVOMGSRGTWLT I DKAKKV - 384
WP 136094586.1 KIDQPSNGIYVQIGSRGTWVNADKANKL - 374
CbpD KVDRPSNGIYVKIGSRGTWLTADKASKLP 345

* . ..ok .k *

Figure A.3: Complete multiple sequence alignment with CbpDSP as query against streptococcal species S.
thermophilus (AKH33394.1), S. vestibularis (WP_117648089), S. porcinus (WP_003083717), S. uberis
(WP_203261572.1), S. iniae (WP_071127360), S. (WP_008089638.1), S. equi (WP_012677198.1), S. pyogenes
(WP_136094586.1) CbpD protein sequences.
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Appendix 4. CbpD prediction with RoseTTAFold

Protein structure prediction service RoseTTAFold (167) was used to make a prediction of the
CbpDSP protein by entering the MA201 amino acid sequence without its signal sequence. The
prediction with lowest angstroms error estimates over positions 0-300 was fetched as a PDB-file
and uploaded to PyMOL (168) in order to visualize the protein as a cartoon. The predicated 3D
structure of CbpDSP shows a typical CHAP domain with an open cavity where the catalytical
cysteine is located. The CHAP is connected to the SH3b domain via an a-helix. which perhaps
gives flexibility to the SH3b domain to bind to the peptidoglycan. Furthermore, the SH3b domain
are predicted to be built up by seven B-strands that form two -sheets packed against each other
forming a typical B-barrel fold, while the conserved domain is predicted to consist of eight anti

parallel B-strands that form a cylindric like structure.

Conserved domain

CHAP domain

LAGG

SH3b domain

Figure A.4: RoseTTAFold predicted 3D structure of CbpDSP of S. dysgalactiae strain MA201. The various domains
are named (CHAP, SH3b or conserved domain) with grey arrows pointing to conserved amino acids in the sequence.
The cysteine (C) of the CHAP domain, glutamine (Q), tryptophan (W) and the leucine-alanine-glycine-glycine motif
(LAGG) are the important conserved amino acids in this work and presented as red sticks. Meanwhile, the predicted
structure is presented as a cartoon with B-strands, a-helixes and loops displayed, with a transparent surface behind.
Created with PyMOL (168).

110



Appendix 5: Point-mutated sfGFP-CbpD ' 1SH3b sequences with site-directed mutations

Appendix 5: Point-mutated sfGFP-CbpDASH3 sequences with site-

directed mutations

The DNA sequences below show the complete sequence with the site-directed mutations necessary
to create the recombinant proteins: a sSfGFP-ChpDASH3L3WSALS | fGEP-ChpDASH3P.G302A.G303A
SfTGFP-ChpDASH3bQ329A and a sfGFP-ChpDASHSPW365A  The nucleotide bases, which have been

changed into the desired amino acids (Ala or Ser), are displayed in yellow.
> LAGG to SSGG

ATGCATCATCATCATCATCATAAACATCTTACCGGTTCTAAAGGTGAAGAGTTGTTTACAGGTGTTGTTCC
AATCTTGGTTGAGTTGGATGGTGATGTTAATGGGCATAAGTTTTCTGTTCGTGGTGAAGGTGAAGGTGATG
CTACAAATGGTAAACTCACCCTCAAGTTTATTTGTACCACAGGTAAATTGCCAGTTCCATGGCCAACATTG
GTTACAACATTGACTTATGGTGTTCAATGTTTTTCTCGTTACCCAGATCACATGAAGCAGCACGATTTTTT
CAAATCTGCTATGCCAGAAGGTTACGTTCAAGAACGTACCATCTCTTTTAAGGATGATGGAACCTATAAAA
CCCGTGCTGAAGTTAAGTTTGAAGGTGATACATTGGTTAATCGTATTGAATTGAAAGGTATTGATTTTAAA
GAAGATGGTAATATTCTTGGTCATAAATTGGAATATAATTTTAATTCTCATAATGTTTATATCACAGCTGA
TAAACAAAAAAATGGTATTAAAGCTAATTTCAAAATCCGTCATAATGTTGAAGATGGTTCTGTCCAATTGG
CTGATCATTATCAACAGAATACCCCAATTGGTGATGGTCCAGTTTTGTTGCCAGATAATCATTATTTGTCT
ACACAAAGTGTTTTGTCTAAAGATCCAAATGAGAAGCGTGATCACATGGTCTTGTTGGAATTTGTTACAGC
TGCTGGTATTACCCATGGTATGGATGAATTGTACAAAACTAGTGGAGCGGCCGCACCTAGTGGTGAAGCAA
GTAAGTCTCAAACAAAAGAACAACAGGTTTCTAAAGAAGCAGTAAAAAAGACGGGGCAAAAAACACAACAA
GTCTCTGAGACAACATCGCCTATCAATATTGGTGATAGAGTGACTTTCCCTGGCGTTTTCCGTGTGGATCG
TATTGTAAACAATCTATTAGTTAGCGAGGAGAGTAGTGGTGGGGGCGCTACTTCTCTTAACTGGATTGATC
CCTCACCTTTGGATGAAACAGATCGTAAAGGAGTAAAAGCAGGAAATCAAATTTTACAGGCCGGTGAGTTT
TTTGTTATCCCAGGTAACTATAGGGTACTGAAAGTCGACCGACCAAGCAATGGGATTTATGTCAAGATTGG
ATCACGTGGAACATGGTTAACTGCTGATAAAGCCTCTAAATTGCCATAAAAGCTT -

> LAGG to LAAA

ATGCATCATCATCATCATCATAAACATCTTACCGGTTCTAAAGGTGAAGAGTTGTTTACAGGTGTTGTTCC
AATCTTGGTTGAGTTGGATGGTGATGTTAATGGGCATAAGTTTTCTGTTCGTGGTGAAGGTGAAGGTGATG
CTACAAATGGTAAACTCACCCTCAAGTTTATTTGTACCACAGGTAAATTGCCAGTTCCATGGCCAACATTG
GTTACAACATTGACTTATGGTGTTCAATGTTTTTCTCGTTACCCAGATCACATGAAGCAGCACGATTTTTT
CAAATCTGCTATGCCAGAAGGTTACGTTCAAGAACGTACCATCTCTTTTAAGGATGATGGAACCTATAAAA
CCCGTGCTGAAGTTAAGTTTGAAGGTGATACATTGGTTAATCGTATTGAATTGAAAGGTATTGATTTTAAA
GAAGATGGTAATATTCTTGGTCATAAATTGGAATATAATTTTAATTCTCATAATGTTTATATCACAGCTGA
TAAACAAAAAAATGGTATTAAAGCTAATTTCAAAATCCGTCATAATGTTGAAGATGGTTCTGTCCAATTGG
CTGATCATTATCAACAGAATACCCCAATTGGTGATGGTCCAGTTTTGTTGCCAGATAATCATTATTTGTCT
ACACAAAGTGTTTTGTCTAAAGATCCAAATGAGAAGCGTGATCACATGGTCTTGTTGGAATTTGTTACAGC
TGCTGGTATTACCCATGGTATGGATGAATTGTACAAAACTAGTGGAGCGGCCGCACCTAGTGGTGAAGCAA
GTAAGTCTCAAACAAAAGAACAACAGGTTTCTAAAGAAGCAGTAAAAAAGACGGGGCAAAAAACACAACAA
GTCTCTGAGACAACATCGCCTATCAATATTGGTGATAGAGTGACTTTCCCTGGCGTTTTCCGTGTGGATCG
TATTGTAAACAATCTATTAGTTAGCGAGGAGCTAGCTGCTGCTGGCGCTACTTCTCTTAACTGGATTGATC
CCTCACCTTTGGATGAAACAGATCGTAAAGGAGTAAAAGCAGGAAATCAAATTTTACAGGCCGGTGAGTTT
TTTGTTATCCCAGGTAACTATAGGGTACTGAAAGTCGACCGACCAAGCAATGGGATTTATGTCAAGATTGG
ATCACGTGGAACATGGTTAACTGCTGATAAAGCCTCTAAATTGCCATAAAAGCTT-
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> Q to A

ATGCATCATCATCATCATCATAAACATCTTACCGGTTCTAAAGGTGAAGAGTTGTTTACAGGTGTTGTTCC
AATCTTGGTTGAGTTGGATGGTGATGTTAATGGGCATAAGTTTTCTGTTCGTGGTGAAGGTGAAGGTGATG
CTACAAATGGTAAACTCACCCTCAAGTTTATTTGTACCACAGGTAAATTGCCAGTTCCATGGCCAACATTG
GTTACAACATTGACTTATGGTGTTCAATGTTTTTCTCGTTACCCAGATCACATGAAGCAGCACGATTTTTT
CAAATCTGCTATGCCAGAAGGTTACGTTCAAGAACGTACCATCTCTTTTAAGGATGATGGAACCTATAAAA
CCCGTGCTGAAGTTAAGTTTGAAGGTGATACATTGGTTAATCGTATTGAATTGAAAGGTATTGATTTTAAA
GAAGATGGTAATATTCTTGGTCATAAATTGGAATATAATTTTAATTCTCATAATGTTTATATCACAGCTGA
TAAACAAAAAAATGGTATTAAAGCTAATTTCAAAATCCGTCATAATGTTGAAGATGGTTCTGTCCAATTGG
CTGATCATTATCAACAGAATACCCCAATTGGTGATGGTCCAGTTTTGTTGCCAGATAATCATTATTTGTCT
ACACAAAGTGTTTTGTCTAAAGATCCAAATGAGAAGCGTGATCACATGGTCTTGTTGGAATTTGTTACAGC
TGCTGGTATTACCCATGGTATGGATGAATTGTACAAAACTAGTGGAGCGGCCGCACCTAGTGGTGAAGCAA
GTAAGTCTCAAACAAAAGAACAACAGGTTTCTAAAGAAGCAGTAAAAAAGACGGGGCAAAAAACACAACAA
GTCTCTGAGACAACATCGCCTATCAATATTGGTGATAGAGTGACTTTCCCTGGCGTTTTCCGTGTGGATCG
TATTGTAAACAATCTATTAGTTAGCGAGGAGCTAGCTGGTGGGGGCGCTACTTCTCTTAACTGGATTGATC
CCTCACCTTTGGATGAAACAGATCGTAAAGGAGTAAAAGCAGGAAATGCTATTTTACAGGCCGGTGAGTTT
TTTGTTATCCCAGGTAACTATAGGGTACTGAAAGTCGACCGACCAAGCAATGGGATTTATGTCAAGATTGG
ATCACGTGGAACATGGTTAACTGCTGATAAAGCCTCTAAATTGCCATAAAAGCTT-

> W to A

ATGCATCATCATCATCATCATAAACATCTTACCGGTTCTAAAGGTGAAGAGTTGTTTACAGGTGTTGTTCC
AATCTTGGTTGAGTTGGATGGTGATGTTAATGGGCATAAGTTTTCTGTTCGTGGTGAAGGTGAAGGTGATG
CTACAAATGGTAAACTCACCCTCAAGTTTATTTGTACCACAGGTAAATTGCCAGTTCCATGGCCAACATTG
GTTACAACATTGACTTATGGTGTTCAATGTTTTTCTCGTTACCCAGATCACATGAAGCAGCACGATTTTTT
CAAATCTGCTATGCCAGAAGGTTACGTTCAAGAACGTACCATCTCTTTTAAGGATGATGGAACCTATAAAA
CCCGTGCTGAAGTTAAGTTTGAAGGTGATACATTGGTTAATCGTATTGAATTGAAAGGTATTGATTTTAAA
GAAGATGGTAATATTCTTGGTCATAAATTGGAATATAATTTTAATTCTCATAATGTTTATATCACAGCTGA
TAAACAAAAAAATGGTATTAAAGCTAATTTCAAAATCCGTCATAATGTTGAAGATGGTTCTGTCCAATTGG
CTGATCATTATCAACAGAATACCCCAATTGGTGATGGTCCAGTTTTGTTGCCAGATAATCATTATTTGTCT
ACACAAAGTGTTTTGTCTAAAGATCCAAATGAGAAGCGTGATCACATGGTCTTGTTGGAATTTGTTACAGC
TGCTGGTATTACCCATGGTATGGATGAATTGTACAAAACTAGTGGAGCGGCCGCACCTAGTGGTGAAGCAA
GTAAGTCTCAAACAAAAGAACAACAGGTTTCTAAAGAAGCAGTAAAAAAGACGGGGCAAAAAACACAACAA
GTCTCTGAGACAACATCGCCTATCAATATTGGTGATAGAGTGACTTTCCCTGGCGTTTTCCGTGTGGATCG
TATTGTAAACAATCTATTAGTTAGCGAGGAGCTAGCTGGTGGGGGCGCTACTTCTCTTAACTGGATTGATC
CCTCACCTTTGGATGAAACAGATCGTAAAGGAGTAAAAGCAGGAAATCAAATTTTACAGGCCGGTGAGTTT
TTTGTTATCCCAGGTAACTATAGGGTACTGAAAGTCGACCGACCAAGCAATGGGATTTATGTCAAGATTGG
ATCACGTGGAACAGCTTTAACTGCTGATAAAGCCTCTAAATTGCCATAAAAGCTT-
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Appendix 6: CbpDSP and CbpD®®%A for growth curve assay

The following Figures A.6.1 and A.6.2 displays the elution and purification of CbpD®P wild-type
(A and B) and CbpDC®%A (C and D) respectively. The proteins were eluted from 400 mL cultures,
with a high 280 nm absorbance peak registered after 10 mL of linear gradient elution for CbpDSP
and low absorbance peak after 3 mL for CbpD“®*. Fractions 10-13 were therefore collected for
CbpDSP, which collectively had a protein yield of 2.55 mg/mL (NanoDrop™ 2000). Fractions 3-6
were collected for CbpD®®A, Based on the SDS-PAGE and Coomassie blue staining, the purity of
recombinant protein was in the range of ~80% for CbpDSP while in the range of ~75% for
CbpDC85A, Additionally, the CbpDSP as seen on the SDS-PAGE has a band size of ~43 kilodaltons
(kDa), which is in accordance with its theoretical molecular weight of 40 kDa (Figure A.6.1B). For
the CbpD®A protein, overexpression by IPTG did not work as indicated by the elution graph and
the SDS-PAGE, and it was believed that the protein was not transcribed at all (Figure A.6.2D).
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Figure A.6.1: A. Purification of CbpDSP with the graph displaying 280 nm absorbance of the protein (grey line) after
about 10 mL of linear gradient elution with Buffer B (500 mM free imidazole) (orange line). Fractions 10-13 were
therefore collected. B. SDS-PAGE confirms the presence of CbpDSP as correct band sizes (40.04 kDa) is displayed.
The purity of the recombinant protein was believed to be in the range of ~80%.
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Figure A.6.2: C. Purification of CbpD®85 with the graph displaying 280 nm absorbance of the protein (grey line) after
about 3 mL of linear gradient elution with Buffer B (500 mM free imidazole) (orange line). Fractions 3-6 were therefore
collected. B. SDS-PAGE does not confirm the presence of CbhpD®%54 as the correct band sizes is not displayed (40.01
kDa).
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Appendix 7: Complete growth curve with CbhpD©302AG303A
Figures A.7.1 and A.7.2 display the growth curves of Streptococcus dysgalactiae strain MA201

with the addition of CbpD®392AC303A gt ODsso = 0.2. lodoacetamide-treated CbpDSP was used as
negative control and a CbpD®P-wild-type was used as positive control. Different concentrations of
the various CbpD proteins were used, all of which are included in the figures below. Untreated
cells were also included. Figure A.7.1 displays the ODsso, while Figure A.7.2 displays the Sytox™

Green fluorescence. The 1 pug/mL concentration of CbpD was seen to give the ideal lysis.
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Wild-type 0.5 pg/mL Untreated (CbpD-wild-type)
= CbpD~(G302A,G303A) 2.5 ug/mL CbpD~(G302A,G303A) 1 ug/mL
CbpD~(G302A,G303A) 0.5 ug/mL Untreated (CbpD”(G302A,G303A))
lodoacetamid-treated 2.5 pg/mL lodoacetamid-treated 1 pg/mL
lodoacetamid-treated 0.5 pg/mL Untreated (lodoacetamid-treated CbpD)

Figure A.7.1 The general trends is that adding iodoacetamide-treated CbpDSP and ChpD©302A.G303A gt all concentrations
at ODsso = 0.2 cause no significant lysis of the Streptococcus dysgalactiae MA201 cells, while adding CbpDSP-wild-
type cause significant lysis. The LAGG motif therefore seems important for guiding the CbpDSP towards cell septum,
and that this localization is necessary for cell rupture.
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Figure A.7.2: The general trends is that adding iodoacetamide-treated CbpDSP and ChpD®302AG303A at gl
concentrations at ODsso = 0.2 cause no significant lysis of the Streptococcus dysgalactiae MA201 cells as indicated by
the low fluorescence signals, while adding CbpDSP-wild-type cause significant lysis as shown by higher fluorescence
due to more lysis.
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Appendix 8: Immunity test of Streptococcus dysgalactiae strain 047

To check whether S. dysgalactiae produced immunity against CbpDSP, strains 015 and 047 was
used. The summarized results for strain 015 can be found in section 4.5, whereas results from strain
047 is presented here. The resulting growth curve showed not much difference between the induced
cells and the non-induced cells after adding ComS2 (at ODsso = 0.2) and CbpDSP (after waiting 20

minutes). In addition, it was observed that the strain did not grow as smoothly as strain 015.
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Figure A.8: Growth curve assay Streptococcus dysgalactiae strain 047 cells where ComS2 (250 ng/mL) (half of wells)
was added at ODsso = 0.2, and CbpDSP-wildtype (1 pug/mL) added after 20 minutes. The graph displays a dark yellow
line (ODsso) and stapled line (fluorescence) representing the induced 047 cells, while the non-induced cells are the
light yellow lines. There is no clear difference between the induced and non-induced cells for either ODssg
measurements or fluorescence, although a sharp increase in OD is seen for the induced cells.
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Appendix 9: Multiple sequence alignment of CbpDs from strains
015, 047 and MA201

A multiple sequence alignment was produced from ClustalW (165) between CbpD sequences from
S. dysgalactiae strains MA201, 015 and 047. It is seen that the CbpDs are highly homologous as
almost all amino acids between the strains match, and only a few areas where some of the amino
acids are only similar or do not match. It was therefore believed that CbpDSP from S. dysgalactiae
strain MA201 would work on S. dysgalactiae strains 015 and 047.

MA281 MKKIHQLLVSGAILLSVNGAVSSVASTLNAEHTGVVHAAVLGDNYPSKWKKGSGIDSWNM 60

Stdyse1s MKKIHQLLVSGAILLSVNGAVSSVASTLNAEHTGVVHAAVLGDNYPSKWKKGSGIDSWNM 60

Stdysea7 MKKIHQLLVSGAILLSVNGAVSSVASTLNAEHTGVVHAAVLGDNYPSKWKKGSGIDSWNM 60
s sk o sk R o R R R R R R R o R S SRR R R SRR SR R R R R R SRR R R R o R R R R OB R R

MA281 YVRQCTSFVAFRLSSANGFQLPKGYGNACTWGHIAKKQGY TVNKTPKVGAVAWFDTNAFQ 120

Stdyse1s YVRQCTSFVAFRLSSANGFQLPKGYGMNACTWGHIAKKQGY TVNKTPKVGAVAWFDTNAFQ 120

Stdysea7 YVRQCTSFVAFRLSSANGFQLPKGYGMNACTWGHIAKKQGY TVNKTPKVGAVAWFDTNAFQ 126
s s o R O R R R o R R R R R R R R S SRR R R R SR R K Ok

MA281 SHATYGHVAWVAEVRGDSVVIEEYNYNAGQGPEKYHKRQIPKNHVSGYIHFKDLPSGEAS 18@

Stdyse1s SHATYGHVAWVAEVRGDSVVIEEYNYNAGQGPEKYHKRQIPKNHYSGYIHFKDMLSGEAS 180

Stdysea7 SHATYGHVAWVAEVRGDSWYVIEEYNYNAGQGPEKYHKRQIPKNHYSGY IHFKDMLSGEAS 186

HERERRERRFRRERERREERER R AR R R RN R R R R R R R R R R R R R RER, Rk

MA281 KSQTKEQQVSKEAVKQGGTYHF TERTPVKAQAQLTSPDLAYYNPGQSVHYDQAMTVDGHE 240

Stdyse1s KSQTKEQQVSKEAVKQGGTYHF TERTPVKAQAQLTSPDLAYYNPGQSVHYDQAMTVDGHE 240

Stdysea7 KSQTKEQQVSKEAVKQGGTYHF TERTPVKAQAQLTSPDLAYYNPGQSVHYDQAMTVDGHE 240
st s o s R oo R SR R R SOR o R SO OB OB SR S R R S O OB R SRR R R R R OB R R R

MA201 WISYLSFSGNRRYIPIKKIEQKTQQVSETTSPINIGDRVTFPGVFRVDRIVMNMLLYSEEL 300

Stdyse1s WISYLSFSGSRRYIPIKKTEQKTQQVSETTSPINIGDRVTFPGIFRVDRIVMNLLVSEEL 300

Stdysea7 WISYLSFSGSRRYIPIKKTEQKTQQVSETTSPINIGDRVTFPGVFRVDRIVMNLLVSEEL E15]%)

HEREREEERR BEEREERE RERRABRREREEREEREARRERRERER  RARRERRR AR R R E

MA201 AAAGATSLNWIDPSPLDETDRKGVKAGNQILQAGEFFVIPGNYRVLKVDRPSHGIYVKIG 360
Stdysels AGGGATSLNWIDPSPLDETDRKGVKAGNQILQAGEFFVIPGNYRVLKVDRPSHGIYVKIG 360
Stdysea7 AGGGATSLNWIDPSPLDETDRKGVKAGNQILQAGEFFVIPGNYRVLKVDRPSHGIYVKIG 360

* ERRERRA R R KRR R R R E R AR AR R R AR R AR R R R AR AR BR R R R R R RN R RERRE

MA201 SRGTWLTADKASKLP 375
Stdyse1s SRGTWLTADKASKLQ 375
Stdysea7 SRGTWLTADKASKLQ 375

HERERBRERREREER

Figure A.9: Multiple sequence alignment between CbpD sequences obtained from S. dysgalactiae strains MA201,
015 and 047. Their CbpDs are almost identical with each other due fully conserved amino acids at almost all positions,
with only few areas of mismatches.
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