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1.0. Abstract

The main pre-requisite of the inhibitor-based selection approaches to cure diseases and
infections is based on the evidence that the pathogen drug target must not be present in
the host and/or the potential inhibitor must be uncommon in the metabolic pathways of
the host to avoid detrimental effects with the host proteins. In ideal cases, new drugs
should be developed based on specifically targeting the parasite with minimal or no
toxicity to humans. In this context, the essential presence of vitamin Be biosynthesis
enzymes in the metabolic pathways of a majority of pathogenic organisms, and their
absence in humans recognized the pyridoxal phosphate (PLP) biosynthesis enzyme
complex as a potential drug target. In this context, my thesis research activities were
focused on the structure-function-analysis of the PLP synthase complex. The main
structural unit and the catalytic center of the PLP synthase complex are constituted by
the Pdx1 subunit (PLP synthase domain) forming a dodecamer and Pdx2 (glutaminase
domain), which binds independently to Pdx1, establishing a 24meric Pdx1-Pdx2 (Pdx)

complex.

The essential importance of the PLP synthase complex is based on its structural
elements controlling the entry of the substrate to the active site and also the Pdx1-Pdx2
interface regions. Utilizing the PLP synthase enzyme complex as a potential drug target
for drug discovery approaches requires information about these important structural
elements and/or about the Pdx1-Pdx2 interface regions. The PLP synthase complex
enzyme shares its substrates (glutamine, and sugars i.e. ribose 5-phosphate and
glyceraldehyde 3-phosphate) with essential host enzymes like glutamine amido-
transferase, ribose 5-phosphate isomerase, and glyceraldehyde 3-phosphate
dehydrogenase, involved in different metabolic pathways. Therefore, instead of
substrate-based inhibitor design targeting the PLP synthase enzymes, Pdx1-Pdx2

interface-based inhibitors, is a wise direction.

Considering the potential of PLP synthase enzymes for novel drug development studies,
the first part of my thesis is focused on analysing the Plasmodium vivax PLP synthesis
proteins (Pdxl, Pdx2, and the Pdx complex) via biophysical characterization and
structural investigations. As plasmodial species, protozoan pathogens, are causing
severe and fatal malaria diseases and have developed an effective resistance mechanism

against most of the currently available antimalarial drugs. This instigates an urgent need
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to identify new antimalarial drug targets. To characterize the PLP enzymes and their
complex in terms of initial drug discovery investigations, the Plasmodium vivax Pdx1,
Pdx2, and the Pdx1-Pdx2 (Pdx) complex were investigated by utilizing complementary
biophysical and bioanalytical techniques, such as dynamic light scattering (DLS), mass
photometry (MP), small-angle X-ray scattering (SAXS), and electron microscopy (EM).
In addition, X-ray crystallography structural studies were also carried out for the Pdx1
and Pdx complex applying single-crystal diffraction and utilizing synchrotron radiation
at DESY.

The biophysical investigations revealed a dodecameric Pdx1 and a monodisperse Pdx
complex. However, Pdx2 was identified in monomeric and in different oligomeric states
in solution. Interestingly, mixing oligomeric and polydisperse Pdx2 with dodecameric
monodisperse Pdx1, investigated by time-resolved DLS and by nanoparticle tracking
analysis (NTA), resulted in the gradual disappearance of oligomeric Pdx2 and the
formation of a monodisperse Pdx complex with completion in hours. The data revealed
the importance of the time-resolved investigation in examining the dynamics of a
complex reaction process. Subsequently, the electron microscopy studies revealed the
formation of an unsaturated Pdx1-Pdx2 complex with saturation observed with the
oligomeric Pdx2. In addition, the crystal structure investigations also revealed a
dodecameric PvPdx1, indicating that the dodecameric form of Pdx1 is explicitly a

particular feature of plasmodial species.

With no doubt, the broad-spectrum antibiotic Penicillin discovery by Alexander
Fleming, is one of the utmost achievements in medicine’s history saving countless lives
throughout the world over decades. But, the natural resistance development in microbes
due to the overuse of the antibiotics, and long-term exposure to these antibiotics result
in losing effectiveness very rapidly. Because of the very fast adaptation ability,
Methicillin-resistant Staphylococcus aureus (MRSA) which often appeared in hospital-
acquired infections, has become the most life-threatening microbe. With only a few
available therapeutic possibilities, its resistance to the currently available antibiotics has
been increased. Therefore, concerned institutions and also more than 20 leading
biopharmaceutical companies announced the “AMR Action Fund” in July 2020 with
an aim of bringing two-four new antibiotics or alternative therapeutics into the market

by the year 2030 [1]. Concerning the alarming side effects of antibiotics and issues like



multidrug resistance, the novel approach of targeting the metabolic pathways of the
microbes, particularly those absent in humans, like vitamin Be synthesizing Pdx

complex enzymes, have gained intent interest as a target for alternative drug design.

Pondering the current challenges of drug resistance and other dire effects, the second
part of my thesis comprehends the investigation of Staphylococcus aureus Pdx proteins
via the aforementioned biophysical techniques and 3D structural studies, for lining up
the Pdx proteins as possible alternative targets. Knowing the differences between the
eukaryotic and prokaryotic Pdx1l and Pdx2 sequences with thermodynamic and
structural differences in their Pdx complexes assembly. Further, the obtained structural
insight into the P.vivax Pdx1, and the Pdx complex dynamic oligomerization behavior
in solution, S.aureus Pdx proteins were selected with a focus on Pdx1 3D structure and
the Pdx complex dynamic studies. SaPdx1, Pdx2, and the Pdx complex were studied by
applying complementary bioanalytical techniques, likewise applied in P.vivax Pdx
proteins investigations. The data obtained by applying dynamic light scattering (DLS),
small-angle X-ray scattering (SAXS), and mass photometry (MP) indicate SaPdx1 in a
hexameric state without dodecameric equilibrium form in solution (reported first time in
bacteria). SaPdx2 was found stable and in the monomeric solution state, indicated by
SEC, DLS and SAXS data.

Since S.aureus Pdx1l was showing a hexameric solution state, therefore it was
interesting to see whether the hexameric Pdx1 can form complex after mixing with its
Pdx2 counterpart. SEC, DLS, and SAXS data indicate the Pdx complex formation with
confirmation of the respective protein subunit bands by gel electrophoresis. Whereas,
the low-resolution 3D SAXS data shows a tetrameric Pdx complex composed of Pdx1
and Pdx2 in 1:1.

Interestingly, contrary to the solution state, SaPdx1 was found in a potential
dodecameric form in its 3D structure after investigating its solved crystalline structure.
The online interface investigating tool (PISA) which is used for the calculation of the
interface score also known as complex formation significance score (CSC),
demonstrates a more stable hexamer with less possibility of dodecamer formation for
SaPdx1. However, the presence of PO4 ions at the hexamer interface of the protomers is
one of the possible reasons for a potential dodecameric crystalline state. In contrast to

the P.vivax and other reported Pdx1 crystal structures, complete helices aN and a2" are
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appeared and solved in S.aureus Pdx1 crystal structure. The reported data indicate that
these helices appeared after Pdx1 binding to Pdx2 proteins and/or R5P bind to Pdx1
with function in Pdx complex stabilization and enzyme catalysis. The helix aN present
at the interface of Pdx1-Pdx2 proteins is a potential target region for designing
inhibitors by blocking the associated ammonia tunnel involved in the transport of NH3

from the Pdx2 subunit active site to the Pdx1 catalytic center.

Pdx1 (dodecamer) Pdx2 Pdx1-Pdx2 complex (24-mer)

Graphical Abstract



1.0. Zusammenfassung

Die wichtigste Voraussetzung fur die Inhibitor-basierten Selektionsansétze zur Heilung
von Krankheiten und Infektionen basiert auf dem Nachweis, dass das Ziel des Erregers
nicht im Wirt vorhanden sein darf und/oder der potenzielle Inhibitor in den
Stoffwechselwegen des Wirts ungewohnlich sein muss, um schéadliche Auswirkungen
auf die Wirtsproteine zu vermeiden. Im Idealfall sollten neue Medikamente entwickelt
werden, die speziell gegen den Parasiten wirken und dabei nur minimal oder berhaupt
nicht toxisch fur den Menschen sind. In diesem Zusammenhang wurde das essentielle
Vorhandensein von Vitamin Be-Biosyntheseenzymen in den Stoffwechselwegen einer
Mehrheit pathogener Organismen und ihre Abwesenheit beim Menschen den
Pyridoxalphosphat-Enzymkomplex (PLP) als potenzielles Wirkstoffziel erkannt. In
diesem Zusammenhang konzentrierten sich meine Forschungsaktivitdten auf die
Struktur-Funktions-Analyse des PLP-Synthase-Komplexes. Die Hauptstruktureinheit
und das katalytische Zentrum des PLP-Synthase-Komplexes bilden die Untereinheit
Pdx1 (PLP-Synthase-Domaéne), die einen Dodecamer bildet, und Pdx2 (Glutaminase-
Doméne), die unabhangig an Pdx1 bindet und einen 24mer Pdx1-Pdx2 (Pdx) Komplex
bildet.

Die wesentliche Bedeutung des PLP-Synthase-Komplexes beruht auf seinen
Strukturelementen, die den Eintritt des Substrats zum aktiven Zentrum steuern, sowie
auf den Pdx1-Pdx2-Schnittstellenbereichen. Die Nutzung des PLP-Synthase-
Enzymkomplexes als potenzielles Wirkstoffziel fiir Arzneimittelentdeckungsansatze
erfordert Informationen ber diese wichtigen Strukturelemente und/oder Uber die Pdx1-
Pdx2-Schnittstellenregionen. Das PLP-Synthase-Komplex-Enzym nutzt die gleichen
Substrate (Glutamin und Zucker, d.h. Ribose 5-Phosphat und Glyceraldehyd 3-
Phosphat) wie einige essentielle Wirtsenzyme z.B. Glutaminamido-Transferase, Ribose-
5-Phosphat-Isomerase und Glyceraldehyd 3-Phosphat-Dehydrogenase, die an
verschiedenen Stoffwechselwegen beteiligt sind. Daher sind die schnittstellenbasierten
Pdx1-Pdx2-Inhibitoren ein besserer Ansatz als das substratbasierte Inhibitordesign, das
auf die PLP-Synthase-Enzyme abzielt.

Unter Berilcksichtigung des Potenzials von PLP-Synthase-Enzymen fiir neuartige
Arzneimittelentwicklungsstudien konzentriert sich der erste Teil meiner Arbeit auf die

Analyse der Plasmodium vivax PLP-Syntheseproteine (Pdx1, Pdx2 und der Pdx-



Komplex)  mittels  biophysikalischer  Charakterisierung  und  strukturellen
Untersuchungen. Als Plasmodial-Arten verursachen Protozoen-Erreger schwere und
todliche Malariaerkrankungen und haben einen wirksamen Resistenzmechanismus
gegen die meisten der derzeit verfiigbaren Malariamedikamente entwickelt. Dies flhrt
zu einer dringenden Notwendigkeit, neue Ziele fur Malariamedikamente zu
identifizieren. Um die PLP-Enzyme und deren Komplex im Hinblick auf erste
Arzneimittelentdeckungsuntersuchungen zu charakterisieren, wurden das Plasmodium
vivax Pdx1l, Pdx2 und der Pdx1-Pdx2 (Pdx) Komplex unter Verwendung
komplementérer biophysikalischer und bioanalytischer Techniken wie dynamischer
Lichtstreuung (DLS), Massenphotometrie (MP), Kleinwinkel-Rontgenstreuung (SAXS)
und Elektronenmikroskopie (EM) untersucht. Dartiber hinaus wurden fir Pdx1 und den
Pdx-Komplex auch Strukturstudien mittels Rontgenkristallographie- durchgefiihrt, bei
der Synchrotronstrahlung am DESY fiur die Beugung an Ein-Kristallen verwendet

wurde.

Die biophysikalischen Untersuchungen ergaben einen dodecamerischen Pdx1 und einen
monodispersen Pdx-Komplex. Pdx2 wurde jedoch in monomeren und in verschiedenen
oligomeren Zustéanden in Ldsung identifiziert. Interessanterweise flhrte das Mischen
von oligomerem und polydispersen Pdx2 mit dodecamerischem monodispersen Pdx1,
untersucht durch zeitaufgeloste DLS und nanopartikel-Tracking-Analyse (NTA), zum
allméhlichen Verschwinden des oligomeren Pdx2 und zur Bildung eines monodispersen
Pdx-Komplexes innerhalb von Stunden. Die Daten zeigten, wie wichtig die
zeitaufgeloste Untersuchung fir die Untersuchung der Dynamik eines komplexen
Reaktionsprozesses ist. AnschlieBend ergaben die Elektronenmikroskopie-Studien die
Bildung eines ungesattigten Pdx1-Pdx2-Komplexes, dessen Séttigung mit dem
oligomeren ~ Pdx2  beobachtet  wurde.  Darllber  hinaus ergaben  die
Kristallstrukturuntersuchungen auch eine dodecamerische PvPdx1, was darauf
hindeutet, dass die dodecamerische Form von Pdx1 explizit ein besonderes Merkmal

von Plasmodien ist.

Zweifellos ist die Entdeckung des Breitspektrumantibiotikums Penicillin durch
Alexander Fleming eine der groten Errungenschaften in der Geschichte der Medizin,
die Uber Jahrzehnte unzahlige Leben auf der ganzen Welt gerettet hat. Aber, die

natlirliche Resistenzentwicklung in Mikroben aufgrund der tGbermaRigen Verwendung



der Antibiotika, und langfristigen Exposition gegenliber diesen Antibiotika flihren zu
einem sehr schnellen Verlust der Wirksamkeit. Aufgrund der sehr schnellen
Anpassungsfahigkeit ist der Methicillin-resistente Staphylococcus aureus (MRSA), der
haufig bei Krankenhausinfektionen auftritt, zur lebensbedrohlichsten Mikrobe
geworden. Mit nur wenigen verfugbaren therapeutischen Maoglichkeiten hat sich seine
Resistenz gegen die derzeit verfligbaren Antibiotika erhéht. Daher kiindigten betroffene
Institute und auch mehr als 20 fiihrende biopharmazeutische Unternehmen im Juli 2020
den "AMR Action Fund" mit dem Ziel an, bis zum Jahr 2030 zwei bis vier neue
Antibiotika oder alternative Therapeutika auf den Markt zu bringen [1]. In Bezug auf
die alarmierenden Nebenwirkungen von Antibiotika und Themen wie Multiresistenzen,
werden neuartige Ansétze der Ausrichtung auf die Stoffwechselwege der Mikroben, vor
allem diejenigen, die beim Menschen fehlen, wie Vitamin Be synthetisierende Pdx

Komplex-Enzyme, zum Ziel fir alternative Arzneimittel-Entwicklungen.

Der zweite Teil meiner Abschlussarbeit, der die aktuellen Herausforderungen der
Arzneimittelresistenz  und anderer negativer Effekte betrachtet, beinhaltet die
Untersuchung von Staphylococcus aureus Pdx-Proteinen mit den oben genannten
biophysikalischen Techniken und 3D-Strukturstudien, um die Pdx-Proteine als
mdogliche alternative Ziele zu identifizieren. Dabei wurden die Unterschiede zwischen
den eukaryotischen und prokaryotischen Pdx1 und Pdx2-Sequenzen mit
thermodynamischen und strukturellen Unterschieden in ihrer Pdx-Komplex-Baugruppe
untersucht. Darlber hinaus wurden die erhaltenen strukturellen Einblicke in die P.vivax
Pdx1 und das dynamische Oligomerisierungsverhalten des Pdx-Komplexes in Ldsung
untersucht. S.aureus Pdx Proteine wurden mit einem Fokus auf der Pdx1 3D-Struktur
und der dynamischen Studien der Pdx -Komplexe ausgewahlt. SaPdx1, Pdx2 und der
Pdx-Komplex wurden unter Anwendung komplementarer bioanalytischer Techniken
untersucht, die ebenfalls in P.vivax Pdx-Proteinuntersuchungen angewendet wurden.
Die durch die Anwendung dynamischer Lichtstreuung (DLS), der Kleinwinkel-
Rontgenstreuung (SAXS) und der Massenphotometrie (MP) gewonnenen Daten deuten
auf SaPdx1 in einem hexamerischen Zustand ohne dodecamerische Gleichgewichtsform
in Lésung hin (erstmals bei Bakterien berichtet). SaPdx2 wurde stabil und im
monomeren Losungszustand gefunden, der durch SEC, DLS, und SAXS-Daten

verifiziert wird.



Da S.aureus Pdx1 einen hexamerischen Losungszustand zeigte, war es daher interessant
zu sehen, ob das hexamerische Pdx1 nach dem Mischen mit seinem Pdx2-Pendant einen
Komplex bilden kann. SEC, DLS, und SAXS-Daten zeigen die Pdx-Komplexbildung
mit Bestatigung der jeweiligen Protein-Untereinheitsbanden durch Gelelektrophorese.
Wahrend die 3D-SAXS-Daten mit niedriger Auflosung einen tetramerischen Pdx-
Komplex zeigen, der aus Pdx1 und Pdx2 im Verhéltnis 1:1 besteht.

Interessanterweise wurde SaPdx1 entgegen dem Zustand in Lésung in der 3D-Struktur
in einer potentiellen dodecamerischen Form gefunden, nachdem seine geldste kristalline
Struktur untersucht wurde. Das Online-Schnittstellen-Untersuchungstool (PISA), das
flr die Berechnung des Schnittstellen-Scores auch als complex formation significance
score (CSC) bekannt ist, zeigt ein stabileres Hexamer mit geringerer Moglichkeit der
Dodecamerbildung fir SaPdx1. Das Vorhandensein von POs-lonen an der Hexamer-
Schnittstelle der Protomere ist jedoch einer der méglichen Grunde fiir einen potentiellen
dodecamerischen kristallinen Zustand. Im Gegensatz zu den P.vivax und anderen
gemeldeten Pdx1-Kristallstrukturen werden die Helices aN and a2” vollstandig in der
S.aureus Pdx1-Kristallstruktur angezeigt und geldst. Die beschriebenen Daten deuten
darauf hin, dass diese Helices nach Pdx1-Bindung an Pdx2-Proteine und/oder R5P-
Bindung an Pdx1 eine Funktion in der Pdx-Komplexstabilisierung und Enzymkatalyse
haben. Die an der Schnittstelle von Pdx1-Pdx2-Proteinen vorhandene Helix aN ist eine
potenzielle Zielregion fur die Entwicklung von Inhibitoren, indem der zugehdrige
Ammoniaktunnel blockiert wird, der am Transport von NHsz vom aktiven Zentrum der

Pdx2-Untereinheit zum Katalysezentrum Pdx1 beteiligt ist.



2.0. Introduction

2.1.  Malaria: Beware of the bite

Malaria infects more than 250 million humans causing up to 0.5 million mortalities
annually. The infecting pathogen of malaria is Plasmodium, a protozoan pathogen
which is a member of the phylum Apicomplexa. The five plasmodial species affecting
humans are Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae,
Plasmodium ovale, and Plasmodium knowlesi, all species together infect millions of
individuals and cause hundreds of thousands of deaths around the globe annually [2, 3].
The warfare against malaria as an infectious disease started with the discovery by Ross
who discovered the importance of Anopheles mosquitoes, and Grassi in 1898 showed
that the transmission of the malarial parasites occurred through the infected mosquito
bite [4]. World Health Organization (WHO) African Region report an estimated 215
million cases in the year 2019, accounting for 94% of the global cases originate in 87
malaria-endemic countries [5]. In 1955, WHO launched the first time the ‘‘Global
Malaria Eradication Programme”’, ended in 1969 with 27 countries declared as malaria-
free [6]. The WHO Global Technical Strategy (GTS) 2016-2030 for malaria aimed at a
reduction in malaria cases up to 75% by the year 2025, and 90% by the year 2030. In the
year 2020, a milestone for several significant health and development goals globally,
WHO has decided for much dire need of coordinated efforts to reduce and eliminate

malaria wherever and as soon possible [5].

2.1.1. Plasmodium: Invisible Yet Invincible

Plasmodium species being causative agents of malaria have a complex life cycle span
comprised of two hosts i.e., the vector host mosquito from the genus Anopheles and the
second vertebrates host such as humans and rodents, etc. Plasmodium has distinct
asexual morphological stages, a span in both hosts named sporozoite and merozoite.
Plasmodium sporozoites once injected into humans by the infected mosquito bite, reach
out to the liver, where it starts its hepatic life stage by dividing and differentiating into
schizonts, comprising thousands of hepatic merozoites. The produced merozoites are
afterward released into the blood, thereby initiating their erythrocytic stage of the life
cycle through replicating in red blood cells (RBCs). After many stages of multiplication
in RBCs, they increase their number and destroy RBCs, thereby developing malarial

symptoms of fever and sweating. Subsequently, these asexual parasites then
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differentiate into the gametocytes at the final stages in RBCs and ensure parasite
transmission after taken up by the mosquito during feeding. In mosquitoes, these cytes

mature and develop into gametes and sporozoites in multiple steps [7].

2.1.2. Plasmodium vivax: Relapsing plasmodial parasite

Unfortunately, the eradication of malaria is not accomplished so far in most of the
underdeveloped countries, despite the coordinated efforts by World Health Organization
(WHO) and other collaborative regulatory institutions. Although P.falciparum is
responsible for the majority of the malarial cases and deaths around the world and
especially in Africa. Whereas, P.vivax has a wider geographical distribution and is the
main causative organism of almost half of malaria cases outside Africa. Further, P.vivax
exhibits a bit different and complex life cycle in the liver of the mammalian/human host
that makes P.vivax infections more worrisome. In the liver, some of the asexual
sporozoites of P.vivax remain in a dormant form called hypnozoites and do not develop
into schizonts immediately. These hypnozoites can resume hepatic development at any
time at the impulse of still some unknown factors and may result in relapse after weeks,
months, or years from the primary exposure, causing repeated clinical episodes of
malaria from a single infection [8]. Therefore, the WHO currently prioritizes
investigations targeting P.vivax, rather than other Plasmodium species [8, 9].

The drug resistance for P.vivax and P.falciparum has been observed and noted in data
collected from all around the world [10] with a consistent growth pattern [3]. This
constant developing resistance of the plasmodial parasite against the antimalarial drugs
is compelling scientists in shifting the strategies for the development of the novel class
of drugs, that may inhibit various key enzymes important in the life cycle of the
Plasmodium. The drug targets that interfere with the metabolism of the parasite, like the
vital vitamin biosynthesis pathways, are the key focus for the latest antimalarial drug

designing and discovery investigations [11].

2.2. Antibiotic emergency: “Bad bugs-no drugs”

The story of antibiotics and their resistance started with the discovery of the very first
broad-spectrum antibiotic penicillin in the year 1943 [12]. At that time, Alexander
Fleming mentioned in his Nobel Lecture in 1945, that microbes get resistant to
penicillin at a certain dose level [13, 14]. Thus, warned and familiarized the community

at the same time with new terminology of antimicrobial resistance. In the year 2016, the
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United Nations General Assembly (UNGA) meeting, accredited officially the link
between antimicrobial resistance (AMR) and antibiotics misuse costing 40 billion
dollars per year [15], with an expected increase of 36% in the future. This reveals their
importance from both the societal and economic perspectives [16]. According to WHO,
infections with antimicrobial-resistant bacteria result in approximately 700,000 human
deaths globally per year and are estimated to reach 10 million in 2050 [1] and at a cost
of 100 trillion USD [15].

2.2.1. Methicillin-Resistant Staphylococcus aureus: A Kind of superbug

The extremely high genetic plasticity of prokaryotes allows them to efficiently
acclimate to their concerning environmental changes [17]. For all antibiotics classes
registered and utilized in the market, at least one resistance mechanism is present in the
corresponding bacterial strain and is still further emerging with complications in their

mechanism [18].

Since some of the antibiotic-resistant bacterial species are spreading more rapidly and
becoming epidemics. Methicillin-Resistant Staphylococcus aureus (MRSA), a
worrisome pathogen with serious morbidity and mortality [15], is a precedence AMR
microbial pathogen. Due to resistance acquiring ability MRSA infections are a major
burden on healthcare worldwide, infecting more than 150,000 individuals in the
European Union (EU) annually. This causes an extra burden on in-hospital costs of
around 380 million euros on EU healthcare systems [19]. Therefore, MRSA infections
establish an imperative and still-evolving public health challenge globally, as well as for
the European states. Successful controlling strategies of MRSA spread and related
infections in some countries offer opportunities for identifying effective interferences

and reassessment of best practices to apply [20].

Staphylococcus aureus is a gram-positive bacterial species usually found on the skin,
skin glands, and mucous membranes, mouth and nose of humans and some other
animals. It can colonize the skin and other soft tissues, bloodstream, and respiratory
tract. In systemic infections, it may cause osteomyelitis (bone infection), mastitis (breast
tissues inflammation), serious bloodstream septicaemic, and chronic wound infection
[20]. Because of its ability to form biofilm on abiotic surfaces and on implant materials,
it is therefore responsible for implant-associated infections. S.aureus is a toxin and

superantigens producer with a wide range of small-sized proteins and other virulence
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factors which may initiate a storm of cytokines with the ability to induce toxic shocks
and lytic effects on host cells. Further, these toxins associated release cytokines result in
toxin-mediated medical conditions called toxic shock syndrome or sepsis-like syndrome
[21].

Nevertheless, one of the utmost challenges in the effective treatment of S.aureus related
infections is its capability of acquiring resistance to several known classes of antibiotics
[21]. But still, for long-term success in controlling MRSA infections, novel drug targets
with coordinated actions between different healthcare sectors will be of increasing

importance [20].

2.3. Pyridoxal 5-phosphate (PLP) synthase: A putative novel drug target

Admittedly, the disastrous emergence of drug resistance in prokaryotic as well as
eukaryotic human pathogens, demands an urgent need and continuous search to
discover and develop novel chemotherapeutics [22]. Ideally, the novel drug
development strategy should typically be based on targeting the pathogen/s specifically,
with least or almost no possible toxicity to the human host [23]. Therefore, based on
drug design, the drug targets would be distinctly different from the host’s metabolic
processes or even their absence in the host [24]. PLP is synthesized via the de-novo
vitamin B biosynthesis pathway reported in bacteria, Plasmodium, fungi, and plants. Its
absence in mammals makes it an admirable drug target to be adequately investigated in
terms of structural studies utilizing the most advanced and sophisticated X-rays

synchrotron source at DESY.

2.3.1. Pyridoxal 5-phosphate: vitamin Bs

In living cells, for a successful enzyme reaction in many biological processes, the
enzyme/s are assisted by some nonprotein components, called coenzymes or cofactors.
These cofactors are not translated or synthesized by the ribosome, rather are formed by
some other enzymes, being utilized in other enzymatic reactions. My research is focused
in pertinent detail on one of such enzymes i.e. PLP synthase complex that synthesizes
the co-factor Vitamin Be.

Vitamin Be was first time reported in 1932 [25]. Its descriptive name and structure as
Pyridoxine were published first in 1939 and found similar to pyridine ring structure
[26]. Its synthesis was also reported in the same year [27]. The current Recommended

Dietary Allowance (RDS) for vitamin Be set by the American National Institute of
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Health (NIH) is 2.0 milligrams per day with an upward tolerance of 100 mg per day for
adults [28, 29].

Vitamin Be in active pyridoxal 5-phosphate (PLP) form carry out various functions in
many enzymatic reactions with a majority of them catalyze amino acid metabolism
reactions and function as a transient carrier of specific functionalities in a variety of
metabolic processes. PLP-dependent reactions like amino acids decarboxylations, a., [3-
elimination, racemizations, and transaminations [30, 31], gluconeogenesis and lipid
metabolism [32-34] have been extensively reviewed. PLP catalyzed reactions
additionally include elimination or replacement of an electrophilic group, and
phosphorolysis [33, 35]. The active PLP, as an essential cofactor, also participates in the
catalysis of various enzymes including isomerases, hydrolases, transferases,
oxidoreductases, and lyases [30]. It also participates in reactions like haemoglobin
biosynthesis, the formation of several amines actively involved in neurotransmissions,
and neuronal-based reactions e.g. involved in epinephrine, serotonin or norepinephrine,
and sphingolipids synthesis [30, 31]. Besides its role as a cofactor, it exhibits an
antioxidative nature against reactive oxygen free radicals and participates in many
radical-mediated reactions [36], in amino-sugar deoxygenation [37], and glycogen
breakdown in muscles utilizing glycogen phosphorylase B [35].

Regarding the structure and other isomeric forms, vitamin Bs is composed of six
vitamers. All vitamers have a common pyridinium ring structure, divided into two
groups (a) non-phosphorylated forms which include pyridoxamine (PM), pyridoxine
(PN), and pyridoxal (PL), and (b) their respective phosphorylated forms which comprise
pyridoxamine 5-phosphate (PMP), pyridoxine 5-phosphate (PNP) and pyridoxal 5-
phosphate (PLP). The phosphorylated vitamer forms PLP and PMP represent the
biologically active forms and the remaining forms are the PLP precursors [30]. The
chemical structures of these biologically interconvertible vitamers are shown in figure
1.
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Figure-1. Vitamin-Bs non-phosphorylated and phosphorylated vitamers.
Interconvertible non-phosphorylated pyridoxine, pyridoxamine, pyridoxal vitamer, and their
phosphorylated forms i.e. pyridoxine 5-phosphate (PNP), pyridoxamine 5-phosphate (PMP), and
pyridoxal 5-phosphate (PLP).
2.4. Pyridoxal 5-phosphate biosynthesis
2.4.1. De novo PLP Biosynthetic Pathways
Enzymes for the de novo vitamin Be biosynthesis are reported in some organisms, i.e.,
archaebacteria, bacteria, protists, fungi, and plants [38, 39], whereas humans obtain it
from their diet. Vitamin Bg in the phosphorylated form (PLP or PNP) can be produced
directly by two distinct de novo biosynthesis pathways i.e. deoxy-xylose 5-phosphate
(DXP)-dependent and DXP independent (ribose 5-phosphate or R5P) pathways. Both
routes comprise highly conserved genes, but the relative comparison also shows that
they are diverse in their nucleotides as well as their translated amino acid sequences.
This suggests that both the DXP dependent and independent pathways diverged during

the course of evolution.

2.4.1.1. DXP-dependent pathway

The DXP-dependent pathway of vitamin Bs biosynthesis represents the first pathway
uniquely identified and studied extensively. It was first reported in a subset of the vy-
division of proteobacteria and was further studied in the gram-negative bacterium,
Escherichia coli in detail [40]. Despite the original speculation, this pathway is not
widely distributed. Additionally, it is astonishingly a very complex pathway and
requiring six different enzymes i.e. GapA, PdxB, PdxF, PdxA, DXPS, PdxJ involved in
a complicated mechanism for PNP production. Additionally, it depends upon PdxH for
the synthesis of the active PLP [38, 41-44].
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In a detailed mechanism, the DXP pathway is divided into two branches/steps. One is
involved in the synthesis of 4-phosphohydroxy L-threonine (4-HTP). The second step is
required for the deoxyxylulose 5-phosphate (DXP) synthesis and both converge in the
last step to form the phosphorylated PNP [38]. The starting substrates for this pathway
are D-erythrose 4-phosphate (pentose phosphate pathway) utilized in one step, and
glyceraldehyde 3-phosphate (glycolysis) and pyruvate (glycolysis) are needed in the
second step to synthesize DXP [38].

The initial step requires the oxidation of D-erythrose 4-phosphate by enzyme erythrose
4-phosphate dehydrogenase (GapA) and produce D-erythronate 4-phosphate. The next
step covers the oxidation of the D-erythronate 4-phosphate by the enzyme D-
erythronate 4-phosphate dehydrogenase (PdxB) requiring cofactor NAD to produce
(3R)-3-hydroxy-2-oxo0-4-phosphonooxybutanoate [45]. In the next step, an enzyme
PdxF (phosphoserine aminotransferase) catalyzes the PLP-dependent transamination
between (3R)-3-hydroxy-2-0xo-4-phosphono-oxybutanoate and glutamate, forming 4-
hydroxy-L-threonine phosphate (HTP) and eliminating 2-oxoglutarate [46, 47]. PdXA
(de-hydrogenase) catalyzes HTP decarboxylation, eliminating CO., and producing 3-
hydroxy-1-aminoacetone phosphate (AAP) (the end product of this step and is utilized
in the condensation with the DXP (from the second step) [41, 43, 48].

In the second route, DXP is synthesized from the simplest alpha-keto acid (pyruvate)
and G3P by the enzyme Deoxy-D-xylulose 5-phosphate synthase (DXPS). DXPS
enzyme has been characterized in detail both biochemically and structurally [49]. The
process of PNP synthesis is finalized by the enzyme PNP synthase (PdxJ), which
catalyzes the cyclization of AAP and DXP in condensation reaction [50-52]. PNP can
also be oxidized to PLP by the enzyme PNP oxidase (PdxH) in the salvage pathway
[53]. PdxH requires co-factor flavin mononucleotide (FMN) and can use both PNP and

PMP as substrates in the synthesis of PLP [54, 55], details are presented in figure 2.
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Figure-2. DXP dependent metabolic pathways of vitamin B6 biosynthesis.

DXP dependent pathway consists of two branches having final products 3-hydroxy-1-

aminoacetone phosphate in one route and deoxyxylulose 5-phosphate in the second route,

condensing to pyridoxine 5-phosphate (PNP) by PNP synthase enzyme (PdxJ).
2.4.1.2. DXP-independent (R5P-dependent) pathway
The DXP-independent pathway was first accidentally identified in Cercospora
nicotianae while exploring the resistance mechanism of the fungus against the oxidative
stress [56, 57]. Later, it was found that this pathway is present and dispersed across all
four kingdoms of life i.e. bacteria, archaea as well as in eukaryotes including fungi and
plants [56, 58-63]. The unforeseen discovery of this pathway qualifies a few lines to
write. The SOR1 (singlet oxygen resistance 1) gene found in fungus (Cercospora
nicotianae) was revealed to be involved in the singlet oxygen resistance [56, 64]. The
mutation that happens in this gene revealed its importance in vitamin Bs biosynthesis
essentially [56]. Though this gene is present and conserved in four kingdoms of life [65]
but does not show any homology to the formerly identified vitamin Be biosynthetic
genes. Thus, suggesting that the SOR1 gene is involved in a novel vitamin Be
biosynthesis pathway.

Later, it was revealed that the gene (pdx1) served as an oxygen radical scavenger, is also

required for PLP synthesis [56, 65]. The coded protein SOR1 (which was later named
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Pdx1) in a complex with a second protein (called Pdx2), which provides the
heterocyclic nitrogen to the PLP ring, are involved in the PLP synthesis [58]. This led to
the discovery of a second gene pdx2 linked to sorl involved in the “novel” PLP
biosynthesis pathway [57]. Sequence alignments classified the protein Pdx2 (encoded
by gene pdx2) to the family of Triad GATase, which function as transaminase [65].
Later, it was also determined in yeast that ribose 5-phosphate (R5P) and glyceraldehyde
3-phosphate (G3P) are the synthase acceptor substrates [66, 67], and glutamine is the
transaminase substrate of the GAT family enzyme [59]. Further, it was established and
reported in a series of investigations that Pdx1 in complex with Pdx2 catalyzes the
condensation of glutamine, R5P and G3P to form the product PLP [61, 62, 67, 68].

In the detailed mechanism of GATase, Pdx2 catalyzes the hydrolysis of glutamine
utilizing the catalytic triad residues Glu-His-Cys to produce neutral ammonia (NH3).
This ammonia moves through a hydrophobic ammonia channel [69] and reaches the
active site of Pdx1, where PLP is synthesized in series of reactions from R5P and G3P
[70]. Both Pdxl1 and Pdx2 proteins constitute a transient complex that is
thermodynamically stabilized by the presence of the Pdx2 substrate glutamine. For Pdx
complex formation, the ratio of Pdx1 and Pdx2 subunits for optimal catalytic activity
was found 1:1 [68]. Upon addition of the substrates R5P and glutamine, a chromophoric
intermediate was observed and next the addition of G3P converted the intermediate into
PLP [70], details are presented in figure 3. In terms of mechanism and reaction
intermediates of PLP biosynthesis by ribose 5-phosphate dependent pathway, much

remains to be done to illustrate the details.
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Figure-3. Ribose 5-phosphate dependent pathway.

PLP synthase complex contains two subunits, i.e. glutaminase (Pdx2) and synthase (Pdx1). The
glutaminase domain consists of a conserved triad active site required for deamination of the
glutamine. Glutamate, NHs and water are the products of glutamine hydrolysis. The produced
neutral NHs is transferred to the active site of the synthase (Pdx1) subunit through a
hydrophobic tunnel, where it reacts with R5P (synthase substrate) and forms the intermediate
(Is20). The intermediate is afterward converted into PLP in a series of reactions at the synthase
domain after utilizing G3P.

2.4.2. The Salvage Pathway

Accompanying the direct synthesis of the de novo PLP, it can be produced from its
precursors in the form of PN, PM, PL as well as from phosphorylated forms of PMP
and PNP in the salvage pathway. The details of this pathway are presented in figure 4.
This pathway functions through the recycling of the Be vitamers governed by different
Kinases and Phosphatases [71-73], Transaminases, and Oxidases present in the
proteome of the reported organisms [74]. The salvage pathway has been studied in
detail in E.coli, showing two different Kinases that can phosphorylate the vitamers PM,
PN, and PL to their respective 5-phosphate forms. Both the Kinases diverge in their
substrate specificities i.e. Kinase PdxY acts on PL, whereas Kinase PdxK utilizes the
three non-phosphorylated forms as substrates and converts them to their respective

phosphate classes. Whereas in eukaryotes, a single Kinase has been reported, and the
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crystalline structure of the dimeric Kinase is available in the literature, reported from
various organisms [75-77]. Briefly, each of the two protomers contains an active site
utilizing nucleotide ATP and metal ions for the enzyme activity [78]. Contrary to the
Kinases, a single Oxidase, PdxH, is observed in E. coli oxidizes the phosphorylated
forms (PMP and PNP) to the active PLP form [54, 79]. The crystal structure of the
pyridoxine oxidase functions as a dimer is reported [80, 81].
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Figure-4. The Salvage pathway of vitamin Bes biosynthesis.

Vitamin Bg vitamer interconversion by a salvage pathway is shown here utilizing different
enzymes like Kinases (PdxK, PdxY), Phosphatases, Oxidases (PdxH), and Transaminases.

2.5. The Glutamine Amido-Transferases (GATases)

GATases are the biosynthetic enzymes able to catalyze the removal of the amino group
in the form of neutral ammonia from glutamine and transform a variety of substrates to
novel classes of biomolecules, thereby linking carbon and nitrogen metabolism [82].
Besides, the deaminated product glutamate can be converted to a-ketoglutarate which is
a key intermediate in the Krebs cycle, therefore maintaining and balance the cell
metabolism [83]. Most of the biological processes involved in the biosynthesis of amino
acids, coenzymes, and nucleotides are catalyzed by these glutamine amidotransferases
(GATases) utilizing glutamine as a source of ammonia. They consist of two main
structural domains; a glutaminase domain, which produces ammonia from the
deamination of glutamine, and a synthase domain, which accepts and utilizes the
nascent produced ammonia and ultimately produces various other biologically

significant biomolecules or co-factors involved in different metabolic processes.
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There are two types of GATases i.e. class | or trpG-type or triad GATases and class 1l
or purF-type or N-terminal nucleophile GATases [84]. Both classes of enzymes possess
a similar mechanism in terms of their catalysis utilizing a conserved cysteine residue
present in the glutaminase binding site and differ in the way of using the nucleophilic
cysteine. GATases of class | utilize conserved Cys-His-Glu as an active site, where
histidine and glutamate amino acids activate cysteine residues with two conserved
glycines and glutamate involved in oxyanion hole formation [69]. In class Il GATases
the catalytic cysteine residue is located at the N-terminus and two other conserved

residues Asn and Gly form an oxyanion hole for stabilization of the intermediate [84].

The PLP biosynthesis proteins i.e. Pdx1 and Pdx2 assemble into class | glutamine
amidotransferase enzyme with the former as a PLP synthase domain and the latter
function as the glutaminase domain [68, 85]. The ammonia produced in the
transamination reaction at the glutaminase domain is afterward transferred through the
hydrophobic NHs tunnel to the synthase (Pdx1) part, where it reacts with the other
synthase substrates resulting in the formation of the product PLP [86]. Distance between
the distinct active sites of the synthase and glutaminase domains ranges from 10 A to 40
A, a prerequisite for the safe channeling of the neutral ammonia [84]. Allosteric
regulation and proper synchronization of the synthase (Pdx1) and glutaminase (Pdx2)
active sites play an important role in the mechanism of action of GATase [87], ensuring
all the three substrates are consumed in proper order and at the same rate. The reported
putative pattern for this synchronization is the Pdx2 dependence on the presence of
Pdx1 and Pdx2 substrates and the formation of the intact proteins in the complex [68,
88]. The invariant catalytic triad of cysteine, histidine, and glutamate is located at one

end of the core B-sheet of Pdx2 and the interface of both proteins [89].

2.5.1. NHschanneling in the p/a-barrel of GATases

The ammonia produced from the deamination of glutamine by Pdx2 is directed via a
putative ammonia tunnel that runs through the core of the Pdx1 (B/a)s-barrel and
reaches the active site of Pdx1, which is presumed to be inaccessible to the solvent
molecules. Further, the ammonia in this journey from glutaminase to synthase active
site must be protected from conversion to amide or ammonium ions [87]. The opening

and closing of the hydrophobic tunnel and the path of ammonia transfer are still
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speculated and left for propositions, because of the structural analysis limitation in the
Pdx1 domain.

However, in structural investigations, it was proposed that methionine residues control
the passage of ammonia [90]. In the Kinetic assays with Pdx1 alone, it was confirmed
that Pdx1 was functional in the presence of ammonium salts, producing the product PLP
in the absence of Pdx2. In addition to this, the kinetic studies have also indicated that
the deletion of N-terminal helix (aN) of synthase (Pdx1), indispensable for activation of
glutaminase domain, does not affect the PLP synthesis in ammonia-dependent reactions
and in absence of Pdx2. The helix aN, which caps the bottom of the Pdx1 hydrophobic
B-barrel, functions as an ammonia gate and is located at the interface of both proteins. It
encloses the appropriate hydrophobic environment for the safe passage of the reactive
neutral ammonia [90, 91]. Later, in plasmodial Pdx proteins, based on structural studies,
the role of methionine residues located in the helix aN and B-barrel was proposed in the
hydrophobic ammonia tunnel. In Plasmodium, both Pdx1 and Pdx2 active sites are 20 A
apart [69].

2.6. PLPS (PLP synthase or Pdx complex)

Pdx complex consists of two subunits i.e. Pdx1l (synthase subunit) and Pdx2
(glutaminase subunit) and homologs of both Pdx1 and Pdx2 have been identified and
reported in various organisms [56, 57, 69, 90]. This thesis probes Pdx1, Pdx2, and the
PLP synthase complex from P.vivax and S.aureus. So, the Pdx1 and Pdx2 nomenclature

and their amino acid sequence numbering will be used throughout.

Pdx complex is reported from both prokaryote and eukaryote homologs [69, 92]. It is a
De-symmetric complex with 12 Pdx1 subunits (Pdx1 = 33 kDa each) and 12 Pdx2
subunits (Pdx2 = 25 kDa each) (Figure 5). The 3D structure of the Pdx complex from
the bacteria Thermotoga maritima with PDB code: 21SS [92] and Bacillus subtilis (PDB
code: 2NV2) [90] and in eukaryotes the chimeric Pdx complex from Plasmodium
berghei (Pdx1 subunit) and Plasmodium falciparum (Pdx2 subunit) [69] has been
studied. The reported Pdx complex is a 24-meric giant multienzyme complex,
consisting of a dodecameric Pdx1 core that interacts independently with one Pdx2
subunit [90]. The interior of the Pdx1 dodecamer is saturated with the active sites of 12
Pdx1 protomers and 12 Pdx2 subunits studded at the exterior of the Pdx1 dodecamer

with their respective active site, facing the peripheral end of a Pdx1 dodecameric barrel
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[93]. The active sites of both Pdx1l and Pdx2 are distant from each other with
approximately 10 A — 40 A. Further, the Pdx2 hydrolyse glutamine to glutamate and
producing NHs, which is later transferred through this distance of 10 A — 40 A. It starts
its travel from the Pdx2 active site and continues through the hydrophobic interior of the

Pdx1 (B/a)8-barrel lined by methionine residues, and reaches the Pdx1 active site [90].

Thermodynamic and structural characterizations revealed that prokaryotic and
eukaryotic Pdx proteins and their complexes have substantial structural differences [94].
Additionally, the thermodynamic and biophysical characterization of the Pdx1-Pdx2
complex from P.falciparum and B.subtilis revealed differences in both complex
structures [95]. The Pdx complex is more stable in Plasmodium than in Bacillus [94]
with an additional aggregation tendency of P.falciparum Pdx complex in solution [69].
Whereas, Pdx complex from P.vivax, investigated through different biophysical
techniques and X-ray studies, reveals a solution stable Pdx complex [96].

+ Pdx2

- Pdx2

Pdx1_dodecamer Pdx1-Pdx2 complex

Figure-5. Schematic representation of Pdx1 dodecamer and Pdx complex 24-mer.

Catalytic Pdx1 subunit (light and dark green) forms a cylindrical dodecamer from two
hexamers. Each Pdx1 molecule binds to four neighbors Pdx1 molecules. The Pdx2 subunit
(light and light red) binds to the Pdx1 subunit like hoops, autonomous of another Pdx2 and
establishing the 24meric PLP synthase complex.

2.6.1. Pdx1 (Synthase domain)

2.6.1.1. Pdx1 oligomeric state

Pdx1 forms a cylindrical dodecamer consisting of two opposing interdigitating
hexameric rings that stack to each other and dimerize, thus establishing the overall
shape of the dodecameric sphere (Figure 6a,b) [90, 97]. To date, Pdx1l X-ray
crystallographic structures have been reported for many prokaryotes and eukaryotes,
mainly in dodecamer states with few exceptions of a hexamer. Pdx1 dodecamer has
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been reported from Bacillus subtilis (pdb code: 2NV1) [90], Geobacillus
stearothermophilus (1ZNN) [97], (4WXZ) [93], Mycobacterium tuberculosis (4JDY)
[98], Plasmodium berghei (4ADT) [69] and Arabidopsis thaliana (5LNS) [39].
Whereas Pdx1 from yeast Saccharomyces cerevisiae (3006) [91] and (3FEM) [99], and

the archaeon Pyrococcus horikoshii (4FIQ) [100] crystallizes as hexamer state.

The dodecameric nature of Pdx1l in solution has been characterized through various
approaches like dynamic light scattering, SEC, and analytical ultracentrifugation,
electron microscopy, and solution scattering (SAXS) investigations [69, 96]. Analytical
size investigations demonstrate the Pyrococcus horikoshii PdxS hexamer in solution. In
crystal structure studies, the asymmetric unit of the PdxS contains a hexamer. The
close-up structure investigations show that a long insertion of 37 amino acid residues
found in the PdxS sequence from the P.horikoshii, seems to be the reason for its
hexamer form. Further, the P.horikoshii PdxS structure superposition to the other
reported dodecameric Pdx1 proteins demonstrates that the additional insertion of 37

amino acids appeared to discomfit the dodecamer formation [100].

The eukaryote S.cerevisiae, Pdx1 (Snzl) exists in hexamer form, both in the solution as
well as in the crystalline state [99]. Further structural investigations showed that the
insertion of Lys177 residue in the Snz1 located at the hexamer interface is the reason for
a dodecamer to hexamer shift [99]. In additional independent analytical ultra-
centrifugation experiments with PdxS from Geobacillus stearothermophilus and Pdx1
Bacillus subtilis revealed their existence in a hexamer-dodecamer equilibrium in
solution [90, 97]. The hexamer-dodecamer equilibrium in G.stearothermophilus PdxS
was found dependent on the phosphate and sulfate salts in a salt concentration-
dependent manner [97]. Following this, it was also observed in the crystal structure that
the sulfate ions are involved in the salt bridges with the conserved residues present on
the hexamer-hexamer interface of G.stearothermophilus PdxS, aiding in the dodecamer
formation [97].
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Pdx1_hexamer (active) Pdx1_dodecamer (active)

Figure-6. Schematic representation and organization of Pdx1 multimers.

(a) Pdx1 hexamer and dodecamer establish equilibrium in solution with Pdx1 subunits, light blue
in one hexamer, forming a dodecamer with a second hexamer in dark blue. (b) Pdx1 hexamer side
view on the left and dodecamer on the right with front view indicating a hollow and cylindrical
sphere, each chain is shown in a different color.

2.6.1.2. Pdxl (p/a)8 or TIM barrel architecture

Pdx1 is composed of two active sites referred to as P1 and P2 sites, both coordinate the
series of enzymatic reactions resulting in the product PLP form. The reaction begins
with the R5P binding at the P1 site of Pdx1, covalently to the active site residue lysine.
Then the incorporation of ammonia from Pdx2 results in intermediate I32o formation.
The reaction proceeds further after G3P addition, taking place at the P2 site, where PLP
(end product) is observed bound to a second lysine [101].

In zoom-in view, Pdx1 protomer possesses a classic (B/a)s or TIM (Triosephosphate
Isomerase) barrel fold consisting of an inner core of 8 parallel B-strands that alternate
with 8 a-helices around the B-strands (shown in Figure 7) [97]. The Pdx1 active site in
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each protomer is located at the C-terminus of the B-barrel common in (B/a)s-barrel
enzymes [39, 87, 93]. Moreover, Pdx1 helices are adopted to some prominent
modifications participating in the interactions with adjacent protomers needed for
multimers especially dodecamer formation e.g. a6, and 06”. The helical insertion 02’ is
aiding to Pdx1 enzymatic activity by controlling and regulating the substrate entry to the
active site. Further, the inserted helices a8’ and a8"”, which are non-canonical to the
classic (B/a)s-barrel, decorating the C-terminus of Pdx1 which is involved in the
catalysis. The details of these structurally and functionally important helices with

insertions are explained in the following paragraphs.

The dodecameric assembly of Pdxl1 is facilitated by helix a6 and its two additional
helical elongations i.e. helices a6’ and a6”, protruding from the (p/a)s-barrel
architecture [90, 92, 97]. This helix and its insertions are located at the hexamer
interface and are involved in hexamer dimerization through many inter-hexamer
interchain contacts [97]. One example indicating the importance of these helices can be
observed in the S.cerevisiae Pdx1 (Snzl) structure, which exists in hexamer form in
solution, as well as in crystalline form. Here the insertion of one extra residue i.e.
Lys177 in the sequence between helices a6 and a6’ prevents the dodecamer formation
[99]. This small (one residue) insertion induces a spatial conformational alteration in the
elongated a6 helix and its insertion helices (a6’, a6') region when compared to the
bacterial homolog B.subtilis Pdx1, tempting a steric clash at the hexamers interface
[99]. In another situation, where Pdx1 from P.horikoshii is reported in hexamer form in
the crystalline state because of an inserted region of 37 amino acids in a6’, a6”,
preventing the close spatial contact of these helices [100]. Additionally, the hexamer-
hexamer interface also consists of hydrogen-bond interactions between the helices o4,
a5, a6, a6’, and 06" regions, aiding to dodecamer formation [90, 92, 97]. Whereas the
additional insertion in P.horikoshii Pdx1 contributes to the loss of the complementarity
on the hexamers interface, a pre-requisite of dodecamer formation [100].

Inter-subunit contacts between the adjacent (P/a)s-barrels within one hexamer are
mainly established by a bulge created by helix a8" at the C terminus running parallel to
helix a8. Further, helices 02, a3, and a6, loop regions a2'-a2, f4-a4, 3, and the flexible
C-terminal regions are equally involved in interactions between the adjacent subunits in

a hexamer. The C-terminus is positioned close to the active site of the (B/a)s-barrel that
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faces the center of the ring-like structure [39], [87]. Aiding to this, the C-terminal tail of
14-28 amino acids is reported to be disordered in all the published native Pdxl
structures [87, 97].

Figure-7. Pdx1 dodecamer surface model with a monomeric TIM-barrel.

Side view of Pdx1 dodecamer in green surface representation with a monomer shown in
magenta. To the right, monomeric Pdx1 (B/a)s-barrel with secondary structure elements
indicated in different colors (helices are shown in blue, strands in purple and loops in light
green color), the figure is prepared by chimera [102].

2.6.2. Pdx2 (PLP glutaminase domain)

Pdx2 binds to the N-terminal side of the (B/a)s-barrel fold of Pdx1, involved in the
formation of Pdx complex (glutamine amidotransferase) [97]. Pdx2 is the glutaminase
domain of class-1 glutamine amidotransferase, also called the Triad glutamine
amidotransferase (GATase) [85, 103]. The class-1 GATases have a characteristic Glu-
His-Cys catalytic triad. The conserved catalytic triad residues of Pdx2 are reported from
Plasmodium falciparum with their positions in the sequence i.e. Cys87, His196, and
Glul198 [103]. The sequence homology and topology information are shown in figure
8a-c, which enlighten that Pdx2 triad domain residues are much conserved throughout
the evolutionary process. These triad residues (CHE) in P.vivax are located in the helix

a5, helix a7 and the end region of loop f13-a7 (Figure 8 a,b).

Topology and 3D structural investigations unveil that the main core of Pdx2 is
comprised of central B-strands that are predominantly parallel, which create a central -
sheet structure [85, 103]. The structural elements of P.vivax Pdx2 in 3D are shown in
figure 9. The structure illustrates that Pdx2 is an ofa three-layered sandwich structure
with Rossmann topology where beta strands form an extended [-sheet through
hydrogen bonding, and a-helices surround both faces of the sheet producing a three-
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layered sandwiched structure. Overall Pdx2 structure comprises thirteen B-strands and
in total nine helices including one a6 insertion (Figure 8a,c and Figure 9) following

the characteristics of class-1 amidotransferases [90].
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Figure-8. Topology diagram and sequence alignment of P.vivax Pdx2 and homologs.

(a) P.vivax Pdx2 (b) P.falciparum Pdx2 (PDB id: 2ABW) structural elements comparison in 2D
topology representation. The N and C termini with secondary structural elements are labeled, and
residue numbers present at the beginning and end of each structural element are mentioned. Figure a
and b are generated via the online server PdbSum [104]. The catalytic triad Glu-His-Cys domain in
P.vivax is encircled (blue) in (a). (c) Sequence alignment of Pdx2 amino acid sequences from P. vivax
(AOA1GAGXI4) P.berghei (Q4PJX5), P.falciparum (Q811K4), S.aureus (Q7A7A1), and B.subtilis
(P37528). The red boxes with white letters show identity, red letters show similarity in the region
between amino acid groups, and black letters represent the non-conserved region, with TT being a
strict B turn and TTT a strict o turn. The sequence alignment was prepared by Espript3 [105].
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The orthologs of Pdx2 (YaaE, SNO, and PdxT) are reported and widely distributed at
various evolutionary levels i.e. in archaea, bacteria, and eukarya [57, 90, 103].
However, significant differences have been observed between the plasmodial and
bacterial Pdx2, and the most distinct one is the helix a6 and loop B5-B6 insertion in the
plasmodial sequences which are not found in the bacterial homologs (Figure 8c
sequence alignment). In the P.vivax Pdx2 sequence, the insertion includes amino acids
(103-112) starting with loop and ends in small helix a6. Another insertion in plasmodial
Pdx2172-177 forms B-strand (B10) and extends to strand B11, which are the potential
interface regions with Pdx1 counterpart [69, 103]. Further the P.vivax Pdx2 helix 06" is
a loop region in the reported P.falciparum Pdx2 (2ABW) [103] (Figure 8b, c), possibly
due to a single residue mutation (E166Q). Whereas in bacterial structures the residue at

this position is missing, as shown in figure 8c.

Figure-9. P.vivax Pdx2 3-dimensional modelled structure.

P.vivax Pdx2 3D structure is generated by I-Tasser [106] and prepared by UCSF Chimera
[102] with secondary structure elements shown in different colors. N and C termini are labeled.
Helices are shown in blue, strands in purple, and loops in light green color.
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2.6.3. Coordination between Pdx1 and Pdx2

For product PLP formation, both Pdx1 and Pdx2 carry out the synthase and glutaminase
reactions, respectively [68] in a series of reaction steps. Pdx2 binds to Pdx1 in a 1:1
ratio in which 12 Pdx2 subunits surround the dodecameric Pdx1 in a way stacked rings
like studs, each interacting with one Pdx1 partner. Further structural investigations of
the bacterial Pdx1-Pdx2 complex show that Pdx2 binds to the N-terminal side of Pdx1,
with its active site present at the proteins interface [90, 97], as shown in figure 10.

Interestingly, in in-vitro investigations, it has been shown that Pdx1 exhibits the ability
to detach from Pdx2 and can synthesize the product PLP utilizing NH3 from ammonium
sources like NH2SOs4 or NH4Cl [87]. This in-vitro NHs utilization has not been
evidenced in-vivo until now, lacking an explanation of whether Pdx1 can also take NHz
from the cellular environment. However, the in-vitro enzymatic investigations have
shown that PLP synthesis happens at a very low rate without Pdx2 association to Pdx1,
indicating Pdx2 attachment increases the PLP synthesis [87]. It suggests that there is
domain communication between both counterparts for PLP synthesis. However, Pdx2

lacks glutaminase activity and is inactive in the absence of its counterpart Pdx1 [61].

Further studies which reported some preliminary domain-communication in Pdx1 and
Pdx2, include the ordering of the helix aN from Pdx1 after attachment to Pdx2. The
helix aN is spatially located at the interface of both proteins and is in close proximity to
the Pdx2 active site pocket (Figure 10). It exhibits a key role in Pdx complex formation
and Pdx2 activation [90, 94]. The Pdx1 N-terminus also form B-strand (BN) preceding
helix oN adjacent to the Pdx2 B-strands architecture (antiparallel to 7 region) and
establishing contacts to Pdx2. This phenomenon is reportedly called -completion in
bacterial GATases [94]. However, it has been reported that the plasmodial Pdx complex
does not follow the B-completion phenomenon where BN orients towards Pdx1 and
lacks establishing contact with Pdx2 [69]. However, this needs further investigations as
the reported plasmodial Pdx complex is a chimeric complex structure with a loop
instead of B-strand in the BN region. Further, in P.vivax Pdx1, the elongated N-terminus
with extra six residues (MENAKR) (Figure 10) which are absent in the sequence of the
reported homologs may answer this evolutionary alteration and needs to be explored in

terms of the structural and functional investigations.
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The functionally important oxyanion hole structure present in Pdx2 is involved in
communication between both the proteins deserve a few lines. After binding to Pdx1,
Pdx2 carries out glutamine hydrolysis, catalyzed by the catalytic triad. Glutamine
hydrolysis is facilitated by the conserved oxyanion hole. Pdx1 Pdx2 complexation
involves the re-organization and flipping of this oxyanion hole present in the loop
region of B3-03, in the proximity of the active site. This flip facilitates the transfer of

ammonia, produced at the active site of Pdx2 [69, 90].

Figure-10. Ordering of the important structural elements of Pdx1 at complex formation.

Pdx complex with Pdx1 shown in blue and Pdx2 in orange. Upon interaction and complex
formation with Pdx2, three functionally significant structural elements ordered in Pdx1 (shown in
green). These elements (BN, aN and o2” helix), all highlighted in green, are present at the N-
terminal of Pdx1. The B-strand BN is involved in B-completion with B-strands $7/B8 of Pdx2
subunit. Helix oN is present at the interface of both proteins and covers the Pdx2 active site.
Glutamine (Pdx2 substrate) is shown in stick with catalytic triad residue Cys79 of BsPdx2. Figure
is adapted from Marco Strohmeier et al. 2006, PNAS, vol. 103, no. 51, 19284-19289 [90].

2.7. Plasmodial PLP utilization or biosynthesis in RBCs: An enigma

Bacteria, plasmodium, fungi, and plants synthesize vitamin Bs de novo via the pyridoxal
5-phosphate biosynthesis pathway, whereas humans acquire it through food and are
entirely dependent on its uptake [107]. In Plasmodium the pdxl and pdx2 genes,
encoding Pdx1 and Pdx2 proteins respectively, are reported with their expression profile
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in the intra-erythrocytic stages of Plasmodium indicate that both Pdx1 and Pdx2
proteins are localized in the cytosol. Additionally, the biochemical investigations
revealed that Plasmodium possesses functional Pdx proteins, validating the presence of
a functional vitamin Be biosynthesis pathway [108]. During the intra-erythrocytic life
stages of Plasmodium, the parasite requires proper mechanisms of survival to cope with
different host conditions. Since PLP is an essential cofactor involved in various
enzymatic reactions and Plasmodium must acquire the continuous cellular PLP

demands.

It is known that haemoglobin binds Pyridoxal (PL) and its phosphorylated form PLP
(vitamin Bg) might serve as a PLP source for the parasite [109] as it utilizes more than
75% of the host haemoglobin [110]. Since erythrocytes are the major carriers of
pyridoxal 5-phosphate (vitamin Bs) in mammals for storage and maintaining its balance.
Plasmodium is also metabolically active and multiplies in RBCs during infection,
highlighting the question “why Plasmodium utilizes its own energy for PLP
production.” One possible reason can be that vitamin Bs is very tightly bound to
albumin and haemoglobin in serum and RBCs, thus might not be accessible to the
parasite [107]. To date, there is no convincing evidence, showing the erythrocytes
vitamin Be contribution in Plasmodium nutrition. The second possible reason is that the
vitamin B vitamers in the form of pyridoxamine (PM) and pyridoxine (PN), and their
phosphorylated vitamer forms (PNP, PMP) need to be converted into PL and/or PLP in
the RBCs before delivered to the Plasmodium. The reason is, human homologs of PMP
and PNP oxidases have not been discovered yet in the plasmodial genome, suggesting
their conversion to PLP might not be possible in Plasmodium. This also requires RBCs
to be more efficient in vitamin Be vitamers conversion. However, no such data is
reported with an excess of PNP and PMP oxidases in RBCs at the time of active

plasmodial infection.

In this thesis, | will discuss in detail Pdx1 crystal structures from P.vivax and S.aureus,
solved after utilizing synchrotron radiation at DESY, Hamburg. Pdx complex from
P.vivax has also been crystallized, but the diffraction data from the crystals was very
weak and not promising. More to this, | have solved the solution structure (SAXS)
models of Pdx1, to investigate its oligomeric nature, from both species utilizing P12

beamline at synchrotron source DESY, Hamburg. Moreover, solution scattering SAXS
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data of Pdx2 and Pdx complex from both species (P.vivax and S.aureus) have also been
analyzed.

2.8. Macromolecular X-ray crystallography and SAXS scattering

Macromolecular X-ray crystallography is a field where X-rays determine the accurate
and precise structure models of biological molecules (proteins, DNA RNA) at atomic
resolution. Macromolecular X-ray crystallography may also provide detailed molecular-
level structural information of large biological assemblies. Significantly, it can also
provide a detailed enzymatic mechanism as potential drug targets, leading to the
structure-aided drug design. At a low-resolution level, small-angle X-ray scattering
(SAXS) is applied for biological macromolecules, determining the overall shape and

dispersity of macromolecules in solution.

SAXS aim to obtain low-resolution structural information about the size ranging from
nanometres to a micrometer [111], overall shape, as well as the flexibility of the
macromolecules randomly oriented in the solution. In a standard SAXS experiment,
monodisperse macromolecule solutions are placed in a quartz capillary (bio-inert
towards biological materials). The capillary with the sample is irradiated by an X-ray
beam for about 50 milliseconds exposure time, with the sample continuously flowing
through the capillary throughout the measurement. X-rays are scattered by the
macromolecules present in the solution and the scattered X-rays in a scattering
intensities profile are recorded by a photon-counting X-rays detector. To obtain the
scattering intensities profile of the macromolecule in solution, the intensity of the buffer
alone is recorded and then subtracted from the scattering pattern of the macromolecules
in solution in automated data acquisition and processing steps [112]. From the radially
integrated scattering profile, the size and overall solution shape of macromolecules can
be derived [113]. The scheme of SAXS operation, processing, and application is

illustrated in figure 11.
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Figure-11. Schematic representation of a SAXS beamline at a synchrotron source.

The X-rays scattering intensity scattered from the sample is generally recorded as a function of
momentum transfer S, (S = 4= sin(f)/A, where 26 is the scattering angle and A is the X-rays
wavelength used for sample exposure). The collected scattering data have information about the
size, mass, and shape of molecules, revealed after different softwares interpretation and calculation.
The figure is adapted and modified from Lipfert Jan and Doniach Sebastian, Annu. Rev. Biophys.
Biomol. Struct. 36, 307-327, 2007 [114].

2.8.1. Fundamentals of X-rays diffraction

X-rays are electromagnetic radiations with their wavelengths in the order of atomic
distances i.e. 0.1 nm (1 A). Whereas suitable X-rays used in the macromolecular
crystallography are in the range between 0.5 A and 1.6 A wavelength. As of today, we
enjoy more automation in protein purification, crystallization, and fine-tuneable robust
synchrotron X-ray radiation sources. The pioneer macromolecular crystallographers and
their efforts were not less than heroic in solving the macromolecular structures. The
reason structural biology and crystallography produce several Nobel Laureates. With
more advancements from manual to computer-aided structure solving, macromolecular
X-ray crystallography improves a lot in the last few decades. As a result, over the past
few years, X-ray crystallography has matured into a very rapid and automated method
[115]. Once target crystallization conditions are optimized and established, the crystal
screening procedure becomes then straight-forward with fewer efforts due to the
availability of highly automated latest generation synchrotron sources [116].

Furthermore, the establishment and recent advancements in the photon counting
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detector technology, and well-established user-friendly GUI (Graphical-User-Interface)
data processing methods are a top-up. With the above-mentioned developments in
technology, X-rays macromolecular structure determination now typically takes only a
few minutes. It enables the screening of several hundred samples per day and with the

automatically generated preliminary structure in the next few minutes.

To adequately investigate macromolecules via X-ray crystallography, the biological
sample in a crystalline form is a pre-requisite, where the molecules are arranged orderly
in three-dimensions, held together by noncovalent interactions [117]. A crystal (cryo-
cooled and transferred from the crystallization drop) is typically mounted between the
incoming beam from the X-ray source and an X-ray detector. The
macromolecule/protein crystal sets to the narrow beam of X-rays originating from the
source in the simplest form an X-ray tube or rotating anode to the complex particle
storage rings producing synchrotron or FEL radiations (Figure 12). When protein
crystals are exposed to the X-rays, they scatter X-rays in specific directions displaying a
definite pattern called diffraction pattern. The diffraction pattern is imprinted on the X-
ray detector, with the latest PILATUS photon-counting detectors. Diffraction is caused
by the interaction of the X-rays with the atoms inside the crystals, to be more specific
with the electrons of the atoms. The biomolecule e.g. protein unique diffraction pattern
that emerges from the crystal contains valuable meaningful information about the
structural arrangements of the biomolecules in the asymmetric unit and unit cell of
crystals (Figure 12) [118].

For subsequent measurement of the directions and intensities of reflections, the
crystallographers collect diffraction data from all the required orientations of the crystal
in reference to the incoming X-ray beam. The collected diffracted data is a list of
intensities for each diffraction point in the three-dimensional reciprocal lattice and from
the intensities (which depends on the amount of electron density) of the obtained
reflections, information about the shape of individual molecules in the crystal are
obtained. However, for accurate shape determination, the significant phase of the beam
(incoming waves) cannot be interpreted directly, because the X-ray detectors are
sensitive only to the incoming energy and this energy is independent of the wave phase.
If the reflection phases are known, then the electron density of the atoms in the
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asymmetric unit and the unit cell can be obtained by applying the Fourier

transformation.

Control cabin

Figure-12. Synchrotron radiation source with main components.

(1) Electron gun which produces electrons (2) linear accelerator which accelerates the electrons to
high speed (3) booster ring increases the energy of electrons (4) storage ring maintains the energy
of the electrons which produce X-ray radiations (5) beamline setup for experiments (6)
experimental hutch with one of its part is dedicated for beam size control (7) three main parts of a
beamline for users access (8) an obtained diffraction pattern from a crystal, exposed to the
incoming X-rays (9) the obtained crystal structure after diffraction data processing. The figure is
updated from the DLS-CCP4 data collection and structure solution workshop 2016 [119].

2.8.2. Indexing and scaling of diffraction data

The reflection positions (hkl) obtained from diffraction spots are important in
determining the phase information of the biomolecules. The position of a reflection is
the angle by which the diffracted beam diverges from the X-ray beam with reference to
the origin coordinates (h,k,1 = 0,0,0). The indexing, integration, and scaling procedure
consist of assigning the unit cell parameters based on the reflection positions and
symmetry of the diffracted reflections. The automated softwares, like XDSAPP
software [120], reads the reflection or spot positions providing information about the
crystal lattice and calculate the unit cell parameters. After the unit-cell parameters are
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obtained, then integration of the spots can be performed where all the raw pixel
reflection intensities are converted into unique single reflections. The process consists
of estimating the intensities of the reflected spots with an error value to each intensity
after X-rays background subtraction. In the end, all values for the intensities are listed in
the form of Miller indices (hkl) with respective intensities I(hkl) along with their
background subtraction errors o1 (hkl) for each observed reflection.

These integrated reflections containing many identical and symmetry-related reflections
are then indexed and scaled in data reduction and scaling process utilizing computer-
aided software like XDSAPP [120]. This generates unique reflection datasets
corresponding to the asymmetric unit. The indicators of the quality of optimized and
reduced data are then reflected in the signal-to-noise ratio (I/cl), R-merge, and also
redundancy in each shell and the entire dataset [117]. The statistical values and details
for each dataset are presented in this thesis for Pdx1 P.vivax and Pdx1 S.aureus are
provided in tables in the Results section.

2.8.3. Crystals unit cell and Asymmetric Unit (ASU) with protein molecules
arrangement

A crystal is a whole lattice (array) of its unit cells stacked end to end in three-
dimensional space. Whereas the simplest repeating unit in a crystal is called a unit cell.
The unit cell can also be defined in terms of the lattice points i.e. the points in space
about which the crystallized particles are free to vibrate in a crystal. Atoms/particles in
the crystal are arranged in real space. To describe the diffraction phenomena and obtain
further meaningful information, the non-physical reciprocal space concept is utilized.
Since, the reciprocal-lattice and lattice spacings are simply the inverse (Fourier
transform) of the real-lattice and lattice spacings, connecting diffraction spots and the
distances between the reflections in the diffraction pattern imprinted on the detector.
Therefore, it is possible to measure the unit cell dimensions from the position of the
diffraction spots (the angles of reflections) and the distance between the reflection
spacings. Further, the crystal unit cell dimensions are designated by six lattice
parameters: the lengths parameters (a, b, ¢) of the three unique axes a, b, and c; and the

three unique angle parameters a, B, and y [118].

What crystallographers deposit in the various crystallographic databases like protein
data bank (PDB) are the coordinates of the atoms in the asymmetric unit. The
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asymmetric unit of a specific space group is that part of the crystal unit cell which can
be efficiently utilized to build the complete unit cell by applying symmetry of the space
group. ASU can also be defined as the largest accumulation of biomolecules in the unit
cell possessing no symmetry elements but can be juxtaposed to other identical unit cell
components by applying symmetry operations. For instance, in proteins in the most
simple case, the asymmetric unit is a single functional protein molecule in the unit cell
[118].

Since protein molecules are asymmetric intrinsically, composed of amino acids (that are
chiral in nature) which create larger chiral secondary structure elements like right-
handed helices or beta-sheets. In a most simple case, if only one protein molecule
occupies the asymmetric unit as well as the unit cell, then the cell itself is chiral having
no symmetry elements. This situation is rare in protein crystallization, and in most
cases, the unit cell contains several identical molecules or oligomeric units in an
arrangement possessing symmetry elements. Because of the intrinsic chiral nature of
proteins, the symmetry operations and elements needed to describe protein crystals
ASU and unit cells include only translations, rotations, and screw axes (which are
combined rotations and translations). This limitation on the symmetry of unit cells
containing asymmetrical objects reduces the number of space groups for chiral
molecules i.e. proteins from 230 to 65 [118].

Further, protein molecules show a rather constant density of 1.35 gcm™ or in other
words 1.35 A%/dalton, independent of the nature of the protein. But because of the
solvent content, crystallized proteins do not follow this rule of displaying a constant
density. Often half or more of the crystal unit cell volume, called Matthews Volume, is
occupied by solvent molecules and on average protein molecules in crystals occupy a
volume of 2.4 A%/dalton with a varying range from 1.9 to 4.2 A3/dalton. This “Matthews
Volume” is very important and useful in terms of finding the biological monomeric or
oligomeric functional unit of proteins [121]. The structures solved in this thesis are
multimeric or oligomeric (octamer and dodecamer) indicating the significance of
proteins molecules multimeric functional units arrangement in ASU and the unit cell.
Pdx1 P.vivax ASU consists of two space group symmetries with each in dodecamer
form. Whereas Pdx1 S.aureus with 18 octameric space group symmetries in the unit cell

complicate the information obtained for the oligomeric functional unit and structure
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determination. It also makes it difficult to assign molecules arrangement in the three
dimensions. Details of both structures are presented in the results section of the thesis.

2.9. AIMS of the Thesis

A robust resistance has been observed practically in human pathogenic plasmodial and
bacterial S.aureus species against almost all of today’s available drugs. This highlights
the necessity of novel antimalarials and/or antibiotics which should be effective against
the novel metabolic pathways of the microbes, particularly those absent in humans, like
the novel vitamin Be synthesis pathway. Vitamin Bs biosynthesis pathway is reported to
be present at different evolutionary levels reported from prokaryotes to eukaryotic
plants, whereas absent in humans. Further, the involvement of its product (PLP) in
various essential enzymatic pathways as a cofactor, makes the PLP biosynthesis
pathway a very interesting drug target. PLP biosynthesis requires three substrates i.e.
two sugars ribose 5-phosphate and glyceraldehyde 3-phosphate, whereas the third
substrate (-glutamine is utilized by the Pdx2 subunit producing neutral ammonia. The
produced ammonia moves across the intermolecular tunnel at the Pdx1-Pdx2 interface

and is finally utilized at the active site of the Pdx1 subunit.

To date, the literature lacks the detailed comparative bioanalytical and structural
investigations reported for either of the subunit and or their complex. Current data
dispense information mainly describing the Pdx2 mode of activation. Further, the
eukaryotic plasmodial Pdx1, Pdx2, and Pdx complex are reported to form fibers,
induces oligomerization, and hence are considered difficult targets for structural
investigations. So far, no or limited drugs designing investigative reports are available

for the PLP synthase proteins.

Therefore, concerning the scarcity of the compulsory literature in the PLP project, this
thesis was aimed at the detailed biophysical and bioanalytical investigations of the
Plasmodium vivax Pdx proteins. The thesis was also aimed at the comparative
biophysical and structural evaluation of the P.vivax and S.aureus Pdx complex and
study the dynamicity of its 24meric assembly by time-resolved X-rays investigations.
Subsequently, examine the interface regions of the Pdx1-Pdx2 proteins for future drug

discoveries.
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The Pdx1 subunit, forming the dodecamer, constitutes the main essential core of the
PLP synthase complex as observed in some bacterial 3D crystalline structures.
However, in unicellular eukaryote (yeast) Pdx1 is observed in hexamer form in both
solutions, as well as in the crystal structure with differences in the enzymatic activity
obtained from biochemical data when compared to the available prokaryotic data.
Whereas, eukaryotic plasmodial Pdx1 is observed in the dodecameric form with
differences in the structural elements, important functionally. Based on these structural
and functional differences, the thesis was also aimed at the comparative structural and
functional investigations of the Pdx1 proteins from Plasmodium vivax and

Staphylococcus aureus.

The main motivation behind my PhD investigations was to identify the structurally

important elements of Pdx1 subunits by comparing the crystal and solution structures.

39



3.0. Materials and Methods

3.1. Materials

3.1.1. Chemicals

All chemicals utilized during my PhD studies were purchased in analytical grade from
the companies Sigma-Aldrich GmbH (Germany), (Sigma, USA), AppliChem GmbH
(Germany), Hampton Research (USA), Merck KGaA (Germany), Qiagen (Germany),
(Biomol, Germany), Thermo Fisher Scientific Inc. (USA), Carl Roth GmbH (Germany),
Serva Electrophoresis GmbH (Germany), Molecular Dimensions Limited (UK),

Cayman Chemical Michigan (USA), Jena Bioscience (Germany).

3.1.2. Consumables
Falcon tubes, reaction tubes, serological pipettes, and pipette tips utilized in PhD
research were purchased from the company Sarstedt (Germany). Further consumables

are listed below in table 1.

Table 1: Consumables utilized during PhD work

Description Manufacturer/Supplier

96-well VVapor batch diffusion plates Douglas Instruments Limited, UK
48-well MRC maxi plates Jena Bioscience GmbH, Germany
96-well SWISSCI MRC2 plates Hampton Research Corp., USA
Dialysis tubing, MWCO 6-8, 12-14 kDa REPLIGEN, Germany

24-well Linbro plates Jena Bioscience GmbH, Germany

Amicon Ultra 0.5, Ultra 05, Ultra 15, of

Merck Millipore (Merck KGaA), Germany
MWCO 3,10 and 30 kDa

Cellulose acetate membrane filter 0.2 uM VWR International LLC, USA
Filters for PEG filtration (0.45 um) VWR International LLC, USA
Coverslips VWR International LLC, USA
Econo-chromatography columns 100 cm, 20 cm Bio-Rad (Germany)
Highly viscous vacuum grease GE Bayer Silicones

) Thermo Fisher Scientific
Protein marker

Inc., USA
Ni-NTA agarose matrix Qiagen, Germany
Syringes 1 mL, 2 mL, 5 mL, 10 mL, 20 mL, 50mL VWR International LLC, USA
Standard calibration protein kit Merck Millipore (Merck KGaA), Germany
ZipTip®C18 Pipette tips Merck Millipore (Merck KGaA), Germany
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3.1.3. Laboratory Equipment

The following table lists the laboratory equipment | have utilized during my PhD work

(Table 2).

Table 2: Laboratory equipment used in PhD work

Device Instrument Manufacturer/Supplier
CD spectrometer J-815 CD Jasco Inc., USA
Centrifuges 5415R/ 5415C/ 5804R/ Eppendorf AG, Germany

5810R MinispinPlus

Eppendorf AG, Germany

Multifuge X3R

Thermo Fisher Scientific
Inc., USA

Crystallization Robots Honeybee 961 Genomic Solutions, UK
Oryx 4 Douglas Instruments
Limited, UK
Crystal plate incubator RUMED 3001 incubator Rubarth Apparate GmbH,
4°Cand 20 °C Germany

UV light source

Crystal Score device

Diversified Scientific Inc,
USA

DLS device SpectroLight 300 Xtal Concepts GmbH,
Germany
SpectroLight 600 Xtal Concepts GmbH,
Germany
AKTA Prime with fraction GE Healthcare, UK
FPLC system collector and UV detector

AKTA Purifier P-901 with
fraction collector and UV detector

GE Healthcare, UK

Freezer -20°C

Liebherr premium

Liebherr International S.A.,
Switzerland

Freezer -80°C

B35-85

FRYKA-Kaltetechnik
GmbH, Germany

Agarose gel
electrophoresis chamber

PAGE chamber

Serva Electrophoresis
GmbH, Germany

Perfect Blue Gel system Mini M

PEQLAB Biotechnologie
GmbH, Germany

Chromatography columns

Hi Load 16/60 Superdex 75,
Hi Load 26/60 Superdex 200, and
Superose 6 increase 10/300

GE Healthcare, Uppsala,
Sweden

Imaging

Crystal Score

Diversified Scientific Inc.,
USA

Leica TCS SP8 Confocal Leica Microsystems GmbH,
Platform Germany
Incubator 37°C and 60°C BD 56 BINDER GmbH, Germany

Incubation shaker

KS 3000 I control

IKA Werke GmbH & Co.
KG, Germany

Innova 4330 New Brunswick Scientific
Co., Inc. (Eppendorf AG),
Germany
Magnetic stirrer VMS-A VWR International LLC,

USA

Mass Photometer

Refeyn OneMP mass photometer

Refeyn Ltd. UK

Microbalance

Sartorius TE3102S CP2245-
OCE

Sartorius AG, Germany

pH Meter

Seven Easy

Mettler-Toledo Inc., USA
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Device Instrument Manufacturer/Supplier
Spectrophotometers Nanodrop 2000c Thermo Fisher Scientific
Inc., USA
. Thermo Fisher Scientific
Nanodrop Lite Inc., USA
Pipettes Eppendorf Research, 2.0 pL, Eppendorf AG, Germany
10 pL, 100 pL, 1.0 mL
Sonifier Branson sonifier 250 Emerson Electric Co, USA

Negative staining glow
discharger for EM grids

GloQube glow discharger

East Sussex, UK

SDS-PAGE

Four Gel Caster (SE275)

Hoefer Inc., USA

SE260 Mighty Small 11

Deluxe Mini electro. unit

Hoefer Inc., USA

EV 231 (Power supply)

PEQLAB GmbH, Germany

Thermomixer Comfort Eppendorf AG, Germany

Vortex mixer VF2 IKA Werke GmbH & Co.
KG, Germany

X-ray source IuS Incoatec GmbH, Germany

Detector

Mar Research GmbH,
Germany

3.1.4. Beamlines attended during PhD studies

During my PhD studies, | had the opportunity to attend beamtimes at the beamlines

located at the DESY synchrotron radiation source mentioned in table 3 for SAXS

solution scattering and crystal diffraction data collection.

Table 3: Beamlines attended at synchrotron source DESY

S.No. Beamline station | Source and affiliation Purpose of attendance

1 P11 DESY, PETRA IlI, DESY, Diffraction data collection
Hamburg, Germany

2 P12 EMBL, PETRA IlI, DESY, SAXS solution scattering data collection
Hamburg, Germany

3 P13 EMBL, PETRA 1l, DESY, Diffraction data collection
Hamburg, Germany

3.1.5. Media, Antibiotics and Buffers solutions

The media, antibiotics, and buffer solutions were prepared in double-distilled water
(ddH20). The pH of media and buffers was adjusted with solutions of HCI or NaOH for

every buffer where needed. The media and antibiotics and buffer solutions are presented

in Tables 4 and 5 respectively.
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Table 4: Growth media and antibiotics used in bacterial cultures preparation.

Growth media used

Growth media composition

Luria Bertani, Lennox (LB) media

Tryptone (10 g-L), Yeast extract (5 g-L'1), NaCl (10 g-LY)

LB-Agar media

1.5 % (w/v) of agar media added in LB

Antibiotic Stock solution Working concentration
Ampicillin 25 mg'mL! in deionized H.O 100 pgmL?
Chloramphenicol 34 mg'-mL* in 100% ethanol 34 ugmL?!
Carbenicillin 25 mg'mL in deionized H,O 100 pgmL*?

Table 5: Generally used buffers and solutions

Name of the buffer/solution Buffer/solution Composition Concentration
Isopropyl-B-D-Thiogalacto- IPTG 1M
pyranoside (IPTG)
Phenylmethylsulfonylfluoride PMSF 100 mM (dissolved in
(PMSF) 50% isopropanol)
Coomassie staining solution Acetic acid 10% (viv)
Isopropanol 25% (V/Iv)
Coomassie (Brilliant Blue R-250) | 0.1% (w/v)
Coomassie destaining solution Acetic acid 20% (viv)
2 x sample buffer SDS PAGE Tris-HCI (pH = 6.8) 20 mM
SDS solution 4% (Wiv)
Glycerol 20% (viv)
Dithiothreitol (DTT) 50 mM
Bromophenol blue 0.04% (wiv)
5 x native sample buffer native | Tris-HCI (pH = 6.8) 50 mM
PAGE Glycerol 50% (v/v)
Bromophenol blue (BPB) 0.1% (w/v)
Separating gel buffer Tris-HCI (pH = 8.8) 15M
SDS solution 0.4% (wiv)
Stacking gel buffer Tris-HCI (pH = 6.8) 05M
SDS solution 0.4% (w/v)
10 x electrode buffer Glycine 1.920 M
Tris-HCI 250 mM
SDS solution 1% (wiv)
1 x Native PAGE electrode Glycine 192 mM
buffer Tris-HCI 25 mM
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3.1.6. Buffer utilized for Pdx proteins purification

3.1.6.1. Buffers used for P.vivax and S.aureus Pdx proteins purification

All the buffers used for the purification of Pdx proteins (Pdx1, Pdx2, and Pdx complex)

from P.vivax and S.aureus are listed in table 6.

Table 6: Ni-NTA and SEC buffers used for P.vivax and S.aureus Pdx proteins purification

Name of buffer/solution

Composition

Working concentration

NaH,PO, (pH = 8.0)

50 mM

NaCl 300 mM
Lysis buffer MTG 2.0 mM
EDTA 1.0mM
Imidazole 10.0 mM
NaH:PO4 (pH = 8.0) 50 mM
NaCl 300 mM
Washing buffer MTG 2.0 mM
EDTA 1.0mM
Imidazole 50 mM
NaH»PO. (pH = 8.0) 50 mM
NaCl 300 mM
Elution buffer MTG 2.0 mM
EDTA 1.0mM
Imidazole 250 mM
Tris—HCI (pH = 8.0) 20 mM
NaCl 200 mM
Pdx1 SEC buffer MTG 2.0mM
EDTA 1.0mM
Glycerol 2%
HEPES (pH = 7.0) 20 mM
KClI 200 mM
Pdx2 SEC buffer MTG 2.0mM
EDTA 1.0mM
Glycerol 3.0%
Tris—HCI (pH = 8.0) 20 mM
NaCl 200 mM
MTG 2.0mM
Pdx complex SEC buffer
EDTA 1.0mM
Glycerol 2.0%
L-glutamine 20 mM
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3.1.7. Buffers utilized in SDS-PAGE
Buffers used in SDS-PAGE include buffers for gel casting and SDS-PAGE preparation
buffers, presented in tables 7 and 8.

Table 7: Buffers and solutions used for SDS-PAGE gel casting

Gel type Component Volume

Stacking gel (4%) acrylamide/bisacrylamide (37.5:1): 30% solution | 2.0 mL
Stacking gel buffer 3.8mL
10% (wi/v) SDS solution 150 pL
TEMED 15 uL
10% (w/v) APS solution 75 uL
ddH0 9.2mL

Separating gel (12%) acrylamide/bisacrylamide (37.5:1): 30% solution | 12.0 mL
Stacking gel buffer 7.5mL
10% (w/v) SDS solution 300 pL
TEMED 15 uL
10% (w/v) APS solution 150 uL
ddH:20 10.2 mL

Table 8: SDS-PAGE preparation buffers

Solution Composition

10% SDS (w/v) solution: 2.0 mL, 0.5 M Tris-HCI 1.25 mL pH = 6.8, 100%
sample buffer: 2 x glycerol: 2.5 mL, 0.5% Bromophenol Blue (w/v): 0.2 mL, 0.05% DTT in
3.55 mL. All these solutions were prepared in ddH,O.

APS solution 10% in ddH-0

Electrode buffer: 10 x | Tris: 30.0 g, Glycine: 144 g, SDS: 10.0 g, all in 1L of ddH,0O

Separating gel buffer | 1.5 M Tris/HCI, pH = 8.8 in 100 mL of ddH,0

Stacking gel buffer 0.5 M Tris/HCI, pH 6.8 in 100 mL of ddH,0O

SDS buffer 10% (w/v) in ddH.O

0.25% (w/v) Coomassie (Brilliant Blue G-250), 25% (v/v) Isopropanol and

Staining solution .
10% (v/v) acetic acid.
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3.1.8. Stock solutions of buffers and crystallization screens utilized for Pdx
proteins crystallization

Table 9: Stock solutions of buffers prepared to crystallize Pdx proteins

Stock solution Concentration
. 1M

LiCl M

Lithium citrate 2M

Lithium sulfate 2M

Ammonium sulfate 2M

MgCl, 2M

Ethanol 1M

Sodium malonate 50 %

Tris 1M

Table 10: List of crystallization screens used in Pdx proteins crystallization

S.No. Name of Screen Supplier

1 AmSO4-Suite QIAGEN N.V., Netherlands

2 ComPAS-Suite QIAGEN N.V., Netherlands

3 JCSG-Suite Molecular Dimensions Ltd., USA
4 MORPHEUS Complete HT-96 Molecular Dimensions Ltd., USA
5 PACT premier Molecular Dimensions Ltd., USA
6 Structure Molecular Dimensions Ltd., USA
7 Stura Molecular Dimensions Ltd., USA

3.1.9. Bacterial strains utilized
Different bacterial (Escherichia coli) strains used for Pdx genes plasmid

transformations and recombinant gene expression are presented in table 11.

Table 11: Bacterial strains used for transformation and expression of Pdx genes

Bacterial Strain Genotype Supplier
F- ompT hsdSB (rB-mB-) gal dcm Invitrogen (Thermo Fisher
BL21 (DE3) mel31(DE3) Scientific Inc.), USA
F- ompT hsdSB (rB- mB-) gal dcm (DE3) | Novagen, Merck KGaA,
BL21 (DES) Rosetta PRARE (CamR) Germany
BL21-CodonPlus-(DE3)- F- ompT hsdS(rB- mB") gal dcm* Tetr gal A Invitrogen (Thermo Fisher
RIL [argU ileY leuw CamR] Scientific Inc.), USA
Tetrdelta- (mcrA)183 delta- (mcrCB-
X1.10-Gold hsdSMR-mrr)173 endAl supE44 thi-1 Agilent Technologies, US

recAl gyrA96 relAl lac Hte [F" proAB
laclgZDM15 Tn10 (Tetr) Amy Camr]
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3.2.  Molecular Biology

3.2.1. Preparation of chemically competent BL21-CodonPlus (DE3)-RIL cells

To transfer the plasmids DNA including the pdx genes, for subsequent Pdx proteins
recombinant expression, different E.coli bacterial cells were prepared for chemical
competency. For preparing the bacterial pre-culture, a single bacterial colony from a
culture plate or some cells from a cold stored glycerol stock (200 uL) were inoculated
with 10 mL of lysogeny broth (LB) media (with antibiotic chloramphenicol). Next, the
culture media was incubated for about 8-10 hours at optimal 37°C temperature in a
temperature-controlled shaker at a shaking speed of 180 rpm. The next day, the
precultured cells were centrifuged at high speed, and the pellet was resuspended and
transferred to 100 mL of LB media (with antibiotic chloramphenicol). The culture was
incubated at 37°C temperature until the optical density at 600 nm (ODeoo) reaches 0.6-
0.7 in few hours. Afterward, the culture was cooled on ice for 15 min before spinning
down at 4°C applying centrifugation at maximum speed. Once more, the supernatant
was discarded, and the cell pellets were washed and resuspended in 5 mL of sterile 100
mM CaCl> solution. After another 15 min centrifugation step, with supernatant
discarded, and the cells were resuspended in 5 mL of sterile 100 mM CacCl; solution
supplemented with 10% glycerol. Aliquots of 50 pL were transferred to the reaction
tubes and flash-frozen in liquid nitrogen and subsequent storage at -80°C for future

utilization.

3.2.2. Transformation of the (DE3)-RIL cells with pdx genes plasmid

One aliquot of fresh frozen chemically competent (DE3)-RIL E.coli cells was thawed
on ice, before 50-100 ng of plasmid DNA of pdx1 and pdx2 (in separate experiments)
were pipetted into the reaction tubes.

Both pdx1 and pdx2 genes containing plasmids were obtained from BioCat (GmbH,
Heidelberg, Germany), inserted in the pET31b(+) expression vector. The plasmid
contains an ampicillin resistance gene for mutant selection and the lacl repressor for
induction of the target gene expression with IPTG.

Chemically competent (DE3)-RIL cells with chloramphenicol resistance and plasmid
DNA with ampicillin resistance were thawed on ice for 5 minutes till the frozen solution
changes to a dense liquid. Cells were mixed with 2 pL of the plasmid DNA and

incubated on ice for 20-30 min. In the following step, cells were heat-shocked for 30
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seconds at 42°C and transferred onto the ice for 2 min. SOC media of 300 pL was
added into the heat-shocked bacterial cells and incubated in the next step at 37°C
temperature and 300 rpm speed for one hour, with mixing in between. Incubated cells
were centrifuged for 30 seconds at maximum speed and the supernatant was discarded.
The remaining pellet was resuspended in 200 pL of SOC media and plated on LB agar
plates. The agar plate media contain both antibiotics, ampicillin and chloramphenicol.
All this transformation protocol was performed in a sterile environment. The cultured
plates after transformed bacteria streaking were incubated over-night at 37°C for

microbial growth.

3.2.3. (DE3)-RIL (containing pdx genes) glycerol stock preparation

From Pdx plasmid transformed colonies grown on cultured petri plates, a single colony
from the plate was streaked and grown in LB-media until it reaches the growth log-
phase with ODsoo 0f 0.6 to 0.8. The culture was preserved by the addition of 50% (v/v)
glycerol to the culture. Stock aliquots of 500 uL were flash-frozen in liquid nitrogen and
stored at -80°C for future utilization.

3.2.4. lsolation and purification of plasmids

The XL10-Gold strain resistant to tetracycline and chloramphenicol was used for the
isolation and preparation of the plasmids DNA. XL10-Gold competent cells were
transformed with the plasmid containing the pdx gene applying the same protocol as
elaborated in methods section 3.2.2 and plated on the agar plate. The next day, DNA
plasmid amplification was performed by incubating a colony from the plate in 5mL LB
culture media at 37°C overnight. The amplified plasmid DNA was isolated from the
cells using the DNA extraction kit i.e. pegGOLD mini-prep kitl (PEQLAB GmbH,
Germany), from the centrifuged pellet of the over-night grown culture following the
manufacturer’s instructions. The DNA concentration was determined using a Nanodrop
spectrophotometer (Thermo Fisher Scientific Inc., USA) at a wavelength of 260 nm.
The purity of the freshly isolated DNA was determined by calculating the absorption
ratio at 260 nm and 280 nm. This value should be around 1.8 for pure DNA. Further, the

eluted plasmid DNA containing pdx genes were stored at -20 °C.
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3.3.  Biochemical Methods

3.3.1. Recombinant expression of the pdx genes from P.vivax and S.aureus

Since crystallization demands a high amount of protein, therefore Pdx proteins were
produced on large scale by recombinantly expressing the genes encoding the target Pdx
proteins in BL21-CodonPlus-(DE3)-RIL cells, containing the pdx genes on a
transformed DNA plasmid.

For large-scale protein production one colony of the (DE3)-RIL strain carrying the
transformed plasmid, was added in 100 mL of LB medium with pre-added antibiotics
ampicillin and chloramphenicol (Roth, Germany). It was further supplemented with 1.0
% glucose (to stop the leaky expression of the desired protein) overnight at 37°C, at
speed of 180 rpm. For the main culture, 50 mL of the centrifuged and resuspended
pellet preculture was transferred into 1 L of LB with the respective antibiotics inclusion.
The pdx1 and pdx2 genes containing bacterial cultures were incubated separately at
37°C and 180 rpm speed until the ODsoo Value reached between 0.6 and 0.8, followed
by 0.5 mM ITPG addition to each 5 L flask. Before IPTG induction, 1 mL from each
culture was transferred to a reaction tube and saved for SDS-PAGE analysis. After 1 h,
2 h, 3 h,4h,and 5 h of post-induction incubation the ODeoo was measured and 1 mL of
culture was withdrawn and transferred to a reaction tube at each step. Every hour
transferred and saved samples were centrifuged for a few seconds at maximum speed.
Subsequently, pellets were resuspended in 50 pL of 2x SDS-PAGE buffer before and
heated at 96°C for about seven minutes. Samples were applied on SDS-PAGE to

analyze the optimal expression of Pdx proteins.

After 5 h of IPTG induction at 37°C, the expressed culture was transferred to
centrifuging buckets for pellet production and centrifuged for 30 minutes at 8°C at a
maximum speed of 4000 rpm. The supernatant from the centrifuged sample was
discarded. Next, the cell pellets were resuspended in the PBS buffer and centrifuged
again in 50 mL falcon tubes for about 20 min, at the same speed and temperature. The
supernatant was then carefully discarded, and the remaining pellets containing the

expressed Pdx proteins were stored at -20°C for future purification experiments.

3.3.2. Preparation of cleared cell lysates
The (DE3)-RIL cell pellets were thawed by letting them at room temperature and
resuspended in 15 mL of lysis buffer. A spatula tip of lysozyme was added in powder,
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and the cell suspension was placed on ice for about 20 min, followed by the addition of
100 uM PMSF protease inhibitor (Sigma, USA). The cells were sonicated on ice for 10
seconds with 30 seconds time intervals using a Branson sonifier 250 (Emerson Electric
Co, USA). After clear homogenous suspension with color change (an indication of
optimal sonication), the cell suspension was allowed to centrifuge for 30 min, at 8°C
and maximum speed. The centrifuged pellet containing debris was separated from the
soluble cell lysate (supernatant) comprising the desired proteins. The supernatant was
filtered through a 0.2 um filter before going to further purification steps. Small amounts
of cell lysate and pellet were stored for SDS evaluation to confirm the optimal condition

of sonication and protein solubilization.

3.3.3. His-tagged Pdx1 and Pdx2 proteins Ni-NTA affinity purification

After cell disruption and the supernatant containing Pdx proteins separation was applied
on a previously equilibrated Ni-NTA agarose matrix (Qiagen, Germany) with lysis
buffer containing 10 mM imidazole. The column was allowed to incubate on a roller
rocker at 8°C for about 1 h. The flow-through was eluted, collected, and stored for SDS-
PAGE to confirm the protein's binding efficacy to the affinity matrix. In the following
step, the matrix was washed with four column volumes (CVs) of washing buffer
(containing 50 mM imidazole) to remove any unbound proteins. The eluted fractions
were stored for SDS-PAGE evaluation to confirm the binding affinity Pdx proteins to
the affinity matrix. In the next elution step, the column was allowed to incubate with
two CVs of the elution buffer containing 250 mM imidazole. The eluted Pdx1 and Pdx2
protein fractions were collected in separate reaction tubes and also stored for SDS-
PAGE evaluation. The eluted Pdx proteins concentration in fractions collected in
separate reaction tubes were determined by Nanodrop 2000c (Thermo Fisher, USA) at
280 nm.

3.3.4. TEV protease digestion and separation of cleaved Pdx proteins

TEV (tobacco etch virus) protease was used to remove the C-terminal Hiss-tag from
Pdx proteins at the TEV cleavage site cloned with the His-tag in the plasmid. The TEV
cleavage was performed by overnight incubation of the Pdx proteins with the SEC
purified TEV protease at a ratio of 1:50. Digestion was carried out in parallel at room
temperature for 5 h and overnight at 8°C. Digested samples were passed through the Ni-

NTA column and this time flow-through containing the Pdx proteins was collected and
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analyzed by SDS-PAGE to determine and optimize the cleavage protocol. Less amount
of P.vivax Pdx2 after digestion was indicative of its instability during cleavage and in
the post-cleavage process. Therefore, the cleaved Pdx2 was dialyzed with a stabilizing
buffer (SEC buffer containing a high amount of glycerol and DTT) before TEV
removal. After dialysis of the cleaved Pdx2 protein, the mixture of the cleaved His-tag
Pdx2 and TEV protease were allowed to incubate with the Ni-NTA resin. In the next
step, the digested Pdx2 was collected in flow-through and stored in diluted form in

reaction tubes.

3.3.5. Protein quantification by absorption measurements

The concentrations of the eluted Pdx protein solutions were measured photometrically.
The absorption maximum of proteins is at 280 nm, the wavelength at which the
aromatic amino acids, mainly tyrosine, tryptophan, and phenylalanine have maximum
absorption. Further, the protein sequence can be used to estimate very accurately their
extinction coefficient, important in estimating the molar concentration of the solution
from its absorbance value. For P.vivax Pdx1 with a monomer of molecular weight
33000 Da, the extinction coefficient is 15470 cm™ M and for Pdx2 with a monomeric
molecular weight of 25200 Da, its value is 15390 cm™® M. For S.aureus Pdx1 with
molecular weight 32000 Da, is 12950 cm™ M and for SaPdx2 the extinction coefficient
value is 7450 cm™* M? for its molecular weight of 21000 Da. All the extinction
coefficient values indicate the reduced states of the proteins and are calculated by the

Prot-param tool on the Expasy server [122].

After estimating the molar extinction coefficient values, the concentration of Pdx
proteins was determined by a nanodrop 2000c (Thermo Fisher Scientific Inc., USA),
applying 1 or 2 pL of the sample. For measurement, 1 or 2 pL of protein buffer was
applied and measurement was blanked two times. For protein concentration
determination the procedure was repeated by applying 1 or 2 uL of protein solution. The
molar extinction coefficient (¢) and the molecular weight values for the respective
proteins were entered during each measurement, and the protein concentration was
displayed by the software, with calculations based on the Lambert-Beer law, shown in
Eqgn-1.
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AEBU = gcl (1)

Aqgo is absorption at 280 nm

e is molar extinction coefficient [M™* cm™]
I is path length [cm]

c is protein concentration [mg/ml]

3.3.6. Regeneration of the Ni-NTA matrix

The Ni-NTA resin, with an affinity for His-tagged proteins, loses binding affinity with
subsequent uses, and Ni-degrades from the resin and matrix regeneration is a multistep
established protocol. For regeneration, the ofttimes used Ni-NTA matrix (with colorless
or light greyish color) was first washed with water and then applying two (column
volumes) CVs of the regeneration buffer (6 M Gu-HCI and 0.2 M acetic acid). Next five
CVs of water, and afterward with three CVs of 2% (w/v) sodium dodecyl sulfate (SDS)
solution. An ethanol (Roth, Germany) gradient from 25% (1 CV per washing step) to
100% (5 CVs) and back to 25% was applied. For complete removal of the ethanol, the
resin was washed with one CV of water. To complex Ni?* ions, the matrix was
incubated with five CVs of 100 mM ethylenediamine-tetra-acetic acid (EDTA), pH 8.0
(Biomol, Germany), and was subsequently washed with two CVs of water. The matrix
was then recharged for 10 min with two CVs of 100 mM NiSO4 (AppliChem, Germany)
containing buffer, washed with two CVs of water, two CVs of regeneration buffer, and
one CV of water. In the last step, the matrix was equilibrated with protein lysis buffer or
stored in 20% ethanol at 8°C. Details of different stock solutions utilized in Ni-NTA

column regeneration are given in table 12.

Table 12: Ni-NTA agarose column regeneration solutions

Stock Solution Composition

SDS solution 2% (w/v) in ddH.0

EDTA solution 100 mM, pH 8.0 in ddH,0

Regeneration buffer 6 M guanidine chloride, 0.1 M acetic acid

NiSO4 solution 100 mM in ddH,0O

Ethanol solution 25, 50, 75% ethanol in ddH-0, and 100%
3.3.7. Dialysis

Dialysis is a passive diffusion technique used to get rid of unwanted and leftover

materials based on the molecular mass. It is also used to introduce/remove small
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compounds through a semi-permeable membrane of a suitable molecular weight cut-off
(MWCO) for the target proteins. This method generally works by either utilizing a
dialysis membrane with a suitable MWCO or using an ultra-filtration membrane of
different pore sizes for different molecular weight cut-offs. Dialysis membrane or ultra-
filtration membrane (of 3 kDa/ 10 kDa/ 30 kDa MWCO) were used for routine dialysis.
They were utilized either to modify the buffer composition of the Pdx proteins in
between two subsequent purification steps or for protein storage in a stable storage
buffer. Following the company’s instruction, the dialysis membrane was soaked in
water for about 20 mins in the first step and then equilibrated for 10 mins with the
exchange buffer and next the sample was pipetted into the membrane tubing. The
exchange buffer was approx. 200 to 500 times the volume of the sample and was slowly

stirred for dialysis carried out overnight at 8°C.

3.3.8. Sample concentration

After each purification step, to achieve the concentration required for crystallization, the
Pdx protein solutions were concentrated in the Eppendorf concentrators with a suitable
molecular weight cut-off. The protein samples were applied on the concentrator and
spun down for about 10 min at 3500-4000 rpm each until the desired protein
concentration was reached. In between the two centrifugation steps the sample was
resuspended, mixed with the diluted sample, and applied fresh again for the next run.

3.3.9. Size-exclusion chromatography (SEC)

Separation matrices with different pore sizes can be used to separate macromolecules by
their size and shape. In the separation mechanism, small and globular-shaped particles
penetrate more to the stationary phase of the matrix pores and hence hindered more
while passing through the matrix. Whereas the bigger, as well as elongated particles,
penetrate less into the matrix, therefore travel faster, and eluted earlier as compared to
the small-sized particles. The latest AKTA purifier or the AKTA prime system were

utilized during my PhD studies for size exclusion chromatography.

An AKTA fast protein liquid chromatography (FPLC) purification system (AKTA
Purifier P-901; GE Healthcare, UK) connected to a UV detector and a fraction collector
operated at 16°C for purification. The device was cleaned by pump wash purification
and system washing with 50 mL water and next the column was washed with 1.5 CV of

water and then equilibrated with 2 CVs of SEC purification buffer. The protein
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separation parameters were optimized, controlled by the accompanying UNICORN

software.

The concentrated sample of volume 4.5 mL was injected into the column through the
injection valve and 5mL injection loop. At a constant flow rate, the absorption of the
eluate was monitored at 214 nm and 280 nm by an installed UV lamp. Elution fraction
peaks giving high UV absorption values were collected, stored, and analyzed with SDS-
PAGE. Water and all buffers were filtered and degassed before applying to the AKTA
purification system. The columns Hi-Load 16/60 Superdex 75, Hi-Load 26/60 Superdex
200, and Superose 6 increase 10/300, obtained from GE Healthcare (GE Healthcare,
Uppsala, Sweden), were utilized for the purification of Pdx proteins.

3.3.10. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE is a technique utilized mostly in determining the size of a protein sample as
well as purity of the protein sample under denaturing conditions. The principal
ingredient is a polyacrylamide-based discontinuous gel, polymerized by a radical
polymerization mechanism. The matrix acylamide is polymerized by a reaction driven
by polydentate ligand TEMED with the addition of the radical initiator ammonium
peroxide sulfate (APS). The smaller pore size of the polymerized acrylamide gels is the
main difference to the agarose gels and can separate proteins up to 100 kDa. Further, it
can also separate small-sized proteins up to 10 kDa, less than this mass are difficult to
resolve because of the low binding ability of SDS [123]. For protein sample preparation
SDS addition ensures the denaturation of the proteins into monomeric forms. SDS is an
anionic detergent maintaining a net negative charge on the surface of protein within a
wide pH range. The heat at 96°C, during sample preparation, breaks the intermolecular
bonding present at the secondary and tertiary structure level of proteins. Further, the
reducing agent like DTT destroys all the disulfide bridges present between the
secondary structural elements. So, the uniform unfolded monomeric states of the protein
molecules are accumulated by SDS ions, with the sulfate groups of the SDS directed
outwards into the solution, and their negative charge overlay the intrinsic charges of the
proteins. The negative charges on SDS further aid in destroying the complex structure
of the proteins and therefore are strongly attracted toward the anode in an electric field.
Because of the smaller pore size, polyacrylamide gels restrain larger molecules, whereas

the smaller molecules migrate faster within the gel. Because the charge-to-mass ratio is
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nearly the same among SDS-denatured polypeptides/proteins, the final separation of
proteins is dependent almost entirely on their differences in relative molecular mass

values.

In general, the gel consists of a narrow pore size separating gel consisting of 12% of
acrylamide/bisacrylamide, as well as a focusing stacking gel with 4% of
acrylamide/bisacrylamide. The ionic strength, as well as pH values of both gel layers,
are different. The stacking gel is acidic (pH = 6.8) and when the proteins enter the basic
separating gel (pH 8.8), the charge of glycine present in gel composition increases.
Thus, the proteins are no longer focused between the two anions, hence separated by
their size [124]. A list of all buffers utilized in gel casting and electrophoresis are

summarized in table 7 and 8.

For SDS-PAGE evaluation of the purified Pdx proteins, samples were mixed with 2x
SDS-sample buffer before denaturing them at 96°C for approx. 7-10 min. The heated
and digested samples were spun down briefly, and 5 pL to 10 pL were loaded onto the
gel. A protein marker of range 14-116 kDa (code: 26610, Thermo Fisher Scientific Inc.,
USA) was also applied to the gel to estimate the molecular weights of the Pdx proteins.
The gels were run in a vertical gel electrophoresis chamber (Hoefer Inc, USA) and
connected to an EV-231 power supply (Peglab, Germany) and 1x electrode buffer was
used for running the sample in the gel. A constant voltage of 180 volts for separation in
stacking gel and 120 volts for separating gel and a current of 25 mA per gel was applied
for approx. 1 h. Afterward, the gel was allowed to stain in a coomassie staining solution
with continuous shaking for about 2 hrs to overnight. The next day the gel was de-
stained by exchanging with the coomassie de-staining solution (20 % (v/v) acetic acid)
several times until the protein bands could be distinguished clearly in the destaining

solution from the background and documented by a color scanner (Epson).

3.3.11. Native gel electrophoresis

3.3.11.1. Clear/blue native PAGE

Native PAGE is used to analyze proteins in their physiologically folded state, where
proteins are not denatured and unfolded. Here, the separation is based on their mass and

charge allowing proteins to be detected in their oligomeric states.

Pre-cast polyacrylamide gels of 3-12% gradient for blue native PAGE were obtained

from SERVA (Heidelberg) and used according to the instructions in the manual with
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some modifications applying a mighty small-Il PAGE chamber (Hoefer, USA).
Furthermore, a standard protein native marker to approximate the molecular weight
(SERVA electrophoresis, GmbH, Germany), sample buffer, as well as anode and
cathode buffers, were purchased from SERVA (Heidelberg).

For Pdx proteins native-PAGE evaluation, protein samples were mixed with 2x native
PAGE sample buffer (without SDS) in a 1:1 ratio and then loaded onto the gel, and
electrophoresis was performed for approx. 2 h. The native-PAGE electrophoresis was
carried out on the ice to avoid possible denaturation of the native proteins due to heat
generated during the electrophoresis. The electrophoresis was started with a constant
voltage of 50 V for 10 min until the proteins had migrated through the stacking gel. For
migration of proteins through the separating gel, a voltage of 200 V was set and let run
for 2 h. After electrophoresis, the gel was incubated and stained with coomassie brilliant
blue R-250 for 2 h. Then it was transferred to the destaining solution (20% acetic acid)
for 4 h, washed three times with water, and documented by a color scanner (Epson).

3.4. Biophysical Methods

3.4.1. Circular dichroism (CD) spectroscopy measurements

Circular dichroism (CD) spectroscopy is an excellent tool for evaluation of the
secondary structure and folding of proteins, their interactions, and the complex
formation, and to a lower extent information about their tertiary structures. By
definition, circular dichroism is defined as the unequal absorption of left-handed and
right-handed circularly polarized light [125]. CD spectroscopy is a very effective and
sensitive technique characterizing small chiral organic molecules and large
macromolecules like proteins. Primarily, the technique is employed in determining the
secondary structure contents of proteins in the solution. It is also used to investigate the
stability of proteins in the solution by measuring the melting point temperature after

observing changes in folding properties.

To evaluate the secondary structure content and to score the overall folding of Pdx1,
Pdx2, and the Pdx complex, CD spectroscopy investigations were performed utilizing a
J-815 CD spectrometer (Jasco, UK) instrument equipped with a Peltier element. The
CD spectra of the samples were recorded at 20°C and measured in 1 mm quartz cuvettes
with a total volume of 100 uL and of 3-5 puM Pdx protein solutions with 10

56



measurements per sample. Pdx protein samples were centrifuged at 4°C for 20 min at
15,000 rpm, prior to the measurement.

CD spectra were measured for each Pdx protein sample over a wavelength range of 190-
250 nm (far-UV spectrum) carried out with an interval of 0.1 nm, which were
accumulated and averaged. The baseline was recorded for the corresponding sample
buffer by the same procedure and subtracted from the protein signal to obtain the
sample absorbance/ellipticity (0). The ellipticity (0) is defined as the difference in
absorbance of clockwise and counter-clockwise circular polarized light as presented in
Eqgn-2.

_180in10
4T

0 (4, - 4p) 2)

AL and Ag are left circularly polarized (LCP) light and right circularly polarized
(RCP) light, respectively. As the change in polarization is very small, so conversion
factor (180/x) converting radians to degrees is used, 6 is ellipticity measured in mdeg.

The results displayed by the Spectra Manager™ software provided by Jasco with the
instrument as ellipticity [mdeg] against the wavelength, were converted to mean residue
ellipticity (MRE) [deg cm? dmol™)] by Eqn-3, according to [126].

MRw - 8
MRE =
10 - cd

(3)

Where 0 is the measured ellipticity [mdeg], MR is the molar mass in gmoL?, ¢ is the
protein concentration [mgmL™], d is the path length through the sample measured in
cm and W is the amino acid residues weight in a monomer.

The mean residue molar ellipticity was obtained by multiplying MRE with 1000 and
plotted against the wavelength and the secondary structure contents were determined
applying the Spectra Manager™ software [127]. The typical curves representing o-
helical folding show minima at 208 and 220 nm and a maximum at 192 nm. The
proteins with mainly pB-sheet folding show a minimum at 215 nm and a maximum at 195
nm. Whereas random coil structures lead to a minimum between 190 and 200 nm and a

maximum at 220 nm.
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3.4.2. Dynamic Light Scattering (DLS) studies

Dynamic Light Scattering (DLS) is a very common biophysical and bioanalytical
method applied in vast areas of life and materials science. DLS (also known as photon
correlation spectroscopy or quasi-elastic light scattering) is used in determining the size
distribution of small particles or macromolecules in solution. Further, it is used in
investigating the reaction kinetics of macromolecules involved in a complex reaction
[96]. In its basic principle, a monochromatic laser light hits the particles of the solution,
is then scattered in all directions. The scattered light also interferes with the scattering
of other particles while reaching the detector. Because of the Brownian motion, the
position of the scattering varies all the time, and the scattering intensity fluctuates.
These fluctuations are recorded and quantified over time by a photon-detector
positioned at a 90° angle. The detector obtains information about the fluctuation in the
light scattered by the particles, and the diffusion coefficient can be derived from the
diffusion rate of the particles. The diffusion constant (D) is then used in determining the
hydrodynamic radius (Rw) of the particles in solution in accordance with the Stokes-
Einstein equation (Eqn-4) [128, 129].

kgT
6x D
Ry is the hydrodynamic radius that is determined by its dependence on the viscosity
(n) of the solution and the diffusion coefficient (D). Kg is the Boltzmann‘s constant,
and T is the temperature of the experiment.

RH - (4)

To investigate the dispersity, size, and hydrodynamic radius information of the Pdx
proteins, sample solutions were measured in a quartz cuvette using the Spectroscatter-
301 (Xtal Concept, Hamburg, Germany) device applying a red-light class 3b lasers (A =
660 nm; laser power 100 mW). The device has a photomultiplier tube detector. The
device can visualize molecules in size range from 1 nm to approx. 6 pm, with a
concentration range from 0.5 to approx. 100 mgmL™. For sample preparation, the Pdx
protein samples with a concentration of 1, 2, 5, 10, 15, 20 mgmL™* were centrifuged at
8°C for about 120-180 min at 17,000 g to sediment the high molecular weight
aggregates and analyzed the clear supernatant in the quartz cuvette at room temperature.
For standard sample analysis 30 measurements for 30 seconds each, with no pause time
in between, were performed. Measurement values were stored in a standard data (.dat)

format for later analysis with the help of the provided SpectroSize 300 software.
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3.4.3. Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) is a powerful biophysical technique involving X-
rays used for the determination of the overall 3D shape and structural characterization
of biological molecules in solution. It is applied for the characterization of both ordered
and disordered proteins. It is employed for the size and low-resolution shape
determination of molecules randomly oriented ranging in size from a few kDa to GDa.
This technique also offers effective means to reaction kinetics of reactions involved in

the seconds to minutes range [112].

For SAXS measurements, Pdx protein samples were prepared following the standard
procedure of beamline provided [130]. The proteins were dialyzed overnight against a
buffer, in which proteins were stable and had less background scattering. The dialysis
buffer was kept for the SAXS buffer subtraction measurements as a blank. Three
different concentrations for P.vivax and S.aurues Pdx1 i.e. 2 mgmL?, 5 mgmL™ and 10
mgmL~! and considering concertation dependent oligomerization of P.vivax Pdx2, two
concentrations i.e. 2 mgmL™t, 5 mgmL? and S.aureus Pdx2 three different
concentrations 2 mgmL%, 5 mgmL™ and 10 mgmL ™ were prepared and measured. All
SAXS measurements were performed at the EMBL beamline P12, PETRA Ill, DESY,
Hamburg, Germany. The samples (20-100 uL) were exposed to the beam at 20°C for
0.50 seconds at a wavelength of 1.24 A (with stepwise increasing protein concentration)

at a detector distance of 3.1 m in separate experiments.

For complex formation, pure Pdx1 and Pdx2 proteins were mixed in a 1:1 ratio and
incubated overnight. Prior to the SAXS data collection, the complex was purified by a
Superose-6-increase column (10/300, GE Healthcare). Likewise, Pdx1, Pdx complex
was also investigated at concentrations of 2, 5, and 10 mgmL ™ applying an automated
robotic sample changer and a Dectris 2D photon-counting detector (PILATUS-6M)
placed at 3.1 m distance. The sample was exposed to the X-rays with a flux of 103 ph/s

and momentum transfer S(A™) (S=4nsin6/\, where 20 is the scattering angle).

3.4.3.1. SAXS data processing steps

Scattering intensity data of the three Pdx proteins from P.vivax and S.aureus were
collected, integrated, and averaged by applying the ATSAS online software suite
(EMBL, Hamburg, Germany) separately [131]. The scattering intensity of the sample is
proportional to the concentration of the sample. Higher concentration gives a better
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signal-to-noise ratio of the sample data when subtracted from the respective buffer,
providing more clear information about the sample size and shape. However, at higher
concentrations, the distances between the individual particles decreases, aiding
interparticle interference and thus contributing to the scattering intensity pattern.
Therefore, samples were applied in the concentration range, and data were scaled and
averaged in the final steps of data processing.

For initial data processing, PRIMUS was used for Guinier analysis [132]. First, the
individual scattering profiles of Pdx proteins at one (lowest) concentration were
collected and inspected independently for interparticle interference, aggregation, or
radiation damage. Then, the scattering curves were scaled and averaged to one another
after showing no difference between the profiles, and the Guinier analysis plots were
calculated. These calculated Guinier plots can be used to determine the radius of
gyration (Rg) by knowing that linear Guinier plots indicate the monodispersity of the
sample. The pair distribution functions P(r) indicating maximum diameter (Dmax) of
proteins, and forward scattering 1(0) were computed in GNOM [133] and PRIMUS
[132]. The obtained data were compared with the values provided by an online SAXS
data processing server named SAXSMoW [134].

Further, the obtained Ry values of the proteins were compared with the Ry value
determined by DLS respectively with the help of the following equation (Eqn-5) [135].
The comparison represents a suitable approximation about the shape information of

particles in solution.

R
=4 5
p R, (5)

p is the shape factor
Ry is the radius of gyration obtained from SAXS
Ry is the hydrodynamic radius obtained from DLS

Kratky plots (IiS? vs S) and Porod-Debye plots (I)S* versus S) provide preliminary
shape and flexibility information, were generated as described [136] and molecular
masses (MM) information were obtained from SAXSMoW [134]. The low-resolution
ab-initio models were generated from the scattering curves by dummy bead modeling
programs DAMMIN and GASBOR considering symmetry option P1 for Pdx2 and P6

for Pdx1, and the complex. Whereas the S.aureus Pdx complex was investigated for 3D
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modeling applying different symmetries options [137, 138]. Dummy bead modeling
programs utilize simulated annealing to construct a densely packed beads model based
on experimental scattering intensity data. Five DAMMIN and GASBOR runs were
performed for each of the proteins and the results were well superimposable with each
other. Rigid body models were constructed from scattering data and 3D-models were
calculated by the program SASREF [139], considering the same symmetry options as

those used for the dummy models.

ATSAS program CRYSOL allows comparison as well as the superposition of the
obtained scattering data for proteins to the known high-resolution homologous PDB
structures. Therefore, theoretical scattering curves of homologous structures deposited
at the protein data bank were calculated, compared, and fitted to the experimental
scattering data of Pdx proteins utilizing CRYSOL [140].

3.4.3.2. Size exclusion chromatography (SEC)-SAXS

Biological SAXS has become a very streamlined technique for structural parameters
characterization involving conformational changes of proteins and macromolecular
complexes in solution [141]. However, samples likely aggregating and oligomerization,
partially associating and dissociating complexes, 3D solution structural interpretation
becomes difficult as SAXS structural analysis requires monodisperse sample solutions
[142]. However, this enigma was overcome by a complementary SAXS technique
called size-exclusion chromatography-SAXS (SEC-SAXS) [143]. It is effectively used
to separate the polydisperse solutions based on the molecular weight of the samples. It
continuously measures the sample while it elutes from the SEC column and exposing
the eluted samples to the X-ray beam.

Since, in some proteins oligomerization, while in others complex formation is
concentration-dependent. Therefore, information about the accurate concentration
determination while eluting from the SEC column is important. For this purpose, SAXS
is combined with ultraviolet-visible light (UV-vis) and refractive index detectors for
quantifying the concentration of the eluting sample. Further, the set-up also combines
with right-angle light scattering (RALS). The RALS detector provides the estimation of
the molecular weight of the eluted samples. The MW estimate integrated over a peak
volume, allows one to independently assess the oligomeric states of the eluting

fractions. The combination of SAXS with other biophysical and bioanalytical
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techniques provides full automation of the SEC-SAXS data processing and analysis of
the sample mixture [144].

3.4.3.3. SEC-SAXS of P.vivax Pdx2 and S.aureus Pdx proteins

Considering the time and concentration-dependent oligomerization tendency of P.vivax
Pdx2 (discussed in detail in the Results section of the thesis), online size-exclusion
chromatography was applied prior to the SAXS data collection by applying 7 mgmL™
of P.vivax Pdx2. For SEC run, Superdex-75-increase column (5/150, GE Healthcare),
which was pre-equilibrated with a buffer of 20 mM Tris-HCI (pH 8.0), 200 mM NacCl, 1
mM EDTA, 2 mM DTT. The buffer also includes 3% glycerol to aid solution stability
and reduce the risk of radiation damage. The obtained eluted sample solution was
directly subjected to X-ray scattering data collection. For sample exposure, the flow cell
method was used, where the sample flows continuously and is exposed to the beam for

the duration of the experiments.

Observing the different oligomerization behavior of S.aureus Pdx1 revealing hexamer
and other low molecular weight multimeric species in mass photometry investigations
(details are provided in the Results section of the thesis). SEC-SAXS was employed to
get structural insights into the sample eluted peaks from the SEC column. Subsequently,
SaPdx2 and Pdx complex were also investigated by SEC-SAXS to observe and confirm
their multimeric states. The Pdx proteins were concentrated 7 to 10 mgmL™?, filtered and
centrifuged before loading onto the respective SEC column. A concentrated sample of
volume 50-80 pL was loaded to the Superdex-75-increase column (5/150, GE
Healthcare) after column calibration and SEC runs were performed at a flow rate of 0.5

mL/min at room temperature.

3.4.4. Nanoparticle tracking analysis

Nanoparticle Tracking Analysis (NTA) is one of the few methods to visualize and also
measure the nanoparticles suspension in the size range from a few nm to 1000 nm based
on tracking of Brownian motion [145]. Brownian motion or Brownian movement
represents the random movement of solute particles in the suspension. It is the
fluctuations in a particle's position inside a solution at one position which is followed by
relocation to another position with the same or similar fluctuations. For detection and
tracking, the solute particles must scatter light with an intensity level above a certain
threshold value. The amount of light scattered by the solute particle is proportional to
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the scattering cross-section of the particle exposed at one time to the incident light and
the intensity of the incident light source [146].

NTA track and determine the Brownian motion of the particles in the homogenous, as
well as in the heterogeneous sample by visualizing and illuminating the individual
particles tracked by the help of a laser beam. The scattered laser light is recorded with a
light-sensitive camera, arranged at a 90° angle to the irradiation plane. This arrangement
allows the detection and tracking of the Brownian motion of particles. Further, the size
of each individually tracked particle is calculated using the Stokes-Einstein relation
[145], solving the particular particle diameter (d), shown in Eqn-6.
p= 2T

‘=10 Ry (6)

Where Dt is the diffusion coefficient of the particle in the solution, Kg is the Boltzmann’s
constant, T is absolute temperature, 1) is the viscosity of the solution without the solute and
Ry is the hydrodynamic radius of the solute particle to be investigated.

Since P.vivax Pdx2 exhibited reversible oligomerization tendency with the size range of
the oligomeric particles from 50-200 nm. To observe this behavior, the oligomeric Pdx2
was allowed to mix with the dodecameric Pdx1 and subsequently observed for diameter
shift. Pdx1 (0.25 ml) was added to the oligomeric Pdx2 (0.25 ml) inside the sample
chamber. In the NTA experiment, the NanoSight LM10 (NanoSight Ltd., United
Kingdom) system with a laser beam of wavelength 405 nm for sample observation was
utilized. Particles were visualized using a conventional optical microscope, connected to
a video camera for tracking the movement of the particles in solution. The sample was
measured for 60 seconds at different reaction times at a rate of 25 frames per second
with manual shutter and gain adjustments. The “single shutter and gain mode” was used
to capture the Pdx proteins and analyzed for size and diameter by the NTA software
version 3.2 (NanoSight Ltd).

3.4.5. Mass photometry studies

Sample purity is the prerequisite for any successful structural investigating technique
like macromolecular X-ray crystallography and cryo-electron microscopy. Mass
photometry is the technique accurately characterizing the sample homo or heterogeneity
at high resolution with minimum material cost and in a matter of minutes [147]. Mass
photometry (MP) works on the principles of interference reflection microscopy [148].
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The minute quantity of light scattered by each single sample molecule present in the
solution can be detected much reliably and correlated directly to the molecular mass of
the sample [147].

Since, protein characterization methods such as SDS-PAGE, size-exclusion
chromatography (SEC), and dynamic light scattering (DLS) characterize the sample
composition [149], and each has significant limitations. SDS-PAGE reveals molecular
weight information with stoichiometry or interactions with sample concentration
limitations. SEC works on the basis of Stokes radii, where the solvent largely affects the
sample size based on the mobility/density of the solution and hence does not report the
actual molecular weight. DLS has limited mass accuracy and also resolution with
concentration limitation [147]. Whereas, MP measures the mass of solute in solution
after quantifying the light scattered from the individual biomolecules in solution with
around 5 kDa deviation between the sequence and the measured mass [150]. The
method also allows the direct detection of proteins when they assemble into functional

complexes, oligomeric or misfolded aggregates [151].

Pdx1 protein from other plasmodial species is reported for concentration-dependent
oligomerization and subsequent aggregation. Whereas bacterial Pdx1 is reported in
hexamer-dodecamer equilibrium (elaborated in detail in the Introduction and Discussion
section of the thesis). To unveil this enigma of concentration-dependent and species-
specific oligomerization, Pdx1 from P.vivax and S.aureus is investigated by mass
photometry at different concentrations, ranges from 10 nM to 1 uM. This concentration
of Pdx1 protein contains 10° to 10'* Avogadro’s number of protein molecules, which is

in the optimal measuring range for the MP instrument.

In MP investigation simple microscope coverslips are used, cleaned by sonication in
50% isopropanol followed by clean air stream drying. Protein and buffer samples were
centrifuged and filtered before measurement. Immediately, before the mass photometry
measurements of Pdx proteins, protein stocks were diluted directly from the buffer stock
solutions to the final measuring concentration of 10 nM to 1 uM and then measured for
30-60 seconds. Measurements were performed with the Refeyn OneMP mass photometer
(Refeyn Ltd. UK) instrument with a light wavelength of 525 nm and molecular mass
detection range from 40 kDa to 5 MDa. Afterward, the recorded images were processed
and analyzed using DiscoverM? (Refeyn Ltd. UK) software.
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3.4.6. Negative staining Electron Microscopy (EM) investigations

Negative stain electron microscopy is an established technique, used for contrasting a
thin sample specimen with an optically opaque fluid [152]. In this technique, the
background is stained by a staining reagent and leaves the sample specimen undisturbed
and being visible. Whereas, single-particle electron microscopy (EM) technique
provides structural information of a large variety of biological molecules in their native
states, ranging from proteins to large functional macromolecular assemblies. It worth
mentioning the year 2008, which is a landmark year for single-particle electron
microscopy. This year the density maps have been produced for the first time at a
resolution able in tracing proteins backbone and building 3D atomic models, revealing
the internal structures [153].

In biological assemblies investigation, macromolecule particles are adsorbed on an
electron transparent sample support grid (called EM grid) in the form of a thin
amorphous film. The thin film of the sample distributed over the entire grid almost
evenly is then investigated by a transmission electron microscope to reveal its external
structural details [153, 154]. Since electrons interact with the matter very strongly.
Therefore, the electron path from emission to the sample and camera in the microscope
must be kept under high vacuum conditions to avoid any unwanted scattering by the air
or gas molecules in the chamber. Accordingly, the considered EM specimen must be in
the static position for imaging. Further necessary specimen preparation techniques are

required for dehydration or stabilized hydrated biological samples in a vacuum [155].

In my PhD studies, the negative stain EM investigations were utilized for the qualitative
examination of the purified Pdx proteins prepared and to depict the dynamic behavior of
the Pdx complex with oligomeric subunits Pdx1 and Pdx2. The EM staining procedure
was performed by first preparing the negative stain EM grids that will support the
sample. Specimens were prepared for EM investigations following a conventional
negative staining procedure [156]. The carbon-coated grids were discharged and made
the grid hydrophilic by the Quorum GloQube glow discharger (East Sussex, UK) for 30
seconds using a current of 25 mA. A filter paper was placed in a fuming hood, and a

glow discharged grid was placed on the paper.

The sample solutions with concentrations between 25-30 pg mL™! (molar concentration
of 750-900 nM), of Pdx1, Pdx1 in complex with Pdx2 monomers, and Pdx1 in complex
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with Pdx2 oligomers were used in EM studies. The three samples were prepared in 20
mM Tris pH 8.0 buffer containing 200 MM NaCl and 5 mM MTG (monothioglycerol)
and applied on separate grids. 4 uL of samples containing around 10'° to 10! Pdx
protein molecules, were applied on the glow-discharged carbon-coated side of the
copper grid and incubated at room temperature for 30 seconds for maximum absorption
of protein on the grid. The remaining undissolved sample was discarded from the grid.
The waiting time and the time length of glow discharging of grids, affect the protein
concentration adsorbed on the grid. Very diluted samples require longer adsorption
times and concentrated ones require less. Next, the grid with absorbed protein
molecules was washed two times with water and blotting off in between to remove any
unbound sample stick and hanging the grid. Subsequently, the grid was dipped in the
2% uranyl-acetate solution for negative staining in four successive steps. After letting it

dried, grids were ready and saved for EM investigations.

In the next step, EM grids were loaded individually in the single tilt standard specimen
holder of Talos L120C (Thermo Fisher Scientific-FEI) electron microscope at 120 kV
accelerating voltage and a LaBe electron source filament with a CETA camera. The
specimen was focused, and a desired defocus with maximum contrast was set. Focusing
was achieved either manually using the contrast method or by using the CCD camera to
capture live images and compute live Fourier spectra. Afterward, in the final step,

images were taken using a magnification of 71,000x to 92,000x.

3.5.  Crystallization, diffraction data collection and model building

3.5.1. High-throughput screening for crystallization conditions

Before crystallization, fresh purified Pdx protein solutions were concentrated and
centrifuged for 2 hrs at maximum speed. Subsequently, the sample monodispersity was
confirmed by the DLS investigation. Before proceeding to crystallization, protein
concentration considered to be optimal for crystallization was investigated by pre-
crystallization test (PCT) (Hampton Research) with the protocol of the company’s

instructions followed.

For initial crystallization trials, vapor-diffusion experiments were set up in either 2-well
MRC 96-well sitting drop crystallization plates (Molecular Dimensions, UK) or MRC
maxi 48-well crystallization plates (Jena Bioscience Germany). For screening of various

buffer conditions, different high-throughput screens were utilized (shown in Table-10)
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using the Pipetting robot Honeybee 961 (Genomic Solutions, UK). In high-throughput
screening 300 nL of the Pdx protein solution was mixed with 300 nL of the precipitant
solution and equilibrated against 50 pL of reservoir solution in sitting drop vapor
diffusion condition using MRC-2 96-well sitting drop crystallization plates (Molecular
Dimensions, UK). Plates were incubated at a specific constant temperature of 20°C and
4°C in a RUMED 3001 incubator (Rubarth Apparate GmbH, Germany) in individual

experiments.

3.5.1.1. Protein crystal visualization

After a few successful crystallization hits obtained from high-throughput screening
experiments. The protein and salt crystals differentiation were performed by analyzing
the protein drops with the Crystal Score device (Diversified Scientific Inc, USA). The
device detects a specific UV fluorescence of protein crystals and differentiates them

from salt crystals.

Subsequently, drops containing crystals were also mixed and incubated with Izit Crystal
Dye (Hampton Research, USA). It is a small molecule dye that is small enough to
penetrate the solvent channels present in the protein crystals. In its basic working
principle, it binds to the negatively charged chains of amino acid molecules utilizing the
intermolecular spaces arranged in the ASU and unit cells of crystal, thereby coloring the
protein crystals. Whereas it is too big in its structure to penetrate salt crystals. The
recommended 1:10 dilution of Izit Crystal Dye in ddH>O was prepared, and an amount
of 0.5 pL was pipetted directly onto crystals. The drop was then incubated for 30
minutes to 1 h and afterward inspected under a light microscope.

3.5.1.2. Crystallization conditions optimization

After obtaining initial crystallization conditions and protein crystals confirmation, the
crystallization conditions were optimized by varying the precipitant and to less extent,
the protein concentration around the condition found in the initial screening. The
promising crystallization conditions were refined by using the sitting drop vapor
diffusion approach and crystallization under oil was performed as well in 96-well
Terazaki plates (Nunc, Denmark) applying the Oryx 4 robot (Douglas, UK). For
crystallization under oil, paraffin oil (Applichem, Germany) was added to the Terazaki
plate (Nunc, Denmark) to a level that fills all the wells. Next, 1 uL of precipitant,

followed by protein solution were pipetted into each well, while working using a
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microscope. The oil covered the droplet and allowing controlled diffusion of the solvent

molecules.

Further, for crystallization condition manual optimization, the hanging drop vapor
diffusion approach was applied utilizing 24-well Linbro plates (Jena Bioscience
Germany). In the hanging drop method, 2 pL of protein solution and 2 pL of the
precipitant were mixed in the droplet, and the reservoir position in the plate was filled
with 500 pL of precipitant solution. In parallel, crystallization conditions were also
optimized by the sitting drop vapor diffusion method using 48-well MRC maxi sitting
drop plates (Jena Bioscience Germany). In this method, crystallization drops were made
by adding 1 uL of protein solution plus 1 uL of a precipitant solution, and the reservoir
was filled with 50 pL of the precipitant solution. In both experiments, plates were stored
in 4°C and 20°C incubators.

The additive screening kit from Jena Bioscience (Germany) was also applied for
crystallization of the Pdx complex, where MRC maxi 48 well plates were used with 500
nL of protein solution mixed with 500 nL of precipitant solution. Further, 200 nL of the
respective additive solution was added with 60 pL of reservoir solution in each well.
The plates were sealed and stored at 4°C and 20°C.

After successful optimization of crystallization conditions, the final optimized condition
for P.vivax Pdx1 was at a protein concentration of 20 mgmL™, and precipitant 0.1 M
Tris, 200 mM MgCl», 19 % ethanol. Pdx1 from S.aureus crystallized by sitting drop
crystallization method at a concentration of 10 mgmL™ using the Morpheus screen with
condition details (0.09 M NPS (sodium nitrate, sodium phosphate dibasic, ammonium
sulfate) 0.1 M Tris (base); BICINE PH 8.5, 30 % v/v PEG 500 (MME) and PEG 20000).

3.5.2. Diffraction data collection

Diffraction data of Pdx proteins were collected at beamlines P11 PETRA I1ll, DESY
(Hamburg, Germany) and EMBL beamline P13 PETRA Ill, DESY (Hamburg,
Germany). Both beamlines are using Pilatus 6M-F (25 Hz) detectors (Dectris Ltd.,
Baden, Switzerland) [115].

Single crystals were cryoprotected by transferring them into a reservoir solution with

additional 20% glycerol for P.vivax Pdx1 and 30% glycerol for S.aureus Pdx1.
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Subsequently, cryo-cooled in liquid nitrogen and stored in pucks (Uni-pucks for P11
and SPINE-pucks for P13) for safe transfer to the beamlines.

Diffraction data were collected for P.vivax Pdx1 and S.aureus Pdx1. Unfortunately,
most of the P.vivax Pdx complex crystals did not diffract, whereas only a few crystals
show diffraction at a very low resolution of around 10 A. All standard data collections
were carried out at 100 K and 12 keV, with flux intensity of approximately 2x10%
photons sec™. The exposure time was set to 40 ms with a beam of size 100 x 100 um? or

200 x 200 um? was used.

3.5.3. Data indexing and data reduction
The Pdx1 data were processed and indexed with the automated software XDSAPP
[120]. The individual diffraction patterns were inspected and cut at a resolution above

where the overall Rmerge rose above 7.5%, or the I/c value dropped below 1.2.

3.5.4. Structure solution and refinement

3.5.4.1. Molecular Replacement

The mtz file generated in the data reduction step was used further for molecular
replacement, the first step towards 3D structure solving. In molecular replacement, the
phase information is obtained utilizing the coordinates of a reported pdb model with
appropriate homology to the structure in the investigation and to be solved. This also
requires the FASTA sequence of the investigating structure to compare during the run.
For calculation of the amplitudes (F calc) and the phases (® calc), solved model
coordinates are positioned in the unit cell by both rotation and translation functions.
Both the rotation and translation of molecules in the unit cell and ASU are solved by

comparing them with the Patterson map of the known PDB structure.

With the help of the Patterson map, the intramolecular vectors (orientation of the
arranged molecule) are used in the rotation function. The Patterson map of the structure
to be solved is compared to the known structure Patterson map in different orientations
until both the structure vectors have a similar orientation. Next, after obtaining the
orientation of the molecule, the translation function, based on the intermolecular
vectors, then places the molecule in the asymmetric unit at correct coordinates to get

phase information. Then the phases derived from the model and the observed
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experimental amplitudes (Fobs) are used to calculate the novel electron density map
[118].

Pdx1 protein structures were solved by the Phenix 1.15.2-3472 program suite [157] and
Phaser-MR was utilized for molecular replacement [158]. Phaser utilizes the maximum
likelihood algorithms first for rotation and then for translation of the rotated model
determination in the unit cell. The output of the Phaser run provides a PDB file
containing the placed model, also an mtz file including coefficients for the electron
density created by utilizing the placed model and the experimental Fons. For solving
P.vivax Pdx1 structure by molecular replacement, the reported homologous model from
Plasmodium berghei (PDB code: 4ADT) [69] with 85% sequence identity was used as a
search model to obtain the phases. For S.aureus Pdx1, the reported homolog Pdx1 from
Bacillus subtilis (PDB entry 2NV1) with 80% identity [90] was used as a starting model
applying Phaser-MR [158].

3.5.4.2. Structure refinement and validation

After initial macromolecular structure models are obtained from Phaser-MR, they were
further processed by refinement using the Phenix-refine program [159]. Refinement
consists of minimizing errors in the geometry of bond lengths and angles using different
restraints, which remains after real space model building [117]. Based on these
parameters a model is refined against the experimental data to obtain the best fit
between the observed structure-factor amplitudes (reflection intensities) from the native
data set (Fobs) and the calculated structure amplitudes from the model to be refined
(Fcaic). It is quantified by the Rractor Values (Rwork) indicating the magnitude of the
difference between both the models (Eqn-7) [118].

E [Fobs - Fca.!c] 7
Rfactor = S Foo. 7

If the observed and calculated structure-factor amplitudes agree with each other, the R
factor is small and for a perfect agreement, R is zero (which is practically not possible).
On the other hand, when both reflections intensities do not agree, R with a maximum
value of one. In general, for proteins, the acceptable R values are 0.2 to 0.4 after the best

placement of both model intensities. Further, for cross-validation, 5% of the
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experimental data are utilized for calculating the Rfree Value, using the same equation as
for Rwork (equation-7) [118].

The low-resolution data collected for S.aureus Pdx1 revealed that the N terminal helix,
C terminal flexible loop region, and helix a2” were not convincingly visible after
refinement. These regions were manually modeled in the electron density maps with the
help of a program Coot [160]. Further, the quality of the refinement parameters and
coordinates were verified by the online program REDO [161] and the online PDB

validation server [162].
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4.0. Results

4.1.  Expression optimization of Pdx proteins

Pdx1 and pdx2 genes of P.vivax and S.aureus with restriction sites (Ndel and Xhol) in
expression vector pET31b(+) (BioCat GmbH) were transformed and expressed in
different bacterial strains and their expression were optimized. After expression
optimization, two bacterial strains BL21-CodonPlus-(DE3)-RIL and BL21(DE3)
translate Pdx proteins optimally, the former with maximum over-expressed proteins.
Therefore (DE3)-RIL was selected for Pdx proteins production for all future
experiments. In the next step, the protein expression inducer IPTG (Isopropyl B-d-1-
thiogalactopyranoside) concentration optimization was performed. The expression
vector was induced at the IPTG concentration range from 0.1 to 1.0 mM, and 0.5 mM
represents the optimal inducing IPTG concentration (Figure 13a, b). Successfully
optimized overexpressed C-terminal Hiss-tagged Pdx1 and Pdx2 proteins were brought
to SDS-PAGE, which confirms the molecular weights of 35 and 25 kDa respectively,
indicating the presence of both the overexpressed proteins in the culture (Figure 13a-c).
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Figure-13. Expression optimization of P.vivax and S.aureus Pdx1 and Pdx2 proteins.

(a) and (b) are the IPTG concentration optimization in bacterial strain (DE3)-RIL, both Pdx1 and
Pdx2 induces in a good amount at 0.5 mM IPTG concentration. SDS-PAGE indicates a broader
band at around 35 kDa for monomeric Pdx1 and around 25 kDa for Pdx2 monomer (c) Bacterial
strain selection for expressing a reasonable amount of Pdx proteins. In SDS-PAGE respective
bands of Pdx proteins after comparing with the uninduced cultures indicate Pdx1 and Pdx2
expression. After 5 hours of IPTG induction, both proteins were expressed in a high amount,
confirmed by their respective molecular weight band positions.
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4.2.  Pdx proteins purification

4.2.1. Pdx proteins Ni-NTA purification

After successful expression optimization, both Pdx proteins containing hexa-histidine
tag were purified by Ni-NTA affinity chromatography as an initial purification step.
E.coli cells with overexpressed proteins were lysed by sonication and clarified by
centrifugation and subsequently applied on Ni column for purification. The flow-
through was collected to confirm the proteins binding to resin, washing fraction was
collected for imidazole concentration optimization with loosely bound Pdx proteins
leaked out and followed by elution fractions collection with elution buffer containing
250 mM imidazole concentration. The eluted and collected fractions were evaluated by
SDS-PAGE for Pdx proteins identification, as shown in figure 14a, b for P.vivax Pdx
proteins, and figure 14c, d for S.aureus Pdx proteins.
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Figure-14. Ni-NTA purification optimization of Pdx1 and Pdx2 proteins.

P.vivax (a) Pdx1 (b) Pdx2 proteins were eluting gradually in the elution buffer, indicating a
strong binding interaction with Ni-resin. As some of the P.vivax Pdx2 protein remains in pellets,
so a bit harsh lytic conditions were applied, but it was leading to its aggregation. Therefore, mild
extraction conditions were applied for PvPdx2 with compromise on yield. S.aureus (c) Pdx1 (d)
Pdx2 proteins eluted in elution buffer very quickly as seen from the bands appear in SDS-PAGE
at around 33 and 25 kDa, respectively.
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4.2.2. P.vivax Pdx proteins SEC purification

The Ni-NTA purified Pdx proteins were applied on a size exclusion chromatography
(SEC) column, individually. In SEC purification, P.vivax Pdx1 was eluted at a volume
of approximately 160-170 mL by applying a Superdex S200 26/60 column for
purification. The SEC elution profile for PvPdx1 is shown in figure 15a. The eluted
fractions collected from the corresponding peaks 1 and 2 were evaluated by SDS-PAGE
(Figure 15b) and further forwarded to native-PAGE evaluation (Figure 17c) showing
that Pdx1 is eluting at approximately 400 kDa. This indicates that P.vivax Pdx1l is a

dodecamer in solution with a calculated monomer molecular weight of 35 kDa [122].

In the SEC elution profile, P.vivax Pdx2 was eluted at approximately 230-256 mL
(Figure 15c), with its corresponding peaks 1 and 2 evaluated by PAGE (Figure 15d
and 17c¢), indicating a monomer and different multimers in solution, respectively. The
monomeric form of Pdx2 was eluted with approx. 26 kDa following the calculated
monomer molecular weight [122].
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Figure-15. Size-exclusion chromatography (SEC) elution profile of P.vivax Pdx proteins.

(a) P.vivax Pdx1 and (c) Pdx2 purification using a Superdex 200 26/60 column and (b) SDS-PAGE
evaluation of Pdx1 indicates Pdx1 in eluting peakl and (d) Pdx2 elutes in peak 1 containing
different oligomeric states whereas peak 2 indicate small amounts of eluting monomeric Pdx2 [96].
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4.2.3. S.aureus Pdx proteins SEC purification

S.aureus Pdx proteins were purified using the SEC purification column Superdex S200
26/60 with the same purification conditions used for P.vivax Pdx proteins. S.aureus
Pdx1 eluted at approx. 175-180 mL and its elution profile is shown in figure 16a.
Whereas, Pdx2 was eluting with a prominent elution peak at around 250 mL (Figure
16b). The eluted fractions were collected and evaluated by SDS-PAGE, indicating that
the Pdx1 (P1) eluted at around 35 kDa and Pdx2 (P2) eluted at mass approx. 20-25 kDa,
as shown in figure 16c.
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Figure-16. SEC elution profile and SDS-PAGE evaluation of S.aureus Pdx proteins.
(a) SaPdx1 SEC elution profile (b) SaPdx2 elution profile from Superdex 200 26/60 column
(c) SDS-PAGE evaluation of S.aureus Pdx1 and Pdx2 as P1 at 35 kDa and P2 at 20-23 kDa

bands, indicating their presence in their respective SEC eluting peaks.

4.2.4. Pdx complex purification

For Pdx complex formation and purification, the purified Pdx1 and Pdx2 proteins were
mixed in a 1:1 molar ratio at a concentration of 0.5 mM in presence of 10 mM -
glutamine. The mixture was incubated overnight at 8°C and centrifuged at 10000 g for 1
hour and applied to a gel filtration column. P.vivax Pdx complex was purified through
Superose 6 Increase 10/300 (GE Healthcare) column with its elution profile is shown in
figure 17a and S.aureus Pdx complex is shown in figure 17d. P.vivax Pdx complex was
eluted at approximately 15 mL volume range with an eluted peak corresponds to the
Pdx1-Pdx2 complex (Figure 17a). This chromatography fraction was assessed via SDS-
PAGE, showing two bands at 35 and 26 kDa, corresponds to the reduced monomeric
Pdx1 and Pdx2 (Figure 17b lane C, D). The purified Pdx complex was further
characterized by native PAGE, with a band corresponding to a molecular weight of
650-700 kDa (Figure 17c, lane D) was observed. The S.aureus Pdx complex SEC
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elution peaks, obtained by applying the aforementioned Superose column, were
accessed by SDS-PAGE, where peak-1 and peak-3 were un-reacted oligomeric Pdx1
and Pdx2, respectively (Figure 17d,e). Whereas peak-2 eluting at around 19 mL
corresponds to the SaPdx1-Pdx2 complex, with a broad Pdx1 band and a narrower Pdx2
band in the SDS-PAGE (Figure 17e).
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Figure-17. SEC elution profiles and PAGE analysis of Pdx complex.

(a) SEC elution profiles of P.vivax Pdx complex. (b) SDS-PAGE evaluation of PvPdx complex.
Two bands of the corresponding proteins indicating Pdx1-Pdx2 complex formation, lane A
corresponds to Pdx1, lane B to Pdx2, lane C to the Pdx1-Pdx2 complex sample applied on SEC
column, and D shows the SEC-purified Pdx complex; (c) Native PAGE analysis showing the
unreduced form of the Pdx proteins: lane A: Pdx1 dodecamer; lane B: Pdx2 in different oligomeric
states; lane C: a Pdx1 and Pdx2 sample mixed in 1:1 molar ratio applied to SEC column; lane D:
purified Pdx complex with approximately 700 kDa [96]. (d) SEC elution profile of S.aureus Pdx
complex and (e) PAGE evaluation of the SEC eluted peaks samples. Peak-1 corresponds to the
oligomeric Pdx1, indicating low binding affinity to Pdx2, with Pdx2 remaining unreacted in peak-
3. Peak-2, eluted at approx. 19 mL, is the SaPdx complex eluted from the SEC applied P1:P2
(Pdx1:Pdx2) sample.

4.3. DLS Investigations of P.vivax Pdx proteins

To characterize the stability and size distribution of the SEC eluted Pdx proteins in
solution, the dynamic light scattering technique was applied. Dynamic light scattering is
a useful technique to investigate the size distribution and dispersity of nanoparticles or
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macromolecular complexes in solution. This method works on the principle of laser
light (red-light) tracking the Brownian motion of particles in solution. The fluctuations
in the laser scattering due to the particle's relative movement are correlated to the
hydrodynamic radius (Rn) of the scattering particles, which are then used to calculate

their molecular weight estimation in homogenous solutions [128].

For the monodisperse P.vivax Pdx1 solution, DLS revealed a hydrodynamic radius of
(Rn) of 7.3 £ 0.9 nm (Figure 18a), indicating its dodecameric state in solution with a
reported Pdx1 diameter from homologous species of approx. 120 A [69]. For the Pdx
complex, a hydrodynamic radius of 9.7 £ 0.2 nm was observed (Figure 18b). For Pdx2,
DLS experiments revealed a concentration and time-dependent oligomerization
tendency, with resulting Ry values of 2.8 + 0.4 nm at 1.0 mgmL™' concentration,
corresponding to approximately 35 kDa (Figure 18c) and 3.5 + 0.4 nm at 1.6 mgmL™"
and 4.2 = 0.4 nm at 2.5 mgmL™!, corresponding to approximately 60 kDa and 90 kDa
respectively. The Ry values are also mentioned on their respective radius distribution

profiles (Figure 18d).

Interestingly mixing the oligomeric Pdx2 suspension, displaying multiple radius
distribution values via DLS (Figure 18e), with dodecameric monodispersed Pdx1. The
mixing results in a monodispersed Pdx complex with a hydrodynamic radius of 10.9
1.4 nm and a molecular mass of around 720 kDa (Figure 18f). The observation indicates
that Pdx2 is showing reversible oligomerization and comes out of its oligomeric state

upon binding with its partner Pdx1, but this will require further experiments to confirm.

4.3.1. Reversible oligomerization investigation of PvPdx2 by DLS

Hence, PvPdx2 tends to form oligomers over time and concentration and further, after
mixing with dodecameric Pdx1 it forms the Pdx1-Pdx2 complex. The complex forms a
monodisperse suspension and a detailed discussion is provided in figure 18f legend.
The reversible oligomerization behavior of PvPdx2 observed in preliminary DLS results
required more confirmatory investigations by applying time-resolved DLS. In time-
resolved DLS studies, Pdx complex formation was observed by utilizing the
homogenous solutions of dodecameric Pdx1 and a Pdx2 (monomeric and oligomeric)
solution in independent experiments. The obtained results are shown in figure 19 a,b.

In the displayed results, the heat plots in the center represent the respective size
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distribution over time with the abundance of radii (number of particles scattering the

laser light) is color-coded from blue (low) to red (high).
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Figure-18. Dynamic light scattering (DLS) analysis of P.vivax Pdx proteins.

(a) Dodecameric Pdx1 (Rn = 7.3 £ 0.9 nm), (b) monodispersed saturated Pdx1-Pdx2 complex (Ru =
9.7 + 0.2 nm), and (c) monomeric Pdx2 (Ry = 2.8 £ 0.4 nm). (d) Dynamic light scattering
investigation of multimeric and oligomeric Pdx2, measured at a different time and concentrations,
showing different oligomeric states, obvious from the radius distribution values (Rn of 3.5 at 1.6
mgmL?, Ry of 4.2 at 2.5 mg mL?, (e) Ry of 16.9-36.2 nm at a concentration of 3 mg mL* of 10 days
old sample and 44.1-111.7 at 9.5 mg mL* of the freshly purified sample (f) Oligomeric Pdx2 after
mixing with dodecameric Pdx1 in a 1:1 volume ratio and centrifuging at 10,000 g for 10-15 minutes,
resulting in a Pdx complex with Ry = 10.9 + 1.4 nm, shown by the radius distribution profile and
histogram. Centrifugation is supporting the complex formation/interaction between oligomeric Pdx2
and dodecameric Pdx1, resulting mainly in a monodisperse solution [96].
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In the first experiment, the dodecameric Pdx1 and monomeric Pdx2 solutions were
mixed in a 1:1 molar ratio. Soon after mixing, the interactions between the two proteins
were gradually established. Which results in a monodispersed Pdx complex at a

concentration of 5 mgmL ™! with Ry = 10.4 nm (Figure 19a).

In another parallel experiment, where a non-homogeneous solution of oligomeric Pdx2
was allowed to mix with the homogenous dodecameric Pdx1 solution. Mixing results in
a Pdx complex formation with slightly higher Ru value distribution over time, compared
to the size information obtained in the first experiment. However, the obtained
suspension does not entirely show a monodispersed Pdx complex; presumably, some
high-molecular-weight Pdx2 multimers remained in solution, even 12 hours after the
mixing and subsequent measurement (Figure 19b). Interestingly, a monodispersed Pdx
complex solution was obtained after centrifuging suspensions of homogenous Pdx1 and

non-homogeneous oligomeric Pdx2 at 10,000x g for 10-15 min, as shown in figure 18f.

The individual snapshots over the time course of the experiment, to investigate the
reversible oligomerization behavior of PvPdx2, are documented and recorded in figure
20a, b. Figure 20a includes the snapshots of the time-resolved DLS data of homogenous
Pdx2 interaction with dodecameric Pdx1 over time. The resulting homogenous solution
of the Pdx1-Pdx2 complex indicates the reaction dynamics of Pdx1 and Pdx2 molecules
over the time course. Whereas figure 20b represents the time-resolved DLS snapshots,
recorded after mixing the non-homogeneous oligomeric Pdx2 and dodecameric Pdx1
solutions. The resulting data show the gradual formation of the Pdx1-Pdx2 complex
over time with some remaining polydispersity. The time-resolved DLS data demonstrate
that Pdx2 interaction with a Pdx1 dodecamer is independent of the solution state of
Pdx2.
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Figure-19. Reversible oligomerization of PvPdx2 by time-resolved DLS investigation.

Figures on the left in red indicate the particle size distribution, with the y-axis corresponding to the
time course of the experiment and the horizontal axis showing the radius distribution of the
particles scattering laser light. For figures on the right side, the axes are inverse. (a) The particle
size distribution of dodecameric Pdx1 mixed with monomeric Pdx2 was measured over 12 h
applying DLS. First, dodecameric Pdx1 was measured for 25 min after a solution of Pdx2 was
added. After mixing Pdx1 and Pdx2, the predominant particle radii distribution shifted towards
larger radii of approximately 100-300 nm. The high-molecular-weight particles (Rs > 100 nm)
remained for two to three hours. Subsequently, the particle radii shifted to approximately 10-14
nm, corresponding to the radius of the Pdx complex; (b) DLS measurements of a suspension
containing dodecameric Pdx1 and oligomeric Pdx2 recorded over time. After 15 initial
measurements of dodecameric Pdx1, oligomeric Pdx2 was added and the radius profile shifted
towards higher radius values, i.e., oligomeric Pdx2 interacted with Pdx1 to form the Pdx complex.
After 4-5 h, the equilibrium shifted towards a radius corresponding to the Pdx complex radius
with some remaining polydispersity. As seen from the radius profile, some large oligomeric
particles, presumably corresponding to Pdx2 oligomers, remained in the solution [96].
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(b)

Figure-20. Long-term DLS measurements following the Pdx complex formation.

(a) Long-term DLS measurements showing the particle radius evolution of Pdx complex formation
after mixing dodecameric Pdx1 and monomeric Pdx2 in a ratio of 1:1 in DLS cuvette with
concentrations of 5 mgmL™. The measurement was started with a solution of the Pdx1 dodecamer
for 15 initial measurements (30 seconds each and 60 seconds pause in between), then Pdx2 was
added. The addition results in a direct increase in the hydrodynamic radius distribution, and after
4-5 hours, the particles gain a constant radius of approx. 10 nm (hydrodynamic radius of the Pdx
complex). (b) Time-resolved DLS measurements of Pdx complex showing first Ry values obtained
for dodecameric Pdx1 at a concentration of 5 mgmL™. After 15 initial measurements, 30 seconds
each with 60 seconds pause time in-between measurements, Pdx2 was added, having a final
Pdx1:Pdx2 volume ratio of 1:1. The hydrodynamic radii of the particles in the suspension increase
slowly and after 4 to 5 hours the particles gained almost a constant radius distribution of approx.

11-15 nm (hydrodynamic radius of the Pdx complex) with some remaining polydispersity.

81



4.4.  Nanoparticle Tracking investigation of P.vivax Pdx2 oligomerization

NTA is a technique that accurately analyzes the size distribution of particles in a
monodisperse as well as the polydisperse sample solution. In NTA, the sample
visualization and individual particle tracking in the mixture are its characteristics that
enable a thorough size distribution analysis of individual particles in the suspension.
Therefore, the NTA technique was utilized to obtain a clear picture of the reversible
oligomerization tendency of PvPdx2 in the solution. In the experimental setup, the
suspension containing homogenous dodecameric Pdx1 and non-homogenous oligomeric
Pdx2 were allowed to mix and then observed over time for tracking the particles. After
mixing both the solutions, the analysis confirms the disappearance of oligomeric Pdx2
peaks from its non-homogenous solution, and new peaks appear at the Pdx complex
diameter range, as shown in figure 21. The resultant Pdx1-Pdx2 complex particles
showed a diameter distribution of 25 to 35 nm (Figure 21). Further, the decrease of the
initial predominant 120-230 nm diameter distribution (red line), corresponding to the
oligomeric Pdx2 particles, indicates the dissolving of oligomeric Pdx2 species and
uniform Pdx1-Pdx2 complex formation. This reversible oligomerization of PvPdx2
observed by NTA investigations also support the interpretation of the time-resolved
DLS data, which are shown in Figures 19b and 20b.

7

Pdx2 oligomer
6 Pdx complex

Concentration(particles/ml) 10
£y

1] 50 100 150 200 250 300 350 400

Diameter (nm)

Figure-21. Nanoparticle tracking analysis of P.vivax Pdx complex formation.

NTA data showing Pdx complex formation from dodecameric Pdx1 and oligomeric Pdx2. First,
the oligomeric Pdx2 (red line) was analyzed and recorded for nanoparticle tracking and then the
dodecameric Pdx1 was added and allowed to mix. This results in Pdx1-Pdx2 complex formation
(blue line) of diameter around 25-35 nm, which is very close to hydrodynamic radii (Ru) value of

11-15 nm for the Pdx complex, obtained from DLS measurements shown in figure 19b and 20b.
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4.5. DLS investigation of S.aureus Pdx proteins

For monodisperse S.aureus Pdx1 solutions DLS studies showed a hydrodynamic radius
(RH) of 6.2 £ 0.3 nm at different concentrations (Figure 22a) with a corresponding
molecular weight of 218 kDa, indicating a hexameric state in solution. For Pdx2, the
DLS experiments revealed an Ry value of 2.7 £ 0.9 nm at concentrations ranging from
1-5 mgmL™!, corresponding to approximately 31 kDa, indicating a monomeric state in
solution (Figure 22b). The hydrodynamic radius results indicate a slight increase in Ru
value at increasing concentrations of Pdx2, but overall, the monomeric state was
dominant. For the Pdx complex size and oligomeric state visualization, DLS data
showed a hydrodynamic radius of 6.6 £ 0.2 nm (Figure 22c). The radius value indicates
either binding of a few Pdx2 molecules to SaPdx1 or some hexamer disintegration and
structural rearrangement occurring in Pdx1 upon binding to Pdx2. For Pdx1 and Pdx
complex, DLS measurements were performed at concentrations from 1-15 mgmL™,

revealing almost consistent hydrodynamic radius values at all concentrations.
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Figure-22. Dynamic light scattering (DLS) analysis of S.aureus Pdx proteins.

(a) Hexameric Pdx1 (Rn = 6.2 nm) with approximate molecular mass of 218 kDa (b) Pdx2 (Rn =
2.7 nm) indicating its monomeric form with molecular weight of 31 kDa, and (¢) monodispersed
Pdx1-Pdx2 complex (Rn = 6.6 nm) with molecular mass value of 254 kDa. The increase in
hydrodynamic radius and molecular mass of the Pdx1-Pdx2 complex indicates, either a few Pdx2
molecules attached to Pdx1 hexamers or disintegration of Pdx1 hexamers into smaller multimers
upon the formation of the Pdx complex.

4.6.  Circular Dichroism (CD) Spectroscopy investigation of Pdx proteins
To evaluate the proper folding and secondary structure information of the purified Pdx
proteins, CD spectroscopy was applied. For secondary structure investigation of

S.aureus Pdx proteins, Pdx1 showed 46% of a-helices and 13% of beta-sheets. For
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SaPdx2 a-helices content of 32% and beta-sheets content of 26% were observed.
Whereas, for P.vivax Pdx1l 52% a-helix and 20% [-sheet content, 36%, 34% for
PvPdx2, and 54%, 25% for the complex was observed. The secondary structure content
data show mean RMS (root mean square) values of 8.4, 6.2, and 6.5, respectively, after
evaluating the recorded data by the JASCO Spectra Manager software suite [127]. The
obtained results are displayed in detail in figure 23 and table 13. The obtained CD data
indicate two discrete minima at a wavelength of 207 nm and 222 nm, which are
characteristic of a predominant o-helical secondary structure content [125, 163].
Further, the resultant B-sheet and random coil values are also given in table 13.
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Figure-23. Circular Dichroism (CD) spectroscopy data of P.vivax Pdx proteins.

CD results showing secondary structure contents of P.vivax Pdx1 (green), the complex (blue)
with a-helices and B-sheets as predominant secondary structure elements, and Pdx2 (red) with a-
helices, B-sheets, and some random coils. Subsequently, the resultant experimental CD data
obtained for Pdx proteins were also compared with secondary structure content predicting online
servers, i.e., SOMPA, DSSP, and Predict Protein. The predicted data are consistent with the
experimental data [96].

The CD data and the corresponding secondary structure contents were compared to the
secondary structure content of the homologous reported structures. P.vivax Pdx1 CD
data were compared to the reported P.berghei Pdx1 structure (Pdb code: 4ADU) [69]
and PvPdx2 was compared with the PfPdx2 crystal structure (Pdb code: 2ABW) [103].
Further, P.vivax and S.aureus Pdx1, Pdx2 and Pdx complex secondary structure
contents were calculated by applying different online servers, predicting the secondary
structure contents i.e., SOPMA (self-optimized prediction method with alignment),
DSSP (define the secondary structure of proteins), and Predict Protein. The resulting

values are described in table 13 and are compared to the experimentally determined
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values. The calculated data indicate very close consistency to the reported, as well as to

the online prediction servers data.

Table-13: P.vivax and S.aureus Pdx proteins secondary structure content comparison obtained
from CD data, predicted from online servers, and compared to homologous structures.

Protein Experimental/Prediction a-helices B-sheets Coils Turns
Server/reported (%) (%) (%) (%)
PvPdx1 recorded 52 20 22 6
SOPMA 52 13 27 6
PvPdx1 DSSP 46 14 39 -
Predict Protein 49 8 43 -
P. berghei Pdx1 Pdb code: 4adt 43-52 12-13 - -
SaPdx1 data recorded 46 13 24 12
SaPdxl SOPMA 47 14 20 19
DSSP 36 16 46 -
Predict Protein 41 7 52 -
PvPdx2 recorded 36 34 30 0
SOPMA 33 21 40 6
PvPdx2 DSSP 29 2 39 -
Predict Protein 29 27 44 -
P. falciparum Pdx2 Pdb code: 2abw 27-34 30 - -
SaPdx?2 recorded 32 26 18 20
SOPMA 43 22 28 7
SaPdx2 DSSP 25 27 47 ]
Predict Protein 24 37 38 -
PvPdx complex recorded 54 25 21 0
PvPdx complex SOPMA 40 18 33 9
Predict Protein 36 18 46 -
SaPdx complex SQPMA - 49 16 21 8
Predict Protein 35 24 39 -

4.7.  Mass photometry investigations

Mass Photometry (MP) works on the principle of quantifying individual molecules by
illuminating and thereby revealing the interface between the sample and cover glass,
recording the reflectivity changes. The reflectivity changes happen by the change in the
local refractive index when an adhering biomolecule replaces water/buffer molecules
[147]. Further optimization and subsequent improvement in the image contrast fields
[164] enable very accurate quantification of these reflectivity changes of individual
biomolecules and lead to mass measurements with good resolution and precision [150].
A key advantage of mass photometry over other existing mass-determining biophysical
and bioanalytical solution-based approaches is its ability to distinguish directly between

different species contributing to a polydisperse system. It is very sensitive in
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quantification and accurate in determining the relative abundances of different
biomolecules and their complexes in a polydisperse mixture [165].

4.7.1. Oligomerization studies of P.vivax Pdx1

PvPdx1l SEC eluted peak was investigated for concentration and time-dependent
oligomerization by mass photometry. The results indicate that dodecameric PvPdx1 is
independent of both concentration and time-based oligomerization after measured at
different concentrations i.e. 10, 100 nM, and 1M, as shown in figure 24. The obtained

data are contrary to its plasmodial homologs showing oligomerization [69].
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Figure-24. Mass photometry studies of P.vivax Pdx1.
MP investigation of PvPdx1 results showing 381 kDa molecular weight particles indicating the
dodecameric state of Pdx1 irrespective of time and concentration. There is a small peak at 735 kDa
corresponding to a 3% contribution to the mixture molecules. Since no higher-order oligomers
were found by other biophysical methods, therefore it was considered as an artifact.

4.7.2. Dynamic oligomerization behaviour of SaPdx1

Fresh size exclusion chromatography purified S.aureus Pdx1 was investigated for
oligomerization from the eluted peak at different concentrations. Interestingly, SaPdx1
was observed in trimer-hexamer equilibrium with an equilibrium position more
towards trimer at the lower concentration of approx. 10° particles in solution. The
equilibrium position shifts more towards the hexameric form of Pdx1 with an increase
in the concentration until it is completely in hexamer form at a concentration of 1 uM
(with approximately 10! particles). The concentration-dependent oligomerization of

SaPdx1 is shown in figure 25.
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This unique observation of SaPdx1, which is not reported before for Pdx1 homologs,

will entail further experimental investigations. In supportive evidence of the low

molecular weight SaPdx1 species, there are reports from P.falciparum truncated Pdx1,

which exist in low molecular weight species. PfPdx1 was found predominantly as a

monomer with some dimer and trimer species also present in the solution after

truncation at the C-terminus from 270-301. The monomeric Pdx1 was catalytically

inactive but able to activate and form the Pdx complex with Pdx2 [166]. This also

indicates that the Pdx1 hexameric or dodecamer state is a pre-requisite for its

enzymatically active form.
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Figure-25. Concentration-dependent mass photometry investigation of S.aureus Pdx1.
The figure shows that at low concentration SaPdx1 is in trimer-hexamer equilibrium with the
equilibrium position more towards the trimeric form and shift towards the high molecular
weight with an increase in concentration. SaPdx1 molecules appeared in hexamer at a
concentration of 1 uM and above, the concertation used in other biophysical and bioanalytical
investigations.
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4.8. SAXS (small-angle X-ray scattering) structural investigation

To further analyze the dynamicity, oligomerization, and visualize the 3D molecular
structure of the Pdx proteins and their complex in solution, X-rays solution scattering
(SAXS) investigations were performed. Here, monodispersed solutions of Pdx1, Pdx2,
and Pdx1-Pdx2 complex were subjected to SAXS experiments and deduced their low-

resolution 3D structural information.

4.8.1. SAXS analysis of P.vivax Pdx proteins

From X-ray solution scattering data for PvPdx proteins, the scattering intensities
information of the Pdx proteins were obtained and their respective averaged scattering
intensity profiles are displayed in figure 26a—c. Guinier analysis using the Guinier
approximation and radius of gyration (Rg) for Pdx1, Pdx2, and their complex was
determined by ATSAS program AUTOGNOM [133]. The obtained Rg values are

summarized in table 14.

Interatomic distance distributions function P(r) generated from GNOM, is used to
determine the quality of the sample as well as a general description of the overall
structure of the protein [167]. It provides accurate real space approximations and can be
used to generate low-resolution 3D models. The P(r) function indicates a maximum
diameter (Dmax) of 15 nm and a nearly globular shape for PvPdx1, a Dmax of 11.3 nm,
and a rod-shaped structure for PvPdx2. Whereas a Dmax 0f 22.2 nm for the Pdx complex
with a more spherical but slightly extended structure was obtained from the scattering
data (Figure 26d and Table 14). Kratky plots (Is)S? versus S) obtained from the
scattering data were used to verify the flexibility of the proteins. Based on the Kratky
plots of the scattering data, PvPdx1 and the Pdx complex represent rigid and compactly
folded particles (Figure 26e). In contrast, the Kratky plot of Pdx2 indicated significant
intrinsic flexibility (Figure 26e) [168]. Porod-Debye plots (Is)S* versus S) of the
scattering data of the three proteins showed plateaus, indicating that Pdx1 and the Pdx
complex lack disordered regions, whereas Pdx2 is more flexible in solution (Figure 26f).
The shape factor (p = Re/Rn) which is used to provide the shape information [135],
gave a value of 0.69 for Pdx1 and 0.71 for the Pdx complex, indicating both as nearly
spherical globular particles. Whereas Pdx2 exhibited values ranging from 0.931 to 1.18,
indicative of a flexible ellipsoidal structure [169]. All SAXS experimental parameters

for P.vivax Pdx proteins are summarized in table 14.
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Figure-26. Processed solution scattering intensity pattern of P.vivax Pdx proteins.

(a) Pdx1 (green), (b) Pdx2 (red), and (c) the Pdx complex (blue) in arbitrary intensity units. Their
fits with selected reported homolog structures are shown in magenta (Pdx1 (4ADU); Pdx2 (2ABW);
Pdx complex: (4ADS). Data were processed and evaluated applying the CRYSOL and rigid body
modeling program SASREF; (d) The distance distribution function P(r) indicates a maximum
diameter (Dmax in nm) for Pdx1 (green), Pdx2 (red), and Pdx complex (blue) (e) Dimensionless
Kratky plots indicate globular and compact structures for Pdx1 and the Pdx complex and a more
flexible structure for Pdx2 (Pdx1 is shown in green, Pdx2 in red, and the Pdx complex in blue); (f)
Porod-Debye plots of the SAXS data indicating properly folded proteins with no or least inter-

particles interference and no aggregation, with the same color-coding used in (e) [96].

4.8.1.1. SAXS structures of P.vivax Pdx proteins

The scattering amplitudes for P.vivax Pdx proteins were obtained by processing the
collected data using the program PRIMUS [132] from the ATSAS software suite. The
scattering data were compared to the homologous crystal structures of P.falciparum and
P.berghei with the pdb codes Pdx1, 4ADU; Pdx complex, 4ADS, and Pdx2, 2ABW
(Figure 26a—c) using the program CRYSOL [140] and the rigid body modeling
program SASREF [139]. The experimental scattering curves, when compared with the

calculated scattering amplitudes, confirmed the structural similarities to the respective
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homologous three-dimensional structures over a wide range of angles. Further, 3D
models for Pdx proteins were constructed using online homology modeling approaches
[106, 170], where Pdx1 was modeled as a dodecamer, Pdx2 in monomeric form, and the
Pdx complex as 24-mer. A 3D model for Pdx1 was calculated based on PbPdx1 (pdb
code: 4ADU) [69], for the Pdx complex based on the plasmodial chimeric complex
(4ADS) [69] and for Pdx2 based on P.falciparum with pdb entry 2ABW [103].

The reported crystal structures of Pdx proteins from P.falciparum and P.berghei showed
sequence identities of 88% and 85% for Pdx1, respectively, and 75% and 69% for Pdx2,
respectively when compared to the P.vivax counterparts [171]. The calculated 3D
models of Pdx1l, Pdx2, and the Pdx complex were superimposed by applying the
program Pymol [172] with the ab-initio-built GASBOR models [138] individually and
fitted well with the dummy sphere models. Pymol superimpositions were performed for
Pdx1 (dodecamer) with its ab-initio built model, and its fit indicated Pdx1 to be a
dodecamer in solution. Further, the SAXSMoW data resulted in a molecular mass of
418.2 kDa for Pdx1 [173] (theoretical mass value for dodecameric Pdx1 is 417.3 kDa)
indicating its dodecameric state in solution. For the PvPdx complex, a molecular mass
estimation of the SAXS data indicates 735.8 kDa [173], very close to the theoretically
calculated mass of 730.5 kDa.

The obtained rigid body SASREF [139] models were separately superimposed with the
ab-initio models of Pdx1 (Figure 27a), Pdx2 (Figure 27b), and the Pdx complex
(Figure 27c¢) respectively, indicating an appropriate fit for Pdx1 and the Pdx complex.
Due to reversible oligomerization behavior and the variable oligomeric states of Pdx2,
rigid body models were built and calculated in regard to monomeric, dimeric, and
elongated trimeric forms. The dimeric rigid body model fit best when superimposed
with the ab-initio models (Figure 27b), considering an additional significant
contribution of the trimeric Pdx2 to the scattering intensity pattern, as well as in the 3D
models. A significant contribution of the trimer was also indicated by the SAXSMoW
data, with a corresponding molecular mass value of approximately 67 kDa, using the
Pdx2 scattering profile. The theoretically calculated mass of a Pdx2 monomer is 26.1
kDa. All the ab-initio and rigid model superpositions were performed by applying
Pymol [172].
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Figure-27. Ab-initio GASBOR and rigid body SASREF models of P.vivax Pdx proteins.

Ab-initio GASBOR models composed of light grey-color, chain-like dummy surface models
superimposed with the rigid body SASREF models shown in cartoon representation. (@)
Dodecameric Pdx1 rigid body model, i.e., one hexamer in green and one in lime color considering a
P6 symmetry superimposed with its ab initio model; (b) P1 symmetry for dimeric Pdx2 in red fitted
to its ab initio model; (c) ab initio model of the Pdx1-Pdx2 (12:12) complex possessing P6
symmetry with two subunits: two hexameric ring-shaped inner cores consisting of Pdx1 (green and
lime color) and a total of 12 Pdx2 molecules (red) displaying a hexameric symmetry around the
outside surface of both stacked Pdx1 hexamers, corresponding to the obtained ab initio model. The

ab initio model is superimposed well with the rigid body Pdx complex [96].
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Table 14. SAXS data collection and analysis parameters of P.vivax Pdx proteins [96].

Data collection parameters Pdx1 Pdx2 Pdx complex
X-ray source PETRA Ill; EMBL beamline P12
Wavelength (nm) 0.124
Detector distance (m) 3.1
Temperature (K) 293 283 293

Structural parameters
1(0) (P(r) function) 10,720 £5.93 9161 + 41.47 19380 + 23.04
1(0) (Guinier/AutoRg, 10,727.20 £ 11.61 | 9307.96 + 101.56 | 19,658.30 + 28.99
1(0) (SAXSMoW) 10,751.50 33.64 19,5692.77
Re (nm) (P(r) function) 5.00+0.01 3.26 +0.02 6.83+0.01
Rc (nm) (Guinier/AutoRg) 5.05 + 0.06 3.24+1.36 6.95+0.11
Re (nm) (based on SAXSMoW) 5.07 3.52 6.89
gRg limit (from Guinier/AutoRg) 1.12 1.29 1.15
gRg limit (from SAXSMoW) 1.29 1.30 1.29
Dmax (nm) (from P(r) function) 15.0 11.3 22.2
Porod volume estimate (nm) 609.54 75.88 1733.18
p = Re/RH 0.69 0.93-1.18 0.71

Molecular mass determination (kDa)

Molecular mass (SAXSMoW) 418.2 67.0 735.8
Molecular mass (amino acids sequence) 417.3 26.1 730.3
Oligomeric state dodecamer oligomer 24-mer

4.8.2. SAXS analysis of S.aureus Pdx proteins

To obtain low-resolution 3D structural information for S.aureus Pdx proteins, they were
investigated by SAXS scattering analysis at different concentrations i.e. 2, 5, and 10
mgmL?. These different concentration SAXS measurements were planned to aid in the
concentration-dependent oligomerization behavior of the Pdx proteins and particular
SaPdx1, which was found in smaller multimeric forms at low concentration (nM to few
UM) in mass photometry experiment (Figure 25). SAXS scattering intensity
information was obtained for S.aureus Pdx proteins and their respective averaged
scattering intensity profiles, processed by utilizing the ATSAS software suite program
PRIMUS [132], are displayed in figure 28a—c.

The Kratky plots (I5)S? versus S), obtained from the scattering data, represent SaPdx1
and SaPdx2 (Figure 28d) rigid and compactly folded proteins. In contrast to the
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spherical and compact P.vivax Pdx complex, the Kratky plot data of the SaPdx complex
indicate significant intrinsic flexibility and is more scattered (Figure 28d). Porod—
Debye plots (I)S* versus S) of S.aureus Pdx1 and Pdx2 obtained from their scattering
data showed plateaus, indicating both in properly folded states. Whereas the Pdx
complex with no plateau indicating its more flexible form and to some extent
polydispersity in solution (Figure 28e). The shape factor (p = Re/RH) [135] gave a
value of 0.69 for SaPdx1 presenting its spherical globular shape and a value of 0.71 for
the SaPdx2 showing to be nearly spherical particles. While the Pdx complex exhibited a
value of 0.58, indicative of an open structure [169]. All SAXS experimental parameters

of SaPdx investigated proteins are given in table 15.

Subsequently, the SaPdx proteins were also investigated for different states in the
solution where all eluted peaks were investigated by SEC-SAXS at a concentration of 7
mg mL each. The elution profiles (Figure 29a,b,d) with their respective interatomic
distance distribution P(r) function are obtained from the X-ray scattering of the eluting
molecules. The distance distribution P(r) functions are generated by the ATSAS
program GNOM [133] and are shown in figure 29c,e. The P(r) indicates a maximum
diameter (Dmax) of 13.44 nm and a nearly globular spherical shape for Pdx1. SaPdx2
displayed a Dmax Of 5.71 nm, and a nearly spherical structure was deduced from the P(r)
curve. Pdx complex provided a Dmax value of 11.3 nm with the P(r) profile indicative of

a more extended and multidomain structure (Figure 29e).
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Figure-28. Processed solution scattering data of S.aureus Pdx proteins.

(a) Pdx1 (green), (b) Pdx2 (red), and (c) Pdx1-Pdx2 complex (blue) in arbitrary intensity units.
Rigid body modeled 3D structures were calculated and constructed from these initial scattering
intensities. A SaPdx complex scattering intensity profile was compared with its 3D predicted
structure prepared by the I-tasser online server [106]. It was showing best fit with the tetrameric
modeled structure model. Further, these scattering data were also compared to the reported data by
applying the ATSAS programs CRYSOL [140] (d) The dimensionless Kratky plot indicates
globular and compact structures for Pdx1 (green) and Pdx2 (red). Whereas, the Pdx complex
demonstrates more flexibility and is partially unfolded (blue) (e) Porod-Debye plots generated
from the scattering intensity data of SaPdx1 and Pdx2 proteins indicate properly folded proteins
with no or least inter-particles interference, whereas, the Pdx complex shows some polydispersity.
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Figure-29. SEC-SAXS elution profile of S.aureus Pdx proteins with respective P(r) functions.
(@) SaPdx1 eluted in the encircled peak with collected frames along X-axis and intensity along
Y-axis (b) SaPdx2 eluted in one main monomeric peak (d) SaPdx1-Pdx2 complex is eluted at
approx. 1500™ frames range. (c-e) Interatomic distance distributions function P(r) graphs
generated by ATSAS program GNOM, provide the preliminary structure information of the
proteins and helps in 3D SAXS structures model construction. The P(r) indicates a maximum
diameter (Dmax) of 13.44 nm for Pdx1 (green), a Dmax of 5.71 nm for Pdx2 (red) (c), and a Dyax Of
11.3 nm for the Pdx complex (blue), indicating a more extended and flexible structure (e).

4.8.2.1. SAXS structures modelling of S.aureus Pdx proteins

To obtain the 3D models and structural information, the processed scattering amplitudes
for SaPdx proteins were compared with the reported homologous B.subtilis Pdx proteins
with Pdb codes for Pdx1l: 2NV1 and for Pdx2: 2NVO [90] utilizing the ATSAS
programs CRYSOL [140] and SASREF [139]. Hence, BsPdx1 (2NV1) is a dodecamer,
therefore Saccharomyces cerevisiae hexameric Pdx1 with Pdb codes of 3006 [91] and
3FEM [99] were additionally used as reference models for comparison. Ab-initio built
hexameric and dodecameric GASBOR models [138] were constructed for SaPdx1 and
the dummy hexameric model was fitting the scattering profile. GASBOR generates a
monomeric fitted model for SaPdx2 and the Pdx complex results in a tetrameric
assembly of Pdx1 and Pdx2 (2 : 2).

Further, the 3D models for Pdx proteins were also constructed using the online

homology modeling programs [106, 170], where SaPdx1 was modeled as a hexamer
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and dodecamer and Pdx2 in the monomeric form. A dodecameric 3D model for SaPdx1
was calculated based on BsPdx1l (2NV1) [90], and a hexameric 3D model was
calculated based on ScPdxl (3006 and 3FEM). For SaPdx2, a 3D model was
constructed from BsPdx2 (2NV0) and for the Pdx1-Pdx2 complex, the symmetric
hexameric (Pes) and tetrameric models were constructed applying the online modeling
programs Swiss-model [170] and I-tasser [106]. The calculated 3D models for Pdx1,
Pdx2, and the Pdx complex were superimposed by applying the program Pymol [172]
with the ab-initio built GASBOR models [138] individually and fitted well with the
dummy sphere models. Pymol superimpositions were performed for Pdx1 (hexamer)
with its GASBOR model, and its fit indicates Pdx1 in a hexameric state in solution.
Pdx2 superimposition indicates best fitting to its monomer form, whereas Pdx complex

fits well with the tetrameric model upon superimposition.

Further, the online server SAXSMoW data indicate a molecular mass of approximately
208 kDa for SaPdx1 [173] which is close to its hexameric theoretical mass value of 192
kDa and indicating a hexameric form in solution. Both, batch and SEC-SAXS
investigations reveal SaPdx1 in hexamer state (Figure 30a) with a molecular weight of
208 kDa. SAXS data support the DLS investigation for SaPdx1 (DLS section; Figure
22), which was suggesting a hexamer form with hydrodynamic radius value (Rx = 6.2
nm) and approximate molecular weight of 218 kDa. The mass photometry studies also
indicate SaPdx1 in a dominant hexamer solution form at 1 pM (32 pg mL?)
concentration (Figure 25). For SaPdx2, a monomeric solution form was indicated by
SAXSMoW, providing its molecular mass of 28 kDa calculated from the scattering
data. For the Pdx complex, a molecular mass estimation of the SAXS data indicate 93
kDa [173], which is close to the theoretically calculated mass (106 kDa) of the
tetrameric Pdx complex. The SAXSMoW data are provided in table 15.

The obtained rigid body SASREF [139] models were separately superimposed with the
ab-initio constructed GASBOR models of the hexameric Pdx1 (Figure 30a),
monomeric Pdx2 (Figure 30b), and the Pdx complex (Figure 30c) respectively,
indicating appropriate fits. A Pdx complex SASREF model, with Pdx1 and Pdx2 in 1:1,
was also superimposed with the model obtained from the online servers and fit best
(Figure 30d).
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Figure-30. Ab-initio GASBOR and rigid body SASREF models of S.aureus Pdx proteins.

(a) Top and side view of SaPdx1 ab-initio GASBOR model composed of light grey-colored chain-
like dummy spheres model, superimposed with the rigid body SASREF model shown in ribbon
representation in green. Both modeling data support the hexameric solution state for SaPdx1. (b)
Monomeric Pdx2 SASREF model in red fitted to its ab-initio GASBOR model. (c) Ab-initio
model of the Pdx complex (light grey color beads) superimposed with the tetrameric modeled
SASREF model shown in mesh (blue) and (d) the Pdx complex consisting of two Pdx1 (green
color) and two Pdx2 molecules (red color), displaying a tetramer, corresponding to the SASREF
model is superimposed well with its homology model shown in the light grey surface.
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Table 15. SAXS data collection and analysis parameters of S.aureus Pdx proteins

Data collection parameters Pdx1 Pdx2 Pdx complex
X-ray source PETRA Ill; EMBL beamline P12
Wavelength (nm) 0.124
Detector distance (m) 3.1
Temperature (K) 293 293 293

Structural parameters
1(0) (P(r) function) 16,230+ 7.2 56.37+ 4.1 12.65 + 0.09
1(0) (Guinier/AutoRg) 16,805.70 £ 27.4 56.48+ 2.3 12.35
1(0) (SAXSMoW) 16,772.03 53.58 12.49
R (nm) (P(r) function) 4.44 1.86 3.77
R (nm) (Guinier/AutoRg) 4.35 1.86 3.89
Re (nm) (based on SAXSMoW) 4.29 1.85 2.80
gRg limit (from Guinier/AutoRg) 1.16 1.30 1.30
gRg limit (from SAXSMoW) 1.29 1.29 1.29
Dmax (nm) (from P(r) function) 13.44 5.7 11.3
p = Re/Ru (4.29/6.2) =0.69 | (1.86/2.6) =0.71 | (3.82/6.6) =0.58
Molecular mass determination (kDa)
Mol. mass from SAXSMoW 208.0 28.0 93.0
Mol. mass from amino acids sequence 192.0 21.0 106.0
Solution oligomeric state hexamer monomer tetramer

4.9.  Electron Microscopy (EM) analysis

Negative staining electron microscopic observation of the particles offers the possibility
for snapshots that elaborate direct information about their external shape, form, and
structure [152]. Further, single-particle electron microscopy (EM) is then the required
technique to determine the three-dimensional (3D) structure from those images
collected in different orientations of individual molecules. In contrast to
macromolecular crystallography, where one requires a high amount of protein and also
molecules with more complexity and flexibility challenging to crystallize. The negative
stain and single-particle EM require a minimal amount of sample with no condition for

the sample to be in the crystalline form [153].

Considering the large oligomeric structure and complex assembly of Pdx1 and Pdx
complex, they were investigated by negative stain electron microscopy (EM) to obtain
and validate their solution insights. PvPdx1 structure was analyzed by negative-stain
EM indicating dodecamer at around 30 pug mL™, and the resulting images are shown in
figure 31a, with simple schematic representation in figure 31b,c. Negative stain EM

images indicate Pdx1 in different orientations and thereby validating the characteristic
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Pdx1 dodecameric assembly made up of two hexameric rings. Whereas S.aureus Pdx1
disintegrates during staining, and successful data acquisitions were not obtained.

(a1) (a2)

(b) (c)

Figure-31. Transmission electron micrographs of negatively stained P.vivax Pdx1 protein.
(al) Dodecameric Pdx1, top view, and side view with random orientations of the particles.
Images on the right in (a2) alongside a 20 nm scale bar, show a zoom-in of a representative class
of averaged sample pictures shown on the left in (al) [96]. (b, ¢) Schematic representation of the
Pdx1 dodecameric assembly with a side view (left) and top view (right), respectively, with one
hexamer in dark green and the other stacked hexamer in transparent light green circles.

Subsequently, the dynamic assembly of the Pdx complex was also analyzed by electron
microscopy, showing a partial saturation of the spherical ring-shaped PvPdx1
dodecamer with PvPdx2 domains (Figure 32a). This follows the reported assumption
that the attachment of Pdx2 to the dodecameric core of Pdx1 takes place gradually [69].
Analysis of electron microscopy figures showed that Pdx1l and Pdx2 assemble
transiently, and on average, a few Pdx2 subunits occupy Pdx1 dodecamers without
preference for a distinct association pattern, illustrated in schematic figure 32c.

Further, the reversible oligomerization behavior of Pdx2 was also analyzed by EM to
investigate and confirm the observed hydrodynamic radius shift recorded by DLS after
mixing the dodecameric Pdx1 with monomeric Pdx2 in one experiment and with
oligomeric Pdx2 in another experiment. The obtained EM micrographs confirmed the
DLS data of the oligomeric Pdx2 binding to dodecameric Pdx1 and displayed that Pdx1
is complexed with Pdx2 (Figure 32b). As seen in Figure 32a, the monomeric Pdx2
binds to the dodecameric Pdx1; however, not all available vacancies were filled and the
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complex is unsaturated. Whereas, binding of the oligomeric Pdx2 to the structured Pdx1
dodecamer result in a slightly asymmetric ring morphology of the Pdx complex
particles, as shown in Figure 32b. The saturated Pdx complex particles shown in
Figure 32b are also slightly larger, as illustrated in figure 32d than those shown for
monomeric Pdx2 bound to Pdx1l. However, the S.aureus Pdx1-Pdx2 complex was
investigated for EM studies with different concentrations of the sample, but no
successful results were obtained.

(a1)

Figure-32. Electron micrographs and schematic representation of P.vivax PLP synthase,
complexed from the dodecameric Pdx1 with monomeric and oligomeric Pdx2.

Images on the right in (a2), (b2) with a 20 nm scale bar, show a zoom-in of an averaged sample
pictures shown on the left in (al), (b1). (a) Dodecameric PvPdx1 in complex with monomeric
Pdx2, a monomeric Pdx2 solution was reacted with Pdx1, for complex formation. Pdx complex
particles were generally observed with partially bound Pdx2, whereas saturated (12:12) Pdx
complex was rarely observed. (b) EM micrograph of dodecameric Pdx1 in complex with Pdx2
oligomers. The Pdx complex was predominantly saturated with Pdx2, showing a slightly larger
dimension than those observed for the Pdx complexes shown in (a), demonstrating the larger
hydrodynamic radius of the corresponding Pdx complex observed by DLS (Figure 19b and 20b)
[96]. (c,d) EM visualization is represented by schematic diagram representation for Pdx
complex; formed from monomeric Pdx2 (c) indicating unsaturation of the Pdx complex and
oligomeric Pdx2 (d) mixed with Pdx1; indicating saturated Pdx complex with attached
multimeric Pdx2, respectively.
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4.10. Pdx proteins crystallization
4.10.1. P.vivax Pdx1 Crystallization
After optimizations of the purified P.vivax Pdx1 protein, required for crystallization
and successful high throughput screening. It crystallizes at a concentration of 20 mg
mL by applying the hanging drop vapor diffusion method against a crystallization
buffer of 0.1 M Tris (P" = 8.0), 200 mM MgCl., 19% ethanol. Crystals were harvested
and cryocooled in liquid nitrogen using crystallization buffer and an additional
optimized 20% glycerol for cryo-protection. These flash-cryocooled crystals were then
used for X-ray diffraction and data collection (Figure 33a,b). Diffraction data were
collected at beamline P11, PETRA-III (DESY, Hamburg). Details of the collected and
processed data of PvPdx1 are summarized and presented in table 16.

@

(b)

Figure-33. P.vivax Pdx1 crystals obtained after crystallization screens optimization

(a) PvPdx1 crystals of size approx. 50 x 600 um before freezing in cryoprotectant (b) PvPdx1
crystal diffracted and data processed at 2.0 A, the snapshot was taken right before the data
collection at beamline P11 PETRA-III, DESY.

4.10.2. P.vivax Pdx1 dodecamer in the asymmetric unit (ASU)

The diffraction data of PvPdx1 were processed by using the software XDSAPP [120]
to obtain the optimized reflection (mtz) file. Applying the Matthews probability
calculator [174], molecular mass and accordingly, the number of subunits in the
asymmetric unit (ASU) were determined, suggesting a dodecameric Pdx1 packed in
the ASU with an occupied volume of 1188325 A®. P.vivax Pdx1 crystallizes in space
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group P 2; as dodecamer with a molecular weight of 408 kDa in the asymmetric unit,

with a corresponding 57% solvent content. The PvPdx1 dodecamer packed in ASU

electron density is shown in figure 34a,b. The structure figures of the model were

prepared by UCSF Chimera [102].
(a)

Figure-34. P.vivax Pdx1 dodecamer form was observed in the asymmetric unit.

(a) PvPdx1 dodecamer molecule of size =~ 100 A x 100 A packed in ASU with cell dimensions in
A (119.969, 167.507, 120.208) (b) left: Pdx1 dodecamer top view with an electron density of the
asymmetric unit indicating the internal empty tunnel in Pdx1 dodecamer; right: Pdx1 dodecamer
side view with electron density in ASU, the spatial arrangement displays the independent
dodecamers with spaces between each dodecamer, the figure is prepared by UCSF Chimera [102].

4.10.3. Oligomeric structure and unit cell arrangement of PvPdx1

Utilizing the ASU content information, P.vivax Pdx1 3D structure was determined by
molecular replacement using Plasmodium berghei Pdx1 (Pdb code: 4ADT) with 85%
sequence identity as a reference model [69] by applying the PHENIX program Phaser-
MR [158]. The initial model was refined by rigid-body refinement using the program
Phenix-refine [159] and model building was performed applying the program Coot
[160]. The final refined model has Rwork 0f 19.67 %, Riree Of 22.16 %, and 1560 solvent
molecules, as indicated in table 16. The final refined PvPdx1 dodecamer molecule
packed in the unit cell is shown in figure 35. PvPdx1 crystallized into dodecamer, is
forming a cylinder of approx. 100 A tall and 100 A in diameter. The dodecameric
cylinder walls have a 30 A thickness, creating an internal 40 A diameter pore. The

inner surface of the dodecamer is lined with the active sites of the 12 Pdx1 monomers.
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For spatial arrangement information of the PvPdx1 molecules in the crystalline state,
the arrangement of the molecules in the unit cell was determined by UCSF Chimera
[102]. It shows two molecules, with a distance of approx. 20 A in the unit cell, as
shown in figure 35. Further, when the symmetry mates were generated by the
visualization program Pymol [172], close packing of the dodecamer molecules became

obvious and visible, explaining the good resolution of 2.0 A (Figure 36).

Figure-35. P.vivax Pdx1 dodecamer molecules arrangement in the unit cell.
P.vivax Pdx1 molecules arrangement in the unit cell; crystallized in space group P 2; occupying
2376650 A unit cell volume, with two space group symmetries packed in a unit cell, shown in front
view (left) and side view (right), the figure is prepared by UCSF Chimera [102].

Figure-36. Symmetry mates of the P.vivax Pdx1 in the crystal.

For PvPdx1 one dodecamer is packed in the ASU and two dodecamers in the unit cell. Left: front
surface view of the three dodecamers mates generated by PyMol [172] represent packing of PvPdx1l
molecules. In a dodecamer, one hexamer is shown light blue and the other in dark blue with a monomer
shown in dark green; whereas the other two dodecamers are shown in magenta. PvPdx1 dodecamers are
arranged in a way that two dodecamers are oriented in parallel and the third dodecamer places at an
angle, neither parallel and neither perpendicular, providing close packing of the Pdx1 dodecameric
assemblies. Right: Side view surface model of PvPdx1 dodecameric spheres composed of 12
monomers, one monomer is shown in green in a dodecamer, in another dodecamer (one hexamer is
shown in cartoon representation in green color, whereas the other in the surface form, indicating a very
close arrangement of Pdx1 dodecamers from a different angle, in the crystalline form.
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4.10.4. Structural analysis of PvPdx1 monomer (Ba)s-barrel

The PvPdx1 structure is composed of 12 chains, with each monomer capable of
synthesizing the product PLP. P.vivax Px1 monomer sequence consists of 302 amino
acid residues. However, the final refined PvPdx1 structure solved here has a starting 17
N-terminal amino acid residues region found disordered, helix 02" residues (P-58 to K-
64) and last 19 C-terminal residues (M-284 to N-302) were not found in the final
electron density. Overall, PvPdx1 3D structure is revealing a classical (Ba)s-barrel
consisting of 8 PB-strands arranged parallel and forming a central B-sheet architecture
(Figure-37a). It also comprises of 8 a-helices surrounding the p-barrel with 4 a-helical
insertions i.e. a6”, a6’’, a8’, a8"" and helix aN. The structure possesses some important
structural elements, involved in maintaining the assembly, enzyme activity, and
interaction with the counterpart (Pdx2) for Pdx complex formation. Firstly, half of the
helix aN with residues (L-18 to L-26) is appeared and ordered (Figure 37a-c). This
helix is crucial for complex formation after Pdx1 interacts with the Pdx2 subunit;
reported in prokaryotes (B.subtilis) and Plasmodium [69, 90]. An ordered aN helix was
previously only observed in the Pdx1-Pdx2 complexes and disordered in the isolated

Pdx1 structures.

Secondly, the helix a2 insertion between 2 and o2 has a role in enzyme activation
[90]. It is not seen in PvPdx1 like other reported structures [69, 90]. Further, it has been
reported that this helix appears after binding the substrate (R5P) and or Pdx2 to the
dodecameric Pdx1 [69, 90, 97]. The helix a8, which plays a major role in establishing
the hexamers, is ordered. Finally, the elongation of the helix a6 and its insertion helices
a6’ and a6”’, involved in dodecamer formation are present (Figure 37a-c).
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Figure-37. Cartoon representation, topology, and wiring diagram of PvPdx1 monomer.

() P.vivax Pdx1 monomer (Ba)s-barrel with helices and strands shown in different colors and
labeled. The structure includes central arranged 8 f-strands surrounded by 13 a-helices, the figure is
prepared in UCSF Chimera [102]. (b) Schematic diagram illustrating the Pdx1 topology with B-
strands (pink arrows) arranged in parallel fashion forming one central B-barrel, and the relative
disposition of the a-helices (red cylinders) indicating their 3D arrangement. The N and C terminus
along with helices and strands are labeled (c) Wiring diagram of PvPdx1, showing strands (pink
arrows), helical elements (purple springs), red dots are the amino acid residues interacting with
ligands and blue dots are the metal ions interacting residues. The topology figure and wiring
diagram are generated via the online tool PDBsum [104].
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Table-16: Data-collection and refinement statistics of P.vivax Pdx1

X-Rays Source

Synchrotron, P11 beamline PETRA 111, DESY

Detector

Pilatus 6M

Wavelength (A)
Resolution range
Space group

Unit cell parameters
a, b, c(h)

a, B,y ()

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(l)
Wilson B-factor
R-merge

R-meas

CCup
Mol. weight in asymmetric unit (kDa)

1.0
48.15 - 2.0 (2.07 - 2.0)

P2 (4)

119.96 167.50 120.20
90 98.46 90
1218276 (118020)

315045 (31344)
3.9 (3.8)

99.82 (99.76)
11.27 (1.24)
34.21

0.0775 (0.8591)
0.08987 (0.9999)

0.998 (0.633)
408.0

Refinement

Reflections used in the refinement
Reflections used for R-free
R work
R free
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent
Protein residues
Bond lengths (A) and angles (°)
favored (%)
allowed (%)
outliers (%)
Rotamer outliers (%)
Clash score
Average B-factor (A?)
Macromolecules
Ligands
Solvent

314940 (31329)
15749 (1566)
0.1967 (0.3204)
0.2216 (0.3428)
24926

23161

205

1560

3054

0.003 and 0.63
98.07

1.73

0.20

0.12

2.11

43.09

42.70

64.80

46.09

4.10.5. Interfaces and hexamer formation in P.vivax Pdx1
In the Pdx1 hexamer, one monomer at the interface interacts with two other monomers,
e.g. monomer of chain-A has an interface with chain-D and chain-E. The chains A-D
have interactions (Figure 38a,b) similar to chains A-E, with details provided in table
17. This type of supportive interaction extends between the protomers and result in a

stable enzymatically active hexameric structure. The main interacting structural
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elements between the protomers at the hexamer interface are a2, a3, a6, a7, the loop
region of B3-a3, loop B4-04, loop P6-06, loop a2’-02, and the C-terminus residues.
Residues present and involved in interactions between A-D form a total of 9 hydrogen
bonds and 4 salt bridges. The residues Arg69, Asp72, Ser74, His95, Arg92, and
Asp120 of chain-D with Gly164, Leu280, Asn279, Asp229, and Argl74 of chain-A
form single hydrogen bonds. Whereas GIn100 of chain-D is involved in two hydrogen
bonds with GIn235 of chain-A. Further, there is a network of salt bridges formed by
Argl74 and Asp229 of chain-A and Asp120, Arg69, Arg92, and His95 [175] of chain-
D (Figure 38c). The detailed hydrogen bonding and salt bridge interactions of residues
from chain-A with chain-D and E protomers are presented in table 17.

Monomer of Hexamer-2
(a) Chain-B (b)

Monomer of hexamer-1 Monomer of hexamer-1
Chain-A Chain-D Chain-A Chain-D

(c)

Chain-A

Figure-38. Bonding between protomers involved in PvPdx1 hexamer formation.

(a,b) PvPdx1 monomers of chain-A and chain-D in one hexamer and chain B of another
hexamer involved in the extensive network of intermolecular hydrogen bonds, salt bridges, and
Van-der Waals interactions. (c) left; interface of chain-A and chain-D involved in hydrogen
bonds, right; intermolecular bonding network with the structural elements and position of the
interacting residues involved in these interactions is also indicated. The structure figure is
prepared by UCSF Chimera [102].
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4.10.6. Dodecamer formation in P.vivax Pdx1

Dodecameric Pdx1 observed in the asymmetric unit is formed by two enzymatically
active Pdx1 hexamers. The C-terminus which is aiding in dodecamer formation is
reported disordered in Pdx1, lacking 14-28 amino acid residues [69, 87]. Despite the
disordered form in the crystalline state, the last 21 amino acid residues are essential for
enzyme activity and become progressively ordered into a loop upon binding a substrate
(R5P) and/or Pdx2 [69, 92]. Upon dodecamer formation, a protomer from one hexamer
is at the interface to two monomer chains of the second hexamer e.g. chain-A from
hexamer-1 forms an interface with chain-B (Figure 38a, 39), also similar to chain-F of
hexamer-2 (Figure 40). In other words, one monomer has 4 interfacing chains in a
dodecamer, i.e. two interfacing chains in the parent hexamer and the other two

interface monomers in the counter hexamer, which result in a dodecamer formation.

The main secondary structure elements involved in the dodecamer formation are
helices a6, a6’, and a 310 helix (a4). For interactions between chain-A and chain-B,
helices a6 and a6” are arranged in a parallel manner to expose a maximum surface at
the interface. The residues involved in interactions between the two helices are
Asnl78, Asnl81, Glul90 from one chain and Asnl78, Alal85, and Glul90 from
another chain are connected by hydrogen bonds (Figure 39). The interface additionally
includes salt bridging residues Arg174, Argl177, and Glu190 present at helix a6 (Table

17). Further, the two monomers are also involved in 44 Van-der Waals contacts.

On its other side, chain-A has an interface to chain-F and has structural elements with
amino acids involved in inter-chain bridging through their main and side chains. Within
structural elements, a4 and a6” residue Ser199 is involved in H-bonding, whereas
Aspl26, Glul88, Lys129 and Tyrl92 are forming salt bridges. Both types of
interactions with residues numbers are given in figure 40 and presented in detail in

table 17. Moreover, both chains are also interacting through 46 Van-der Waals contacts.
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Figure-39. Interactions between PvPdx1 monomers involved in dodecamer formation.

(a) PvPdx1 monomer of chain-A from one hexamer and chain-B from another, involved in
hydrogen bonding, salt bridges, and Van-der Waals interactions through structural elements a6
and a6’. (b) Interface regions and residues of inter-hexamer chain-A and chain-B involved in
hydrogen bonding are displayed; (c) detailed and zoom-in of residues from helices a6 and a6’
involved in H-bonds with counterpart helices, the figure is prepared by UCSF Chimera [102].

(a)

Monomer of hexamer-2 Monomer of hexamer-1
Chain-A Chain-F
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Monomer of hexamer-2 Monomer of hexamer-1
Chain-A Chain-F

Figure-40. The interface of chain-A and F protomers involved in Pdx1 dodecamer formation.
(a) PvPdx1 protomers A and F involved in hydrogen bonding and salt bridges. (b) Interface residues
of chain-A and chain-F involved in hydrogen and salt bridges; (c) residues from helices o4 and a6’
involved in H-bonds and salt bridges are displayed, the figure is prepared by UCSF Chimera [102].

In PvPdx1 most of the residues are surface exposed and in general, a total of 78 amino
acid residues from one monomer (e.g. chain-A) are present at the interface with
neighbor protomers (Table 18). The interface residues count approximately 30% of the
total of 259 residues in the PvPdx1 structure. The number of interfaces interacting
residues and interface score also known as Complex Formation Significance Score
(CSS, the scale of 0.00 to 1.00, with 1.00 indicating a critical role in complex
formation) [176], indicates that chains A-D and A-E allow the maximum number of
interactions and have a high CSS value. These chains are located within a hexamer,
indicating a multimeric state hexamer being more stable than the dodecamer [177]
(Table 18). Data for Table 18 were obtained from the online servers PdbSum [104] and
PISA [176].
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Table-17: Interactions at the interfaces of monomers in P.vivax Pdx1

No | Chains | Saltbridge residues | H-bond residues | No of interactions
Hexamer chains

1 A<->D Argl74-Aspl20 Argl74-Asp120 1
2 A<->D Argl74-Arg69 Gly164-Arg69 1
3 A&->D Asp229-His95 Asp229-His95 1
4 A&E->D Asp229-Arg92 Asp229-Arg92 1
5 A<D - GIn235-GIn100 2
6 A<D - Leu280-Asp72 1
7 A<D - Asn279-Asp72 1
8 A&->D - Asn279-Ser74 1
9 A&-E Glul21-Lys171 Arg69-Gly164 1
10 | A&-E Asp120-Argl74 Aspl20-Argl74 1
11 A<-SE Arg92-Asp229 Arg92-Asp229 1
12 A<&-SE His95-Asp229 His95-Asp229 1
13 | A&<>E - GIn100-GIn235 2
14 | A€E - Asp72-Leu280 1
15 | A€-E - Asp72-Asn279 1
16 A&EDE - Ser74-Asn279 2
Dodecamer chains

17 A<->B Glu190-Argl74 Glu190-Asn178 1
18 | A¢<->B Argl74-Glul190 Asnl178-Glul190 1
19 | A¢<->B Argl77-Glul90 Asn181-Alal85 1
20 | A€OF Glu188-Lys129 Ser199-Ser199 2
21 A&ESF Asp126-Tyrl92 - -

Table-18: Summary of chain-A monomer interface and solvent accessible data for P.vivax Pdx1

Chain-A

Total number of

Surface exposed

Solvent accessible

Solvation for folding

residues residues area ( AZ) (AG, kcal/mol)
259 231 12089 -244.1
Interfaces interactions calculated by PdbSum server
Chain-A with A->B A->D A>E A>F

interface chains

9:7 interface

24:20 interface

20:21 interface

15:15 interface

residues residues residues residues
Interface bonds 3-SB, 3-HB 4-SB, 9-HB 4-SB, 10-HB 1-SB, 2-HB
Interfaces interactions calculated by PISA server
Chain-A with A->B A->D A>E A>F

interface chains

11:13 interface

29:25 interface

25:26 interface

23:24 interface

residues residues residues residues
Interface bonds 5-SB, 7-HB 7-SB, 10-HB 7-SB, 10-HB 1-SB, 5-HB
Interface score 0.029 0.397 0.397 0.143
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4.11. P.vivax Pdx complex crystallization

P.vivax Pdx complex was purified after mixing SEC pure Pdx1 and Pdx2 proteins in a
1:1 molar ratio at 0.5 mM concentration in the presence of 10 mM L-glutamine. The
mixture was then allowed to pass through a Superose 6-Increase 10/300 (GE
Healthcare) column with Pdx complex elution. After purification, biophysical and
bioanalytical characterization, the P.vivax Pdx complex was crystallized at a
concentration of 25 mg mL™* and 30 mg mL™* by hanging drop vapor diffusion method.

The obtained crystals are shown in figure 41. Pdx complex crystallizes in 0.1 M Tris
(PH=8.0), 1.0 M LiCl, 9-12% PEG-6000 crystallization buffer. The crystals were

cryofreezed in liquid nitrogen utilizing the crystallization buffer with an additional
20% glycerol for cryo-protection. After extensive cryoprotection optimization, Pdx
complex crystals were used for X-ray data collection at beamlines P11 and P13.
However, most of them did not diffract and only a few diffracted to a very low

resolution of approximately 10 A.

Figure-41. P.vivax Pdx complex crystals obtained and confirmed by exposure with UV light.
(a) PvPdx complex crystals before freezing with a cryoprotectant, grown in one dimension to
approx. 60 um. (b) Pdx complex crystals, UV confirmation applying the Crystal Score device
(Diversified Scientific Inc, USA).
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4.12. S.aureus Pdx1 crystallization

After extensive high-throughput crystallization screening Pdx1 from S.aureus
crystallizes by sitting drop crystallization method under conditions of the following
crystallization screens. JCSG screen with optimal crystals in conditions B12 and G6,
PACT screen in G9, H9, H11, H12, and Morpheus conditions C1, C2, C9, and C12
applying the honeybee robot. The crystals appeared at a concentration of 12 mg mL™.
Crystals were cryo-cooled in liquid nitrogen utilizing crystallization buffer and an
additional 30% of glycerol for SaPdx1 crystals for cryo-protection. The flash-cooled
crystals, shown in figure 42a,b, were used for X-ray diffraction and data collection.
Diffraction data were collected at beamline P11, PETRA-III (DESY, Hamburg).
Details of the collected and processed data for SaPdx1 are summarized and presented
in table 19.

(b)

Figure-42. S.aureus Pdx1 crystals grown and optimized.

(a) SaPdx1 crystals with dimensions of 120 x 90 um before freezing with a cryoprotectant (b)
SaPdx1 crystal diffracted and processed at a resolution of 2.83 A, a snapshot was taken right
before the data collection at beamline P11 PETRA-III, DESY.

4.12.1. S.aureus Pdx1 octamer in ASU

The SaPdx1 diffraction data were processed by using the software XDSAPP [120] to
obtain the reflection (mtz) file. Applying the Matthews probability calculator [174],
molecular mass information, and asymmetric unit (ASU) information were obtained.

SaPdx1 crystallizes in the rhombohedral/trigonal space group (R 3 2), and its packing
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remains such that the monomers do not pack into one complete hexamer or dodecamer
in the asymmetric unit. The Matthews parameter suggested a hexamer with 70%
solvent content in the asymmetric unit (dodecamer of molecular weight 384 kDa was
suggested with 40% solvent content). However, the final 3D structure of SaPdx1 was
solved with an octamer per asymmetric unit occupying 14302472 A® volume (Figure
43). SaPdx1 octamer packed in the asymmetric unit with a molecular weight of 256
kDa with a corresponding solvent content of 60% in the ASU. The Pdx1 octamer
packed in ASU electron density is shown in figure 43a,b, with potential dodecamers

identified from the electron density distribution in figure 43b, right.

(C)

Figure-43. S.aureus Pdx1 crystalized and observed as octamer in the asymmetric unit.

(a) Pdx1 molecules crystallized in ASU with 4mers belong to one hexamer/dodecamer unit and
other 4mers to the other oligomeric unit (b) left: Pdx1 octamer (in magenta color) top view with
electron density light grey in the asymmetric unit. Right: Pdx1 octamer (magenta) side view with
an electron density of ASU occupying a volume of 794581 A3, suggesting dodecamer formation in
the crystalline form with two dodecamers encircled. The suggested dodecamers are observed well
separated from each other. The figure is prepared by UCSF Chimera [102].

4.12.2. SaPdx1 oligomeric structure and arrangement

Diffraction data for SaPdx1 were processed using the XDS suite [120]. The 3D
structure was determined by molecular replacement, using Bacillus subtilis Pdx1
(PDB code: 2NV1) [90] with 80% sequence identity as a reference model, applying
the program Phaser-MR [158]. The structure model was refined by the program called
Phenix-refine [159] and model building was carried out using the program Coot [160]

with resulting Rwork 0f 20.59 %, Riree Of 25.28 %, and a total of 96 solvent molecules,
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as given in table 19. The final refined SaPdx1 octamer packed in the unit cell is shown
in figure 44. The unit cell contains 18 octameric asymmetric units (Figure 44). In
other words, 12 SaPdx1 dodecameric symmetries are packed in a unit cell,
accumulating a total mass of 4608 kDa. One ASU occupies a volume of 794581 A3
and 18 symmetries make a unit cell volume of 18 x 794581 A3 equal to 14302472 A°.

Figure-44. S.aureus Pdx1 molecules complicated arrangement in the unit cell.

S.aureus Pdx1 molecules arrangement in a unit cell; SaPdx1 is crystallized in space group R 3 2:
H with a unit cell volume of 14302472 A® containing 18 space group symmetries, each with a
volume of 794581 A?® are packed in a unit cell, shown in the front view (left) and side view
(right) with potential dodecamer molecular assemblies. Figure is prepared by UCSF Chimera
[102].

The ASU electron density in figure 43 and unit cell packing of SaPdx1 (Figure 44) are
suggesting a potential dodecameric form of SaPdx1 in the crystalline state. Therefore,
symmetry mates were generated with the molecular visualization program PyMol
[172], and a dodecamer formation in SaPdx1 was observed, as shown in figure 45. The
resulting dodecamers are apart with a distance of approximately 26 A in a unit cell
with an arrangement having more space in between them (Figure 45). This
dodecameric assumption requires further detailed structural investigation of the crystal
structure to identify potential differences from PvPdx1 and other reported Pdx1
homologs. As it is showing a hexamer state in solution, whereas a different oligomeric

state in the crystal packing.

115



Figure-45. Symmetry mates of S.aureus Pdx1 indicating dodecamers in the unit cell.

The (left) surfaces generated from symmetry mates indicate front view packing of SaPdx1
dodecameric molecules. SaPdx1 one octameric ASU packing (blue) in dodecamers, where half
of ASU is part of one and half of another dodecamer. Right surface view provides the side
view surface representation of SaPdx1 dodecamers arranged in parallel fashion, showing open
packing of Pdx1 dodecamer molecules with the inter-dodecamer distance of approx. 26 A.
SaPdx1 dodecameric spheres are composed of 12 monomers (shown in the bottom right) with
two monomers shown in different colors, indicating protomers arrangement in a hexamer and
dodecamer. Symmetries mates are generated by PyMol [172].

4.12.3. Important structural elements in the SaPdx1 monomer (Ba)s-barrel

The SaPdx1 crystal structure is composed of eight chains (octamer) with four chains
are part of one and the other four are part of another dodecamer. S.aureus Px1 with
UniProt sequence (Uniprot id: P60798) consists of 295 amino acid residues, whereas
in the refined SaPdx1 structure 273 residues (I-5-K-277) appeared and solved (Figure
46a-c). The structure starting four N-terminal residues and 18 C-terminal residues
regions were not found in the final electron density. The complete a-helix (aN) with
residues (5-18) is well folded and ordered (Figure 46a-c). An ordered aN helix was
previously only observed in Pdx1-Pdx2 complexes, but not found in the isolated Pdx1
subunits. Second, the ordered helix a2’ located between p2 and a2, involved in the
enzyme activation, appeared and folded well in SaPdx1. Whereas a2” is disordered in
P.vivax Pdx1 (Figure 37a) and also in other plasmodial species [69], as well as in the
reported bacterial homologs e.g. BsPdx1 [90]. It is reported that this loop appears after
binding of the substrate (R5P) and or Pdx2 to Pdx1 [69, 90, 97].

Overall, SaPdx1 monomers consist of eight B-strands arranged parallel and forming a

central B-sheet architecture. It also comprises of eight a-helices surrounding the -
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barrel with five a-helical insertions i.e. a6, a6”", 08", 08", a novel a2” and helix aN,

thus presenting a classical (Pa)s-barrel architecture (Figure 46a).
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Figure-46. Cartoon representation, topology, and wiring diagram of S.aureus Pdx1.

(a) SaPdx1 monomer (Ba)s-barrel with secondary structure elements are shown in different colors
(helices are shown in blue, B-strands in purple, and loops represented in light green color), N and
C-terminus are labeled. The structure includes 8 B-strands arranged in the center, surrounded by 14
a-helices. The structure figure is prepared by UCSF chimera [102]. Right: helix 02" and aN spatial
positions in 3 dimensions are shown in green. (b) Schematic diagram illustrating the Pdx1
topology indicating the B-strands (pink arrows) arranged in parallel forming one central B-barrel,
and the a-helices (red cylinders) arrangement, indicating their 3D arrangement in the structure.
The N and C terminus with secondary structural elements (helices and strands) are labeled, and
residue numbers for the beginning and end of each structural element are mentioned. (c) Wiring
diagram of SaPdx1 secondary structure including strands (pink arrows), helical elements (purple
springs), red dots are the amino acid residues interacting with ligands and blue dots are the metal
ions interacting residues. The topology figure and wiring diagram are prepared with PdbSum
[104].
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Table-19: Data-collection and refinement statistics of S.aureus Pdx1

X-Ray Source

Synchrotron, beamline P11, PETRA Ill, DESY

Detector Pilatus 6M
Wavelength (A) 1.0

Resolution range (A) 49.8-2.82 (2.92-2.82)
Space group R32:H

Unit cell parameters

a, b, c(A) 192.41 192.41 448.19
a, B,y () 90 90 120

Total number of reflections
Unique reflections
Multiplicity

Completeness (%)

Mean I/sigma (I)

Wilson B-factor

R

merge

R

meas

cC

12

Mol. weight in the asymmetric unit (kDa)

782916 (73691)
76303 (7444)
10.3 (9.9)
99.59 (98.36)
16.04 (3.54)
56.98

0.1081 (0.5976)
0.1138 (0.6303)
0.999 (0.954)
256.0

Refinement

Reflections used for refinement
Reflections used for R

R
Rfree

CcC
CCfree
Number of non-hydrogen atoms
Macromolecules
Ligands
Solvent Molecules
Protein residues
RMS (bonds) (A)
RMS (angles) ()
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor (A2?)
Macromolecules
Ligands
Solvent

free

work

work

76169 (7428)
3811 (372)

0.2059 (0.3069)
0.2528 (0.3660)

0.954 (0.905)
0.942 (0.806)
16449

16255

98

96

2165

0.004

0.64

96.18

3.08

0.75

0.00

6.27

66.33

66.36

70.13

57.73

4.12.4. S.aureus Pdx1 bonding network in hexamer
In a SaPdx1 hexamer, one monomer is at the interface of two other protomers e.g.
monomer of chain-A is at the interface of chain-E and chain-F having almost similar

interactions with both chains, as shown in figure 47a,b, and further details are
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provided in table 20. The prime interacting structural elements between the monomers
at the hexamer interface are a2", B3, a3, 06, a7, loop region of p4-a4, loop f6-06, and
of the C-terminus residues. A total of 21:18 residues are at the interface in chain-A and
E in a hexamer, involved in a total of 7 hydrogen bonds and 5 salt bridges with 87
Van-der Waals interactions. The residues Asp221, Gly156, Argl163, Argl66, GIn220,
and Ala275 of chain-A are involved in single hydrogen bonds with Arg84, His87,
Arg6l, Glull3, Aspl12, and Thr89 of chain-E (Figure 47b,c). The Argl63, Argl66
and Asp221 of chain-A are involved in salt bridges with Glul13, Glul14, Aspl112,
Arg84 and His87 [175]. The detailed hydrogen bonds and salt bridges between
residues of different protomers in a hexamer formation are presented in table 20.

Monomer of Hexamer-2

(a) Chain-D (b)

Monomer of hexamer-1 Monomer of hexamer-1 Monomer of hexamer-1
Chain-A Chain-E Chain-A Chain-E

Monomer of hexamer-1 Monomer of hexamer-1-..._
Chain-A Chain-E e

A
C-terminus)

Figure-47. Interactions in S.aureus Pdx1 protomers involved in hexamer formation.

(a,b) SaPdx1 monomers chain-A and chain-E interface region involved in an extensive
network of intermolecular hydrogen bonding, salt bridges, and van-der Waals contacts; (c) left;
interface of chain-A and chain-E involved in hydrogen bonds, right; intermolecular bonding
network with the structural elements and position of the residues involved in these bonding are
also indicated. The figure is prepared by UCSF Chimera [102].
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4.12.5. S.aureus Pdx1 bonding network in dodecamer

SaPdx1 exists in a hexamer form in solution but as a dodecamer is also observed in the
crystalline form, as shown in figures 43-45. Therefore, the solved crystal structure was
investigated to identify detailed interchain intermolecular interactions allowing a
dodecamer formation. Figure 48a-c indicates that chain-A from one hexamer
(hexamer-1) is at the interface of chain-D from another hexamer (hexamer-2). The
main secondary structure elements involved in the dodecamer formation are helices a6
and a6” and 310 helix a4, similar to what was observed in the P.vivax Pdx1 structure.
Helices a6 and a6” are arranged in a parallel fashion allowing a maximum number of
interactions between both the chains. The residues involved in bonding between the
two helices are Argl66, Glul82 of chain-A with Argl166, Asp181, and Glul82 of
chain-D forming H-bonds as well as salt bridges (Figure 48b,c and table 20). Further,

the two monomers are also involved in 26 VVan-der Waals interactions.

Monomer of hexamer-2 Monomer of hexamer-1
Chain-D Chain-A

Figure-48. Interactions between SaPdx1 monomers involved in dodecamer formation
(a) SaPdx1 monomers of chain-A from one hexamer and chain-D from another are at
interfaces with structural elements a6 and a6 involved in inter-chain bonding (b) Interface
residues of chain-A and chain-D involved in hydrogen bonds are shown; (c) detailed and
zoom-in of residues from helices a6 and a6’ involved in H-bonds and salt bridges with
counterpart helices. The figure is prepared by UCSF Chimera [102].
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Subsequently, the monomer of chain-A was also investigated for interface bonding with
chain-B present at its dodecameric interface and a few residues for potential inter-chain
bonding were found. A total of 19:17 residues are located at the interface of chain-A
and B which are involved in a total of five hydrogen bonds with no salt bridge residues
were found, contrary to what was observed for the P.vivax Pdx1 dodecamer. The
structural elements involved in inter-hexamer interactions are o4, a6” and a6’" (Figure
49a) with interacting residues Glul14, Argl18, GIn121, Asp180, Glul95 of chain-A
with Thr185, Asp180, Arg118, and Glul95 of chain-B involved in H-bonds. Details are
presented in figure 49b-c and table 20. Moreover, both chains are also connected

through 98 Van-der Waals contacts.

Monomer of hexamer-2
Chain-B

Monomer of hexamer-2 Monomer of hexamer-1
Chain-B Chain-A

Figure-49. The dodecameric interface of chain A and B monomers.

(a) SaPdx1 monomers of chain-A and chain-B are involved in hydrogen bonding with
mentioned secondary structural elements (b) Interface residues of chain-A and chain-B
involved in bonding are shown; (c) residues from helices 04 and a6” and a6”" involved in H-
bonds formation are shown. The figure is prepared by UCSF Chimera [102].
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In SaPdx1 a total of 241 residues are surface exposed and in general, a total of 74
amino acid residues from one monomer (e.g. chain-A) are present at the interface of
other neighbour monomers (Table 21). These interface residues make 27% of the total
273 residues of the SaPdx1 monomer. The number of interfaces interacting residues
and interface score (CSS) indicates that chains A-E have a maximum CSS value of
0.350 (Table 21). Both these chains are involved in the formation of a hexamer,
indicating that the hexamer form is more stable than its dodecamer form. The data
shown in table 21 are obtained from online servers PdbSum [104] and PISA [176].

Table-20: Interactions at the interfaces of monomers in S.aureus Pdx1

No. [ Chains | Saltbridge residues | H-bond residues | No of interactions
Dodecamer chains

1 A<->B - Glul14-Thr185 1
2 A<->B - Argl118-Asp180 1
3 A<->B - GIn121-Asp180 1
4 A<->B - Asp180-Argl18 1
5 A<->B - Glu195-Glu195 1
6 A<&->D Argl166-Asp181 Argl66-Aspl8l 2
7 A<&->D Argl66-Glu182 Argl66-Glul82 1
8 A<&->D Aspl81-Argl66 - 1
9 A&->D | Glul82-Argl66 Glul82-Argl166 1
Hexamer chains

10 A<&-SE Asp221-Arg84 Asp221-Arg84 1
11 A<&-SE Asp221-His87 Asp221-His87 1
12 A&-E Arg163-Glul113 Argl63-Glu113 1
13 A&-E Argl63-Glul14 GIn220-Thr89 1
14 A&-E Argl66-Aspl12 Argl66-Aspll2 1
15 AESE | - Gly156-Arg61 1
16 A&EDE - Ala275-Arg61 1
17 A&E-SF Arg84-Asp221 Val59-Ala275 1
18 A&EOF - Arg61-Gly156 1
19 A&EOF - His87-Asp221 1
20 A&EOF - Thr89-GIn220 1
21 A&ESF - Aspl12-Argl66 1
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Table-21: Summary of chain-A interface and solvent accessible data for S.aureus Pdx1

Total number |  Surface exposed | Solvent accessible S . .
) . . A2 olvation for folding
Chain-A of residues residues area (A?)
273 241 11858 273
Interfaces interactions calculated by PdbSum server
A->B A->D A>E A>F
interface chains interface 77 interface 21:18 interface 17:13 interface residues
. residues residues
residues
Interface bonds 5-HB 4-SB, 5-HB 5-SB, 7-HB 1-SB, 5-HB
Interfaces interactions calculated by PISA server
A->B A->D A>E A>F
Chain-A with _ ] ]
interface chains | 26:26 !nterface 11:12 !nterface 25:31 !nterface 21:23 interface residues
residues residues residues
Interface bonds 5-HB 4-SB, 5-HB 5-SB, 7-HB 1-SB, 5-HB
Interface score 0.169 0.035 0.350 0.153

4.12.6. Dodecamer formation in S.aureus Pdx1

SaPdx1 is found as a hexamer in solution, indicated by different biophysical and
bioanalytical techniques, whereas its crystal form shows a dodecameric state. The
helix a6”, an important structural element required for dodecamer formation, is shorter
in S.aureus Pdx1 from the N-terminal side compared to PvPdx1, which results in a
smaller number of contacts (Table 23). Further, the PvPdx1 residues Asn178, Asn181
that form inter-hexamer bonds are mutated to Ser170, Serl73 in SaPdx1 and resulting
in a loss of H-bonds. Similarly, PvPdx1 residue Ser199 of one chain is involved in two
hydrogen bonds with Ser199 of the interface chain, is a Gly191 in SaPdx1 do not form
H-bonds to the interface chain. Further, S.aureus Pdx1 residues Met184 (Pv Tyr192)
and Asn169 (Pv Argl77) form no salt bridges, whereas in PvPdx1 the residues at the
corresponding positions are involved in interactions (Table 17, 20). The loss in
hydrogen bonding and salt bridges could be the reason for the hexameric state of
S.aureus Pdx1 in solution. Contrary to the hexameric state, SaPdx1 is a dodecamer in
the crystalline state. The reason is the presence of a phosphate ion (PO4) located at the
interface of the dodecameric chains (e.g. A and B) at the P2 site. This generates a

hydrogen-bonding network that connects both chains, thus forming a dodecamer
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(Figure 50). These ions connect helix a6” of one chain to helix a5 of another chain.
They are potentially originated from the crystallization condition, where they are

present in form of phosphate and sulfate salts of different metals.

P1-site

Figure-50. Phosphate ion present at the hexamer interface of S.aureus Pdx1 involved in
dodecamer formation.

Protomers from chains A and B are connected through PO, ions present at the inter-chain
hexamer interface at the P2 site, located at a distance of 20 A from site P1. The PO, ions
connect Lys188 from helix a6” of chain-B to the PLP binding site residues Arg138, Argl139 in
the helix a5 of chain-A, through hydrogen bonds and form the dodecamer.

4.13. P.vivax and S.aureus Pdx1 structures comparison

The amino acid sequence of P.vivax Pdx1 was aligned to the sequence of S.aureus
Pdx1 along with their respective closest homologous Pdx1 sequences from P.berghei
(85% sequence identity), and B.subtilis (80% sequence identity), as shown in figure
51. Further, both solved structures (P.vivax and S.aureus Pdx1) have 52% sequence
identity to each other, present almost at the borderline to be called homologous
structures. The sequence comparison indicates that the domains involved in the
dodecamer formation i.e. loop region p4-a4, and helices 04, a6 and a6” are not strictly
conserved and are specie specific (Figure 51 and Table 22, 23). The results of the
comparison also indicate that N-and C-terminals are the most non-conserved regions
in the sequences in addition to the helix a8"", which is involved in protomers
interactions within the hexamer. In the P.vivax Pdx1l sequence, the elongated N-
terminus region was not found in the electron density. This PvPdx1l elongated
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sequence, which is not present in its homologous structures (Figure 51), offers an
open question for its structural elucidation and function with the presumptive role in

the Pdx complex stabilization.
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Figure-51. Sequence alignment of the P.vivax and S.aureus Pdx1 with homologous sequences.
Pdx1 sequence from P.vivax (A5K247), P.berghei (Q4Z0ES8), S.aureus (P60798), and B.subtilis
(P37527). The red boxes with white letters show strict identity, red letters show similarity in the
region between amino acid residues, and black letters show that regions are not conserved, with
TT being a B turn. The green triangle labeled are the residues involved in binding of the substrate
ribose 5-phosphate to the active site residue Lys-90 and the dark blue circles indicate the residues
involved in product pyridoxal 5-phosphate binding and subsequent release. The orange-yellow
dots mark the BN region, which interacts with the region (131-134) in Pdx2, involved in (-
completion and complex stabilization in bacterial complexes. This B-completion is not reported in
plasmodial species [69], but the elongated N-terminus in PvPdx1 (which is absent in other
Plasmodial homologs) may have a role in complex stabilization and need further structural
elucidation. The sequence alignment was prepared by Espript3 [96, 105].

Aiding to the sequence comparison, in recent years, the number of protein structures in
the structure databases is expanding very rapidly. Therefore, the effectiveness and
importance of comparison providing the structural and functional information about
novel proteins are increasing. One of these methods of artificial intelligence is the
measurement of the root-mean-square-deviation (RMSD) of the target structure with
the reported data, where the root-mean-square distance between the corresponding
residues in the structures is calculated. Using PyMol [172] and UCSF Chimera [102]
superposition of the SaPdx1 structure to the three aligned homologous structures i.e.
B.subtilis (Pdb code: 2NV1), P.berghei (Pdb code; 4ADU) and PvPdx1l were
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performed, indicating corresponding RMSD values of 0.385, 0.647 and 0.611 A for
Co atoms, respectively. Further, the superposition of the PvPdx1 structure was also
performed to the homologous structures of P.berghei (Pdb code; 4ADU) and B.subtilis
(Pdb code: 2NV1) revealed the corresponding Co atoms RMSD values of 0.304, 0.684
A respectively (Figure 52).

(a) | C-terminus

}

a-6 helix region

Figure-52. Structure superposition and RMS deviation of Pdx1 from P.vivax and S.aureus.

(a) Detailed structural superposition of Pdx1 from P.vivax (green) P.berghei (light grey), S.aureus
(blue), and B.subtilis (purple) shown in ribbon representation, performed by PyMol [172].
Superposition results indicate the main chain RMSD in a6 with its insertion regions and also in the
C-terminus region. (b) Structure superposition of SaPdx1 and PvPdx1, performed by UCSF
Chimera [102], indicating loop a6-a6" and C-terminus regions are showing notable deviation. The
helix 02" (red), which controls the entry of substrate (R5P) to the active site (Lys-90: stick) is
ordered in the S.aureus Pdx1 structure (blue), whereas disordered in the P.vivax Pdx1 (yellow).
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The superposition studies indicate that the superimposed structures are not much
different spatially except for SaPdx1 in the helix a6 and C-terminus regions. Further,
the detailed RMS deviations for the whole sequence of a monomer (chain-A) were
calculated by software NOC (version 3.01). The full sequence comparison indicates that
maximum deviation occurs at the C-terminus. The loop regions a6-a6" (important in
dodecamer interactions) and loop 8-a8°, as well as the N-terminus region, are also
deviating. Further details of the whole chain and the amino acids showing the highest

RMS deviations based on Ca are given in figure 53.

Table 22: Secondary structure -strand content comparison of Pdx1 P.vivax and S.aureus.

No. Start End No. of Edge Sequence
residues

P.vivax Pdx1 B- strands

1 Val30 Val34 5 No VIMDV

2 Gly50 Val53 4 No GVMV

3 Asn86 Arg92 7 No NVLAKVR

4 Met109 Serl13 5 No MIDES

5 Phel34 Cys138 5 No FVCGC

6 Met154 Thr157 4 No MIRT

7 Val217 Phe219 3 Yes VNF

8 Val241 Val243 3 Yes VFV

S.aureus Pdx1 - strands

1 Val22 Val26 5 No VIMDV

2 Ala4?2 Ala42 4 No AVMA

3 Val79 Ala83 5 No VMAKA

4 Tyrl01 Glul04 4 No YIDE

5 Phel26 Cys130 5 No FVCGC

6 Met146 Thr149 4 No MLRT

7 Val209 Phe211 3 Yes VNF

8 Val233 Val235 3 Yes VFV

Table 22 shows that both structures have similar B-strands architecture throughout
the Pdx1 B-barrel. The only difference is 33, which is 2 residues longer in PvPdx1.
Noting this region contains the active site residue K90 in PvPdx1 (K82 in SaPdx1).
Whereas table 23 indicates that both Pdx1 structures have very much conserved
helices in terms of the number and sequence of amino acids. Interestingly, the half
appeared helix aN in PvPdx1 contains a similar number of amino acids compared
to the complete helix in SaPdx1. This shows that the lengthier PvPdx1 N-terminus

need to be explored further in terms of structure and function.
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Table 23: Secondary structure a-helices content comparison of Pdx1 P.vivax and S.aureus.

a- helices in P.vivax Pdx1 structure
No | start End type | No of Length | Unit | Res/turn | Sequence
residue rise

1 Lys19 Leu26 H 8 13.05 1.46 |3.72 KHGWCEML

2 Val37 Ala46 H 10 15.36 149 | 359 VEQAKIAEEA

3 Pro73 Lys80 H 8 12.76 151 | 3.69 PSKVEEIK

4 Phe96 Leul05 H 10 15.51 150 | 3.55 FVEAQILEEL

5 Lys127 Lys129 G 3 - - - KHK

6 Leul4l Ser149 H 9 14.02 132 | 4.20 LGEALRRIS

7 llel67 Alal85 H 19 29.03 151 3.64 IQAIKHVRTVRNEI
NYLCA

8 Glu188 Glu190 G 3 - - - ESE

9 Val191 Arg197 H 7 10.74 144 | 3.62 VYNYAKR

10 Leu202 Leu211 H 10 15.10 1.47 3.59 LDLLLLTRKL

11 Pro227 GIn235 H 13.96 1.49 3.64 PADAAMCMQ

12 | Gly246 Glu249 H 4 6.71 152 | 3.75 GIFE

13 Pro253 Ser265 H 13 19.73 1.49 3.64 PRRMATSIVAAVS

14 Pro270 Ser277 H 8 12.47 1.49 3.77 PKILLNVS

a- helices in S.aureus Pdx1 structure

No | start End type | No of Length | Unit | Res/turn | Sequence

residue rise

1 Asp8 Glul6 H 9 14.03 1.49 3.71 DRVKRGMAE

2 Ala29 Ala38 H 10 15.41 1.49 3.64 AEQARIAEEA

a2’ | Pro50 Ala56 H 7 10.90 149 | 3.64 PSDIRAA

3 Pro65 Met72 H 8 12.46 1.49 3.64 PKIVEEVM

4 11e88 Ala96 H 9 14.02 1.50 3.64 ITEARVLEA

5 Lys119 GIn121 G 3 - - - KDQ

6 Leul33 | Gly141 H 9 13.59 144 | 3.65 LGEAARRIG

7 Val159 Thrl76 H 18 27.47 1.49 3.66 VEAVRHMRQVNS
EVSRLT

8 Aspl80 | Glul82 G 3 - - - DDE

9 11e183 11e190 H 8 12.12 147 | 372 IMTFAKDI

10 | Tyrl94 Asn203 H 10 15.62 1.52 3.59 YEILKQIKDN

11 Pro219 Glu227 H 14.15 151 3.60 PQDAALMME

12 | Ser237 Phe240 H 4 6.00 139 | 4.17 SGIF

13 Pro245 Thr257 H 13 19.81 1.49 3.62 PEKFAKAIVQATT

14 | Tyr262 Leu268 H 7 10.85 1.48 3.61 YELIGRL
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5.0. Discussion

Despite continuous efforts by the WHO, malaria caused by a protozoan pathogen
Plasmodium still exists as an endemic disease in Africa, South America, and Asia
[3]. Drug resistance for P.falciparum, P.vivax, and P.malariae is recognized mainly
as a result of long-term overuse of antimalarial antibiotics [3, 178]. Further,
Methicillin-resistant Staphylococcus aureus (MRSA) is a major cause of hospitalized
associated infections worldwide [19], constitutes an important public health
challenge. This necessitates the identification of novel drug targets common at both

evolutionary levels utilizing one shared approach.

Genome investigations indicate that most organisms, including bacteria, fungi,
plants, and protozoans utilize class-1 glutamine amidotransferase (GATase), which is
an R5P-dependent pathway enzyme [103, 108], involved in the synthesis of
pyridoxal 5-phosphate (PLP). The R5P-dependent pathway and its genes pdx1 and
pdx2 are reported in several pathogenic organisms, such as eukaryotic protozoan
parasites Plasmodium [108] and Toxoplasma gondii [179], unicellular eukaryotes
yeasts i.e. Saccharomyces cerevisiae, Candida utilis [66] and bacteria, like
Mycobacterium tuberculosis [180] and B.subtilis [90]. The disruption of the pdx gene
in M.tuberculosis was reported lethal for the bacterium, indicating its importance for
the survival of the organism [180]. Moreover, the functional pdx1 and pdx2 genes
have been reported from P.falciparum expressing during their different host blood
erythrocyte stages [103, 108].

In the class-1 glutamine amidotransferase pathway, PLP (vitamin Be) is synthesized
by the PLP synthase complex consisting of the synthase (Pdx1) subunit and the
glutaminase (Pdx2) subunit. The glutaminase subunit produces ammonia by utilizing
its substrate glutamine. The nascent produced ammonia subsequently passes through
the hydrophobic ammonia tunnel. This hydrophobic tunnel is present at the interface
of both proteins, which ensure the safe passage of ammonia to the Pdx1 active site.
Where this ammonia in the presence of intermediates from sugars R5P and G3P yield
product PLP [103]. In this context, it is important to understand the structure and
dynamic assembly of the Pdx complex, as well as its individual components (Pdx1

and Pdx2), which assemble to form the gigantic 12:12 Pdx complex.
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Interestingly, Pdx1 and Pdx2 require each other for activation and substrates
utilization, highlighting the ammonia tunnel entrance as an interesting target region
for drug design and drug discovery investigations due to its presence at the protein-
protein (Pdx1-Pdx2) interface. Further, both Pdxl and Pdx2 are expressed
throughout the intra-erythrocytic stages of Plasmodium, in the cytosol. They are able
to interact and form the distinct Pdx complex, thereby generating vitamin Be during
all developmental stages of the parasite. The absence of this metabolic pathway in
humans and its essential presence in Plasmodium and bacteria [180], brands this

pathway an interesting target for novel antimicrobial drugs [181].

5.1. Pdx1 oligomeric states and POa binding sites role in dodecamer formation

It has been reported that the prokaryotic (B.subtilis) Pdx1 exists in an equilibrium of
hexamers and dodecamers in solution [90]. For G.stearothermophilus, Pdx1l
analytical ultra-centrifugation (AUC) studies showed a hexamer—dodecamer in
solution with dodecameric form present in the crystalline form [97]. Further, the
eukaryote S.cerevisiae Pdx1 (ScPdx1) is reported as a hexamer in solution as well as
in crystalline state [99] whereas, the eukaryotic P.berghei Pdx1 is reported in a
dodecameric form in solution as well as in crystalline state [69]. However, in contrast
to the bacterial homologs and the eukaryote S.cerevisiae ScPdx1, the plasmodial Pb
and Pf Pdx1 were reportedly forming higher-order oligomers/fibers investigated in
SEC and EM studies [69]. It was assumed that the non-conserved and flexible C-
terminus of the plasmodial Pdx1, which is absent in other homologs, is prone to
degradation and presumably also involved in the fiber formation [69]. Therefore,
plasmodial Pdx proteins were suggested as unattractive targets for structural studies,

and further drug discovery investigations were aborted.

Difference in bacterial and plasmodial Pdx proteins sequences and also the distinct N
and C-terminus regions in the sequence of P.vivax Pdx1 from other plasmodial
homologs, | opted P.vivax Pdx proteins for structure comparison with S.aureus Pdx
proteins, leading to future drug discovery studies. In the first part of my thesis,
P.vivax Pdx proteins were investigated applying complementary biophysical and
bioanalytical techniques and compared the results to its homologous plasmodial Pdx
proteins. P.vivax Pdx1 was investigated by SEC, DLS, and mass photometry studies,

presenting a long-term solution stable dodecameric state. Further, SAXS data and
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EM investigations are revealing a low-resolution dodecameric structure of the
PvPdx1 in solution. The sequence alignment given in figure 51 indicates that helices
a6, a6’, and a6”, which stabilize the dodecamer, are highly conserved among the
plasmodial species and significant variations are only observed at the N- and C-
termini of the sequence [166]. Subsequently, S.aureus Pdx1 was also investigated by
the above-mentioned biophysical and bioanalytical techniques and revealing a
hexameric form in solution. The sequence comparison studies of the Pdx1 subunit
reveal that structurally important regions are much conserved in both species. This
conditioned further detailed comparative structural investigations, for the reason of
their different biologically relevant oligomeric solution states.

Thus, Pdx1 from both species has proceeded further for comparative structural
investigations by X-ray crystallography. Crystal structure results indicate P.vivax
Pdx1 in the dodecameric state whereas S.aureus Pdx1 oligomeric state, in the
preliminary 3D structural data, was a bit puzzling. Therefore, both the structures
were compared and investigated comprehensively. At first glance, the Pdx1 protein
starting helix (helix aN) has appeared differently. Half of the helix aN appeared for
PvPdx1l and full-length aN is solved for SaPdx1, both with a similar spatial
orientation to the reported data. The sequence of helix aN is slightly lengthier in
P.vivax than observed in other plasmodial cognates and bacterial homologs, with a
role in the interplay between Pdx1 and Pdx2 as well as stability of the dodecameric
Pdx1 and the Pdx complex [182].

To summarize both Pdx1 structures comparatively, there are two phosphate-binding
sites on each Pdx1 monomer, involved in the substrate (R5P) accommodation and
product (PLP) formation, referred to as P1 and P2 sites, respectively. In the absence
of substrate and product, buffer salt anions chloride ions [90] or sulfate ions [97]
were observed and reported at these positions. Position P1 is located on the C-
terminal side of the (Ba)s barrel. It comprises a characteristic loop for phosphate
binding [97] which constitutes the amino acid residues '**Gly-'>¢Gly in S.aureus
(GTG 162-164 in P.vivax). This loop is close to the R5P binding residue (active site)
Lys-82 in S.aurues Pdx1 (Lys-90 in P.vivax) lined with Asp-25 (Asp-33 in P.vivax).
It resides chloride ion [69], which is linked to glycerol moiety in P.vivax Pdx1l

through non-covalent interaction. Whereas in S.aureus Pdx1, the chloride ion is
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linked to the PO4 ion through ionic interaction. The second site (P2) is located at the
interface of the hexameric rings and is involved in dodecamer stabilization [90]. It is
characterized by residues His-116 (His-124 in P.vivax Pdx1), Arg-138, and Arg-139
(Arg-146, Arg-147 P.vivax Pdx1). Which are linked through POs ion to Lys-188
(Lys-196 in P.vivax) of the monomer from opposing hexamer. Both P1 and P2 sites

are spatially located at a distance of approx. 20 A.

5.2. P.vivax Pdx1 and Pdx complex rational drug targets

Since, higher-order oligomers and fiber formation are reported from the P.falciparum
Pdx complex upon storage at 4°C, as observed by analytical SEC and EM analysis
[69]. Whereas the P.vivax Pdx complex investigated in the thesis by applying SEC
and DLS supported by SAXS and EM studies indicate that the complex is stable in
solution without observing any higher-order oligomers over time. Further, no
significant concentration-dependent oligomerization or aggregation was identified
for Pdx1 and the Pdx complex at concentrations ranging from 1 to 30 mg mL™!. The
solution stable P.vivax proteins could be utilized as potential drug targets for
antimalarial drug development. However, the S.aureus Pdx complex was showing
different behavior in solution, studied by SEC and DLS and established by SAXS
investigation, indicate an unusual tetrameric Pdx complex. Further, the EM
investigation of S.aureus Pdx1 and Pdx complex do not show pronounced results at
different concentrations, indicating stability issues with staining and proteins

disintegration into smaller subunits.

5.3.  Bacterial SaPdx1 novel helix a2’ following eukaryotic architecture

Helix a2' is a very crucial and important structural element of Pdx1, located very
close to its catalytic center. When substrate R5P enters and binds covalently to the
active site residue lysine (S.aureus Lys-82), helix a2' closes the active site to protect
the substrate intermediates from the solvent and prepare the enzyme for further
biological steps and also in neutral NHz transport from the Pdx2 subunit. The helix is

found disordered in many reported native Pdx1 structures [69, 90, 92].

Earlier structural investigations of bacterial Pdx proteins showed that the disordered
helix a2' of Pdxl was oriented and ordered after interaction with Pdx2 in Pdx
complex formation from T.maritima (Pdb code: 21SS) [92] and B.subtilis (Pdb code:
2NV2) [90]. Thus, it was assumed that the binding of Pdx2 induces an allosteric
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effect on Pdx1 for enhanced R5P binding affinity [87]. Similar allosteric induction
was also observed in plasmodial PLP synthase, where the helix o2' is disordered in
the native Pdx1. Though, it appeared in the Pdx1-Pdx2 complex but at a position
different to the reported bacterial Pdx complexes and do not cover the Pdxl
phosphate binding site (P1). Further, it was also found that the addition of R5P also
induces this helix ordering in plasmodial Pdx1 [69], with its position closer to what
was observed in the bacterial Pdx complexes. In another study, on yeast
Saccharomyces cerevisiae hexameric Pdx1 native crystal structures (Pdb codes
3006) [91] and 3FEM [99], showed an ordered o2' helix in a position similar to
PbPdx1-R5P (Figure 54) [69]. By investigating the appearance and three-
dimensional spatial position of helix o2' in the S.aureus Pdx1 structure reveals that it
follows the S.cerevisiae Pdx1 and PbPdx1-R5P orientation, as shown in figure 54.
This orientation can be called an “open position”, which allows the entry of NHz to
the active site through the hydrophobic ammonia tunnel.

Figure-54. The relative position and orientation of helix a2' in the Pdx1 structures.

Green: B.subtilis Pdx1 subunit from Pdx complex (the helix do not appear in native BsPdx1), Light
brown: Pdx1 from S.cerevisiae, Light grey: Pdx1 from P.berghei-R5P adduct and Blue is Pdx1
from S.aurues, reported in this study. The relative positions indicate that in native Pdx1 and Pdx1

after complex formation with Pdx2 (B.subtilis) the helix o2' is positioned in different orientations.
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5.4. Pdx1 C-terminus: A key player in PLP catalysis and oligomerization

The functionally conserved but less sequence conserved C-terminus of Pdx1 plays a
major role in the PLP synthase catalysis and also in the oligomerization of the Pdx1
hexameric architecture [87, 99]. Because of the flexible nature [90, 92, 99], the 3D
structure of the full C-terminus is not yet resolved. To date, the reported data indicate
that the C-terminus forms an extended loop in position adjacent to the loop a2 -a2 of
the interface monomer, establishing inter-chain contacts for Pdx1l hexamer
formation. In one study, the 23 C-terminal loop residues of Pdx1 from P.falciparum
and P.berghei were deleted. This results in loss of the PLP synthase activity, but with
intact hexamer and dodecamer, indicating its role in enzyme catalysis. In the next
experiment, the sequence was mutated upstream with 3 more residues deletion (end
residues of C-terminal helix a8") and the results show that Pdx1 is in monomer form
with dimer and trimer molecules in equilibrium. The deletion data corroborate the C-

terminal helix a8" critical role in oligomerization [99, 166].

However, the obtained P.vivax and S.aureus Pdx1 3D structures indicate that the C-
terminal helix o8" is not involved in direct bonding interactions between the
protomers. Instead, the mid part of the C-terminus establishes contacts to the
interface chain, suggesting helix a8" may have an indirect role in the oligomerization
of Pdx1. In both the structures, the flexible C-terminus loop runs in parallel and is
sandwiched between the loop 02’-02 and loop P6-06, establishing a network of
hydrogen bonds and connect interface protomers for oligomerization. The loop B6-a.6
contacts indicate stabilization of the flexible C-terminus and prepare it for proper
bonding to the protomer loop 02"-a2. Further, the structurally important residue Arg-
61 in S.aureus (Arg-69 in P.vivax), a highly conserved residue in the a2"-a2 loop, is
involved in establishing contact between the C-terminus and loop (P6-a6) at the

adjacent protomer subunit.

5.5.  Pdx2 occupies the Pdx1 dodecamer randomly

For both plasmodial and bacterial PLP synthases, Pdx2 is active only in the presence
of dodecameric Pdx1 [68, 103]. The interaction between the two proteins (Pdx1 and
Pdx2) is mediated by the conserved helix aN of Pdx1 [94]. After analyzing the
bacterial B.subtilis Pdx complex, it has been observed that the complex requires the

catalytically inactive Pdx2 in the catalytic triad (residue Histidine) for Pdx1 and
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Pdx2 interactions strengthening, and the complex stabilization [90]. Further, the
Plasmodium (P.berghei) Pdx proteins, with active and inactive Pdx2 variants, were
investigated by electron microscopy. The results showed that a few Pdx2 subunits
from the wild-type variants occupy the Pdx1 dodecamer. Whereas, the inactive
Pdx2H1%N subunits fully occupied PbPdx1 dodecameric ring and resulted in saturated
Pdx1-Pdx2 complex particles [69].

In P.falciparum, Pdx2 was reported previously to be monomeric in solution and a
dimer in the crystal lattice [103]. In contrast, the P.vivax Pdx2 is predominantly
monomeric in solution. However, a fraction of oligomers was identified in the
solution in DLS and SAXS experiments. The CD results indicate approximately 64%
B-sheets and coils in PvPdx2, thereby showing that Pdx2 is prone to some
oligomerization as increased [-sheet content increases the potential for
oligomerization [183]. TANGO, a statistical mechanics algorithm based on the
physicochemical principles of -sheet formation to detect protein oligomerization
[184], suggest that the regions 4-10, 30-35, 84-94, 182-186, and 193-196 of
PvPdx2, which form B-sheets, support oligomerization. Whereas in SaPdx2 fewer
regions are involved in B-sheet formation tending to oligomerize. These are 3-12, 72-
82, and 152-155, indicating different sequence positions from PvPdx2. Further, the
S.aureus Pdx2 was found only in the monomeric state, investigated by SEC, DLS,
and SAXS.

5.6.  Failures in the Pdx complex structure determination

Following the reported PLP synthase data, many manual crystallization attempts, as
well as high-throughput screening, were performed for P.vivax and S.aureus Pdx
complexes. The resultant fragile crystals from P.vivax Pdx complex diffracted only
to low resolution and failed crystallization for S.aureus Pdx complex. The purified
Pdx complex was further investigated by electron microscopy, indicating an uneven
distribution of the Pdx2 subunit at the Pdx1 dodecameric core in the P.vivax Pdx
complex. The possible reason is after utilizing its substrate (Glutamine), Pdx2
detaches from Pdx1 and resulted in a poly-dispersed solution of Pdx complex
molecules with a varying number of bound Pdx2 molecules. This also results in

alterations of the symmetry of Pdx complex molecules. Such a solution is not a good
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starting point for crystallization; therefore, further crystallization attempts were
aborted.

Hence, It has been reported that the Pdx2 active site mutation at H196N resulted in a
fully decorated saturated Pdx1-Pdx2 complex, which resulted in a monodisperse
solution [69]. But the complex subsequently loses its inhibitors binding ability [68].
In another study on S.cerevisiae type-1 GATase (Imidazole Glycerol Phosphate
Synthase), glutamine analog acivicin was detected in a covalently bound state to the
catalytic triad residue (Cys-83) [185]. Therefore, active site mutation was avoided in
this thesis and instead a few potent Pdx2 bound inhibitors were utilized for Pdx
complex stabilization and inhibition. The Kinetic assays indicate inhibition of the Pdx

complex but also failed to crystallize.
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6. Conclusion and Future Outlook

Due to the absence of the ribose 5-phosphate (R5P) dependent pathway enzymes in
humans and their presence in human parasites and pathogens, the PLP synthase
(Pdx1-Pdx2 complex) enzyme has emerged recently as an attractive drug target. PLP
synthase, a GATase enzyme, function as a glutamine amidotransferase and produce
pyridoxal 5-phosphate (PLP), an important vitamin needed for the survival of
different human parasites and pathogens. Pdx complex is composed of two subunits
called Pdx1 and Pdx2, where Pdx2 functions as the glutaminase domain to
metabolize substrate glutamine into neutral ammonia. Whereas, Pdx1 is the synthase
domain which utilizes the substrates ribose 5-phosphate (R5P), glyceraldehyde 3-
phosphate (G3P), and ammonia. The reaction mechanism between the two enzymes
is cooperative, with the ammonia produced by Pdx2 is transported to the active site
of the synthase (Pdx1) domain through a hydrophobic ammonia tunnel. The NHzs is
condensed with R5P at Pdx1 active site, forming a unique intermediate (lz20) which
is afterward converted into PLP by reacting with G3P. Since Pdx1 and Pdx2 depend
on each other for activation and also for their subsequent enzymatic reactions linking
through ammonia tunnel. This hydrophobic tunnel is an important vulnerable site for

inhibitors design, based on the principle of blocking the tunnel.

As the disease-causing human pathogens belong to different evolutionary levels and
the reported Pdx complex has significant differences reported in different prokaryote
and eukaryote species. Based on these differences, the PLP synthase enzymes from
Plasmodium vivax and Staphylococcus aureus were investigated in detail applying
different biophysical approaches like DLS, SAXS, mass photometry (MP), and
nanoparticles tracking analysis (NTA). Investigations were also supported by
electron microscopy analysis of the Pdx proteins. Subsequently, the selected Pdx
proteins 3D structures were also analyzed. Since the Pdx1 enzyme subunit is the
major player in the PLP synthesis, performing a complex series of reactions. There
are around 20 or more enzymatic steps with each having a structurally unique
intermediate involved in the PLP synthesis, with most of them occur at the Pdx1
barrel. Therefore, more focused and detailed comparative structural investigations of

Pdx1 are required.
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In the first part of my thesis, Pdx1, Pdx2, and Pdx1-Pdx2 complex from P.vivax were
investigated applying biophysical techniques like DLS and SAXS, indicating PvPdx1
in solution stable cylindrical dodecameric form. Mass photometry and EM
investigations also indicate its monodisperse dodecameric form aiding its stability
confirmation. PvPdx complex investigations via SEC, DLS, and SAXS, supported by
EM studies, also indicate its solution stable form. Further, the PvPdx1l crystal
structure shows many common structural features to the reported Pdx1 data. The
Pdx1 N-terminal helix (aN) appeared half in PvPdx1, reportedly present at the
interface of proteins (Pdx1 and Pdx2) and is involved in the Pdx1-Pdx2 assembly.
Further, the unique elongated N-terminus sequence appeared only in P.vivax Pdx1,
present before the helix aN, which needs to be investigated in detail regarding its

potential role in Pdx complex stabilization and catalysis.

The counterpart Pdx2 oligomerization is reported for the first time and that its
oligomerization is dependent on time and its concentration, established by DLS,
NTA, and EM studies. Further, the PvPdx2 concentration-dependent oligomerization
is reversible upon interacting with the counterpart Pdx1 dodecamer, studied by time-
resolved DLS, and supported by NTA experimentation. The reversible
oligomerization of PvPdx2 toward complex formation with Pdx1 was also confirmed
by electron microscopy investigations. The EM analysis displayed the Pdx complex

formation after oligomeric Pdx2 interacted with the dodecameric Pdx1.

The second part of my thesis includes detailed investigations of the S.aureus Pdx1,
Pdx2, and Pdx complex, providing comparative information about the plasmodial
Pdx proteins. The investigations aimed to find similarities and differences in the
prokaryotic and eukaryotic Pdx proteins to design a common drug in the future. The
S.aureus monomeric Pdx2 is stable and following the other reported homologous
prokaryotic Pdx2 proteins behaviour in solution in terms of stability and solution
states. Surprisingly, SaPdx1 is found in a hexameric solution state without any
equilibrium dodecameric form. SaPdx1 is the first reported prokaryotic Pdx1 found

as a hexamer in solution without a dodecamer form at equilibrium.

Further, in the SaPdx1 structure the starting residues of helix a6” (important in
dodecamer formation) showed higher deviation from its homologous bacterial and

P.vivax Pdx1 structures which results in a shorter helix a6’, with less number of
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inter-hexameric contacts. Next, the helix a6 and a6” residues Asn-178, Asn-181 in
PvPdx1 that are involved in dodecamer formation are mutated to Ser-170 and Ser-
173 in SaPdx1 with no inter-chain bonding. Similarly, Asn-169 (Arg-177 in P.vivax)
and Met-184 (Tyr192 in P.vivax) appeared in SaPdx1 with loss in inter-chain (inter-
hexamer) salt bridging. Interestingly, the presence of phosphate ion at the hexamer
interface in SaPdx1, in the proximity of the helices a6” and a5, connect interfacing
monomers through hydrogen bonding. Noting that these PO4 ions result from the
crystallization condition of SaPdx1, including different metals phosphate and sulfate

salts.

S.aureus Pdx complex investigated here shows different solution behavior in
biophysical studies like SEC and DLS, with subsequent X-ray solution scattering
(SAXS) results. Generally, dodecameric Pdx1 after interaction with Pdx2 forms a
24meric Pdx1-Pdx2 complex. However, the SaPdx complex is displaying a
tetrameric form in SAXS data with a 1:1 ratio of Pdx1 and Pdx2. Further, the Pdx
complex from hexameric Pdx1 and monomeric Pdx2 is not reported in any in-vitro or
in-vivo studies, until now. Thus, SaPdx complex assembly (Figure 55) investigation
IS a wise approach, with potential new information providing about the PLP synthase

complex machinery structure and function.

In summary, compared to other plasmodial homologs, Pdx1 and the Pdx complex
from P.vivax are more stable in solution than their homologs. Therefore, the stable
P.vivax Pdx complex structure characterization in terms of the PLP biosynthetic
mechanism utilizing X-ray crystallography with substrate analog complexes provides
snapshots of different catalytic steps would be a good future strategy in this project.
Further, after analyzing Pdx1 from P.vivax and S.aurues comparatively by applying
different biophysical and bioanalytical techniques, indicates their respective stable
solution states. Their comparative crystal structures demonstrate that the functionally
important common structural features need to be considered and investigate as drug

target regions for future drug design studies.
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SaPdx1 hexamer SaPdx1-Pdx2 complex

Figure-55. Schematic representation of the S.aureus Pdx1 and Pdx complex.
SaPdx1 schematic representation, where each circle (green) is a Pdx1 monomer, arranged in
hexamer form in solution and after reacting with Pdx2 (red) forming a potential Pdx1-Pdx2

complex.
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Compound CAS-No. | GHS hazard Hazard - Precautionary statements**
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Agarose 9012-36-6 - - -
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GHS03,GHS07,| H315, H317, P280, P305+351+338,
APS 7721-54-0 GHS08 H319, H334, | P302+352, P304+340, P301+312
H335
Bromophenol 115-39-9 ) ) )
blue
CaCl, 10043-52-4 GHSO07 H319 P305+351+338
Calcium acetate | 114460-21-8 - - -

. . P264, P280, P305 + P351 + P338,
Citric acid 77-92-9 GHSO07 H319 P337 + P313
Coomassie

Brilliant 6104-59-2 - - -

Blue R250
H302, H315,
DTT 577517 GHSO07 H319 H335 P302,352, P305+351+338

EDTA 60-00-4 GHSO07 H319 P305+351+338

P210, P240, P305+351+338,

Ethanol 64-17-5 GHS02 H225, H319 P403+233
. . H302, H330,

Ethidium bromide| 1239-45-8 | GHS06, GHS08 H341 P260. P281. P284. P310

Glucose 50-99-7 - - -

Glycerol 56-81-5 - - -

Glycine 56-40-6 - - -

L. P261, P264, P301 + P312, P302 +
) %‘r‘g;'ﬁgr‘f . | 50011 GHSO07 H:gf; HH§f§ P352. P304 + P340, P312, P305 +
y ’ P351 + P338
Hepes 7365-45-9 - - -
Hydrochloric acid H290, H314, |P234, P261, P271, P280, P303 + P361
>37% 7647-01-0 | GHS05, GHS07 H335 + P353, P305 + P351 + P338
P260, P280, P301 + 312, P303 + 361
Imidazole 288-32-4 | CHS05,GHS07, H302, H314, | | 5ed' nans', 340 + 310, P305 + 351
GHS08 H360D +1338
Isopropanol 67-63-0 GHS02,GHS07 H22H5§)I?:|:19, P210, P233, P305+351+338
KCI 7447-40-7 - - -
. H302, H315, pP264, P270, P280, P301 + P312,
Licl 7441-41-8 GHSO07 H319 P302 + P352, P305 + P351 + P338
o P280, P301 + P312 + P330, P305 +
Lithium sulfate 10377-48-7 GHSO07 H302, H319 P351 + P338, P337 + P313
Lithium citrate | 313222-91-2 GHSO07 H319 P305 + P351 + P338
Compound CAS-No. GHS hazard Hazard Precautionary statements
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statements

MgCl, 7786-30-03 - - -
NaH,PO4 7558-80-7 - - -
NaOH 1310-73-2 GHS05 H314 P280, P310, P305+351+338
NaCl 7647-14-5 - - -
Trisodium citrate| 6132-04-3 - - -
Paraffin 8002-74-2 - - -
PEG4000 25322-68-3 - - -
PEG6000 25322-68-3 - - -
PEG8000 25322-68-3 - - -
PMSF 329-98-6 GHS05,GHS06 H301, H314 | P280, P310, P361, P305+351+338,
H228, H302, P210, P273, P280, P301 + P312 +
SDS 151-21-3 GHSga’SOF;S%’ H315, H318, | P330, P302 + P352, P305 + P351 +
H335, H412 P338 + P310
GHS02,GHS05,| H225, H302,
TEMED 110-18-9 GHS07 H314, H332 P261, P280, P305+351+338
Tetracycline 60-54-8 GHSO07 H302 P301 + P312 + P330
Tris 1185-53-1 GHS07 H315, H319, P261, P305+351+338
H335
Tryptone 91079-40-2 - - -
Yeast Extract 8013-01-2 - - -
Casein 9000-71-9 - - -
KoHPO,4 16788-57-1 - - -
KH2PO4 7778-77-0 - - -
e P261, P272, P280, P284, P302 +
Carbenicillin 4800-94-6 GHS08 H317, H334 P352, P304 + P340 + P312
Chloramphenicol 56-75-7 GHS08 H351 P201, P308+313
Isopropyl-B-D
Thlogalapto 367-93-1 i i i
pyranosid
(IPTG)
.. H315, H319, P321
Bicine 150-25-4 GHSO07 H336
Ammonium
Acetate D ) ) )
Ammonium P264, P270, P280, P301 + P312,
chloride 12125-02-9 GHS07 H302-H319 | pan5 4 p3sy + P338, P337 + P313
Ammonium 7783-20-2 ) ) )
sulfate
Bis-Tris 6976-37-0 GHS07 H31H5§,3H5319, P261, P305+351+338
MES 4439-31-9 GHS07 H31H5§,3H6319, P261, P305+351+339
Sodium Acetate 6131-90-4 - - -
Sodium Citrate 68-04-2 - - -
Sodium malonate| 141-95-7 - - -
Nal 7681-82-5 GHS07,GHS08,| H315, H319, P260, P264, P273, P302 + P352,
GHS09 H372, H400 P305 + P351 + P338, P314
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Hazard )
Compound CAS-No. GHS hazard Precautionary statements
statements
H302, H332,
H315, H317,
] GHS07,GHSO08, P201, P273, P280, P302+352,
NiSO, 10101-97-0 H334, H341,
GHS09 ) P304+340, P308+313
H350i,H360D,
H372, H410
Ammonium
hydrogen 1066-33-7 GHS07 H302 P301+312, P330
carbonate
H225, H332,
o P210, P240, P302+352,
Acetonitrile 75-05-8 GHS02,GHS07 H302, H312,
P305+351+ 338, P403+233
H319
P210, P280, P303+361+353,
GHS02,
. ) H226, H302, P304+340+310,
Formic Acid 64-18-6 GHSO05,
H314, H331, P305+351+338,
GHSO06
P403+233
P260, P280, P301 + P330 +
P331, P303 + P361 + P353 -
TCEP 51805-45-9 GHS05 H314
P304 + P340 + P310, P305 +
P351 + P338
H302, H311, P280, P301 + 312 + 330,
MTG 96-27-5 GHSO06
H315, H317 P302 + 352. P312
R5P 207671-46-3 - - -
G3P 591-57-1 - - -
Glutamine 56-85-9 - - -
* "2" for physical hazards

"3" for health hazards

"4" for environmental hazards

** "1" for general precautionary statements
"2" for prevention precautionary statements
"3" for response precautionary statements
"4" for storage precautionary statements

"5" for disposal precautionary statements
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A3.2. Crystallization Screens

Crysggll‘lel:gtlon Supplier GHS hazard Hazard statements | Precautionary Statements
H225, H301, H330,
AMSO.-Suite Qiagen GHS02, GHS06, H350, H340, P101, P201, P273,
4 g GHS08, GHS09 H360FD, H371, pP280, P309+311
H411
H225, H301, H302,
GHS02, GHS06, | H315, H319, H331, P10P12'7P320P12'8F;270’
ComPAS-Suite Qiagen GHS07, GHS08, H332, H335, H340, ! !
P305+351+338,
GHS09 H350, H360FD, P309+311 P313
H373, H411 !
Volecular | GHS02 GHSO5, | H225, H301, H312, P10P12,7P320P12,8POZ70,
JCSG-Suite Dimensions GHS06,GHS07, H315, H318, H331, P305+é51+3é8
GHS08, GHS09 H335, H350, H411 P309+311, P313
H225, H301, H302,
Voleular | GHS02 GHS06, |  H315, H319, H331, P10P12'7P320P12'8F;270*
MORPHEUS . . GHS07, GHS08, H332, H335, H340, ! !
Dimensions P305+351+338,
GHS09 H350, H360FD, P3094311 P313
361d, H373, H411 '
. Molecular P101, P270, P273,
PACT premier Dimensions GHS06 H301, H331, H412 P280, P309+311
H225, H301, H302,
Volecular | GHS02 GHS06, | H315, H310, H331, P10P12'7P320P12';0270*
Structure . . GHS07, GHSO08, H332, H335, H340, . !
Dimensions P305+351+338,
GHS09 H350, H360FD, P309+311 P313
361d, H373, H411 !
H225, H301, H302,
. GHS02, GHSO06, H315, H319, H331, P101, P201, P270,
Stura Footprint Molecular P273, P280,
. . GHS07, GHSO08, H332, H335, H340,
& Macrosol Dimensions P305+351+338,
GHS09 H350, H360FD, P3094311 P313
H373, H411 !

A3.3. GHS and Risk Symbols

SO SO

GHS02 GHS03 GHS04 GHSO05

O

GHS06 GHS07 GHS08 GHS09

Figure 56: GHS Pictograms: Summary of all GHS pictograms along with the respective nomenclature.

166



A3.4. Hazard Statements

H225
H226
H228
H272
H280
H290
H300
H301
H302
H302+H332
H310
H311
H312
H314
H315
H316
H317
H318
H319
H330
H331
H332
H334

H335
H336
H340
H341
H350
H360fd
H361f
H372
H373
H400
H410
H411
H412

Highly flammable liquid and vapour.

Flammable liquid and vapour.

Flammable solid.

May intensify fire; oxidiser.

Contains gas under pressure; may explode if heated.
May be corrosive to metals.

Fatal if swallowed.

Toxic if swallowed.

Harmful if swallowed.

Harmful if swallowed or if inhaled.

Fatal in contact with skin.

Toxic in contact with skin.

Harmful in contact with skin.

Causes severe skin burns and eye damage.

Causes skin irritation.

Causes mild skin irritation

May cause an allergic skin reaction.

Harmful if swallowed or if inhaled.

Causes serious eye irritation.

Fatal if inhaled.

Toxic if inhaled.

Harmful if inhaled.

May cause allergy or asthma symptoms or breathing difficulties if
inhaled.

May cause respiratory irritation.

May cause drowsiness or dizziness.

May cause genetic defects.

Suspected of causing genetic defects.

May cause cancer.

May damage fertility or the unborn child.

Suspected of damaging fertility.

Cause damage to organs through prolonged or repeated exposure.
May cause damage to organs through prolonged or repeated
exposure.

Very toxic to aquatic life with long lasting effects.
Toxic to aquatic life with long lasting effects.
Harmful to aquatic life with long lasting effects.
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A3.5. Precautionary Statements

P101
P201
P210

P233
P234
P240
P260
P261
P264
P270
p271
P273
P280
P281
P284
P301+310

P301+312
P301+312
+330
P301+330
+331
P302+352
P303
P303+361
+353
P304+340

P304+340
+310
P305+351
+338
P305+351
+338

P308+310
P308+313
P309+311

P310
P312
P321
P330
P331

If medical advice is needed, have product container or label at hand.
Obtain special instructions before use.

Keep away from heat, hot surfaces, sparks, open flames and other ignition
sources. No smoking.

Keep container tightly closed.

Heating may cause a fire.

Ground and bond container and receiving equipment.

Do not breathe dust/fume/gas/moist/vapours/spray.

Avoid breathing dust/fume/gas/mist/vapours/spray.

Wash thoroughly after handling.

Do not eat, drink, or smoke when using this product.

May be harmful if inhaled.

Avoid release to the environment.

Wear protective gloves/protective clothing/eye protection/face protection.
Suspected of causing genetic defects.

Fatal if inhaled.

IF SWALLOWED: Immediately call a POISON CENTRE

or doctor/physician.

IF SWALLOWED: Call a POISON CENTRE or doctor if you feel unwell.
IF SWALLOWED: Call a POISON CENTRE or doctor/physician if you
feel unwell. Rinse mouth.

IF SWALLOWED: Rinse mouth. Do NOT induce vomiting.

IF ON SKIN: Wash with plenty of soap and water.

Causes severe skin burns and eye damage.

IF ON SKIN (or hair): Remove/Take off immediately all contaminated
clothing. Rinse skin with water or shower.

IF INHALED: Remove person to fresh air and keep comfortable for
breathing.

IF INHALED: Remove person to fresh air and keep comfortable for
breathing. Immediately call a POISON CENTRE or doctor/physician.
IF IN EYES: Rinse cautiously with water for several minutes. Remove
contact lenses, if present and easy to do. Continue rinsing.

IF IN EYES: Rinse cautiously with water for several minutes. Remove
contact lenses, if present and easy to do. Continue rinsing. Immediately
call a POISON CENTRE or doctor/physician.

IF exposed or concerned: Immediately call a POISON CENTRE or doctor.
IF exposed or concerned: Get medical advice/attention.

IF exposed or you feel unwell: Call a POISON CENTRE or doctor/
physician.

Immediately call a POISON CENTRE or doctor.

May be harmful if swallowed.

Specific treatment (see respective MSDS).

Rinse mouth.

Do NOT induce vomiting.
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P337+313 Causes eye irritation.
P342+311 If experiencing respiratory symptoms: Call a POISON CENTRE or doctor.
P370+378 In case of fire: Use dry sand, dry extinguishing powder or alcohol
resistant foam for extinction.
P391 Collect spillage.
P403 Store in a well-ventilated place.
P403+233  Store in a well-ventilated place. Keep container tightly closed.
P403+235  Store in a well-ventilated place. Keep cool.
P405 Store locked up.
P501 Dispose of contents / container in accordance with local / regional / national
/ international regulations.
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