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Abstract

Streptococcus pneumoniae 1s an opportunistic pathogen that colonizes the upper respiratory tract
of 10% of the human population. Infections from this bacterium include otitis media, sinusitis, and
pneumonia, but it also causes severe systemic infections, including bacteremia and meningitis.
Annually this pathogen is responsible for around 1 million deaths worldwide. The common
treatment for infections caused by S. pneumoniae is B-lactam antibiotics (e.g., penicillins), which
target so-called penicillin-binding proteins (PBPs) responsible for cell wall synthesis. PBPs are
enzymes that, through transglycosylation and transpeptidation reactions, synthesize the
peptidoglycan layer, which surrounds the cytoplasmic membrane of most bacteria. The cell wall
precursor molecule is called a muropeptide and consists of a di-saccharide with a pentapeptide
attached to it. The peptide part can be either linear or branched, meaning that it has two extra amino
acids added to it. The pneumococcal cell wall consists of both branched and linear muropeptides.
B-lactam resistant isolates often have an increase in branched muropeptides in their cell wall. A
protein called MurM is required to create branched muropeptide precursors. When knocking out
murM in resistant strains, they are resensitized to penicillin, strongly suggesting that incorporating

branched muropeptides in their peptidoglycan is critical for penicillin resistance.

The hypothesis for this study is that a low-affinity version of PBP2b either prefers branched
structured muropeptides or is less active, leading to compensating cell wall synthesis by one of the
other PBPs. A low-affinity PBP means that it will have a lower affinity towards penicillin and bind
penicillin less than the wild-type strain does (Chambers, 1999). To study this, knockout strains of
pbp2b and single knockouts of the class A PBPs (pbpla, pbplb, and pbp2a) were created and
phenotypically tested for changes in their cell wall composition. The strains RSG77 and Pen6 were
chosen to be the foundational genetic backgrounds for this study because they are both highly
resistant strains with a high level of branching in the cell wall. RSG77 is a strain created at the
MolMik group. The mutant strains were imaged by microscopy to see what changes the knockouts
had on the morphology of them. The knockout mutants of pbp2b as well as the class A PBPs all
showed an expected change in morphology, based in findings form the literature. The Apbp2b
strains had a morphology where the cells were shorter and grew in chains, whilst the class A PBP
mutants deviated little from the genetic background. The composition of the high-affinity PBPs

present in each strain, were visualized by fluorescently labelling them with bocillin FL and SDS-



PAGE. The bands where no penicillin would bind, was either where the PBP had been knocked
out or where it was a low-affinity PBP instead. An HPLC analysis of all strains was performed to
investigate changes in the amount of branching present in the cell wall. The HPLC results showed
no major differences in the cell wall when pbp2b or either of the class A PBPs (pbpla, pbplb, and
pbp2a) was knocked out.



Sammendrag

Streptococcus pneumoniae er et opportunistisk patogen som koloniseres i den gvre delen av
respirasjonssystemet hos om lag 10% av verdens befolkning. Infeksjoner forarsaket av denne
bakterien inkluderer mellomerebetennelse, bihulebetennelse og lungebetennelse, men den kan
ogsa forirsake mer alvorlige systemiske infeksjoner som bakteriemi og hjernehinnebetennelse.
Dette patogenet er ansvarlig for omtrent 1 million dedsfall arlig pa verdensbasis. Den vanligste
méten & behandle S. pneumoniae infeksjoner pd, er med B-lactam antibiotika (for eksempel
penicillin). Den angriper sékalte penicillin-bindende proteiner (PBPer) som er ansvarlige for
celleveggsyntesen. PBPer er enzymer som, gjennom transglykosylerings- og
transpeptideringsreaksjoner, syntetiserer peptidoglykanlaget som omgir den cytoplasmiske
membranen hos de fleste bakterier. Forloperen til celleveggen er et molekyl som kalles
muropeptid. Den bestér av et disakkarid med et pentapeptid festet til seg. Peptiddelen kan enten
veaere linear eller forgreinet, hvilket betyr at den har to ekstra aminosyrer festet til seg. Celleveggen
til pneumokokker bestdr av bade line@re og forgreinede muropeptider. B-laktamresistente isolater
har ofte en forekning i antall forgreinede muropeptider i celleveggen. Et protein som heter MurM
er ngdvendig for at det skal dannes forgreinede forlopere. Ved & sl& ut murM i resistente stammer,
blir de resensibilisert til penicillin, hvilket sterk indikerer at inkorporeringen av forgreinede

muropeptider i peptidoglykanen er kritisk for penicillinresistens.

Hypotesen for denne studien er at en lavaffinitetsversjon av PBP2b enten foretrekker en forgreinet
struktur pd muropeptidene, eller sd er den mindre aktiv, noe som ferer til kompenserende
celleveggsyntese av en av de andre tilgjengelige PBPene. Det at en PBP er lavaffinitet betyr at den
har en lavere affinitet mot penicillin, og vil derfor binde mindre penicillin enn de som ikke er det
(Chambers, 1999). For a studere dette ble det laget mutantstammer hvor pbp2b og klasse A PBPene
(pbpla, pbp1b og pbp2a) var slatt ut hver for seg. Disse ble fenotypisk testet for & se om det var
noen endringer i deres sammensetting av celleveggen. Stammene RSG77 og Pen6 ble valgt til &
vare den genetiske bakgrunnen i denne studien, fordi de er begge hoyresistente stammer og de har
et hoyt antall forgreinede muropeptider i celleveggen. RSG77 er en stamme som er laget av
MolMik gruppen. Mutantstammene ble avbildet ved mikroskopi for & se hvilke morfologiske
endringer som skjedde nér de ulike PBPene var slitt ut. Basert pa informasjonen som finnes om

disse utsldingene fra for av, sd hadde bade Apbp2b og klasse A PBP mutantene en forventet

Vi



morfologisk endring. Apbp2b stammene hadde en morfologi hvor cellene var kortere og vokste i
kjeder, mens mutantene uten klasse A PBPene hadde lite endring fra den genetiske bakgrunnen.
Sammensettingen av heyaffinitets-PBPene som var til stede i hver stamme ble visualisert med
fluorescerende merking med bocillin pa SDS-PAGE. Der hvor bandene ikke vises er enten PBPen
slatt ut eller s& er det en lavaffinitets PBP istedenfor. En HPLC analyse av alle stammene ble
gjennomfort for & undersoke endringer i mengden forgreininger som var til stede i celleveggen.
Resultatene fra HPLC viste ingen store endringer i celleveggen til klasse A PBPene. I de stammene
hvor pbp2b var slatt ut i RSG77, var det et lite skifte og mengden forgreininger var sterre nar

PBP2b var til stede. Disse endringene ble ikke observert for de samme mutantene i Pen6.
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1 Introduction

1.1 Streptococcus pneumoniae — an important human pathogen

Streptococcus pneumoniae (pneumococcus) is a Gram-positive opportunistic pathogen that will
colonize in the upper respiratory tract of approximately 10% of the human population (NCIRD,
Division of bacterial diseases, 2022; van der Poll & Opal, 2009). This bacterium causes infections
like otitis media, sinusitis, and pneumonia but can also cause severe systemic diseases, including
bacteremia and meningitis (van der Poll & Opal, 2009). Annually the pathogen is responsible for
around 1 million deaths worldwide (Troeger et al., 2018). Bacterial respiratory tract infections are
typically treated with B-lactam antibiotics (e.g., penicillin). However, since the first incident of
penicillin resistance seen in pneumococci in 1969, the number of resistant isolates has increased
(Cornick et al., 2012). In 2017, the World Health Organization (WHO) published the global
priority pathogen list to help guide and prioritize research and development in the global fight
against antibiotic resistance. Of these, penicillin-non-susceptible S. pneumoniae is categorized as
a priority three pathogen, which indicates a medium threat, below high and critical categories

(WHO, 2017).

S. pneumoniae is found in the genus Streptococcus, making it a low GC Gram-positive bacterium
belonging to the phylum Firmicutes (Figure 1). Streptococcus can be divided into six main
categories based on phylogeny. These groups are the pyogenic, anginosus, mitis, salivarius, bovis,
and mutans groups, and S. pneumoniae is found in the mitis group. This was seen from 16S rRNA

analyses (Kawamura et al., 1995).



mitis group

S. acidominimus

Mnutans S. cricetus

S. do
S. sobrinus

| mutans group
S. S. pleomorphus

S. macaca

Figure 1 The phylogenetic relationship between all species of Streptococcus. The phylogenetic groups are the
pyogenic, anginosus, mitis, salivarius, bovis, and mutans. Figure modified from Kawamura et al., 1995.

The natural habitat of streptococci is in humans' and animals' mucus membranes (Hardie &
Whiley, 1997). Pneumococci will colonize in one of two ways: it can either be a persistent and
non-invasive colonizer, or it can be invasive. Low-level and long-lasting transmission is possible
by the constant carriage of pneumococci. By doing this, the pneumococci can establish a reservoir
of bacteria in the human population. About 10% of adults and 60% of children always have
detectable amounts of pneumococcal colonization in their mucus membranes in the upper

respiratory tracts (van der Poll & Opal, 2009).

Bacterial pneumonia caused by S. pneumoniae is recognized as one of the leading causes of disease
and death among infants and children younger than five years old, causing as many as 826 000
deaths in the year 2000. This was roughly half of the deaths related to pneumococci that year
(O’Brien et al., 2009). A study by Wahl et al. in 2018 indicates that the number of S. pneumoniae-

related deaths decreased between 2000 and 2015 in children under five years. This, however, might



be an underestimation due to uncertainties in how many deaths involving pneumonia are related

to pneumococci (Wahl et al., 2018).

S. pneumoniae is mainly transferred between hosts in liquid secreted from the respiratory tract,
often within a household or between children. Pneumococci are not considered a highly contagious
pathogen due to their ineffective route of infection compared to other bacteria, so isolation of

infected patients is rarely seen or needed (van der Poll et al., 2009).

S. pneumoniae produces several colonization and virulence factors. Some of these are the
polysaccharide capsule, surface proteins, and pneumolysin, a pore-forming toxin. The role of the
capsule for S. pneumoniae is mainly to aid in escaping the host’s immune system, which can cause
harm to the cell. The capsule also has a role in colonization, where it securely attaches the cell to
the host. The capsule will also protect the cell from some antibiotics (Nelson et al., 2007). Among
the virulence factors, the polysaccharide capsule is, therefore, the most predominant one (Mitchell,
2004). An unencapsulated version of the laboratory strain R6 was found to be avirulent compared
to its predecessor (Cornick et al., 2012). The capsule's composition can vary, giving rise to
different serotypes. To this date, more than 100 different serotypes have been discovered of S.
pneumoniae (Ganaie et al., 2020). Generally, people infected with S. pneumoniae only carry one
serotype at a time, although it is possible to have multiple serotypes at once (Hare et al., 2008).

The duration of colonization of pneumococci varies significantly between the different serotypes

(T. Smith et al., 1993).

The number of invasive pneumococcal disease cases decreased immensely in children once the
vaccine was introduced. After this introduction, however, an increase in the prevalence of
serotypes not susceptible to vaccines followed (Weil-Olivier et al., 2012). This shows that
solutions are still needed to fight the threat pneumococci pose to our society. What gives S.
pneumoniae the ability to become resistant to new drugs and escape vaccines quickly is its ability

to undergo natural transformation (Rice, 2002; Straume et al., 2014).

The choice of treatment against community-acquired pneumonia has, since the late 1940s, been f3-
lactam antibiotics. This caused a decrease in disease and death, but it also caused overconsumption
and misdiagnoses due to a lack of information and training about proper dosage (Cornick et al.,
2012). This led to the first discovery of a penicillin-resistant S. pneumoniae strain in 1967

(Hansman & Bullen, 1967). Using B-lactam antibiotics caused selection pressure on strains of S.



pneumoniae to evolve for survival. This evolution is done by either natural transformation or
spontaneous gene mutations causing resistance. Natural transformation is much faster than

evolutionary changes in the genome (Chewapreecha et al., 2014; Straume et al., 2014).

These antibiotic-resistant pneumococci are still concerning for the general public’s health.
Therefore, investigating antibiotic resistance mechanisms is crucial for stopping the spread and

stagnation of new multiresistant strains (Cornick et al., 2012).

B-lactam antibiotics are, as previously mentioned, the most common way to treat bacterial
infections. These antibiotics will inhibit the synthesis of new peptidoglycan because they bind
covalently to the PBPs in the cell wall, which leads to no new peptidoglycan being synthesized,
and the cell will not divide or repair itself properly (N. H. Georgopapadakou & Liu, 1980; Tipper
& Strominger, 1965). When penicillin inhibits one or more of the PBPs, depending on how
essential the PBP is, the result is often cell death (Spratt, 1977).

1.2 Peptidoglycan synthesis in S. pneumoniae — an overview

The cell wall has many vital functions for the bacterium. Some of those are maintaining the cell
shape, preventing it from bursting due to the internal turgor, harboring teichoic acids and proteins
anchoring to the cell wall, and their interactions (Bui et al., 2012). Pneumococci are oval-shaped
cocci (Zapun, Vernet, et al., 2008b). This shape is obtained by a combination of peripheral and
septal cell wall synthesis, performed by different types of machinery called the elongasome and
the divisome, respectively (see section 1.4) (Higgins & Shockman, 1976; Zapun, Vernet, et al.,
2008b). The main component of the cell wall is peptidoglycan, which is built up of glycan strands
that are crosslinked by shorter peptides called stem peptides (Rogers et al., 1980) (Figure 2). The
glycan strands consist of alternating N-acetylmuramic acid, called MurNAc, and of N-
acetylglucosamine, called GIcNAc (Vollmer et al., 2008). In S. pneumoniae, the peptide has the
sequence L-Ala-D-iGln-L-Lys-D-Ala-D-Ala (Garcia-Bustos et al., 1987). Cross-linking of the
strands is mainly done between the carboxyl of the fourth D-Ala residue of one peptide and the
epsilon amino group of the third L-Lys of the other peptide. This linkage can eighter be direct or
contain a short bridge of peptides (Vollmer et al., 2008).
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Figure 2 The structure of peptidoglycan in S. pneumoniae. Peptidoglycan comprises long chains of glycan, which
exchange between units of N-acetylglucosamine (GIcNAc) and of N-acetylmuramic acid (MurNAc). The glycan
strands are connected via cross-links, which are short peptides. These can be eighter linear or branched. A single
peptide is shown in the red square, followed by a linear cross-linked muropeptide in the yellow square. The two
branched versions of muropeptides are shown in the green and blue squares and are the ones to occur in
pneumococci. Figure modified from Zapun et al., 2008a.

Peptidoglycan is synthesized from a precursor molecule called lipid II (Figure 3). Synthesis of
lipid IT includes the formation of GIcNAc and MurNAc¢ with a Uridin diphosphate (UDP) attached
to them and having the stem peptide bound to MurNAc. The UDP works as a carrier of the
precursors (Barreteau et al., 2008). First, the stem peptide is assembled by four enzymes essential
to the cell. These enzymes are the Mur ligases, consisting of MurC, MurD, MurE, and MurF. These
ligases make MurNAc into a pentapeptide complex (Duncan et al., 1990; Liger et al., 1995;
Michaud et al., 1990; Pratviel-Sosa et al., 1991). Then MurNAc is assembled and attached to the
membrane by being anchored to a membrane carrier lipid. This is done by MraY, which forms
lipid I (Ikeda et al., 1991). A molecule of UDP-GIcNAc will then be relocated onto the MurNAc
end of the lipid I by MurG. This new peptide is lipid II (Bupp et al., 1993).

In pneumococci, it is common to amidate the second stem peptide residue on the alpha-carboxylic
group in lipid II. The reaction will be catalyzed by the protein complex consisting of MurT and
GatD. This complex is essential in S. pneumoniae because the lipid II precursor needs to be
modified by amidation for an efficient cross-linking (S. R. Filipe et al., 2000). Therefore, the
following modification is adding a branch to lipid II. The branch consists of 2 L-amino acids,

which will be added to the third position in the stem peptide. This reaction is catalyzed by the



ligases MurM and MurN (S. R. Filipe et al., 2001). These enzymes are not essential for
pneumococci to grow but are vital for some strains' ability to resist B-lactam antibiotics (Vollmer

etal., 2019).

At this point, the precursor lipid II will be transferred from the cytoplasm to the periplasm. This is
done by the flippase MurJ (Sham et al., 2014). When lipid II has been flipped into the periplasm,
it will be used by peptidoglycan polymerases called penicillin-binding proteins (PBPs) as a
substrate for synthesizing the cell wall (Ghachi et al., 2005). For lipid II to form polymers, two
reactions must occur. First, transglycosylation will form glycan strands, and then transpeptidation
will cross-link the glycan strands into the existing peptidoglycan layer via stem peptide cross
bridges (Goffin & Ghuysen, 1998). The cross-linking can be eighter direct or indirect (Figure 2)
(Garcia-Bustos et al., 1987). The indirect links are often referred to as branching in the cell wall.
PBPs can either do both reactions or only the transpeptidation. Class A PBPs (PBP1a, PBP1b, and
PBP2a in S. pneumoniae) have both transglycosylation and transpeptidation activity, while the
class B PBPs (PBP2x and PBP2b in S. pneumonaie) only have the transpeptidation abilities (Berg
et al., 2013; Kell et al., 1993). The class C PBP (PBP3) is the only D-Ala, D-Ala (D, D)-

carboxypeptidase in pneumococci (Morlot et al., 2005).



Peptidoglycan Biosynthesis Pathway in Streptococcus pneumoniae
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Figure 3 Peptidoglycan biosynthesis pathway in S. pneumoniae. An overview of all reactions occurring during
synthesizing of new peptidoglycan in pneumococci. See the main text for more information about the process.
Figure from York et al., 2021.

The class B PBPs that perform only the transpeptidation reaction were long believed to depend on
class A PBPs for transglycosylation of the glycan chains. However, it has been found that enzymes
that perform these reactions cooperate with the class B PBPs. These enzymes are known as SEDS
(shape, elongation, division, and sporulation) transglycosylase (Henriques et al., 1998) and
perform transglycosylation. The class B PBPs can perform the transpeptidation (Berg et al., 2013;
Kell et al., 1993). PBP2x belongs to class B and is a part of a complex together with the SEDS
transglycosylase FtsW, which is involved in the septal cross-wall formation (Noirclerc-Savoye et
al., 2013). Another member of the class B family, PBP2b, forms a complex with the SEDS
transglycosylase RodA, which is responsible for peripheral peptidoglycan synthesis (cell
elongation) (Meeske et al., 2016).



In S. pneumoniae, the transpeptidation of the chains can give a direct crosslink, or an indirect
crosslink, also called a branched crosslink. The branched crosslink found the most abundantly in
strains resistant against B-lactam antibiotics is L-Ser-L-Ala or L-Ala-L-Ala (Bui et al., 2012;
Severin & Tomasz, 1996). The amount of branching found will vary between pneumococcal

strains (Fiser et al., 2003).

Evidence from biochemical, genetic, and cellular analyses indicate that the synthesis of new
peptidoglycan and the murein hydrolase activity in the cell is regulated and coordinated by two
large protein complexes: the elongasome and the divisome (Egan & Vollmer, 2013; Trouve et al.,
2021; Typas et al., 2011). The divisome is responsible for septal peptidoglycan synthesis, and the
elongasome oversees the elongation of the cell by performing peripheral peptidoglycan synthesis
(Den Blaauwen et al., 2008; Goehring & Beckwith, 2005). The septal synthesis separates the
dividing pneumococcal cell in the middle. This forms two new cells called daughter cells from the
original one (Du & Lutkenhaus, 2017). The peripheral synthesis also starts at the middle of the
cell's division ring and builds new peptidoglycan strands to elongate the dividing cell (Lamanna et
al., 2022). The proteins in both the divisome and the elongasome are organized into multiple rings,
often one ring for the divisome flanked by two more elongasomal rings. They form around the
center of the cell wall before it divides by FtsZ, FtsA, and EzrA (Fleurie et al., 2014; Perez et al.,
2019). FtsZ will polymerize and form the Z-ring, a ring consisting of tubulin-like proteins
(Massidda et al., 2013). The Z-ring is recruited to the midcell closely associated with the
cytoplasmic membrane and is stabilized by FtsA and ZipA (de Boer, 2010).

After the Z-ring has been made, the rest of the proteins in the divisome are arranged around the Z-
ring (Pinho et al., 2013). When the cell starts dividing, the septal peptidoglycan synthesizing
machinery moves to one side of the closing septum along with FtsZ in circular movements. The
machinery for peripheral peptidoglycan synthesis remains at the outer perimeter of the septal disk
(Land & Winkler, 2011). The cross wall made by the divisome will be divided into two daughter
cells by murein hydrolases (Zapun et al., 2008b). See sections 1.4.1 and 1.4.2 for more details on

the divisome and elongasome.



1.3 Penicillin-binding proteins

As previously described, penicillin-binding proteins (PBPs) are enzymes that have essential roles
in the late stages of peptidoglycan synthesis. The enzymes perform transglycosylation and peptide
cross-linking of the peptidoglycan layer in the cell wall. PBPs have penicillin-binding domains,
either carboxypeptidases or transpeptidases (Zapun, et al., 2008a). The periplasmic domain of the
PBPs is anchored to the cytoplasmic membrane, and the catalytic domain is on the outside of the
membrane (Suvorov et al., 2007). The domains have three conserved motifs, which are SXXK,
(S/Y)XN, and (K/H)(S/T)G. These are the characteristic active sites for the family of active-site
serine penicillin-recognizing enzymes (ASPRE). f-lactam antibiotics will bind to the motifs and
inhibit the enzyme's activity (see below). The central part of the catalytic mechanism of the SXXK
motif is the serine (S) (Zapun, et al., 2008a).

S. pneumoniae has two classes of high-molecular-mass PBPs and one of low-molecular-weight.
The two classes of high-molecular-mass are pbpla, pbplb, and pbp2a in class A and pbp2x and
pbp2b in class B (Berg et al., 2013; Sauvage et al., 2008; Zapun, Vernet, et al., 2008b). The PBPs
in class A have been biochemically recognized as bifunctional glycosyltransferase transpeptidases

(Goffin & Ghuysen, 1998).

The class A PBPs can be knocked out individually, and a double knockout of pbpla and pbplb
and of pbp1b and pbp2a are possible. However, making the double knockout ApbplaApbp2a has
been found to be lethal for the cell, indicating that the two enzymes might have an essential
overlapping function that can be compensated by the presence of the other PBP (Berg et al., 2014;
Paik et al., 1999). PBP2x and PBP2b have been proven essential enzymes (Kell et al., 1993).
Compared to the class A PBPs, they are not bifunctional and only possess a transpeptidase activity.
PBP2b and PBP2x have the same enzymatic activities but have different roles biologically (Di
Guilmi et al., 1998; Ghuysen, 1994). The only low-molecular-mass PBP in S. pneumoniae is PBP3,
found in class C (Hakenbeck & Kohiyama, 1982). It is a D-Ala, D-Ala (D, D)-carboxypeptidase
in pneumococci. It trims off the last residue of the pentapeptides to reduce the readiness of donors
interested in the reaction causing transpeptidation. By doing this, the D,D-carboxypeptidase limits
the interlacing of the peptidoglycan (Morlot et al., 2004). (Morlot et al., 2005). PBP3 is present in

the entire bacterial surface at the beginning of cell division, except in the future division site. This



indicates that the placement of the high-molecular-mass PBPs mid-cell depends on how much

peptidoglycan substrate is available to them (Morlot et al., 2005).

The high-molecular-mass PBPs are multimodular and control the polymerization and insertion of
peptidoglycan into existing cell walls. Topologically, they comprise a cytoplasmic tail, an anchor
attached to the membrane, and two domains (Sauvage et al., 2008). As previously mentioned, the
domain of the PBPs in the periplasm is anchored to the cytoplasmic membrane. A transmembrane
segment does this. This leaves the small N-terminal domains to stick out into the cytoplasm. (Typas
et al.,, 2011). The domains are joined together by a linker, where the peptidoglycan synthesis
transpires at the cytoplasmic membrane (Goffin & Ghuysen, 1998). The C-terminal of both classes
has transpeptidase activity. The transglycosylation in class A comes from the N-terminal domain.
The function of the N-terminal in class B PBPs has not been entirely determined, but is thought to
interact with proteins involved in cell division and therefore have a role in morphogenesis. PBP2x
has an additional domain that consists of two repeated units (Sauvage et al., 2008).These units are
together called a PASTA (Penicillin-binding proteins and Serine/Threonine kinase associated)
domain (Yeats et al., 2002). This PASTA domain in PBP2x has the believed function of a sensor
to know the location of peptidoglycan which has not been cross-linked yet (Maurer et al., 2012),

but it is also confirmed to be a B-lactam-binding domain (Yeats et al., 2002).

Transpeptidation is the cross-linking of two peptide strands from adjoining glycan strands. This
occurs by cleavage of the D-Ala-D-Ala bond in one peptide, forming an intermediate of enzyme
and substrate. This reaction releases the terminal D-Ala and creates the energy needed during the
transpeptidation reaction. In total, the whole reaction will form one new peptide bond. This bond
is between the fourth D-Ala of the donor and one of the amino acids in the bridge of the acceptor

(Scheffers & Pinho, 2005).

As previously mentioned, PBPs transpeptidase activity is inhibited by B-lactam antibiotics. This
will interrupt the cell wall by binding covalently to the active site of PBPs. Since these proteins
are involved in peptidoglycan synthesis, the formation of a new cell wall will be disrupted when
the penicillin binds covalently. This leads to disruption of the cell wall and eventually lysis of the
cell (Georgopapadakou et al., 1980). The penicillin will attach to the transpeptidase domain of
PBPs (Bycroft et al., 1985). B-lactams can do that because they mimic the D-Ala-D-Ala peptide
both structurally and chemically, which the transpeptidase domain in PBPs will bind to. The
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hydrolyzation of the complex made up of B-lactam antibiotics and the transpeptidase domain of
PBPs, will be hydrolyzed slowly. Hence, this prevents any further reactions from taking place in
the bound PBP. The structure of the dipeptide N-Acyl-D-Alanyl-D-Alanine and the B-lactam share
the same negative electrostatic potential regions, which is indicated in Figure 4 by arcs (Zapun et

al., 2008a).

The complex formed by p-lactam antibiotics and the transpeptidase domain of PBPs resembles the
mechanism of the first step in transpeptidation (N. Georgopapadakou et al., 1977; Tipper &
Strominger, 1965). When the B-lactam ring is open, the transpeptidase serine can perform a

nucleophilic attack on the p-lactam ring (Ehmann et al., 2012).

These drugs got their name because of the 4-membered -lactam ring in the middle of the molecule
(Figure 4). The ring is attached to eighter a five- or six-membered heterocyclic ring. That ring is
eighter saturated or not. How chemically reactive the B-lactam ring is will be based primarily on
what kind of ring it is attached to (Dalhoff et al., 2006). B-lactam antibiotics are categorized into
subclasses. The subclasses are divided based on the variety of the second ring attached (Bycroft &
Shute, 1985). Cephalosporins are related to penicillin structurally and consist of a B-lactam ring

with a six-membered ring attached to (Hsieh & Ho, 1975).
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Figure 4 Comparison of the shape of A) the stem peptide D-Ala-D-Ala in peptidoglycan and the structure of B)
penicillin and C) cephalosporins. The B-lactam ring is in the middle of the molecules in B) and C). Figure from
Zapun et al., 2008a.
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1.4 The difference between septal and peripheral cell wall synthesis in .

pheumoniae

S. pneumoniae is an oval-shaped cocci resulting from the combined activity of the divisome
(septation) and the elongasome (cell elongation) (Higgins & Shockman, 1976; Zapun, Vernet, et
al., 2008b). The activity of these peptidoglycan synthesizing multi-protein complexes is strictly
regulated and coordinated during cell division, involving numerous proteins (Figures 5B and 6)
(Briggs et al., 2021). The following two sections outline the basic principles of how the divisome

and elongasome work.

1.4.1 The divisome synthesizes the septal cell wall

An essential protein in the divisome is the tubulin homolog FtsZ (Lowe, 1998). The role of FtsZ
is to polymerize into fibers that act as a scaffold for the peptidoglycan synthesis machinery. The
FtsZ monomers polymerize at one end of the FtsZ fiber and dissociate at the other ends, known as
FtsZ treadmilling. The FtsZ treadmilling drives the processive movement of the divisome in

circumferential movements perpendicular to the cell’s long-axis (McCausland et al., 2021).

As the division begins, parts of FtsZ and other proteins will move toward the equatorial regions of
the cell, where the two daughter cells will form. The proteins are being recruited there by MapZ.
MapZ does this recruitment by creating a ring structure around the middle of the cell and separating
when the cell is elongated. This is called the MapZ-ring (figure 5 A). MapZ will, after this, position
the FtsZ-ring by directly interacting with FtsZ (Fleurie et al., 2014). MapZ is a bitopic protein.
This membrane protein binds its C-terminal domain to the extracellular peptidoglycan layer and
its N-terminus to FtsZ in the cytoplasm. When division starts, MapZ creates the MapZ-ring in the
middle of the cell and splits it into two rings so one can enter each daughter cell (Fleurie et al.,
2014). How MapZ recognizes the center of the cell is yet to be determined. Still, it is thought to
involve recognition of a particular cell wall structure found at mid-cell, most probably derived

from the previous division event (Briggs et al., 2021).

When the last components of the divisome are assembled (Figure 5 B), the cell needs to begin the
production of more peptidoglycan. In the divisome, this is performed by the FtsW/PBP2x complex,
which synthesizes the septal cross-wall that separates the two daughter cells (Morlot 2003,
Noirclerk, in vitro..., berg 2014). This is done by FtsW creating the glycan strands and PBP2x
creating the cross-linking between the peptides (Berg et al., 2014).
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The septal cross-wall must be cleaved down the middle to separate the daughter cells. This is
performed by the PcsB/FtsE/FtsX complex. PcsB is an extracellular cell wall hydrolase that
interacts with the membrane protein FtsX. FtsE is a cytoplasmic ATPase. FtsE will hydrolyze ATP
upon an unknown signal to induce a conformational change in FtsX. This will, in turn, lead to the
release of the catalytic domain of PcsB. PcsB is placed in the middle of the cross-wall, which then

is cleaved (Bartual et al., 2014).

LytB is a peptidoglycan hydrolase responsible for physically separating the two daughter cells
after the separation done by the PscB/FtsE/FtsX complex is complete. The daughter cells will only
be attached via a thin cell wall filament, which will be cut by LytB (Garcia et al., 1999). In addition,
it also cleaves the B -1,4 - glycosidic bond between GlcNAc and MurNAc (De Las Rivas et al.,
2002).

A

Figure 5 The FtsZ-ring and the MapZ-ring are active in the septal peptidoglycan synthesis in S. pneumonia. Their
position in the cell during cell division are shown in A). The FtsZ-ring is shown in dark purple, and the MapZ-ring
is shown in light purple. The septal cell wall is shown in blue, and the peripheral cell wall is indicated in orange.
Some of the proteins in the divisome involved in the septal peptidoglycan synthesis are shown in B). For functions
of some of the proteins and information about peptidoglycan synthesis, see the text, as well as 1.2 and 1.3. Figure
modified from Briggs et al., 2021.
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1.4.2 The elongasome synthesizes the peripheral cell wall

The elongasome is also guided by FtsZ in a circular motion on either side of the divisome. After
the elongasome has been positioned correctly in the cell wall, the RodA/PBP2b complex is
responsible for the peptidoglycan synthesis. This is important for the cell's ability to elongate
(Henriques et al., 1998).

Two of the proteins in the elongasome are MreC and MreD. The function of both MreC and MreD
has yet to be entirely determined (Figure 6) (Wachi et al., 1989). MreC has three domains where
the first is an amino-terminal tail located in the cytoplasm, the second one is a membrane domain,
and the third domain is a coiled-coil domain which is used to create MreC dimers. This domain is
found extracellularly (Van Den Ent et al., 2006). MreD has five hydrophobic transmembrane
domains spanning the membrane (Leaver & Errington, 2005). MreCD has been found to direct the
peripheral synthesis of peptidoglycan and control where PBP1a is in the cell and how active it is
(Land & Winkler, 2011). In addition, PBP1a has the role of producing new glycan strands for the
peptidoglycan synthesis (Tsui et al., 2016).

When cell division starts, PBP2b is found in the outer ring of the peripheral peptidoglycan
synthesis complex (Tsui et al., 2014). PBP2b is a transpeptidase and needs a transglycosylase to
synthesize peptidoglycan. PBP2b creates a complex with the transglycosylase RodA to perform
the peripheral synthesis of peptidoglycan (Henriques et al., 1998). RodA will polymerize lipid II
into glycan strands, and PBP2b will cross-link the new glycan strands to existing strands in the
peptidoglycan layer of the cell wall (Sjodt et al., 2020). RodA is a glycosyltransferase in the SEDS
family. This protein works with PBP2b to synthesize new peptidoglycan during cell division
(Gérard et al., 2002). In S. pneumoniae, the complex RodA/PBP2b is a part of the “Rod” complex
in the elongasome. This complex also consists of proteins like MreC, MreD, and RodZ. RodA is
an essential protein for pneumococci (Land & Winkler, 2011). It has the same function as FtsW,

but RodA is in the elongasome, while FtsW is in the divisome (Gérard et al., 2002).

StkP is a Serin/Threonine protein kinase that regulates peptidoglycan synthesis (Beilharz et al.,
2012; Fleurie et al., 2012). StkP interacts with several proteins involved in cell division and
peptidoglycan synthesis, which leads them to become phosphorylated (Fenton et al., 2018;
Novakova et al., 2005; Saskova et al., 2007). Studies have shown that StkP is vital in regulating

cell wall synthesis. It also controls that the septum is closed correctly. StkP signals information
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about the status of the cell to proteins involved in the division of the cell. It works as a regulator
regarding timing in the cell division process. Because of its many roles during cell division, StkP
is active during both the septal and the peripheral cell division (Beilharz et al., 2012; Fleurie et al.,
2012).

EloR is one of the proteins phosphorylated and activated by StkP. This phosphorylation is essential
for the cell (Stamsas et al., 2017). EloR is made up of three domains. The first is on the N-terminal
and is a Jag domain, the second is a KH-II domain, and the last is at the C-terminal and is an R3H
domain (Grishin, 1998; Valverde et al., 2008; A. Winther et al., 2019). This protein does not have
a membrane-bound segment. EloR is in a complex with KhpA. If this complex no longer works in
a cell, it loses shape and becomes shorter. This is consistent with what the loss of the elongasome
function indicates. The cell will no longer depend on the PBP2b/RodA complex (see below). It is
known that EloR is located in the midcell, but it is not yet known what causes EloR to migrate
there (Stamsas et al., 2017). Point mutations in e/oR leading to inactivation of the domain binding
the RNA suggest that the phosphorylation done by StkP leads to an unbound RNA being released.
It is unknown how this leads to the elongation of the cell (A. R. Winther et al., 2021).
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Figure 6 The division complex elongasome in S. pneumoniae and the relationships between some of the involved
proteins. The elongasome is responsible for the peripheral peptidoglycan synthesis. For functions of the proteins and
information about peptidoglycan synthesis, see the text, as well as 1.2 and 1.3. Figure from Winther, 2020.

1.5 Natural competence — the pneumococcal way to acquire new genetic traits

S. pneumoniae was the first bacteria to be confirmed to have the ability to undergo natural
transformation (Griffith, 1928). Pneumococci are incredibly adaptable because of their ability to
experience natural transformation (Figure 7). This ability in pneumococci is what gives rise to -
lactam resistance (Johnsborg et al., 2007). To do natural transformation, S. preumoniae induces a
set of genes that brings the cell into a physiological state known as the competent state. During
competence, pneumococci can take up extracellular DNA (Tomasz, 1966). If the DNA is
homologous to its genomic DNA, the transformed DNA can be incorporated into the recipient
cells' genome via homologous recombination. Incorporating DNA into the recipients genome
enables the cell to acquire new traits to handle its environment better, which leads to greater

diversity among the bacteria (Feil & Spratt, 2001; Soucy et al., 2015).

Competence in S. pneumoniae is regulated by a quorum-sensing-based system encoded by the
comCDE genes (Havarstein et al., 1996). The comC gene encodes for a pre-peptide secreted by

the ComAB transporter. During export, the N-terminal signal sequence of ComC is cleaved off to
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produce a mature peptide of 17 amino acids, called the competence stimulating peptide (CSP)
(Havarstein et al., 1995). ComD is a histidine kinase membrane receptor and ComE is the cognate
response regulator. ComD works as the receptor for CSP. When CSP binds to ComD, it
autophosphorylates the receptor. The phosphate group is transferred from ComD to ComE
(Havarstein et al., 1996; Straume et al., 2014). When ComE gets phosphorylated, it induces the
transcription of early competence genes, including the comCDE genes (Boudes et al., 2014; S. N.
Peterson et al., 2004) (Straume et al., 2014). This results in a positive feedback loop (Ween et al.,
1999). This loop is what induces the competent state. It will also cause the extracellular
concentration of CSP to increase. The produced CSP can induce competence in nearby cells

spreading the signal rapidly through the population. (Havarstein et al., 1995)
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Figure 7 An illustration of natural transformation and competence regulation in S. penumoniae. Extracellular signals
in the form of competence-stimulating peptides (CSP) lead to the activation of a competent state in S. pneumoniae.
S. pneumoniae uses the regulatory system ComCDE and the ABC transporter ComAB to regulate its competent
state. When this is activated, the cell is competent and can take up naked extracellular DNA and incorporate the
DNA into its genome by homolog recombination. When the concentration of CSP reaches a threshold concentration,
the cells induce fratricide, which is when competent cells excrete enzymes that will lyse non-competent cells nearby.
This enables the competent cells to take up genes from the lysed cells in their environment. See the text for more
information. Figure modified from Berg et al., 2012.
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Along with the comABCDE genes, the genes encoding ComX are also a part of the early genes
(Peterson et al., 2000). ComX will function as a sigma factor which will begin the transcription of
genes used later in competence induction (Campbell et al., 1998; Lee & Morrison, 1999). These
genes are called late genes and consist of about 80 genes. The late genes are involved in the uptake
of DNA and homologous recombination of DNA into the cell's genome (Peterson et al., 2000;
Straume et al., 2014). When the cells decrease the competent state, this is primarily facilitated by
DprA, one of the 80 late competence genes induced by ComX (Lee & Morrison, 1999; Mortier-
Barri¢re et al., 2007). This decrease in competence state is caused by an interaction between DprA
and ComE, blocking the transcription from ComE. This will result in the cell slowly exiting the

competent state (Quevillon-Cheruel et al., 2012).

Natural transformation is the primary driver of spreading antibiotic resistance genes among
pneumococci. Since pneumococci can undergo a natural transformation, they are susceptible to
the uptake of resistance genes, which can give rise to a resistance towards B-lactams (Johnsborg et
al., 2007). The surfacing of pneumococci resistant to a new generation of penicillin will most likely

be powered by transformations (Lattar et al., 2018).

1.6 Penicillin resistance in pneumococci

The first choice in the treatment of community-acquired pneumonia has, since the late 1940s, been
B-lactam antibiotics (Cornick & Bentley, 2012). However, increasing numbers of penicillin-
resistant isolates are registered in the healthcare systems. Pneumococci do not express [-
lactamases, enzymes that catalyze the hydrolysis of the ring in the B-lactams. This leaves the
antibiotic inactive (Bycroft & Shute, 1985). Instead, the strains resistant against f-lactams have
altered their PBPs to make them challenging to acylate by B-lactams (Hakenbeck et al., 1980;
Zighelboim & Tomasz, 1980). The resistance towards penicillin has been shown to involve
different alterations in PBP2x, PBP2b, and PBPla. The PBPs become altered by recombining
genes between closely related pneumococci so that the cells acquire new traits. This is easily done
by S. pneumoniae, a naturally competent bacterium (Grebe & Hakenbeck, 1996; Nagai et al.,
2002). The reason some pneumococci have low-affinity PBPs can be both the result of point
mutations and the uptake of low-affinity genes through transformation and homolog recombination

(McGee et al., 2001).
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As described in previous sections, the pneumococcal cell wall consists of both branched and linear
muropeptides. Analyses of strains resistant towards -lactams have shown that these often have an
increase in branched muropeptides. Ongoing studies have shown that incorporating branched
muropeptides into the peptidoglycan layer is essential to keep the resistance level of the cell.
Conversely, if the branching decreases, so does the resistance towards penicillin (see 1.7 for more

information).

1.7 Background and Aim of Study

So far, researchers have yet to look much into which of the PBP(s) are essential for the increased
incorporation of branched muropeptides in penicillin-resistant pneumococci. However, previous
work conducted by former master’s student Maria Victoria Heggenhougen in 2019 in the
Molecular Microbiology (MolMik) group at NMBU, indicated the addition of low-affinity PBP2b
increased the relative amount of branched muropeptides in the cell wall. Additionally, a separate
study by Berg et al. in 2013 found that depletion of PBP2b in S. preumoniae led to a higher ratio
of branched muropeptides in the cell wall. Considering this, recent results from Ph.D. student
Ragnhild Sedal Gjennestad at the MolMik group indicate that PBP2b depends on branched
structured muropeptides to function correctly.

Ragnhild Sedal Gjennestad made a S. penumoniae strain, which is resistant to penicillin and
depends on branched muropeptides to maintain its resistance (Figure 8, RSG77). Previous results
indicate that when the bacteria start expressing a low-affinity PBP2b, it becomes dependent on
branching. If this is because this version of PBP2b prefers to cross-link in a branched manner or
because it has a lower affinity, it can cause other PBPs to take over, for example, the class A PBPs,
and these can prefer branching. To test this, ppp2b and all class A PBPs were knocked out

separately, and the cell wall composition was analyzed.
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Figure 8 murM deletion caused a short and chained morphology in the strain RSG77. Cells were grown in C-
medium until OD~0,4 and observed utilizing phase contrast microscopy (1000x magnification). The strain RSG77 is
derived from a penicillin-sensitive S. pneumoniae R6 and serial transformed and selected based on increasing
penicillin G concentration. Whole genome sequencing and experimental data revealed that mutations in a specific
part of pbp2b are necessary for resistance to drop in a murM deletion mutant. Unexpectedly, the AmurM mutant
(right image) also displayed a morphology like when pbp2b is depleted.

Considering the research conducted at the MolMik group mentioned above, it is highly interesting
to investigate the contributions of the different PBPs to a branched cell wall. Since a branched
structured cell wall is one of the main characteristics to penicillin-resistant pneumococcal isolates,
the significance of finding its main contributor is of high importance. The results from the MolMik
group strongly indicate that branched muropeptides are essential for the elongasome. Further, the
results conducted by Heggenhougen in 2019 show that low-affinity PBP2b could be a key for
increased branching. Therefore, this study aims to investigate the effect of low-affinity PBP2bs in
incorporating branched muropeptides and attempt to uncover any of its possible collaborators in

the matter.
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2 Materials and methods

2.1 Strains
Table 1 S. pneumoniae strains used in this study, including a description of the genotype and characteristics of each
strain.
Strain Genotype and characteristics Reference
DS507 RH425 AmreC: ;janus, Kan® Dr. Daniel Straume
SPH465 RH425 C547T substitution in mreC Stamsas et al., 2017
SPH156 Apbp2b::janus, PcomX:pbp2b, Kan® Berg et al., 2013
KHB104 RH20 Apbpla::janus Kan® Dr. Kari Helene Berg
KHB105 RH20 Apbp2a::janus Kan® Dr. Kari Helene Berg
KHB106 RH20 Apbp1b::janus Kan® Dr. Kari Helene Berg
AW7T3 RH425 AmreC, Kan® Dr. Anja Ruud Winther
RH425 R704, but streptomycin resistant, Ery®, Sm* Johnsborg & Havarstein, 2009
RSG77 RSG46 transformed with gDNA from Uo5 Ragnhild Sedal Gjennestad
RSG171 RSG77, but eloR::DEL, Sm® Ragnhild Sedal Gjennestad
RSG173 Pen6 med rpsL(RH425) --> Sm"® Ragnhild Sedal Gjennestad
RSG189 Pen6 but eloR::DEL Ragnhild Sedal Gjennestad

Table 2 S. pneumoniae strains made in this study, including a description of the genotype and characteristics of each

strain.
Strain Genotype and characteristics Reference
IM1 RSG77 AmreC::janus, Kan® This work
IM2 RSG77 Apbplb::janus, Kan® This work
M3 RSG77 Apbpla::janus, Kan® This work
IM4 RSG77 Apbp2a::janus, Kan® This work
IMS5 RSG173(Pen6) Apbp1b::janus, Kan® This work
IM6 RSG173(Pen6) Apbp2a::janus, Kan® This work
IM7 RSG77 Ajanus::mreC*, Sm® This work
IMS RSG77 AeloR:DEL Apbp2b::janus, Kan® This work
IM9 RSG173(Pen6) Apbpla::janus, Kan® This work
IM10 RSG77 Ajanus::mreC* Apbp2b::janus, Kan® This work
IM11 RSG173(Pen6) AmreC::janus, Kan® This work
IM12 RSG173(Pen6) AeloR::DEL Apbp2b::janus, Kan® This work
IM13 RSG173(Pen6) Ajanus::mreC*, Sm® This work
IM14 RSG173(Pen6) Ajanus::mreC* Apbp2b::janus, Kan® This work
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2.2 Primers

Table 3 List of all primers used in this study. Included is a short description of the primers as well as the nucleotide
sequence.

Name of Description Sequence 5" a 3’ Reference
primer
GS223 853 bp upstream mreC ATGGATAGTATGATTTTGGGG  Straume et al., 2017
GS224 998 bm downstream mreC CTACGAGCTTGTTTTTCCAAC Straume et al., 2017
Janus F Janus, F GTTTGATTTTTAATGGATAAT
GTG

KHB129 pbp2b-upstream fragment CGATAAAGAAGAGCATAGGA Bergetal, 2013

(ca 1000 bp upstream) AG

KHB132 pbp2b-downstream fragment TCCCAATCAATGGTTTCATTG  Bergetal., 2013
(ca 1000 bp downstream) G
KHBI135 Sequencing primer, ca 200 ATGAGTCATACTGGAAGACTA Dr. Kari Helene Berg

upstream for pbp2b G
MTSIF 1000 bp upstream pbp2a GCACAACTTGTTCGTACTCTT  Marita Terese Sather
G
MTS4R 900 bp downstream pbp2a AGGTTTACTTCTGCAACTGTG  Marita Terese Sather
MTSSF 1000 bp upstream pbpla CCTTGTGTTCATAGCGAGG Marita Terese Sather
MTSSR 1000 bp downstream pppla ~ AAAACGGCTTTGGTAGCAGAT Marita Terese Sather
G
MTSOF 1100 bp upstream pbp1b GCCTGTACTTGGTAGTTTGG Marita Terese Sather
MTSI2R 1000 bp downstream ppplb  GACTATTCCAGTATAGCAC Marita Terese Sather
RSG48 1600bp downstream pbp2b GACGCATGACAGCCACCAC Ragnhild Sedal
Gjennestad
RSG49 1500bp downstream pbpla. GCAGGTAAGACCTACCGTG Ragnhild Sedal
Gjennestad
RSG50 1500bp upstream pbpla. GCCGCTTCAAGGGGTTCTG Ragnhild Sedal
Gjennestad
RSG51 1500bp upstream mreC. GTGCCAAGTCAAGGGAGTG Ragnhild Sedal
Gjennestad
RSG52 1400bp downstream mreC. CACGGACAGGTGCTGCTG Ragnhild Sedal
Gjennestad
2.3 Peptide

Table 4 The peptide used in this study. Included is the sequence of amino acids and the concentration of the stock
solution.

Peptide Sequence of amino acids Concentration of stock  Supplier
solution
CSP-1 N-EMRLSKFFRDFILQRKK-C 100 pg/mL Research genetics Inc.
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2.4 Enzymes, different nucleotides, and molecular weight marker

Table S List of the enzymes, nucleotides, and molecular weight markers used in this study.

Name Concentration of stock Product number Supplier
solution
1 kb DNA ladder 500 pg/mL Merck
dNTPs (dATP, dGTP, 10 mM 4026/4027/4028/4029 TaKaRa
dCTP, dTTP)
Phusion®, High-Fidelity =~ 2 U/uL 01341935 Thermo Scientific
DNA polymerase
REDtaq® 2x Master Mix 5200300-1250 VWR Life Science
DNase 10 mg/mL 120M7016V Sigma
RNase 10 mg/mL 061M15701V Sigma
Trypsin 1.6 U/ug 93615 Fluka
5x Phusion® High- F-518 Thermo-Fisher Scientific
Fidelity buffer
LytA 1.7 mg/mL Isolated by Dr. Daniel

Straume

2.5 Antibiotics

Table 6 List of the antibiotics used in this study.

Antibiotic Concentration of stock Product number Supplier

solution
Kanamycin 100 mg/mL SLBW6738 Sigma Aldrich
Streptomycin 100 mg/mL SLBP6412V Sigma Aldrich
Bocillin-FL 25 uM B13233 Life technologies

2.6 Kit

Table 7 The kit used in this study.
Name Purpose Product number Supplier
NucleoSpin® Gel and Extraction of DNA 740609.250 Macherey-Nagel
PCR Clean-up from agarose gel
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2.7 Chemicals

Table 8 List of all chemicals used in this study. Included in the list is chemical formula and product number.

Chemical Formula Product number Supplier

Acetic acid CH;COOH 1.00063.1011 Merck

Acetone CH3;COCH;3 1.00014.2500 Merck KGaA

Acetonitrile HC;CN 34998 Sigma-Aldrich

Acrylamide C3HsNO 79-06-1 Sigma-Aldrich

Adenosine Ci0H13N504 01890 Sigma-Aldrich

Agarose 20767.298 VWR Chemicals

Ammonium persulfate (NH4)2S203 7727-54-0 BioRad

Bacto TM Todd Hewitt 249240 Becton, Dickinson and
Company

BactoTM Casitone 225930 Becton, Dickinson, and
Company

B-merkaptoetanol C,H(OS M6250 Sigma-Aldrich

Biotine CioH16N203S 19606 Sigma-Aldrich, Fluka

Bisakrylamide CsHi2N204 868-63-3 Merck

Bovine Serum Albumin AT7906 Sigma-Aldrich

Bromophenol blue C9HoBr;OsSNa B-8026 Sigma-Aldrich

Calcium chloride CaClz 21075 Sigma-Aldrich, Fluka

anhydride

Calcium pantothenate CisH32CaN2010 C8731 Sigma-Aldrich

Choline chloride CcH14NO - Cl C1879 Sigma-Aldrich

Copper sulphate CuSOy * 5H,O 61240 Sigma-Aldrich, Fluka

pentahydrate

Di-sodium hydrogen NazHPO4 1.06580.1000 Merck

phosphate

Dipotassium phosphate KoHPO4 1.05104.1000 Merck KGaA

EDTA CioH14sN2Na2Os - 2H.0 1.08418 Merck

Glass beads G4649 Sigma-Aldrich

Glucose 20% CcH 204 G7021 Sigma-Aldrich

Glutamin HoNCOCH:CH:CH(NHz 49419 Sigma-Aldrich, Fluka

)CO:H

Glycerol 50% C;Hg05 49781 Sigma-Aldrich

Glycine C,HsNO, G7126 Sigma-Aldrich

Hydrochloric acid, 37%  HCI 7647-01-0 Acros Organics BVBA

Iron(IT)sulphate FeSO4 -7H20 44970 Sigma-Aldrich, Fluka

heptahydrate

L-Asparagine C4HgN,O5° H,O A8381 Sigma-Aldrich

monohydrate

L-cysteine hydrochloride =~ C;H;NO,S -HCI-H,O 30130 Sigma-Aldrich, Fluka

monohydrate

L-tryptophan Ci1Hi12N202 93660 Sigma-Aldrich, Fluka

Lithium chloride LiCl 62476 Sigma-Aldrich

Magnesium chloride CIMg - 6H,0 M2393 Sigma-Aldrich

hexahydrate

Manganese (II) chloride ~ MnClz 416479 Sigma-Aldrich
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Manganese(II)chloride
tetrahydrate
Monosodium phosphate
N,N,N,N-tetramethyl
ethylene diamine
(TEMED)

Nicotinic acid
peqGREEN

potassium chloride
potassium dyhydrogen
phosphate

Pyrodoxine
hydrochloride
Riboflavin

SDS

Sodium acetate
sodium chloride
Sodium chloride
Sodium pyruvate
Sucrose

Thiamine
hydroxychloride
Trifluoracetic acid (TFA)
Trisma® base
Triton-X-100

Trypsin from hog
pancreas

Uridine

Yeast extract
Zinc sulphate
heptahydrate

Ml’lClz : 4H20

NaH2PO4
CeHi6N2

CsHsNO,

KCl1
KH>PO4

CsHi11NOs - HC1

C17H20N406
C12H25Na04S
C2H302Na
NaCl

NaCl
C;H;NaO;
C12H22011

C 12H17C1N4OS -HCl1

CF;COOH
NH,C(CH,0H);

C 14H220(C2H4O)n (1’1 =

9-10)

CoH12N20s6

ZI’ISO4 : 7H20

31422

T9281

72309
PEQL37-501
1.04936.1000
1.04873.1000

95180

R-7649
1.13760.1000
S8750
27810.295
27810.295
P8574

84100

T4625

302031
T1503
9002-93-1
93615

U6381

96500

25

Riedel-de Haén

Sigma-Aldrich

Sigma-Aldrich, Fluka

Saveen Werner
Merck KGaA
Merck KGaA

Sigma-Aldrich, Fluka

Sigma-Aldrich
Merck KGaA
Sigma-Aldrich
VWR Chemicals
VWR
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich, Fluka

Sigma-Aldrich

Sigma-Aldrich, Fluka



2.8 Equipment

Table 9 List of all special equipment used in this study. Regular laboratory equipment is not listed.

Equipment Model Supplier

FastPrep FastPrep® - 24 MP™ Biomedicals

Gel imager GelDoc TM XR+ BioRad

Gel imager II Azure Imager c400 Azure biosystems

HPLC machine Dionex UltiMate 3000 Thermo-Fisher Scientific

HPLC column Grace Davison Discovery
Scientific

Microscope LSM700 Zeiss

Spectrophotometer NanoDrop 2000 Thermo-Fisher Scientific

PCR machine ProFlex PCR systems Applied Biosystems by Life
Technologies

Vacuum pump connected to a Gel pump GP100 Savant

condensation trap

2.9 Recipes for growth mediums and general buffers

2.9.1 Solutions used when making C-medium

Yeast extract solution

40 g yeast extract
360 mL dH>O

6 mL 37% HCl
16 g active coal

The mixture was stirred for 10 minutes and then incubated at 4°C for 2 hours. After the incubation,
the solution was filtered through a column of celite overnight. The pH was adjusted to 7.8 with
NaOH. The final volume was adjusted to 400 mL with dH2O. The solution was sterile filtered and

stored in 4 mL aliquots at -80°C.
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ADAMS 1

150 pL 0.5 mg/mL Biotine

75 mg Nicotinic acid

87.5 mg Pyridoxine hydrochloride (4°C)
300 mg Calcium pantothenate (4°C)

80 mg Thiamine hydrochloride

35 mg Riboflavin

The pH was adjusted to 7.0. The volume was adjusted to 0.5 L with dH,0. The solution was
sterile-filtered and stored at 4°C.

ADAMS 11

500 mg Iron(I)sulphate heptahydrate
500 mg Copper sulfate pentahydrate
500 mg Zinc sulfate heptahydrate

200 mg Mangan(II)chloride tetrahydrate
10 mL 37% HCI

The volume was adjusted to 100 mL with dH,O. The solution was sterile-filtered and stored at

4°C.
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ADAMS 111

128 mL ADAMS I

3.2mL 10X ADAMS I

1.6 g Asparagine monohydrate

160 mg Choline

0.4 g Calcium chlorine anhydride

16 g Magnesium chloride hexahydrate

The pH was adjusted to 7.6. The volume was adjusted to 800 mL with dH,O. The solution was

sterile-filtered and stored at 4°C.

Pre-C-medium

The following components were added, and dH>O was added to make up a final volume of 4 L:
45 mg L-Cysteine Hydrochloride Monohydrate

8 g Sodium acetate

20 g Bacto™ Casitone, Pancreatic Digest of Casein

24 mg L-Tryptophan

34 g Dipotassium phosphate

The solution was divided into 450 mL batches and autoclaved before storage at room

temperature.
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C-medium

To 150 mL pre-C-medium, the following components were added:
150 uL MnCl; 0,4 mM

1.5 mL glucose 20% (w/v)

3.75 mL ADAMS 11

110 pL glutamine 3% (w/v)

2.25 mL Na pyruvate 2% (w/v)

95 uL sucrose 1,5 M

1.5 mL uridine adenosine 2 mg/mL

1.5 mL albumin/BSA 8%

3.75 mL yeast extract

The solution was sterile-filtered before use. C-medium was made new every day and stored at

4°C.

2.9.2 Petri dishes containing agar and antibiotics for growing transformants

TH agar for Petri dishes

To 0.5 L of dH>O, the following components were added:
15 g Todd Hewitt broth powder (Becton, Dickinson, and Company)
7.5 g agar powder

The solution was autoclaved and cooled slightly before the respective antibiotic was added, and
the mixture was poured into Petri dishes. Streptomycin was added for a final concentration of 200

pg/mL, and kanamycin was added for a final concentration of 400 ug/mL.
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2.9.3 Buffers and other solutions used for gel electrophoresis
50x Tris-Acetate-EDTA (TAE)

424 g Tris base
57.1 mL Acetic acid
100 mL 0.5 M EDTA at pH 8.0

The volume was adjusted to 1 L with dH>O.

6x Loading buffer for electrophoresis

240 pL 1 M Tris-HCl
- 1 mMEDTA

- 40% sucrose (W/v)

0.025% bromophenol blue

48 uL of EDTA, 240 pL of Tris-HCI, and 1.6 g of sucrose were added to an Eppendorf tube, and
dH>O was added to a combined volume of 4 mL. A pipette tip of bromophenol blue was added to

the mixture until the color was strong.

1 kb DNA ladder (50 mg/mL)
50 uL 1 kb ladder

200 pL 10x loading buffer
750 uL dH>O

The solution was mixed and kept at 4°C.
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Agarose mixture for gel electrophoresis

For a solution of 1% agarose to water, 4 g of agarose powder was used in 400 mL of 1xTAE buffer.
For each gel made, 50 mL of this solution was combined with 1 pL peqGREEN (Saveen Werner)

and poured into a mold with added combs to create wells.

2.9.4 Buffers and solutions for SDS-PAGE and bocillin FL gels
100 mM Sodium phosphate buffer, pH = 7.2

6.8 mL Na2HPO4

3.16 mL NaH2PO4

20 mM Sodium phosphate buffer, pH = 7.2. 0.2% Triton-X-100

100 mM Sodium phosphate buffer, pH = 7.2
Triton-X-100

10 mL of the sodium phosphate buffer and 0.1 g of Triton-X-100 were combined with dH>O,

which made up the volume of 50 mL.

10x Tris-glycine running buffer

30 g Tris base (0.25M)
144 g Glycine (1.92 M)
40 mL 20% SDS

The final volume was adjusted with dH2O to be 1 L.
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2x SDS Sample buffer

0.125 M Tris-HCI, pH 6.8

4 % SDS

0.3 M 2% B-2-mercaptoethanol (or 0.2 M DTT)
20 % Glycerol

0.01 % Bromophenol blue

10% polyacrylamide, separation gel. two gels

6.42 mL 30% acrylamide

3.5 mL 2% bisacrylamide

5 mL buffer, pH = 8.8

4.25 mL dH,O

200 pL 10% SDS

200 pL 10% APS (ammonium persulphate)
10 uL TEMED

After mixing acrylamide, bisacrylamide, buffer, and dH>O, the solution was degassed for 5
minutes before adding the remaining components. The APS solution was made fresh each time it

was used by weighing 0.05 g of APS and mixing it with 500 pL of water.
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4% polyacrylamide, stacking gel, two gels

1 mL 30% acrylamide

550 uL 2% bisacrylamide

2.5 mL buffer, pH = 6.8

5.7 mL dH>O

100 pL bromophenol blue

200 pL 10% SDS

150 uL 10% APS (ammonium persulphate)
10 uL TEMED

After mixing acrylamide, bisacrylamide, buffer, and dH>O, the solution was degassed for 5
minutes before adding the remaining components. The APS solution was made fresh each time it

was used.

2.9.5 Buffers and solutions used for microscopy

PBS solution:

8 g/L sodium chloride

0.2 g/L potassium chloride

1.44 g/L. disodium phosphate

0.24 g/L potassium dihydrogen phosphate

pH was adjusted to 7.4. The final volume was adjusted to 1 L.
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Agarose for microscopy

25 mL PBS solution
0.3 g agarose

This solution was heated up until the agarose was dissolved. This gives an agarose percentage of

1.2%.

2.9.6 Buffers and solutions used for cell wall isolation

100 mM Na-phosphate buffer pH 7.0 for LytA digestion

57.7mL 1 M Na2HPO4

42.3 mL 1M NaH2PO4

The final volume was 100 mL.

100 mM Na-phosphate buffer pH 7.0 for LytA digestion

57.7mL 1 M Na2HPO4

42.3 mL 1M NaH2PO4

The final volume was 100 mL.

1 M Tris-HCI buffer

15.15 g of Tris base was dissolved in 100 mL dH>O. The pH was adjusted using eighter NaOH
or HCI.
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LytA digestion treatment of pneumococcal cell wall

The following reagent was added to an Eppendorf tube:

100 mM phosphate buffer, pH: 7.0!

1 mg cell wall?

1.7 mg/mL LytA

All reagents were mixed, and dH20 was added to a final volume of 100 pL.

Due to only a small amount of cell wall being purified for Pen6 Apbp1b, only 0.2 mg in 0.5 L of

C-medium, the 0.2 mg was added, and the final volume for this sample was 50 pL.

"For IM2, IM3, JM4, and JMS5, the concentration of this buffer was 50 mM. These samples,
therefore, had twice the volume of the buffer added. The remaining samples had the concentration

of buffer listed here.

’Based on how much water was added to make up a final concentration of 20 mg/mL, this volume

varied from sample to sample.

2.9.7 HPLC solutions
Buffer A: 0.05% TFA (trifluoracetic acid)

500 uL TFA was added into dH2O to a final volume of 1 L. This gave a final concentration of
TFA 0f 0.05%.

Buffer B: 0.05% TFA in acetonitrile

125 pL TFA was added into 100% acetonitrile to a final concentration of 250 mL. This gave a
final concentration of TFA of 0.05%.
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2.10 Growth and storage of S. pneumoniae

The strains were grown at 37°C anaerobically. An OxoidTM AnaeroGenTM 3.5 L sachet (Thermo
Scientific) was added to the container with the cells plated on agar plates to create the anaerobic
conditions. The AnaeroGenTM sachets will react with the oxygen in their surroundings and reduce
the level of O2 available to <1% within 30 minutes. This process also produces CO2 (Thermo

Scientific, 2001).

2.11 Polymerase chain reaction

Polymerase chain reaction (PCR) is a technique used for amplifying a piece of DNA into large
numbers of the same DNA (Saiki, Mullis 1987). The PCR instrument is sensitive enough to
amplify a DNA sequence from a single cell into an amount that can be further analyzed. PCR can
also add on, delete, and modify the template DNA. To amplify a DNA sequence, there must be
some prior knowledge of the sequence information available. This is to design primers that will
attach optimally to the target sequence. Many methods have also been developed for getting around

this problem if knowledge about the sequence is impossible to obtain (Clark et al., 2019).

A DNA template, primers, all four nucleotides, and a DNA polymerase are needed to perform the
PCR. The DNA template must contain the target sequence. The sequence of the primers defines
the target sequence to be amplified on the template DNA, one upstream and one downstream.
DNA polymerase is used to produce new DNA molecules. During the PCR, two primers anneal to
their complementary sequences at either end of the target sequence on a denatured piece of the
DNA sample. The DNA polymerase will synthesize a complementary strand from the primers.
This results in two new strands of DNA. In the following cycles, the newly made DNA strands are
denatured, primers are annealed, and the DNA polymerase will attach itself and copy the target
regions. This results in multiple copies of the target sequence (Clark et al., 2019). Due to the
exponential rate of copies being produced and the number of target sequences that should double
each cycle, the number of DNA fragments can reach 100 billion in just a few hours. This enables
scientists to start with minimal amounts of DNA molecules and amplify them into large, workable

amounts (Mullis, 1990).
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2.11.1 Making DNA fragments using Phusion PCR

The Phusion® DNA polymerase was used when the end-product from the PCR was used in
transformations. This is because this DNA polymerase has high proofreading, which is essential
in transformations. After all, the template being amplified for transformations should not contain
any mutations as it can cause the gene to lose its function. All components listed in Table 10 were
added to a PCR strip. The Phusion® polymerase was kept in an ice block while working. The
Phusion® buffer contains Mg?*, which facilitates optimal polymerase activity. In some PCR
mixtures that did not work initially, additional Mg?" was added to aid the reaction. If additional
Mg?** was added, this was done by adding 1 pL of Mg?* and 1 uL less water. The amount of each

component in the PCR mix is shown in the Table below.

Table 10 List of all reagents and the amount added in the PCR mix used for creating DNA fragments to be used in
transformations.

Component Final concentration/volume
0,5 pL 2U/uL Phusion® High-Fidelity DNA polymerase 0,02 U/ uL

10 pL 5x Phusion® High-Fidelity buffer 1x

2.5 pL 10 uM Primer forward 0.5 uM

2.5 pL 10 uM Primer reverse 0.5 uM

1 pL 10 mM dNTPs 0.2 mM

1 pL template DNA 20-100 ng

32.5 uL dH20

Total volume 50

The settings for the PCR run with Phusion are shown in Table 11. The time of the extension
depended on the length of the PCR product. Phusion uses about 30 seconds per 1000 bp. So, if the

product were 3000 bp long, the extension time would be 1 minute and 30 seconds.

Table 11 The settings for the PCR run with Phusion® polymerase when making DNA fragments for transformations.

Temperature, °C Time, minutes Stage Cycles
95 10 Initial denaturation 1

95 0.5 Denaturation

60 0.5 Annealing 25

72 XX Extension

68 3 Final extension 1

4 -
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2.11.2 Screening transformants with RedTaq® using PCR

To screen the transformants, four colonies were picked from plates with kanamycin, and 7-8
colonies were picked from plates with streptomycin. The colonies were picked with a sterile
toothpick each. First, the toothpick collected a colony; then, it was dabbed into 10 pL of sterile
dH:0 in one well in a PCR strip to leave bacteria in the water and use it for the screening. The
toothpick was then dropped into a falcon tube containing 3 mL of C-medium. The falcon tube was
placed in a water bath at 37°C to allow the bacteria to grow. When the accuracy of the end-product
from the PCR is not very important, like in screening, RedTaq® is used. This is because this DNA
polymerase is less accurate than the Phusion® High-Fidelity DNA polymerase.

For the screening with RedTaq®, all components for the PCR mix were combined in an Eppendorf
tube, and 10 pL of the mixture was added into each of the four PCR tubes, which already contained
the bacteria in 10 of dH20. The components and volumes of each component are shown in Table
12.

Table 12 List of all reagents and the amount used in the PCR mix for screening transformants.

Component Volume, uL.
2x RedTaq 40
Primer forward 2.5
Primer reverse 2.5
Total volume 45

The settings for the PCR run with RedTaq® are shown in Table 13. The time of the extension
depended on the length of the PCR product. RedTaq® uses about 1 minute per 1000 bp. So, if the

product were 2500 bp long, the extension time would be 2 minutes and 30 seconds.

Table 13 The settings used for the PCR run with RedTaq® during screenings of transformants.

Temperature, °C Time, minutes Stage Cycles
95 10 Initial denaturation 1

95 0.5 Denaturation

60 0.5 Annealing 25

72 XX Extension

68 3 Final extension 1

4 -
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2.12 Gel electrophoresis of the PCR product

Gel electrophoresis is a commonly used technique within molecular biology. This technique is
used to separate fragments of DNA or RNA based on their size. This is done by sending a current
through a gel in the electrophoresis chamber. Since DNA is a negatively charged molecule, it will
move through the gel towards the positive charge. The distance the fragments move through the

gel depends on their size (Clark et al., 2019).

The most used type of gel for gel electrophoresis is agarose gel. This gel is optimal for molecules
with a similar molecular weight to DNA, which will be between 50-20 000 base pairs. A different
gel should be used if the molecule is of a higher or lower molecular weight than this. The agarose
gel uses agarose powder from seaweed mixed with a liquid buffer. Upon heating, this creates a
clear liquid that will solidify when it is cooled down. The solidified gel contains many tiny pores
and cavities filled with water. These pores will slow down the larger molecules since they get
caught in the pores. The smaller ones will not get caught as much and will therefore move through
the gel faster than the larger ones, and their band will therefore be lower in the gel. DNA fragments
of similar size will migrate through the gel at the same speed and emerge in the gel at the same
position. A standardized molecular weight size marker, also called a molecular ladder, is used to
compare the distance the band has traveled in the gel compared to the size of the fragments in the

band. The ladder comprises fragments with a known molecular weight (Clark et al., 2019).

A loading buffer is added to the samples before adding the samples to the gel. This allows better
visualization of the sample when pipetting it into the wells, and the glycerol in the loading buffer
increases the density of the sample, so it falls to the bottom of the well in the gel. The gel has
peqGREEN added to it. This is added so that the bands can be visualized under UV light after the
electrophoresis is done (Clark et al., 2019). The bands can be visualized because peqGREEN will
fluoresce once bound to DNA and illuminated (Thermo Scientific, 2006).

Gel electrophoresis was used for two things in this experiment. The first thing was to separate the
product after the PCR with Phusion so that it could be cut out of the gel as one band and be purified.
The second use was to verify the size of the product after screening colonies from the

transformations. This was done to ensure the transformants had taken in the DNA fragment.
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After the PCR with RedTaq, the solution was pipetted into an agarose gel to undergo
electrophoresis and run for about 30 minutes. The bands in the gel were visualized under UV light
using a GelDoc TM XR+ (BoiRad). The size of the bands was compared to the calculated size of
the genes. Strains were only carried on within the study if the screening matched the theoretical

length of the genes.

2.13 Clean-up of the PCR product after the gel extraction
500 puL of NTI buffer was added to the Eppendorf tube containing the gel and DNA cut-out piece.

The tube was placed in a water bath at 55 °C for 5 minutes. The solution was transferred from the
tube to a spin column containing a silica membrane to collect the DNA. The centrifuge tube with
the solution was centrifuged at 11 000 g for 30 seconds. 700 uL of NT3 was added to the filter as
the first wash step. The tube was centrifuged at 11 000 g for 30 seconds. This wash step was
repeated once more. The silica membrane was dried by centrifuging the tube at 11 000 g for 1
minute. The filter section of the tube was placed in an Eppendorf tube to collect the DNA. 15 pL
of NE elution buffer was added to the tube. The tube was centrifuged at 11 000 g for 1 minute.
This step was repeated once more. The concentration of the DNA was measured on a NanoDrop

2000 spectrophotometer.

2.14 Transformation of S. pneumoniae

S. Pneumoniae was transformed by natural transformation. Exponentially growing S. pneumoniae
at ODsso = 0.05 — 0.1 was added with 100 — 200 ng of transforming DNA and induced to
competence by adding a final concentration of 250 ng/mL CSP-1. The tubes were then incubated
at 37 ©C for 2 hours. Finally, 30 uL from the transformant and the negative control were plated

onto a TH-agar, each containing the appropriate antibiotic for the transformation.
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2.15 Microscopy

ODsso was measured until it reached between 0,3 and 0,4 for each strain before microscopic

imaging.

The agarose gel used in microscopy was made by melting 1,2% agarose in 1x PBS buffer. The gel
solution was heated in the microwave for 1 minute until the agar was dissolved completely. Once
the agar was dissolved, the solution was kept in a water bath at 55 °C to prevent the agar from

solidifying.

The agar mixture was added in drops onto a microscope slide with 12 wells. A thin glass slide was
placed on the agarose and pushed down to create a thin layer of solidified agarose. Next, 0.5 uL.
of each sample was added to a well each, and a cover glass was placed on top and gently pushed
down on the agarose to immobilize the cells. The bacteria were examined using a Zeiss LM700
microscope with a 100x phase contrast objective. Images were captured using an ORCA-Flash 4.0
V2 Digital CMOS camera (Hamamatsu Phonetics) with a 100x phase contrast objective and further

processed using the ImageJ software.

2.16 Analysis of cell wall from S. pneumoniae.

2.16.1 Isolation of cell wall
The cell wall from each sample was isolated by following the protocol published by Vollmer et al.

in 2007, with some modifications.

Cells were grown in 0,5 L of C-medium to an OD550 of 0,35-0,5. The cells were harvested by
centrifugation at 10 000 g for 10 minutes. Next, the cells were resuspended in 40 mL ice-cold 50
mM Tris/HCl with pH 7,0. The resuspended cells were added dropwise into 120 mL of a 5%
boiling SDS solution and stirred heavily for about 10 minutes. The solution was cooled to room
temperature before the crude cell wall material was collected by centrifugation at 12 000 g for 10
minutes at room temperature. The solution was kept at room temperature since SDS precipitates

at low temperatures.

The SDS was washed from the cells by repeated resuspension and centrifugation with the first two

steps of 20 mL of 1 M NaCl and then with four steps of 20 mL of dH>O. After the last
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centrifugation, the pellet obtained was resuspended in 2 mL of dH>0 and added to a fast-prep tube
with 0,5 g of acid-washed glass beads (<106 um). The cell walls were broken mechanically in the
Fast-prep machine in 6 pulses of 6.5 m/s for 20 seconds each, with 1-minute breaks between each
pulse. When the cell walls had been fragmented, the supernatant was transferred to a new
Eppendorf tube after the glass beads had had time to sediment. The beads were washed a few times
with dH>O to ensure the maximum amount of cell wall was extracted. The remaining whole cells
and glass debris in the transferred supernatant were removed by slow centrifugation at 2 000 g for
5 minutes. The supernatant was transferred to a new tube and centrifuged at 25 000 g for 15
minutes at room temperature. This pelleted the cell wall material. The pellet was resuspended in 2
mL of 100 mM Tris/HCI with pH 7,5 with 20 mM MgSO4. Next, 10 pg/mL DNase and 50 pg/mL
RNase were added to break down any residual DNA and RNA, and the samples were incubated at
37 °C with continuous stirring for 2 hours. After 2 hours, 10 mM CaCl2 and 100 pg/mL trypsin
were added to the samples. The trypsin would hydrolyze any proteins left in the samples at this

point. The samples were incubated overnight at 37 °C with continuous stirring.

8 % SDS solution was added to the sample solutions to give a final concentration of 1% SDS. The
SDS is added to the solution to inactivate the enzymes (K. Weber & Kuter, 1971). The samples
were then incubated at 80 °C for 15 minutes. The total volume of the sample solution was adjusted
to 20 mL using dH>O, and the cell walls were sedimented by centrifugation at 13 000 g for 30
minutes at room temperature. The cell wall pellet was resuspended in 10 mL of 8M LiCl, incubated
at 37 °C for 15 minutes, and centrifuged like before. Next, the pellet was resuspended in 10 mL
100 mM EDTA with pH 7,0, incubated at 37 °C for 15 minutes, and centrifuged like before. The
pellet was washed with 20 mL of dH>O, 20 mL of acetone, and 20 mL of dH,O with the same
centrifugation as before between each wash. The pellet obtained after the last centrifugation was
resuspended in 1 mL of water, transferred to a pre-weighed Eppendorf tube to be able to determine
the final weight of the purified cell walls and centrifuged to remove as much water as possible

while keeping the cell wall wet. Finally, the cell walls were dried in a vacuum centrifuge (Savant).

2.16.2 LytA treatment of cell wall
This protocol uses LytA to digest the cell walls. The gene /yt4 encodes an N-acetylmuramic acid

L-alanine amidase that cleaves the pneumococcal cell wall. Then, it hydrolyses the bond between
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MurNac and the first L-Ala of the stem peptides in peptidoglycan. This way, LytA can release all
stem peptides from the cell wall material (Balachandran et al., 2001; Mosser & Tomasz, 1969).

The dried cell walls were resuspended in dH2O to a final concentration of 25 mg/mL. Next, 1 mg
of the purified cell wall was digested with a LytA treatment using the reactants listed in section
2.9.6. The reaction mixture was mixed in the tube and incubated at 37 °C overnight. After
incubation, the samples were heated to 95 °C in a heating block for 20 minutes to precipitate LytA.
Next, the samples were centrifuged in a bench centrifuge at 20 000 g for 10 minutes. The
supernatant was transferred to new Eppendorf tubes to leave the precipitated LytA and glycan
behind. The samples were centrifuged at 20 000 g for 5 minutes, and the supernatant was collected
one final time to ensure no insoluble material was applied to the HPLC column. The pH of the
samples was adjusted to 3 by adding small amounts of 20% orthophosphoric acid, starting with

1,5 pL. The pH was verified using pH paper.

2.16.3 HPLC analysis

LytA-released stem peptides were analyzed using C-18 reverse-phase HPLC. The mobile phase
was 0,05% TFA in dH20, and the eluent solution was 0,05% TFA in 100% acetonitrile. All
samples were loaded using 40 pL volume, except for the sample JMS5, which was loaded with 25
pL of its solution. The column used was C-18. The program for separating peptides was set up
using a flow of 0.5 mL/minute and an absorbance of 206 nm. Before starting the program and
between each sample, there was a 15-minute wash of the system. Each sample had an elution time

of 120 minutes in a range of acetonitrile from 0% to 15%.

2.17 Bocillin assay

Nucleic acids are negatively charged and will move toward the positive charge during av
electrophoresis. On the other hand, proteins have a more complex overall charge caused by
different charges coming from different amino acids in the protein. The proteins can have a positive
or negative charge or be neutral. The number of positive vs. negative amino acids gives the
protein's total charge. If there are more positives than negatives, the overall charge of the protein
is positive, and vice versa. If a mixture of proteins with their original charge were to be

electrophoresed, the positive would migrate toward the cathode and the negative towards the
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anode. The neutral proteins would hardly move at all. To avoid this, the proteins are boiled in
sodium dodecyl sulfate (SDS) to separate proteins based on their molecular weight. This detergent
will ruin the folded structure of the proteins, leaving them as long strands of denatured proteins.
In addition to being a detergent, the SDS also has a hydrophobic tail. This tail has a negative
charge. The SDS will coil around the denatured proteins, giving an overall negative charge for all
proteins. The amount of SDS binding is proportional to the length of the protein. Now, the proteins
can be separated by size (Clark et al., 2019).

Cells were grown to an ODsso = 0,2 in 5 mL of C-medium. The cells were pelleted and lysed by
resuspending them in 100 pL 20 mM sodium phosphate buffer with pH 7,2 containing 0,2% Triton
X-100. The tube was incubated in a 37 °C water bath for 5 minutes to lyse the cells fully (Triton
X-100 activates the LytA autolysin). The lysate was stored at -80 °C. When the PBPs were going
to be labeled with bocillin, 15 pL of each sample was mixed with 2 pL of bocillin from a stock
with a concentration of 25 pM, giving a final concentration of bocillin at 3,3 pM. Next, the samples
were heated in a water bath at 37 °C for 30 minutes. The labeled proteins were mixed with a 2x
SDS sample buffer in a 1:1 ratio to prepare the samples for separation and boiled for 5 minutes to
denature the proteins. The sample buffer contains SDS and B-mercaptoethanol. The SDS and the
B-mercaptoethanol will denature all proteins present in the sample once heated up. The sample
buffer also dyes the sample mixture blue, later used to indicate how long the sample should migrate

in the gel.

SDS-PA-gels for bocillin analyses were cast using the Mini protein gel cast system from Biorad.
The separation gel was made by mixing the components listed in section 2.9.4. The 30%
acrylamide, 2% bisacrylamide buffer at pH 8,8, and dH>O were mixed and degassed for 5 minutes.
Then, the SDS, APS, and TEMED were added to initialize the polymerization of the
polyacrylamide gel. 3,2 mL of the separation solution was quickly added into each mold. The gel
was immediately leveled by carefully flooding the top half of the mold with dH>O. After the gel
had polymerized, the stacking gel was made by mixing the components listed in section 2.9.4. The
stacking gel was made in the same way as the separation gel. The dH>O was removed completely
from the mold, and 1 mL of the stacking gel was added into the mold onto the separation gel. A
comb for making 10 wells was inserted into the top of the stacking gel, and the gel was allowed to

polymerize fully.

44



10 puL of the sample was added to each well, and the electrophoresis was performed at 100V until
the samples migrated to the separation gel. The samples were then separated at 200V until the dye
had left the gel. The samples were further separated at this voltage for an additional 90 minutes for
the PBPs to separate throughout the gel fully. The bocillin-labeled PBPs were visualized by

fluorescence from the fluorescent bocillin in an Azure Imager c400.

45



3 Results

This project aimed to investigate the contribution of low-affinity PBP2b to a branched structured
cell wall in S. pneumoniae. The presence of low-affinity PBP2b increase the relative amount of
branched muropeptides in the cell wall, which was found by a previous master's student in the
Molecular Microbiology group at NMBU (Heggenhougen, 2019). The hypothesis was, therefore,
that a low-affinity version of PBP2b either prefers branched structured muropeptides or is less
active, leading to compensating cell wall synthesis by one or more of the other PBPs. To study this
further, knockout strains of pbp2b and single knockouts of the class A PBPs (pbpla, pbp1b, and

pbp2a) were created and phenotypically tested for changes in cell wall composition.

3.1 Knockout strains — screening and phenotypic verification

Two penicillin-resistant lab-generated mutants of S. pneumoniae, strain RSG77, and Pen6, were
chosen as the foundational genetic backgrounds for this project. RSG77 is a strain created at the
MolMik group. The strain is a penicillin-sensitive R6 derivative that has been repeatedly
transformed with genomic DNA from a highly resistant Streptococcus oralis Uo5 and selected
based on increasing Penicillin G concentration. The Pen6 strain is a well-known strain created by
Zighelboim in 1980 that has been obtained by a similar method using a resistant clinical isolate
from South Africa as a DNA donor. Typical for both these strains is that they display a highly
branched cell wall structure and have a high minimum inhibitory concentration (MIC) for
penicillin (Zighelboim & Tomasz, 1980). This resistance level depends on branched structured
muropeptides since the MIC drops when the murM gene is deleted (Crisdstomo et al., 2006; S. R.
Filipe et al., 2002; A. M. Smith & Klugman, 2001). Due to the observed phenotype in an RSG77
AmurM mutant, this strain was particularly interesting in this project. The strain Pen6 was
included to control that potential results from this study could be repeated in other well-known

strains.

One of the main aims of this study was to determine whether low-affinity PBP2b is responsible
for the increased incorporation of branched muropeptides in the cell wall of resistant strains. An
approach to test this would be to analyze the cell wall of a Apbp2b mutant. However, the pbp2b

gene is essential in S. pneumoniae. A way to circumvent the essentiality of pbp2b is to exploit the
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fact that certain suppressor mutation alleviates the essentiality of this gene. Namely, if the gene
eloR is deleted, pbp2b can also be deleted, or if a truncated version of the cell division protein
MreC (MreC*) is expressed, pbp2b can also be deleted (Stamsas et al., 2017). Going through e/oR
and mreC* was done because RSG77 has shown a correlation between PBP2b, eloR, and MurM
(see 1.7). It was unsure if e/oR would give any results, so going through both from the start would
save some time if the Apbp2b strain did not yield any results. Because of this, the mutant strains

lacking eighter eloR or murM were made simultaneously.

For this study, 14 new mutants were made: seven from RSG77 and seven from Pen6 (Table 2). In
addition, four strains, JM7, IM10, JM13, and IM 14, were made using other strains from this study.

The rest were made directly from eighter RSG77 or Pen6 (Figure 9).

RSG77 Pen6

AmreC AmreC
AJanus:mreC* AlJanus::mreC*
M7 JM13

Apbp2b Apbp2b

Apbpla IM10 Apbpla M14

Apbplb bplb

= =

Apbp2a Apbp2a
| m | [ s |
AeloR::DEL Apbp2b AeloR::DEL Apbp2b
hind poP M8 i M12

Figure 9 Overview of all mutant strains created in this study and how they relate to each other and RSG77 or Pen6.

During the transformations, almost all the strains were transformed without a problem and had too
many colonies to count. The strain JM9 (Pen6, Apbp1a) took several attempts to make because no
transformant grew on the agar plate. Since this transformant would not grow on the kanamycin
plates, the theory was either that the transformation had failed or that the PCR product was wrong.
New primers were ordered to uncover if the PCR product was the problem. After a few tries with

these new primers and different combinations of primers, colonies grew abundantly. This indicated
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that the initial primers used were not a good match for the Pen6 genome and that the new primers

ordered after genome sequencing worked the way they should.

Due to the limited access to the genome of Pen6, it took a while to figure out which primers would
anneal well to the targeted genes. The strain JM11 took several tries to get right because of this.
New primers were ordered and used to make the PCR product, which resulted in some colonies
growing. The number of colonies was about 30 for this strain at this point. When JM11 was used
to make JM13, it was initially difficult to successfully transform the PCR product into JM11 to
create JM13. After many tries with different primers for the PCR product, it was decided that a
new JM11 should be attempted made. This decision was made because the likelihood of this strain
being the problem was significant due to the difficulty of making the mutant strain in the first place
and the suspiciously low number of colonies presented. The new JM11 was made and presented
too many colonies to count. The new JM11 was used to make JM13, and the transformation worked
on the first try, with an abundance of colonies present for this strain as well. The strains with e/loR
knocked out, JM8 and JM12, were left in the incubator for two days instead of one like the rest.
This was due to the eloR knockout being known from the literature to grow slowly because of the

mutation's effect on the cells.

The strains selected for with Streptomycin, JM7 and JM13 both presented fewer colonies than the
rest, which were selected for using kanamycin. They grew roughly between 50 and 100 colonies
each. They also had a couple of colonies on negative control. This is normal when selecting using

streptomycin because of the balance between resistant and sensitive 7psL in the cells.

All strains made in this study were screened with PCR (See 2.11.2). This was done to verify that
the size corresponded to what was expected based on the size of the PCR product and if Janus was

present.

3.1.1 Verification of morphological changes in knockout strains
In addition to the PCR screening, the knockout mutants were verified in the form of phenotypical
characteristics using phase contrast microscopy. The same changes in morphology were expected

for the strains derived from RSG77 and Pen6.
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All mutants were observed under a microscope to see if the morphology of the cells had changed
the way it was expected for the respective knockouts, based on what has been reported in the
literature. The strain RSG77 was expected not to deviate far from the morphology of the wild-type
R6 it was made from. This morphology is typically elongated diplococci that do not form long
chains or clusters, but can form short chains. RSG77 and Pen6 show this expected morphology
(Figure 10 A and I). Previous research has shown that the deletion of eloR gives a characteristic
morphology of short and chained cells (Stamsas et al, 2017). The AeloR strain from RSG77 and
Pen6 shows shorter cells, which grow in chains (Figure 10 D and L). Because the changes in
morphology are consistent with what has previously been found, the correct gene had likely been

knocked out in both strains.

Expression of a truncated MreC (MreC*) and depletion of pbp2b results in shorter cells growing
in chains compared to the wild-type (Berg et al., 2013; Stamsas et al., 2017). When introducing
MreC* to delete pbp2b in the RGS77 and Pen6 strains, the resulting mreC*, Apbp2b mutant
displayed the expected morphology of shorter cells organized in chains. However, the chaining
was not as extreme in Pen6 as in RSG77 (Figure 10 B, C, J, and K). Like the expression of MreC*,
deletion of eloR also allows deletion of pbp2b. An AeloR mutant is reported to be shorter and
rounder than wild-type cells. As expected, the AeloR Apbp2b mutants of RSG77 and Pen6 were
shorter and rounder than wild-type cells in addition to those grown in chains (like pbp2b depleted
cells) (Figure 10 E and M). These changes in morphology, which match with the predictions based
on findings from the literature, indicate that the correct genes have been knocked out in all these

cells.

Studies by Paik et al. in 1999 and by Hoskins et al. in 1999 showed that single knockouts of the
class A PBP genes had no notable changes to the morphology of the cells. The morphology of the
knockouts Apbpla, Apbp1b, and Apbp2a in RSG77 and Apbp1b and Apbp2a in Pen6 showed no
changes in morphology (Figure 10 F, G, H, O, and P). However, in Pen6, the mutant Apbpla
showed an unexpected change in morphology (Figure 10 N). The shape of the cells is the same,
but they vary in size and grow in clusters. This indicated that knocking out pbpla in Pen6 might
be more noticeable or less compensable for the cells, which leads to an abnormal morphology
compared to the genetic background. This should have the same morphology as Pen6 (Figure 10 I
and N).
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The strains JM1 and JM11 was not used in the results, only to make the strains JM7 and JM13.

They are therefore not present in any figures in the results.

RSG77 mreC* ’ 38077mrec* Apbp2b RSG77 AeloR

»
‘&'

RSG77 AeloR Apbp2b RSG77 Apbpla RSG77 Apbplb

2um

Pen6 mreC* 6 mi p Pen6 AeloR

Pen6 AeloR Apbp2b Pen6 Apbp1b Pen6 Apbp2a

14’3:.\
A

Figure 10 Microscopy images of 12 out of 14 strains made in this study, as well as RSG77 with and without e/loR
and Pen6 with and without eloR. A) RSG77, B) RSG77 mreC*, C) RSG77 mreC* Apbp2b, D) RSG77 AeloR, E)
RSG77 AeloR Apbp2b, F) RSG77 Apbpla, G) RSG77 Apbpib, H) RSG77 Apbp2a, 1) Pen6, J) Pen6 mreC*, K)
Pen6 mreC* Apbp2b, L) Pen6 AeloR, M) Pen6 AeloR Apbp2b, N) Pen6 Apbpla, O) Pen6 Apbp1b and P) Pen6
Apbp2a.
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3.1.2 Using fluorescently labeled penicillin to confirm knockout strains

The PBPs were fluorescently labeled and separated on an SDS-PAGE to further confirm the
deletion of the different pbp genes in the mutants described above (Figure 11). It was important to
determine if a change occurred before and after pbp2b had been knocked out in the strains lacking
eloR or mreC*. It was also pivotal to confirm that the correct genes had been knocked out in the
respective strains to validate that the morphological effect was caused by the knockout of pbp2b,
eloR, or mreC*, as well as the class A PBPs. This method would indicate the presence of PBPs to
verify if the correct PBPs had been knocked out. There were some slight differences between the
strains in the amount of protein loaded on the gel, which can explain some of the differences in

brightness visible in the images (Figure 11).

The proteins are well separated in all three gels, but only a few bands are showing due to the
presence of many low-affinity PBPs. Using the bands for RH425 as a reference, the bands have
separated well. However, some bands are not showing, either because the PBP is knocked out and
is not present or because the PBPs are low-affinity. These will, therefore, not bind penicillin as

much as the PBPs in RH425 and will be either weak or not visible at all.

Generally, it is not easy to separate the band 1a/1b because they are almost the same molecular
weight. It was therefore, as expected, not possible to separate these bands in Figure 11. The bands

for 2x, 2a, and 2b separated well for RH425 (Figure 11 A and C).

In Figure 11 A, all RSG77 mutant strains and RSG77 itself show no bands for PBP2x and PBP2b.
In the two strains here where pbp2b is knocked out, the band for PBP2b is absent because the
protein is absent. The rest of the strains present with a low-affinity PBP2b. All strains here also
present with a low-affinity PBP2x. Pen6 AeloR in the same Figure, shows a weak band for PBP2b.
This indicates that PBP2b might gain some affinity and bind slightly more penicillin once EloR is
no longer present in the cell. This band disappears when pbp2b is knocked out in the same strain

(Figure 11 A, Pen6 AeloR and Pen6 AeloR Apbp2b).

In Figure 11 B, two out of three bands are present from PBP2x, PBP2a, and PBP2b. The upper
band is most likely the band for PBP2x, based on the slight distance expected between PBP2x and
PBP2a from the separation of RH425 in Figure 11 A and C. The upper band, which is thinner and
weaker than the PBP2a band, indicates that PBP2x is also a low-affinity PBP in these strains

(Figure 11 B). The brightness from the bands from strain Pen6 mreC* Apbp2b is greater than for

51



the rest of the strain in Figure 11 B. The difference in signal here is also seen in the 1a/1b band

and is, therefore, most likely just from a difference in the amount of protein added.

For RSG77Apbpla and Pen6Apbpla in Figure 11 C, there is hardly any difference between the
combination of signals from the mutants from the two different genetic backgrounds. The
combination of bands is interesting to use to confirm if the same mutation in different genetic
backgrounds have the same composition of low-affinity- and high-affinity PBPs in the cell. The
bands for PBP2x, PBP2b, and PBP1a were expected to be stronger in both RSG77 and Pen6. Since
the bands do not show, it indicates that not enough PBPs for each band bind penicillin with a high
affinity.

Since the combination of bands has not changed between RSG77 and Pen6 and their Apbpla
mutant (Figure 11 C), the effect of pbpla being knocked out is seemingly hardly noticeable to the
cell. In the strains RSG77 Apbp1b and Pen6 Apbp1b (Figure 11 C), the band for 1a/1b is gone, but
the band for 2a is stronger for RSG77 Apbp1b than RSG77 is, and slightly weaker for Pen6 Apbp1b
compared to Pen6. For RSG77 Apbp2a and Pen6 Apbpa2 (Figure 11 C), the band for 2a is gone
compared to RSG77 and Pen6, as expected. The band for 1a/1b also appears slightly weaker in
RSG77 Apbp2a, while it seems to be gone entirely in Pen6 Apbp2a.
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Figure 11 Gel images from bocillin FL labeled PBPs in the following strains: 4) RH425, RSG77, RSG77 AmreC,
RSG77 mreC* RSG77 mreC* Apbp2b, RSGT7 AeloR, RSG77 AeloR Apbp2b, Pen6 AeloR and Pen6 AeloR Apbp2b.
B) Penb6, Pen6 AmreC, Pen6 mreC* and Pen6 mreC* Apbp2b. C) RH425, RSG77, RSG77 Apbpla, RSG77 Apbplb,
RSG77 Apbp2a, Pen6, Pen6 Apbpla, Pen6 Apbp1b and Pen6 Apbp2a.
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3.2 Deletion of pbp2b gave no change in stem peptide composition in the cell wall

After using the SDS-PAGE to support the theory that the correct PBPs had been knocked out,
meaning that the changes in morphology were most likely due to the deletions and knockouts, the
composition of the cell wall was analyzed using HPLC. The muropeptides present in the samples
were eluted over 120 minutes and measured the UV absorbance at 206 nm. The chromatograms

from the HPLC analysis were compared to the known chromatograms of Pen6 (Figure 12).
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Figure 12 Illustration of where the different muropeptides appear in the HPLC chromatograms of RSG77 and Pen6.
Figure part 1-8 shows the different muropeptides analyzed in this study. Parts 1, 2, 3, and 5 are linear muropeptides,
and 4, 6, 7, and 8 are branched muropeptides. The time was measured in minutes and is indicated on the x-axis. The
absorbance was measured in UV absorption at 206 nm and is indicated on the y-axis. Figure modified from S. Filipe
& Tomasz, 2000.
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To investigate the contribution of low-affinity PBP2b to a branched structured cell wall, pbp2b
was knocked out in an AeloR or mreC* genetic background. The cell wall composition in these
mutants was compared to that of the genetic backgrounds (Figure 12). The results showed no major
differences in the stem peptide composition when both pbp2b and eighter eloR or mreC* were
knocked out (Figure 13). There are minor changes to the cell wall composition in general, but there

are no large changes indicating any drastic changes in any of the HPLC graphs.

The chromatograms for the RSG77 strain and the eloR knockout and mreC* strands, both with and
without PBP2b, show some minor variations in the area under the peaks but not as significant as
it was expected to be. All chromatograms follow the same general curvature within the same

genetic background, as seen in Figure 12.

The ratio of linear to branched muropeptides, the peak at 40 minutes divided by the peak at 50
minutes, in RSG77 mreC* Apbp2b and RSG77 AeloR Apbp2b is 0,81 and 0,85, respectively. The
ratio for the same peaks for RSG77 is 0,38. Based on the area of the peaks, this indicates that the
amount of linear muropeptides increases when pbp2b is knocked out in RSG77 and that the amount
of branched muropeptides is unchanged. The area of the peaks in each chromatogram should be

interpreted as a whole, but there was not enough time for that in this study.

Pen6 does not show the same peaks at RSG77 because the two strains have different types of
branched muropeptides. While RSG77 has the type indicated as number 4 in Figure 12, Pen 6 has
the three variants shown as 6, 7, and 8 in the same Figure. Based on the structure of the
muropeptides in Pen6, this strain has more branching than in RSG77 due to the extra branch, which

1s not cross-linked.

The HPLC chromatograms for RSG77 mreC*, RSG77 AeloR, Pen6 mreC*, and Pen6 AeloR did
not deviate much from the mutant they were used to make. They were, therefore, not included in

the results. All four graphs are listed in Appendix Al-A4.
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Figure 13 HPLC chromatograms of A) RSG77, B) Pen6, C) RSG77 mreC* Apbp2b, D) Pen6 mreC* Apbp2b, E)
RSG77 AeloR Apbp2b and F) Pen6 AeloR Apbp2b. The time was measured in minutes and is indicated on the x-axis.
The absorbance was measured in UV absorption at 206 nm and is indicated on the y-axis.

3.3 Could class A PBPs rescue the lack of PBP2b and cause a more branched cell
wall?
Based on previous observations by Heggenhougen and employees in the Molecular Microbiology

group at NMBU (see 1.7), we hypothesized that pbp2b might be responsible for the increased
incorporation of branched muropeptides found in the cell wall of penicillin-resistant isolates.

However, the results obtained in this study indicated that this might not be the case. The changes
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in peaks for the strains from this experiment compared to RSG77 and Pen6 were expected to be
greater based on the abovementioned hypothesis, although this did not seem to be the case (Figure
12). Hence, the contribution of class A PBPs to cell wall branching was examined. The theory was
that perhaps one or more of the class A PBPs compensate for the expression of a less efficient low-
affinity PBP2b in penicillin-resistant strains. Therefore, the class A PBP encoding genes (pbpla,
pbplb, and pbp2a) were knocked out individually in the RSG77 and Pen6 strains by placing a
Janus cassette inside the respective gene. The same procedures for the previously mentioned
strains were repeated for the three PBPs in class A, and the mutants' cell wall stem peptide

composition was analyzed using HPLC.

The results showed no major differences between the mutants lacking pbpla, pbp1b, or pbp2a in
both RSG77 and Pen6. For RSG77, a knockout of the class A PBPs seemed to slightly impact the
size of the peaks for linear and branched muropeptides. However, there were also some minor
changes to other peaks, so the small changes in peaks should be investigated within each

chromatogram.

For Pen6, a knockout of pbpIa resulted in more of the peptide Ala-iGln-Lys-Ala-Ala eluting at 20
minutes (Figure 2, red square), whereas a knockout of pbplb and pbp2a did not result in any
changes to the stem peptide composition of the cell wall (Figure 14 D, F, and H). In Figure 14 F,
the amount of added cell wall was less than the rest. Therefore, the changes seen in composition
between this chromatogram and the other mutants of Pen6 are not comparable. The general

curvature is like the other mutants, but the ratios cannot be compared.
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Figure 14 HPLC chromatograms of A) RSG77, B) Pen6, C) RSG77 Apbpia, D) Pen6 Apbpla, E) RSG77 Apbplb,
F) Pen6 Apbpi1b, G) RSG77 Apbp2a and H) Pen6 Apbp2a. In figure F, the amount of cell wall added to the HPLC
column was less than for the rest and the scale is therefore different from the rest of the chromatograms. See 2.9.6
LytA treatment for more information about the volume added of Pen6 Apbp1b. The time was measured in minutes
and is indicated on the x-axis. The absorbance was measured in UV absorption at 206 nm and is indicated on the y-
axis.
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4 Discussion

The pneumococcal cell wall consists of both branched and non-branched linear muropeptides. As
previously mentioned, analyses of penicillin-resistant clinical isolates have shown that these more
often increase branched muropeptides and that branched lipid II precursors used for peptidoglycan
synthesis are critical for resistance (S. Filipe & Tomasz, 2000). Resistant pneumococci express
low-affinity PBPs that are not inhibited by penicillin. It has been hypothesized that one or more
low-affinity PBPs prefer branched lipid II over non-branched and that branched lipid II
outcompetes penicillin for the active site in these PBP versions. When branched lipid II is
unavailable, e.g., when murM is knocked out, resistance is lost. Until now, it has not been
investigated which PBPs contribute to the increased incorporation of branched stem peptides in
the cell wall of resistant isolates. Previous results found by a master’s student in the Molecular
Microbiology group at NMBU (Heggenhougen, 2019) showed that introducing low-affinity
PBP2b into a sensitive lab strain led to a shift towards branched muropeptides in the ratio between
branched and linear muropeptides. We wanted, based on this, to explore the possibilities of low-
affinity PBP2b being responsible for the increase in branching in highly resistant strains. This led
to us making a deletion mutant of pbp2b in resistant strains to see if the number of branched
muropeptides decreased. The strains chosen as the base for the study were RSG77 and Pen6. These
were selected because they are both strains with a highly branched cell wall, they both have a high
MIC for penicillin, and the resistance level will drop when AmurM because the resistance level
depends on branched muropeptides. The Pen6 strain was included as a control to ensure that the

results obtained in this study could also be replicated in a published strain.

Figure 10 F and N showed some unexpected results. In RSG77, the knockout of pbpla has not
shown any changes in morphology, but in Pen6, this same mutation gave the same shape to the
cells, but they varied in size and grew in clusters. The mutation was expected to have the same
impact on both RSG77 and Pen6, so this morphological discrepancy was unexpected. This
indicated that knocking out pbpla in Pen6 might be less compensable for the cells. It might lead
to an abnormal morphology compared to Pen6, meaning that the absence of PBPla affects the
morphology in Pen6. Figure 11C indicated no changes in the composition of the different high-
affinity PBPs in the two mutant strains. This might suggest that PBP1a is as important for the

morphology in the S. penumoniae strain Pen6 as it is in Streptococcus mutans (Wen et al., 2015).
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When pbp2a is knocked out, only a weak band from PBP1a/PBP1b is showing in RSG77 Apbp2a,
but no other bands are showing in RSG77 or Pen6 (Figure 11 C). This indicates that no high-
affinity PBP will increase to compensate for the loss of PBP2a. There might be low-affinity PBP

doing this, but that is not possible to decipher from these images.

The bocillin labeling can also indicate how the affinity to B-lactam antibiotic changed from the
wild-type RH425 to the strains made in this experiment. This could tell us something about which
PBPs are low-affinity and which ones are not, which can be interesting information about the

mutant strains made in this study (Figure 11).

4.1 Effect of PBP2b depletion on a branched structured phenotype

One of this thesis' primary goals was to determine if low-affinity PBP2b is responsible for
incorporating branched stem peptides in the peptidoglycan of penicillin-resistant pneumococci.
This was done by making knockout mutants of pbp2b in both RSG77 and Pen6. Low-affinity
PBP2b was the PBP hypothesized to be the one dependent on branching based on what previous
studies have found. If this was the case, one would expect a difference in the number of branched
peptidoglycan strands in the cell wall when pbp2b is knocked out. However, the cell wall analysis
results showed no noticeable changes to the amount of branching present between the wild types

and the knockout strains of pbp2b (Figure 13).

Based on the hypothesis, the difference in ratio between branched and linear muropeptides from
the HPLC analyses for pbp2b knockouts was expected to deviate more than what it proved to do
if the hypothesis were correct. This was the same in both genetic backgrounds tested. Based on
this, it seems that low-affinity PBP2b might not be the only main contributor to branching after
all. When the low-affinity PBP2b is introduced to the cell, the amount of branching increases, but
when the low-affinity PBP2b is knocked out, the amount of branching does not change. This might
be because low-affinity PBP2b functions so poorly that the phenotype does not change even when
the protein is knocked out. This does, despite this, not mean that PBP2b does not contribute to
branching. It could mean that some of the other PBPs compensate for the absence of PBP2b to

create a cell wall structure like PBP2b would.
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In this study, there was not enough time to measure the MIC for any of the strains. The MIC of a
strain has been shown to be dependent on branched structured muropeptides since the MIC drops
when the murM gene is deleted (Weber et al., 2000). In the master’s thesis of Heggengougen in
2019, it was made a strain containing a low-affinity PBP2x and PBP1a. This strain had a MIC of
roughly 1 pg/mL. The MIC increased when a low-affinity PBP2b was put into this strain. A theory
about low-affinity PBP2b is that it functions so poorly that its job of incorporating branched
muropeptides is handed over to another PBP. If this is the case, knocking out the low-affinity
PBP2b should not change the MIC significantly due to it not doing anything that will cause a
change in MIC. In the Apbp2b strains made in this study, the MIC should therefore decrease from
that of the genetic backgrounds unless the PBP2b is low-affinity.

As previously mentioned, PBP2b interacts with RodA, a transglycosylase that connects glycan
strands for PBP2b by transpeptidation. These proteins are involved in the elongasome, the
peripheral part of cell wall synthesis (Angeles et al., 2020). The pbp2b knockout mutants display
a rounded and shortened morphology growing in long chains (Figure 10). This change in
morphology has been shown in other studies and is precisely what makes it plausible that different
processes are involved in elongation and cell division. Since the cells are no longer elongated, it
is reasonable to believe, based on the microscopy images, that the entire elongasome is inactivated

due to pbp2b, eloR, and mreC being knocked out.

As mentioned, Heggenhougen's results in 2019 indicated a link between the low-affinity PBP2b
and increased levels of branched muropeptides in the cell wall (Heggenhougen, 2019). Further,
recent unpublished data in the Molecular Microbiology group showed that a particular version of
the low-affinity PBP2b is required for the cell to become highly penicillin-resistant and dependent
on MurM and EloR for resistance. When knocking out murM in this specific strain (RSG77), the
morphology had the same characteristic changes as one would expect if pbp2b is knocked out
(shortened cells growing in long chains), which is not seen in a regular knockout of murM. Since
the knockout of murM has been shown to eliminate the presence of branched muropeptide, it seems
that in this mutant, the elongasome (with PBP2b) stops working in the absence of branched lipid
II. However, when the elongation of the cells is inactivated, either by deletion of e/loR or double

knockout of eloR and pbp2b as well as mreC*Apbp2b, the structure of the cell wall is not changed.

61



This means that the results obtained in this project indicate that neither PBP2b nor the elongasome

is as important as first believed for increased branching.

4.2 Class A PBPs involvement in cell wall composition

Our hypothesis was that low-affinity PBP2b either has a higher affinity for branched muropeptides
or works less efficiently. This could force the other PBPs to compensate for the dysfunctional
PBP2b. Perhaps these other PBPs have a higher preference for branched lipid II. It has been shown
in vitro that a low-affinity version of PBP2x has reduced transpeptidase activity compared to wild-
type PBP2x (Zhao et al., 1997). If low-affinity PBP2b has a higher affinity for branched
muropeptides, we expected to see some kind of change in the HPLC graphs before and after it was
knocked out (Figure 13). Since we do not see this, other proteins might be sensing the structure of
peptidoglycan, like StkP (see 1.4.1), which regulates other proteins involved in cell wall synthesis
to modulate their activity. This is an explanation for how the introduction of low-affinity PBP2b

can increase branching, which is what Heggenhougen found in 2019.

The new hypothesis was that if the low-affinity PBP2b is knocked out, maybe one of the PBPs in
class A would be able to compensate for the loss of PBP2b and its reason for increasing branching,
and there will, therefore, not be any noticeable differences in the amount of branching present in
the cell wall. For this reason, the same experiment was also performed on all class A PBPs. By
knocking out one of the class A PBPs in each strain, it would be possible to detect any changes in
the amount of branching present and conclude if one of the class A PBP could be dependent on
branched lipid II substrate. However, based on the cell wall analyses of the strains with the
different PBPs knocked out, there was no reason to believe this was the case. There were no
significant differences in cell wall composition before or after the knockout of the class A PBPs.
The new direction of the hypothesis was, therefore, also ruled out. It means that one class A PBP
is likely not alone responsible for increased branched stem peptides in the cell wall. However,
class A PBPs might have overlapping roles and can partially substitute each other’s function
(Straume et al., 2020). Therefore, it would have been interesting to analyze the cell walls of class
A PBP double knockouts or perhaps the cell walls of pneumococci in which all three class A PBPs

were inhibited.
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The knockout combination of PBP1a and PBP2a is lethal for the cell and, therefore, impossible to
do (Berg et al., 2014; Paik et al., 1999). This is indicative that these two proteins have overlapping
essential functions. A change in branching caused by the knockout of one of these two PBPs would,
therefore, not be visible because the other PBP takes over the job of branching immediately.
Because of this, it would be interesting to see if a knockout-depletion of these two PBPla and
PBP2a would give any changes in the amount of branching in the cell wall. By doing a knockout
of one PBP and a depletion of the other, the composition of the cell wall of this knockout-depletion
can be measured. This has been done before, but not in a strain without high branching and without
analyzing the cell wall composition. Another approach could be using a moenomycin antibiotic,
which inhibits the transglycosylase activity of class A PBPs (Van Heijenoort et al., 1987;
Wallhausser et al., 1965). The enzymes would still be able to perform transpeptidation, but their
processivity in peptidoglycan synthesis would stop. Hence, it would most probably prevent them
from incorporating new peptidoglycan material. If moenomycin treatment of RSG77 and Pen6
resulted in reduced branching in the cell wall, it would suggest that class A PBPs are important for

branched cell walls in resistant strains.

4.3 What is happening in the cell wall — a new alternative hypothesis

Since neither deletion of pbp2b nor any of the class A PBPs resulted in a dramatic decrease of
incorporation of branched stem-peptides in the cell wall, only two PBPs are left untested. PBP3
has not been found to have eighter transglycosylation or transpeptidation abilities. This PBP is,
therefore, not likely to be the PBP dependent on branching since it has no way to influence the
amount of branching appearing in the cell wall. This leaves low-affinity PBP2x as the possible
candidate responsible for the branched cell wall phenotype. PBP2x is active in septal
peptidoglycan synthesis (see 1.4.1) and an essential gene in S. pneumoniae (no suppressor
mutations are known to allow deletion of pbp2x in S. penumoniae). Because of its essentiality, it
was not included in this study. However, making PBP2x deficient cells, e.g., by using a gene
depletion system, it would be possible to gradually switch off the pbp2x transcription and analyze
the cell wall. PBP2x is the first PBP to be inhibited by penicillin due to it being the PBP with the
highest affinity towards penicillin (Berg et al., 2013; Lalble & Hakenbeck, 1987). If PBP2x uses

branched lipid II to keep the penicillin away from its active site, it would then make sense that the
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cells lose their resistance when the branching is gone in a murM mutant. Then PBP2x might be
inhibited by penicillin even if it is a low-affinity PBP. Since PBP2x is an essential protein, the
cells would then stop dividing. Working with depletion mutants instead of knockout mutants can
take more time, and the amount of time available for this study was limited to looking into the

knockout of pbp2b through eloR and mreC, as well as the class A PBPs.

When PBP2x is attacked by B-lactams and a low-affinity PBP2b is introduced to the genome, the
attack changes focus to this PBP. If PBP2x turns out to be the one that prefers when branched lipid
II is incorporated in the cell wall when a low-affinity PBP2b is introduced, the PBP2x must work
harder to incorporate the branching to be able to bind to it. If the branching were removed, the

PBP2x would then be inhibited by penicillin again.

4.4 Who decides when branching is incorporated?

An aspect of the background for this study is the reason for the incorporation of branched
muropeptides into the cell wall. The low-affinity PBP2b has a higher affinity for branched
muropeptides than penicillin. Why does a low-affinity PBP2b aid in increasing the branching when
RodA is responsible for the polymerization of the glycan strands? PBP2b must cross-link the
glycan stands it is given, it cannot choose which strands it gets, but it is still, in some way, part of
incorporating the branching. RodA has nothing to do with the incorporation of the branched
muropeptides. Can this mean that the low-affinity PBP2b refuses to cross-link glycan strands that
are not branched and that the linear glycan strands are recycled and returned as, hopefully,
branched peptides? If this is the case, can the reason for the continued incorporation of other
muropeptides (Figure 12) be that the low-aftinity PBP2b does such a poor job at incorporating the
branched that another PBP aids in the transpeptidation and that this is not as strictly selective as
PBP2b is? These are some possible theories into why low-affinity PBP2b incorporates branched

muropeptides into the cell wall.
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5 Conclusion and future work

This project aimed to investigate the contribution of low-affinity PBP2b to a branched structured
cell wall in S. pneumoniae. The results indicated that pbp2b is not the one solely responsible for
this, and neither are the class A PBPs. Based on the cell wall composition analysis, the only likely
PBP left to depend on branching is low-affinity PBP2x. As previously explained, this was not
included in this study due to time restrictions. Further work should be done on low-affinity PBP2x
to determine whether this is involved in the increase of branched muropeptides. The same way of
analyzing this study's cell wall composition can be used on pbp2x. This protein can, however, not
be knocked out as it is an essential gene in the cell. This gene will therefore need to be depleted

using a gene depletion system.

It would be interesting to measure the MIC of all knockout strains made in this study. This could
give further insight into the effect PBP2b and the class A PBPs have on the cell and its resistance

towards penicillin.

This study made single knockout mutants of the class A PBPs. Mutant strains containing double
knockouts of eighter ApbplaApbplb or ApbplbApbp2a can be made. This might indicate if any
of the PBPs from class A are responsible for the increased branching and if some PBPs work
together to keep the branching at a stable level. If there are changes between the single and double
knockouts, this will indicate teamwork between two PBPs in keeping the branched muropeptides
in the cell wall. The knockout combination of pbpla and pbp2a is known to be lethal for the cell,
and a mutant strain of ApbplaApbp2a can, therefore, not be made (Berg et al., 2014; Paik et al.,
1999). To do a knockout and a depletion instead of a double knockout of these two PBPs to see
the changes in cell wall composition, might give further knowledge about these PBPs involvement

in a branched structured cell wall.

Antibiotic-resistant pneumococci are an increasing concern to the general health of the public. The
recent findings from the MolMik group at NMBU (See 1.7), make it highly interesting to
investigate further each PBPs contributions to the branching of the cell wall. Since a branched
structured cell wall is one of the main characteristics of penicillin-resistant pneumococcal isolates,
the significance of finding its main contributor is highly important. The cells lose their resistance
when branched lipid II is not present. By potentially hindering the cells from using branched lipid

II, we can continue to treat infections caused by penicillin-resistant strains with the penicillin

65



available today. This means a prolonged lifespan of already existing antibiotics. Penicillin is the
most important group of antibiotics we have. By finding out how to inhibit either MurM or
branched lipid 11, it could be possible to use that mechanism of inhibition to create new antibiotics.
Investigating antibiotic resistance mechanisms is still crucial in stopping the spread and stagnation

of new multiresistant strains.
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Appendix

A1 HPLC chromatogram of RSG77 mreC*
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Figure 15 HPLC chromatogram of RSG77 mreC*. This strain was used to make the strain RSG77 mreC*
Apbp2b.

A2 HPLC chromatogram of RSG77 AeloR
RSG77 AeloR
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Figure 16 HPLC chromatogram of RSG77 AeloR. This strain was used to make the strain RSG77 AeloR
Apbp2b.



A3 HPLC chromatogram of Pen6 mreC*
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Figure 17 HPLC chromatogram of Pen6 mreC*. This strain was used to make the strain Pen6 mreC* Apbp2b.

A4 HPLC chromatogram of Pen6 AeloR
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Figure 18 HPLC chromatogram of Pen6 AeloR. This strain was used to make the strain Pen6 AeloR Apbp2b.
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