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Summary

1. SUMMARY

Streptococcus pneumoniae is a commensal of the human upper respiratory tract and moreover, the
causative agent of several life-threatening diseases including pneumonia, sepsis, otitis media, and
meningitis. Due to the worldwide rise of resistance to antibiotics in pneumococci the understanding
of its physiology is of increasing importance. In this context, the analysis of the pneumococcal
proteome is helpful as comprehensive data on protein abundances in S. pneumoniae may provide
an extensive source of information to facilitate the development of new vaccines and drug
treatments.

It is known that protein phosphorylation on serine, threonine and tyrosine residues is a major
regulatory post-translational modification in pathogenic bacteria. This reversible post-translational
modification enables the translation of extracellular signals into cellular responses and therewith
adaptation to a steadily changing environment. Consequently, it is of particular interest to gather
precise information about the phosphoproteome of pneumococci. S. preumoniae encodes a single
Serine/Threonine kinase-phosphatase couple known as StkP-PhpP.

To address the global impact and physiological importance of StkP and PhpP which are closely
linked to the regulation of cell morphology, growth and cell division in S. pneumoniae, proteomics
with an emphasis on phosphorylation and dephosphorylation events on Ser and Thr residues was
applied. Thus, the non-encapsulated pneumococcal D39Acps strain (WT), a kinase (AstkP) and
phosphatase mutant (AphpP) were analyzed in in a mass spectrometry based label-free
quantification experiment. The global proteome analysis of the mutants deficient for stkP or phpP
already proved the essential role of StkP-PhpP in the protein regulation of the pneumococcus.
Proteins with significantly altered abundances were detected in diverse functional groups in both
mutants. Noticeable changes in the proteome of the stkP deletion mutant were observed in
metabolic processes such as “Amino acid metabolism” and also in pathways regulating genetic
and environmental information processing like “Transcription” and “Signal transduction”.
Prominent changes in the metabolism of DNA, nucleotides, carbohydrates, cofactors and vitamins
as well as in the categories “Transport and binding proteins” and “Glycan biosynthesis and
metabolism” have been additionally detected in the proteome of the phosphatase mutant. Still, the
quantitative comparison of WT and mutants revealed more significantly altered proteins in AphpP
than in AstkP. Moreover, the results indicated that the loss of function of PhpP causes an increased
abundance of proteins in the pneumococcal phosphate uptake system Pst. Furthermore, the
obtained quantitative proteomic data revealed an influence of StkP and PhpP on the two-
component systems ComDE, LiaRS, CiaRH, and VicRK.

Recent studies of the pneumococcal StkP/PhpP couple demonstrated that both proteins play an

essential role in cell growth, cell division and separation. Growth analyses and the phenotypic
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characterization of the mutants by electron-microscopy performed within this work pointed out
that AphpP and AstkP had different growth characteristics and abnormal cell division and cell
separation. Nevertheless, the morphological effects could not be explained by changes in protein
abundances on a global scale. So, the in-depth analysis of the phosphoproteome was mandatory
to deliver further information of PhpP and StkP and their influence in cell division and
peptidoglycan synthesis by modulating proteins involved in this mechanisms.

For more detailed insights into the activity, targets and target sites of PhpP and StkP the advantages
of phosphopeptide enrichment using titanium dioxide and spectral library based data evaluation
were combined. Indeed, the application of an adapted workflow for phosphoproteome analyses
and the use of a recently constructed broad spectral library, including a large number of
phosphopeptides (504) highly enhanced the reliable and reproducible identification of
phosphorylated proteins in this work.

Finally, already known targets and target sites of StkP and PhpP, detected and described in other
studies using different experimental procedures, have been identified as a proof of principle
applying the mass spectrometry based phosphoproteome approach presented in this work.
Referring to the role of StkP in cell division and cell separation a number of proteins participating
in cell wall synthesis and cell division that are apparently phosphorylated by StkP was identified.
In comparison to StkP, the physiological function and role of the co-expressed phosphatase PhpP
is poorly understood. But, especially the list of previously unknown putative target substrates of
PhpP has been extended remarkably in this work. Among others, five proteins with direct
involvement in cell division (DivIVA, GpsB) and peptidoglycan biosynthesis (MItG, MreC, MacP)
can be found under the new putative targets of PhpP.

All in all, this work provides a complex and comprehensive protein repository of high proteome
coverage of S. pneumoniae D39 including identification of yet unknown serine/threonine/tyrosine
phosphorylation, which might contribute to support various research interests within the scientific

community and will facilitate further investigations of this important human pathogen.



Zusammenfassung

2. ZUSAMMENFASSUNG

Streptococcus pneumoniae ist ein Kommensale der oberen Atemwege des Menschen und dariiber
hinaus der Erreger mehrerer lebensbedrohlicher Krankheiten, einschlieBlich Lungenentziindung,
Sepsis, Mittelohrentziindung und Meningitis. Aufgrund des weltweiten Anstiegs der Antibiotika-
resistenz bei Pneumokokken gewinnt das Verstéindnis seiner Physiologie zunehmend an
Bedeutung. In diesem Zusammenhang ist auch die Analyse des Pneumokokken-Proteoms von
groBBer Wichtigkeit. Ausfiihrliche Daten zur Abundanz bestimmter Proteine in S. prneumoniae
kénnen eine umfassende Informationsbasis fiir die Entwicklung neuer Impfstoffe und
Arzneimittelbehandlungen bilden.

Dabei ist bekannt, dass die Proteinphosphorylierung an Serin-, Threonin- und Tyrosinresten eine
zentrale regulatorische Rolle bei pathogenen Bakterien spielt. Jene reversible posttranslationale
Modifikation ermdglicht auch die Ubersetzung extrazellulirer Signale in zelluldre Antworten und
damit die Anpassung der Bakterien an eine sich stindig dndernde Umgebung. Somit ist es von
besonderem Interesse, weiterfilhrende Informationen, vor allem auch iiber das Phosphoproteom,
von Pneumokokken zu sammeln. Im Genom von S. pneumoniae ist ein einzelnes Serin/Threonin-
Kinase-Phosphatase-Paar kodiert, das als StkP-PhpP bezeichnet wird. StkP und PhpP werden mit
der Regulation der Zellmorphologie, des Wachstums und der Zellteilung bei S. pneumoniae in
Verbindung gebracht. Um ihren globalen Einfluss und die physiologische Relevanz ndher zu
charakterisieren, wurden aktuelle Methoden der mikrobiellen Proteomik mit Schwerpunkt auf
Phosphorylierungs- und Dephosphorylierungsereignissen an Ser- und Thr-Seitenketten
angewendet. Mittels Massenspektrometrie wurden der unbekapselte Pneumokokken-Stamm
D39Acps (WT), eine Kinase- (AstkP) und eine Phosphatase-Mutante (AphpP) analysiert. Zur
Untersuchung von Unterschieden in Proteinabundanzen zwischen dem Wildtyp und den Mutanten
wurde eine markierungsfreie Quantifizierungsstrategie gewdhlt. Bereits die globale
Proteomanalyse der Deletions-Mutanten hat eine tragende Rolle von StkP-PhpP bei der
Proteinregulation in Pneumokokken herausgestellt. Proteine mit signifikant verdnderter Abundanz
wurden in beiden Mutanten in verschiedenen funktionellen Kategorien aufgezeigt. Auffillige
Verdnderungen im Proteom der stkP-Deletionsmutante wurden bei Stoffwechselprozessen wie
dem ,,Aminosduremetabolismus“ und auch bei Wegen zur Regulierung der Verarbeitung
genetischer und umweltbezogener Informationen wie ,,Transkription® und ,,Signaltransduktion
beobachtet. Im Proteom der Phosphatase-Mutante wurden zusétzlich deutliche Verdnderungen im
Metabolismus von DNA, Nukleotiden, Kohlenhydraten, Cofaktoren und Vitaminen sowie in den
Kategorien ,, Transport- und Bindungsproteine® und ,,Glycan-Biosynthese und -Metabolismus*
festgestellt. Der quantitative Vergleich von WT und Mutanten offenbarte zudem, dass deutlich

mehr statistisch signifikant verdnderte Proteine in AphpP als in AstkP auftraten. Dariiber hinaus



Zusammenfassung

zeigten die Ergebnisse, dass der Funktionsverlust von PhpP eine erhohte Abundanz von Proteinen
im Phosphat-Aufnahmesystem Pst innerhalb der Pneumokokken verursacht. Des Weiteren
verdeutlichten die quantitativen Proteomdaten, dass StkP und PhpP im Zusammenhang mit der
Regulation der Zweikomponentensysteme ComDE, LiaRS, CiaRH und VicRK stehen.

Jingste Studien des Pneumokokken-StkP/PhpP-Paares zeigten, dass beide Proteine eine
wesentliche Rolle beim Zellwachstum, der Zellteilung und -trennung einnehmen.
Wachstumsanalysen und die phinotypische Charakterisierung der Mutanten durch
Elektronenmikroskopie, die im Rahmen dieser Arbeit durchgefiihrt wurden, zeigten, dass die
Mutanten AphpP und AstkP deutlich unterschiedliche Wachstumseigenschaften, eine abnormale
Zellteilung und Zelltrennung aufwiesen. Diese morphologischen Effekte lieBen sich jedoch nicht
auf Verdnderungen der Proteinzusammensetzung und -abundanz auf globaler Ebene zuriickfiihren.
Von daher war die eingehende Analyse des Phosphoproteoms unabdingbar, um weitere Hinweise
zu PhpP und StkP und ihren Einfluss auf die Zellteilung und Peptidoglykansynthese durch
Modifikation der an diesen Mechanismen beteiligten Proteine zu liefern. Um einen detaillierteren
Einblick in die Aktivitdit und die Substrate von PhpP und StkP zu erhalten, wurde eine
Anreicherung der phosphoryltierten Peptide mit Hilfe von Titandioxid durchgefiihrt. Zudem wurde
der Versuchsansatz mit einer Spektrenbibliotheks basierten Datenauswertung zur Verbesserung
der Phosphopeptididentifizierung kombiniert. Die Anwendung eines angepassten Arbeitsablaufs
fiir die Phosphoproteomanalyse bei Pneumokokken und die Nutzung einer neu konstruierten
umfassenden Spektrenbibliothek, die eine besonders hohe Anzahl von Phosphopeptiden (504)
enthélt, verbesserten die zuverldssige und reproduzierbare Identifizierung von phosphorylierten
Proteinen in dieser Arbeit erheblich.

SchlieBlich konnten bereits aus anderen Studien, mit anderen experimentellen Verfahren
nachgewiesenen StkP- und PhpP- Substrate mit entsprechenden Phosphorylierungsstellen
identifiziert und bestétigt werden. In Anbetracht des Einflusses von StkP auf die Zellteilung und
Zelltrennung konnte eine Reihe von Proteinen detektiert werden, die an der Zellwandsynthese und
Zellteilung beteiligt sind und offensichtlich durch StkP phosphoryliert werden. Im Vergleich zu
StkP ist die physiologische Funktion und Bedeutung der co-exprimierten Phosphatase PhpP nur
wenig erforscht. Insbesondere die Liste der bisher unbekannten potentiellen Substrate von PhpP
konnte im Rahmen dieser Arbeit erheblich erweitert werden. Zu den neuen potentiellen Substraten
von PhpP zéhlen unter anderem fiinf Proteine mit direkter Beteiligung an der Zellteilung (DivIVA,
GpsB) und der Peptidoglykan-Biosynthese (MItG, MreC, MacP).

Alles in allem stellt diese Arbeit ein komplexes und umfassendes Protein-Repositorium mit hoher
Proteomabdeckung von S. preumoniae D39, einschlielich der Identifizierung bisher unbekannter
Serin/Threonin/Tyrosin-Phosphorylierungsstellen zur Verfiigung. Dies kann zur Unterstiitzung
verschiedener Forschungsinteressen innerhalb der wissenschaftlichen Gemeinschaft beitragen und

die Untersuchung jenes wichtigen humanpathogenen Erregers vorantreiben.
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3. INTRODUCTION

3.1. STREPTOCOCCUS PNEUMONIAE

3.1.1. HISTORICAL AND GENERAL ASPECTS

Streptococcus pneumoniae, the pneumococcus, is a Gram-positive bacterium that can survive
under both aerobic and anaerobic conditions. Moreover, S. pneumoniae is an important human
respiratory pathogen. It can colonize various niches in the human body and causes several severe
and invasive infections like pneumonia, septicemia, otitis media and meningitis (Musher 2004).

The first one recognizing pneumococci in infected sputum and lung tissue was probably the
German-Swiss Scientist Edwin Klebs in 1875 (Gray and Musher 2008). Five years afterwards, in
1880, the pneumococcus was isolated for the first time from saliva independently from each other
by Louis Pasteur in France and in the same year by George M. Sternberg in the United States of
America (Austrian 1999; Pasteur 1881; Pasteur et al. 1881; Sternberg et al. 1881). Later on,
Friedlander (Friedldnder 1883), Talamon (Talamon 1883) and Fraenkel (Fraenkel 1884) found out
that S. pneumoniae is the causative agent of pneumonia in patients. For this reason, in 1886 the
described bacterium was called Preumococcus by Albert Fraenkel. In the same year, the official
name became Diplococcus pneumoniae due to the suggestion of the Austrian bacteriologist Anton
Weichselbaum. The reclassification in 1974 included the observation that pneumococci form
chains in liquid media and resulted in the still official name Strepfococcus pneumoniae (Gray and
Musher 2008). Typically, pneumococci are lancet-shaped, occur in pairs (diplococci) and form
short chains. Furthermore, they are characterized by an a-hemolytic, catalase- and oxidase-
negative phenotype (Bridy-Pappas et al. 2005; Brown 1919). In laboratory practice pneumococci
are grown at 37°C in either ambient air or in an atmosphere of 5 — 10% CO,. S. pneumoniae is
classified into the phylum Firmicutes, belongs to the class Bacilli, the order Lactobacillales, the
family Streptococcaceae within the genus Streptococcus and the species S. pneumoniae (Facklam
2002). Based on the characteristic architecture of the polysaccharide capsule and the serologic
properties, pneumococci are divided into to date 98 known different serotypes summarized in 48
serogroups with shared serologic properties (Geno et al. 2017; Geno et al. 2015). The
pneumococcal capsular polysaccharides are amongst others highly important for the protection of
bacteria against phagocytic killing and clearance from the host. They shield the bacterial cell
surface from interactions with components of the host immune system by hindering the activation
and deposition of complement factors or the recognition of antigens by specific host-derived
antibodies on the cell surface (Hyams et al. 2010; Abeyta et al. 2003). During the investigation of

smooth (encapsulated) and rough (non-encapsulated) pneumococcal strains by Griffith in 1928 it
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could be shown that genetic information transfer in bacteria is possible through the process of
transformation (Griffith 1928). 16 years later, the scientists Avery, MacLeod and McCarty proved
that deoxyribonucleic acid (DNA) act as the carrier of the genetic material (Avery et al. 1944). In
the focus of their studies was a clinical isolate from 1916, the pneumococcal serotype 2 strain D39
(NCTC 7466). The pneumococcal strain D39 was successfully sequenced in 2007 (Lanie et al.
2007) and became a well-established laboratory strain, which is often used in pneumonia,
meningitis and sepsis models (Oggioni et al. 2004; Holmes et al. 2001; Winter et al. 1997). All in
all, the pneumococcus continues to be a challenging pathogenic organism to treat successfully in

the 21* century.

3.1.2. DISEASES, TREATMENT AND PREVENTION

Streptococcus pneumoniae is part of the commensal flora of the human host, which is its natural
habitat. The pneumococcus is able to colonize the human upper respiratory tract and can reside
asymptomatically in the nasopharynx. In general, every human individual is colonized at least once
a life with pneumococci. Around 27 to 65 percent of children and less than ten percent of adults
are carriers of pneumococci (Weiser et al. 2018). The carriage state harbors the potential for
transmission of S. pneumoniae within a population by person-to-person contact through airborne
droplets and rises the risk of pneumococcal diseases (Mehr and Wood 2012; Bogaert et al. 2004).
The pneumococcus has emerged as a serious opportunistic human pathogen that can transmigrate
from the nasopharynx into the major organs, blood and the nervous system, causing severe and
invasive infections like pneumonia, otitis media, bacteremia and meningitis (Ramirez et al. 2015;
Kadioglu et al. 2008; Bogaert et al. 2004; Mitchell 2000). The occurrence of invasive
pneumococcal disease is increased in young children, in elderly, debilitated and
immunosuppressed individuals (Song et al. 2013; Welte et al. 2012). According to the World
Health Organization (WHO) in 2015 pneumonia led to death of estimated 920,136 children under
the age of five, this corresponds roughly to 16% of all deaths of children under five years old
(World Health Organization (WHO) 2016). Besides the age and health status of an individual, risk
factors for serious pneumococcal infections are e.g. viral co-infections, an increased consumption
of carbohydrates, the exposure to tobacco smoke in the household, the socio-economic condition
of communities often connected with missing vaccination (Weiser et al. 2018; Siemens et al. 2017,
Spratt et al. 2004).

With the beginning of the first half of the 20™ century, antibiotics like penicillin have been a
therapeutic intervention strategy for pneumococci and other bacteria. Until 1960 penicillin
treatment remained an efficient method to control pneumococcal diseases, but then the first case
of penicillin-nonsusceptibility arose for pneumococci. Alternative antibiotics e.g., macrolide,

fluoroquinolone, tetracycline, rifampicin, chloramphenicol and others replaced penicillin for a
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while until the emerge of pneumococcal resistance for a multitude of these kind of antibiotics
(Wyres et al. 2013; Ferrandiz et al. 2005; Kupronis et al. 2003; Widdowson et al. 2000). The key
to prevention of human individuals from severe infectious pneumococcal diseases is vaccination.
In consideration of the fact, that the polysaccharide capsule of pneumococci is highly immunogenic
vaccine development has focused on the application of immunogenic proteins and carbohydrates
found on the pneumococcal surface as antigens (Daniels et al. 2016; Hyams et al. 2010; MacLeod
et al. 1945). Therefore, scientists have made effort to include first six capsular variants in the
vaccine, thus, forming a hexavalent vaccine followed by a 12-valent vaccine in the 1970s
increasing to a 17-valent vaccine formulation (Austrian et al. 1976). A striking development in
1983 was the introduction of a 23-valent pneumococcal polysaccharide vaccine (PPSV-23,
Pneumovax23). Pneumovax23 is recommended especially for adults older than 65 years and
children older than two years, who have an increased risk for pneumococcal diseases (Centers for
Disease Control and Prevention (CDC) 2019; Grabenstein and Manoff 2012; Fedson et al. 2011).
Nevertheless, these polysaccharide vaccines are ineffective for children under the age of two,
which is besides elderly individuals the most vulnerable group in nowadays society.

To overcome this issue, the development of conjugate vaccines was in the focus of research. To
do so, carbohydrate moieties of polysaccharide capsular antigens were conjugated with a protein
moiety from a non-toxic variant of the diphtheria toxin (CMR197). The new conjugated vaccine
PCV7 (Prevnar 7), including serotypes 4, 6B, 9V, 14, 18C, 19F, 23F, licensed in 2000, was
reported to generate a T-cell-dependent immune response in children (Paradiso 2012; Oosterhuis-
Kafeja et al. 2007). Another conjugated vaccine was introduced in 2003. PCV10 (Synflorix)
includes three additional serotypes, 1, 5 and 7F. Nowadays, the conjugated vaccine PCV13
(Prevnar 13), including serotypes of PCV10 and 3, 6A and 19A, is recommended for young
children and also for elderly individuals older than 65 years (Centers for Disease Control and
Prevention (CDC) 2019). Although several vaccines are available against different pneumococcal
serotypes, not all serotypes are covered by vaccination. Moreover, the emergence of antimicrobial
resistance during bacterial infections has become a central public health concern worldwide.
Pneumococci adapt rapidly to stress and starvation conditions in their ever-dynamic-surrounding,
additionally they are able to overcome host defense mechanisms and antibiotic treatment (Kohler
et al. 2016; Rabes et al. 2016; Saleh et al. 2013; Koppe et al. 2012). Furthermore, the
pneumococcus has become increasingly resistant to most of the commonly applied clinical drugs
such as beta-lactam antibiotics and macrolides (Gladstone et al. 2019; Peyrani et al. 2019; Schulz
and Hammerschmidt 2013). In addition to that, pneumococci can express numerous specific
virulence factors which raise their pathogenicity by complex mechanisms (Loughran et al. 2019;
Subramanian et al. 2019; Doran et al. 2016; Gamez and Hammerschmidt 2012; Voss et al. 2012;
Kadioglu et al. 2008; Bogaert et al. 2004). For this reason, it is indispensable to develop novel

antimicrobial drugs against pneumococci and their resistant strains, that are not based on the
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pneumococcal polysaccharide capsule composition but on other virulence factors like specific
proteins, e.g. choline-binding proteins or lipoproteins, to ensure effective treatments of
pneumococcal infections in the future (VoB et al. 2018; Kohler et al. 2016; Pérez-Dorado et al.
2012). Hence, basic research of protein regulation in pneumococci is of great relevance to decipher
the molecular and cellular mechanisms that underlie pathogenesis and virulence. Beyond that,
knowledge about protein abundance in S. pneumoniae may provide an extensive source of

information for the selection of new targets for vaccine and antibiotic development.

3.2. EUKARYOTIC-TYPE SERINE/THREONINE PROTEIN KINASES (ESTKS)

AND PHOSPHATASES (ESTPS) IN BACTERIA

In eukaryotic as well as in prokaryotic organisms’ phosphorylation/dephosphorylation cascades
play a key role in protein regulation. This reversible post-translational modification enables the
translation of extracellular signals into cellular responses ensuring the adaptation to a steadily
changing environment. Thus, phosphorylation can rapidly and reversibly modify the physico-
chemical properties of proteins resulting in changes in their enzymatic activity, cellular
localization, oligomeric state, half-life and interaction with other proteins (Barak 2014; Kobir et
al. 2011). Two families of enzymes regulate the phosphorylation state of proteins in a cell: Protein
kinases mediate phosphorylation most commonly on serine (Ser), threonine (Thr), tyrosine (Tyr),
arginine (Arg), histidine (His), and aspartate (Asp) side chains while phosphatases reverse protein
phosphorylation. Kinases act as molecular switches being in either an “off,” inactive or an “on,”
active state (Huse and Kuriyan 2002). Protein phosphorylation is a crucial component of various
signal transduction pathways modulating the activity of target substrates either directly by causing
conformational changes of proteins or indirectly by regulating protein-protein interactions (Pereira
etal. 2011).

The most abundant signaling systems in bacteria are two-component regulatory systems consisting
of a histidine kinase coupled to a cognate response regulator (Gémez-Mejia et al. 2017; Jung et al.
2012). For a long time, it was assumed that Ser/Thr/Tyr as well as Arg phosphorylation occur
exclusively in eukaryotes and do not exist in bacterial species. Many studies refuted this
assumption and demonstrated the presence of a large number of different protein kinases in bacteria
that were classified into five types: His kinases, Tyr kinases, Arg kinases, Hanks-type Ser/Thr
kinases (STKs) (also commonly named eukaryotic-like STKs), and atypical Ser kinases
(Mijakovic et al. 2016). Hanks and his co-workers defined and described the major family of
Ser/Thr/Tyr protein kinases found in eukaryotes in 1988 (Hanks et al. 1988). Three years later, the
first bacterial STK, Pknl, from the Gram-negative soil bacterium Myxococcus xanthus was
discovered and characterized by Munoz-Dorato et a/. (Mufioz-Dorado et al. 1991). Pknl reveals

significant structural similarities with eukaryotic STKs and plays a crucial role in early
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developmental events in M. xanthus. In 1994 Atsushi et al. described a eukaryotic-type protein
kinase in Streptomyces species, that phosphorylates the AfsR protein, which is involved in
processes of secondary metabolism (Atsushi et al. 1994). In the following years, numerous studies
proved the presence of eukaryotic-like kinases in bacteria, e.g. PrkD in Bacillus anthracis, PknB
in Streptococcus mutans, PpkA in Pneudomonas aeruginosa, Stkl in Staphylococcus aureus
(Arora et al. 2012; Banu et al. 2010; Lomas-Lopez et al. 2007; Mougous et al. 2007;
Mukhopadhyay et al. 1999). Nowadays, increasing attention is being paid especially to bacterial
Ser/Thr kinases, that share structural homologies with eukaryotic STKs and seem to play a similar
important role as in eukaryotes. Hanks-type STKs occur either in the membrane or in the cytoplasm
and can be autophosphorylated. Based on sequence homology of the kinase domains, they are
grouped into one superfamily. Moreover, these kind of kinases are characterized by a catalytic
domain with 12 conserved subdomains, that fold a common two-lobed catalytic core structure
(Hanks and Hunter 1995; Hanks et al. 1988). The catalytic active site is located in a cleft between
the two lobes (Kornev and Taylor 2010). While the N-terminal lobe functions primarily in binding
and orientation of the phospho-donor ATP molecule, the C-terminal lobe binds the target substrate
initiating the transfer of the phosphate group. Bacterial and eukaryotic kinases reveal a remarkable
structural conservation of the catalytic domain. The catalytic domain is characterized by the
occurrence of specific conserved motifs and 12 almost unvarying residues that are directly or
indirectly involved in the arrangement of the phosphate donor ATP molecule and the protein
substrate for catalysis (Hanks and Hunter 1995). Besides the catalytic domain, most STKs in
bacteria have additional domains like penicillin-binding and Ser/Thr kinase-associated repeats
(PASTA) or forkhead-associated domains, that mediate the binding of ligands and/or protein-
protein interactions. One specific class of membrane-associated STKs, that commonly possesses
the extracellular PASTA domain was not detected in eukaryotes. In general, Gram-positive
bacteria have at least one membrane-associated STK, composed of a cytoplasmic catalytic domain
linked to a transmembrane segment and an extracellular domain, that contains a varying number
of PASTA motifs. These PASTA motifs have been shown to interact with the peptidoglycan,
furthermore, it has been demonstrated, that STKs containing PASTA domains play a crucial role
in bacterial cell division and morphogenesis (Janczarek et al. 2018; Pereira et al. 2011; Pérez et al.
2008; Yeats et al. 2002). However, previous described phylostratigraphic analyses provide
evidence that Hanks-type STKs found in Eukarya, Bacteria and Archaea have a common
evolutionary origin in the lineage leading to the last universal common ancestor. This was
supported by the fact, that researchers could not find any evidence of horizontal transfer of genes
coding for Hanks-type kinases from Eukarya to Bacteria (Stancik et al. 2018).

Apart from eukaryotic-type STKs (ESTKs) less is known about the role of the cognate
phosphatases (STPs) in complex regulatory mechanisms in bacteria. Only a few bacterial STPs

have been described and biochemically characterized so far. This might be due to the assumption
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that the number of STPs present in bacterial cells is smaller compared to STKs and therefore they
did not come into the focus of research for a long time. Moreover, the necessity of dedicated
phosphatases was not immediately appreciated in bacteria since phosphohistidine residues as well
as aspartyl-phosphate residues within two-component systems and phosphorelay signal
transduction are subjected to relatively rapid hydrolysis. Therefore, the need of specific
phosphatases to reverse phosphorylation was not expected to be crucial in bacterial species
(Sickmann and Meyer 2001; Hoch 2000; Zhang 1996; Stock et al. 1990). But, phosphorylated
Ser/Thr and Tyr residues are not that labile and for this reason the involvement of dedicated
phosphatases quenching signaling cascades was considered in more recent investigations (Sajid et
al. 2015; Shi et al. 2014; Pereira et al. 2011; Alber 2009). Archaea and bacteria have homologs of
four eukaryotic protein phosphatase superfamilies: phosphoprotein phosphatases (PPPs), metallo-
dependent protein phosphatases (PPMs), protein Tyr phosphatases and Asp-based phosphatases
(Uhrig et al. 2013; Shi 2009). Eukaryotic-like STPs are categorized into two structurally different
phosphatase families: PPPs and PPMs. In general, members of the PPP family have been defined
as Ser/Thr phosphatases but it was also demonstrated that they can dephosphorylate
phosphohistidine and phosphotyrosine residues (Barford 1995). An example of a PPP family
member is the phosphatase PrpE of B. subtilis, which exclusively reverses phosphorylation of
tyrosine residues in vitro (Hinc et al. 2006; Iwanicki et al. 2002). Most of the other phosphatases
belonging into the same family have a dual-specificity and dephosphorylate Tyr residues as well
as Ser/Thr residues (Pereira et al. 2011; Lai and Le Moual 2005; Missiakas and Raina 1997). The
majority of yet identified and biochemically described STPs is classified into the family of PPMs.
Members of this family dephosphorylate Ser-P and Thr-P of target substrates. These STPs are
either Mg**- or Mn**-dependent enzymes sharing a common conserved catalytic domain with the
eukaryotic protein Ser/Thr phosphatase 2C family (PP2C) that contains 11 to 13 signature motifs
with eight conserved amino acids residues (Kennelly 2014; Shi 2009; Kennelly 2002; Bork et al.
1996). STPs of the PPM family are present in both, Gram-negative and Gram-positive bacteria.
Typically, one STP of this family is dedicated to a cognate STK, often encoded by genes in the
same operon, e.g. the STP Stpl and the STK Stkl in S. aureus or the phosphatase PhpP of S.
pneumoniae and the cognate kinase StkP (Beltramini et al. 2009; Osaki et al. 2009). However, in
certain bacterial species there are discrepancies regarding the numbers of STKs and STPs. In M.
tuberculosis 11 STKs were identified to date but only one STP. The physiological relevance of
this phenomena is still not quite clear, but it is suggested that at least in M. tuberculosis the STP is
required for complex regulation (Wright and Ulijasz 2014; Av-Gay and Everett 2000).

All in all, it was shown that eukaryotic-like Ser/Thr protein kinases (ESTKs) as well as Ser/Thr
phosphatases (ESTPs) are present in a broad range of bacterial species operating in various parallel

or overlapping signaling networks thereby constituting an important signaling mechanism for the
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regulation of different cellular functions (Janczarek et al. 2018; Zhang et al. 2017; Shi et al. 2014;
Wright and Ulijasz 2014).

3.2.1. THE PNEUMOCOCCAL EUKARYOTIC-TYPE SERINE/THREONINE PROTEIN

KINASE STKP AND PHOSPHATASE PHPP

The pneumococcus has only one gene encoding a eukaryotic-like phosphatase, phpP, located
upstream of the stkP gene, which encodes the only annotated ESTK named StkP (Novakova et al.
2005; Echenique et al. 2004). The pneumococcal PhpP and StkP proteins are in the focus of this
work. Both proteins are expected to constitute a functional signaling in vivo and likely belong to
the same complex (Osaki et al. 2009). In the last two decades research primarily focused on StkP,
which has been extensively investigated and its participation in the regulation of various cellular
processes has been reported. StkP is a conserved transmembrane protein with a cytoplasmic kinase
domain and repeated PASTA domains in their extracellular region. Therefore, StkP is classified
into the distinct group of ESTKs which are involved in the regulation of cell cycle and cell division
in many Gram-positive bacteria (Manuse et al. 2016; Dworkin 2015; Pereira et al. 2011; Jones and
Dyson 2006; Yeats et al. 2002). Furthermore, it was already demonstrated that StkP supports
virulence and its presence is relevant for successful lung infection and bloodstream invasion (Pinas
et al. 2018; Herbert et al. 2015; Echenique et al. 2004). In addition to that, it has been reported,
that StkP is involved in the regulation of pilus expression and modulates adherence to eukaryotic
cells (Grangeasse 2016; Herbert et al. 2015; Novakova et al. 2005; Echenique et al. 2004).
Moreover, StkP is essential for the resistance of pneumococci to various stress conditions as well
as competence development. In a previous published transcriptome analysis it was demonstrated
that StkP affects the transcription of several genes encoding proteins which participate in the
process of cell wall metabolism, pyrimidine biosynthesis, DNA repair, iron uptake and oxidative
stress response (Saskova et al. 2007). Although StkP was initially proposed to have only a
pleiotropic role in the pneumococcus by influencing processes like gene transcription, competence
or even virulence, nowadays there is a scientific consensus that it is a crucial regulator of
pneumococcal cell division. (Beilharz et al. 2012; Fleurie et al. 2012; Saskova et al. 2007;
Echenique et al. 2004). StkP coordinates the particular steps of the cell division process and is
mainly involved in septum assembly and/or closure, spatial localization of peptidoglycan synthesis
sites, and the final separation of the two daughter cells (Grangeasse 2016; Fleurie et al. 2012).

In contrast to the pneumococcal kinase StkP, the physiological role of the co-expressed
phosphatase PhpP remains poorly understood. Up to date, only a few cognate ESTPs have been
investigated in more detail. Nevertheless, for some of them it has been proved that they are
essential for bacterial survival. Thus, for a long time, scientists were not able to generate ESTP

mutants in Streptococcus pyogenes, Streptococcus agalactiae or Bacillus anthracis, only ESTK or
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ESTK-ESTP double mutants could be successfully constructed (Agarwal et al. 2011; Burnside et
al. 2010; Alber 2009; Jin and Pancholi 2006). On the other hand, there are studies reporting that
ESTP knockout mutant strains were viable and the phosphatases are involved in virulence, cell
segregation and cell wall metabolism (Sajid et al. 2015; Banu et al. 2010; Burnside et al. 2010;
Beltramini et al. 2009; Rajagopal et al. 2003).

In 2011 Agarwal et al. described the first generated streptococcal ESTP mutant in S. pyogenes.
Subsequent investigation of this mutant has among others shown that the ESTP influenced the
expression of several surface proteins. Moreover, it acts as an essential regulator of group A
streptococcal virulence (Agarwal et al. 2011). Later on, the characterization of the first PhpP
mutant derived from the encapsulated S. pneumoniae D39 strain revealed that PhpP is not essential
for growth or survival of pneumococci (Agarwal et al. 2012). Another successfully constructed
phpP deletion mutant generated in the background of a non-encapsulated S. preumoniae Rx1 strain
by Ulrych et al. (2016) resulted in the discovery of a novel PhpP substrate, the putative RNA
binding protein Jag. The same study towards the characterization of PhpP led to the suggestion,
that PhpP and StkP cooperatively regulate cell division in the pneumococcus. Additionally, it is
known that the pneumococcal phosphatase PhpP dephosphorylates its cognate kinase StkP.
Furthermore, PhpP is categorized into the group of PP2C-type Mn?‘-dependent enzymes,
containing 11 conserved signature motifs. /n vitro essays demonstrated that mutations of the highly
conserved residues D192 and D231, which are involved in metal binding, resulted in a complete
suppression of PhpP activity (Novakova et al. 2005; Bork et al. 1996). PhpP is localized in the
cytoplasm of pneumococcal cells. Localization studies with GFP fused PhpP showed an
enrichment of the protein in the midcell. Still, the localization of PhpP to cell division sites was

shown to be dependent of the presence of active StkP (Ulrych et al. 2016; Beilharz et al. 2012).

3.2.2. SERINE/THREONINE PHOSPHORYLATION AND PNEUMOCOCCAL CELL

DIVISION AND MORPHOGENESIS

A characteristic of the pneumococcus is its diplo-ovococcal cell shape and its protective
polysaccharide capsule, which is essential for pneumococcal virulence. Recent investigations have
shown that S. pneumoniae possesses phosphorylation-dependent regulatory mechanisms aimed at
controlling cell division as well as the concealment of the newborn cells by the capsule. Crucial
for the synthesis and transport of the polysaccharide polymer is the Tyr-kinase CpsD. The Ser/Thr
kinase StkP primarily participates in the regulation of pneumococcal cell division and
morphogenesis (Grangeasse 2016). The majority of bacterial species yields two genetically and
morphologically identical daughter cells through cell division. This process of binary fission has
also been observed in the pneumococcus. Cell division in pneumococci is carried out along the

successive parallel planes which are perpendicular to the cells’ long axis. Therefore, the cell center

13



Introduction

needs to be determined followed by the positioning of the division machinery (divisome) at mid-
cell. An important role during cell division plays the highly conserved tubulin-like protein FtsZ
that also belongs to the divisome. FtsZ forms a contractile ring (Z-ring) leading to two newborn
cells. (Massidda et al. 2013; Sham et al. 2012). Within this process, cell elongation is not due to
lateral insertion of peptidoglycan. The peptidoglycan synthesis takes plays at mid-cell and thus
leads to the formation of the two new cell halves of the two daughter cells (Wheeler et al. 2011).
However, the regulation and coordination of the essential process of cell morphogenesis and the
duplication of the genetic information is not yet completely deciphered. Nonetheless, it has been
demonstrated that the membrane protein StkP localizes at the division septa of the pneumococcal
cells. Its extracellular domain consisting of four PASTA motifs is able to bind peptidoglycan
(Morlot et al. 2013; Saskova et al. 2007; Yeats et al. 2002). Moreover, the kinase activity of StkP
as well as its extracellular and cytoplasmic domains are generally essential for cell division in
pneumococci. Pneumococcal strains with szkP mutations revealed disrupted cell wall synthesis and
displayed either round or elongated morphologies including multiple, often delocalized and non-
functional cell division septa in which sites of peptidoglycan synthesis and StkP are mislocalized
as well (Zucchini et al. 2018; Fleurie et al. 2014b; Beilharz et al. 2012). Regarding its role in
pneumococcal cell division it was already reported that several proteins participating in cell wall
synthesis and cell division are phosphorylated by StkP. Importantly the cell division proteins
DivIVA and MapZ, both required for cell elongation and the positioning of the division sites at
mid-cell, were proved to be targets for StkP dependent phosphorylation in vitro and in vivo (Fleurie
et al. 2014b; HoleCkova et al. 2014; Novakova et al. 2010). The same was observed for the
phosphoglucosamine mutase GImM. GImM catalyzes essential steps in the biosynthetic pathway
resulting in the formation of peptidoglycan precursors (Novakova et al. 2005). Furthermore, it has
been demonstrated that FtsZ and its regulator FtsA are both phosphorylated by StkP (Beilharz et
al. 2012; Giefing et al. 2010). Another promising observation includes the finding that the cell wall
biosynthesis enzyme MurC which is together with GImM involved in the peptidoglycan synthesis
was found to be phosphorylated by StkP as well. (Falk and Weisblum 2013). Nevertheless, FtsZ,
FtsA and MurC have been shown to be substrates of StkP in vitro; but their phosphorylation by
StkP in vivo has not yet been confirmed. Since ESTKSs like the pneumococcal StkP are essential
for the regulation of proper cell division and peptidoglycan synthesis, it has also been reported that
deletions of ESTPs in several bacterial species also affected normal cell division as well as
bacterial growth. For instance, the deletion of the phosphatase PppL in Streptococcus mutans
resulted in abnormal cell shapes and diminished growth compared to the wild-type strain. These
observations reflected the effects of the deletion of its cognate kinase PknB (Banu et al. 2010).
With this in mind and in consideration of the recent findings of Ulrych et al. 2016 (see 3.2.1.) it
can be suggested that the pneumococcal phosphatase PhpP and StkP cooperatively regulate cell

division of S. pneumoniae.
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3.3.  PROTEOMICS AND PHOSPHOPROTEOMICS

“Proteomics" comprises a research field in natural sciences focused on large-scale studies of
proteomes. The term “proteome” was first used in 1994 by Wasinger and co-workers, including
Marc Wilkins (Wasinger et al. 1995). Marc Wilkins has coined the portmanteau word “proteome”.
It is a blend of the words “protein” and “genome” defined as "the entire protein complement
expressed by a genome, or cell or tissue type" (Wilkins et al. 1996). In contrast to the definite
genome of an organism, the proteome is not constant, moreover, it is an entity of proteins that can
vary in size, properties and post-translational modifications with time and distinct requirements,
or stresses, that an organism or a cell undergoes (Anderson et al. 2016). However, the proteome
remains a product of a genome, to some degree, reflecting the underlying transcriptome. The term
“proteomics” was characterized in 1998 by Anderson and Anderson as "the use of quantitative
protein-level measurements of gene expression to characterize biological processes (e.g., disease
processes and drug effects) and decipher the mechanisms of gene expression control” (Anderson
and Anderson 1998). In brief, it describes the comprehensive analyses of proteomes (van
Oudenhove and Devreese 2013). Proteomics implements the investigation of protein
identifications, protein expression patterns, protein production rates, degradation and steady-state
abundances, furthermore, protein modifications, the movement of proteins between subcellular
compartments, their involvement in metabolic pathways and protein interactions. Therefore,
proteomics is an interdisciplinary domain that can provide crucial information of important
biological processes within cells, tissues and organisms. In the end, proteomics can be practically
applied to investigate the dynamics of important proteins during host-pathogen interaction and
disease development while it also allows to uncover the role and molecular structure of proteins or
protein groups during pathogenesis.

In 1975 Klose, O'Farrell and Scheele have introduced independently the two-dimensional
polyacrylamide gel electrophoresis technique (2D-PAGE), that immediately became a popular tool
to separate and analyze complex protein mixtures (Klose 1975; O'Farrell 1975; Scheele 1975).
This method to investigate proteomes is based on the combination of two orthogonal separation
procedures. In the first dimension, proteins are separated by their isoelectric point and in the second
dimension, proteins are further separated by their electrophoretic mobility due to their molecular
weight using a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Subsequently, proteins can be visualized and quantified by different staining procedures, such as
Coomassie, silver, or fluorescence staining. Thus, protein expression patterns of multiple
conditions can be compared to each other. With the introduction of matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) in 1985 by Karas and
co-workers, the traditional qualitative and quantitative large-scale analysis of proteomes was

realized in the combination of 2D-PAGE and MALDI-TOF-MS (Karas et al. 1985). Finally, the
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development of soft techniques that are capable of ionizing peptides or proteins such as MALDI
and later on electrospray ionization (ESI) (Fenn et al. 1989) revolutionized the field of MS based
proteomics. Still, the early developed techniques possess a limited dynamic range and only high
abundant proteins within a proteomic sample could be detected (Gygi et al. 2000). Rapidly, it was
realized that the analysis of complex protein mixtures would require effective separation of the
compounds in the sample prior to highly effective fragmentation methods. In 1992, Hunt and
colleagues published the first scientific manuscript applying liquid chromatography coupled to a
tandem mass spectrometer (LC-MS/MS) as a further tool for proteomic investigations (Hunt et al.
1992). This straight-forward technique with higher sensitivity has meanwhile become the most
prominent application within proteomic analyses. The huge advances in LC-MS/MS
methodologies paved the way for deeper insights into dynamic post-translational modifications
like reversible protein phosphorylation at serine, threonine and tyrosine which have crucial
regulatory and signaling functions in eukaryotes as well as prokaryotes.

Nowadays, phosphoproteomics is getting more and more attention within the scientific community
(Pagano and Arsenault 2019; Yagiie et al. 2019). Phosphoproteomics comprises the analysis of a
complete set of phosphorylation sites present in a cell. Modern mass spectrometry offers numerous
advantages for the investigation of protein phosphorylation, enabling qualitative and also
quantitative, sensitive and site-specific detection of phosphorylated peptides and proteins on a
large scale (Needham et al. 2019). Large datasets reporting the identification and localization of
phosphosites have been created for various organisms, including pathogenic bacteria.

Due to the fact that modified proteins occur usually at low abundance, enrichment processes for a
specific post-translational modification are typically carried out prior to MS measurement
(Semanjski and Macek 2016). If only a particular phosphorylated amino acid is in the spotlight of
the analysis, immunoprecipitation is suitable for phosphopeptide enrichment. This method entails
the application of antibodies raised against phosphorylated amino acids binding and isolating the
specific peptide. For large-scale phosphopeptide enrichment, the most common methods comprise
the use of metals like iron (IMAC = immobilized metal affinity chromatography) (Villén and Gygi
2008) or metal oxides like titanium dioxide as stationary phases (Larsen et al. 2005). All in all,
there are nine amino acids, Ser, Thr, Tyr, His, Lys, Arg, Asp, Glu and Cys, that can be modified
by four different types of phosphate protein linkages, however, most of all studies have the focused
on phosphorylation events at Ser, Thr and Tyr. These phosphorylations have been extensively
described and characterized during the last years and have been associated with crucial regulatory
and cellular signaling functions, especially in eukaryotes (Pawson and Scott 2005). For instance,
the reference human phosphoproteome harbors more than 119,800 Ser/Thr/Tyr phosphorylation
sites (Ochoa et al. 2020). The phosphoproteome of Arabidopsis thaliana, the model organism in
plant sciences includes at least 56,800 Ser/Thr/Tyr phosphorylation sites (Durek et al. 2010).

Phosphorylation at Ser/Thr/Tyr also occurs in many essential bacterial proteins as well.
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Nevertheless, the characterization of phosphorylated proteins in bacteria remains a challenging
analytical task since many of the phosphorylated proteins are low in abundance. Highly efficient
enrichment procedures and sensitive mass spectrometry are essential to decipher bacterial
phosphoproteomes. To date, MS based Ser/Thr/Tyr phosphoproteomic studies have been reported
for more than 38 bacterial species, i.e. Bacillus subtilis (Macek et al. 2007), Escherichia coli (Potel
et al. 2018; Soares et al. 2013; Macek et al. 2008), Streptococcus pneumoniae (Hirschfeld et al.
2019; Sun et al. 2010), Staphylococcus aureus (Junker et al. 2018a), Acinetobacter baumanii
(Soares et al. 2014) and Mycobacterium tuberculosis (Verma et al. 2017). Thus, the
phosphoproteomes of more than 24 species of eubacteria and also some species of archaea, for
example Halobacterium salinarum (Aivaliotis et al. 2009) and Methanohalophilus portucalensis
(Wu et al. 2016) have been described. The largest bacterial phosphoproteomes have been assigned
to Mycobacterium tuberculosis and Escherichia coli. Over 500 Ser/Thr/Tyr phosphorylation sites
from more than 300 proteins have been reported so far for the causative agent of pulmonary
tuberculosis (Yagiie et al. 2019; Fortuin et al. 2015; Prisic et al. 2010). For the Gram-negative
model organism £. coli, more than 1,400 Ser/Thr/Tyr phosphorylation sites assigned to more than
600 different proteins have been described (Potel et al. 2018). Furthermore, the MS-based
phosphoproteomic analysis of S. pneumoniae that was performed within the framework of this
study resulted in the detection of 692 Ser/Thr/Tyr phosphorylation sites belonging to 332
pneumococcal proteins, all included in a comprehensive spectral library for this important human
pathogen (Hirschfeld et al. 2019).

The ever developing LC-MS/MS instrumentations and methodologies as well as phosphopeptide
enrichment strategies will contribute to more extensive and accurate studies of large Ser/Thr/Tyr
phosphopeptide and phosphoprotein pools, mainly in eukaryotes, but also in bacteria. Finally, the
comprehensive analysis of bacterial phosphoproteomes might revolutionize the understanding of

bacterial physiology.

3.3.1. CHALLENGES IN DECIPHERING BACTERIAL PHOSPHOPROTEOMES

Traditional phosphoproteomics applied in bacteriology before 2007 relied on 2D-gel separation of
bacterial proteomes, **P-radiolabelling or immunodetection, and detection of phosphoproteins by
low-resolution mass spectrometry, which impeded the identification of various phosphorylation
sites. Studies based on these methodologies did not support the argument that among others many
essential bacterial proteins are indeed phosphorylated. In recent years, high-resolution mass
spectrometry coupled to gel-free analysis led to the generation of site-specific Ser/Thr/Tyr
phosphoproteomes for many bacterial organisms, on average, reporting around one hundred
phosphorylation sites for each species (Yagiie et al. 2019). Nonetheless, the major challenges in

phosphoproteomics remain the in general particularly low stoichiometry and high complexity of
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phosphorylation, a limited dynamic range of detection methods accessible, and quantitative
difficulties (Ge and Shan 2011; Mann et al. 2002). This is again aggravated by the fact that the
number of phosphoproteins and phosphorylation sites reported for bacterial species is extreme
lower than in eukaryotes. However, a high-throughput analysis of a phosphoproteome applying a
state-of-the-art detection technique should incorporate an enrichment of phosphoproteins or
peptides, the detection and identification of phosphopeptides and the localization of the
phosphorylation sites. Due to low levels of Ser/Thr/Tyr phosphorylation in bacteria, most bacterial
Ser/Thr/Tyr phosphoproteomic studies start with large protein amounts (milligrams) obtained from
bacterial liquid cultures during the vegetative growth phase, in the end detecting only a relatively
low number of phosphopeptides. The aim of many described proteomic studies in bacteriology is
the identification of as much phosphosites as possible, still, every study should provide reliable
and reproducible results which can be underpinned embedding biological or technical replicates.
Therefore, the reproducible growth of bacteria represents the first important step within
every proteomic investigation especially regarding bacterial physiology. It has to be ensured
that for all biological replicates for the same analysis the bacterial cultures underlie the same
conditions. Otherwise, differences in protein composition and phosphorylation patterns
might occur and increase the variance between the samples resulting in a less accurate
analysis lacking statistical significance (Lithgow et al. 2017). A common feature of bacterial
phosphoproteome studies is the relatively low conservation on phosphosite level. It suffices
to change a single parameter in the growth conditions, and in the same bacterium yet undetected
phosphorylation sites can appear, while some of the already detected ones can be lost (Pagano and
Arsenault 2019; Kobir et al. 2011). This could be caused by phosphorylation mediated regulation
mechanisms evolving to cope with different environmental niches. Another possible reason might
be, that most of the published phosphoproteomes are incomplete because of the loss of low-
occupancy phosphosites due to technical imperfections of the analysis. Besides the bacterial
cultivation, phosphorylation analyses of complex protein mixtures and global phosphoproteomics
consist of certain fundamental sample preparation steps prior to LC-MS/MS measurement: 1% cell
lysis; 2" fractionation of the lysate (optional); 3™ proteolysis; 4™ fractionation of complex peptide
mixture (optional) and 5" enrichment of phosphopeptides (Ozlu et al. 2010). At acidic and
physiological pH conditions phospho groups on proteins are chemically stable, thus,
dephosphorylation of a phosphoprotein would occur only in the presence of phosphatases. To
minimize phosphatase activity all sample preparation steps should be carried out on ice. In addition
to that, the usage of a mixture of phosphatase inhibitors is recommended to avoid
dephosphorylation. Furthermore, phosphopeptides are usually under-represented compared to their
unphosphorylated counterpart. So, it might be necessary to fractionate highly complex mixtures,

such as whole cell lysates before the enrichment of the phosphorylated species. Another

18



Introduction

prefractionation can be performed on peptide level using an additional liquid or affinity
chromatography, i.e. strong cation exchange chromatography (SCX), strong anion exchange
chromatography (SAX) or hydrophilic interaction liquid chromatography (HILIC) (Macek et al.
2009; Niihse et al. 2004). Beside the fact that fractionation steps provide better separation of
complex samples allowing a more comprehensive analysis, there is sample loss during every
additional step, moreover, an increased amount of single fractions demands multiple MS runs and
extra measurement time. Another crucial step in the phosphoproteomic workflow is the enrichment
of phosphorylated peptides. Currently the most commonly applied enrichment strategies for large-
scale bacterial phosphoproteomic studies are affinity based techniques such as IMAC or metal
oxide affinity chromatography (MOAC) including titanium dioxide (TiO;) (Olsen and Macek
2009; Villén and Gygi 2008). Since most protocols for phosphopeptide enrichment and detection
based on TiO, chromatography and high resolution MS require immense amounts of staring
material there is urgent need for modified protocols that enable in-depth detection and
quantification of phosphorylation sites from significantly lower amounts of bacterial material
therewith saving preparation time, preventing sample loss through extensive fractionation and
finally saving MS measurement time as well.

MS will remain the method of choice for phosphoproteomic investigations due to its versatility
and speed. Applying tandem mass spectrometry (MS/MS) it is possible to obtain distinct
information concerning phosphopeptides within a sub second timescale. It can be confirmed
whether a protein/peptide is phosphorylated or not, a phosphorylated peptide can be identified and
the site of modification can be determined, additionally quantitative information about
phosphorylated peptides can be gathered. Nevertheless, analyzing phosphopeptides by MS creates
further challenges. The ionization/detection efficiencies of phosphopeptides are lower in
comparison to unphosphorylated peptides especially when using MALDI in combination with 4-
hydroxy-a-cyanocinnamic acid as the MALDI matrix (Ozlu et al. 2010; Steen et al. 2005).
Applying electrospray ionization (ESI), the issue of decreased flyability of phosphopeptides is still
discussed, although several studies have already demonstrated that liquid chromatography (LC)
and ionization conditions can be optimized to prevent a bias against phosphorylated peptides
(Semanjski and Macek 2016; Steen et al. 2006). Another critical step involving the risk of
phosphopeptide loss is the sample loading onto the reversed-phase column, for desalting and/or
LC/MS analysis. Even if HPLC-solution conditions can be adapted and optimized to increase the
hydrophobicity of phosphopeptides relative to their unphosphorylated cognates, there is a relative
higher loss of phosphopeptides during the loading process. It is still the case that peptides with
high hydrophobicity are not retained on reversed-phase columns under normal conditions.
Therefore, it is quite difficult to analyze highly hydrophilic phosphopeptides by LC-MS/MS. Last
but not least, the MS analysis of phosphopeptides is compromised by the fragmentation properties

upon collision-induced dissociation (CID) in tandem MS. With the application of CID, phosphoric
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acid is easily lost resulting in an energetically favorable a, - unsaturated carbonyl group (Ozlu et
al. 2010). This does not hamper the localization of the former phosphorylation site because
characteristic dehydroalanine or dehydro-2-amino butyric acid residues are formed at the
phosphorylation sites. But, it is often the case that the loss of phosphoric acid is predominant and
additional fragmentation of sequence revealing peptide bonds remains a secondary process and is
thus significantly suppressed. This is mainly the case for ion trap mass analyzers (Kim et al. 2016;
Jiinger and Aebersold 2014). Finally, the identification of phosphopeptides in shotgun proteomics
is once more hampered by the limited predictability of fragment patterns necessary for peptide-to-
spectrum-matching during classical database search. Identifications through classical database
search relies on matches of predicted ion series derived from genomic data considering general
fragmentation rules to query spectra of the experimental MS data. This process is time consuming
and requires immense computational power and rigorous control regarding sensitivity and
accuracy. Previous studies of bacterial phosphoproteomes have reported that the application of
spectral libraries results in enhanced sensitivity and reproducibility (Junker et al. 2018b). The
inclusion of spectral library searching in the phosphoproteomic workflow is extremely beneficial
because major qualitative and quantitative information of fragment spectra are considered within
the analysis. During spectral library searching experimental MS spectra are compared to already
detected and reliably annotated spectra, that have been collected as applicable spectral libraries.
Anyhow, searching against a spectral library entails that an a priori built high quality spectral
library is available (Wiese et al. 2014). If this is the case, spectral library based data search has the
huge advantage of increased speed of analysis through less calculation power. Moreover, the depth
of spectrum-spectrum matching also maintenances the mapping of query spectra, that are not
suitable for classical database searching e.g. because of high background noise (Lam 2011). All in
all, recent large-scale phosphoproteomics experiments call for appropriate bioinformatics support,
which is fundamental at numerous stages of those investigations: identification of
phosphopeptides, validation of phosphorylation site assignments, data repositories,
phosphorylation motif prediction, and phosphorylation site prediction. Still, the majority of
phosphosite databases and phosphosite prediction tools gears towards eukaryotes, therefore it
remains a quite challenging task especially for researchers in bacteriology to investigate and

untangle phosphoproteomes of prokaryotic organisms.
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3.4. OBIJECTIVE OF THE THESIS

This thesis presents a global and comprehensive LC-MS/MS based study of the proteome and
especially the phosphoproteome of the non-encapsulated S. pneumoniae strain D39. Within this
study it was of particular interest to capture precise information about the impact of the
kinase/phosphatase-couple StkP/PhpP on pneumococcal physiology. An aim was to achieve a
global view on processes influenced by the absence of StkP or PhpP in pneumococci. Moreover,
the main focus was set on the elucidation of the pneumococcal phosphoproteome, that paved the
way for the identification of yet unknown potential targets and target sites of StkP and PhpP.
Therefore, suitable strategies and techniques for proteome and phosphoproteome analyses had to
be applied and adapted. The generated data will provide an extensive source of information for

advanced investigations in terms of new possible targets and target sites of StkP and PhpP.
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4. MATERIALS

4.1. REAGENTS AND CHEMICALS

Table 4-1: Reagents and chemicals used in this work

Reagent/Chemical

Manufacturer

Acetic acid
Acetonitrile LC-MS grade

Acetonitrile with 0.1% acetic acid

Adenine
Agarose

Ammoniumbicarbonate

Ammonium hydroxide solution

Ammonium sulphate

L-Arginine HCI, Arg-10, 13C,15N
BSA Fraction V

Bromphenol Blue sodium salt, for electrophoresis

Choline chloride
Columbia agar with sheep blood plus

cOmplete Tablets, Mini EDTA-free, EASYpack

Coomassie Brilliant Blue G-250

1,4-Dithiothreitol (DTT)

3,4-Dihydroxybenzoic acid
DreamTaq™ Polymerase Buffer

a-D(+)-Glucose monohydrate
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Carl Roth GmbH + Co. KG, Karlsruhe,

Germany

VWR International, Radnor, PA, USA

Carl Roth GmbH + Co. KG, Karlsruhe,

Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Thermo Fisher Scientific, Waltham, MA, USA

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Fluka analytical, Sigma-Aldrich Chemie
GmbH, Darmstadt, Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Silantes GmbH, Munich, Germany

Thermo Fisher Scientific, Waltham, MA, USA
Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

OXOID, Wesel, Germany

F. Hoffmann-La Roche AG, Basel,

Switzerland

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Sigma Aldrich Chemie GmbH, Steinheim,

Germany

Sigma Aldrich Chemie GmbH, Steinheim,

Germany
Thermo Fisher Scientific, Waltham, MA, USA
Carl Roth GmbH + Co. KG, Karlsruhe,

Germany
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Reagent/Chemical

Manufacturer

B-Glycerophosphate disodium salt hydrate

EDTA disodium salt dihydrate

Ethanol

Sigma Aldrich Chemie GmbH, Steinheim,

Germany
AppliChem GmbH, Darmstadt, Germany
Carl Roth GmbH + Co. KG, Karlsruhe,

Germany

Gene rulerTM 1 kb DNA Ladder

Gibco RPMI 1640 Medium, no glutamine, no phenol

red

Gibco SILAC RPMI 1640 Flex Media, no glucose, no

phenol red

D(+)-Glucose, monohydrate

Octyl B-d-glucopyranoside

L-Glutamine

Glutaraldehyde 25%

Glycerol, anhydrous

Glycine

HEPES
Hydrochloric acid

Iodoacetamide (IAA)

LB-(Luria Bertani) agar

L-Lysine HCI, Lys-8, *C,'’ N
Methanol

2-Mercaptoethanol

Nuclease Mix
PageRuler Prestained Protein Ladder

Paraformaldehyde

Thermo Fisher Scientific, Waltham, MA, USA

Thermo Fisher Scientific, Waltham, MA, USA

Thermo Fisher Scientific, Waltham, MA, USA

Carl Roth GmbH + Co. KG, Karlsruhe,

Germany

Sigma Aldrich Chemie GmbH, Steinheim,

Germany

Fluka analytical, Sigma-Aldrich Chemie
GmbH, Darmstadt, Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Merck KGaA, Darmstadt, Germany
Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Silantes GmbH, Munich, Germany
Merck KGaA, Darmstadt, Germany
Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

GE Healthcare Europe GmbH, Freiburg,
Germany

Thermo Fisher Scientific, Waltham, MA, USA
Carl Roth GmbH + Co. KG, Karlsruhe,

Germany
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Reagent/Chemical Manufacturer
L Carl Roth GmbH + Co. KG, Karlsruhe,
Phosphoric acid
Germany
. . Carl Roth GmbH + Co. KG, Karlsruhe,
Potassium chloride
Germany
) ) Carl Roth GmbH + Co. KG, Karlsruhe,
Potassium dihydrogen phosphate
Germany

Roti-Nanoquant

Sodium bicarbonate

Sodium chloride

Sodium dihydrogen phosphate monohydrate

Sodium dodecyl sulfate (SDS)

Sodium fluoride

di-Sodium hydrogen phosphate

Sodium hydroxide

Carl Roth GmbH + Co. KG, Karlsruhe,

Germany

Sigma Aldrich Chemie GmbH, Steinheim,

Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Sigma Aldrich Chemie GmbH, Steinheim,

Germany
Sigma Aldrich Chemie GmbH, Steinheim,
Germany
Sigma Aldrich Chemie GmbH, Steinheim,

Germany

Carl Roth GmbH + Co. KG, Karlsruhe,

Germany

Sodium orthovanadate

Sodium pyrophosphate tetrabasic

Thiourea
Titanium dioxide beads, Titansphere TiO

Todd-Hewitt-Bouillon

Trichlormethane/Chloroform

Triethylammonium bicarbonate buffer (TEAB)

Trifluoroacetic acids

Tris

Trypsin Resuspension buffer
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Sigma Aldrich Chemie GmbH, Steinheim,

Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

GL Science Inc., Tokyo, Japan

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Fluka analytical, Sigma-Aldrich Chemie
GmbH, Darmstadt, Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Carl Roth GmbH + Co. KG, Karlsruhe,

Germany

Promega GmbH, Mannheim, Germany
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Reagent/Chemical Manufacturer
Uracil AppliChem GmbH, Darmstadt, Germany
Urea Merck KGaA, Darmstadt, Germany
. . . Carl Roth GmbH + Co. KG, Karlsruhe,

Water with 0.1% acetic acid, LC-MS grade

Germany

Carl Roth GmbH + Co. KG, Karlsruhe,
Yeast extract

Germany

4.2. CULTURE MEDIA USED FOR CULTIVATION OF MICROORGANISMS

Table 4-2: Culture media used for the cultivation of S. pneumoniae and E. coli

Culture media Composition/Source

23 g/l Pepton, 5 g/l NaCl, 14 g/l Agar, 65 ml/l, Sheep blood, pH 7.4 (Oxoid,
Wesel, Germany)

THY 36.4 g/l Todd Hewitt Broth, 0.5% yeast extract

RPMI 1640 Medium (GE Healthcare Bio-Sciences, Freiburg, Germany),
30.52 mM glucose, 2.05 mM glutamine, 0.65 mM uracil, 0.27 mM adenine,
1.1 mM glycine, 0.24 mM choline chloride, 1.7 mM NaH,PO4-H20, 3.8
mM Na,HPOy,, and 27 mM NaHCOs3, 20 mM HEPES

SILAC RPMI 1640 Flex Medium (Life Technologies, Darmstadt,
Germany), 30.52 mM glucose, 2.05 mM glutamine, 0.65 mM uracil, 0.27
mM adenine, 1.1 mM glycine, 0.24 mM choline chloride, 1.7 mM
NaH,PO4-H20, 3.8 mM Na,HPO,, and 27 mM NaHCO3, 20 mM HEPES,
11.11 mM glucose, heavy labeled arginine (Arg-10:HCI, 200 mg/1), lysine
(Lys-8:HCI, 40 mg/l)

LB 1% Bacto-Trypton, 0.5% yeast extract, 0.5% NaCl, pH 7.5

Blood agar plates

RPMI modi

SILAC RPMI modi

LB agar plates 1% Bacto-Trypton, 0.5% yeast extract, 0.5% NaCl, 1.5% Agar, pH 7.5

4.3. ANTIBIOTICS

Table 4-3: Final concentrations of antibiotics used for selection of microorganisms

Antibiotic E.coli [ug/ml] S. pneumoniae [ug/ml] Source
R AppliChem GmbH, Darmstadt,
Ampicillin 100 -
Germany
) Sigma Aldrich Chemie GmbH,
Erythromycin - 5 L
Steinheim, Germany
Kanamycin 50 50 Serva, Heidelberg, Germany
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4.4. ENZYMES

The commercially acquired enzymes were used with the respective buffers according to the

manufacturer.

Table 4-4: Enzymes

Enzymes

Source

Pfu-DNA-Polymerase, recombinant

Tag-DNA-Polymerase, recombinant

DreamTaq DNA Polymerase

T4-DNA-Ligase

Lysozyme

Trypsin
Lysyl Endopeptidase (LysC)

Department of Molecular Genetics and
Infection Biology, E. coli clone E162*

Department of Molecular Genetics and
Infection Biology, E. coli clone E175*

Thermo Fisher Scientific, Waltham, MA,
USA

New England BioLabs GmbH, Frankfurt a.
M., Germany

Sigma Aldrich Chemie GmbH, Steinheim,

Germany
Promega GmbH, Mannheim, Germany

Wako Chemicals GmbH, Neuss, Germany

* Numbering from the internal lists of the Department of Molecular Genetics and Infection Biology,

Interfaculty Institute of Genetics and Functional Genomics, Center for Functional Genomcis of Microbes,

University of Greifswald

4.5. CONSUMABLES

Table 4-5: Consumables

Consumable

Manufacturer

C18, Aeris PEPTIDE 3.6 um xB
Cotton swabs

Cuvettes
Fused Silica Capillaries 360 um
Quartz beads 0.10-0.11 mm

Glass inserts

Glass vials

iRT Kit
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phenomenex, Aschaffenburg, Germany

A. Hartenstein GmbH, Wiirzburg, Germany
Sarstedt AG & Co., Niimbrecht,Germany
Postnova Analytics GmbH, Landsberg,

Germany
Sartorius AG, Gottingen, Germany
VWR International GmbH, Darmstadt,

Germany

VWR International GmbH, Darmstadt,

Germany

Biognosys AG, Schlieren, Switzerland
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Consumable

Manufacturer

Low binding microcentrifuge tubes (1.7 ml, 2.0 ml)

Parafilm
Pasteur pipettes
Pipette tips (10 pl, 200 pl, 1000 pl, 5000 ml)

Precast Midi Protein Gel, 4-20% Criterion TGX

0.22 um Rotilabo-syringe filters, CME, sterile

Serological pipettes (5 ml, 10 ml, 25 ml)

Screw cap, Smm
Screw Cap Micro Tube
StageTips

Tubes (15 ml, 50 ml)

ZipTip pipette tips

Sorenson BioScience, Inc., Salt Lake City,
USA

Bemis Company, Inc., Oshkosh, USA
Carl Roth GmbH + Co. KG, Karlsruhe,

Germany
Sarstedt AG & Co., Niimbrecht, Germany
Bio-Rad Laboratories GmbH, Munich,

Germany

Carl Roth GmbH + Co. KG, Karlsruhe,

Germany

TPP Techno Plastic Products AG, Trasadingen,

Switzerland

VWR International, Radnor, PA, USA
Sarstedt AG & Co., Niimbrecht, Germany
Thermo Fisher Scientific, Waltham, MA, USA
Sarstedt AG & Co., Niimbrecht, Germany
Merck KGaA, Darmstadt, Germany

4.6. EQUIPMENT

Table 4-6: Equipment

Equipment

Manufacturer

Allegra X-15R Centrifuge
Analytical balance 510
Analytical balance ABJ-NM/ABS-N

Analytical balance PRECISION Plus

Analytical balance Sartorius Basic

Automatic pipette Pipetus

Bench-top centrifuge Micro Star 17R

Bench-top centrifuge, Megafuge 1.0R

BioPhotometer plus
Bunsen burner

Clean Bench Hera Safe

Beckman Coulter, Brea, CA, USA
KERN & SOHN GmbH, Balingen, Germany
KERN & SOHN GmbH, Balingen, Germany

OHAUS Europe GmbH, Greifensee,
Switzerland

Sartorius AG, Gottingen, Germany
Hirschmann Laborgerite GmbH & Co. KG,
Eberstadt, Germany

VWR International GmbH, Darmstadt,
Germany

Heraeus Instruments GmbH, Hanau, Germany
Eppendorf AG, Hamburg, Germany
WLD-TEC GmbH (Wartewig), Gottingen,

Germany

Thermo Fisher Scientific, Waltham, MA, USA
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Equipment

Manufacturer

CO; incubator Heracell 150

Electrophoretic power supply PowerPac

Heating plate, MR 3001

Heraeus Biofuge Primo R Centrifuge

Liquid chromatography system EASY-nLC 1000
Liquid chromatography system EASY-nLC II
Mass spectrometer Orbitrap Velos
Multi-Functional Tube Rotator, PTR-35
Homogenizer FastPrep-24

Homogenizer Precellys 24

Orbital shaker Polymax 1040

Orbital shaker

Photometer Genesys 10S Vis
pH meter, FiveEasy pH/mV Bench Meter

Scanner (gel documentation) ViewPix 700

SCX column Resource S, 1 ml

SDS-PAGE chambers Criterion™

Thermo-cycler

ThermoMixer C

Ultrasonic water bath Sonorex Super RK 102 H

UV-Light Transilluminator TFX-20M
Vacuum centrifuge, Concentrator plus

Vortex mixer VF2

Water bath

ICP-MS 7500c

Thermo Fisher Scientific, Waltham, MA, USA

Bio-Rad Laboratories GmbH, Munich,
Germany

Heidolph Instruments GmbH & Co.KG,

Schwabach, Germany

Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Grant Instruments Ltd, Great Britain

MP Biomedicals, Santa Ana, CA, USA

Bertin, Montigny-le-Bretonneux, France

Heidolph Instruments GmbH & CO. KG,
Schwabach, Germany

VWR International GmbH, Darmstadt,
Germany

Thermo Fisher Scientific, Waltham, MA, USA
Mettler-Toledo GmbH, GieBen, Germany
Biostep, Burkhardtsdorf, Germany

GE Healthcare Life Sciences, Freiburg,
Germany

Bio-Rad Laboratories GmbH, Munich,
Germany

Analytik Jena AG, Jena, Germany
Eppendorf AG, Hamburg, Germany
BANDELIN electronic GmbH & Co. KG,
Berlin, Germany

Vilber Lourmat GmbH, Eberhardzell,
Germany

Eppendorf AG, Hamburg, Germany
IKA-Werke GmbH & CO. KG, Staufen,
Germany

GFL Gesellschaft fiir Labortechnik mbH,

Burgwedel, Germany

Agilent Technologies, Waldbrunn, Germany
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4.7. SOFTWARE

Table 4-7: Software

Software; Version

Company; Reference

ClustVis

Image Lab™ Software v 4.1
Inkscape 0.92.2
MaxQuant 1.6.1.0

MS-Viewer, ProteinProspector 5.24.0

Paver 2.0

Perseus 1.6.1.1

RStudio 3.5.0

Sorcerer - SEQUEST 4.0.4
Scaffold 4.4.7

Trans Proteomic Pipeline (TPP) 5.1.0-rc1 Sysygy

Xcalibur 2.2 SP1.48 Qual Browser

BIIT Research Group, Tartu, Estonia, (Metsalu
and Vilo 2015)

Bio-Rad Laboratories GmbH, Munich, Germany

MPI of Biochemistry; (Cox and Mann 2008)

UCSF Mass Spectrometry Facility ,The Regents
of the University of California, USA

DECODON GmbH, Greifswald, Germany
MPI of Biochemistry; (Tyanova et al. 2016)
RStudio, Boston, MA, USA

Sage-N Research, Inc., Milpitas, CA, USA
Proteome Software, Inc., Portland, OR, USA

Seattle Proteome Center (SPC); Deutsch et al.
2015

Thermo Fisher Scientific, Waltham, MA, USA
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5. EXPERIMENTAL PROCEDURES

5.1.

In this study the non-encapsulated pneumococcal serotype 2 strain D39 (D39Ac¢ps), the isogenic
kinase (D39AcpsAstkP) and phosphatase mutants (D39AcpsAphpP) were analyzed. The initial
strain D39Acps was constructed by Claudia Rennemeier as described in her PhD thesis (Claudia
Rennemeier 2007). The kinase mutant D39AcpsAstkP was constructed by Angelika Hohmann
during her diploma thesis (Hohmann 2012) and Nadine Gotzmann prepared the phosphatase
mutant D39AcpsAphpP as well during her diploma thesis (Gotzmann 2013). Both mutants are
available in the strain collection of the laboratory of Prof. Sven Hammerschmidt in the Interfaculty
Institute of Genetics and Functional Genomics. Kinase and phosphatase mutant were checked for
correctness before starting the experiments. D39AcpsAstkP was verified through PCR with

specific primers and D39AcpsAphpP was reconstructed in this work as described in the diploma

thesis (Gotzmann 2013) and below.

5.1.1. STRAINS, PLASMIDS, PRIMERS

BACTERIAL STRAIN CONSTRUCTION

Table 5-1: Strains, plasmids and oligonucleotides used in this work

Strain, plasmid, or

Resistance or sequence

Source or reference

primer

E.coli DH5a None Betheseda Research Labs, Gaithersburg, USA
S. pneumoniae

TIGR4 None (Tettelin et al. 2001)
D39Acps KmR (Rennemeier et al. 2007)
D39Acps stkP::erm® KmR, Erm® (Hohmann 2012)
D39AcpsAphpP::erm® KmR®, Erm® (Gotzmann 2013), this study
Plasmids

pGEM®-T Easy AmpR Promega

pGXT AmpR (Chen et al. 2009)
pET28TEV KmR® (Saleh et al. 2013)

pGEM®-T Easy-ChS-Erm
pGXT Erm®

pGEM®-T Easy-stkP
pGEM®-T Easy AstkP
pET28¢ Erm®-loxP
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Strain, plasmid, or

Resistance or sequence Source or reference

primer

PGEM®-T Easy Erm- AmpR, Erm®? This study

loxP

pGEM-T Easy stkP::ErmR ~ AmpR, Erm® (Hohmann 2012)
pGXT-phpP AmpR This study
pGXTphpP::Erm? AmpR, Erm®? This study

Primer

stkPStartForw 5-CGCAAGATATCGGATTAGGAAGG-3’

stkPEndRev 5’-TCATAATATCACGGACCGCATTGG-3’

stkPStartRev 5-AAGCGCATGCCTTGCCGATTTGGATCATTC-3’
stkPEndForw 5’-GCGCGCATGCATCTACAAACCTAAAACAAC-3’

ChS-Erm-F 5°-GCGCGCGCGGATCCCTGCAGTTGGCTTACCGTTCGTATAGC-3
ChS-Erm-R 5’-GCGCGCGGATCCAAGCTTTACCGTTCGTATAATGTATGCTATACGAAGTTATCCCAG

lox66 Erm_forw
lox71_Erm_rev
lox66_forw

lox71 rev

pGEM rev
PhpPStartForw
PhpPEndRev
PhpPEndForw
PhpPStartRev
ermforw

crmrev

TCTTTCGACTGAGCC-3’

5

5

5

5

5

*-TACCGTTCGTATAGCATACATTATACGAAGTTATACGGTTCGTGTTCGTGCTG-3’

*-ACCGTTCGTATAATGTATGCTATACGAAGTTATGTAGGCGCTAGGGACCTC-3”

-GGGGGGGGGGGGGGCCCGGGTACCGTTCGTATAGCATACAT-3’

-GACAAAAAAAAAAAGATATCTACCGTTCGTATAATGTATGC-3’

-GACAAAAAAAAAAAGATATCCCATATGGTCGACCTGCAG-3’

-GGGAAAACAGCCCATATAGC-3’

-TCCCCGTCATAAGGGATATG-3’

~AAGGAAGCTTCATTACGGTTGCCCTTGTTT-3"

~AAGGGCTAGCTTGTTCGTTTCTGACCAACAT-3’

-GCGCGCCTGCAGACGGTTCGTGTTCGTGCTG-3’

-GCGCGCCTGCAGCGTAGGCGCTAGGGACCTC-3’

5.1.2. CONSTRUCTION OF D39ACPSASTKP MUTANT

The kinase mutant D39AcpsAstkP was constructed by Angelika Hohmann as described in her

diploma thesis (Hohmann 2012). In brief, for the construction of the stkP mutant in D39Acps, a

DNA fragment consisting of the S. pneumoniae TIGR4 stkP gene (sp_1732) and its up- and down-

stream flanking regions were amplified by PCR from genomic DNA using primers stkPStartForw

and stkPEndRev (Table 5-1). The purified PCR product was cloned into pGEM-T Easy. The

resulting plasmid pGEM-T Easy-stkP (pGstkP1) was transformed in chemically competent E. coli

DHS5a cells and positive mutants were selected using blue/white screening and verified by PCR.

pGstkP1 was subsequently cleaved with Bg/Il and purified. In parallel, an erythromycin resistance

gene cassette containing loxP-sites was cloned into pGEM-T Easy, cleaved with Ncol and Sacl
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and cloned into pET28c. Afterwards, the antibiotic-cassette was amplified with the primers
pGEM rev and lox66 forw and cloned into the Xcml cleaved vector pGXT. The erythromycin-
cassette was excised with BamHI and ligated into the Bg/Il cleaved pGstkP1 plasmid. The
recombinant plasmid pGstkP1::erm harboring the disrupted stkP gene was transformed into
E. coli DH5a. Positive colonies were selected on ampicillin and finally on erythromycin. The
D39AcpsAstkP mutant was obtained after transformation of D39Acps with pGstkP1::erm.
Transformants were verified for the correct integration of the antibiotic resistance cassette into the

stkP gene region.

5.1.3. RECONSTRUCTION OF D39ACPSAPHPP MUTANT

The original phosphatase mutant D39AcpsAphpP was prepared by Nadine Gotzmann during her
diploma thesis (Gotzmann 2013). Due to the fact that the strain was not growing on the selective
antibiotic erythromycin anymore and that the colony PCR control with specific primers revealed a
signal for the phpP gene in the DNA from bacteria of the D39AcpsAphpP cryo storage tubes, the
phosphatase mutant was reconstructed in this work and replaced in the strain collection of Prof.

Sven Hammerschmidts laboratory.

5.1.3.1. PLASMID CONSTRUCTION FOR D39ACPSAPHPP MUTANT

For the reconstruction of the pneumococcal phosphatase mutant in D39Acps WT strain, a DNA
fragment consisting of the spd 1543 gene was amplified by PCR from chromosomal DNA using
the specific primers PhpPStartForw and PhpPEndRev. The purified PCR product was cloned into
pGXT and E. coli DH5a chemically competent cells were transformed with the resulting plasmid.
The recombinant plasmid pGXT harboring the desired DNA insert was purified and used as
template for an inverse PCR reaction with primer pair PhpPStartForw and PhpPEndRev. The
deleted gene sequence was replaced by an erythromycin gene cassette, amplified by PCR from
vector pET28c-ErmR-loxP using primer ermforw and ermrev. The final recombinant plasmid was

used to transform and mutagenize pneumococci. The deletion of pApP was verified by PCR.

5.1.3.2. TRANSFORMATION OF E. COLI AND S. PNEUMONIAE

Chemocompetent E. coli DH5o cells and plasmid aliquots were thawed on ice. Plasmid DNA
concentration was estimated by measuring the absorbance at 260 nm using the Nanodrop
Photometer. Around 300 ng of plasmid DNA were added to E. coli cell aliquots followed by
incubation on ice for 30 min. Afterwards, a heat shock was applied by immersing the samples for
45 sec at 42 °C in a thermo-mixer. Then, cells were immediately placed on ice for 2 min. Five
volumes of pre-warmed LB medium were added and cells were incubated in a thermo-shaker at

900 rpm for 45 min. For the selection of positive transformants, cells were spread on agar plates

32



Experimental procedures

containing appropriate antibiotics. Plates were incubated overnight at 37 °C and afterwards stored

at 4 °C.

For the transformation of pneumococci, bacteria were spread on blood-agar plates and incubated
for 6 — 8 hours at 37 °C in an atmosphere of 5% CO». In the next step, bacteria were cultured
overnight onto fresh blood agar plates containing the selective antibiotics. Afterwards,
pneumococci were transferred to pre-warmed THY medium and cultered until they reached an
ODg0onm0f 0.2 - 0.25. An aliquot of 200 ul was mixed with 1 -2 ug DNA and incubated for 10 min
on ice. After an incubation of 30 min in a 30 °C waterbath, bacteria were cultivated for 2 hours at
37 °C in the waterbath. The selection of positive transformants was carried out on blood agar plates

containing a high concentration of the selective antibiotics.

5.1.3.3. ISOLATION OF PLASMID-DNA FROM BACTERIA

Plasmid DNA from E. coli was isolated from 10 ml of an overnight culture using DNA Purification

System Wizard (Promega, USA) according to the manufacturer’s instructions.

For the isolation of plasmid DNA from pneumococci, bacteria from 7 ml of pneumococcal liquid
culture in THY medium (ODgoonm of 0.25 - 0.4) were harvested by centrifugation. Bacterial cells
were washed twice with 1x PBS (18.25 mM NaCl, 931.90 mM KCl, 246.45 mM Na;HPOs, 1.42 M
KH,POy4; pH 7.4) and resuspended in 80 pl sterile Ag. Dest. Cell lysis was performed for 8 min at
96 °C. After another centrifugation step, the supernatant was used for the transformation of . coli

DH5a. The verification of positive transformants was done by PCR.

5.1.3.4. POLYMERASE CHAIN REACTION (PCR)

In the polymerase chain reaction (PCR) (Saiki et al. 1988), the amplification of DNA fragments
was carried out using specific oligonucleotides (Table 5-1). PCR was performed in cloning
protocols for amplification of the target sequences using genomic DNA of S. preumoniae TIGR4
as template for subsequent cloning into expression vectors. For the amplification of DNA either

the Tag-DNA-polymerase or Pfu-DNA-polymerase (3'-5' exonuclease activity) was used.

Table 5-2: Buffers used in PCR

Buffer Composition/Source

200 mM Tris-HCI, 100 mM (NH4)2S04, 100 mM KCI, 20 mM
MgS04, 1% Triton® X-100, pH 8.8

10x ThermoPol™ Reaction Buffer

10x PfuUltra HF Reaction Buffer Agilent Technologies, Waldbronn, Germany
dNTPs Promega GmbH, Mannheim, Germany
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Table 5-3: Standard PCR reaction mixture Table 5-4: Reaction conditions for amplification
Component Volume [pl] Parameter Temperature/Time
Reaction buffer (10x) 5 Start 98 °C, 3 min
dNTPs (10 mM) 1 Denaturation 94 °C, 10 sec
MgCl, (25 mM) 1 Annealing 55°C, 30 sec 30 cycles
Oligonucleotide, fwd (20 pmol) 1 Elongation 72 °C, 1 kb/min
Oligonucleotide, rev (20 pmol) 1 Final Extension 72 °C, 3 min
DNA (~ 100 ng) 1 Cooling 7°C
DNA Polymerase 1
A. dest 39

5.1.3.5. AGAROSE-GEL ELECTROPHORESIS

Agarose gel electrophoresis was performed to separate nucleic acids based on their size. The
separation of DNA was performed by using 0.8% agarose gels at a voltage of 80-90 V. For
visualization of the nucleic acids, agarose was supplemented with the fluorescent dye HDGreen™.

The GeneRuler™ 1 kb DNA ladder (Table 4-1) was used as a DNA marker.

5.2.  STRAIN MAINTENANCE

Pneumococci were grown on Columbia blood agar plates for 6 - 8 hours at 37 °C in an atmosphere
of 5% CO,. Bacteria were cultured onto a fresh blood agar plate containing the selective antibiotics
kanamycin [50 pg/ml] and erythromycin [5 pg/ml] and incubated for approximately & - 9 hours at
37 °C and 5% COas. Colonies from the blood agar plate were collected with a cotton swab and
transferred into cryo storage tubes containing THY with 20% (v/v) glycerol. The bacteria were

stored at -80 °C for long-term storage.

5.3. CULTIVATION OF PNEUMOCOCCI

Pneumococci from long term storage at -80°C were transferred to Columbia blood agar plates and
incubated for 6 - 8 hours at 37°C in an atmosphere of 5% CO,. Afterwards, bacteria were cultured
onto fresh blood agar plates containing the selective antibiotics kanamycin [50 pg/ml] and
erythromycin [5 pg/ml] and incubated for approximately 8 -9 hours at 37 °C and 5% CO:..
Pneumococcal liquid cultures were prepared in modified RPMI 1640 medium (Schulz et al. 2014)
or THY medium and incubated at 37 °C in a water bath without agitation in 50 ml conical tubes.
For label-free quantification (LFQ) experiments RPMI modi medium without L-glutamine, phenol
red supplemented with additional nutritive substances according to Schulz et al. 2014, was used.

For SILAC-based proteome quantification, bacteria were cultivated in SILAC RPMI medium
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adding the heavy labeled amino acids arginine and lysine. Liquid cultures were inoculated to
starting optical densities (ODgoo nm) between 0.05 and 0.06 and grown to exponential growth phase
at ODeoonm 0.3 - 0.35. In order to reach almost complete incorporation (five to six generation times)
of heavy labeled amino acids in SILAC standards, two subsequent pre-cultures were grown before
inoculating the main cultures. To verify the incorporation rate a MS analysis was executed as
described in Hoyer et al. 2018 (Hoyer et al. 2018). All experiments were carried out in three

independent biological replicates.

Table 5-5: Media used for S. pneumoniae cultivation

Medium Composition/Source

THY 36.4 g/l Todd Hewitt Broth, 0.5% yeast extract

RPMI 1640 Medium (GE Healthcare Bio-Sciences, Freiburg, Germany),
30.52 mM glucose, 2.05 mM glutamine, 0.65 mM uracil, 0.27 mM adenine,
1.1 mM glycine, 0.24 mM choline chloride, 1.7 mM NaH,PO4-H>O,

3.8 mM Na,HPOs, and 27 mM NaHCO3;, 20 mM HEPES

SILAC RPMI 1640 Flex Medium (Life Technologies, Darmstadt, Germany),

30.52 mM glucose, 2.05 mM glutamine, 0.65 mM uracil, 0.27 mM adenine,
SILAC RPMI modi 1.1 mM glycine, 0.24 mM choline chloride, 1.7 mM NaH,PO4-H,O,

3.8 mM Na;HPOs, and 27 mM NaHCOs, 20 mM HEPES, 11.11 mM glucose,

heavy labeled arginine (Arg-10:HCI, 200 mg/1), lysine (Lys-8:HCl, 40 mg/1)

RPMI modi

5.4. ELECTRON MICROSCOPIC ANALYSIS

The morphology of the non-encapsulated D39 strain (WT), the isogenic kinase (AstkP) and
phosphatase mutants (AphpP) was analyzed by field emission scanning and transmission electron
microscopy (FESEM, TEM). After cultivation and fixation of pneumococci, the samples were sent
to Prof. Dr. Manfred Rohde (HZI Braunschweig) for further processing and analysis by FESEM.
Therefore, pneumococci were grown until exponential phase in RPMI modi medium or rather in
THY medium and fixed with 5% formaldehyde (v/v) and 2% glutaraldehyde (v/v) in growth
medium and kept at 7 °C.

5.4.1. FIELD EMISSION SCANNING ELECTRON MICROSCOPY (FESEM)

The fixed samples were washed twice with TE buffer (20 mM tris, 2 mM ethylene-diamine-
tetraacetic acid (EDTA), pH 6.9). Bacterial cells were attached onto poly-L-lysine coated cover
slips (12 mm in diameter) for 15 minutes, fixed with 1% (v/v) glutaraldehyde in TE buffer, washed
twice with TE buffer and dehydrated with an increasing concentration of acetone (10, 30, 50, 70,
90, 100% (v/v)) on ice for 15 minutes each. Samples in 100% acetone were handled at room

temperature and transferred one more time to 100% acetone. Afterwards, samples were subjected
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to critical-point drying with liquid CO, (CPD 030, Bal-Tec). Dried samples were mounted with
carbon adhesive tape onto aluminium stubs and coated with an approximately 8 nm thick gold-
palladium film by sputter coating (SCD 500 Bal-Tec) before examination in a field emission
scanning electron microscope (Zeiss Merlin) using the Everhart-Thornley SE-detector alone or

coupled to the Inlens SE-detector in a 75:25 ratio at an acceleration voltage of 5 kV.

5.4.2. EMBEDDING IN LRWHITE RESIN AND TRANSMISSION ELECTRON

MICROSCOPY (TEM)

Fixed bacteria were centrifuged and the resulting cell sediment was mixed with an equal volume
of 1.75% (w/v) water agar. After solidification the agar was cut into small cubes and dehydrated
with an increasing concentration of ethanol in 30 minutes (10, 30, 50% (v/v)) steps on ice. Samples
were incubated in 70% ethanol with 2% uranyl acetate overnight. Samples were dehydrated with
90% and 100% ethanol. This step was repeated twice before the samples were infiltrated with one
part 100% ethanol and one part LRWhite resin (London resin Company) overnight. Next, samples
were infiltrated with one part 100% ethanol and two parts LRWhite resin for 24 hours and
subsequently infiltrated with pure LRWhite resin with two exchanges over two days. Then 1 pl
starter was added to 10 ml LRWhite resin, stirred and resin was transferred into 0.5 ml gelatin
capsules. After polymerization for four days at 50 °C, ultrathin sections were cut with a diamond
knife. Sections were counter-stained with 4% aqueous uranyl acetate (w/v) for one minute.
Samples were imaged using a Zeiss TEM 910 transmission electron microscope at an acceleration
voltage of 80 kV at calibrated magnifications. Images were recorded digitally at calibrated
magnifications with a Slow-Scan CCD-Camera (ProScan, 1024 x 1024) with ITEM-Software
(Olympus Soft Imaging Solutions).

5.5.  SAMPLE PREPARATION FOR GLOBAL IDENTIFICATION AND LABEL-FREE

QUANTIFICATION USING GELC-MS/MS

To address the global impact and physiological relevance of StkP and PhpP the WT, AstkP, AphpP
a qualitative and quantitative global proteome analysis using one-dimensional sodium dodecyl
sulfate-polyacrylamide gel electrophoresis followed by liquid chromatography-tandem mass

spectrometry (GeLC-MS/MS) was performed.

5.5.1. CELL HARVEST AND CELL DISRUPTION

For classical proteome analysis applying a label-free quantification strategy, pneumococci grown
in THY medium were harvested in the exponential growth phase at ODgoonm 0.4 - 0.45 and in the

stationary growth phase at ODgoonm 2.1 - 2.5. Bacteria grown in RPMI modi medium were
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harvested in the exponential growth phase at ODgoonm 0.3 - 0.35 and two hours after reaching the
stationary growth phase at ODgoonm 0.75 - 1.1. Pneumococci were harvested by centrifugation
(4,500 x g, 10 min, 4 °C) and washed three times with ice cold 1x PBS supplemented with 1%
(w/v) choline chloride and 1x cOmplete protease inhibitor cocktail according to the manufacturer’s
protocol. The bacterial sediments were suspended in 750 pl Tris-EDTA buffer. Bacterial cell
disruption was performed by bead beating with a Precellys homogenizer (6,000 rpm, 9 x 30 sec,
4 °C). Glass beads and cell debris were removed by subsequent centrifugation steps (5,000 x g,

15 min, 4 °C; 10,000 x g, 45 min, 4 °C).

Table 5-6: Buffers and substances used for cell harvest and cell disruption

Buffer/substance Composition/source Resolvent
. 137 mM NaCl, 2.7 mM KCI, 80 mM
1x PBS (phosphate buffered saline) A. dest
Na,HPOs, 1.8 mM KH,PO,, pH 7.4
cOmplete™, EDTA-free Protease F. Hoffmann-La Roche AG, Basel, PBS
Inhibitor Cocktail Switzerland
Tris-EDTA 50 mM tris-HCI, 10 mM EDTA, pH 7.4 A. dest

5.5.2. DETERMINATION OF PROTEIN CONCENTRATION

The determination of protein concentrations was carried out with the Bradford assay (Bradford
1976) using Roti-Nanoquant according to the manufacturer’s protocol. In brief, an appropriate
sample volume was filled up to 200 pl with 4g. dest and mixed in a cuvette with 800 ul 1x Roti-
Nanoquant solution. The absorbance of the samples was measured after an incubation time of 5
minutes at 590 nm and 450 nm against Aq. dest. The BSA calibration curve with known protein
concentration (1 —40 pg/ul) was measured in parallel. By means of the calibration curve the
protein concentration of the samples could be ascertained using the quotient of the sample values
measured at 590 nm and 450 nm. All measurements were conducted in triplicates and samples

were diluted appropriately to fit into the range of the standard curve.

5.5.3. SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS

The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli 1970) is
used to separate proteins according to their molecular weights. In this study the electrophoresis
was performed using the Criterion™ (BioRad) system with 4 — 20 % gradient TGX™ precast
separation gel (BioRad).
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Table 5-7: Solutions, substances and buffers used for SDS-PAGE

Solution/substance/buffer Composition/source Resolvent

100 mM Tris-HCI, 4% SDS, 20% glycerine,

2x Laemmli sample buffer 4% 2- mercaptoethanol, 0.05% bromophenol blue, A. dest
pH 6.8

10x SDS running buffer 0.23 M Tris, 1.92 M glycine, 1% SDS A. dest

Fixing solution 40% ethanol, 10% acetic acid A. dest

Coomassie stock solution 5% Coomassie Brilliant Blue G-20 A. dest

2% Coomassie Brilliant Blue dye stock solution,
Colloidal Coomassie stock solution 10% ammonium sulphate, 1.2% phosphoric acid A. dest
(75%)

80% Colloidal Coomassie stock solution,
20% methanol

Colloidal Coomassie stain

Samples in 30 pl 2x Laemmli sample buffer were loaded into the gel wells. Loaded gels were
placed into the electrophoresis cell, which was filled up with 1x SDS running buffer.
Electrophoresis was performed at constant voltage of 150 V for approximately 1 hour at room
temperature. After electrophoresis, proteins were fixed in 25 ml fixing solution for at least 30 min.
All incubation steps took place on an orbital shaker. After removing the fixing solution, gels were
washed in 4q. dest and dyed with 25 ml colloidal Coomassie stain overnight. Gels were then
washed with Aq. dest to reduce background color. The gel was documented using a scanner and

stored until further processing at 4 °C.

5.5.4. IN-GEL PROTEIN DIGESTION

Table 5-8: Solutions used for in-gel protein digestion

Solution Composition/source Resolvent

200 mM ammonium bicarbonite,

Washing solution o
30% acetonitrile (HPLC grade)

Trypsin 2 ng/ul Sequencing Grade Modified Trypsin ~ ASTM typel water

For the qualitative and quantitative analysis of the pneumococcal proteome, samples were
fractionated by electrophoresis as described above. The resulting gel lanes were subdevided into
10 pieces. The protein bands were cut using a scalpel into approximately 2 x 2 mm pieces and
transferred into low protein binding tubes (Bonn et al. 2014). Gel pieces in tubes were washed at
least three times with 700 pl of the washing solution at 37 °C for 15 min with shaking (1100 rpm)

to remove salt and non-proteinogenous contaminants. After the last washing step, the solution was
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discarded and the gel pieces were dried in a vacuum centrifuge at 30 °C. The dried gel pieces were
rehydrated with an aqueous solution of trypsin and incubated for 15 min at room temperature.
Then, any excess of trypsin solution was removed and the gel pieces in tubes were incubated
overnight at 37 °C, placing the reaction tubes upside down. Afterwards, the resulting peptides were
eluted in ASTM typel water (approximately 20 pl) and therefore incubated in an ultrasonic bath
for 15 min. Tubes were centrifuged for 30 sec at 10000 x g and the supernatant containing the
peptides was transferred into MS sample vials with glass inserts. To assure equal sample volumes,
the peptide mixture was dried in a vacuum centrifuge and then resolved in 10 pl water with 0.1%

acetic acid (LC-MS grade). The samples were stored at -80 °C until LC-MS/MS measurement.

5.6. SAMPLE PREPARATION FOR PHOSPHOPROTEOME ANALYSIS

5.6.1. CELL HARVEST AND CELL DISRUPTION

Table 5-9: Buffers and solutions used for cell harvest and cell disruption

Buffer/solution Composition/source Resolvent

1x PBS (phosphate buffered 137 mM NacCl, 2.7 mM KCl, 80 mM Na,HPOg, 1.8 A dest

saline) mM KH,PO,, pH 7.4

cOmplete™, EDTA-free .

Protease Inhibitor Cocktail F. Hoffmann-La Roche AG, Basel, Switzerland PBS

Tris-HCI buffer 50 mM tris-HCI, pH 7.4 A. dest
10 mM sodium fluoride, 5 mM sodium vanadate,

Phosphatase inhibitors 5 mM glycerol pyrophosphate, 5 mM sodium Tris-HCI
pyrophosphate

Nuclease mix Nuclease mix, GE Healthcare, Freiburg, Germany

Octyl B-d-glucopyranoside, Sigma Aldrich Chemie

Octyl B-d-glucopyranoside
ctyl B-d-glucopyranosi GmbH, Steinheim, Germany

For phosphoproteome experiments, pneumococci were harvested at mid-exponential growth phase
by centrifugation as described in 5.5.1. and washed three times with ice cold PBS, pH 7.4
containing 0.1% choline chloride and a protease inhibitor cocktail. Harvested bacteria were
resuspended in 50 mM tris-HCI buffer, pH 7.4, supplemented with phosphatase inhibitors and
disrupted as described for the GeLC-MS/MS proteome samples. Afterwards, the suspension was
treated with 1 x Nuclease Mix for 20 min at RT and with 1% Octyl B-d-glucopyranoside before
cell debris and glass beads were removed by two centrifugation steps (5,000 x g, 15 min, 4 °C;

10,000 x g, 45 min, 4 °C).
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5.6.2. DETERMINATION OF PROTEIN CONCENTRATION AND PROTEIN

PRECIPITATION

The protein concentration was determined as described in 5.5.2. to ensure the precipitation of
50 mg protein for each sample for the classical phospho-analysis protocol and 5 mg for the
modified SCX-free workflow. To remove interfering agents such as lipids, nucleic acids from the

protein samples an acetone precipitation or a methanol/chloroform precipitation was performed.

For the acetone precipitation protein samples were transferred into new tubes and six volumes of
pre-chilled (-20 °C) acetone were added. The protein-acetone mixture was mixed thoroughly and
frozen at -20 °C. The precipitation was proceeded for at least 8 hours up to overnight. After
precipitation the samples were centrifuged for 30 min with 13000 x g at 4 °C. The tubes were
inverted carefully to decant the acetone without disturbing the protein pellet. For drying, the pellet

was left for 15 - 20 min under the clean bench.

For the methanol/chloroform precipitation, the samples were mixed with four volumes of methanol
and briefly mixed using a vortexer. Then 1 volume of chloroform was added and the samples were
briefly mixed by vortexing. Afterwards, the samples were mixed with three volumes of ASTM
type 1 water and centrifuged for 5 min at 1000 x g. The aqueous phase was discarded and the
samples were mixed with four volumes of methanol and again centrifuged for 5 min at 1000 x g.

The methanol was removed and the precipitated proteins were dried for approximately 25 - 30 min.

5.6.3. IN-SOLUTION DIGESTION OF PROTEINS

Table 5-10: Buffers and solutions used for in-solution digestion of proteins

Buffer/solution Composition/concentration Resolvent
Tris-HCI 10 mM tris-HCI, pH 8.0
. . ASTM type 1
Ammoniumbicarbonate 50 mM NH4HCO3
water
o . ASTM type 1
1,4-Dithiothreitol (DTT) 1 MDTT
water
Iodoacetamide (IAA) 550 mM TAA, 50 mM ammoniumbicarbonate
Denaturation buffer 6 M Urea/ 2 M Thiourea, 10 mM Tris-HCI, pH 8.0
Reduction buffer IM DTT, 50 mM ammoniumbicarbonate
Alkylation byffer 550 mM [AA, 50 mM ammoniumbicarbonate
LvsC 2 ng/pl Lysyl Endopeptidase, Mass Spectrometry ASTM type 1
s
Y Grade water
. . . . ASTM type 1
Trypsin 1 ng/ul Sequencing Grade Modified Trypsin .
water
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The precipitated protein pellets were dissolved in as low volume of denaturation buffer as possible
(5 mg protein in 100 pl buffer; 50 mg protein in 1 ml buffer). In the next step reduction buffer was
added to final concentration of 1 mM DTT and the samples were incubated at room temperature
for one hour shaking in the dark. Afterwards, the samples were mixed with alkylation buffer to a
final concentration of 5.5 mM IAA and incubated one hour at room temperature shaking in the
dark. During these steps the pH was checked and if necessary adjusted to 8.0 with 1M NaOH or
IM HCI. Per 100 pg protein 1 pg endoproteinase LysC was added and the protein samples were
digested for 6 hours at room temperature on a shaker. For the tryptic digestion the samples were
diluted with four volumes of ASTM type 1 water and the pH was adjusted again before 1 pg trypsin
per 100 pg protein was added. The digestion was performed overnight at room temperature on a

shaker.

5.6.4. SCX PRE-FRACTIONATION OF PHOSPHOPROTEOME SAMPLES

Table 5-11: Solutions used for SCX pre-fractionation

Solution Composition/source Resolvent
5 mM potassium dihydrogen phosphate, 30% acetonitrile,

SCX solvent A H2.7 A. dest
pH 2.

5 mM potassium dihydrogen phosphate, 30% acetonitrile,
SCX solvent B . ) A. dest
350 mM potassium chloride, pH 2.7

For the classical analysis of phosphorylated peptides, 50 mg protein were prepared for
phosphopeptide enrichment by using strong cation exchange (SCX) chromatography and titanium
dioxide beads according to Olsen and Macek (2009) (Olsen and Macek 2009). The digested protein
mixture was acidified to pH 2.7 with trifluoroacetic acid, incubated 15 min at room temperature
and centrifuged (15 min, 1000 x g) to remove any precipitate that might be formed. The
supernatant was load onto an equilibrated 1 ml SCX column in SCX solvent A at a flow rate of
1 ml/min. The flow-through was collected. The bound peptides were eluted with a linear gradient
of 0 - 30% of SCX solvent B in 30 min at a flow rate of 1 ml/min. 2 ml fractions were collected.
After the sample run, the SCX column was washed with five column volumes of 100% SCX

solvent B.

5.6.5. ENRICHMENT OF PHOSPHOPEPTIDES WITH TITANIUM DIOXIDE BEADS

The classical workflow for the phosphoproteome analysis includes a sample fractionation with
strong cation exchange (SCX) chromatography, which requires an amount of 50 mg protein per
sample. To decrease the amount of necessary cell material, a modified protocol without an SCX

prefractionation was applied.
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Table 5-12: Solutions and substances used for phosphor-peptide enrichment with titanium dioxide

beads

Solution/substances Composition/source Resolvent

Titanspere beads Titansphere beads (Titanium dioxide) 10 pm,
(TiO) GL Sciences

30 mg/ml 2,5 dihydrobenzoic acid (DHB), 80%
acetonitrile in ASTM type 1 water

Loading solution

Loading solution

) . 30% acetonitrile, 3% trifluoroacetic acid, in ASTM type
Washing solution | { wat
water

80% acetonitrile, 0.1% trifluoroacetic acid, in ASTM

Washing solution II
type 1 water

40% of ammonium hydroxide solution (aq. NH3 (25%))
in 60% acetonitrile, pH > 10.5

Elution solution

ASTM type 1

Solution A 1% acetonitrile, 0.5% trifluoroacetic acid .
water

For the classical phosphopeptide enrichment approach (Olsen and Macek 2009), resulting SCX
fractions with low peptide amounts were pooled. Each sample, including the flow-through, was
incubated with TiO beads separately (5 mg TiO beads per sample). The beads were resuspended
in a required volume of loading solution (50 pl per 5 mg beads) and incubated 10 min at room
temperature, shaking. Aliquots containing 5 mg of TiO beads slurry were added to each sample.
After an incubation time of 30 min in an orbital shaker in the dark at room temperature, the samples
were centrifuged (10000 x g) and the supernatant was discarded. The beads were washed with 1 ml
Washing solution I for 10 min in the shaker and centrifuged 2 min (10000 x g). The supernatant
was removed and the beads were washed 10 min with Wash solution II followed by 2 min
centrifugation with 10000 x g and the removal of the supernatant. The beads were resuspended in
50 ul Washing solution II and the slurry was transferred to prepared Cg mircocolumns (3 x 1 mm?
pieces of Empore Cg material were placed into a 200 pl pipette tip) and centrifuged with 1000 x g.
The flowthrough was discarded. Each sample was eluted three times with 100 ul of Elution
solution with maximum 1000 x g. Finally, the eluates were dried in the vacuum centrifuge to 5 pl

and acidified with Solution A.

In case of the modified, SCX free workflow, the digested protein mixture was acidified to pH 2.7
with trifluoroacetic acid, incubated 15 min at room temperature and centrifuged (15 min, 1000 x g)
to remove any precipitate that might be formed. The supernatant was repetitively incubated with
TiO beads to collect nine enrichment fractions. Therefore, beads were suspended in a required

volume (50 pul per 5 mg beads) of loading solution and incubated for 10 min at room temperature
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in an orbital shaker in the dark. Afterwards, TiO beads were added to each sample. Following bead

to peptide ratios were used for the enrichment:
5 mg TiO; beads/1 mg protein = fraction 1
3 mg TiO; beads/1 mg protein = fraction 2
1 mg TiO; beads/1 mg protein = fraction 3

This procedure was repeated twice. After incubation for 15 min in an orbital shaker (in the dark,
room temperature), the samples were centrifuged (10,000 x g, 2 min, room temperature) and the
supernatant was discarded. The beads were washed twice with each Washing solution and eluted

three times using Cg-microcolumns as described above.

5.7. MASS SPECTROMETRIC ANALYSIS

All proteomic samples were analyzed by reversed phase liquid chromatography (LC) electrospray
ionization (EST) MS/MS using an LTQ Orbitrap Velos (Thermo Fisher Scientific). In-house self-
packed nano-LC columns (100 um x 20 ¢cm) containing reverse-phase Cig material (3.6 um, Aeris,
phenomenex) were used to perform LC with an Easy-nLC1000 system (Thermo Fisher Scientific).
The peptides were loaded with solvent A (0.1% acetic acid (v/v)). Subsequently, the peptides were
eluted by a non-linear binary gradient of 80 minutes from 5% to 99% solvent B (0.1% acetic acid
(v/v), 99.9% ACN (v/v)) in solvent A at a constant flow rate of 300 nl/min. After injection of non-
enriched proteomic samples into the mass spectrometer, a full scan was recorded in the Orbitrap
(m/z 300 - 1,700) with a resolution of 30,000 at 400 m/z. The twenty most abundant precursor ions
were consecutively isolated in the linear ion trap and fragmented via collision-induced dissociation
(CID). Unassigned charge states as well as singly charged ions were rejected and the lock mass
correction was enabled. Selected ions were fragmented with 35% normalized collision energy
(NCE) and analyzed in data-dependent MS/MS in the linear trap quadrupole (LTQ).

During the measurement of the phosphopeptide-enriched samples a full scan with a resolution of
60,000 at 400 m/z was recorded in the Orbitrap (m/z 300 - 2,000). The twenty most abundant
precursor ions were fragmented via CID and recorded in the LTQ analyzer. Lock mass correction,
wideband activation and multistage activation at -97.98, -48.99, -32.70 and -24.49 Th were
enabled.

5.8. DATABASE SEARCH AND LABEL-FREE QUANTIFICATION

For classical database search, spectra were searched separately for each strain with MaxQuant
(1.6.1.0, Max Planck Institute of Biochemistry, (Cox and Mann 2008)) and its implemented search
engine Andromeda (Cox et al. 2011) against the S. pneumoniae D39 database from UniProt (2017)
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containing 1,918 proteins. Parameters for precursor mass deviation were set to 4.5 ppm and 0.5 Da
for fragment mass tolerance. A false discovery rate (FDR) of 0.01 on protein, peptide and spectra
level was applied as well as a minimum peptide length of seven amino acids and two unique
peptides per protein. Full tryptic specificity with a maximum of two missed cleavage sites was
applied. Variable modifications were oxidation on methionine (M) and N-terminal acetylation
(Protein N-term). The label-free quantification option LFQ was activated (min. ratio count set to
two) as well as the option “match between runs” for the biological replicates of each strain.

Furthermore, MaxQuant’s generic contamination list was included.

For shot gun proteomic data analyses the software Perseus 1.6.1.1 (Tyanova et al. 2016) was used.
The data from MaxQuant output files were filtered for contaminations, reverse and only identified
by site hits (Supplementary material - Electronic appendix: Perseus). The quantification of
comparative proteome analysis of D39Acps wild-type and mutants was based on MaxQuant’s LFQ
intensities (Cox et al. 2014). Proteins were considered for quantification if an LFQ value was
present in all three biological replicates of each strain. Data were normalized over the median in
Microsoft Excel. Statistical evaluation of quantified proteins was performed using RStudio
(version 3.5.0) and the SAM (Significance analysis of microarrays (Tusher et al. 2001)) script by
Michael Seo (https://github.com/MikeJSeo/SAM) with the implemented two-class unpaired test,
which is analogous to a t-test between subjects. The input data tables can be found in the
Supplementary material - Electronic appendix: SAM. Differentially expressed proteins with a
minimum fold change of two and a g-value < 0.01 were considered as significantly regulated. The
results were visualized in Voronoi tree maps (Bernhardt et al. 2013) using the software Paver 2.0

(DECODON) as previously described in Hoyer ef al. 2018 (Hoyer et al. 2018).

5.9. CONSTRUCTION OF A SPECTRAL LIBRARY AND SPECTRAL LIBRARY

SEARCH FOR PHOSPHOPROTEOMICS

For generation of the combined spectral library 908 .raw files of S. pneumoniae samples available
from a defined set of experiments were considered (Supplementary material - Electronic appendix:
- Overview of data sets and raw files). First, all samples were searched against the S. pneumoniae
D39 database from UniProt (1,918 proteins, 2017) with Sorcerer — SEQUEST 4.0.4 (SageN). For
the respective parameter files, precursor mass tolerance was set to 10 ppm and fragment mass
tolerance was set to 1.0005 Da (CID). Full tryptic specificity with a maximum of two missed
cleavage sites was considered as well as variable modifications like oxidation on methionine,
carbamidomethylation on cysteine and phosphorylation on serine (S), threonine (T) and tyrosine
(Y). For SILAC samples an additional search with static modifications on lysine (Lys Ci3Nis (K),
8.014199 amu) and arginine (Arg Ci3N;s (R), 10.008269 amu) was done. For further processing of
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the MS/MS data in .mzXML and .pep.XML format from the Sorcerer output the Trans Proteomic
Pipeline (TPP, 5.1.0-rc1 Sysygy, 2017) was applied.

Spectral library creation was performed according to Schubert ef al. (2015) (Schubert et al. 2015)
with slight modifications. Briefly, spectra and their particular identifications retrieved from all files
were linked together and entries from all datasets were combined to interact.pep. XML files
(InteractParser) (Figure 5-1A). Afterwards, the PeptideProphet algorithm was applied to calculate
the false discovery rate (FDR) of the merged searches on peptide level.

The following settings were used:

=>» minimum peptide sequence length: seven amino acids
=» use accurate mass binning, using: ppm
=> use decoy hits to pin down the negative distribution

=> ignore charge states: 1" and higher than 4.

Then spectra containing no phosphorylated amino acids were imported to build a raw spectral
library if they had a calculated probability of at least 0.99. In parallel a raw library containing
spectra with S/T/Y phosphorylated amino acids and with a probability of at least 0.95 was built.
Within this step, spectra assigned to the same peptide ion identification were merged and a single,
representative “consensus” spectrum for a particular “peptide species” was generated. Consensus
spectra of phosphorylated peptides were then subjected to manual validation and only spectra

conformed five out of six quality criteria were considered for the library.
Following filter criteria were used for manual review of spectra:

Identified fragments should not be within clusters of masses.

No more than three dominating unassigned peaks (u) should be in a spectrum.
Fragment intensities should be sufficiently above the signal to noise threshold (S/N).
Peptide fragments should be detected with and without phosphorylation (-PO3).

At least three fragments should be detected post-phosphosite.

AU S

The phosphosite itself (Ph) should be identified within a spectrum.

The illustration in Figure 5-1B exemplifies the listed filter criteria for manual validation. The
whole procedure of data processing and validation was repeated to build two raw libraries with the
spectra of the SILAC samples which contain the heavy labeled amino acids lysine and arginine.
Overall, four raw libraries were built: 1% including non-phosphorylated spectra; 2™ including
non-phosphorylated spectra of SILAC samples; 3™: including phosphorylated spectra; 4
including phosphorylated spectra of SILAC samples. Afterwards, the four raw libraries were
combined and filtered for contaminations and reverse hits. The final spectral library for

phosphorylation-centered searches was then extended with the same number of spectra as decoy
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hits generated by a random mass shift of the precursor and shuffling the peptide sequence (Yen et
al. 2011). Finally, phospho-enriched samples of D39Acps, D39AcpsAstkP and D39AcpsAphpP
were searched against the combined spectral library using SpectraST (Supplementary material -
Electronic appendix: Spectral library S. pneumoniae D39) Search results were combined to

interact.pep.xml files and filtered for probability of at least 0.95.

A B
(908)
Sorcerer search
(Sequest)

P
Peptide Prophet l /

“interact.pep.XML“
files — one file

Intensity

per raw file
l SpectraST ‘
“.splib” files only “.splib” files SIN
non-phosphorylated only phosphorylated

spectra consensus spectra

(4,715,760; p 2 0.99) (1,319; p 2 0.95)
SpectraST Manually validated >
spectra z
£

SpectraST l

Non-phosphorylated Phosphorylated
consensus spectra consensus spectra
(23,140; p 2 0.99) (504) S/N

Final spectral
library

Figure 5-1: Workflow for spectral library creation (Hirschfeld et al. 2019). The particular data-
processing steps of the spectral library generation are depicted in part A of the figure. All spectra belonging
to the phospho-library were validated manually. Illustration B represents a discarded (upper spectrum) and
a kept spectrum (lower spectrum) according to the applied filter criteria. For unambiguous spectrum
identification, five of the six listed criteria had to be fulfilled (see main text). In the upper spectrum, peak
clusters, unassigned peaks (u) as well as identified peaks not sufficient above or even below the signal to
noise ratio (S/N) are visible (b4, y6). Additionally, no fragment ion series, no fragments with neutral losses
or the phosphorylation site are assigned. In contrast to that, the lower spectrum displays a complete fragment
ion series, identification of the fragment including the phosphorylation site and fragments with a neutral loss
of phosphoric acid. Further, the signals of assigned fragment peaks are above the S/N range as well as only

a limited number of unassigned peaks is visible.
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6. RESULTS

6.1. GROWTH BEHAVIOR ANALYSIS OF S. PNEUMONIAE WT, KINASE AND

PHOSPHATASE MUTANT

Eukaryotic-type kinases have been implicated in regulating cell division, correct septum
progression and closure and thus bacterial growth in the pneumococcus and other pathogens
(Fleurie et al. 2014b; Beilharz et al. 2012; Agarwal et al. 2011; Beltramini et al. 2009). As bacterial
cell growth and division are closely linked, the strains were characterized by growth in the rich

THY medium and modified chemically defined RPMI 1640 medium (RPMI modi).

Comparing the growth behavior of the WT and the mutant strains in THY medium, there are no
significant differences visible (Figure 6-1). After a liquid pre-culture pneumococci grew
immediately in exponential phase directly after inoculation of pre-warmed THY medium omitting
a lag-phase in the main culture. Growth curves of all strains in THY medium were monitored for
360 minutes measuring the absorbance at 600 nm at different time points. The final ODggo was
reached after 180 - 200 minutes in all strains. The WT strain grew to an ODgo of 2.514 £ 0.03,
AstkP reached a maximal ODggo of 2.283 £ 0.06 and AphpP grew to an ODggo of 2.335 £+ 0.09.

Moreover, the growth of the different biological replicates was quite similar.

3.0 - 3.0 -
/ \\ THY RPMI
E \\ .
S ' S
3 0.3 S 03
[a) [a)
o (o]
—-— WT
— OstkP
AphpP
0.0 T T T | 0.0 T T T T T T ]
0 100 200 300 400 0 100 200 300 400 500 600 700
ODGOOnm ['] ODGOOnm [']

Figure 6-1: Growth of S. pneumoniae in THY and RPM modi medium after a liquid preculture. The
growth analysis was always performed in the same manner, but every cultivation was prepared independent

of each other. Three independent biological replicates for each strain were cultivated.

For the growth analysis of pneumococci in the chemically defined RPMI modi medium, the
cultivation was prepared identical to the cultivation in THY medium. In the main culture
pneumococci started growing in pre-warmed RPMI modi medium without a lag-phase. In general,

growth curves of all strains showed a delayed growth in RPMI modi medium in comparison to the
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complex THY medium. Therefore, the growth of pneumococci grown in RPMI modi medium was
monitored over 645 minutes measuring the absorbance at 600 nm at different time points.
Furthermore, pneumococci cultured in RPMI modi medium showed a later achievement of the
stationary phase and a lower final optical density. Additionally, pneumococci grown in RPMI modi
medium had a stable stationary phase for more than three hours, whereas pneumococci grown in
THY medium immediately start to lyse after reaching the final optical density. However, growth
of WT and AstkP was almost comparable in RPMI modi medium, whereas AphpP showed
diminished growth in comparison to the WT and the kinase mutant and reached a lower final
optical density. In the early exponential phase, the kinase mutant grew slightly faster than the WT.
n the end, the WT strain grew to a final ODgoo of 1.022 + 0.05, AstkP reached a maximal ODggo of
0.894 + 0.03 and AphpP grew to an ODggo of 0.768 £ 0.02.

All in all, the growth analysis of the pneumococcal WT, the kinase and the phosphatase mutant

revealed a dissimilar growth behavior of the strains in the different cultivation media.

6.2. MORPHOLOGICAL CHARACTERIZATION OF S. PNEUMONIAE W'T, KINASE

AND PHOSPHATASE MUTANT BY ELECTRON MICROSCOPY

The analysis of cell morphology and cell division of pneumococci applying field emission
scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) revealed

different phenotypes of the investigated strains cultivated in RPMI modi and THY medium.

The electron microscopic analysis of pneumococci cultivated in the chemically defined
RPMI modi medium disposed remarkable differences in chain formation, cell separation and cell
division septa morphology between WT, AphpP and AstkP (Figure 6-2). While cells of AstkP were
more separated in comparison to the WT and were forming rarely only short chains, pneumococci
of AphpP were forming aggregates. The cells of AstkP seemed to be perturbed in the progression
of the septa during the cell division, often displaying elongated morphologies. The cell morphology
of AphpP was unusual as well. Cell division was highly impaired, most of the pneumococcal cells
were forming multiple asymmetric septa and were not properly separated. Furthermore, pictures
derived from TEM analysis of AphpP revealed the DNA (light structure) to be delocalized and
widely spread over the cell and not as dense as in WT cells.

Pneumococci grown in THY medium show less severe abnormalities in cell separation and cell
shape in comparison to pneumococci grown in RPMI modi medium (Figure 6-2 and Figure 6-3).
Nevertheless, the electron microscopic pictures of pneumococci cultivated in THY medium
generated from FESEM analysis show increased chain formation especially in the AphpP mutant
but also in the AstkAP mutant in comparison to the non-encapsulated WT (Figure 6-3). Transmission

electron microscopy pictures did not display conspicuous features of the pneumococcal cells.
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Pneumococci of all strains were intact and not impaired in septum formation and septum
progression and cell division. The shape of the pneumococcal cells was not affected as well.
Furthermore, the DNA (light structure within the cells) appeared to be dense and it was localized

in the center of each coccus displaying no obvious abnormalities.

FESEM TEM

Figure 6-2: Microscopic analysis of WT, AstkP and AphpP morphology (Hirschfeld et al. 2019). The

morphological characterization of all strains grown in RPMI modi medium by field emission scanning
electron microscopy (FESEM) and transmission electron microscopy (TEM) pointed out that cell division

and cell separation were abnormal in both mutants.

" -
»

tkP

FESEM TEM

Figure 6-3: Microscopic analysis of WT, AstkP and AphpP morphology. The morphological

characterization of all strains grown in THY medium by field emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM) indicated differences in chain formation in both

mutants compared to the WT strain.
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6.3. GLOBAL PROTEOME ANALYSIS OF WT, KINASE AND PHOSPHATASE

MUTANT

In order to determine changes on proteome level in pneumococci deficient for StkP and PhpP, an
in-gel digestion coupled with mass spectrometric analysis (GeLC-MS/MS) based qualitative and
quantitative analysis was performed. Therefore, bacteria grown in THY medium and in
RPMI modi medium were harvested in the exponential growth phase and in the stationary growth
phase. Nevertheless, pneumococci cultivated in the chemically defined medium RPMI modi
displayed a long-standing stationary growth phase in comparison to pneumococci grown in THY
medium where cell lysis occurred right after reaching the maximal OD (Figure 6-1). Since it is
known that the outcome of a proteomic study is highly influenced by the sample preparation, it has
to be ensured that all biological samples for the same analysis are harvested in the same state or at
the same time-point. Otherwise, changes in the protein composition of biological samples might
arise, which lead to an increase in the variance between the samples making a comparison less
exact and less statistically significant. Due to the different growth behavior of pneumococci in
THY and RPMI modi medium it was not possible to synchronize the time-points for sample harvest
adequately over all experiments for a comparative proteome analysis. However, the approaches
conducted in this work aimed at deciphering the influence of StkP and PhpP on cellular physiology
through the determination of changes on proteome level in the pneumococcal mutants deficient for
StkP or PhpP in comparison to the proteome of the WT strain. Hence, the proteomic investigations
were performed separately with pneumococci cultured in two different media (THY and
RPMI modi) and harvested in different growth phases. Thus, the focus was set on the comparison

of each mutant to the WT separately in every condition.

6.3.1. QUALITATIVE PROTEOME ANALYSIS OF ASTKP, APHPP AND WT

The overall global proteome analysis executed in this work resulted in the high-confidence
detection of 1348 pneumococcal proteins in total, identified with at least two unique peptides in a
sample, representing 70 % of the annotated proteome of S. pneumoniae strain D39 (1,918
annotated proteins). Still, 570 annotated proteins remained not detected in this study (Figure 6-4).
All in all, slightly more proteins were identified in pneumococci grown in RPMI modi medium
(1,298 proteins) in comparison to the identification numbers of pneumococci cultivated in THY
medium (1,250 proteins). Out of the 1,348 identified proteins, 98 proteins were exclusively
identified in the strains cultivated in RPMI modi medium and 50 proteins were only identified
using THY medium for pneumococcal growth. Moreover, there is no notable difference between

the WT and the mutant strains comparing the pure protein identification numbers. Also the protein
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identification numbers of each strain regarding the time-point of harvest, in this case exponential

and stationary growth phase, are quite comparable.

Proteome coverage RPMI

98

THY

1,348

identified proteins

$

70% of annotated
D39 proteome

Exponential phase Stationary phase

WT AstkP~ AphpP | WT AstkP AphpP

RPMI | 1,149 1,104 1,156 | 1,131 1,149 1,136

THY | 1,132 1,080 1,174 | 1,113 1,035 1,154

Figure 6-4: Global identification results. Venn diagrams including identification numbers of
pneumococcal proteins identified by LC-MS/MS analysis of samples derived from pneumococci cultivated
in THY and RPMI modi medium. The corresponding table presents an overview of identification numbers
assigned to the investigated pneumococcal strains, the cultivation medium used and the growth phase of

bacterial cell harvest.

In order to define the distribution of identified proteins in WT, AphpP and AstkP in RPMI modi
and THY medium as well as in the different growth phases of cell harvest, the overlap of identified
proteins and single identifications in certain strains have been visualized in Venn diagrams (Figure
6-5). Under each condition 52 - 54% of the annotated pneumococcal proteins were identified
commonly in the WT, the phosphatase and the kinase mutant strain. From samples of pneumococci
cultivated in RPMI modi medium and harvested in exponential growth phase 1,245 proteins were
detected. 83% of these proteins were found in all three strains. 1,231 proteins were detected in the
samples of pneumococci harvested in the stationary growth phase. Out of these proteins, 85% were
commonly identified in WT, AphpP and AstkP.

The distribution of protein identifications of samples derived from pneumococci grown in THY
medium was almost comparable. 1,213 proteins were identified out of samples of pneumococci
grown until exponential phase. 86% of them were present in all strains. In samples of pneumococci
harvested in the stationary growth phase, 1,225 proteins were detected. Shared proteins comprised

81% among WT, AphpP and AstkP.
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Altogether, the identification results using LC-MS/MS analysis did not display notable

identification shifts in the distribution of proteins detected in the WT, the phosphatase mutant and

the kinase mutant.

exp
AphpP AphpP
exp THY stat
AphpP AphpP
17 7 35

Figure 6-5: Overview of distribution of identified proteins in WT, AphpP and AstkP. Venn diagrams

present the overlap of identified pneumococcal proteins in the investigated strains. The strain comparisons

are arranged due to the different cultivation media and time-points of cell harvest.
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6.3.2. LABEL-FREE QUANTITATIVE PROTEOME ANALYSIS OF ASTKP, APHPP

MUTANTS AND WT

For the characterization of the impact of StkP and PhpP on the cellular physiology of pneumococci,
a mass-spectrometry based label-free quantitative (LFQ) approach was performed. Thus, changes
on proteome level in the mutants AphpP and AstkP in comparison to the WT strain were
determined. The quantification was based on MaxQuant’s LFQ intensities (Cox et al. 2014).
Proteins with a calculated LFQ value in all three biological replicates of each strain were

considered for quantification.

All in all, the quantification efficiency was in the range of 83-96%. A detailed overview of the

protein identification and quantification numbers is given in Figure 6-6.
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Figure 6-6: Global quantification results in WT, AphpP and AstkP. The graphs present the distribution
of identified and quantified proteins within the analyzed strains grown in RPMI modi and THY medium
harvested in exponential and stationary growth phase. The quantification efficiency is labeled within the

graphs.

In order to evaluate the quality of the three independently generated biological replicates of the
pneumococcal strains under the different growth conditions, a Principal component analysis (PCA)
based on the quantitative data was examined (Figure 6-7). The PCA analysis revealed a clear
separation of the WT strain and the mutant strains ApspP and AstkP on proteome level in each

experiment. Clusters are formed by all three biological replicates. Moreover, the LFQ values of
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the biological replicates correlate as well under the different conditions (R?>0.94, Figure

10-1Figure 10-4) proving that the biological replicates are quite reproducible.
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Figure 6-7: Principal component analysis (PCA). PCA plots of quantitative data generated from samples
of S. pneumoniae strains cultivated in RPMI modi and THY medium and harvested in exponential and
stationary phase. X and Y axis depict principal component 1 and principal component 2 that explain x% and

y% of the total variance, respectively. N = 9 data points.

Within the LFQ analysis the mutants have been compared to the non-encapsulated wild type strain
D39Acps. Differentially abundant proteins with a minimum fold change (FC) of two and a
g-value < 0.01 were considered as significantly altered in abundance in the mutants in comparison
to the WT. Moreover, the significantly regulated proteins include “On” and “Off” proteins. So
called “On” proteins are proteins that were exclusively identified with at least two unique peptides
in three out of three biological replicates in the mutant strain but in none of the replicates of the
WT strain.

Proteins exclusively identified with at least two unique peptides in three out of three biological
replicates in the WT strain but in none of the replicates of the mutant strain are designated as "Off"
proteins. For further information regarding the impact of StkP and PhpP on particular biological
processes in the pneumococcus, all 1918 predicted proteins of S. preumoniae D39 were classified

into functional protein groups according to TIGRFAM (Haft et al. 2001) or KEGG-based

54



Results

(Kanehisa and Goto 2000) annotation (Supplementary material - Electronic appendix: Annotation
table - Streptococcus pneumoniae D39).

Altogether there was a higher number of significantly differentially abundant proteins detected in
the phosphatase mutant ApspP in comparison to the kinase mutant As#kP in the samples derived
from the cultivation in RPMI modi medium in both growth phases. In samples from pneumococci
grown in THY medium and harvested in the exponential phase it was also the case that more
changes were observed in AphpP/WT than in AstkP/WT (Figure 6-8). The number of significantly
changed proteins in pneumococcal samples from the stationary phase in the THY cultivation

approach was almost comparable between AphpP/WT and AstkP/W'T.
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Figure 6-8: Comparison of quantity of significantly differentially abundant proteins within the
analyzed pneumococcal strains. Within the analysis, the mutants were compared to the WT under the
investigated growth conditions. Differentially abundant proteins with FC>2 and a g-value <0.01 were
considered as significantly changed. The graphs visualize the number of significantly altered and “On/Off”

proteins.

Proteins with significantly altered abundances were observed in almost every functional main
group in both mutant strains in every condition (Figure 6-9). The quantitative functional
comparative proteome analysis conducted in this work revealed notable changes especially in
proteins belonging to the categories “Transport and binding proteins”, “Transcription”, “Protein
synthesis and protein fate”, “DNA and nucleotide metabolism” and “Central metabolism” in both
mutants in comparison to the WT under each investigated condition. Moreover, slight differences

were observed in the categories “Signal transduction”, “Regulatory functions”, “Energy
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metabolism” and “Cellular processes”. Furthermore, there is also a high percentage of significantly
changed proteins with yet unknown functions. Nevertheless, there is no functional category with
outstanding changes in the protein abundances under any condition in one of the mutants. The
global quantitative proteome analysis rather revealed changes in proteins attached to a broad range
of different cellular processes in the pneumococcal mutants deficient for StkP or PhpP in

comparison to the WT strain.
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Figure 6-9: Distribution of significantly differentially abundant proteins within the analyzed
pneumococcal strains. Within the analysis the mutants were compared to the WT under the investigated
growth conditions. Differentially abundant proteins with FC > 2 and a g-value < 0.01 were considered as
significantly changed. The graphs visualize the percentages of significantly altered proteins within the

functional main categories.

For a more detailed view on differences in the proteome pattern of the kinase and the phosphatase
mutant, AstkP and AphpP, all regulated proteins were clustered by a more specific functional
annotation in Voronoi treemaps (Figure 6-10 and Figure 6-11; Supplementary material - Electronic
appendix: Voronoi treemap collection). Within the treemap all tiles symbolize single proteins
which are colored according to their abundance in a divergent color gradient. Proteins involved in
the same biological process are clustered together. As already seen before, no distinct biological
process is found to be remarkably changed entirely in the proteome of the ApApP or AstkP mutant
in comparison to the WT. These data reflect the influence of StkP and PhpP in diverse cellular

processes.
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Figure 6-10: Comparison of protein abundances in AphpP/WT and AstkP/WT in samples derived from
pneumococci grown in RPMI modi medium. Voronoi treemaps of the quantified proteome data of
pneumococcal phosphatase and kinase mutant in comparison to WT assigned to specific functional sub roles.
Within the treemap all tiles symbolize single proteins which are colored according to their abundance in a
divergent color gradient. Turquoise cells indicate proteins that are less abundant or “Off” in the mutant in
comparison to the WT whereas higher abundant or “On” proteins are illustrated in orange. Grey fields
represent proteins that could not be quantified in the compared strains. Proteins involved in the same

biological process are clustered together.
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Figure 6-11: Comparison of protein abundances in AphpP/WT and AstkP/WT in samples derived from

pneumococci grown in THY medium. Voronoi treemaps of the quantified proteome data of pneumococcal

phosphatase and kinase mutant in comparison to WT assigned to specific functional sub roles. Within the

treemap all tiles symbolize single proteins which are colored according to their abundance in a divergent

color gradient. Turquoise cells indicate proteins that are less abundant or “Off” in the mutant in comparison

to the WT whereas higher abundant or “On” proteins are illustrated in orange. Grey fields represent proteins

that could not be quantified in the compared strains. Proteins involved in the same biological process are

clustered together.
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In samples cultivated in RPMI modi medium visible changes were detected in the cluster of
proteins belonging to the purine metabolism. Lower abundant proteins were found in both growth
phases in the kinase and in the phosphatase mutant in comparison to the WT. Furthermore, proteins
with less abundance were detected in the category presenting the two-component systems in
AphpP/WT or AstkP/WT, especially in the exponential growth phase but also in the stationary
growth phase. Proteins within the cluster of anions and cations and iron carrying compounds were
contrarily regulated in the mutants in RPMI modi medium in the exponential growth phase. While
in AphpP/WT a prominent part of the proteins was higher in abundance, in AstkP/WT most of the
proteins were less abundant or not changed. Furthermore, most of the ribosomal proteins were
lower abundant in ApapP/WT in samples derived from the exponential growth phase. In the kinase
mutant in AstkP most of the ribosomal proteins were less abundant in comparison to the WT.
Ribosomal proteins are closely linked to bacterial growth. This goes along with the observations
during the growth analysis of the strains (Figure 6-1). Pneumococci deficient for phpP grew
consistently slower than the WT or the kinase mutant AstkP. In contrast to that, the kinase mutant
AstkP grew slightly faster than the WT in the exponential growth phase. Pneumococci grown in
THY medium did not show notable growth effects during the cultivation. Still, ribosomal proteins
were less abundant in ApApP/WT in samples harvested in the exponential growth phase. In samples
harvested in the stationary phase no explicit difference in the ribosomal protein pattern was

observed in both mutants compared to the WT.
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6.4. IN-DEPTH ANALYSIS OF S. PNEUMONIAE W'T, KINASE AND PHOSPHATASE

MUTANT IN CHEMICAL DEFINED MEDIUM

Previous studies have shown that eukaryotic-type Ser/Thr protein kinases (ESTKs) like the
pneumococcal StkP as well as Ser/Thr phosphatases (ESTPs) such as PhpP function in diverse
parallel or overlapping signaling networks. Moreover, it is known that both, StkP and PhpP play an
essential role bacterial growth, cell division and cell separation. The global proteome analysis of
the WT and the mutants AstkP and AphpP conducted in this work already demonstrated an influence
of pneumococcal StkP and PhpP on a wide range of biological processes. However, morphological
effects like impaired cell division and cell separation in the mutants observed through electron
microscopy (Figure 6-2) could not be explained by changes in protein abundances on a global scale.
Therefore, an in-depth analysis of the proteome and in the following part especially of the
phosphoproteome was crucial to provide additional information of StkP and PhpP and their role in
pneumococcal physiology.

Hence, when aiming to compare and characterize the mutants and the WT focusing on changes in
protein abundances in distinct functional protein groups, it should be ensured that the most
favorable growth conditions and time-point of cell harvest is chosen. Thus, it was considered that
rich broth like THY medium provides optimal conditions during cultivation of pneumococci. There
is an excess of nutrients and rarely accumulation of byproducts. Nevertheless, rich broth is an
undefined medium. The amino acid source contains a variety of compounds but the exact
composition is unknown. So, rich broth is ins general used for the cultivation and maintenance of
bacteria kept in laboratory-culture collections. For the detailed characterization of the S.
pneumoniae WT, kinase and phosphatase mutant strains the chemically defined RPMI 1640
medium supplemented with an extra of defined nutritive substances was used for bacterial liquid
cultures. A medium with known quantities of all ingredients, which is further closer to cell culture
media for bacterial infection approaches was found to be a suitable starting point for fundamental
proteomic investigations which provide the basis for further research. In addition to that, the
detailed analysis of changes in the proteome pattern of the mutants in comparison to the WT was
performed with samples generated from pneumococci harvested in the exponential growth phase.
In this growth phase the growth conditions should be optimal for bacteria, because of the sufficient
availability of nutrients and less competition of bacterial cells. Indeed, within the exponential

growth phase pneumococci of each strain reached high growth rates.
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6.4.1. PROTEIN IDENTIFITATION AND LABEL-FREE QUANTITATIVE PROTEOMIC

ANALYSIS OF ASTKP, APHPP MUTANTS AND WT

For the detailed characterization of changes in the proteome pattern of the kinase mutant AstkP
and phosphatase mutant ApspP in comparison to the WT, an in depth examination of the data
obtained from the label-free quantification approach using GeLC-MS/MS was done. For this
analysis pneumococci of WT, and the mutants were cultivated in three independent biological
replicates. on different days using always freshly prepared RPMI modi medium. Bacteria were
harvested in the exponential growth phase and sample preparation was performed in parallel prior
to LC-MS/MS analysis. The evaluation of the quality of the biological replicates for this analysis
was depicted in 6.3.2. The square of the correlation coefficient, R?, for the biological replicates of
the WT was above 0.965, in case of AstkP > 0.949 and for the biological replicates of AphpP
>0.970 (Figure 10-1). That result proved that the variance between the biological replicates of
each strain is quite low. Furthermore, the performed PCA analysis based on the quantitative data
from the WT strain and the mutant strains AphpP and AstkP derived from samples of pneumococci
grown in RPMI modi medium and harvested in the exponential growth phase sowed that the strains
could be clearly distinguished on proteome level (see 6.3.2, Figure 6-7). For protein identification,
at least two unique peptides must have been detected per protein. Proteins with attached LFQ
values in three out of three biological replicates of each strain met the criteria for quantification.
For comparative proteome analyses, statistical significance was assessed by a two-class unpaired
test, analogous to a t-test between subjects.

All in all, 1,245 identified proteins were observed in this dataset (Figure 6-12A). Moreover, 1,070
proteins met the criteria for quantification, resulting in a quantification efficiency of 85.9%. Each
mutant strain was compared to the WT strain in this approach. A remarkably higher number of
proteins altered in abundance was found in the phosphatase mutant. In sum, 403 proteins were
significantly changed in AphpP/WT and only 313 proteins in AstkP/WT (Figure 6-12B). These
protein numbers consist of 156 higher abundant and 152 lower abundant detected proteins in
AphpP/W'T and additionally 46 “On” proteins and 49 “Off” proteins. “On” proteins were identified
exclusively in AphpP with at least two unique peptides in three out of three replicates but not in
the WT. On the other hand, “Off” proteins were identified only in the WT but in none of the
replicates of the phosphatase mutant. In the comparison AstkP/WT 129 higher abundant and 132
lower abundant proteins were detected. Furthermore, seven additional “On” proteins and 45 “Off”

proteins.
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Figure 6-12: Protein identification and label-free quantification results of AphpP/WT and AstkP/WT

in samples derived from pneumococci grown in RPMI modi medium (Hirschfeld et al. 2019). Part A

provides an overview of identified and quantified protein numbers within the GeLC-MS/MS approach. A

summary of proteins, that were significantly altered in abundance in AphpP/WT and AstkP/W'T is depicted

in part B. Part C sums up the absolute numbers of proteins belonging to the respective functional class and

significantly quantified in at three out of three replicates of the mutants/WT. Proteins with significantly

(9 <0.01) higher ratios (> 2x) were considered for the analysis.

To obtain further knowledge of the influence of StkP and PhpP on particular biological processes

in the pneumococcus, all 1918 predicted proteins of S. pneumoniae D39 were classified into
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functional protein groups according to TIGRFAM (Haft et al. 2001) or KEGG-based (Aoki and
Kanehisa 2005; Kanehisa and Goto 2000) annotation. As already seen before, in the overall global
proteome analysis, proteins that were significantly altered in abundance were present in almost
every functional group in the phosphatase mutant as well as in the kinase mutant (Figure 6-12C).

In general notable changes in the proteome of the phosphatase mutant were particularly found in
proteins classified into the functional categories “Transport and binding proteins”, “Protein
synthesis”, “Amino acid metabolism” and “Carbohydrate metabolism”, “DNA metabolism”,
“Metabolism of cofactors and vitamins” as well as “Transcription”, “Protein fate” and “Glycan
biosynthesis and metabolism”. Changes in the proteome of the kinase mutant were observed also
in proteins belonging to the categories “Transport and binding proteins”, “Protein synthesis”,
“Amino acid metabolism” and “Carbohydrate metabolism”, “Transcription”, “DNA metabolism”
as well as “Protein fate” and “Glycan biosynthesis and metabolism”. Nevertheless, also during this
examination there was no outstanding change in the abundance of the according to their main roles

categorized proteins in a specific manner in both comparisons, AphpP/WT and AstkP/WT.

6.4.2. CHANGES IN SPECIFIC FUNCTIONAL PROTEIN CLUSTERS IN

PNEUMOCOCCAL MUTANTS DEFICIENT FOR STKP AND PHPP

For a deeper insight into differences in the proteome pattern of szkP and phpP mutants all regulated
proteins were clustered by an even more specific functional annotation in Voronoi treemaps
(Figure 6-13 and Figure 6-14). Previous analysis was focussed on the main roles of the proteins.
Here, proteins were assigned to their functional sub roles. These approach paved the way to
uncover smaller, but more specified protein clusters that were influenced by the loss of function of
pneumoococcal StkP and PhpP. As previously mentioned, notable changes in the protein were
observed amongst others in the common category of “Transport and binding proteins. Within this
group, remarkable differences in the protein abundance in the mutant strains in comparison to the
WT were noticed especially in the cluster of proteins belonging to anions as well as cations and
iron carrying compounds. Furthermore, it was shown that proteins involved in the nucleotide
metabolism were affected primarily by the deletion of pipP. Now, more detailed, notable changes
were observed in the pyrimidine and purine metabolism. A group that was not prominent regarding
overall changes in protein abundances before, is the group of proteins which are involved in signal
transduction. But interestingly a more detailed view showed that there are significant changes in

protein abundances in the cluster “Two-component system”.
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Figure 6-13: Comparison of protein abundances AphpP/WT. Voronoi treemap of the quantified proteome
(1,070 proteins of the 1,918 theoretical proteins) of pneumococcal phosphatase mutant in comparison to WT
assigned to specific functional sub roles. Within the treemap all tiles symbolize single proteins (quantified
in AphpP and AstkP) which are colored according to their abundance in a divergent color gradient. Turquoise
cells indicate proteins that are less abundant or “Off” in the mutant in comparison to the WT whereas higher
abundant or “On” proteins are illustrated in orange. Grey fields represent proteins that could not be quantified
in this comparison. Proteins involved in the same biological process are clustered together. For a deeper
insight into changes of protein abundances in the cluster of anions, cations and iron carrying compounds, in
two-component systems as well as in pyrimidine and purine metabolism, the protein level is enlarged under

the overall treemaps.
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Figure 6-14: Comparison of protein abundances AStkP/WT. Voronoi treemap of the quantified proteome
(1,070 proteins of the 1,918 theoretical proteins) of pneumococcal kinase mutant in comparison to WT
assigned to specific functional sub roles. Within the treemap all tiles symbolize single proteins (quantified
in AstkP and AphpP) which are colored according to their abundance in a divergent color gradient. Turquoise
cells indicate proteins that are less abundant or “Off” in the mutant in comparison to the WT whereas higher
abundant or “On” proteins are illustrated in orange. Grey fields represent proteins that could not be quantified
in this comparison. Proteins involved in the same biological process are clustered together. For a deeper
insight into changes of protein abundances in the cluster of anions, cations and iron carrying compounds, in
two-component systems as well as in pyrimidine and purine metabolism, the protein level is enlarged under

the overall treemaps.
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6.4.2.1. PNEUMOCOCCAL PHOSPHATE UPTAKE SYSTEM PST IS AFFECTED BY

STKP AND PHPP DELETION

In the previous analysis it was already shown, that notable changes in abundance were observed
in proteins belonging to the category of “Transport and binding proteins”. The in-depth observation
of this category reavealed changes in the protein abundances especially when comparing the
phosphatase mutant with the WT in the functional protein groups of “Anions and cations and iron
carrying compounds”. Among others, the ABC transporter complex PstSCAB, which is involved
in phosphate import, showed a higher abundance in several proteins belonging to this mechanism
in the phosphatase mutant ApspP whereas these proteins were less abundant in the kinase mutant
AstkP compared to the WT (Figure 6-13 and Figure 6-14). In the pneumococcus there are two
evolutionarily separated phosphate ABC pump transporters, Pstl and Pst2, encoded. They function
in adaptation to different Pi concentrations in the human host (Zheng et al. 2016; Moreno-Letelier
et al. 2011; Lanie et al. 2007). In the pneumococcal chromosome the pst1-phoU1 and pst2-phoU2
operons are completely separated. All proteins included in the pst2 operon, namely PhoU2, PstA2,
PstB2 1, PstB2 2, PstBC2 and PstS2 were identified and quantified in the phosphatase mutant
AphpP. The phosphate import ATP-binding protein PstB2 1 (ATPase subunit 1) was significantly
higher in abundance in ApApP/WT (FC 2.3) and the membrane channel protein PstA2, a putative
phosphate ABC transporter, was identified only in the phosphatase mutant but not in the WT and
not in the kinase mutant AstkP. The phosphate import ATP-binding protein PstB2 2 (ATPase
subunit 2) (FC 1.5) and the putative phosphate ABC transporter proteins PstC2 (FC 1.8) and PstS2
(FC 1.6) were slightly more abundant in ApspP/WT, too. The phosphate-specific transport system
accessory protein PhoU2 (FC 1.2) did not reveal a remarkable change in abundance. In the kinase
mutant AstkP the putative phosphate-binding ABC transporter protein PstS2 was significantly less
abundant compared to the WT (FC -2.3). PhoU2 (FC - 1.5), PstB2 1 (FC -1.4) and PstB2 2 (FC -
1.5) were also slightly less abundant in AstkP/WT. In case of the pneumococcal inorganic
phosphate uptake system 1 just the phosphate-binding ABC transporter protein PstS1 was
identified only in the phosphatase mutant but neither in the WT nor in the kinase mutant.
Additional components of the pst1 operon were not detected in any of the strains.

Moreover, proteins, which do not directly participate in the phosphate homeostasis in the
pneumococcus but that play a role in the regulation of the intracellular concentration of other
cations were also affected: Within the adjacent cluster of cations and iron carrying compounds, the
sodium/hydrogen exchange family protein SPD 0569 and the copper homeostasis protein CutC
were detected exclusively in the phospatase mutant ApspP and not in the kinase mutant AstkP and
in the WT. Furthermore, the magnesium transporter CorA , the zink ABC transporter AdcC, the
potassium uptake protein TrkA (FC 2.03) and the cation-transporting ATPase SPD 1436 (FC 5.44)
were significantly higher abundant in ApApP/WT, but not significantly changed in abundance in
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AstkP/WT. Additionally, the iron-compound binding ABC transporter SPD 0915 (AphpP/WT FC
3.04; AstkP/WT FC 3.14) was significantly higher in abundance in both mutants.

6.4.2.2. SIGNIFICANT CHANGES IN PROTEIN ABUNDANCE IN PURINE AND

PYRIMIDINE METABOLISM IN APHPP AND ASTKP MUTANTS

The global proteome analysis conducted before in this work showed that especially in the
phosphatase mutant compared to the WT notable changes were visible in the abundance of proteins
involved in the nucleotide metabolism of pneumococci. This group comprises proteins assigned to
the purine and pyrimidine metabolism (Figure 6-13 and Figure 6-14). Another study presented that
ESTKs and ESTKPs were important for the accurate balance of purine nucleotide pools and the
regulation of purine biosynthesis (Rajagopal et al. 2005b). The data generated during this work
displayed that the adenylosuccinate synthetase PurA was significantly less abundant in both
mutants compared to the WT (AphpP/WT FC -2.6; AstkP/WT FC -7.4). PurA is the enzyme which
catalyzes the first dedicated step in the biosynthesis of adenosine monophosphate (AMP) from
inosine monophosphate (IMP). Other proteins that participate in the de novo purine biosynthesis
(PurC, PurF, PurM) were less abundant in AstkP/WT (PurC FC -18.5; PurF FC -11.5; PurM FC -
4.5) and “off” in the phosphatase mutant compared to the WT. PurE, the NS5-
carboxyaminoimidazole ribonucleotide mutase, was significantly lower in abundance in the
phosphatase mutant AphpP/WT (FC -16.2). Among others, additional proteins belonging to the
IMP de novo biosynthesis (PurB, PurD, PurH, PurK, PurL) were lower in abundance in AphpP/WT
(PurB FC -1.89; PurD FC -10.73; PurH FC -36.06; PurK FC -24.61; PurL -10.72) likewise in
AstkP/WT (PurB FC -1.37; PurD FC -4.48; PurH FC -7.94; PurK FC -2.85; PurL -6.25). The
ribose-phosphate pyrophosphokinase SPD 0033, which plays a crucial role in the biosynthesis of
the central metabolite phospho-a/pha-D-ribosyl-1-pyrophosphate, was contrarily changed in
abundance in AphpP/WT and AstkP/WT. The protein SPD_0033 was significantly more abundant
in the phosphatase mutant (FC 2.9), but not significantly altered in abundance in the kinase mutant
in comparison to the WT. NrdD, NrdE and NrdF, all of them are ribonucleoside-diphosphatase
reductases, necessary for providing the precursors for the DNA synthesis, were significantly lower
abundant in both mutants (AphpP/WT NrdD FC -3.74, NrdE FC -2.19, NrdF FC -2.19; AstkP/WT
NrdD FC -2.99, NrdE FC -2.57, NrdF FC -7.34) same was observed for the guanosine
monophosphate (GMP) reductase GuaC that catalyzes the irreversible NADPH-dependent
deamination of GMP to IMP (AphpP/WT, FC -2.29; AstkP/WT FC -5.69). The diadenylate cyclase
DacA, part of the cyclic-:AMP biosynthetic process, was not remarkably changed in AstkP/WT
(FC -1.2) but it was significantly more abundant in the phosphatase mutant AphpP/WT (FC 3.3).

An earlier published transcriptomic study pointed out that an ESTK deletion in a mutant of

Staphylococcus aureus affected the expression of genes attached to regulons that participate in the
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mechanism of purine and also of pyrimidine biosynthesis (Donat et al. 2009). As a result of the
detailed proteome analysis of the pneumococcal mutants deficient for StkP or PhpP in comparison
to the WT, significant changes in protein abundances were obvious in the functional cluster of
pyrimidine metabolism (Figure 6-13 and Figure 6-14). Here it was especially the case for the pipP
deletion mutant. The orotate phosphoribosyltransferase PurE and the orotidine 5'-phosphate
decarboxylase PyrF, both part of the uridine monophosphate (UMP) de novo biosynthetic pathway,
were significantly more abundant in AphpP/WT (FC PyrE 2.81; FC PyrF 3.55). Other significantly
higher abundant proteins in AphpP/WT participating in the pyrimidine metabolism are: The uracil
phosphoribosyl transferase Upp (FC 4.18), the pyrimidine-nucleoside phosphorylase Pdp (FC
4.07), the uridine kinase Udk (FC 8.4), the carbamoyl-phosphate synthase CarB (FC 2.49), the
bifunctional protein PyrR (FC 2.38) and the cytidylate kinase Cmk (FC 2.53). Further, Tdk, a
thymidine kinase, was identified in all biological replicates of ApApP but not in any of the WT.
Regarding AstkP/WT these proteins were not notably changed in their abundance. Two other
proteins involved in the UMP de novo biosynthesis (PyrDa and PyrB), were not altered in
abundance in the phosphatase mutant but interestingly they were significantly less abundant in

AstkP/WT (FC PyrDa -2.58; FC PyrB -3.51).

6.4.2.3. STKP AND PHPP INTERACT WITH PNEUMOCOCCAL TWO-COMPONENT

SYSTEMS

Previously described proteome analyses of the mutants and the WT were performed on a global
scale. Therewith, no proteins involved in the signal transduction in the pneumococcus were in the
spotlight. However, in more detail the comparative proteome analysis of the deletion mutants
AphpP and AstkP revealed variations of protein abundances in the pneumococcal two-component
systems (Figure 6-13 and Figure 6-14).

Significant changes were observed in proteins belonging to the ComCDE and ComAB systems.
For these two-component systems it was shown that they have critical functions regarding
pneumococcal competence and interact under specific environmental conditions (Gomez-Mejia et
al. 2017). In both mutants was the response regulator ComE significantly less abundant in
comparison to the WT (AphpP/WT FC -231 and AstkP/WT FC -298.87). ComD, the putative
sensor histidine kinase, was not detected in AphpP and AstkP but in the WT. Moreover, the
competence factor transporting ATP-binding/permease protein ComA and the competence factor
transport protein ComB were identified in each of the three bioreplicates of the WT with at least
15 unique peptides but in the kinase mutant and in the phosphatase mutant these proteins were not
identified at all.

Another pneumococcal two-component system found to be influenced by the deletion of pApP and

stkP was the LiaRS system. For the LiaRS two-component system it was also described that it is
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involved in the competence process by responding to peptidoglycan cleavage by LytA, CbpD and
LytC murein hydrolases (Gomez-Mejia et al. 2017; Eldholm et al. 2010). In the WT strain, the
choline binding protein CbpD was reliable identified. In the mutants ApipP and AstkP CbpD was
not detected at all. Furthermore, the autolysin/N-acetylmuramoyl-L-alanine amidase LytA was
significantly lower abundant in both mutants compared to the WT (AphpP/WT, FC -2.96;
AstkP/WT FC -2.91). The same was observed for the DNA-binding response regulator LiaR. LiaR
was significantly less abundant in AphpP/WT (FC -2.42) and slightly less abundant in AstkP/WT
(FC -1.3). The cognate sensor histidine kinase LiaS met the criteria for quantification in AphpP,
but that was not the case for the WT and the kinase mutant.

A contrarily change of protein abundance in AphpP/WT and AstkP/WT was noticed with regard
to the CiaRH (competence induction and altered cefotaxime susceptibility) system (Figure 6-13
and Figure 6-14). The DNA-binding response regulator CiaR was significantly less abundant in
AstkP/WT (FC -2.95) but significantly more abundant in the phosphatase mutant ApapP compared
to the WT (FC 2.97). CiaH, the corresponding sensor histidine kinase, was not detected in one of
the strains. An already published study presented, that CiaR caused an upregulation of the virulence
factor HtrA (DegP) (Stevens et al. 2011). In contrast to that, the proteomic data obtained during
this work showed that the serine protease DegP was significantly lower in abundance in
AphpP/WT (FC -2.41) and only slightly higher in abundance in AstkP/WT (FC 1.41).

VicRK (TCS02, WalRK) is another two-component system in the pneumococcus, which is
involved in the regulation of competence. The VicX ancillary protein encoded in the vicRK operon
was significantly lower in abundance in the kinase mutant AstkP in comparison to the WT (FC -
6.71) and also in AphpP/WT it was less abundant (FC -1.92). While the sensory box sensor
histidine kinase VicK was significantly more abundant in the phosphatase mutant (FC 44.03), there
were no differences in the abundance of this protein observed in AstkP/W'T. In addition to that, the
DNA-binding response regulator VicR was only slightly more abundant in the phosphatase mutant
(FC 1.08) but less abundant in the kinase mutant (FC -1.5) in comparison to the WT. Moreover,
VicR is required for the positive regulation of a gene encoding a putative peptidoglycan hydrolase
(PcsB, SPD 2043) that plays a critical role in cell wall biosynthesis and cell division in the
pneumococcus. For PcsB it is already known that this protein interacts with the cell division
complex FtsE/FtsX (Sham et al. 2011). PcsB was identified in each of the three strains within this
approach. In the phosphatase mutant, PcsB was more abundant compared to the WT (FC 1.88),
while no changes were seen in the comparison AstkP/WT. The cell division proteins FtsE (ATP-
binding) and FtsX were significantly less abundant in AstkP/WT (FC FtsE -3.69; FC FtsX -4.77).
Surprisingly, no significant changes in the abundance were observed for FtsE or FtsX in the AphpP

mutant compared to the WT.
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6.5. COMPARATIVE PHOSPHOPROTEOMIC ANALYSIS OF ASTKP, APHPP
AND WT

The obtained LFQ results did not reveal remarkable changes in specific functional protein groups
that might caused the strong phenotypic abnormalties presented in the pneumococcal kinase and
phosphatase mutant strain. Therefore, it is reasonable to assume that StkP and PhpP are involved
in the regulation of pneumococcal morphogenesis by modulating proteins attached to cell division
and associated processes like peptidoglycan biosynthesis by balancing the phosphorylation and
dephosphorylation level of target proteins. Once identified target substrates of StkP in vivo are
DivIVA, GImM, PpaC, MurC, MapZ, and StkP itself (Hammond et al. 2019; Fleurie et al. 2014b;
Falk and Weisblum 2013; Novakova et al. 2010; Osaki et al. 2009). Still, most of the targets and
target sites of StkP remain to be detected and characterized. However, the function of PhpP is
poorly described. To gather further information on the activity, targets and target sites of PhpP and
StkP and to be capable to correlate the phenotypic observations to protein phosphorylation patterns,
a gel-free phosphopeptide enrichment with TiO, was performed followed by LC-MS/MS
measurement and a spectral library based data evaluation. In order to raise the efficiency of the
general applied approach for phosphoproteomic investigations for the analysis of pneumococcal
samples, the classical sample preparation method was adapted and a new, extended and strict

filtered spectral library including diverse in-house generated and available data was constructed.
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6.5.1. MODIFICATION OF THE CLASSICAL WORKFLOW FOR PHOSPHOPROTEOME

ANALYSIS

The classical workflow for the phosphoproteome analysis includes a sample fractionation with
strong cation exchange (SCX) chromatography, which requires an amount of 50 mg protein per
sample (Olsen and Macek 2009). To decrease the amount of necessary cell material, it was
evaluated whether the SCX can be omitted. Therefore, protein samples were generated exemplarily
from the WT strain cultivated simultaneously under the same conditions in RPMI modi medium.
For the data analysis of these samples, an already in the working group available spectral library
for S. pneumoniae D39 was used. Applying the workflow with SCX fractionation 48
phosphopeptides were identified whereas 53 phosphopeptides could be detected after sample
preparation without SCX prefractionation (Figure 6-15). The consideration of the identified

phosphoproteins revealed four additional identifications using the SCX-free protocol.

Classical workflow Modified workflow
including SCX without SCX
Cultivation of Cultivation of 4
S. pneumoniae S. pneumoniae 'g 60
¥ o
Q 55 53
Cell harvest and Cell harvest and T
disruption disruption S 50 48
]
¥ 2 g5
L Methanol/Chloroform 4
Acetone precipitation S b
precipitation 2 40
v v T sCX
In-solution In-solution g 35
- o > W SCX-free
digestion of digestion of 5 30
50 mg protein 5 mg protein -g_
¥ 8 25
<
Strong cation exchange [}
chromatography (SCX) 2 20 17
-
v Z 15 13
Phospho-peptide Phospho-peptide %
enrichment with TiO enrichment with TiO % 10
v T 5
LC-MS/MS and spectral LC-MS/MS and spectral 'g
library based data library based data S5 0
analysis analysis = Phosphorylated peptides Phosphorylated proteins

Figure 6-15: Comparison of classical workflow for phosphoproteome analysis and the modified
workflow. The graphical account sums up the amount of identified phosphorylated peptides and proteins in
the WT after classical sample preparation including SCX and after sample preparation according to the

modified workflow.
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Another slight modification of the workflow was the performance of the methanol/chloroform
precipitation for protein samples instead of the acetone precipitation. This resulted in cleaner
samples since the chemicals used were declared as LC-MS-grade. In the end, the modified protocol
was tested successfully as suitable for further phosphoproteome analysis of the pneumococcal

strains of interest.

6.5.2. SPECTRAL LIBRARY FOR PHOSPHOPROTEOMIC INVESTIGATIONS IN S.

PNEUMONIAE D39

Studies of bacterial phosphoproteomes based on classical database search analysis usually
uncovered less than 150 phosphorylated proteins. In previous investigations it has been reported,
that the implementation of spectral libraries resulted in an improved sensitivity. With this in mind,
a combined spectral library based on phosphopeptide-enriched samples and classical proteome
samples was planned to be applied for the data evaluation for the investigation of the pneumococcal
phosphoproteome in this work. However, the already existing in-house generated spectral library
did not meet the requirements and recent needs for high-confidence protein and peptide, especially
phosphopeptide identifications. Therefore, an advanced spectral library of S. pneumoniae D39 was

created in this work.

Combined spectral library of S. pneumoniae D39

/Total number of spectra:\ / Number of spectra of \
54.035 phosphorylated peptides:

’ 504
\ 3 PAY J
/Total number of distinct\ / Phospho sites: \

stripped peptides: S: 278
23,523 T: 275

K j \ Y: 139 /
/Total number of proteins\ ( Total number of \

(2 unique peptides): phosphorylated proteins:

\ 1,468 / K 332 /

Figure 6-16: Key data of the spectral library of S. pneumoniae D39 suitable for phosphoproteome

studies.

A high number of different in-house produced datasets (908 .raw files) from various proteomic
experiments with S. pneumoniae D39 was the basis for the creation of this library. Among others
samples used for the library building were obtained from pneumococci of the WT strain or the

mutant strains AstkP and AphpP, from pneumococci cultivated in THY medium, RPMI 1640

72



Results

medium and another self-prepared CDM, further from pneumococci under glucose limitation or
iron limitation, moreover, samples from pneumococcal whole cell extracts and the supernatant
from cell cultures, affinity bead-based protein enriched samples, in-solution digested samples, in-
gel digested samples and SCX fractionated and phosphopeptide enriched samples. The built
spectral library for S. pneumoniae D39 contains 23,140 spectra of non-phosphorylated peptides
from 1,480 proteins and 504 spectra of phosphorylated peptides belonging to 332 proteins.
Furthermore, the presented spectral library also includes datasets of SILAC (Stable Isotope
Labeling by Amino Acids in Cell Culture) samples. So, it is also applicable for quantitative

approaches using metabolic labeling techniques in future investigations.

6.5.3. OVERVIEW OF IDENTIFIED PHOSPHORYLATED PEPTIDES AND PROTEINS

IN S. PNEUMONIAE APPLYING THE CONSTRUCTED SPECTRAL LIBRARY

Finally, in this work it was of major interest to uncover possible new targets/target sites of the
pneumococcal kinase StkP and especially of the phosphatase PhpP. For high-confidence
identifications of phosphorylated peptides the recently built spectral library was applied. Only
phosphorylated peptides that were detected in three out of three biological replicates in each strain
were considered for the analysis.

Thus, 24 unique phosphopeptides were identified in the WT derived from 16 different proteins
(Figure 6-17). In the kinase mutant AstkP 18 unique phosphopeptides (14 proteins) were detected
while in the phosphatase mutant ApApP 28 unique peptides belonging to 21 proteins were found
to be phosphorylated. Among the identified phosphorylated peptides, 26 phosphorylation sites
were identified in the WT strain: 11 on serine, 14 on threonine and one on tyrosine. In AstkP 20
phosphorylation sites were determined: 11 on serine, seven on threonine and two on tyrosine and
in AphpP 29 phosphorylation sites were noticed: 14 on serine, 14 on threonine and one on tyrosine.
Overall, 10 phosphopeptides were identified commonly in each strain. These phosphorylated
peptides were derived from six proteins, which are involved in the carbohydrate metabolism
(phosphoglucomutase Pgm, phosphoglucosamine mutase GlmM, pyruvate kinase Pyk), signal
transduction (competence factor transport protein ComB), transport and binding (phosphocarrier

protein PtsH) and a single protein with yet unknown function (SPD_0361).
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Identified unique phosphorylated peptides ‘ ‘ Identified proteins with phosphorylation l
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ComB
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Figure 6-17: Phosphopeptide and phosphoprotein identifications in the WT and mutant strains
(Hirschfeld et al. 2019). The first Venn diagram presents the numbers of phosphopeptides identified in the
WT, AphpP and AstkP mutant and the overlap of identifications between the investigated strains. In the
second Venn diagram, the overlap of phosphorylated proteins between the mutants and the WT is depicted.

Only phosphorylations at serine, threonine, and tyrosine were considered.

6.5.4. IDENTIFICATION OF PUTATIVE STKP TARGETS AND TARGET SITES

In previous investigations it was shown that StkP localizes to the division sites in pneumococcal
cells and that it is involved in the regulation of cell division in pneumococci. Pneumococcal
mutants with lost or impaired stkP activity displayed affected cell wall synthesis and presented
elongated morphologies with multiple, often delocalized cell division septa. Thus it was suggested
that StkP modulates cell wall synthesis and cell division and contributes to the characteristic ovoid
shape of the pneumococcus (Zucchini et al. 2018; Fleurie et al. 2014b; Beilharz et al. 2012). The
morphological characterization of the kinase mutant AszkP by electron microscopy presented in
6.2. in this work already pointed out that the mutant had a different phenotype compared to the
WT. This might be caused by an imbalance of phosphorylation and dephosphorylation events in
the cell.

Since the pneumococcal kinase StkP was disrupted in the mutant, it was assumed that StkP targets
were not phosphorylated as in the WT strain. Therefore, to pinpoint direct targets of the StkP, the
data generated from the phosphopeptide-enriched samples were filtered for phosphorylated
peptides which were detected in the WT in each of the three replicates but in none of the replicates
of the kinase mutant AstkP. Consequently seven phosphoylation sites within eight unique peptides
belonging to seven distinct proteins were identified. These identifications were considered with

utmost probability to be targets of StkP (marked with *** in Table 6-1).
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Table 6-1: Putative targets and target sites of pneumococcal kinase StkP identified in this study

(Hirschfeld et al. 2019).

Significance Locus ID Peptides inclusive phosphosites Protein description Biological process

Carbohydrates, organic

*xx SPD_1040 DFHVVAET,,GIHAR Phosphocarrier protein HPr alcohols and acids

*xx SPD_1474 EVVSEVLGEPIPAPIEEEPIDMT,p,R Cell division protein DivIVA Cell division

*xx SPD_1479 HFDMAET;5VELPK Cell division protein FtsZ Cell division

ok SPD_0342 EEFVET;3QSLDDLIQEMR Mid-cell-anchored protein MapZ  Cell division

*xx SPD_0342 KEEFVET;3QSLDDLIQEMR Mid-cell-anchored protein MapZ  Cell division

*xx SPD_0876 DHGFSQETgsLK Membrane protein MacP Peptidoglycan biosynthesis

Protein jag (SpolllJ-associated

Hork SPD_1849 TVSEETgeVDLGHVVDAIK . . Unknown function
protein ), putative
Fokk SPD_0091 EIVHLGLEDNDFDNDINPLETT;36GAYLSPK UPF0176 protein SPD Unknown function
Endolytic murein X X X
*x SPD_1346 KAEQAGPETPTPAT,5sETVDIIR Peptidoglycan biosynthesis

transglycosylase MItG

Phosphorylated peptides that were identified in the WT in every replicate but in none of the replicates of the kinase mutant were
considered as highly significant (***) putative target substrates of StkP. If the phosphorylation site was identified in two out of the
bioreplicates of the WT but not in the kinase mutant, the protein was also considered to be a significant putative target of StkP (**).

The phosphorylated amino acid is indicated as bold letter.

In this way a phosphorylation site on Thr201 of the cell division protein DivIVA was identified.
Additionally, the early cell division mid-cell-anchored protein Z (MapZ), which tags the
prospective cell division sites, was identified as a substrate of StkP as well. A phosphorylation site
on Thr78 was reliably identified in all biological replicates of the WT strain, but not at all in the
kinase mutant. Furthermore, the data show that the prokaryotic tubulin homologue FtsZ, an
interaction partner of MapZ, is also phosphorylated in the presence of the kinase StkP. A
phosphorylation site on Thr356 was detected in each replicate of the WT and on the other hand in
none of the replicates of the AstkP mutant strain. Another phosphorylated protein identified in this
study is MacP (SPD_0876). MacP is a membrane-anchored cofactor of the penicillin-binding
protein PBP2a with involvement in peptidoglycan synthesis in S. pneumoniae (Fenton et al. 2018).
Here, a phosphorylation on Thr56 was detected. Moreover, a phosphorylation on Thrl2 was
observed within the phosphocarrier protein PtsH in the WT strain but not in the mutant deficient
for StkP. Nevertheless, serine phosphorylation in PtsH was identified in the AszkP mutant strain as
well as in the WT strain on the positions Ser52 and Ser46. However, the lost threonine
phosphorylation site in the AstkP mutant suggests a possible interaction of StkP and PtsH by
phosphorylation. Additionally, proteins of unknown function, SPD_1849 (protein jag (SpolllJ-
associated)) and SPD 0091 with detected phosphorylation sites in the WT but not in the kinase
mutant were considered as putative StkP targets. A phosphoylation site within the endolytic murein
transglycosylase MItG (Thr155) was detected in two out of three biological replicates of the WT

strain and not found in the kinase mutant. In this case, MItG was considered as well as notable
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putative target of StkP (labelled with ** in Table 6-1). All in all, the obtained MS data revealed
obviously that phosphorylation of proteins on threonine is StkP dependent.

6.5.5. IDENTIFICATION OF PUTATIVE PHPP TARGETS AND TARGET SITES

Unlike StkP, the physiological role of the co-expressed PhpP is not well understood. One of the
aims of this work was it to uncover previously unknown putative targets and target sites of PhpP.
It is known that PhpP negatively controls the level of protein phosphorylation in the pneumococcus
by direct dephosphorylation of target proteins and the cognate kinase StkP (Ulrych et al. 2016).
For the identification of putative PhpP targets, phosphorylation sites that were found in at least two
out of three bioreplicates in the phosphatase mutant ApsapP were in the focus. Phosphorylation
sites that were not found in any biological replicates of the WT, but in all replicates of the
phosphatase mutant AphpP, were considered as highly significant putative target substrates of
PhpP (labelled with *** in Table 6-2). Proteins fulfilling these criteria were the DNA mismatch
repair protein MutL, phosphorylated on Ser119 and the hypoxanthine phosphoribosyltransferase
Hpt with a phosphorylation site at Thr107. In principle, it is possible that target substrates of PhpP
can also be identified phosphorylated in the WT strain. Therefore, those proteins were analyzed,
too. In order to provide more confidence for that data, the counts of peptide spectrum matches
(PSMs) per phosphorylated peptide and the PSMs of the corresponding not phosphorylated peptide
were also taken into account in the analysis. Peptides, that were identified with a higher number of
PSMs/phosphopeptide in the phosphatase mutant ApspP compared to the WT and additionally less
or comparable PSM counts of the corresponding unphosphorylated peptide in AphpP were listed
as notable putative targets as well as peptides with a higher phosphorylation incidence in the
phosphatase mutant than in the WT (labelled with ** in Table 6-2). Among others, under these
putative targets of PhpP were two proteins with a direct involvement in the process of cell division,
the mid-cell-anchored protein Z (MapZ; phosphorylated peptide: 17 PSM counts in WT, 40 PSM
counts in AphpP, unphosphorylated peptide: 0 PSMs for both strains) and the cell division protein
DivIVA (phosphorylated peptide: 23 PSM counts in WT, 18 PSM counts in AphpP,
unphosphorylated peptide: 79 PSM counts in WT, 20 PSM counts in AphpP). Both proteins, MapZ
and DivIVA, were also identified as high confident target substrate of the kinase StkP. In addition
to that, another notable putative target of PhpP is the DivIVA paralogue and cell cycle protein
GpsB. (labelled with * in Table 6-2). Phosphorylation sites in GpsB were detected on Thr79 and
Ser107. The phosphorylation site on Thr79 was exclusively identified in the phosphatase mutant
but with only two PSMs in two of the three biological replicates (1 PSM for the unphosphorylated
peptide). While in the WT the phosphorylation site on Serl07 was identified with at least 15
PSMs/phosphopeptide and 10 PSMs/unphosphorylated peptide, in the phosphatase mutant AphpP
six PSMs/phosphopeptide and one PSM/unphosphorylated peptide were found. Moreover, under
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the possible putative targets of PhpP were the endolytic murein transglycosylase MItG and the cell
shape-determining protein MreC, both are participating in the peptidoglycan biosynthesis. Within
MItG a phosphorylation site on Thr155 was detected with five PSM counts in the WT
(unphosphorylated peptide: 4 PSM counts) and 15 PSM counts in the phosphatase mutant AphpP
(unphosphorylated peptide: 6 PSM counts). Even three phosphorylation sites were identified in
MreC in the WT and in the phosphatase mutant: Serl41, Ser155 and Ser157. Two PSM counts of
the phosphorylated peptide were found in the WT strain and nine in the phosphatase mutant Ap/ipP.
The corresponding unphosphorylated form of the peptide was not detected in both strains. A third
protein, that is supposed to participate in the peptidoglycan synthesis is MacP (SPD_0876). MacP
was considered as a slightly significant putative target of PhpP in this work (labelled with * in
Table 6-2), because in gerneral, the phosphorylated peptide of MacP was found with clearly more
PSM counts in the WT compared to the phosphatase mutant on the other hand, the phosphorylation
incidence was higher in the mutant ApApP. So, a phosphorylation site on Thr56 was identified in
MacP with 55 PSM counts in the WT (unphosphorylated peptide: 43 PSM counts) and 24 PSM
counts in the phosphatase mutant ApspP (unphosphorylated peptide: 7 PSM counts). Furthermore,
the data indicate that SPD_1849, the putative protein Jag (SpolllJ-associated protein), is a target
substrate of PhpP as well, because two phosphorylation sites, at Thr126 and Thr89, were detected
in AphpP (labelled with ** in Table 6-2). While the peptide with the phosphorylation on Thr126
was identified with only one PSM in only one of the replicates of the WT, it was detected with 28
PSMs in the phosphatase mutant in two out of three bioreplicates. The corresponding
unphosphorylated peptide was not identified in both strains. In addition to that, the peptide with
the phosphorylation site on Thr89 counted 13 PSMs in the WT and 15 PSMs in the mutant, but
zero PSMs for the unphosphorylated form in both cases. Other proteins that were included in the
table of significant target substrates of PhpP (labelled with ** in Table 6-2) were: the
phosphoglucomutase Pgm, the competence factor transport protein ComB and the
NOL1/NOP2/sun family protein RsmF. Other phosphorylation sites or further proteins with
detected phosphorylation sites in the phosphatase mutant and in the WT like LacA or AtpA could
not be completely rejected from the putative PhpP target list, but were considered as not

significantly prominent in this data set (labelled with [-] in Table 6-2).
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Table 6-2: Putative targets and target sites of PhpP identified in this study (Hirschfeld et al. 2019).

Significance Locus ID

Peptides inclusive phosphosites

Protein description

Biological process

s SPD_0165
o SPD_0012
** SPD_1390
* SPD_1390
- SPD_1390
= SPD_1474
* SPD_1474
** SPD_0342
* SPD_0342
* SPD_0339
* SPD_0339
= SPD_2045
i SPD_1346
* SPD_0876
- SPD_0050
- SPD_1326
* SPD_1326
* SPD_0790

SPD_0790
* SPD_1040
* SPD_1040
* SPD_1285
- SPD_1053
- SPD_1337
- SPD_1064
- SPD_1524
- SPD_0592
** SPD_1233
= SPD_1849
** SPD_1849
* SPD_0361
- SPD_1308
- SPD_0091

GEALPSIASVSVLTLLTAVDGAS 3 sHGTK

HVLFVEDIIDTGQT, ;LK

LGVLATPAVAYLVETEGASAGVMISAS, 4 HNPALDNGIK

LGVLATPAVAYLVETEGAS;;AGVMISASHNPALDNGIK

LGVLATPAVAYLVETEGASAGVMIS3ASHNPALDNGIK

EVVSEVLGEPIPAPIEEEPIDMT 0,R
EVVSEVLGEPIPAPIEEEPIDMT, R
KEEFVET,5QSLDDLIQEMR
EEFVET,5QSLDDLIQEMR
KPKPSPVQAEPLEAAIT,SSMTNFDILK
QILDNS, o, DF

GAS,;4 ENMLAIANGGLIGS 155V, 57K
KAEQAGPETPTPAT,5sETVDIIR
DHGFSQETseLK

ASTSQQNETIASQNAAASQTQAEIGNLIS, 5,QT;54EAK

HLNCFAGIMVTAS, ,sHNPAPFNGYK

HLNCFAGIMVT, 4, ASHNPAPFNGYK

AICEET,3,GNGHVQLFAK
FNFSssHGDHQEQGER

S46/MGVMSLGVGQGADVTISAEGADADDAIAAISETMEK

SIMGVMS;,LGVGQGADVTISAEGADADDAIAAISETMEK

IVSHSVQDAALGEGEGCLS,3;VDR

EVVKDFLEKENFHLVDVT;;AEGQDFVDVTLAVAAEVNK

ELEAFT;96K
LVFAVDVGT,,;sNQLAWK

LQIVSHTLEPNQQLPT;cVR

ELPTVMDLLPSDIQS4,DK
FEPSFALGLALKPS;;,QVEQS;;6VEIGQEAFVK

HAST,,6ILEETGHIEILNELQIEEAMR

TVSEETgVDLGHVVDAIK
LLTESGFVTNEALQECT 105K

S,1sVAQIALAWSLAEGFLPLPK

EIVHLGLEDNDFDNDINPLETT,;¢GAYLSPK

DNA mismatch repair protein MutL

Hypoxanthine
phosphoribosyltransferase Hpt

Phosphoglucosamine mutase GImM
Phosphoglucosamine mutase GImM

Phosphoglucosamine mutase GImM

Cell division protein DivIVA

Cell division protein DivIVA
Mid-cell-anchored protein MapZ
Mid-cell-anchored protein MapZ

Cell cycle protein GpsB

Cell cycle protein GpsB

Cell shape-determining protein MreC
Endolytic murein transglycosylase MItG
Membrane protein MacP
Competence factor transport protein
ComB

Phosphogluco/mannomutase fam.
protein Pgm
Phosphogluco/mannomutase fam.
protein Pgm

Pyruvate kinase Pyk

Pyruvate kinase Pyk

Phosphocarrier protein PtsH

Phosphocarrier protein PtsH

Peptide deformylase Def

Galactose-6-phosphate isomerase
subunit LacA

ATP synthase subunitalpha
Hemolysin-like protein, putative
Transcriptional regulator, GntR fam.
protein

Pseudouridine synthase

NOL1/NOP2/sun fam. protein

Protein jag (SpolllJ-associated protein ),
putative

Protein jag (SpolllJ-associated protein ),
putative

Transcriptional regulator, putative
Oxidoreductase, aldo/keto reductase
fam. protein

UPF0176 protein SPD

DNA replication,
recombination and repair

Purine metabolism

Amino sugar and nucleotide
sugar metabolism

Amino sugar and nucleotide
sugar metabolism

Amino sugar and nucleotide
sugar metabolism

Cell division

Cell division

Cell division

Cell division

Cell division

Cell division

Peptidoglycan biosynthesis
Peptidoglycan biosynthesis
Peptidoglycan biosynthesis

Two-component system
Glycolysis / Gluconeogenesis

Glycolysis / Gluconeogenesis

Glycolysis / Gluconeogenesis
Glycolysis / Gluconeogenesis
Carbohydrates, organic
alcohols and acids
Carbohydrates, organic
alcohols and acids

Protein modification and
repair

Galactose metabolism

Oxidative phosphorylation
Pathogenesis

Transcription factor

tRNA and rRNA base
modification
Unknown function

Unknown function

Unknown function
Unknown function

Unknown function

Unknown function

Phosphorylation sites that were not detected in the WT, but in each replicate of the AphpP mutant were considered as highly significant

(**%) putative target substrates of PhpP. Phosphopeptides with a higher number of PSMs/phosphopeptide in AphpP/WT and less or

comparable PSM counts of the unphosphorylated peptide in AphpP as well as peptides with a higher phosphorylation incidence in the

phosphatase mutant than in the WT are listed as notable (**) putative targets, too. Less significantly, but still mentionable putative

target substrates of PhpP have more PSM counts for the identified unphosphorylated peptides and not remarkable more counts of PSMs

for the phosphorylated peptides in AphpP in comparison to the WT (*). Proteins detected with phosphorylated peptides in AphpP are

still in the putative PhpP target list, but were not significantly prominent in our data set (—). The phosphorylated amino acid is indicated

as bold letter.
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7. DISCUSSION

The presented work provides a complex comprehensive protein repository of high proteome
coverage of the major human pathogen S. pneumoniae D39 inclusive identifications of serine,
threonine and tyrosine phosphorylation. Due to the fact, that protein phosphorylation and
dephosphorylation play a key role in the protein regulation of pathogenic organisms, it was of
major interest to capture precise qualitative and quantitative information about the
phosphoproteome of the pneumococcus. The pneumococcal eukaryotic-type Ser/Thr protein
kinase StkP and the Ser/Thr phosphatases PhpP were in the focus of the investigations. Both
proteins appear to constitute a functional signaling couple in vivo and likely belong to the same
complex (Osaki et al. 2009). In order to figure out the global impact and physiological relevance
of StkP and PhpP in the pneumococcus, a mass spectrometry based proteomic analysis with an
emphasis on protein phosphorylation events which are linked to the regulation of cell morphology,
growth and cell division (Massidda et al. 2013). Therefore, in this work the unencapsulated D39
serotype 2 strain D39Acps (WT) and two mutants, one deficient for StkP and the other one deficient

for PhpP, were investigated.

7.1. EXPERIMENTAL DESIGN OF PROTEOMIC STUDY

7.1.1. EXPERIMENTAL STRAINS

In this work the unencapsulated mutant of D39 serotype 2 strain (D39Acps 2 WT) and the kinase
mutant D39AcpsAstkP (AstkP) and the phosphatase mutant D39AcpsAphpP (AphpP) were used
as experimental strains. It is likely to raise the question that in the absence of the capsule the cell
wall synthesis in pneumococci is probably compromised and some important targets of StkP and/or
PhpP may directly or indirectly be unnoticed. However, the literature focussed on StkP/PhpP
research comprises both, unencapsulated experimental strains (Rued et al. 2017; Ulrych et al. 2016)
and encapsulated strains (Agarwal et al. 2012; Beilharz et al. 2012; Fleurie et al. 2012; Echenique
et al. 2004). The experiments presented in this work were also performed using the unencapsulated
D39 strain. The capsule gene cluster contains all gene encoding enzymes for the capsular
polysaccharide (CPS) synthesis. Depending on the serotype, the number and complexity of the
genes within the cluster differ. Besides in serotype 3 (Choi et al. 2016; Bender et al. 2003; Deng
et al. 2000; Serensen et al. 1990)), all pneumococcal CPS are anchored covalently to the
peptidoglycan (Larson and Yother 2017; Bender et al. 2003; Deng et al. 2000; Serensen et al.
1990). While some studies suggested that enzymes such as the phosphoglucomutase (PGM) are
needed for pneumococcal fitness (Cieslewicz et al. 2001; Mollerach et al. 1998) others could not

confirm these findings because of redundancies in the genome (Kadioglu et al. 2008; Hardy et al.
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2001). In general, the absence or presence of the CPS does not influence significantly the defects
of enzymes involved in cell elongation, cell division, teichoic acid biosynthesis or peptidoglycan
turnover/biosynthesis. This has been shown, e.g. in studies analyzing the impact of the L,D- or
D,D-carboxypeptidases, which are essential for the peptidoglycan turnover or of the
TacL enzyme, that is important for anchoring the lipoteichoic acids (LTA) on the cell morphology
of pneumococci (HeB et al. 2017; Abdullah et al. 2014). With this in mind, the unencapsulated WT

and the derived mutants were considered as suitable experimental strains for this work.

7.1.2. INFLUENCE OF CULTIVATION MEDIUM AND TIME-POINT OF CELL

HARVEST

In order to get insights into the global proteome pattern of S. pneumoniae WT, the kinase mutant
AstkP and the phosphatase mutant ApAapP, pneumococci cultivated in two fundamentally different
growth media and harvested in exponential and stationary phase were investigated. In general, a
nutritionally rich broth such as THY medium supports a higher density growth and laboratory
maintenance of the bacteria to investigate, here, pneumococci. Still, the exact composition of the
components within the rich medium is unknown and can vary from batch to batch. However, in
previously published studies investigations on pneumococcal StkP and PhpP were performed with
pneumococcal strains grown in rich medium like THY, in casein-based semisynthetic C+Y
medium or casein tryptone (CAT) medium or Trypticase soy broth (TSB) (Ulrych et al. 2016;
Holeckova et al. 2014; Agarwal et al. 2012; Beilharz et al. 2012; Saskova et al. 2007). So, in the
first part of the work pneumococci for the global proteomic analysis were grown in THY medium.
Nevertheless, for proteomic experiments it could be beneficial to use a reproducible medium of a
clear defined chemical composition. Therefore, pneumococci were prepared for further
investigations in the chemically defined RPMI 1640 medium supplemented with an extra of
defined nutritive substances as well. As expected, pneumococci grown in THY medium reached
higher optical densities (ODgoo = 2.28 —2.51) compared to those grown in RPMI modi medium
(ODgoo = 0.77 — 1.02). The reproducibility of growth of the biological replicates of each strain was
indeed slightly better in pneumococci grown in RPMI modi medium, but this is can be considered
as a marginal note, because the standard deviation was in all cases below three percent. Comparing
the growth behavior of the WT and the mutant strains in THY medium, no remarkable differences
were observed, which was not the case for the growth analysis in RPMI modi medium. Here, the
phosphatase mutant revealed diminished growth in comparison to the WT and the kinase mutant,
leading to the assumption that the loss of PhpP activity has a higher impact on pneumococci than
the loss of the kinase activity. It is a commonly known fact, that influences of mutations or stress
signatures become visible rather in minimal media than in rich media. Due to the limited nutrient

supply in minimal media, pneumococci have to activate different metabolic pathways for the
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production of required substrates for growth and survival. The morphological characterization of
the WT and the mutant strains derived from cultures grown in both media also resulted in strong
morphological effects in cultures grown in RPMI modi medium, especially in the phosphatase
mutant. In THY medium grown pneumococci of both mutant strains revealed less severe
abnormalities compared to those grown in RPMI modi medium and increased chain formation in
comparison to the WT. The phenotypes observed in pneumococci cultivated in THY medium go
along with phenotypes of pipP and stkP mutants described in earlier published studies (Ulrych et
al. 2016; Agarwal et al. 2012). The phosphatase mutant grown in RPMI modi appeared very
unusual compared to the phosphatase mutant derived from the non-encapsulated pneumococcal
strain by Ulrych et al. (2016). But, in the studies published by Ulrych et al. 2016 and Agarwal et
al. 2012 strains were cultivated in rich medium THY or in C+Y medium. Hence, it can be
speculated that different phenotypic effects are not only strain-dependent but also cultivation
media dependent. It has already been described that the medium used for cultivation can greatly
influence the outcome of a physiological study in pneumococci (Hoyer et al. 2018). The global
proteome analysis of the WT and the kinase and phosphatase mutant using a label free-
quantification approach revealed an important observation which needed to be considered for
further approaches. Conspicuous was the huge number of significantly differentially abundant
proteins in the phosphatase mutant in comparison to the WT (659 proteins) in pneumococci
cultivated in RPMI modi medium and harvested in the stationary growth phase. Additionally, it
was surprising that changes within the cluster of ribosomal proteins occurred as well especially in
the phosphatase mutant ApipP compared to the WT in RPMI modi and harvested in the stationary
growth phase. It is already known that the regulation of the ribosome number is growth rate
dependent (Tao et al. 1999). Here, it is important to recognize that the differences in the pattern of
ribosomal proteins might occurred because the strains were not in the same state at the harvesting
time-point. Both strains, AphpP and the WT were harvested two hours after entering the stationary
growth phase. Nevertheless, the phosphatase mutant showed a remarkably slower growth
compared to the WT or the kinase mutant strain in RPMI modi medium (see 7.1.). Although the
harvesting time-points of all strains were matched, variances in the proteome of the continuously
slower growing phosphatase mutant due to growth effects cannot be excluded. Moreover, there is
increased evidence that the nutritional status and metabolism affects the size and shape of bacteria
(Vega and Margolin 2018).

Considering the summarized observations during the first part of this work, it was decided that the
detailed analysis of changes in the proteome pattern of the mutants in comparison to the WT as
well as the phosphoproteome analysis were performed with samples generated from pneumococci
grown in RPMI modi medium and harvested in the exponential growth phase. A medium with
known quantities of all ingredients, which is further closer to cell culture media for bacterial

infection approaches was found to be a suitable for the fundamental proteomic investigations
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performed in this work providing the basis for further research. In addition to that, in the
exponential growth phase the growth conditions should be optimal for bacteria, because of the
sufficient availability of nutrients and less competition of bacterial cells. Furthermore, it was
ensured, that the reproducibility as a key element of proteomic investigations (Rost et al. 2015)
was quite high regarding the bacterial growth within each strain in RPMI modi medium, the sample
preparation and the quantification, seen during the analysis of the clustering of the biological

replicates and the correlation.

7.1.3. LABEL-FREE QUANTIFICATION STRATEGY FOR GLOBAL PROTEOME

ANALYSIS

The discovery of changes in protein abundances when comparing two or more physiological states
of a biological system is a substantial but also challenging task in proteomics. For comprehensive,
comparative investigations of proteome signatures a broad range of quantitative proteomics
methods is available, including label-free, metabolic labeling, and isobaric chemical labeling using
iTRAQ or TMT (Bantscheff et al. 2012; Li et al. 2012; Bantscheff et al. 2007). Each of the reported
methods has its particular strength and weaknesses in terms of proteome coverage, quantification
accuracy, precision, and reproducibility. The stable-isotope coding of proteins for example the
metabolic labeling technique Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC)
(Ong et al. 2002) is still described as the most accurate relative quantification method in mass
spectrometry (Chen et al. 2015). Due to the insertion of the stable isotope labels at the earliest time
point of the experiment, during cell growth, this method provides lowest variations during the
sample preparation workflow and the MS measurements and therefore high quantification
accuracy (Lindemann et al. 2017). Within SILAC two biological populations are labelled
respectively with light and heavy isotope amino acids, then cell lysates were combined and
analyzed by LC-MS/MS. In the MS spectra, each isotope labelling peptide occurs as a doublet with
specific mass differences. Afterwards, differential protein abundances between the two samples
are calculated by comparing the intensity differences of the couple of isotope labelling peaks in
MS. Still, SILAC depends on the metabolic incorporation of stable isotopes into the proteins during
cultivation. A complete substitution of the natural amino acid with stable isotopic nuclei is required
for high quantification efficiency. To reach almost complete incorporation (five to six generation
times) of heavy labeled amino acids in SILAC standards, two subsequent pre-cultures of
pneumococci are necessary (Hoyer et al. 2018). This is connected to a high cultivation effort,
especially because pneumococci lagged growth with each inoculation step of fresh medium.
Furthermore, the incorporation of the labelled standard raises the complexity of a sample and

therefore sample fractionation and increased measurement time become indispensable. However,
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the application of label-free quantification strategies combined with improved sensitive LC-MS
systems is more and more successful in proteomics (Bantscheff et al. 2012).

To get an insight into the proteomes of the pneumococcal strains that have obviously different
growth characteristics and phenotypes, in this work bacteria were cultivated in three independent
biological replicates, each with one pre-culture to obtain reproducible growth and samples of the
soluble proteins were analyzed in a relative label-free quantification (LFQ) experiment using
GeLC-MS/MS. For data processing and statistical evaluation, the MaxQuant and Perseus software
were used. The straightforward cultivation of pneumococci, the established sample preparation
workflow and the ease of use of Maxquant LFQ, implemented in the freely available MaxQuant
software, were the main reasons for choosing this quantification strategy. Moreover, the novel
MaxQuant LFQ algorithm overcomes the problem of comparing sample fractions that have been
slightly varying in handling during the sample preparation and analyzed with different MS
performance with an included so called “Delayed normalization”. Protein abundance profiles were
merged utilizing the maximum information from MS signals, considering the variation of the
presence of quantifiable peptides from sample to sample. Another implemented algorithm extracts
the maximum ratio information from peptide signals in random numbers of samples to obtain the
highest possible quantification accuracy (Cox et al. 2014). Indeed, the results within this work
showed that using the LFQ method a good quantification efficiency in the range of 83-96% for
each strain comparison was achieved. In addition to that, the LFQ values of the biological

replicates correlate as well under the different conditions (R? > 0.94).

7.1.4. ENRICHMENT OF PHOSPHORYLATED PEPTIDES AND SPECTRAL LIBRARY

BASED DATA EVALUATION FOR PHOSPHOPROTEOME ANALYSIS

In order to gather further information on the activity, targets and target sites of PhpP and StkP an
in-depth analysis of the phosphoproteome was performed. The characterization of phosphorylated
proteins in bacteria is a challenging analytical task since many of the phosphorylated proteins are
low in abundance. Highly efficient enrichment procedures and sensitive mass spectrometry are
required to decipher bacterial phosphoproteomes. An established method to analyze the
phosphoproteome is the enrichment of phosphorylated peptides with TiO,. The classical workflow
includes a sample fractionation using strong cation exchange chromatography (SCX), which
requires an amount of 50 mg protein per sample (Olsen and Macek 2009). In this work it could be
shown that it is possible to decrease the necessary cell material down to five milligrams when
omitting the SCX without losing phosphopeptide identifications. However, studies of bacterial
phosphoproteomes applying classical database search approaches to enriched proteomic samples
usually reported less than 150 phosphorylated proteins (Ge and Shan 2011). The identification of

phosphorylated proteins in shotgun proteomics is not only impeded by the low abundance of target
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substrates but also by the potential loss of phosphorylation signals during fragmentation resulting
in a limited predictability of fragment patterns required for peptide-to-spectrum-matches within
classical database searches (Kim et al. 2016). Although the field of phosphoproteomics has
progressed at an amazing rate in data analysis developing novel algorithms for database search or
software for phosphosite annotation (Suni et al. 2018; Lee et al. 2015; Jiinger and Aebersold 2014),
the advances contributed mostly to more accurate phosphoproteome analysis of eukaryotic systems
(Riley and Coon 2016). Previous investigations on bacterial phosphoproteomes showed that the
application of spectral libraries results in an improved sensitivity and reproducibility (Junker et al.
2018b). A benefit of spectral library searching is the consideration of major qualitative and
quantitative information of fragment spectra, that have already been detected, reliably annotated
and collected as applicable spectral libraries. Nevertheless, searching against a spectral library
requires an a priori built high quality spectral library (Wiese et al. 2014). But afterwards, spectral
library based data search has the major advantage of increased speed of analysis through less
calculation power. Furthermore, the depth of spectrum-spectrum matching also supports the
mapping of query spectra, which are not perfectly appropriate for classical database searching e.g.
due to higher background noise. Especially for PTM analysis, spectral library searching is
profitable as spectral features may be exploited for pattern matching besides the main ion series
including neutral losses, unpredicted or unknown fragmentation and peak intensities observed in a
particular analytical platform (Lam 2011; Lam et al. 2007).

In this work, a comprehensive and validated spectral library of the S. pneumoniae D39 with an
emphasis on protein phosphorylations was constructed. This library includes a high number of
samples (908 raw-files) generated from pneumococci of different growth stages, conditions and
different growth media and different applied methods for sample preparation. So, the recently built
spectral library contains 54,024 spectra of 23,512 peptides from 1,468 pneumococcal proteins.
This results in a proteome coverage of 76.5 %. Moreover, 504 spectra of manually validated

phosphorylated peptides belonging to 332 proteins are included in the library.

7.2. PROTEIN IDENTIFICATION AND LFQ ANALYSIS OF KINASE AND

PHOSPHATASE MUTANT GROWN IN CHEMICAL DEFINED MEDIUM

In order to characterize the impact of StkP and PhpP on cellular pneumococcal physiology, a mass-
spectrometry based label-free quantitative (LFQ) approach followed by an in-depth analysis of
changes in protein abundances in pneumococci deficient for StkP or PhpP was performed. Among
others, intresting notable changes in the protein abundances in the mutants AstkP and AphpP in
comparison to the WT strain were observed in the functional categories of anions, cations and iron

carrying compounds, two-component systems as well as in pyrimidine and purine metabolism.
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7.2.1. LOSS OF FUNCTION OF PHPP INCREASED ABUNDANCE OF PROTEINS IN

PHOSPHATE UPTAKE SYSTEM PST

Different from other bacterial species, for example E. coli, B. subtilis, or C. crescentus, that contain
a single Pst transporter, the pneumococcus encodes two evolutionarily distinct phosphate ABC
pump transporters, Pstl and Pst2, that constitute a subtle biochemical adaptation of this
microorganism for its growth and survival under different phosphate-limiting conditions in specific
niches in the human host (Zheng et al. 2016; Botella et al. 2014; Moreno-Letelier et al. 2011; Hsieh
and Wanner 2010; Lanie et al. 2007). The operons pst1-phoU1 and pst2-phoU?2 are completely
separated in the pneumococcal chromosome. A previous study demonstrated, that the Pst2
transporter is constitutively expressed under high and low Pi conditions. Ps¢1 level increases under
low Pi concentrations (Zheng et al. 2016). The analysis of proteins belonging to the pst2 operon
revealed a contrary regulation in ApApP/WT compared to AstkP/WT. Most striking was the
observation that the ABC transporter complex PstSCAB, which is involved in the phosphate
import in the pneumococcal cell, showed a higher abundance in key proteins attached to this
mechanism in the phosphatase mutant ApshpP whereas these proteins were less abundant in the
kinase mutant AstkP compared to the WT. All proteins included in the pst2 operon, (PhoU2, PstA2,
PstB2 1, PstB2 2, PstBC2 and PstS2) were identified and quantified in the phosphatase mutant
AphpP. This was not the case within the kinase mutant. The putative phosphate ABC transporter
protein PstC2 did not meet the criteria for quantification and the membrane channel protein PstA2
was not identified at all in the kinase mutant. Moreover, the phosphate-binding ABC transporter
protein PstS1 of the pneumococcal inorganic phosphate uptake system 1 was identified only in the
phosphatase mutant and not in the WT or in the kinase mutant. Further components of the
pneumococcal pst1 operon were not detected in any of the investigated strains. From the obtained
results it can be hypothesized, that especially the phosphatase PhpP affects the phosphate uptake
system Pst2 and additionally probably also the second system Pst1. Pstl and Pst2 transporters have
to mediate Pi acquisition within different niches with vastly varying Pi concentrations in human
hosts (Orihuela et al. 2001). Since PhpP is responsible for the dephosphorylation of phosphorylated
StkP and its target proteins, it could be speculated that the lacking dephosphorylation of the kinase
StkP could effect the homoestatic phospohorylation/dephosphorylation level in the pneumococcus.
Consequently pneumococcal cells may react by increasing abundances of proteins involved in the
Pst system. However, this would need further experimental investigation. Still, there is another
hint, that indicates an influence of PhpP on the overall phosphate uptake in pneumococcal cells,
because the Na/Pi-cotransporter II-related protein SPD 0443 have been exclusively identified in
the AphpP mutant.
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7.2.2. SIGNIFICANT CHANGES IN PROTEIN ABUNDANCE IN PURINE AND

PYRIMIDINE METABOLISM IN APHPP AND ASTKP MUTANTS

The proteome analysis demonstrated that also proteins involved in the nucleotide metabolism of
pneumococci were affected by the loss of function of StkP and escpecially PhpP. This focussed
functional cluster comprises proteins assigned to the purine and pyrimidine metabolism. Purine
and pyrimidine nucleotides are major energy carriers for cellular processes, subunits of nucleic
acids, precursors for the synthesis of nucleotide cofactors and moreover they are used for the
activation of precursors in the polysaccharide and lipid synthesis (Janczarek et al. 2018; Turnbough
and Switzer 2008; Kilstrup et al. 2005). Furthermore it has been shown, that ESTKs and ESTKPs,
like pneumococcal StkP and PhpP, are indispensible for the accurate balance of purine nucleotide
pools and the regulation of purine biosynthesis (Rajagopal et al. 2005a). Amongst others, the data
conducted in this study showed that proteins involved in the de novo purine biosynthesis (PurC,
PurF, PurM) were “off” in the phosphatase mutant and less abundant in AstkP/WT. Consistently
proteins belonging to the inosine monophosphate (IMP) de novo biosynthesis and adenosine
monophosphate (AMP) biosynthesis were significantly less abundant and down regulated in both
mutants in comparison to WT pneumococci. An earlier study focussed on investigations on the
regulation of purine biosynthesis by a eukaryotic-type kinase in Streptococcus agalactiae the
authors provided evidence that Stk1 deficient strains of group B streptococci are unable to maintain
de novo purine biosynthesis and are growth arrested (Rajagopal et al. 2005a). Growth defects of
the kinase mutant have not been observed in this work, but the phosphatase mutant showed
diminished growth. Therefore, it could arise the hypothesis, that both, StkP and PhpP as a
functional signalling couple affect the purine synthesis, whereas the influence of the loss of PhpP
activity probably seems to cause stronger effects. Moreover, in this study, a contrary regulation
was observed regarding the ribose-phosphate pyrophosphokinase (PrsA, SPD_0033). PrsA plays
a crucial role in the biosynthesis of the central metabolite phospho-alpha-D-ribosyl-1-
pyrophosphate and was significantly more abundant in the phosphatase mutant, but not
significantly altered in abundance in the kinase mutant compared to the WT. This was also the case
for the diadenylate cyclase DacA, part of the cyclic-AMP biosynthetic process. Unlike its
eukaryotic counterpart StkP, there are only poor information about the physiological role of PhpP
available. In contrast to StkP, PhpP lacks obvious regulatory domains (Dworkin 2015). One issue
interpreting data generated from phosphatase mutant strains in terms of physiological
involvements are complications in untangling direct effects of dephosphorylation events of single
targets from indirect, supposedly pleiotropic global effects, resulting from dephosphorylation of
the cognate kinase.

Figuring out the influence of PhpP and StkP on pneumococcal physiology changes within the

protein pattern of the related process of pyrimidine biosynthesis were also in the focus. An earlier
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published transcriptomic study indicated that a deletion mutant of an ESTK in Staphylococcus
aureus affected the expression of genes included in regulons that are involved in purine and also
in pyrimidine biosynthesis (Donat et al. 2009). As a result of the proteome analysis of the deletion
mutants AphpP and AstkP performed in this work, significant changes in protein abundances in
the functional cluster of pyrimidine metabolism were shown, especially in the phosphatase mutant.
Intrestingly svereal key proteins of this pathway were found to be higher in their abuncance in the
phosphatase mutant in comparison to the WT and not notably changed in the kinase mutant. So,
the orotate phosphoribosyltransferase PurE and the orotidine 5'-phosphate decarboxylase PyrF,
both with participance in the uridine monophosphate (UMP) de novo biosynthetic pathway, were
found with a significant more abundance in AphpP/WT. This was also the case for the uracil
phosphoribosyl transferase Upp, the pyrimidine-nucleoside phosphorylase Pdp, the uridine kinase
Udk, the carbamoyl-phosphate synthase CarB, the bifunctional protein PyrR and the cytidylate
kinase Cmk. In addition to that, the thymidine kinase Tdk was identified in all replicates of AphpP
but not at all in the WT. In the kinase mutant all these proteins were not remarkable changed in
their abundance. Up to date there are no detailed information about the influence of ESTPs on
pyrimidine metabolism in bacteria explained.

Therefore, it can only be speculated, that less purine nucleotide synthesis and less ATP synthesis,
ATP synthase epsilon chain (AtpC) and ATP subunit b (AtpF) were also significantly lower
abundant in the phosphatase mutant, results in less CTP (cytidine-triphosphate), that act as an
inhibitor of pyrimidine synthesis, which lead to a relative higher amount of key proteins involved

in pyrimidine synthesis in pneumococci.

7.2.3. INTERACTION OF STKP AND PHPP WITH TWO-COMPONENT SYSTEMS

It is reported for a broad range of prokaryotes that ESTKs and ESTPs crosstalk with two-
component systems (Burnside and Rajagopal 2012; Didier et al. 2010; Lin et al. 2009; Ulijasz et
al. 2009). The obtained results of the comparative proteome analysis of the deletion mutants AphpP
and AstkP revealed variations of protein abundances in the pneumococcal ComCDE and ComAB
systems, both with critical functions for pneumococcal competence and involvement in sensing,
activating and regulating the pneumococcal transformation machinery under specific
environmental situations (Gémez-Mejia et al. 2017). Beside the response regulator ComE, which
was significantly lower abundant in both mutants compared to the WT, the putative sensor histidine
kinase ComD, the competence factor transporting ATP-binding/permease protein ComA and the
competence factor transport protein ComB, that were confidentially identified in each bioreplicate
of the WT, were not identified at all in the kinase mutant and in the phosphatase mutant. In
exponentially growing pneumococcal cells the transient competence development is a stress

response to alkaline pH conditions controlled by the two-component system ComDE (Claverys et
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al. 2006). In this quorum sensing system, ComD, which is processed and secreted by the ABC
transporter system ComAB, senses the extracellular accumulation of a competence stimulating
peptide and if this reaches a critical concentration, the response regulator ComE will be
phosphorylated by ComD and the transcription of comCDE, comAB and comX is initiated (Martin
et al. 2010; Claverys and Havarstein 2002; Havarstein et al. 1995). Subsequently ComX initiates
the transcription of genes, which products participate in DNA binding, uptake and recombination
(Lee and Morrison 1999). According to that, the proteome data also revealed that amongst others
the competence proteins CelA, CglA and CglC were “off” in the kinase mutant as well as in the
phosphatase mutant in comparison to the WT. It is reported, that the kinase StkP is additionally
involved in the activation of the comCDE operon and thus regulates pneumococcal competence.
Furthermore, it was shown that pneumococci deficient for StkP do not develop natural competence
(Echenique et al. 2004). Moreover, it is suggested, that the positive regulation of comCDE
expression by StkP is balanced by the repression through the two-component system CiaRH
(Mascher et al. 2003). In case of the CiaRH (competence induction and altered cefotaxime
susceptibility) system, a contrarily regulation in ApApP/WT and AstkP/WT was noticed in the
present study. While the DNA-binding response regulator CiaR was significantly more abundant
in the phosphatase mutant it was significantly less abundant in the kinase mutant in comparison to
the WT. CiaH, the corresponding sensor histidine kinase, was not identified in all strains. Since
sensor histidine kinases are only low in abundance and located in the membrane, it is not surprising,
that most of them were under the detection limit in this approach. Still, it might be the case that
the lower abundance of proteins belonging to the ComCDE and ComAB systems is a direct effect
of the absence of StkP in the kinase mutant, whereas in the phosphatase mutant it could be an
indirect effect due to the lack of PhpP and the hindered dephosphorylation of autophosphorylated
StkP. In addition to that the lack of dephosphorylation of StkP in the phosphatase mutant could be
the reason for the higher abundance of the response regulator CiaR in reaction of the imbalance of
phosphorylated/active and dephosphorylated/inactive StkP. In an other study it was reported, that
CiaR causes an upregulation of the virulence factor HtrA (DegP) (Stevens et al. 2011). This could
not be confirmed within this study. Here, the serine protease DegP was significantly lower
abundant in AphpP/WT and slightly higher abundant in AstkP/WT.

An influence of the abcense of PhpP and StkP was observed in the LiaRS two-component system,
too. As already mentioned, LiaRS also participates in regulating the competence process by
responding to peptidoglycan cleavage by LytA, CbpD and LytC murein hydrolases (Gémez-Mejia
et al. 2017; Eldholm et al. 2010). The choline binding protein CbpD was reliable identified in the
WT but it was “off” in the mutants AphpP and AstkP. The abundance of the autolysin/N-
acetylmuramoyl-L-alanine amidase LytA was significantly lower in both mutants in comparison
to the WT as well. Moreover, the DNA-binding response regulator LiaR was significantly less

abundant in ApApP/WT and AstkP/WT. The cognate sensor histidine kinase LiaS was only
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quantified in AphpP and WT, but no appriciable changes in abundance were noticed. Nevertheless,
until now, the activation signal of the LiaRS system remains unknown and only poor information
about it can be found in literature.

However, changes in protein abundances were indeed observed for a further pneumococcal two-
component system, that is involved in the regulation of competence, namely VicRK (TCS02,
WalRK). The VicX ancillary protein encoded in the vicRK operon was significantly lower
abundant in the kinase mutant and less abundant in AphpP/WT as well. While there were no
differences in the abundance of the sensory box sensor histidine kinase VicK in the kinase mutant,
this protein was significantly more abundant in the phosphatase mutant compared to the WT strain
The DNA-binding response regulator VicR was only slightly higher in abundance in AphpP/WT
and less abundant in AstkP/WT. Importantly, the essentiality of VicR in S. pneumoniae is due to
its positive regulation of a gene encoding a putative peptidoglycan hydrolase (PcsB, SPD_2043)
that plays a critical role in cell wall biosynthesis and cell division and therewith influences
pneumococcal morphology. It is reported that the protein PcsB interacts with the cell division
complex FtsE/FtsX (Sham et al. 2011). PcsB was detected in all three strains. In the phosphatase
mutant, PcsB was higher in abundance, while no changes were observed in the kinase mutant
strain. The cell division proteins FtsE (ATP-binding) and FtsX were significantly less abundant in
the kinase mutant AstkP compared to the WT. Surprisingly, no significant changes were detected
in the abundance of FtsE or FtsX in the phosphatase mutant AphpP/WT, although this mutant was
characterized by stronger morphological effects and impaired cell division and separation.
Referring to literature it is the deletion of the pcsB gene, that causes abnormal mutation and not an
overexpression (Bartual et al. 2014; Giefing-Kr6ll et al. 2011). Looking on this issue in more detail,
there is a difference between the earlier published studies including morphological analysis of pcsB
mutants and pApP and stkP mutants and the performed analysis presented in this work. In the
studies published by Giefing-Kroll et al. 2011, Bartual et al. 2014 or Agarwal et a/. 2012 and
Ulrych et al. 2016 pneumococcal strains were cultivated in rich medium THY or in C+Y medium.
In this work, all investigations were performed in cultures grown in chemically defined RPMI cell
culture medium. It has already been described that the medium used for cultivation can greatly
influence the outcome of a physiological study in pneumococci (Hoyer et al. 2018). Hence, it can
be speculated that different phenotypic effects as well as proteomic responses, also regarding the
slightly higher abundance of PcsB in the recent dataset are not only strain-dependent but also
cultivation media dependent. Still, a phenotype similar to that observed in our study was described
by Agarwal et al. 2011 for an ESTP deletion mutant instead of a pcsB mutant in S. pyogenes, also
showing multiple asymmetric and parallel septa formation comparable to the observed

morphological observations.
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7.3. COMPARATIVE PHOSPHOPROTEOMIC ANALYSIS OF ASTKP, APHPP
AND WT

In consideration of the obtained LFQ results it an be suggested that PhpP and StkP are involved in
the regulation of pneumococcal morphogenesis by modulating proteins participating in cell
division and associated processes like peptidoglycan biosynthesis through balancing the
phosphorylation and dephosphorylation level of specific target proteins. Already detected target
substrates of StkP in vivo are DivIVA, GImM, PpaC, MurC, MapZ, and StkP itself (Hammond et
al. 2019; Fleurie et al. 2014b; Falk and Weisblum 2013; Novakova et al. 2010; Osaki et al. 2009).
Nonetheless, most of the target sites of StkP remain to be identified. Still, the role and involvement
of the cognate phosphatase PhpP is not well described. In order to be able to correlate the
phenotypic observations from the electron microscopic analysis to protein phosphorylation
patterns, a gel-free phosphopeptide enrichment with TiO, followed by MS/MS measurement and
spectral library based data evaluation was performed. Above all, a major interest of this work was
the discovery of more possible new targets/target sites of the pneumococcal kinase StkP and
especially of the phosphatase PhpP.

For getting an overview of the phospho-identifications, phosphorylated peptides inclusive unique
phosphosites that were found in three out of three biological replicates in each strain were in the
focus. All in all, 38 phosphosites, 18 on serine, 18 on threonine and two on tyrosine within 35
peptides belonging to 26 proteins were highly confidential identified in the dataset. In general,
multiple amino acid residues can be targets for phosphorylation and therewith affect protein
function. Protein phosphorylation in eukaryotes commonly occurs on serine, threonine and
tyrosine amino acids at an estimated ratio of 1000:100:1 (Raggiaschi et al. 2005). In contrast to the
serine/threonine and tyrosine kinase cascade systems in eukaryotes, signal transduction in
prokaryotic organisms is predominantly maintained by two-component systems. Nevertheless,
earlier published studies have shown that eukaryotic- ESTKs as well as ESTPs function in a wide
range of bacterial species and in parallel or overlapping signaling networks thereby constituting
another important signaling mechanism for the regulation of different cellular functions (Janczarek
et al. 2018; Zhang et al. 2017; Shi et al. 2014; Wright and Ulijasz 2014). Still, they are only less in
abundance and therefore identification numbers of Ser/Thr/Tyr phosphorylations in bacteria are
much lower. Furthermore, the lack of reproducibility due to the immense sample preparation effort
decreases high-confident identification numbers. Moreover, it was already observed in other
proteomic studies of bacterial phosphoproteomes, that tyrosine phosphorylations were under-
represented, perhaps resulting from the method of phosphopeptide enrichment (Soares et al. 2013;
Macek et al. 2008). However, to pinpoint targets of StkP and PhpP, phosphorylation events on

serine and threonine were in the spotlight of the performed analysis.
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7.3.1. IDENTIFICATION OF PREVIOUSLY OBSERVED STKP TARGETS AND

DETECTION OF PUTATIVE NEW TARGET SUBSTRATES

The pneumococcal kinase StkP has been extensively investigated. It is known that StkP localizes
to the division sites and participates in the regulation of cell division in pneumococci. In previous
studies it was demonstrated that pneumococci with stkP mutations revealed disrupted cell wall
synthesis and displayed elongated morphologies with multiple, often delocalized, cell division
septa. So, it arises the assumption that StkP modulates cell wall synthesis and cell division and
thus contributes to the characteristic ovoid shape of the pneumococcus (Zucchini et al. 2018;
Fleurie et al. 2014b; Beilharz et al. 2012). This assumption is supported by several studies
mentioned before, applying in vitro and in vivo phospho-assays and identified target proteins of
StkP like DivIVA, MapZ and others, all involved in cell division or peptidoglycan synthesis. To
uncover targets of StkP with the presented mass-spectrometry based proteomic approach the
obtained phospho-data were filtered for phosphorylated peptides detected in the WT in every
replicate but in none of the replicates of the kinase mutant. This way of data treatment was executed
inconsideration of the fact that the kinase StkP is disrupted in the mutant and therfore it should be
unable to phosphorylate its targets anymore, which is not the case for the WT. Finally, the
presented data support the assumption of privious studies that the cell division proteins DivIVA
and MapZ are targets of the StkP. Within the analysis of the phosphopeptide-enriched samples, a
phosphorylation site on Thr201 of DivIVA was detected. This phosphorylation site of DivIVA was
already described in an earlier study of the phosphoproteome of S. preumoniae (Sun et al. 2010).
In addition to that, other studies of the pneumococcus revealed that phosphorylation of proteins on
threonine is StkP dependent (Fleurie et al. 2012; Novakova et al. 2010). The results of this work
indicate that the prokaryotic tubulin homologue FtsZ, which is involved in the formation of the
cell division septum and interacts with MapZ, is directly phosphorylated by StkP. A
phosphorylation site on Thr356 of FtsZ was identified in all replicates of the WT but in none of
the replicates of the AstkP mutant strain. Since identifications in two out of three biological
replicates can also be considered as confidential, the data evaluation was extended. So, a
phosphoylation site within the endolytic murein transglycosylase MItG on Thr155 was identified
in two out of three WT bioreplicates but not at all in the AstkP mutant. Thus, MItG could be a new
and notable putative target of StkP. MItG also participates in the peptidoglycan synthesis in
pneumococci, therefore it could strengthens the assumption that StkP plays a major role in
modulating proteins involved in pneumococcal morphogenisis. Another phosphorylated protein
that was identified in this study is MacP (SPD_0876). MacP is a membrane-anchored cofactor of
the penicillin-binding protein PBP2a involved in peptidoglycan synthesis in pneumococci, too
(Fenton et al. 2018). A phosphoproteome study by Sun et al. in 2010 (Sun et al. 2010) led to the
detection of a phosphorylation site on Thr32 in the until that date unknown protein SPD _0876. In
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2018, Fenton et al. (Fenton et al. 2018) reported the identification of MacP as a substrate of the
kinase StkP. Moreover, the phosphorylation at residue Thr32 was confirmed by performing in vitro
approaches including antiphospho-threonine immunoblots. Here, in this work, phosphorylation in
MacP was detected in vivo. Interestingly, the identified phosphorylation site is located on a
different position than described in the previous publication. Fity-five peptide spectrum matches
(PSMs) of the peptide with the phosphorylation on Thr56 were found in the WT and 43 PSM
counts were assigned to the corresponding unphosphorylated peptide. Regarding these numbers, it
can be considered as a highly significant putative target site of StkP. Going back to the LFQ data,
the MacP protein was found to be significantly higher in abundance in the kinase mutant in
comparison to the WT. Accordingly, it can be speculated that the inability of protein activation by
the inactive StkP leads to the accumulation of the protein in the kinase mutant.

Finally, there are other proteins that have already been described as StkP targets like MurC and
GImM were not found within the phosphoproteome analysis in this study. Surprisingly GImM,
which was identified in vitro and in vivo as StkP target in earlier published studies (Novakova et
al. 2010; Novakova et al. 2005), was excluded from the StkP target list generated in this work.
Within the MS-based in-depth phosphoproteome analysis, phosphorylated peptides of GImM were
identified in all biological replicates of the AstkP mutant including phosphorylation sites on Ser93,
Ser99 and Ser101 with three to 200 PSM counts for the specific phosphorylated peptides.
Therefore, it can be speculated that maybe another, yet unknown and not annotated kinase in D39
might be responsible for the phosphorylation of further proteins.

All in all, the obtained results from the performed phosphoproteome analysis led to the extension
of the list of putative target and target sites of StkP and offers the opportunity for more specific

investigations of the involvement of the mode of action of StkP and the potential target proteins.

7.3.2. PHOSPHOPROTEOME ANALYSIS UNCOVERED PREVIOUSLY UNKNOWN

PUTATIVE TARGETS OF PHPP

In contrast to StkP there are only few things described about the cognate phosphatase PhpP. StkP
and PhpP appear to constitute a functional signaling couple in vivo and likely belong to the same
complex (Osaki et al. 2009). It is known that PhpP negatively controls the level of protein
phosphorylation in S. pneumoniae by direct dephosphorylation of target proteins and by
dephosphorylation of the kinase StkP (Ulrych et al. 2016). In case of the StkP, it is assumed, that
the kinase stays in the phosphorylated form in the phosphatase mutant. Here, it has to be mentioned
that the phosphorylated form of StkP was not identified within the phosphoproteome dataset.
Nevertheless, this result can be explained by the low abundance of the StkP protein (Figure 7-1).
The protein quantification here was done with whole protein extracts of pneumococci. Since the

StkP is a membrane protein, it is likely to assume, that it is underrepresented in the extract in
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comparison to the real appearance. This should not be relevant for the investigation of the targeted
proteins, because the active center of the kinase is located in the intracellular space, therefore the
precondition to identify the target proteins is fulfilled. In case of PhpP, which is located in the
cytoplasm this is not worth mentioning (Beilharz et al. 2012).

el el
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]
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N PhpP

Normalized LFQ intensities
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WT AstkP AphpP
Figure 7-1: MaxQuant-LFQ intensities of the proteins StkP and PhpP in the investigated strains.

However, in a previous study it was described that PhpP dephosphorylates MapZ, which is a target
of StkP (Fleurie et al. 2014a). In another approach towards the characterization of the
pneumococcal phosphatase PhpP it was also suggested that PhpP and StkP cooperatively regulate
cell division of S. pneumoniae, moreover, the authors revealed a novel PhpP substrate, SPD 1849,
a putative RNA binding protein Jag (SpolllJ-associated protein) (Ulrych et al. 2016). Yet, there
are no mass spectrometry based phosphoproteomic investigations focusing on the identification of
multiple possible new target substrates presented in the earlier and recently published literature. A
reason for that could be the already mentioned difficulty to note direct effects of dephosphorylation
events of individual targets, because it is not clearly distinguishable from indirect effects caused
by the dephosphorylation of the co-transcribed kinase StkP. However, the performed mass
spectrometry based comparative phosphoproteome analysis aimed at providing a collection of
proteins, which are worth to be considered as possible target substrates of PhpP. To set up a suitable
strategy for the data analysis, it was considered that the absence of PhpP activity in the
pneumococcal cell results in the loss of dephosphorylation of its direct targets in the mutant. With
this in mind, it was expected, that the targets of PhpP have a higher phosphorylation level compared
to the WT or, proteins, that were not phosphorylated in the WT are found with a phosphorylation
in the phosphatase mutant. So, first of all, the phospho-data generated in this work were checked
for phosphorylation sites, which were not identified in the WT, but in all replicates of the
phosphatase mutant. Proteins, that meet these criteria, were threatened as highly significant

potential target substrates of PhpP. This category of putative target proteins include the DNA
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mismatch repair protein MutL (Ser119) and the hypoxanthine phosphoribosyltransferase Hpt
(Thr107). Due to the fact that the target substrates of PhpP can also be found phosphorylated in
the WT, those proteins were analyzed as well. In addition to that, the identification of putative
PhpP targets was extended regarding phosphorylation sites that were found in at least two out of
three biological replicates in AphpP. To provide more confidence, a quantitative dimension was
necessary to inspect, whether the phosphorylation incidence is higher in the phosphatase mutant
compared to the WT. For this reason, the counts of peptide spectrum matches (PSMs) per
phosphorylated peptide and PSMs of the corresponding unphosphorylated peptide were included
in the analysis. Phosphopeptides with a higher number of PSMs/phosphopeptide in the phosphatase
mutant compared to the WT and less or comparable PSM counts of the unphosphorylated peptide
in AphpP were categorized as notable putative targets of PhpP. Within this group of putative
phosphatase targets are four proteins with a direct involvement in cell division (MapZ, DivIVA)
and peptidoglycan biosynthesis (MItG, MreC). An important implication of these findings is that
it may link the abnormal cell morphology of the AphpP pneumococci to the phosphorylation status
of critical cell division proteins. Additionally, MapZ and DivIVA are targets of StkP, too. These
observations again support the assumption that PhpP and StkP are acting as a functional signaling
couple as previously suggested (Osaki et al. 2009) and participate in the process of cell division
and morphogenesis in S. pneumoniae. Another, but only slightly significant putative target of PhpP
is, beside others, the cell cycle protein GpsB. For the DivIVA paralog GpsB it was reported that it
is necessary for correct StkP localization and activity and hence, for StkP-dependent
phosphorylation of DivIVA. Up to date, a phosphorylation site in GpsB was not determined
(Fleurie et al. 2014a). Surprisingly, in the evaluated proteome data set, phosphorylation sites in
GpsB were detected on Thr79 and Ser107. This finding provides a strong hint that phosphorylation
might occur in GpsB itself as well. According to these observations, GpsB seems to be
dephosphorylated by the phosphatase PhpP, but it is not directly phosphorylated by StkP. In the
StkP deficient mutant the phosphorylation site in GpsB on Ser107 was detected confidentially in
two out of three biological replicates. In Bacillus subtilis for example, it is known that the Ser/Thr
kinase PrkC, also localized at the division septum, phosphorylates GpsB on Thr75 (Pompeo et al.
2015). Nevertheless, more experimental assays are necessary to confirm the putative
phosphorylation site or sites in GpsB in the pneumococcus. In a recent study it is reported that
GpsB functions as an adapter for multiple cell wall enzymes in B. subtilis, Listeria monocytogenes
and importantly in S. pneumoniae, too. In this manner, an interaction with the cell shape-
determining protein MreC was confirmed in the pneumococcus (Cleverley et al. 2019). The data
of the mass spectrometry based phosphoproteome analysis conducted in this work provide
evidence, that MreC is phosphorylated in the pneumococcus and its dephosphorylation is executed
by the phosphatase PhpP. In the WT and in the phosphatase mutant, even three phosphorylation
sites were confidentially identified in MreC: Serl41, Ser155 and Serl157, meanwhile, the
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unphosphorylated counterpart of the peptide was not detected at all in both strains. Unfortunately,
the membrane spanning cell wall synthetic factor MreC is until now only poorly characterized.
Surprisingly, each of the detected phosphorylation sites is located in the periplasmic like region
according to the structure model of MreC (Lovering and Strynadka 2007). This arises the question,
whether a phosphorylation of MreC in this part is possible and whether the result is reliable, this
has to be clarified. Furthermore, an intersting point is, that MreC was not found to be a direct target
substrate of the kinase StkP. This lead to the question whether PhpP, which mainly
dephosphorylates the StkP and its targets, is truly the only present Ser/Thr kinase in the
pneumococcus. There are indeed information about another predicted, but yet uncharacterized
serine/threonine protein phosphatase (SPD 1061) in S. pneumoniae D39 with yet unknown
function, but there were no sequence similarities of PhpP to SPD_1061 or any other unknown and
putative protein (Agarwal et al. 2012). The missing sequence homologies were confirmed within
this work as well. Moreover, it was also examined, that conserved catalytic motifs (I-XI), that are
characteristic for the eukaryotic-like PP2C family of phosphatases, are missing in SPD 1061, too.
Clearly, further research will be required to uncover which enzyme or what kind of interaction
could be responsible for the phosphorylation in the protein MreC.

In addition to that and according to the study of Ulrych et al. (2016), the observed results indicated
that SPD 1849, the putative protein Jag (SpolllJ-associated protein), is a direct target of PhpP.
Within the protein Jag, two phosphorylation sites, at Thr126 and Thr89, were identified in the
phosphatase mutant strain. This observation is circumstantiated by the number of PSMs for the
peptide including the phosphorylation on Thr126, because it was identified with a single PSM in
only one replicate of the WT whereas it was reliable detected with 28 PSMs in the phosphatase
mutant in two out of three bioreplicates. Furthermore, the unphosphorylated form of this peptide
was not identified in both strains. This result provides strong evidence, that the detected
phosphorylation site on Thr126 is targeted by PhpP. On the other hand, there is a second peptide
with an identified phosphorylation site on Thr89 counted 13 PSMs in the WT and 15 PSMs in the
mutant. Interestingly, exactly this phosphorylation site, which is considered as less significant in
this work, was just described in the non-proteomic study of Ulrych et al. (2016). From the
perspective of the presented data it is possible that both phosphorylation sites are target site for
pneumococcal PhpP. Further research of this issue would surely be of interest. Nevertheless, it is
possible to conclude, that the presented highly confident phosphorylation site identifications can
hint to yet unknown dephosphorylation targets of the pneumococcal PhpP and thus provide the
basis for a deeper insight into the regulatory mechanisms of this phosphatase.

However, phosphorylation and dephosphorylation events are dynamic processes and can change
rapidly under varying environmental conditions (Calder et al. 2016; Macek et al. 2009). Certainly,
not all of the targets and target sites for phosphorylation dephosphorylation could have been

detected within this MS based approach aiming at an extension of only to a minor agree available
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phosphoproteomic data for S. pneumoniae with an emphasis on the StkP/PhpP couple. On a wider
level, a more detailed and complete description of proteins targeted for phosphorylation and
dephosphorylation events can be observed when combining different techniques, for example
structural analyses of possible target proteins, phenotypic characterizations of different gene

mutants for possible targets or well established phosphoactivity assays.

7.4. CONCLUSION

In summary, the results conducted in this work provide a complex and comprehensive protein
repository of high proteome coverage of S. pneumoniae D39 containing confidential
identifications of serine/threonine/tyrosine phosphorylations, that will facilitate future
investigations of this important human pathogen. The comparative global proteome analysis of the
generated pneumococcal kinase and phosphatase mutants demonstrated once more the essential
role of ESTKs and ESTPs in the functional protein regulation of the pneumococcus. Within the
LFQ approach, changes in protein patterns were observed in diverse biological processes in both
mutants lacking PhpP or StkP activity. Moreover, the acquired data revealed that the loss of
function of especially the phosphatase PhpP resulted in an increased abundance of proteins
attached to the pneumococcal phosphate uptake system Pst. Furthermore, the observed data
showed that the activity loss of either PhpP or StkP influenced proteins belonging to the
pneumococcal two component-signaling systems ComDE, CiaRH, LiaRS and VicRK.
Significantly altered protein abundances in the purine and pyrimidine metabolism in ApipP and
AstkP mutants also refer to the more promiscuous mode of action of serine/threonine kinases
compared to histidine kinases in common bacterial two-component systems. Still, the rsults
indicate that there are several bottle necks during the data analysis regarding direct involvements
of especially the phosphatase PhpP due to numberous pleiotropic effects or indirect effects caused
by the activity or inactivity of the co-transcribed kinase StkP. However, recent studies of the
StkP/PhpP couple demonstrated that both play an essential role in cell growth, cell division and
cell separation. Concordantly, growth analyses and the phenotypic characterization of the mutants
by electron-microscopy figured out that AphpP and AstkP possess obviously different growth
characteristics and abnormal cell division and cell separation. These observations could not be
explained by differences in protein abundances on a global scale. Thus, in order to extend the
available knowledge about PhpP and StkP regarding their influence in pneumococcal
morphogenesis (Figure 7-2), perhaps by modulating proteins participating in this mechanism, an

in depth analysis of the phosphoproteome was indispensable.
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Figure 7-2: Identified putative target proteins of StkP and PhpP involved in pneumococcal cell division
and peptidoglycan synthesis (Hirschfeld et al. 2019). Phosphorylated proteins participating in
pneumococcal morphogenesis are presented. It is known, that StkP autophosphorylates and PhpP
dephosphorylates StkP. StkP also phosphorylates the cell division proteins FtsZ and DivIVA as well as
MapZ and MacP, both involved in peptidoglycan synthesis. For MapZ it was shown, that it is
dephosphorylated by PhpP (red arrows = known interactions from literature, partially validated in this study).
Data from this study also provide hints for an interaction of PhpP with the cell division proteins DivIVA and
GpsB and moreover with MacP, MItG, and MreC, which are also participating in peptidoglycan synthesis

(black dashed lines = putative interactions derived from this study).

Up to date, studies of bacterial phosphoproteomes applying classical database search approaches
usually reported less than 150 phosphorylated proteins. Here, slight modifications of the workflow
for phospho-sample preparation and the application of the recently build combined spectral library,
including phospho-enriched samples and classical proteome samples of numerous different
datasets highly enhanced reliable and reproducible identification of phosphorylated proteins in this
work. Finally, already described targets and target sites of the pneumococcal StkP and PhpP,
detected and characterized in previous studies applying different methodologies, have been
identified as a proof of principle applying the presented MS based phosphoproteome approach.
Particularly, the obtained results remarkably extended the list of potential targets and target sites
of PhpP. All in all, the presented data provide an extensive source of information for future

investigations of new possible targets and target sites of the pneumococcal StkP/PhpP couple.
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7.5. PUBLICATION OF MAIN RESULTS

The main results of this PhD thesis addressing the impact of StkP/PhpP on pneumococcal
physiology applying proteomics with an emphasis on phosphorylation and dephosphorylation
events were summarized and published in the comprehensive research article "Proteomic
Investigation Uncovers Potential Targets and Target Sites of Pneumococcal Serine-Threonine
Kinase StkP and Phosphatase PhpP” (Hirschfeld, C.; Gomez-Mejia, A.; Bartel, J.; Hentschker, C.;
Rohde, M.; Maal}, S.; Hammerschmidt, S.; Becher, D. 2020. Front. Microbiol., doi:
10.3389/fmicb.2019.03101). In particular, the publication is based on the results from the chapters
6.4. (6.4.1., 6.4.2. (6.4.2.1.-6.4.2.3))) and 6.5. (6.5.2. —6.5.5.). Within the framework of this
manuscript, the MS proteomic data, the spectral library and the MaxQuant outputs have been
deposited to the ProteomeXchange Consortium via the PRIDE partner repository (Vizcaino et al.
2016) with the dataset identifier PXD015268. Annotated MS/MS spectra of the spectral library
search results can be viewed with the help of the identified peptide sequence and the freely
available MS-Viewer tool, accessible through the Protein Prospector suite of software at the
following URL: http://prospector2.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msviewer, with

the search key: t3hpidqwms.
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Figure 10-1: Scatter plots of biological replicates of pneumococci grown in RPMI modi medium,
harvested in the exponential growth phase. The scatter plots were created from the quantitative data, i.e.
the log, transformed LFQ intensities of each biological replicate of the WT stain, the kinase mutant strain
AstkP and the phosphatase mutant strain ApipP. The square of the correlation coefficient, R?, is displayed

within each plot.
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Figure 10-2: Scatter plots of biological replicates of pneumococci grown in RPMI modi medium,

harvested in the stationary growth phase. The scatter plots were created from the quantitative data, i.e.

the log, transformed LFQ intensities of each biological replicate of the WT stain, the kinase mutant strain

AstkP and the phosphatase mutant strain AphpP. The square of the correlation coefficient, R?, is displayed

within each plot.
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Figure 10-3: Scatter plots of biological replicates of pneumococci grown in THY medium, harvested

in the exponential growth phase. The scatter plots were created from the quantitative data, i.e. the log,

transformed LFQ intensities of each biological replicate of the WT stain, the kinase mutant strain AstkP and

the phosphatase mutant strain ApipP. The square of the correlation coefficient, R?, is displayed within each

plot.
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Figure 10-4: Scatter plots of biological replicates of pneumococci grown in THY medium, harvested
in the stationary growth phase. The scatter plots were created from the quantitative data, i.e. the log,
transformed LFQ intensities of each biological replicate of the WT stain, the kinase mutant strain AstkP and
the phosphatase mutant strain AphipP. The square of the correlation coefficient, R?, is displayed within each

plot.
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10.1. SUPPLEMENTARY MATERIAL — ELECTRONIC APPENDIX

This section contains a list of the supplementary materials included on the attached CD-ROM.

FOLDERS

Database All samples were searched against the S. pneumoniae D39 database from UniProt
(1,918 proteins, 2017) included in this folder. For TPP based spectral library
construction the FASTA-header were shortened and replaced by the
corresponding NCBI identifier.

MaxQuant For classical database search, spectra were searched separately for each strain with
MaxQuant (1.6.1.0, Max Planck Institute of Biochemistry, (Cox and Mann, 2008))
and its implemented search engine Andromeda (Cox et al., 2011) against the
S. pneumoniae D39 database from UniProt (2017).

The specific search parameters can be found in the mqpar files. The search output
including the proteinGroups.txt file is attached as well.
e MaxQuant_search parameters

e MaxQuant output

Perseus For shot gun proteomic data analyses the software Perseus 1.6.1.1
(Tyanova et al., 2016) was used.
The corresponding .sps files including the unique peptide identifications and the
MaxQuant LFQ intensities are presented in this folder. Data were normalized over
the median in Microsoft Excel and re-imported in Perseus.
e D39 RPMI Unique peptides_and LFQ
e D39 THY_ Unique peptides and LFQ

SAM Statistical evaluation of quantified proteins was performed using RStudio
(version 3.5.0) and the SAM (Significance analysis of microarrays (Tusher et al.,
2001)) script by Michael Seo (https://github.com/MikeJSeo/SAM) with the
implemented two-class unpaired test, which is analogous to a t-test between
subjects. The input data tables and the original output tables (.xIsx files) can be
found in the sub folders. Differentially expressed proteins with a minimum fold
change of two and a g-value < 0.01 were considered as significantly regulated.

e Input

e Original output
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Spectral library S. pneumoniae D39
The validated spectral library S. pneumoniae D39 was constructed using the Trans
Proteomic Pipeline (TPP, 5.1.0-rc1 Sysygy, 2017) and can be applied for
phosphorylation-centered searches.

e Final Sp D39 combined_splib SILAC fwd decoy CHi

DATA SHEETS

Annotation table - Streptococcus pneumoniae D39

Data Sheet 1 - Overview of data sets and raw files

Data Sheet 2 - LFQ results

Data Sheet 3 - ON_OFF protein_identifications

Data Sheet 4 - STY phospho identifications RPMI exp

Data Sheet 5 - Summary LFQ and phosphoproteome results RPMI exp

Voronoi treemap collection

134






Eigenstiandigkeitserklarung

EIGENSTANDIGKEITSERKLARUNG

Hiermit erkldre ich, dass diese Arbeit bisher von mir weder an der Mathematisch-
Naturwissenschaftlichen  Fakultdt der Universitit Greifswald noch einer anderen
wissenschaftlichen Einrichtung zum Zwecke der Promotion eingereicht wurde.

Ferner erkldre ich, dass ich diese Arbeit selbststindig verfasst und keine anderen als die darin
angegebenen Hilfsmittel und Hilfen benutzt und keine Textabschnitte eines Dritten ohne

Kennzeichnung iibernommen habe.

Unterschrift des Promovenden

XI





