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1. INTRODUCTION

1. Introduction

1.1. Bacterial biofilm formation as a significant virulence principle

A large number of biotic and abiotic surfaces can be infected by a single or mixed microbial
species forming biofilms, a meshwork of unicellular organisms enclosed in an extracellular
bacterial derived matrix composed of proteins, polysaccharides and nucleic acid (Fey and
Olson, 2010; O’Toole et al., 2000). Bacteria reside in biofilms not only in nature but they
also get attached to the household surfaces such as curtains, shower-heads, drinking water
systems and bath sinks (Mullis and Falkinham, 2013; Rozej et al., 2015; Xu et al., 2014).
Although mostly biofilms are formed by mixed multiple microbial species, they can also
consist of a single microbial species (Adal and Farr, 1996). Pseudomonas aeruginosa has
emerged as the most studied single-species, biofilm-forming gram-negative bacterium,
although, as detailed in this review, among the gram-negative bacteria, Pseudomonas
aeruginosa, Escherichia coli and Vibrio cholerae have also been studied in detail. Gram-
positive biofilm-forming bacteria that have been studied include Staphylococcus epidermidis,

Staphylococcus aureus and enterococci (O’Toole et al., 2000).

Staphylococcus epidermidis and different Pseudomonas species assemble biofilm
communities resembling mushroom like structures, while most of the biofilms are arranged
in multiple cell layers. Flat, dried and wrinkled colonies on agar plates are formed by Vibrio
cholerae and Bacillus subtilis (Bester et al., 2011; Lopez et al., 2010; Seper et al., 2014).
Biofilms formed in silica are a major threat to food processing and are formed by
Anoxybacillus flavithermus (Saw et al., 2008). Small yellow air balloon shaped biofilms have
been observed to be organized by Myxococcus xanthus species (Kim et al., 2009; Zhang et
al., 2005). A matrix which is a slimy substance surrounds around and on the surface of each
bacterial cell is a general feature of all biofilms formed by bacteria. It helps in the survival of
bacteria by protecting them from external environment and providing nutritious substances
and water to the cells (Bester et al., 2011; Lopez et al., 2010). This matrix is composed of
carbohydrates, proteins, extracellular DNA and phospholipids (Becker et al., 2014; Christner
et al., 2012; Linnes et al., 2013; Reichhardt et al., 2015). A phenomenon referred to as

qguorum sensing has been observed, in which passive diffusion of nutrients and other
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substances through the porous matrix helps in sharing them between the cells and acting as
cell communicating components (Banat et al., 2014). The survival and growth of cells
depend on each other, as the cells get benefits from each other (Bester et al., 2011; Xu et al.,
2014).The most remarkable function of the matrix is to protect the cells against external
environment and mechanical shattering. The matrix also deals with the chemical effects on
cells, such as disinfectants, antimicrobials and antibiotics. In summary, the biofilm
safeguards cells against mechanical, chemical and physical stresses, limited nutrient

availability and tearing and shearing forces (Banat et al., 2014; Taylor et al., 2014).
1.2. Staphylococcus epidermidis, its prevalence and pathogenicity

Staphylococcus epidermidis belongs to the group of coagulase negative staphylococci
(CoNS). It is the most frequently found species in the human epithelia and the most abundant
species responsible for infection (Kloos and Musselwhite, 1975). An average of 10-24
different strains are carried by a person (Grice et al., 2009). It is the third most common
cause of nosocomial infections and is frequently found in infections of implanted medical
devices. The two major features predominate the cause of infection - the prevalence of S.
epidermidis on human skin, which is due to its exceptional ability to stick to skin and
biomaterials, such as indwelling medical devices and forming multilayered biofilms (Cheung
et al., 2010; Otto, 2009). The genome analysis of S. epidermidis illustrates that the species is
equipped with the genes, which provide protection against harsh environmental conditions
e.g. extreme salt concentrations and osmotic pressure in its natural habitat (Gill et al., 2005;
Zhang et al., 2003). The infection normally starts when the bacterium finds its way to the
patient from skin during implantation of medical device. The use of such implanted medical
devices (IMDs) has been increased due to certain medical health conditions, which has

ultimately resulted in increased rate of infection (O’Grady et al., 2002).

Antibiotic susceptible S. epidermidis, that are part of normal skin flora, are replaced by
antibiotic resistant nosocomial strains of S. epidermidis upon admission of a patient to a
hospital (Ahlstrand et al., 2011; Rohde et al., 2004).These infection causing strains can be

transmitted from patient to patient. Health care providers, dealing with patients, might be a
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cause of spread from one unit to the other, one hospital to another and even from one country
to another country (Kozitskaya et al., 2005; Widerstrom et al., 2012).

Figure 1: Sites of infections in which biofilm formation is of relevance to pathogenesis.

[https://mwww.biofilm.montana.edu/files/CBE/images/CBEO3_1n2infect(1).preview.jpg]
1.3. Biofilm Formation

Every bacterial species forms biofilm by passing through four main steps- primary
attachment (adhesion), dispersion (accumulation), maturation and liberation or detachment
(McCann et al., 2008). These stages are regulated by different proteins, polysaccharides and
lipids. The availability of nutrients, surrounding medium and various other factors like pH,
oxygen level and temperature play key roles in biofilm formation (Fey and Olson, 2010).
When a medical device is implanted into the body of a patient, surface conditioning of the
implant takes place by the macromolecular proteinaceous and polysaccharide containing
components in the body fluids such as blood, urine, saliva, mucous etc. and a conditioning
film is formed by adsorption of these elements onto the device (Choong and Whitfield,
2000).
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The chemistry of the abiotic surface of the device also plays a major role in adhesion of the
substances, because each attachment protein has its own specificity towards a specific
surface, for instance, the small basic protein (Sbp) expressed by S. epidermidis 1457 tends to
bind to glass and the surfaces made by polystyrene, while fibronectin is an important
adherent for extracellular matrix binding protein (Embp) produced by S. epidermidis 1585
(Patel et al., 2012). S. epidermidis also attaches to the unmodified native surfaces and a
number of unspecific chemo-physical factors, such as van der Waals forces, steric
hindrances, surface tension, electrostatic and hydrophobic forces are involved in attaching
the bacteria to native surfaces (Dunne, 2002). A staphylococcal protein autolysin E, AtIE,
plays a vital role in adhering bacteria to both conditioned and unconditioned polymer
surfaces (Rohde et al., 2006)and attaches to vitronectin and polystyrene (Heilmann et al.,
1996). A reduced virulence has been observed by the strains lacking AtIE (Patel et al., 2012).

Detachment

——

Primary
Attachment

J

Accumulation &
Maturation

Figure 2: Schematic organization of S. epidermidis biofilm formation. Multiple factors induce
primary attachment of bacterial cells to the biotic or abiotic surface and then the expression of
polysaccharides and proteins take place resulting accumulation and maturation phases of biofilm
formation. Some of the cells detach from biofilms naturally and start the process again after

colonizing new surfaces (Rohde et al., 2006).

A polysaccharide responsible for primary attachment of bacterial cells to the surface in S.
epidermidis is polysaccharide intercellular adhesin (P1A), which is an N- succinylated p- 1,6
linked polyglucosamine (Mack D, 1994). The biosynthesis machinery necessary for PIA
production is encoded by the icaADBC operon (Gerke et al., 1998; Heilmann et al., 1996).

PIA mediated intercellular adhesion and its production ultimately leads to aggregation of
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bacteria during maturation phase (Patel et al., 2012). Additionally, the other non-protein
molecule, teichoic acid, which is found in cell wall interacts with fibronectin associated
surfaces and hence participates in the attachment process of bacteria to the surface to start
biofilm formation (Hussain et al., 2001). After adherence of bacterial cells to the surface, the
accumulation phase of the biofilm formation takes place, in which bacteria proliferate, inter-
bacterial adhesion of cells takes place and multilayered cell clusters are formed resulting in a
complicated meshwork of aggregated bacteria on the surface (McCann et al., 2008). At this
step, the expression levels of accumulation associated protein (Aap) and Bap homologue
protein (Bhp) raises dramatically in addition to the expression of PIA (Patel et al., 2012). It
results in a step towards the formation of a robust mature biofilm in which the importance of
adhesive proteins in inevitable (Nakano et al., 1998; Patel et al., 2007). The bacterial strain
which lack PIA and Aap, Embp plays its role in intercellular adhesion. However, a broad
distribution of icaADBC, PIA and Aap in the clinically important population of S.
epidermidis suggests, that these factors work cooperatively during accumulation phase of
biofilm formation (Christner et al., 2012; Rohde et al., 2004; Rohde et al., 2007).

The maturation phase of biofilm assembly is characterized by the differentiation of cell
layers and the construction of river like channels. A highly organized mushroom-like biofilm
structure by the generation of slime glycocalyx encased with surface bound bacterial cells in
a gelatinous matrix has also been observed (Dunne, 2002; Rohde et al., 2006). The river-like
channels participate in bathing the cells by transporting fresh nutrients and medium to the
cells through their river-like channels just like a mushroom does (Rohde et al., 2006).
Finally, the mature cells detach the bacterial consortium to colonize a new surface point
(Otto, 2014). The detachment of cells and formation of more infecting sites are of key
importance for the prevalence of biofilm forming infections (Kong et al., 2006). Toxaemia
linked to acute staphylococcal infections is also contributed by dissemination of bacterial
cells from the mature consortium (Yarwood and Schlievert, 2003). The quorum sensing
accessory gene regulatory system (Agr system) plays a vital role in the detachment process
(Vuong et al., 2004; Yarwood and Schlievert, 2003). The Agr system additionally plays a
role in the production of recognition of peptide based pheromones leading to the formation of

surfactant-like 8-hemolysin, which enhance biofilm detachment. At the stationary phase,
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accumulation associated protein supports in biofilm detachment process, while being down
regulated. Additionally, AtIE is upregulated by the Agr system during cell detachment (Wang
etal., 2011).

1.4. Factors involved in biofilm formation

The mechanisms involved in biofilm formation are complex. The biofilm entities in
staphylococcal species are either protein or polysaccharide based, depending upon the
genetic makeup of the organism (Go6tz, 2002; Rohde et al., 2007; Buttner et al., 2015). The
extracellular matrix also contains extracellaular DNA (eDNA), which is supposed to be
involved in early accumulation stage of biofilm formation (Biittner et al., 2015; Nakano et
al., 1998).There is a need of a balanced expression of all the components involved in a
mature biofilm formation. A small basic protein (Sbp), accumulation associated protein
(Aap), polysaccharide intercellular adhesion (PIA) and the extracellular matrix binding
protein (Embp) play inevitable roles in biofilm formation (Gotz, 2002; Liduma et al., 2012;
Macintosh et al., 2009; Patel et al., 2012; Reiter et al., 2014). An interesting finding is that
biofilm formation seems to be a survival strategy of the cells, because the factors involved in
biofilm formation are usually induced by stress including high levels of zinc, glucose,
glucosamine, abrupt variability in temperature, pH change, high osmolarity and the presence
of ethanol (Cerca et al., 2011; Conrady et al., 2008; G6tz, 2002; Mack et al., 1992).

1.4.1. Polysaccharide intercellular adhesin (P1A)

Polysaccharide intercellular adhesin (PIA) and its structural homologs such as poly N-acetyl
glucosamine (PNAG) in Staphylococcus aureus are of primary importance. Such
carbohydrate based adhesins are not only found in staphylococcus but also in other bacterial
organisms. The structures are encoded by orthologous icaADBC operons (Kaplan et al.,
2004; Wang et al., 2004). This operon is carried by most of the food processing and clinical
samples of S. epidermidis (Frebourg et al., 2000; Rohde et al., 2004). Each gene in the
operon has its own specific function, which helps in biofilm formation (Muong et al., 2004).
IcaA and IcaD are found in the cytoplasmic membrane. IcaA acts as a catalytic enzyme

representing N-acetylglucosaminyltransferase activity, while IcaD has been found to enhance
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the activity of IcaA. IcaAD makes N-acetylglucosamine oligomers, which are essential for
the synthesis of PIA. There is another gene icaC present in between icaA and icaD having
the features of an integral membrane. The long chain PIA synthesis requires the icaC gene as

an essential element (Gerke et al., 1998).

PIA constitutes the matrix in biofilm formation. It is a homoglycan (molecular weight >230
kDa) mainly consisting of approximatelyl30 -1, 6-linked-2-acetamido-2-deoxy-D-
glucopyranosy! residues. Positive charges, which are significant for the adhesive properties
of the molecule, are produced by the deacetylation of 15% residues of PIA. The rest of the
molecule remains N-acetylated (Mack et al., 1996; Rohde et al., 2010). Ester linked
succinates are also present in PIA, that introduce negative charges into the molecule
additionally. The simultaneous presence of negative and positive charges makes the
intercellular adhesive properties of PIA (Gerke et al., 1998; Vuong et al., 2004).

icaR icaA icaD icaB icaC

< SE— -

Figure 3: Synthesis of PIA depends on icaADBC operon. IcaR is a regulator at the upstream of the
operon (Vuong et al.,, 2004). The ability of formation of biofilms depends on this operon by
synthesizing PIA in PIA dependent biofilm formation strains, such as S. epidermidis M10 (Mullis and
Falkinham, 2013).

In animal models of foreign material infection, PIA negative mutants were significantly less
virulent as compared to isogenic wild type strains (Rupp et al., 1999; Mack et al., 2000)
demonstrating that PIA is of significant importance for the establishment of a S. epidermidis

biofilm infection.
1.4.2. Extracellular matrix binding protein (Embp)

Different bacterial species express extracellular matrix binding protein with slight variations,
e.g. Emb in Streptococcus defectivus and Ebh in S. aureus (Christner et al., 2012; Clarke et

al., 2002; Manganelli and van de Rijn, 1999). Embp in S. epidermidis is encoded by the
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Embp gene and is 1.1 MDa in size. Embp expression is co-related to high osmotic stress
(Linnes et al., 2013).

1.4.3. Accumulation associated protein (Aap)

Accumulation associated protein (Aap) is a thin cell wall anchored protein and extends
120nm away from the cell wall in the form of fibrils (Becker et al., 2014). It is expressed in
protein as well as polysaccharide based biofilms (Conrady et al., 2008). Aap not only
contributes to the first attachment of bacterial cells to the surfaces, but also plays its role in
the accumulation phase of biofilm formation (Becker et al., 2014; Liduma et al., 2012;
Schaeffer et al., 2015). The protein is encoded by the aap gene. The molecular size ranges
from 140-220 kDa, which depends upon the number of domain B repeats (Rohde et al.,
2007). It contains four regions named as domain A, L-type lectin domain, domain B and a
LPXTG-motif containing C-terminal cell wall anchor. The N-terminal domain A repeat
region consisting of 11 degenerate 16 aa-repeats, and is involved in primary attachment to
abiotic surfaces (Becker et al., 2014; Schaeffer et al., 2015). Domain B is composed of a
variable number of 5 to 17 nearly identical 128-aa repeats and terminates into a “half-repeat”
and a “collagen-like” repeat (Rohde et al., 2007). Each repeat is composed of a 78 aa G5-
and a 50 aa E domain Repeats are referred to as G5 domains (Conrady et al., 2013;
Macintosh et al., 2009). The G5 domain consists of 6 p-strands and has 5 glycine residues
conserved in each G5 domain. A 50 residue space region E is found in between two
consecutive G5 domains. The region is also of similar sequence as G5 domain (Conrady et
al., 2013). SasG is an S. aureus homologue of Aap in S. epidermidis. Both have similar
structures and are supposed to have similar functions as adhesive components in biofilm
formation (Schaeffer et al., 2015). G5.E repeats of Aap and SasG oligomerize and form a
twisted rope-like structure in the presence of Zn** (Conrady et al., 2008; Conrady et al.,
2013).
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Domain A 212 AA Domain B P/G rich

93 268 608 2223 2359
Sliilis  SANNNNRERREREI Bl
r— —
16 AA 128 AA

Figure 4: Schematic representation of Aap. Aap domain A, a site of 212 amino acids for
proteolytic processing and domain B consisting of G repeats. The cell wall anchor motif consists of a
G rich region and a LPXTG motif at the C-terminus (Conrady et al., 2008, modified).

An L-type lectin domain consisting of 212 amino acids is present between domain A and
domain B, which serves as a cleavage site for proteolytic processes (Rohde et al., 2015;
Paharik et al., 2016). Aap induces biofilm formation after removal of its domain A by
proteolytic cleavage by metalloprotease SepA (Rohde et al., 2005). An LPXTG motif at the
C-terminal behind domain B is associated with the covalent attachment of Aap to the surface
of bacteria (Becker et al., 2014; Conrady et al., 2008; Schaeffer et al., 2015).

1.4.4. Small Basic Protein (Sbp)

An 18 kDa protein with its basic isoelectric point (pl=9.8) is referred as small basic protein
(Sbp). It is encoded by 513 nucleotides. It is an extracellular protein that plays a pivotal role
in forming a highly ordered architecture of the biofilm matrix (Decker et al., 2015). Shp
makes a biofilm scaffold, which provides support for cell to cell adhesion and aggregation
for PIA and Aap dependent biofilm formation. The direct induction of cell aggregation in
biofilm by Sbp has not been observed keeping the structural and functional organization of
Sbp onto biofilm in consideration. Hence, Sbp has significant relevance with the protein
(Aap) as well as polysaccharide (PIA) and is one of the significant co-factors required for
fostering intercellular adhesins (Decker et al., 2015). The strains in which Aap, PIA or Embp
have been studies as intercellular adhesins show, that the spatial distribution of these
components is different in biofilms (Schommer et al., 2011). The predominantly cell surface
localized proteinaceous intercellular adhesins (Aap and Embp) are also found in the

intercellular matrix in rather small amounts (Decker et al., 2015).
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A distinct spatial distribution pattern of Shp localization within the extracellular matrix and
accumulation at biofim-surface interface has been observed (Decker et al., 2015). It has been
speculated that Sbp primes the surfaces of implants during colonization of cells during
biofilm formation by S. epidermidis and promotes the stabilization of tethering of mature
biofilms on surfaces e.g. polystyrene (Decker et al., 2015). Sbp and domain B of Aap co-
localize on living biofilms. Sbp is necessary for the biofilm formation which is mediated by
Aap domain B. Besides the direct involvement of Sbp in Aap mediated biofilm formation, it
could also impart an impact through indirect modalities e.g. by recruiting additional and yet
unknown factors to the cell surface, which could act as ligands for Aap.

Legend
se4444 Aap domain-B

Primary Surface Biofilm
Attachment Priming Accumulation

Figure 5: Model of the functioning of Sbp in S.epidermidis based biofilm formation. S.
epidermidis cells that are free-floating having Sbp bound on their surfaces attached to artificial
surfaces resulting in the localization of Sbp at the bacterial-substrate interface. The stability of cells
along the foreign material interactions and adherence in the accumulation step require the deposition
of Sbp as surface priming process. Surface priming and accumulation steps take place more or less
simultaneously. The formed biofilm extracellular matrix has Sbp co-localized with PIA. The biofilm
mediated by PIA depends upon the presence of Sbp, which stimulates (unknown mechanism so far)

icaADBC transcription and subsequent release of PIA. Additionally, Aap domain-B dependent

10
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bacterial aggregation requires Shp as necessary factor, most probably through molecular interactions.
Some other factors, fibronectin and lipids, involved in the biofilm formation cannot be ignored here
(Decker et al., 2015).

Shp plays a vital role in PIA mediated biofilm formation as well (Decker et al., 2015). The
integration of cells into the biofilm consortium by PIA takes place as a result of its ionic
interactions with charged cell surfaces (Vergara-lIrigaray et al., 2008). A homologue of PIA
in E. coli called PNAG interacts with lipopolysaccharides (LPS) (Amini et al., 2009). Sbp
provides potential charged character to the surface to which PIA binds, as a result, Sbp is the
possible receptor for PIA (Decker et al., 2015). It is most likely that in the strain with the
mutant Sbp, the PIA production becomes reduced due to the down regulation of icaADBC
expression (Decker et al., 2015). To understand the involvement of Sbp, along with other
factors, in signaling the stimulation of biofilm formation will be of key importance in the

future.
1.5. Therapeutic options, antibiotic treatment and resistance

It is highly challenging to disrupt a once matured biofilm on an implanted medical device
(IMD) and in most of the cases, the removal of the implant is the only choice to get rid of
infection, which usually needs a second surgery and patients are again prone to risks of other
infections (Rohde et al., 2006). The disruption of bacterial cells through antimicrobial agents,
phagocytosis or antibiotics provides protection against biofilm formation. Normally,
macrophages and neutrophils in the human immune system disrupt the planktonic bacterial
cells through phagocytosis (Schell et al., 2014). The antimicrobial characteristic of
neutrophils is defined by defensins, lysozymes, cathelicidins and reactive oxygen species
whereas,nitrogen species and pro-inflammatory cytokines are produced by macrophages
(Gruszkaet al., 2015; Scherr et al., 2014). Lytic enzymes are released by dying phagocytes to
kill the planktonic cells (Scherr et al., 2014). However, the organization of bacterial cells into
biofilm results in the ineffectiveness of all the above strategies. Moreover, the serum proteins
of the patient e.g. fibrinogen, fibronectin, collagen, vitronectin, thrombospondin, bone
sialoprotein and elastin provide considerable support to bind to the extracellular binding

proteins of the micro-organisms e.g. Embp in S. epidermidis, Emb in Streptococcus
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defectivus and Ebh in S. aureus (Christner et al., 2010; Clarke et al., 2002; Linnes et al.,
2013; Manganelli and van de Rijn, 1999). Collagen is one of the substances that support the
attachment of biofilm. Bacterial compounds activate macrophages, which lead to the
production of urea and ornithine in higher amounts that ultimately results in tissue
remodeling and collagen formation instead of phagocytosis (Scherr et al., 2014). Biofilms
support the survival of cells within the consortium even in the presence of antimicrobial
peptides. The effector mechanisms of the host immune system are also not very effective
against such kind of organized cells (Foster, 2005; Vuong et al., 2004). Antibiotics,
antimicrobials and disinfectants also face resistance due to the production of Aap, PIA and
Embp (Ganeshnarayan et al., 2009; Knobloch et al., 2002). The disruption of a biofilm
matrix is therefore important to expose the cells for phagocytic killing, disinfectants and
antimicrobials (Banat et al., 2014; Ganeshnarayan et al., 2009; Schaeffer et al., 2015).

1.6. Advanced methods in structural biology

With the discovery of X-rays, the method of crystallography was established to obtain and
observe the diffraction patterns of X-rays, which have been diffracted at the crystal lattice of
different materials. X-ray crystallography provides insights, which have revolutionized the
understanding of the structures of different biomolecules ranging from viruses, DNA, RNA
and pharmaceutical materials to proteins, but it requires the growth of a good quality crystals.
Recently, a number of new approaches to further revolutionize crystallography have been
established e.g. in vivo crystallization and serial femtosecond crystallography (SFX). The
later approach is used to record high resolution diffraction data sets from many small crystals
in low um size range by merging the data to three dimensional dataset afterwards (Boutet et
al., 2012).

X-ray crystallography is now routinely applied to analyze the binding of pharmaceutical
drugs to potential target proteins. This can also provide insights for introducing promising
changes that possibly can improve the functions of potential drugs. The 3D-structure of a
protein also answers the question of the particular function exhibited by that protein. In
recent years, much advancement has been achieved in solving structures of proteins, which

are involved in disease development, or contribute in performing a vital function in an
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organism. In this way, small molecules, which can potentially be targets against defined parts
of proteins, can be screened. These molecules can inhibit proteins and, thereby, potentially
help to stop a disease progression. Consequently, these molecules can be used in clinical

trials, to evaluate their significance and can be considered as potential drugs.

In order to study a protein in terms of its shape, size, variability in different conditions, such
as different temperature, pH and flexibility properties in the presence and absence of a
potential ligand, solution scattering techniques e.g. small angle X-ray scattering (SAXS) have
been developed at 3™ generation synchrotron sources of PETRA 111, DESY, Hamburg. The
intensities of scattered X-rays from the protein molecules in solution are recorded at small
scattered angles. In this context, for example, the conformational changes induced by sugar
in the structural organization of botulinum toxin have already been studied by SAXS (Sagane
et al., 2013). Moreover, the oligomerization of E. coli DnaB/C “helicase loader” complex has
also been studied by this method (Arias-Palomo et al., 2013).

Another method that has caught more attention recently to study biomolecules and their
oligomeric states is native mass spectrometry. The basic principle of native mass
spectrometry is electrospray ionization (ESI) and its discovery was awarded the Nobel Prize
in 2002. The mass of a huge tobacco mosaic virus (TMV) by electrospray ionization with its
subsequent conversion into gaseous phase, without affecting its infectivity, has been

determined with high accuracy (Siuzdak et al., 1996).

Cryo-electron microscopy (cryo-EM) is another advanced technology to study the cell
architecture and proteins at molecular resolution (Milne et al., 2013). Imaging of biological
structures using electrons was first demonstrated with the bacteriorhodopsin structure
determination at ~ 7 A resolution in 1975 (Henderson and Unwin, 1975). This study paved
the way to determine the atomic resolution models of icosahedral viruses (Zhang et al.,
2010). Moreover, cryo-EM generated density maps are routinely combined with other
technologies, such as nuclear magnetic resonance (NMR) spectroscopy and X-ray

crystallography to obtain high atomic resolution models for complex molecular assemblies.
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2. AIM OF THE WORK

2. AIM OF THE WORK

Hospital acquired infections are becoming life-threatening in high risk populations, including

immuno-compromised and old patients. Device associated infections contribute to a major

part in such kinds of infections.80 % of the device related infections are caused by skin

commensals (the most notable Staphylococcus epidermidis). Along with other molecules,

Sbp and Aap are two important proteins involved in S. epidermidis based biofilm formation.

Aim1

Aim 2

The first part of this work was focused on the structural elucidations of Sbp including
its stabilization, analysis of its behavior under different conditions, secondary
structure and shape determination by applying biochemical methods and
complementary techniques such as expression, purification, DLS, CD spectrometry,

SAXS and native mass spectrometry.

The second part of the work was emphasized to investigate the structural basis of G5
subdomain of Aap domain B to analyze the interaction between Aap and Sbp. As it
had been found out that Sbp helps in Aap domain B mediated biofilm formation, it
was assumed that there are some molecular interactions between these two proteins. It
was worth to gain information and structural insights into the interactions. For this,

three G5 constructs of Aap domain B were cloned, expressed and characterized.

Besides this, data to be obtained should contribute to the goal of discovering new therapeutic

agent against nosocomial infections.
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3. MATERIALS AND METHODS

3.1. Materials

3.1.1. Devices

Table 1: List of the devices used in this work.

Acrylamide gel
chamber

BI1O-Radmini protean-Tetra System

Agarose gel chamber

MWG. Biotech. Electrophoresis constant power supply ECPS

Agarose gel imaging
system

BIO-RAD Quantity one-4.5.2 (Basic) 3000/150

AKTA FPLC
purification system

AKTA Purifier P-901; GE System No. 1282332 Made in Sweden

Balance

Kern & Sohn GmbH Germany, Kern PCB

CD spectrometer

J-815 (Jasco, UK)

Centrifuges

Multifuge IS-R, Sorval ® RC 26 PLUS, SIGMA R 3-18K

Crystal imaging
system/device

CrystalScore (Diversified Scientific Inc., USA), microscope SZX12
with camera DP10 (both Olympus, Japan)

Crystal plate incubator

RUMED 3001 (Rubarth, Germany) incubators

DLS instrument

Xtal concepts Spectrosize ™ 300

Electrophoresis power
supply

BIO-RAD power PAC 1000

Freezer (-20 °C and -80
OC)

Liebherr Profiline, Herafreeze BASIC Thermoscientific

Hot-plate magnetic
stirrer

Grhardt, IK MAG R RCT

Incubators

CERTOMAT RBS-1 Sertorius stedim Biotech. INFORS HT Multitorn

Micropipettes

Gilson Made in France

Microwave

Bosch

Nanodrop

PeglLab

Orbital shaker

Edmund Buhler Labortechnik Materialtechnik Johanna Otto GmbH
Germany

PCR machines

Peq Lab Biotechnologie GmbH

Pipetting robots

Honeybee 961 (Zinsser Analytic Gmbh, Germany), Oryx 4 (Douglas,
UK)
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pH meter HANNA instrument, HI pH/ORP meter
Sonifier Branson digital sonifier
Spectrophotometer Bio-Rad Smartspec ™ 3000

3.1.2. Consumables

All the plastic consumables including reaction tubes, syringes and pipette tips were obtained
from Sarstedt (Germany).

3.1.3. Expression vectors
Two different vectors pDEST17 and pET 302 NT-His (Invitrogen) were used in this study.
(1) pET 302 NT-His vector

The pET 302 NT-His contains T7lac promoter to promote high level expression of the gene
of interest in E. coli. An N-terminal 6 x His-tag is present to detect and purify protein. It also
has an ampicillin resistance marker gene for selection in E. coli.

(2) pDEST17 vector

The pDEST17 is an N-terminal fusion vector, which contains an initiation codon ATG
upstream of 6 x His-tag. In order to ensure a proper initiation of translation in E. coli, a
Shine-Dalgarno RBS sequence is included upstream of ATG.

3.1.4. Amino acid composition of proteins

Table 2: List of amino acid sequences of the proteins.

Amino Acid sequences of proteins (N-C terminal)

NNVEAATGNSMEKTVQOQLNEKGDE K SLENYV
sh KIGESMKSVLEKKYSHPIYSYNPNSNEHK
P YYEFRTDKGVLLVTANGEKEKERGNVTR RYV

SMTYNNANGPSYKAVKQQLGHEKATISRYV

HYNNVTGNFGYIQKGQASYQFSSNSPK

DKNVEKLYRTIDILNK

VDGDPIISTEKETIPFNEKEKREFDPNLAPG
A TEKVVQKGEPGIETTTTPTYVNPNTGE
ap KVGEGEPTEKITEKOQPVDETIVHYOGGETETI
G5EG5,EG5; | K PG HKDEFDPNAPKGSOQTTOQPGEKPGVK

NPDTGEVVTPPVDDVTEKYGPVDGDPTIT

STEEIPFDKEKREFNPDLIEKPGEEZRYVEKQOQHK

GEPGTKTITTPTTEKNPLTGEIZ KVGEGEFP

[ER
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TEKITEKQPVDEITEYGGEETIEKPGHEKTDE
FDPNAPKGSQEDVPGKPGVKNPDTGEV
VTPPVDDVTKYGPVDGDPITSTEETITPTF
DKKREFNPDLEKPGEERVEKQKGEPGTE KT
ITTPTTKNPLTGEKVGEGEPTEE KVT
VDGDPIISTKEIPFNEKEKREFDPNLATPG

A TEKVVQKGEPGIETTTTPTYVNPNTGE

ap KVGEGEPTEKITEKQPVDEIVHYGGETET

G5,EG5, KPGHEKDEFDPNAPKGSQTTQPGEKTPGVEK
NPDTGEVVTPPVDDVTRKYGPVDGDPTIT
STEEIPFDEKEKREFNPDLEKPGEERVYVEKDQOQEK
GEPGTEKTITTPTTEKNPLTGEZEKYVGEGETP
TEKIT

Aap VDGDPIISTEKEIPFNEKEKREFDPNLATPG

G5.E TEKVVQKGEPGIETTTTPTYVNPNTGE

! KVGEGEPTEKITEKQPVDEIVHYGGETET
KPGHEKDEFDPNAPKGSQTTQPGEKTPGVEK
NPDTGEVVTPPVDDVTEXKYGFP

3.1.5. Primers for cloning

Table 3: Primer sequences for cloning of respective genes.

Target Protein | Type Sequence (5'-3")

Shp Forward | CACGTGAATTCGGAAAACCTGTATTTTCAGGGCAACAAC

GTTGAAGCGGC

Reverse AGCCGGATCCGATTATTTATTTAAGTCTATACGATA

aap G5 Forward | ATGCATCATCATCATCATCACGTGAATTCGGAAAACTGT

constructs ATTTTCAGGGCATGGTGGATGGTGACCCG

aap Reverse | CATCGATCTCGAGCGAATTCTTATTAGGTAACTTTCTCCG

G5,EG5,EG5; TCGG

aap G5,EG5, Reverse | CATCGATCTCGAGCGAATTCTTAGGTGATCTTTTCAGTCG
GTTC

aap G5,E Reverse | CATCGATCTCGAGCGAATTCTTAAGGCCCATATTTCGTCA
CG
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3.1.6. Restriction enzymes

Table 4: Restriction enzymes used

Enzyme Buffer Supplier
EcoRI-HF Cutsmart New England BioLabs
BamHI-HF Cutsmart New England BioL abs

3.1.7. Bacterial strains and competent cells

Table 5: List of bacterial strains used.

Strain Properties Resistance/selection Suppliers
marker
E. coli One shot Transformation Invitrogen Life
BL21Star™(DE3) efficiency: 1-5 x 107 e Technologies
cfu/ug pUC19 DNA Ampicillin

One shot Top10 cells Kanamycin Invitrogen Life
Technologies

E. coli BL21Al High yield of protein Ampicillin Invitrogen Life
Technologies

Staphylococcus Wild type,aap positive, _ AG Rohde, UKE,

epidermidis 1457 sbp positive Hamburg

3.1.8. Antibodies
Table 6: List of antibodies.
Antibody Detection Dilution Supplier

Monoclonal Anti-polyhistidine- His-tag 1:10,000 Sigma-Aldrich (St.

Alkaline Phosphatase, mouse Louis, USA)

Anti-mouse 1gG Horseradish His-tag 1:10,000 GE Healthcare UK

peroxidase (HRP) labeled (in

sheep)

Rabbit anti-rSbp serum (91435 Shp 1:10,000 AG Rohde, UKE,
Hamburg
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goat)

Rabbit anti-rDomB serum Aap Domain B 1:10,000 AG Rohde, UKE,
Hamburg
Anti-rabbit 1IgG HRP labeled (in Sbp and Aap 1:10,000 Sigma-Aldrich

3.1.9. Buffers and solution

All buffers and solutions were prepared in double distilled H20.

Table 7: Protein purification buffers.

For Sbp

Lysis, column and wash buffer

20 mM NaPO, 500 mM NaCl, 20 mM Imidazole, pH 7.4
protease inhibitor cocktail (PIC) 1 tablet/ 100 mi

Elution buffer

20 mM NaPO,, 500 mM NaCl, 250 mM Imidazole, pH 7.4

Buffer for cleavage of His-tag

20 mM NaPO, 500 mM NaCl, pH 7.4

Gel filtration buffer

50 mM NaPO, 150 mM NaF, pH 7.4

CD buffer

20 mM NaPO, 100 mM NaF, pH 7.4

DLS and SAXS

50 mM NaPO, 150 mM NaF, pH 7.4

For three G5 protein constructs of Aap

Lysis, column and washing buffer

20 mM NaPQy, 500 mM NacCl, 20 mM Imidazole, pH 7.4
PIC 1 tablet/ 100 ml

Elution buffer

20 mM NaPO, ,500 mM NacCl, 250 mM Imidazole, pH 7.4

Buffer for cleavage of Tag

20 mM NaPO,, 500 mM NaCl

Gel filtration buffer

20 mM Tris, pH 7.0, 100 mM NacCl

CD, DLS and SAXS

20 mM Tris, pH 7.0, 100 mM NacCl

Table 8: Bacterial cell culture media.

Solution Composition
LB-medium/ agar 1.0 % Bacto-Trypton, 0.5 % Bacto-Yeast-Extract, 1.0 % NaCl in ddH,0,
autoclaved.
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For LB-agar: 1.5 % agar in LB-medium

Selective antibiotic

100 mg/ml ampicillin in 10 ml ddH,0; stock solution

IPTG

1 M in dH,0, autoclaved; stock solution

Arabinose

20 g in 100ml dH,0

SOC media

20 g trypton, 0.6 g NaCl, 5.0 g yeast extract, 0.2 g KCI, 10 mM
MgCl,.6H,0, 10 mM MgCl,.7H,0, 20 mM glucose, ad 1000ml ddH,0,
pH 7.0

Both media were autoclaved for 20 min. at 121 °C.

Table 9: Agarose gel electrophoresis preparation.

Solution

Composition / Suppliers

1.2 % Agarose

1.2 g in 100ml in ddH20

DNA Loading dye

0.05 % Bromophenol Blue, 0.25 % Xylene cyanol, 1 mM
EDTA, 50 % glycerol

Nucleic acid staining solution Red safe ™ iNtRON Biotechnology
1xTAE, agarose gel electrode 80 mM Tris, 40 mM Acetic Acid, 2 mM EDTA
buffer

DNA marker

GeneRuler ™Thermofischer scientific

Table 10: SDS PAGE preparation

Solution

Composition / Supplier

Sample loading buffer

4 x LDS NUPAGE novex life technologies

use

Electrode buffer diluted to 1 x for final 10 x NuPAGE MES buffer, novex life technologies

Resolving gel buffer

1.5 M Tris-HCI, pH 8.8

Stacking gel buffer

0.5 M Tris-HCI, pH 6.8

SDS buffer 10 % (w/v) in ddH20

Acrylamide 1.6 ml in stacking gel, 5 ml in resolving gel for 15 %
gel

APS 50 ul of 10 % (wW/v) in ddH20
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TEMED

5 plin resolving gel and 10 pl in stacking gel

Staining solution

1.0 % (w/v) coomassie blue R 250, 50 % ddH0, 40
% (v/v) methanol and 10 % (v/v) acetic acid

Destaining solution

50 % ddH0, 40 % (v/v) methanol and 10 % (v/v)
acetic acid

Protein marker (SDS PAGE)

PageRuler Plus Prestained protein ladder
Thermoscientific(10 to 250 kDa)

Protein marker (SDS PAGE)

PageRuler Prestained protein ladder (10 to 180 kDa)

Table 11: Ni Sepharose HisTrap FF column by GE Healthcare Life Sciences regeneration buffers.

Solution Composition
Stripping buffer 20 mM NaPOy, 0.5 mM NaCl, 50mM EDTA, pH 7.4
Packing solution 0.1 M ZnCl,and 0.1 M NiSO, in case of regeneration with Ni**

Table 12: Native PAGE preparation.

Native gel

Suppliers

Native PAGE marker

NativeMark unstained protein ladder life
technologies

Native cathode, anode and running buffers Novex Life technologies

LDS sample buffer (4 x)

Novex Life technologies

Table 13: Western blot preparation.

Solutions

Compositions / Suppliers

20 xTransfer buffer

28.8 g glycine , 6.04 g tris base, 200 ml methanol, 1.6 |
ddH,0, pH 7.2

1 x Transfer buffer

50 ml methanol, 25 ml 20 x transfer buffer, 425 ml ddH,0,

PBS (Phosphate buffered saline)

140 mM NaCl , 25 mM KCI, 0.5 mM MgCl,, 1 mM CaCl,,
10 mM NayHPO, (pH 7.5)
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PBST

1 x PBS + 0.05 % (v/v) Tween 20

Blocking Solution

4 % (w/v) BSA (Bovine serum albumin) in PBS

Transfer membrane

PVDF Immobilien-P Transfer membrane, pore size 0.45 pm

ECL western blot detection
reagents

GE Healthcare ( Buckinghamshire, UK)

Super RX medical X-ray films

Fujifilm, Tokyo, Japan
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3.2. Molecular biology methods
3.2.1. Cloning

3.2.1.1. Polymerase Chain Reaction (PCR)

A widely applied method to amplify a gene sequence from a single copy into a large number
of copies is termed as polymerase chain reaction (PCR). The specific sense and antisense
primers having an N-terminus 6 x His-tag site and a TEV protease recognition cleavage site
were synthesized by eurofins MWG operon (Hamburg, Germany). In order to check the
annealing temperature of primers to bind with the gene of interest, gradient PCR was
performed over a range of annealing temperatures from 68 °C to 74 °C. After confirming the
annealing temperature, DNA sequence of the required gene was amplified by using gene
specific primers and high fidelity Phusion polymerase (Thermofischer). The primers were
diluted to a final concentration of 10 pM from the original stock solution to carry out the
reaction. For 0.5 ul (approx. 75 ng) of DNA template, 0.75 ul of each primer was used and
reaction was carried out in a thermocycler (Peq Lab Biotechnologie GmBH). The
amplification reaction in the thermocycler was set as the initial denaturation step for 45 sec at
96 °C followed by denaturation for 35 cycles of 45 sec at 96 °C each. The annealing
temperature was set at 71 °C (based on the result of gradient PCR for specific
oligonucleotides of primers), which was followed by final elongation for 45 sec at 72 °C. The
components of the reaction for the final volume of 25 pl are listed below.
Table 14: The PCR reaction mixture.

Component Amount
DNA template up to 100 ng 0.5l
5x HF-polymerase (MgCl,) buffer 5.0 ul
dNTPs 0.5ul
Forward primer 0.75 ul
Reverse primer 0.75 ul
HF- Phusion polymerase 0.25 ul
H20 inj ad.25ul
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3.2.1.2. Agarose gel electrophoresis

The separation of DNA fragments based on their respective sizes can be performed by
agarose gel electrophoresis. The size of the fragment of negatively charged DNA, the electric
power applied and the concentration of agarose gel determine the movement of a PCR
product towards the anode. 1.2 % agarose gel was prepared by dissolving 1.2 g of agarose in
1 x TAE buffer supplemented with 5 ul red safe-dye (iNtRON Biotechnology) to visualize
DNA fragments under UV-light. The samples (5 ul each) were applied to a gel after mixing
them with 6 x loading dye (1 pl). To estimate the size of DNA fragments, a suitable marker
was used as size reference. A constant voltage of 100 V (Electrophoresis constant power
supply ECPS) was applied through the buffer in an agarose gel chamber (MWG. Biotech.)
and the gel tray was placed in appropriate direction in the chamber. After running the gel, the
PCR products were visualized under a UV lamp in an agarose gel imaging system (BIO-
RAD Quantity one-4.5.2 (Basic) 3000/150).

3.2.1.3. DNA purification

The cleaning of the PCR product from salts, DNA fragments and gel was done using a PCR
clean-up NucleoSpin Extract Il Kit (Macherey Nagel, Duren, Germany), according to
manufacturer’s protocol. The portion of the gel carrying the required DNA fragment was cut
with a sharp scalpel and cleaning up was done. In order to avoid the damage of DNA caused
by UV exposure, only a single well of the gel was exposed to UV light to determine the exact
position of amplified product on the gel. In the last step of cleaning DNA was eluted in 50 ul
of H,0in;.

3.2.1.4. Restriction digestion of plasmid and template

Restriction digestion of plasmid pET 302 NT-His and a DNA template was performed using
BamHI-HF and EcoRI-HF (New England BiolLabs) enzymes for 2 hrs at 37 °C. The

following reaction mixture was prepared.

Table 15: The reaction composition of restriction digestion.

EcoRI-HF 1.5l
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BamHI-HF 1.5
Cutsmart buffer 5.0 ul
DNA (PCR product and plasmid 50 ul

separately)

3.2.1.5. Ligation

The molar ratio of vector and insert DNA fragment was calculated by using the online
Promega BioMath Calculator [https://www.promega.de/resources/tools/biomath-calculators]
according to the size of insert and vector. The digested vector and DNA fragment were
ligated with the help of T4 DNA ligase. The following reaction mixture of total 20 pl volume

was incubated overnight at 16 °C for this purpose.

Table 16: Ligation reaction components and their amounts

pET 302-NT His 5.0 ul
Insert 1.0 ul
10 x T4 DNA ligase 2.0
T4 DNA ligase 1.0 wl
Nuclease free H,O ad. 20ul

3.2.1.6. Transformation into Top 10 cells

The ligated reaction mixture was transformed into chemically competent one shot Topl0
cells (Invitrogen). An aliquot of commercial competent cells was placed on ice and mixed
with 1.5 pl of ligated mixture by pipetting up and down very gently. The mixture was placed
on ice for 30 min. A heating block was preheated to 42 °C and cell-DNA mixture was
incubated for 1 min at 42 °C. The sample was cooled down on ice for 1 min subsequently
and 500 pl of sterile SOC-medium was added into it. The suspension was then incubated for
30 min at 37 °C with mild shaking. Cells (50 pl and 100 pl with SOC medium) were plated
onto LB agar plates in a sterile environment. Plates, containing ampicillin antibiotic for
selection, were placed at 37 °C for incubating overnight. Next day, colonies were picked and

inoculated to grow in 5 ml LB medium at 37 °C with shaking at 180 rpm for further analysis.
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3.2.1.7. Isolation and purification of plasmids

The potential Top10 cells, carrying the expected plasmid, were collected from the overnight
5 ml grown culture. Plasmids were isolated using Qiagen Plasmid Mini Kit (Qiagen, Hilden,
Germany) according to manufacturer’s protocol. Nucleic acid concentrations of the isolated
plasmids were determined using a nanodrop spectrophotometer (peqlLab) measuring the
absorption at 260 nm.

3.2.1.8. Colony PCR, restriction digestion and sequencing of cloned gene

In order to see cloning of the expected gene into plasmid, colony PCR and digestion reaction
were performed using primers and restriction enzymes respectively (see section 3.2.1.1 and
3.2.1.3). To further investigate the success of cloning of the exact gene of interest without
any mutations or insertions, plasmid DNA was sequenced based on Sanger method by MWG
eurofins sequencing lab (Hamburg, Germany). Samples were prepared by mixing 1 ul of
forward and reverse primers in 5 pl of DNA. A confirmed plasmid with successful cloned
gene was further transformed into E. coli expression BL21 Star cells, according to heat shock

transformation protocol, described in section 3.2.1.6.
3.2.2. Gibson cloning

The method has been developed by Dr. Daniel Gibson and his colleagues. This method
assembles the multiple overlapping DNA fragments in a single tube reaction. A single buffer
with three different enzymatic activities- the exonuclease activity creating single stranded 3'
overhang to anneal the fragments, the polymerase activity and ligase activity to seal the nicks
in assembled DNA- comprises the Gibson Assembly Master Mix (New England BioLabs). A
double stranded fully sealed DNA molecule, capable of direct transformation, is the end
result of this assembly. The primers (one forward and three reverse) were designed keeping a
6 X His tag site and a TEV protease cleavage site in consideration and got them synthesized
from eurofins MWG operon (Hamburg, Germany). The annealing temperature was

determined by setting gradient PCR as described in section 3.2.1.1. All the three genes were
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amplified by PCR, as described in section 3.2.1.1 but with the exception of annealing

temperature, which was set at 71 °C according to primer sequences and gradient PCR results.
3.2.2.1. Linearization of pET 302 NT-His Vector

The pET 302 NT-His vector was digested with high fidelity restriction enzyme EcoRI-HF
(New England BioLabs). 2 ul of enzyme were mixed with 50 pl of plasmid in the presence of
5 wul of cutsmart buffer. The reaction was allowed to stay at 37 °C for 2 hrs to complete
digestion. The concentrations of a digested vector and amplified PCR products were

determined using Nanodrop spectrophotometer (pegLab).
3.2.2.2. Assembly Protocol

The amount of each gene to vector ratio, which will probably be suitable for a ligation
reaction, was calculated by applying the online molar ratio calculator tool in three different
ratios (1:1, 2:1 and 3:1). The assembly of the gene fragments into a vector was performed

according to the Gibson Assembly Cloning Kit’s (New England BioLabs) protocol.

Table 17: Gibson assembly reaction mixtures.

Amplified G5,E 2 ul (200 ng) _ _

PCR product

G5,EG5; _ 3 ul (150 ng) _
G5,EG5, EG5; _ _ 2 ul (180 ng)
Linearized vector 1 pl (400 ng) 1 pl (400 ng) 1 pl (400 ng)
Gibson assembly 10 ul 10 ul 10 ul
master mix (2X)

Deionized H,O 7ul 6 ul 7ul
Total volume 20 ul 20 pl 20 pl

Each of the three reaction mixtures was incubated at 50 °C in a thermocycler for 15 min.

Samples were stored on ice for subsequent transformation.
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3.2.2.3. Heat shock transformation, plasmid isolation

Transformation of plasmids carrying the respective gene in the form of an above explained
assembly mixture was done in one shot top10 cells according to the protocol described in
section 3.2.1.6. The clones were grown in LB medium to isolate plasmid by Qiagen Plasmid
Mini Kit. DNA sequencing was done by MWG eurofins lab (Hamburg, Germany) using the
respective primers. The plasmids with successful clones were transformed into E.coli BL21

Star expression system for further purpose.

3.3. Biochemical methods

3.3.1. Test expression of recombinant proteins

A culture of 5 ml LB-medium containing the appropriate antibiotic (ampicillin 1:1000) was
inoculated with a single colony from the transformed E. coli BL21 Star cells and incubated
over-night at 37 °C under continuous shaking at 180 rpm. A negative control was also
prepared at the same time. Next day, three flasks with 50 ml LB-medium containing the right
proportion (1:1000) of ampicillin were inoculated with 500 pl of overnight grown culture
each and incubated at 37 °C with shaking at 180 rpm until the ODggo value reached 0.4
determined by a spectrophotometer. 1 ml of growth culture was collected in an Eppendorf
tube from one of the flasks for electrophoretic analysis and divided the grown culture of that
particular flask in two equal parts. In one part, recombinant protein expression was induced
by adding 1 mM IPTG and 1 ml culture sample was taken after 2 hrs, 3 hrs, 3.5 hrs and 4 hrs
incubation in four eppendorf tubes respectively. From the other 25 ml non-induced part of
the culture, samples were taken in exactly the same way. 1 ml culture from each sample,
which was already taken, was centrifuged at 13,000 rpm for 1 min. and saved the cell pellet
at -80°C for protein expression analysis. The grown culture in two remaining flasks was also
divided into two equal parts when ODggo value reached 0.7 and 1.0 respectively and induced

those with 1 mM IPTG in the same way described above.

Note: Test expression for all recombinant proteins - Sbp, three constructs of Aap and a

formerly cloned Sbp in pDEST 17 vector was performed the same way, as described above
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except the fact that inducer for recombinant Sbp expression in pDEST17 vector in
expression system BL21Al cells was 20 % L-Arabinose instead of 1 mM IPTG.

3.3.2. Large scale expression of proteins

The cells for large scale expression of the recombinant proteins were harvested after inducing
the cells, which were grown in 6 L LB-media culture (in 1 L flask each), with 1 mM IPTG or
20 % L-Arabinose, depending upon the complete construct (Sbp/pET302 NT-His and
Sbp/pDEST17). The induction was done, when ODgy Vvalue reached 0.7. The cells were
harvested by centrifugation at 4 °C at 6000 x g for 15 min after 3.5 hrs post induction
expression of the proteins in cells at 37 °C. The supernatant was discarded and the cell pellet
was saved at -20 °C for further studies.

G5 construct expression cells were induced by 1 mM IPTG, when ODgg value reached 0.9.
After induction, the growth temperature of cells was reduced to 20 °C and expression of
protein was allowed to continue overnight with shaking at 180 rpm. The expressed cells were
harvested by centrifugation at 4 °C at 6000 x g for 15 min. and stored at -20 °C for further

research. 4 L LB-media culture was used for expression of each aap construct.
3.3.3. Cell lysis and affinity purification

The stored E. coli BL21 Star cells expressing the target protein were resuspended in lysis
buffer (containing 20 mM NaPO,, 500 mM NaCl & 40 mM imidazol, pH=7.4). To guarantee
the maximum solubilization of the expressed protein, suspended cells were sonicated 14
times for 10 sec alongwith 20 sec resting incubation on ice between each step (Branson digital
sonifier). The supernatant containing proteins along with the target protein was collected after
centrifuging the cell lysate at 14,000 rpm for 25 min. In order to minimize the cell debris in

the lysate, the supernatant was filtered through 0.1 pm filter membrane unit.

The full protein purification has been done at 4 °C consisting of three steps a) affinity
chromatography, b) dialysis and c) size exclusion chromatography. Purification of the
recombinant Sbp containing the polyhistidine (6 x) tag sequence was carried out using Zn**
NTA affinity chromatography. An AKTA FPLC purification system (AKTA Purifier P-901;
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GE Healthcare, UK) connected to a UV detector and a fraction collector was applied. An
accompanying UNICORN software was supporting to create a method for a better
purification plan by separating the steps of binding of protein to the column, washing and
subsequent elution steps as well as the elution parameters. The purifier was also supported by
the chromatogram evaluation in UNICORN software. A Zn** nitrilotriacetic acid agarose
column (5 ml), HisTrap™ HP (GE Healthcare) was used. As the column was pre-packed with
Ni%*, it had to be regenerated with Zn** ions. Prior to incubating the cell lysate in the column
for purification, the regenerated column with Zn?* was equilibrated with binding buffer,
elution buffer (to remove any already attached protein especially when the column was not
freshly regenerated) and then again with binding buffer using 5 column volumes (CVs) each
buffer. The stored supernatant (10 ml) was added to the column, the matrix resin was
washed with 8-10 CVs of wash buffer to get rid of the unbounded proteins followed by an
elution step, where the desired protein was eluted by increasing the amount of imidazole in
fractions of 1 ml in falcon tubes. All the steps for purification were done using the Akta
purifier (P-901; GE Healthcare, UK) in a cold room at 4 °C to maintain the stability of

protein.
3.3.4. Exchange of buffer and concentration of proteins

The affinity purified protein was dialyzed to change the buffer composition in between the
purification steps with the storage buffer 50 mM NaPQO,, 200 mM at NaF pH=7.4 in case of
Sbp using dialysis Slide-A-Lyzer™ G2 Dialysis Cassettes, 3.5 K MWCO, 70 ml. The
purified protein was concentrated by centrifugation using Amicon Ultracentrifugal filter of
3,000 MCWO size at 3500 rpm. For Aap G5 constructs, the storage buffer was 20 mM Tris,
pH 7.0, 100 mM NacCl.

3.3.5. Size exclusion chromatography

In order to further purify the target protein and separate the protein molecules on the basis of
molecular size, gel exclusion chromatography was performed using a Superdex™ 200
10/300GL column (GE Healthcare, Chalfont St. Giles, Great Britain) of 24 ml volume

capacity. The column was first equilibrated with ddH,O and then with the respective buffer
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before running the target protein through it. 500 pl of concentrated protein suspension was
applied onto the column. The purest form of protein was obtained in fractions of 400 ul by

elution at the respective elution volume corresponding to the molecular weight of protein.

Size exclusion chromatography was also performed for interaction analysis of Sbp and Aap
constructs. Purified tag free (see section 3.3.6.) Sbp and each Aap G5 construct (one
construct in one experiment) were dialyzed against the same buffer 50 mM NaPQ,4, 200 mM,
1 mM ZnCl,, NaF pH=7.4 and mixed together as 1:1. The mixture was left to stand for 1-2
hrs at 4 °C and allowed it to pass through gel filtration Superdex'™ 200 10/300GL column to
elute the complex, if formed. The respective proteins were collected as fractions of 400 pl in
each eppendorf tube using AKTA Purifier (P-901; GE Healthcare, UK).

3.3.6. TEV protease digestion and separation of TEV cleaved proteins

The 6 x His-tag on each protein, which was used to bind with Ni?* and Zn** resins during
purification, was necessary to be removed from protein. The cleavage of the His-tag was
achieved by incubating the protein sample with TEV protease at a molar ratio of 1:10 and
1:50. The cleavage reaction was performed at RT with mild shaking overnight. Samples were
analyzed by SDS PAGE to ensure the progress of digestion of His-tag. The final purified tag
free protein was collected as flow through, after passing through Ni-NTA matrix. His-tag
was bound to the column matrix, while protein passed through the column and collected in

the flow through.
3.3.7. Protein quantification

The concentrations of the purified proteins in their respective buffer solutions were
determined by measuring the specific absorption of UV-light at a wavelength of 280 nm
according to Lambert and Beer law using a Nanodrop spectrophotometer (pegLab). The

formula is given below:

AZSOZS*C*d
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Whereas, ¢ refers to a molar extinction coefficient (M™ cm-'), Axg represents specific
absorption at 280 nm, d stands for diameter of the cuvette/ path length (cm) and c is the

concentration of protein (mg/ml).

Elution buffer was used as a blank reference by applying 1.5 pl to the sensor arm of
nanodrop. Afterwards, the protein sample was measured by adjusting the molecular weight
and extinction co-efficient of each protein in the settings. The concentration determination
was repeated and an average reading was calculated for each protein. Molar extinction co-
efficient of protein is theoretically calculated by online ProtParam tool in Expasy (Gasteiger
et al., 2005).

3.3.8. SDS Polyacrylamide Gel Electrophoresis (SDS PAGE)

SDS PAGE is a widely applied method in protein biochemistry to determine the purity and
size of proteins under denaturing conditions. A discontinuous polyacrylamide gel (stacking
and resolving) provides a support medium to separate proteins in an electric field, hence,
named as electrophoresis. An anionic detergent sodium dodecyl sulfate (SDS) is used to
denature proteins by maintaining a net negative charge within a wide pH range. The overall
negative charge, imparted by SDS on polypeptides of protein in proportion to its relative
mass, destroys most of the structure of protein and makes it linear. The negatively charged
proteins are strongly attracted to anode terminal in an electrophoresis chamber.
Polyacrylamide behaves as a sieve for protein molecules. The smaller molecules pass faster
through the pores of gel, while bigger molecules migrate slowly. As polypeptides denatured
by SDS have same charge-to-mass ratio hence, the separation of protein molecules is based

on molecular weight.

After preparation of SDS gel, it was placed in a gel chamber vertically. Protein samples (18
ul each) were mixed with 6 pl of sample loading buffer (4 x LDS NuPAGE novex life
technologies) and incubated at 100 °C for 10 min to be denatured. The samples were loaded
onto the wells of a gel placed in 1 x MES buffer (NUPAGE MES buffer, novex life

technologies) in the gel chamber. The gel chamber was connected to electrophoresis power
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supply (BIO-RAD power PAC 1000). A power supply of 120 V was selected for the
migration of protein samples through gel for a time period of 1.5 hrs.

For SDS PAGE analysis of Shp, a 15 % SDS gel was prepared, while a 12 % SDS gel was
used for the G5 constructs.

3.3.9. Native gel electrophoresis

The electrophoresis of protein molecules at their native state, keeping the folding states and
net charges intact, is termed as native gel electrophoresis. The separation of proteins on the
basis of their isoelectric points and hydrodynamic radii can be achieved by native gel
electrophoresis.

Pre-cast NativePAGE ™ Novex Bis-Tris Gels (4-16 % gradient gels) were obtained from
novex life technologies for blue or clear native PAGE. The protein samples were mixed with
4 x native PAGE sample buffer (novex life technologies) according to manufacturer’s
protocol. The samples were loaded onto the wells of a gel, which was placed in native PAGE
cathode buffer (novex life technologies). The anode buffer was poured into the side chambers
of electrophoresis apparatus. In order to avoid the denaturation of protein samples,
electrophoresis was carried out in cold room. The power for the migration of protein samples
was increased from 50 V to 150 V, while passing the samples from stacking to resolving
portion of gel. Moreover, a standard native PAGE marker (NativeMark unstained protein

ladder life technologies) was used to approximate molecular weight sizes of protein samples.
3.3.10. Coomassie staining and destaining of SDS and native PAGE

To visualize protein bands on SDS and native gels, the resolving part of the gels were stained
in the coomassie solution for 30 min. The destaining of the gels was done to make the bands
clear and prominent in the destaining solution for 1 hr. The gels were stored in tap water

afterwards. Documentation of the results was done by scanning the gels.
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3.3.11. Western blot analysis

Western blotting was applied for immunological detection of purified Aap constructs.
Proteins were separated on 12 % SDS PAGE gels and blotted over polyvinylidene difluoride
(PVDF) membrane by the following method. For this, 4 sponge filters soaked in 1 x transfer
buffer were place in a blotting chamber (Invitrogen). The following series of placement of
gel along with blotting membrane was done on the top of sponge filters: one layer of filter
paper, the SDS gel, one activated (activation for 15 sec in 100 % methanol and 15 sec
washing in 1 x transfer buffer) PVDF membrane, another layer of filter paper and 4 soaked
sponge filters. The set up was firmly packed in the blotting chamber. The chamber was filled
with 1 x transfer buffer and blotting was performed for 1 hr at 30 V. The blocking of the
blotted membrane was performed in 3 % BSA in 1 x PBS-buffer at 4 °C and shaking it
overnight slowly. Next day, the membrane was washed in 1 x PBST solution for three times
for 15 min (each wash). The primary antibody Rabbit anti-rDomB was diluted 1:10,000 in 1
x PBS-T to make final 10 ml solution. The membrane was incubated in this dilution for 1 hr
at RT. Washing of the membrane was repeated for three times and incubation in the diluted
(1:10,000 in 1 x PBS-T) secondary anti-rabbit peroxidase antibody was performed for 1 hr at
RT with shaking. The washing step was repeated three times, as done previously. The
membrane was placed on a thin plastic sheet and 1 ml of ECL-TM western blotting detection
reagents were poured on it. The plastic sheet was carefully wrapped over the membrane to
spread the reagent evenly without touching the membrane directly. The signal was detected

by developing it on Super RX medical X-ray films after illuminating from 20 sec to 1 min.

3.4. Biophysical methods

3.4.1. Mass spectrometry based protein identification

Trypsin is commonly used to cleave a protein into peptides, which are used to analyze by
liguid chromatography-tandem mass spectrometry (LC-MS/MS) for identification of
proteins. The digestion of each protein construct by trypsin and mass spectrometry data
collection were performed in co-operation with the group of Prof. Dr. Buck (UKE,

Hamburg). The samples in the form of coomassie stained bands were excised from SDS
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PAGE gels and destaining was done. The standard protocol was followed by which the
excised samples were treated with 100 % acetonitrile (ACN), NH;HCO3 and dithiothreitol
DTT to reduce disulfide bonds, if any. The samples were also modified by iodine acetic
amide solution. Digestion of protein samples by trypsin in trypsin resuspension buffer
(sequencing grade; Promega) was conducted overnight. The digested protein in the form of
peptides was extracted from the gel by adding 100 % (v/v) ACN. Peptide samples were
desalted by reverse phase chromatography. An ESI ion trap (LC/MSD Trap XCT Ultra 1)
instrument was used to detect peptides that were identified and listed using the mascot search
engine (Matrix Science).

3.4.2. Native Mass Spectrometry

Native mass spectrometry (MS) is an analytical method used to receive structural information
from an analyte. Particular of interest are protein and protein complexes up to mega Dalton
size, often assembled of different subunits, whose heterogeneity can be observed by native
MS. Mass spectrometers, used for this purpose, are based on the principle of electrospray
ionization (ESI). The protein sample is converted from solution into the gas phase by droplet
evaporation and fission upon spraying from a micrometer sized capillary. ESI is considered
to be a gentle ionization method, which allows the soluble protein to retain its tertiary and
quaternary fold upon transfer into the gas phase (Metwallyet al., 2015), compared to Matrix-
assisted laser desorption ionization (MALDI), which requires dried sample. In order to
prevent signal loss by salt adducts, which would be inevitable upon ESI, the buffer
substances have to be volatile. Ammonium salts are commonly used for this purpose,
because of their volatility at low pressure, wide pH range and adjustable ionic strength.
Multiple charged ions with a Gaussian distribution of a single protein can be generated,
depending on the accessible surface area in solution. Unfolded protein contains a relatively
higher surface area and therefore a higher charge compared to its folded form. The readout
from common mass analyzers is usually a mass to charge ratio (m/z) where specific mass and
charge can be determined from two adjacent peaks of the same analyte species with one

charge increment by the following formula.

Peakl (m/z); [%]1 =

n

35



3. MATERIALS AND METHODS

2
Peak2 (m/z), 2| =%

It is assumed that m>>nH and m >> (n-1)H

Peak 1:

i m1? _m+(n—-1)H _ m
Peak 2: 2] =t =

Where n and n-1 represent the number of charges on consecutive peaks.

B

-

m = nx*(m/z),

m represents the mass of a macromolecule and n is the number of charges.

The mass spectrometers used for the described experiments were an LCT Premier and Q-
ToF2 mass spectrometer (Waters/Micromass, UK) modified for high masses (MS Vision,
NL). A nano-ESI source was used for ionization and a time-of-flight (ToF) for mass analysis
before multi-channel plate (MCP) detection. MS control and sample analysis were carried
out by MassLynx 4.1 (Waters, UK).

The buffer exchange was performed using centrifugal filter units at 15,600 g (Vivaspin 500,
MWCO 5000, Sartorius) or dialysis devices (Slide-A-Lyzer 100 pL, 3500 MWCO,
ThermoScientific) at 4°C. The storage buffer was exchanged against 200-400 mM AmAc
(ammonium acetate) (99.99% purity, Sigma Aldrich), pH 6.6 and pH 7.4 depending on the
type of protein. In case of interaction analysis between proteins, 0.1 mM Zn (Il) acetate was
added into ammonium acetate solution, after buffer exchange. For ESI 5-10 pL of the sample
to be analyzed were inserted into a gold-coated glass capillary. The capillary voltage was
between 1000 V and 1500 V. The voltage at the sample cone applied was varied between 100
V and 150 V. In LCT, the gas pressures were 10 mbar inthe source region and 1.0 * 102 mbar
in the hexapole region. For MS/MS analysis the Q-ToF mass spectrometer was used with a

pressure of 10 mbar in the source region. The collision cell was pressure elevated by argon to
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1.3 x 10 mbar and collision energy was set between 10 V and 200 V. Measurements were

performed in positive ion mode.
3.4.3. Microscale thermophoresis (MST)

MST is a powerful technique to analyze biomolecular interactions. The basic principle that
gave the name to the technique is thermophoresis in which the directed movement of
molecules is studied over a range of temperatures. The movement of molecules depends upon
the size, hydration shell and charge of molecules. Any change in molecular properties is
quantified by this highly sensitive technique. During experiment, a temperature gradient is
established by an infra-red (IR) laser and the directed movement of molecules is detected and
recorded by the signal of an intrinsically attached fluorophore.

MST experiments were performed using Monolith NT™ Protein Labeling Kit (Nano Temper
Technologies). Purified tag free Aap constructs were labelled with NT-647-NHS fluorescent
dye according to manufacturer’s protocol. N-hydroxysuccinimide (NHS)-ester chemistry of
the fluorescent dye reacts with primary amines of protein to establish a dye-protein
conjugate. The concentration of proteins was adjusted to 15 uM using a labeling buffer. Solid
fluorescent dye was dissolved in 100% DMSO (approx. 435 uM) and mixed thoroughly just
before performing the reaction. The concentration of the dye was maintained at 2 folds
concentration of protein using labeling buffer. Protein to be labeled (three G5 constructs
separately) and dye were mixed in 1:1 ratio in a total volume of 200 ul and let them incubate
in dark for 30 min. at RT. The excessive amount of dye was removed by passing the above
labeled reaction through a supplied column having a resin to bind with the excessive dye and
eluting the labeled protein in a number of fractions. Sbp was allowed to mix with the above
labeled G5 in the presence of 1 mM ZnCl,. Different ratios of Sbp to G5 constructs (1:1, 1:2
and 2:1) were made and allowed them to stand for at least 30 min. Monolith NT™ Standard
Treated Capillaries were filled with the above set reaction mixtures and the amount of bound
and unbound proteins were detected as fluorescent signals using Monolith NT.115

instrument. The obtained spectra were analyzed using affinity analysis software.
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3.4.4. Circular dichroism (CD) spectrometry

A spectroscopic technique used to estimate the secondary structure of a protein and
polypeptides in solution providing insights into the tertiary structure is called CD
spectroscopy. It is also useful to investigate the stability of a protein by measuring its melting
temperature. According to the supplier’s instructions, the CD spectrometer (J-815, Jasco,
UK) equipped with a peltier element was calibrated. Precise investigations related to thermal
stability of a protein fold were supported by the peltier element. CD measurements were
performed applying a Jasco J-810 CD spectrometer (JASCO) and using a spectra manager

program.

The sample solutions were prepared in concentrations of 0.1-0.5 mg/ml and measured in a
quartz cuvette with a layer thickness of 0.1 cm at room temperature. Within a range of
wavelength between 190-260nm (far-UV spectrum), the ellipticity of the sample protein (100
ul) was measured after centrifuging the protein solution at 13,000 rpm at 4°C for 30 min. 10
measurements were taken in total, which were combined later by arithmetic averaging. The
ellipticity 0 is the result of difference in absorbance of clockwise and anti-clockwise circular

polarized light and is calculated by the following formula.

180.In10
f=""—

(LA

The determined ellipticity was converted into MRE (Mean Residue Ellipticity) according to

following equation by CD software.

Whereas MRE refers to the mean amino acid residue weight, d: path length through the

sample and c: protein concentration.

A typical curve showing minima at 208 nm and 220 nm and a maximum at 192 nm depicts
the presence of a- helices, as shown as a green curve in figure 6. Proteins appearing at 215

nm minimum and a maximum at 195 nm have mainly -sheet fold (blue curve in figure 6).
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Random coiled structures of a protein appear at a minimum between 190 and 200 nm and a
maximum at 220 nm in a CD spectrum (described as red curve in figure 6). The prediction of
secondary structural elements in a protein was basically determined from this standard curve,
while all values are not absolute.

e -l
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Figure 6: Standard CD spectrum of a protein. CD spectrum representing a-helices is shown in
green. B-sheets can be seen in a blue curve and random coil in red.

http://www.fbs.leeds.ac.uk/facilities/cd.

To investigate the folding stability of Sbp, its melting temperature (T, was also determined

at a wavelength of 220 nm, using CD spectrometry.

3.4.5. Dynamic light scattering (DLYS)

Dynamic light scattering is used to investigate the particle distribution in a solution by
determination of the hydrodynamic radii (Rh) of the particles, which allows the calculation of
the corresponding molecular weights of particles. Thus, DLS can be applied to determine
whether a protein solution is monodisperse or strongly aggregated. The behavior of complex
fluids, such as polymers can also be studied by applying this technique. The Spectroscatter
device 201 (Molecular Dimensions, UK) was used for DLS measurements. This allows using
at least 15 pl of protein sample in a quartz cuvette. The samples were irradiated by a red light
class 3b laser (A = 690 nm; laser power 10-50 mW) to detect isotropic scattering at an angle

of 90°. The samples from lower to higher concentration were measured by DLS to see the
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change in the hydrodynamic radius and aggregation behavior of Shp. Finally, the sample
with a concentration of 10 mg/ml was centrifuged at 4 °C for 30 min at 13,000 rpm to
remove high molecular weight aggregates and then analyzed in a quartz cuvette with a path
length of 1 cm at room temperature. Measurements were accumulated per sample using an

autopilot function. The protein samples of Aap constructs were also studied by this method.

Stokes-Einstein equation is used to determine Rh by its dependence on diffusion co-efficient

D+ and viscosity 7.

KgT

Rh =
6Dy

Kz is the Boltzmann’s constant and T is the absolute temperature. Since particles in solution
have Brownian motion, the back scattered light has a frequency shift, which results in the
variation of intensity of light and recorded by a highly sensitive detector within the

instrument.

3.4.6. Small-angle X-ray scattering (SAXS)

In order to obtain a low resolution structural data (including size and shape) of randomly
oriented protein molecules in solution, a purified, filtered, homogenous and monodisperse
protein sample was applied to SAXS at the EMBL BioSAXS beamline P12 at PETRA 111 3rd
generation synchrotron source DESY Hamburg, Germany. The elastically scattered X-rays
(wavelength 0.1-0.2 nm) by the samples were recorded at low angles (typically 0.1 - 10°) and

analyzed.

Primary X-ray beam, ko = 2r7/A

2]
Scattered beam, k; = 2r/A

S = 41 sinB/A

Figure 7: Schematic representation of a SAXS experiment (Kikhney and Svergun, 2015).
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The shape and size of macromolecules, pore size, characteristic distances between partially
ordered materials and some other data can be investigated by having information from the
scattered pattern at the above mentioned small angular range. Structure information of
macromolecules between 5 and 25 nm and of repeat distances in partially ordered systems of
up to 150 nm can be delivered by SAXS (Walenta, 1985). A number of different
concentrations of Sbp (1 mg/ml, 2 mg/ml, 4 mg/ml, 6 mg/ml, 8 mg/ml and 16 mg/ml) were
used to perform the SAXS experiment. Likewise, a number of different concentrations were
used to determine the ab-initio models of Aap constructs as well. The monodispersity of each
sample was ensured by DLS prior to X-ray exposure, which was later on confirmed by
Linear Guinier plots from experimental data using Primus software. The final scattering
curves were obtained by extrapolating low angle data. The pair-distribution function was
calculated by GNOM (Svergun et al., 2013). Ab initio models of the respective proteins were
calculated using DAMMIF (Frank et al., 2009) and the automated mode of DAMAVER
(Volkov et al., 2003).

3.4.7. Pre-crystallization test (PCT)

Crystallography is one of the most advanced and widely used technologies for the
determination of a high resolution 3D-structure of a protein. Crystals of the protein of interest
need to be grown and can subsequently be analyzed using X-ray radiation. To optimize the
concentration of proteins for screening different crystallization conditions, a Pre-
Crystallization Test (PCT) was used. The four reagents of the PCT kit (Hampton Research
USA), which were used to evaluate ideal protein concentration for crystallization screening,
are as following:

1) Reagent Al: 0.1 M Tris hydrochloride pH 8.5, 2.0 M (NH,4)2S0O4

2) Reagent B1: 0.1 M Tris hydrochloride pH 8.5, 1.0 M (NH,),SO,

3) Reagent A2: 0.1 M Tris hydrochloride pH 8.5, 0.2 M MgCl, 6(H20), 30% w/v PEG 4,000
4) Reagent B2: 0.1 M Tris hydrochloride pH 8.5, 0.2 M MgCl, 6(H,0), 15% w/v PEG 4,000
Different concentrations of proteins were used to avoid an immediate amorphous precipitate
and a clear drop, to reach the best point at which the crystallization screening could be

performed.
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3.4.8. Robotic crystallization screening

Major advancements in structural proteomics have been observed with the increasing use of
robotics, which play a vital role in automation of crystallization experiments by reducing the
amount of protein samples by an order of magnitude. The time period to perform a large
number of conditions has also been reduced, hence improved the reproducibility of
experiments. A large number of set ups in a comparably shorter time has also become
possible. After purification, the protein samples were concentrated, centrifuged at 14,000
rpm for 1 hr and filtered to remove the precipitated part. The disparity of the samples was
monitored by DLS. The honeybee 961 pipetting robot (Zinsser Analytic GmBh, Germany)
was used to carry out different sets of crystallization conditions in which protein and
precipitant were transferred to 96 well Nextal Qial plates (Qiagen, Germany). The
commercially available screens Morpheus, Stura, and PACT (all Molecular Dimensions, UK)
and JCSG+, Classic, Cryos, ComPAS, and AmSO4 Suite (all Qiagen, Germany), were used
to identify potential crystallization conditions. 400 nl of protein solution were mixed with
400 nl of the respective precipitant solution with the help of honeybee robot in each well.
The reservoir was filled with 45 pl of precipitant solution to set up sitting drop vapour
diffusion method. The plates were sealed and stored at RT. Plates were also stored at 4 °C for

another parallel set up.

3.4.9. Optimization of initial crystallization conditions

After obtaining initial crystallization conditions for crystals, their growing conditions were
optimized by varying the precipitant condition just around the condition found in the initial
screen. The concentration of polyethylene glycols (PEGs), if found in original condition, was
increased and decreased by 10 %. The slight changes in each component of the initial screen
were made e.g., pH, salt, buffer, PEGs and temperature. Conditions were optimized in 24-
well Linbro plates (Hampton Research, USA), using the hanging drop vapor diffusion
method. 1.5 pl of a protein solution and 1.5 pl precipitant were added together in the droplet
and the reservoir was filled with 1 ml precipitant solution. Conditions were also optimized in
the 48-well MRC sitting drop plates (Molecular Dimensions, UK). Different ratios of
precipitant to protein sample were made in a total volume of 4 pl and the reservoir was filled

with 50 pl of precipitant solution. The set ups in the plates were made as duplicates to place
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them at 4 °C and 16 °C. All the droplets were manually pipetted. Crystallization under oil
method has also been considered. For crystallization under oil, a paraffin oil (Applichem
Germany) treated Terazaki plate (Nunc, Denmark) was used to fill all wells with oil. Then, 2
ul of protein with 2 pl of precipitant were pipetted into each well under the microscope,

whereas the oil covered the droplet.

3.4.10. Data Collection

3.4.10.1. Native Diffraction Data

G5,;EG5,EG5;3 (one of the Aap G5 constructs) crystal was fished on a nylon loop under a
microscope. Subsequent flash cooling of the mounted crystal was done in a liquid nitrogen
stream at 100 K. The cryo- protected crystal was mounted on the goniometer at the beamline
P13 at PETRA Ill, DESY, Hamburg. A native diffraction data-set was collected and initial
processing of data was done, using the software XDS (Kabsch, 2010) and iMOSFLM (Leslie,
1992). For scaling, the SCALA (Evans, 2006) program in the CCP4 package was used.

3.4.10.2. Matthews Coefficient (Vm)

The solvent content in a crystal is determined by the Matthew’s co-efficient (Matthews,
1968). It is one of the most important parameters to determine the number of molecules in an

asymmetric unit.

Volume of unit cell

Vi = -
M ™ Molecular weight of molecule = Z = X

Z in the above equation represents the number of asymmetric units in the unit cell (the
number of symmetry operators in space group). The unknown variable, X, is the number of

molecules in an asymmetric unit.
3.5. Bioinformatics tools

Different bioinformatics tools were used for sequence and structure analyses and predictions,

which are described below.
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3.5.1. Basic Local Alignment Search Tool (BLAST)

BLAST is an algorithm used to compare biological sequence information in proteins and
nucleic acids (Altschul et al., 1990). There are different tools available at the BLAST server
for comparing protein and nucleotide sequences against protein and nucleotide databases
(blastp and blastn).

3.5.2. ProtParam

ProtParam is a bioinformatics tool, which allows the computation of various chemical and
physical parameters of a given protein, such as molecular weight, extinction co-efficient,
theoretical pl, amino acid and atomic composition, estimated half-life and instability index
(Gasteiger et al., 2005)

3.5.3. PDBsum

It is a web-based database providing a graphical summary of the key information on the
macromolecular structure and includes images of the structure, annotated plots of each
protein chain's secondary structure and detailed structural analysis (Laskowski, R. A. et al.,
1997).

3.5.4. Easy Sequencing in PostScript (ESPript)

The ESPript program was used for rendering secondary structure information and sequence

similarities from aligned sequences (Robert and Gouet, 2014).
3.6. Homology model building servers

5.6.1. Iterative Threading ASSEmbly Refinement (I-Tasser): was used to

develop homology models by identifying templates from PDB by multiple threading
approaches (http://zhanglab.ccmb.med.umich.edu/I-TASSER) (Yang et al., 2014).
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3. MATERIALS AND METHODS

3.6.2. Swiss modeling server: was used to obtain a homology model with reference to

the amino acid sequence of the protein of interest. https://swissmodel.expasy.org/ (Biasini et
al., 2014).

3.6.3. Raptor X: Determination of estimated structures of sub domains in the proteins of

interest was also performed by Raptor X(Ma et al., 2013).

3.6.4. PRALINE: was used for multiple sequence alignment in combination with the

prediction of secondary structure elements by generating homology-extended multiple
alignment (Simossis and Heringa, 2005).

Apart from the above mentioned homology model servers, Phyre2, IntFOLD2, HHpred and
MAT servers were also used to predict and compare homology models.
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4. RESULTS

4.1. Structural characterization of Sbp

In order to achieve the first aim of the work, the following strategy was applied.

4.1.1. Expression and purification of Sbp/His by Zn*NTA

The sbp gene with 6 x His tag (yellow box) at the N-terminus and a linker of 18 amino acids

(red box) at the upstream of gene was already cloned into pDEST17 expression vector in E.

coli BL21Al cells. The amino acid sequence of Sbp/His construct is given below.

Msyyand A H N, v v A A TG N

SMKTVQQLNKGDKSLENVKIGESMKSVLKKYSHPIYS
YNPNSNEKYYEFRTDKGVLLVTANGKKERGNVTRYVSM
TYNNANGPSYKAVKQOLGHKAISRVHYNNVTGNFGYT
OKGQASYQFSSNSPKDKNVKLYRIDLNK

After performing test expression, recombinant sbp/His was expressed in E. coli BL21AlI cells

on large scale. For purification of the soluble protein, affinity chromatography using a zinc

matrix column was applied, as the 6 x His-tag in protein binds with high affinity to Zn** ions.

After equilibration of the column, using the appropriate buffers (described in section 3.1.9),

the solubilized protein, obtained from the centrifuged supernatant fraction of the lysed cells

was applied onto the column.

kDa

72
55

35
28

17

10

M Exp E
- Figure 8: SDS PAGE analysis of purification of Sbp.M represents the
- marker. Lane Exp shows expression of sbp and lane E represents the elution
of ~80 % purified Sbp after Zn*" affinity chromatography.
-
- _—

The high affinity of the protein towards the matrix led to a highly specific binding of the

protein tag to the matrix. After several washing steps, using the appropriate buffer (20 mM
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NaPO4, 500 mM NaCl, 20 mM Imidazole at pH 7.4) to remove non-specifically bound
proteins, Sbp/His was eluted in elution buffer described in section 3.1.9 and the fractions
were analyzed by 15 % SDS PAGE.

In order to remove the remaining impurities in the eluted Sbp from affinity purified
chromatography, gel filtration was performed. A calibration curve was prepared using the
standard proteins ovalbumin (48 kDa), ribonuclease A (13.5 kDa), aprotinin (150 kDa),
conalbumin (6.6 kDa) and carbonic anhydrase (72 kDa). Subsequently, the relative molecular
weight of the eluted protein was interpolated from an exponential calibration plot of an
elution volume versus molecular weight. The calculated molecular weight indicates that Sbp

forms a stable monomer in solution [see figure 9 (B)].
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Figure 9: (A) Superdex 200 SEC profile of Sbp. The elution volume of Shp at 16.6 ml corresponds
to the calculated molecular weight of Sbp, which is ~19.8 kDa. (B) Calibration plot representing the

molecular weight of Sbp along with standard proteins.
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72 H Figure 10: SDS PAGE analysis. Lanes M represents marker, while lane
—

35 Sbp is purified Sbp after SEC.
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4.1.2. Stability assays and biochemical characterization

To assess the thermal stability of Sbp at a range of temperatures from 5 °C to 95 °C in
different compositions of solvent buffers, a thermofluor assay was performed. The results
showed that the highest melting temperature (T,) of Sbp is 40 °C as shown in figure 11.

Citric/Ches/Hepes pH 5.62
— Citric/Ches/Hepes pH 6.49
— Citric/Ches/Hepes pH 7.76
T~ — Citric/Ches/Hepes pH 8.20
— Citric/Ches/Hepes pH8.75
50mM HEPES 750mM MNaClpH 7.5
— 50mM HEPES 1000mM NaClpH 75
— 200mM NaPQ4 pHT7.5
\ 50mM Tris-HCI 750mM NaClpH 8

— 50mM Tris-HCI 1000mM NaCl pH 8

Fraction unfolded (%)
=

0.04

10 15 20 25 30 35 40 45 50 55 ﬁ'ﬂ fr'5 70 75 B0 B5 90 95
Temperature (°C)

Figure 11: Thermofluor assay of Sbp. The denaturation of Sbp starts at 40 °C in most of the buffers
mentioned in the right side of the figure.

Unfortunately, the protein was not stable in any of the buffers used in this experiment, shown
in figure 11. Over a time period of three hour and longer, precipitation of Sbp was observed

during exchange of buffer.

To further characterize the effects of chemically different buffer conditions on the stability
and aggregation behavior of Sbp, dynamic light scattering (DLS) was applied. Different
buffer conditions were used to optimize the stability of protein, based on selecting the most
monodisperse protein solution. Before using the sample for DLS measurements, the
impurities, consisting of degraded and precipitated protein, were removed. For this, the
protein sample was centrifuged at 14,000 rpm for 1 hr and filtered afterwards. After trying a

wide range of different buffers with different molarity and different pH settings, a buffer
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solution containing 50 mM NaPO,, 150 mM NaF at pH=7.4 was found to be a suitable
solvent to stabilize Sbp over a long period of time of approx. 10 days.

- /SBP_5_3mg

a0t

R.80+/-0.09r 1W:34.98kDa N=57 A=1.000

Rh=2.8 nm

Figure 12: Results of DLS measurements with Sbp. (A) represents the radius distribution of Shp
particles over a range of 54 measurements. (B) The histogram (blue) and statistical distribution (red)

resulted in a calculated hydrodynamic radius (Rh) of 2.8 nm £ 0.1 nm.

The DLS measurement to calculate the hydrodynamic radius (Rh) of Sbp particles was done
at a protein concentration of 5.3 mg/ml. In order to see the changes in Rh with increasing
time, 54 measurements were conducted sequentially. Each measurement was performed for
30 sec and the gap between each measurement was 2 min. Rh of Sbp was calculated as 2.8

nm + 0.1 nm and remained constant over time, as shown in figure 12.

The effect of increasing temperature on Sbp in the above stated buffer (50 mM NaPO,, 150
mM NaF at pH=7.4) was analyzed by CD melting analysis of Sbp. The melting curve was
obtained for a range of temperature from 20 °C to 40 °C at a wavelength of 220 nm. A
decrease in the absorption of Sbp, as the temperature was raised above 40 °C is the indication
that Sbp has started degrading. The change in ellipticity towards the baseline also reflects the
loss of secondary structures in Sbp. T, of Sbp estimated from CD melting curve was ~40 °C,

as shown in figure 13.
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Figure 13: CD spectrum of Sbp as a function of temperature.

4.1.3. Sequence alignment, homology model predictions and analysis

The secondary structure of Sbp was predicted using different bioinformatics tools. All the
used bioinformatics tools, including Swiss modeling tool, RaptorX, I-Tasser and IntFOLD
server, took more or less the same homology models as templates to predict secondary
structure of Sbp. PDB IDs: 4HOA from S. aureus (Joint centre for structural genomics, to be
published), 2QZB from E. coli (Bonanno et al., to be published) and 4YGT from Bacillus
subtilis (Joint centre for structural genomics, to be published) were the most common

homology models used as templates by the above mentioned tools.

The multiple sequence alignment, using the amino acid sequences of templates taken by the
before mentioned bioinformatics tools, revealed that there is 24 % sequence homology with
82 % coverage between Sbp and a cysteine-rich secretory protein (PDB ID: 4HOA) from S.
aureus. The amino acid sequence alignment of Sbp and 4HOA by PRALINE (Simossis and
Heringa, 2005) is shown in figure 14.
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4HOA
Consistency

4HOA
Consistency

Sbp_
4HOR
Consistency

Sbp_
4HOA
Caonsistency
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Sbp_
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Figure 14: The amino acid sequence alignment of Sbp with a homologue (PDB ID: 4HOA). Amino

acids shown in red boxes are conserved in both protein sequences. The colour codes refer to going

from highly non-conserved residues to conserved amino acids. [ CERREREL |

Figure 15 (A) shows the calculated model of Sbp predicted by Swiss modeling, while (B) and
(C) are the Sbp structure prediction models by RaptorX and I-Tasser. The model (D) is the
representation of the predicted model by the IntFOLD server. All the models showed the
dominance of B-sheets as compared to a-helices. Moreover, the coil structure was also clearly

visible in all the predicted models, as shown in figure 15.



4. RESULTS

Figure 15: (A) The predicted structure model of Shp using the swiss homology-modelling server,
showing the presence of B-sheets, relatively lower number of a-helices and coils in the structure of
Shp. (B) The prediction of Sbp calculated by RaptorX. (C) and (D) The structure of Sbp predicted by
I-Tasser and IntFold respectively, representing the presence of a high ratio of B-sheets as compared to
a-helices. The coiled parts are also shown in the models. The N and C termini of each model are also

shown n the figures.

The secondary structure predicted by aligning sequences of Sbp and 4HOA by PRALINE is

shown in figure 16.
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Figure 16: The amino acid sequence of Shp aligned with 200 amino acids of 4HOA, using the

PRALINE, online analysis tool (Simossis and Heringa, 2005). The sequence shown in red boxes

refers to a-helices, while the blue boxes correspond to B-sheets predicted by PRALINE.

The verification of secondary structure composition and folding state of Shp in solution was
done by circular dichroism spectrometry. The obtained spectrum is the characteristic for a
typical B-sheet rich protein. One minimum at 206 nm was observed, which suggests that -
sheets are predominant in Sbp along with regions of low structural complexity. The positive
ellipticity at lower wavelengths, below 192 nm, is the indication that Sbp is well folded and

has defined and partly compact secondary structure.
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Figure 17: CD spectrum of Shp.
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CD spectrometry verified the overall folding of Sbp applying Yang’s algorithm (Yang et al.,
2015). The approximation for the fold of Sbp is 2 % o-helices, 45 % B-sheets and 51 %
random coil (figure 17). In parallel, an approximation according to Reed’s algorithm (Norma
et al., 2006) is 6 % a-helices, 46 % B-sheets and 33 % random coil. Both approximations are
overall in good agreement with each other.

The secondary structure estimation of Sbp obtained by CD spectrometry correlated well to
the estimation of secondary structure by bioinformatics tools analysis.

4.1.4. Crystallization experiments

Once, the homogeneity and monodispersity of protein was confirmed, concentrated Sbp was
applied to a number of crystallization set ups to screen a potential condition suitable for Sbp
crystal growth. The protein was concentrated up to 10 mg/ml. A variety of available
crystallization screens (Morpheus, PACT, Stura and ComPAS suites, each with 96 variations
of conditions) were used to set up the initial crystallization conditions using the Honeybee
961 dispensing robot (Genomic solutions, UK). The principle of sitting drop vapour diffusion
method was applied, while setting the experiment in 2 well MRC plates (NUNC) at 293K.
400 nl of Sbp were mixed with the same amount of precipitant solution, whereas 45 pl of

precipitant was used as reservoir for establishing equilibration during vapour diffusion.

The plates were checked to identify a potential condition for crystallization on regular basis,
but unfortunately no crystals were observed and no condition was found that gave a
promising starting point for optimization of the crystallization. Repeating the experiment
with the crystallization screens (Cryos, Classic and JCSG+), by using a new purification

batch of Sbp, also did not result in successful crystal formation.
4.1.5. Small angle X-ray scattering measurements

High resolution X-ray crystallography provides atomic-resolution details of the structure of
protein molecules, however, several intrinsic structural properties of a diverse range of
samples, for example oligomerization, concentration-dependent aggregation and flexibility in

solution may not be captured by crystallization techniques. Therefore, in solution methods,
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such as small angle X-ray scattering (SAXS) proves beneficial in determining the low-
resolution shapes and global conformation/structure(s) of proteins in solution. Sbp scattering
data were collected at the advanced 3™ generation synchrotron source PETRA 111 at DESY,
Hamburg, on the EMBL-P12 bioSAXS beamline (Blanchet et al., 2015). In terms of
monodispersity, the samples were first verified by DLS. Monodisperse solutions of purified
Sbp with 4 different concentrations (2 mg/ml, 3 mg/ml, 4 mg/ml and 5 mg/ml) were applied
to SAXS measurements. Twenty successive measurements with an exposure time of 50

milliseconds were conducted.

450 4
400
350
300 Figure 18: Pair-wise distance distribution
250 A —2mg/ml
200
150 -
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50 A

function P(R) of Sbp representing the maximal

=3 mg/ml

4mg/ml

P(R), arbitrary units

dimension (Dmax) increasing from 11.5 nm to 14

——5mg/ml

nm for the samples with increasing concentration

of 2-5 mg/ml.

R{nm)

A low-resolution structure of Sbp monomer was generated ab initio using a bead modeling
approach. The scattering data obtained from 2 mg/ml Sbp was used to generate ab initio

model.

34A

115A

Figure 19: The spatially aligned average and volume-corrected ab initio model of an Sbp monomer
generated by DAMMPFILT derived from ten individual DAMMIF dummy atom models.

The ab initio model has an elongated ellipsoidal shape with a considerably large globular

head and a small tail, as shown in figure 19. The »® (chi square) and p (probability) values of
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the experimental data fitting to the model were 0.9 and 1.0 respectively, determined by data
comparison in PRIMUSQqt.

The spatial superposition of a predicted I-Tasser model of Sbp onto the low resolution ab
initio model was performed by SUPCOMB (Kozin et al., 2001). The predicted I-Tasser
structure model fitted well to the globular head region of ab initio model of Shp, as shown in
figure 20. However, an a-helix structure at the N-terminus of the predicted model was
observed to fit in a part of extended tail of the ab initio model of Sbp.

Figure 20: The spatial alignment of the calculated (predicted) I-Tasser homology model of Sbp onto
the ab initio model of Sbp from SAXS using SUPCOMB (Kozin et al., 2001).

There could be a number of reasons that Shp crystals were not obtained to unravel its atomic
structure in detail. One of the reasons could be that Sbp has a 6 x His tag and a linker region,
consisting of 18 amino acids. The linker region is present between His tag and start of Sbhp
sequence. Unfortunately, there was no restriction site available to cleave the tag off from

protein, so a new construct of Sbp was designed and cloned, as described below.
4.1.6. Cloning of Sbp into pET302NT-His vector

Sbp gene was amplified from genomic DNA using gene specific primers. The N-terminus
was extended by a 6 x His tag and a TEV protease cleavage recognition site during the
synthesis of primers. The restriction sites for EcoRI (5' end) and BamHI (3'end) were also
introduced into the primers. The PCR amplification of the cloned sbp, using gene specific
primers, showed that the obtained band corresponded well to the expected sizes. The

amplified gene sbp appeared at 513 base pairs, when compared with a DNA marker, as

56



4. RESULTS

shown in figure 21. The PCR amplified product of Sbp was digested using EcoRI and BamHI
high fidelity restriction enzymes. pET 302 NT-His vector was also linearized by the same
enzymes. Ligation of the gene into the vector was done using T4 DNA ligase, as described in
chapter 3.2.1. The obtained plasmids were isolated by Qiagen Plasmid Mini Kit (Qiagen,
Hilden, Germany) and transformed into BL21 Star E. coli cells.

bp
Figure 21: Agarose gel electrophoretic analysis of the amplification of

Sbp gene by PCR. Lane M represents the marker. Lane 2 shows the

1353 amplification ofsbp gene from genomic DNA and lane 3 shows the
i
603
513

amplification of sbp from a selected clone after transformation with the

ligated pET 302 NT-His vector containing sbp.
310

The PCR amplified product of Sbp was digested using EcoRI and BamHI high fidelity
restriction enzymes. The pET 302 NT-His vector was also linearized by the same enzymes.
Ligation of the gene into a vector was done using T4 DNA ligase as described in section
3.2.1. The obtained plasmids were isolated by using the Qiagen Plasmid Mini Kit (Qiagen,
Hilden, Germany) and transformed into BL21 Star E. coli cells. The amino acid sequence of
Sbp with 6 x His tag (yellow box) and TEV protease cleavage recognition (red box) is given
below. The arrow head indicates the cleavage site, where TEV protease cleaves off the His

tag.

MSYYHHHHHHVNS_NNVEAATGNSMKTVQ

OQOLNKGDKSLENVKIGESMKSVLKKYSHPIYSYNPN
SNEKYYEFRTDKGVLLVTANGKKERGNVTRVSMTY
NNANGPSYKAVKQQLGHKAISRVHYNNVTGNFGYT
OKGQASYQFSSNSPKDKNVKLYRIDLNK
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4.1.7. Test expressign of shp

Test expression of sbp in E. coli BL21 Star cells carrying the plasmid pET 302 NT-His with
cloned sbp gene was performed using 1 mM IPTG as inducer, as described in section 3.3.1.

A B
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Figure 22: SDS-PAGE analysis of test expression of sbp in BL21 Star cells at RT. (A)
Lane M shows marker band, lanes 1, 3 and 5 represent the expression of sbp when induced
with IPTG at ODggo 0.4 and using collected cells after 2, 3 and 4 hrs respectively. Lane 7 in
(A) and 9 & 11 in (B) are sbp expression, when induced with IPTG at ODgg 0.7 and
collected cells after 2, 3 and 4 hrs respectively. Lane 13, 15 and 17 are sbp expression when
induced with IPTG at ODggo 1.0 and collected cells after 2, 3 and 4 hrs respectively. Lanes 2,
4,6, 8, 10, 12, 14 and 16 represent the respective non induced (NI) samples, showing no sbp

expression.

The obtained results indicated that the expression of sbp was better when it was induced at
ODggo 0.7 and 1.0, as compared to lower cell count expression. | chose the expression time
point when ODgqo Vvalue reached 1.0 after 3 hrs of induction, as shown in figure 22 (B) lane
15.

4.1.8. Purification and cleavage of 6 x His tag of Sbp by TEV protease

Purification of recombinant Sbp (rSbp) was performed following the steps, as described in
sections 4.1.1. In order to obtain pure and 6 x His tag free Shp, the affinity purified protein

was dialyzed against the initial buffer without imidazole overnight, using Slide-A-Lyzer
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Dialysis Cassette G2 with 3500 Da MWCO (Amicon Ultra). Sbp was concentrated up to
1mg/ml. The cleavage reaction with TEV protease (27 kDa) was performed at RT with mild
shaking for overnight. A ratio of the TEV protease to Sbp (1:10) was used for complete
cleavage. As cleavage reaction takes place in a reduced environment, 1 mM dithiothreitol
(DTT) was added to the solution. The cleavage was verified by SDS PAGE. In order to
remove the cleaved tag, remaining tagged Sbp and TEV protease enzyme from the protein
solution, affinity chromatography was performed. The pure tag free Sbp was collected in the
flow through. The final yield of the protein was ~10 mg out of 6 liters of E. coli cell culture
and the purity of Sbp was approximately 95 %, as shown in figure 23.

M 1 2

. Figure 23: SDS PAGE analysis of Sbp. M represents marker. Lane 1
shows the His tag free purified Sbp and lane 2 represents the uncleaved Shp

28 ) as a reference.

18.6 !

17(16.7)

10

4.1.9. DLS measurements and crystallization experiments of tag free Sbp

After removing His tag, size distribution profile of pure Sbp was determined by DLS. Rh
measurements of Sbp were done over a range of concentrations from 0.2 mg/ml to 10 mg/mi
at an interval of 10 days to check the stability of the protein. The histograms obtained from
DLS measurements represented in figure 24 indicated that Rh gradually increased from 2.25
nm to 2.72 nm with an increasing concentration of 0.2 mg/ml to 10 mg/ml. Furthermore,

aggregation of Sbp was observed at a concentration of 10 mg/ml.
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Figure 24: Histograms of Rh of Sbp calculated from DLS measurements. (A) Rh of 2.25 nm +/-
0.3 nm was obtained for a concentration of 0.2 mg/ml. (B) Rh of 2.29 nm +/- 0.1 nm at a

concentration of 1.0 mg/ml. (C) Rh of 2.48 nm +/- 0.2 nm at a concentration of 3.0 mg/ml. (D) and
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(E) represent the likewise increase in Rh. (F) An increase in the Rh has been observed at a
concentration of 10.0 mg/ml resulting in an Rh of 2.72 nm +/- 0.3 nm.

To determine a suitable precipitant was the next step for Sbp to crystallize. A number of
crystallization set ups were prepared with a variety of available crystallization screens, as
described in sections 3.4.8. and 4.1.4. Once, the homogeneity and monodispersity of the
protein was confirmed, concentrated Sbp was applied to a number of crystallization set ups to
screen a potential condition suitable for Sbp crystal growth. The protein was concentrated up
to 10 mg/ml. A variety of available crystallization screens (Morpheus, PACT, Stura and
ComPAS suites, each with 96 variations of conditions) were used to set up the initial
crystallization conditions using Honeybee 961 dispensing robot (Genomic solutions, UK).
The principle of sitting drop vapour diffusion method was also applied, while setting the
experiment in 2 well MRC plates (NUNC) at 293K. 400 nl of Sbp were mixed with the same
amount of precipitant solution, whereas 45 pl of precipitant was used as reservoir for

establishing equilibration during vapour diffusion.

The plates were checked to identify a potential condition for crystallization on regular basis,
but unfortunately, no crystals were observed and no condition was found that gave a
promising starting point for optimization of the crystallization. Repeating the experiment
with the crystallization screens (Cryos, Classic and JCSG+), by using a new purification

batch of Sbp, also did not result in successful crystal formation.
4.1.10. SAXS measurements of tag free Sbp

Monodisperse solutions of purified Sbp with 6 different concentrations (1 mg/ml, 2 mg/ml, 4
mg/ml, 6 mg/ml, 8 mg/ml and 16 mg/ml) were applied to SAXS measurements, as described
in section 4.1.5. The data were radially averaged to produce 1D-scattering profiles (Franke et
al., 2012) and compared to each other to assess potential radiation damage (Franke et al.,
2015). Only those scattering profiles without measurable damage were averaged. Scattering
from the matched solvent blank was subtracted from the sample scattering to generate the

final SAXS profiles of the protein in solution (figure 25). The scattering intensity [I(s)] of
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each sample was investigated up to a scattering vector, or momentum transfer, of s = 3.5 nm™

(s = 4nsind/\, where 20 is the scattering angle and A, the X-ray wavelength was 0.124 nm.
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Figure 25: Small angle X-ray scattering data of 6 different concentrations (Img/ml, 2 mg/ml, 4
mg/ml, 6 mg/ml, 8 mg/ml and 16 mg/ml) of Sbp are represented in the form of a plot of scattering
intensity I1(s) versus scattering vectors (s), showing angle dependent changes in scattering intensity.
The calculated fits, along the data points of each concentration of Sbp, are generated by GNOM in the
PRIMUSQqt software package and are represented as black curves. Note: For display purposes only,
the up-scaling of data has been performed by adding a factor of 1 along scattering intensity data of

each concentration to show all fits on the same plot.

The radii of gyration (Rg) of the particles were determined by Guinier analysis using AutoRg
implemented in PRIMUSqt (software package). The linear section of the Guinier plot [Inl(s)
versus s°] at very low angles (SRg< 1.3) is useful, as the slope of the plot relates to Ry, while
the extrapolated intensity to zero angle, 1(0), relates to the particle volume and hence the
molecular weight (MW). In addition, GNOM (Svergun. 1992) was used to calculate the

probable real-space atom pair distribution profile [P(R) vs R], from which the real-space Ry
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and maximum dimensions (Dmax) Were determined, by computing the inverse indirect fourier
transform of the SAXS data [see figure 26 (B)].

—1mg/ml
—2 mg/ml
—4 mg/ml
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Figure 26: (A) Guinier plot
analysis [Inl(s) vs s°] of Sbp with
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mg/ml to 16 mg/ml.
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The distance distribution profile represents the frequency of distances between scattering
centres within the protein (electrons) which are, in effect, the probable frequency of distances

between all atom pairs and this provides information about the shape of the protein in

solution.
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Concentration dependent oligomerization /aggregation is observed in the scattering data. The
Ry of Sbp calculated from Guinier plot and P(R) show a gradual increase with increasing
sample concentration [see figure 26 (A)]. The P(R) profile shown in figure 26 (B) also
represent an increase in Dmax Of samples from lower to higher concentrations. The
approximate molecular weight of each sample was calculated from the concentration and
scattering intensity of respective samples after standardizing against bovine serum albumin
(BSA). The MW of 15 kDa was estimated from forward scattering of the sample with 1
mg/ml concentration. The rest of the concentrations (2-16 mg/ml) showed an increase in
MW from 17-36 kDa, as shown in table 18. These observations suggest that Sbp has a
propensity to self-assemble into high molecular weight oligomers.

Table 18: Statistics obtained from SAXS measurements of Shp

Concentration used Rg (nm) Rg(nm) MW (kDa) Drmax
(mg/ml) Guinier Plot P(R) from 1(0) from P(R)
1 1.98 2.04 15 7.7
2 2.04 2.13 17 9.0
4 2.09 2.22 19 9.5
6 2.19 2.36 27 10.5
8 2.22 2.41 29 11.0
16 2.37 2.62 36 12.0

A low-resolution surface structure of the tag free Sbp monomer was generated as an ab initio

model from 2 mg/ml sample, as shown in figure 27.

64




4. RESULTS

35A
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Figure 27: The average and volume corrected ab initio model of the Sbp monomer observed from
DAMMFILT generated by DAMMIF.

The ab initio models of Sbp with 6 x His tag and tag free Sbp were superimposed over each
other to compare their shapes. Both models were comparable to each other. However, the
elongated tail-like region of Sbp with tag and linker region (violet bead model) was

comparatively longer than the Sbp without tag (grey bead model), as shown in figure 28.

Figure 28: The superimposition of an I-Tasser predicted homology model of Sbp onto an ab initio
model of Shp, using SUPCOMB (Kozin and Svergun, 2001).

4.1.11. Native mass spectrometry

In order to analyze the aggregation/ oligomerization behavior of Sbp, the molecular mass of
pure Sbp (10 uM ) was determined by native MS in 250 mM ammonium acetate at pH 7.4.
The obtained spectrum in figure 29, upper panel showed that there is a main species causing
~ 80 % of the signal and a mass of 16.9 kDa of Shp representing monomer. However, there is

also a dimeric form observed constituting ~20 % of 33.8 kDa of Shp.
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The lower panel in figure 29 shows a spectrum of a sample that has a three-fold (30 uM)
increase of concentration compared to the one in the upper panel. It can be observed that the
percentage of dimer species increases and some species of trimeric form of Sbp are also
observed. The non-specific oligomerization of Sbp can be a result of a high concentration of
the protein, which leads to clustering of molecules in the droplets, a common ESI artefact at
concentrations higher than 20 pM. The other possibility is that Sbp oligomerizes with low
affinity at increasing protein concentration. The origin of this dimer signal is inconclusive,
due to jumping values in concentration determination via absorption spectroscopy. However,
concentration dependent oligomerization in Sbp could also be observed in SAXS
experiments, as described in section 4.1.5 and 4.1.10.

Sbp
A 16896= 10 Da b4
B 33796= 10 Da 2 2614

Sbp

A 16919+20Da
B 33828+ 10Da
C 50665+ 24 Da

Figure 29: Native MS of Shp. In the upper panel, the most abundant state of Sbp is a monomer. The
lower panel represents the mass species of Sbp when the concentration was increased 3 folds, which
was 30 uM. There are dimeric and trimeric species observed, but their abundance is very low and can

be a result of crowding effect.
4.2. Accumulation associated protein

In order to achieve the second aim of the project, three constructs of sub domain G5 of Aap
domain B (G5:EG5,EG53 G5,EG5;, and G5;E) were cloned, expressed and characterized.

The interaction analysis between Aap and Sbp was followed further.
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4.2.1. Cloning of aap G5 constructs - G5;EG5,EG5; G5,EG5; and G5,E in
PET302-NT His vector

The PCR amplified products of three constructs of sub domain G5 of aap, domain B
(G5;EG5,EGS3, G5,EG5, and G5;E), using gene specific primers, were cloned into a
linearized pET 302 NT-His vector applying the Gibson cloning method described in section
3.2.2. The N-terminus of each construct was supplemented with a 6 x His-tag and a TEV
protease recognition cleavage site (ENLYFQG) during the synthesis of primers.
Transformations of the clones were done in BL21 Star cells and plasmids were isolated by
the Qiagen Plasmid Mini Kit (Qiagen, Hilden, Germany). The PCR amplification of the
cloned constructs of aap G5 constructs using gene specific primers showed that all the bands
corresponded well to their expected sizes. The amplified gene G5,EG5,EG5; appeared at 969
bp, G5,EG5, at 591 bp and G5,E was at 387 bp when compared with DNA size marker, as shown
in figure 30. Sequencing of the respective plasmids also confirmed successful cloning of all

constructs.
A B C
M 123 45617378 M 1 23 4 56178
8n
1353 603 (591)
1078
ssasn 603
603 387

310

Figure 30: Gel electrophoresis of PCR amplified Aap constructs. (A) Lane M represents the
marker, lane 1 is negative control and lanes 2, 4, 6 and 8 are plasmids of different clones of the
construct G5,EG5,EG5;, lanes 3, 5 and 7 represent the PCR amplification of G5,EG5,EG5; gene
from clones. (B) Lanes 2-4 show the PCR amplified products of G5,EG5,. (C) Lanes 1, 3, 5and 7
represent cloned plasmids before amplification. Lanes 2, 4 and 6 represent the PCR amplification of
the G5;E gene.
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4.2.2. Test expressions

In order to analyze the optimal cell density for induction of expression and the optimal
duration of expression for all three recombinant G5 constructs (rG5), test expression
experiments were performed, as described in section 3.3.1, but the temperature was set to 20

°C after induction of gene expression by IPTG.

A B
kDa M 1 2 3 4 5 6 kDa M 1 2 3 4 5 6
2 - ; ’
28 . 22 .
S
17 17 %
10 10

Figure 31: SDS PAGE analysis of test expression of rG5,EG5,EG5;. (A) Lane M represents the
marker, lanes 1, 3, 5: non-induced (NI) samples when the ODggo value reached 0.5, lanes 2, 4, 6: the
expression of rG5,EG5,EG5; after induction of samples when the ODg Value reached 0.5 after 2 hrs,
3 hrs and 4 hrs respectively. (B) Lane M represents marker, Lanes 1, 3, 5: NI samples when the ODgqp
value reached 0.9 after 2 hrs, 3 hrs and 4 hrs respectively, Lanes 2, 4, 6: the expression of
rG5;EG5,EG5; after induction of samples when the ODgg value reached 0.9 after 2 hrs, 3 hrs and 4

hrs respectively.

kpaM 1 2 3 4

5 6 7
. | ) Figure 32: SDS PAGE analysis of test expression of
72 . ‘ ‘
55 u. i rG5,EG5,. Lane M shows the marker, lane 1 is NI
35 (- Hu 1 L sample, Lanes 2-4: the expression of rG5,EG5, after

<8 induction of samples when the ODgg value reached 0.5

17 lanes 5-7: the expression of rG5,EG5, after induction of
samples when the ODgg value reached 0.9 after 2 hrs, 3

10
hrs and 4 hrs respectively.

68



4. RESULTS

kDa

M 1 2 3 4 5 6 7 8
72 ‘ & ‘, |
55 - 1 T \
35 u H
28
17 .

10

Figure 33: SDS PAGE analysis of test expression of rG5,E. Lane M shows the marker. Lanel
and 5 represent NI samples when the ODg value reached 0.5 and 0.9 respectively, lanes 2-4: the
expression of rG5;E after induction of samples when the ODsg value reached 0.5 after 2 hrs, 3 hrs
and 4 hrs respectively, lanes 5-8: the expression of rG5;E after induction of samples when the ODgo

value reached 0.9 after 2 hrs, 3 hrs and 4 hrs respectively.

Surprisingly and interestingly, the expressed genes appeared at higher molecular size on SDS
PAGE than expected, calculated theoretically from cloned gene sequences. For example, the
molecular weight of rG5;EG5,EG53 along with 6 x His-tag and sequence of TEV protease
cleavage site was predicted to be 37 kDa, according to the EXPASY program, ProtParam
(Gasteiger, E et al., 2005). However, the protein band was observed at ~60 kDa on SDS
PAGE, as shown in figure 31. rG5;EG5, should appear at a molecular weight of 23 kDa and
Gb5;E should have a molecular weight of 16 kDa, while both appeared at higher molecular
weight of ~37 kDa and ~21 kDa, respectively, as shown in figure 32 and 33. However, the
maximum expression of rG5;EG5,EG5; was obtained 4 hrs after induction, when ODggo
value reached 0.9 as shown in figure 31 (B) lane 6. rG5,EG5, showed maximum expression
level 3 hrs after induction when ODggo value reached 0.9 as shown in figure 32 lane 6. The
expression of rG5;E was also maximum 3 hrs after induction when ODgqo value reached 0.9 as
shown in Figure 33 lane 7. However, the expression of rG5,E was good and same in almost

every condition.
4.2.3. Purification and characterization

In order to confirm the identities of all rG5 constructs, they were purified by affinity
chromatography using the His-tag, as described in the section 3.3.3. In order to remove the 6

X His-tag from each construct, cleavage reaction was performed, as described in section
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3.3.6. TEV protease and tag were removed from the protein solution by affinity
chromatography.

Each purified tag free protein sample was concentrated and size exclusion chromatography
was performed in order to fractionize the samples according to size and to identify the
molecular weight of the constructs, as described in section 3.3.5. The eluted fractions

obtained for each construct were analyzed by 12 % SDS PAGE, as shown in figures below.

The construct G5:EG5,EG53 eluted at 12.3 ml which corresponds to 160 kDa molecular
weight, as shown in figure 34 (A). Figure 34 (B) shows SDS PAGE result of the eluted
fractions, which were same showing a band shift to a higher molecular weight, as described

in section 4.2.2 during test expression.

A B
180 kDa M P
160 23m '
140 70
2 55 | —
E 10 40 -
E 80
3 60 35 -
e 2s W
20
o N
0 5 10 15 20 25 30
15

Elution Volume (mil)

Figure 34: SEC and SDS PAGE analysis. (A) Chromatogram of G5,EG5,EG5; (B) SDS PAGE
analysis of purified G5;EG5,EG5; M represents size marker, lane P is purified protein after SEC.

Figure 35 (A) shows the elution volume of G5,EG5, through Superdex™ 200 10/300GL
column, which is 14.1 ml and corresponds to calculated molecular weight as 61 kDa. SDS
PAGE results shown in figure 35 (B) were same, as described in section 4.2.2 during

expression of respective protein.
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Figure 35: SEC and SDS PAGE analysis. (A) Superdex™ 200 SEX profile of G5,EG5,. (B) SDS
PAGE analysis of purified G5,EG5,. M represents size marker, Lane P represents purified G5;EG5,
after SEC.

Gb5;E eluted at 15.6 ml volume of the column [shown in figure 36 (A)], which corresponds to
21 kDa when compared to and calculated from the standard calibrated proteins, as described
in section 4.1.1. The SDS PAGE analysis of eluted sample [figure 36 (B)] was same as

described in section 4.2.2 during expression.

A B
M P
1 400 15.6ml kDa =
1.200
70 e
5 1.000 o ¢
=
E s 35 e—
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0 5 10 15 20 25 30
Elution Volume (ml) 10

Figure 36: SEC and SDS PAGE analysis. (A) Superdex™ 200 SEX profile of G5,E. (B) SDS
PAGE analysis of purified G5;E. M represents size marker, Lane P is purified G5,E after SEC.

This anomalous behavior of G5 constructs was further checked, as described later.
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The presence of purified G5 proteins was confirmed by western blot analysis. As all three
constructs are the parts of domain B of Aap, a single antibody Rabbit anti-rDomB was used
as primary antibody, which was detected by peroxidase labeled secondary antibody. The
samples were blotted onto PVDF membrane from SDS PAGE gels. The membrane was
treated with primary and secondary antibodies described in section 3.3.11. The signals of the
respective bands of proteins G5;EG5,EG5;, G5:EG5; and G5,E were detected on X-ray films
shown in figure 37. The detection of bands by western blot showed that the purified proteins
shown in figure 34 (B), 35 (B) and 36 (B) of section 4.2.3, belong to Aap.

A B C
M 1 I;ga M 1 2 kDaM 1 2
kDa ==
— 72 @m
70
55 -
— 55 ==
55 | - 40 -
40 - :
28
- 35 e “ ; -
—
g5 e o5 == 7 .
10
15 15 0 -

Figure 37: Western blot analysis of Aap constructs. X-ray film (A) Lane 1 depicts the
chemiluminescence signal of bound antibody against G5;EG5,EG5;, (B) lane 2 represents the
detection of G5,EG5; and (C) shows the presence of G5,E.

In order to investigate the approximate sizes and oligomeric states of all the three rG5
proteins and to compare them with the results obtained from SDS PAGE, blue native PAGE
was performed. The native state of proteins remains conserved during native-PAGE. The
result showed that for G5;E and G5;EG5, two distinct bands were observed, while

G5,EG5,EG5; appears as a single compact band on native gel, as shown in figure 38.
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M 1 2 3 4 5 6 7 8 Figure 38: Blue native-PAGE of Aap constructs. Lane M
stands as a reference marker. Lanes 1 and 2 show the purified

Nt G5;E, lanes 4 and 5 represent the purified samples of G5,EG5,
242
146 BB and lane 8 represent purified G5;EG5,EG5;,
66 =8 -
-=

20

4.2.4. ldentification of Aap rG5 proteins

Each protein construct digested by trypsin resulted into a number of peptides, which were
identified to be present in the original sequence of each construct. The cleavage of
G5,;EG5,EG5; construct by trypsin resulted into a total number of 34 peptides. These
peptides were aligned to the original amino acid composition of the construct using CLC

workbench software, as shown in the figure 39.

pep16
pep33
180
pep32
pep22 pep30 pep23 pep34

NAPKGSQEDVPGKPGVKNPDTGEVVTPPVDDVTKYGPVDGDP ITSTEE IPFDKKREFNPDLKPGEERVKQKGEPGTKT ITTPTTKNPLTGEKVGEGEP
pep34
pep23
pep30

TEKVT

Figure 39: Peptide digestion of G5;EG5,EG5; for identification by mass spectrometry analysis.
The identified peptides shown as green arrows are found within the amino acid sequence of
G5,EG5,EG5;
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Likewise, all the peptides obtained as a result of tryptic digestion of rG5;EG5, and rG5;E
were also identified to be present in the amino acid sequence of Aap.

The high mass accuracy of native MS was exploited to determine the molecular masses of
G5 constructs in 250 mM ammonium acetate at pH 7.4. After purification, 6x His tag
cleavage by TEV protease and removal of tag from each protein were carried out. The
proteins were applied to ESI, as described in section 3.4.2. The obtained spectra, representing
the relative abundance normalized to the base peak of charged proteins at particular m/z
values, showed monomeric states for all constructs. The mass of each construct was

determined from all peaks in the charge envelope.

100, \7 '+6 ® G5,E 14.02kDa

G5,EG5,21.28 kDa
+9
% B +7
O|-||-|||-||||-||||||||||||||||-||||||||||||||-||||-|||_|||||||||||-||-||'I
100, ® +11 G5,EG5,EG5, 35.22 kDa
+12 e+10
%l¢ vz @

@]
0||II|III:II|I:|III||I|II||IIII:II|I|I||IIlllllllllllln-l:lTlllll“llll:l“llll'
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Figure 40: Native mass spectra of Aap constructs. Panel (A) represents the individual mass species
of G5,E with 5-8 positive charges revealing monomeric state of protein with a mass of 14 kDa. (B)
Panel B refers to the monomeric species of G5;EG5,. The molecular mass of G5,EG5, was 21.3 kDa.
(C) Referring to panel C, the calculated molecular mass of G5,EG5,EG5; was 35.2 kDa.

The calculated masses of each construct of Aap fits well to the theoretical masses of the
respective proteins calculated by ProtPram (Gasteiger et al., 2005), according to the amino
acid sequence of the expressed genes. The above experimental results confirmed that
molecular cloning of the respective genes was successful. The expression of the respective
proteins was also up to the mark despite of the fact that these proteins appeared at higher

molecular size on SDS PAGE and gel filtration.
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4.2.5. Biochemical characterization of Aap G5 proteins

Purified Aap G5 constructs were subjected to DLS for checking their monodispersive nature
under the given buffer conditions. The strong signals suggested that most of the part of each

protein construct was monodisperse.

[— 7osE] — /GSEGS [— 3mg_mi|

ho: 3.38+/.4 s6nm hO: 0.21+/-0fj9nm
hO: 3.93+/.4| 70nm 15§ho: 4.53+2-04snm

Rh=2.9+/-0.2nm | i Rh=3.38 +/- 0.5 nm Rh=4.53 +/-0.5 nm

Figure 41: DLS measurements showing monodispersive nature of  protein solutions with
hydrodynamic radii as 2.9, 3.38 and 4.53 nm of G5,E G5,EG5,and G5,EG5,EG5; in (A), (B) and
(C) respectively.

To estimate the secondary structure of G5 constructs, CD spectrometry measurement was
performed for each protein sample in solution form CD spectrometry indicated the presence
of B-sheets in all the three G5 constructs. The minima at 198 nm wavelength (figure 42) in

each construct are representatives of strong -sheets.
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Figure 42: CD spectra of rG5,E, rG5,EG5; and rG5,;EG5,EG5; represented as (A) blue, (B) red and

(C) green, respectively
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4.2.6. Sequence homology and structural alignment of G5 protein

constructs

The crystal structure of a segment of a homologous protein SasG, G5;EG5;, (PDB ID:

4FUOQO), from S. aureus has already been solved (Conrady et al., 2013). In order to determine

the secondary structure in G5 protein constructs, the multiple sequence alignment of G5

constructs and 4FUO was done using clustal omega. The secondary structure elements were

predicted using EsPript tool.

AFT0:
G5E:
GSEGS:

GSEGSEGS :
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EEIKQPVDEI TEYGEEEIKPGHEDEFDPNAPKGSQEDVPGKPGVENED

TGEVVIPPVDDVIKYGPVDGDPITSTEEIPFORKREFNPDLEPGEERVEQKGEPGTETIT

TPTTRNELTGERVGEGERTERVT

Figure 43: The amino acid sequence alignment of G5;E, G5;EG5, and G5,EG5,EG5; with G5;EG5;

(PDB ID: 4FUQ). The red boxes represent the sequence identity among proteins. The arrow heads in
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black colour show B-sheets and Ts represent turns. There are no alpha helices in the structure of
proteins.

4.3. Crystallization of G5;EG5,EG5;

Pre crystallization test (Hampton Research) was performed to optimize the concentration of
G5 proteins for the most suitable crystallization condition. Initial screening of the
concentrated protein was performed against a diversity of available screening conditions
using the honeybee robot, applying the sitting drop method. A 400 nl of each protein sample
(concentrated in the range of 20-25 mg/ml in the presence and absence of 1mM ZnCl,,
separately) was mixed with the same volume of precipitant solution and 45 ul of precipitant
solution was used as reservoir. 480 different conditions were set in 5 Nextal Qial plates
(Qiagen, Germany), as described in section 3.4.8. The plates were placed at RT and analyzed
every week by a compound microscope. After 7 weeks, a brick like G5;EG5,EG5;3 crystal
(shown in figure 44) appeared in condition A9 (see table 19) of the Morpheus suite in the
absence of ZnCl,. Some crystals were also observed in condition E5 (see table 19) of the
PACT suite.

Figure 44: (A) G5,EG5,EGb5; crystal appeared after 7 weeks in condition A9 of the Morpheus suite
diffracted up to 3.5 A. The crystal dimension was 60 x 89 x 97 um. (B) Crystals in condition E5 of
the PACT suite.
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Table 19: The conditions A9 of the Morpheus suite and E5 of the PACT suite in which the
crystals were grown, their compositions and the sizes of obtained crystals.

Fig. 44 Condition Constituents Dimension

0.1 M bicine/trizma base pH=8.5, 0.03
M CacCl,, 0.03 M MgCl,, 10% w/v
PEG 20,000, 20% v/v PEG MME550

Morpheus-A9 60 x 89 x 97um

B PACT-E5 0.2 M Na citrate, 20 % PEG3350 50-130 pm

After two more weeks more crystals appeared in the conditions A8 and A12 of the Morpheus
suite. The crystal dimensions were in the range of 50 to 170 microns, shown in figure 45 (A)
and (B).

“—> == W
170 um 113 pm

Figure 45: The shown crystals diffracted up to 2.7 A.

Table 20: The conditions A8 and Al12 of the Morpheus suite in which the crystals were
grown, their composition and size of crystals.

Fig. 45 Condition Constituents Dimensions

0.1M MOPS/HEPES pH=7.5, 12.5%w/v
PEG1000, 12.5% w/v PEG3350, 12.5% v/v

A Morpheus- A8 50-170 pm
MPD, 0.03M MgCl,& 0.03M CaCl,
0.1M bicine/trizma base pH=8.5, 12.5% wi/v
0, 0,
B Morpheus- A12 PEG1000, 12.5% wi/v PEG 3350, 12.5% v/v 50-170 ym

MPD 0.03M CacCl,, 0.03M MgCl,
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Note: Crystals were obtained only for the G5;EG5,EG5; protein. The other two G5 proteins
G5:EG5; and G5;E did not crystallize.

In order to obtain more crystals, further optimization of the conditions mentioned above was
performed by varying the concentrations of the constituents in 24 well maxi plates, using the
hanging drop method. In this experiment, crystallization drops were made using the purified
tag free G5;EG5,EG5 and 6 x His tagged protein in separate crystallization set ups.
However, the crystals were grown for His tagged G5;EG5,EG5 protein, as obtained
previously. There were no tag free protein crystals observed in the same crystallization set
ups. Figure 46 (A) and (B) represent the crystallization drops with the same constituent
composition. The crystals of G5;EG5,EG53; with 6 x tag were grown [see figure 46 (A) and

(B)].

Figure 46 (A) G5,EG5,EG5; crystals grown in five weeks in the modified Morpheus-A9 condition.
(B) The drop with the same condition but tag-free G5,EG5,EG5;. No crystals observed. (C)
G5,EG5,EG5; crystals in modified Morpheus-A8. (D) Crystals in modified Pact-E5 condition.
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Table 21: Optimized conditions for crystallization

Fig. 46 Optimized Constituents Dimensions
Condition

0.1 M bicine/trizma base pH=8.5, 0.03 M CaCl,,
0.03 M MgCl,, 9.5 % w/v PEG 20,000, 20 % v/v

A&B Morpheus- A9 60-150 pm
PEG MME550
0.1 M MOPS/HEPES pH=7.5, 14 %wi/v
0, 0,
C Morpheus- A8 PEG1000, 12.5 % w/v PEG3350, 12.5 % v/v 50-160 ym
MPD, 0.03 M MgCl,& 0.03 M CaCl,
D PACT-E5 0.2 M Na citrate, 17.5 % PEG3350 50-130 um

4.3.1. Data collection and processing

One of the two crystals with a size of 60 x 89 x 97 um (from A9 condition, described in table
19, of the Morpheus suite) diffracted up to 3.5 A resolution at the beamline P13, DESY,
Hamburg. From the crystals in the A8 condition of Morpheus suite, the diffraction data up to
2.7 A resolution were collected at 100 K at the beamline P13, DESY, Hamburg. PEG, which
was already present in the crystallization condition (mother liquor) acted as cryo-protectant
and prevented the formation of ice rings. The data frames were processed by XDS program
(Kabsch, 2010) and an mtz file was created. The crystals belonged to orthorhombic group
with unit cell parameters a = 52.28, b = 70.90, ¢ = 235.94 A corresponding to the space group
P2,2:2;. The Matthews Coefficient Vy (Matthews, 1968) indicated the presence of two

molecules in the asymmetric unit.

Table 22: Statistics of data collection of G5,EG5,EG5scrystal

Data collection

Source PETRA Il P13
Wavelength (A) 0.976
Temperature (K) 100

Space group P2:2:24

Unit-cell parameters
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a, b, c(A) 52.28, 70.90, 235.94
Resolution range (A) 50— 2.7

Total reflections (outer shell) 327749 (48209)
Unique reflections 25061 (3594)

Rumerge (%0) 15.3 (67.3)

Average 1/o(I) 13.3(3.3)
Multiplicity 13.1 (13.4)
Wilson’s B factor 43.2

CCy2 (%) 99.9 (97)
Completeness (%) 100 (100)

To obtain phase information, Molecular Replacement (MR) was used applying Molrep
(Vagin et al., 1997) and Phaser (McCoy et al., 2007), from CCP4i suite (Collaborative
Computational Project, Number 4, 1994). Unfortunately, MR failed till now and phase
information could not be obtained (see details in discussion). Next step was to solve the
phase problem by Single Anomalous Dispersion (SAD), by introducing a heavy metal atom

into the protein crystal.

Native PAGE and soaking experiments were done with different heavy metals including
including platinum, mercury, europium, samarium, thallium, bromide and lead, but
unfortunately no anomalous signal was observed till to date and the phase problem could not

be solved.

4.4. SAXS measurements of G5 proteins

Aap G5 constructs were further characterized using SAXS. The distance distribution of
SAXS data of G5;E indicated anRy of 3 nm and Dpax 0f 11.3 nm, as shown in figure 40 (A).
The SAXS data of G5;EG5;showed anRy of 4.2 nm and Dpax Of 16.5 nm, as represented in
(B), while the Ry of G5;EG5,EG53is 6 nm and has a Dmax 0f 26.9 nm, as shown in (C).
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Figure 47: The P(R) profile of G5,E, G5,EG5, and G5,EG5,EG5; shown in (A), (B) and (C),

respectively.

The ab initio models (shown in figure 48) of all the three Aap G5 proteins were generated
using DAMMIF. At total of 10 bead models for each construct were modeled and the fitting
of experimental data to their respective model indicated 5 values of 1. On spatial alignment
and averaging, the NSD values were G5,E = 0.63; G5,EG5, = 0.67 and G5,EG5,EG5; =
0.48. The results obtained from the extracted SAXS structural parameters, P(R) profile and
modeling indicate a systematic increase in the Ry and length of the Aap G5 constructs as the
number of domains increases. Overall Aap adopts a very elongated rod-like and aniosotropic

structure in solution. The largest construct G5;EG5,EG53 extends to 21 nm, but is only ~3.1

P(R),a.u.
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Figure 48: The ab initio models of (A) G5,E (B) G5;EG5,and (C) G5,EG5,EG5; represented as

spheres.
4.5. Analysing interaction between Sbp and Aap G5 proteins

After purification of Sbp, G5,EG5,EGb5; G5;EG5,and G5;E, the interaction of each G5
construct with Sbp, in the presence of 1 mM ZnCl, was investigated by SEC. A molar ratio
of 2:1 of Sbp and each G5 construct was used in the experiments. The obtained
chromatograms showed that there is no interaction between Sbp and any of G5 constructs
under these conditions. Sbp eluted at the volume corresponding to its respective molecular
weight (see figures 49, 50 and 51) and each G5 construct eluted at the respective volume, as
described in section 4.2.3.The chromatogram of Sbp with G5:EG5,EG53 shown in figure 49,
revealed the presence of two distinct peaks. The left peak showed the elution of
G5,;EG5,EG5; at 12.3 ml, which is in good agreement with the result of SEC of pure
G5,;EG5,EG5; described in section 4.2.3. The peak at an elution volume of 16.8 ml is

indicative of the presence of Shp.
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oo Figure 49: Superdex 200 SEC profile of

100 | 12.3 ml 16.8ml mixture of Sbp and G5,EG5,EG5; in the
% 80 - presence of 1 mM ZnCl,. The peak at 12.3
E 60 ml volume corresponds to G5,EG5,EG5;,
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The chromatogram in figure 50 shows that both proteins Sbp and G5,;EG5; elute at their
respective sizes through Superdex™ 200 10/300GL column. There is no additional peak

observed to indicate the interaction between these two proteins.

Figure 50: Superdex™ 200 SEC profile
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The two peaks at the elution volumes 15.5 ml and 16.8 ml correspond to G5;E and Shp

respectively, as shown in figure 51.

Figure 51: Superdex™ 200 SEC profile
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4.5.1. Determination of interaction by native MS and MST

In order to determine the interaction, Sbp and G5,;EG5,EG5; were examined separately from
each other to determine their masses. The effect of Zn** on the oligomerization of each
individual protein was also investigated. Figures 52 and 53 show the spectra of the individual
proteins. Sbp has a mass of 16.9 kDa and is present as a monomer, as shown in figure 43. In
the presence of 0.1 mM Zn (I1) acetate (figure 52 upper panel), the main species is also the
monomeric form of Sbp. The concentration of Sbp was 5 uM and10 V collisional energy was
applied. In panel A, a peak broadening originating from Zinc can be observed; however, the
peaks have baseline separation and can be clearly assigned to the respective mass species of
Sbp. An influence of Zn**on the quaternary structure could not be determined at 5 uM.

O +8
A )
* Sbp
)
+9
O |
L‘J\__,‘. - R A .
+8 o +7
O
B QO sbp
+
0.1 mM Zn (ll) acetate

254X m/z 300¢

Figure 52: Native mass spectra of Sbp. Refering to upper panel A, the main species is a monomer.
It shows that there is no influence of Zn?*, when compared to the lower panel (Sbp in the presence of

Zn (I1) acetate). Both spectra represent peaks detected at the same m/z values.
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The spectra of the individual measurements of G5;EG5,EG53 are presented in figure 53. This
protein is also present as a monomer. It has a mass of ~35 kDa. Oligomerization has neither
been observed in the absence (figure 53 panel A) nor in the presence (figure 53 panel B) of
Zn**. The concentration of G5;EG5,EG5; was maintained as 5 pM.
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Figure 53: Native mass spectra of G5;EG5,EG5;.The protein is mainly present as a monomer. It
has a size of ~35 kDa. The distribution of peaks in both panels A and B (in the absence and presence

of Zn (1) acetate respectively) is equivalent.

The binding assay of Sbp with G5,EG5,EG5; was performed under two pH conditions, pH
7.4 and pH 6.6 after mixing both proteins (1:1) and incubating them for 30 min at RT, as
described in section 3.4.2. Figure 54 shows the spectra of a mixture of the two proteins. Panel
A and B represent the obtained spectra at pH 7.4 in the presence and absence of Zn?*
respectively, while panel C and D show the obtained spectra at pH 6.6 in the presence and

absence of Zn®" respectively. The two individual proteins were readily detectable in each
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case, but a complex was not observed. There are no additional peaks and masses, which

could have been representatives of a protein complex.

800 ' ' 2800 3200

Figure 54: Native mass spectra of Sbp and G5,EG5,EG5; Panel A and B: GSEG5EG5 with Shp in
the presence and absence of 0.1 mM Zn (lI) Ac respectively at pH 7.4. Panel C and D show
G5,EG5,EG5; with Shp in the presence and absence of 0.1 mM Zn (1) Ac respectively at pH 6.6.
The peak series on left side of each panel in highlighted in green result from Sbp and the series in red
on the right side of all panels result from G5;EG5,EG53,
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Sbp and the construct G5;EG5, were tested together in the presence of 0.1 m M Zn (Il) Ac.

Figure 55 shows no peaks that could be assigned to the calculated mass of the complex of

proteins.
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Figure 55: Native mass spectrum of mixture of G5;EG5, and Sbp. The series of peaks on left side

in a box A with orange colored boundary represent the charges on the molecules hitting at the m/z

values, which correspond to the mass of Sbp of ~16.9 kDa. The right series of peak in the box B

refers to G5,EG5,, which is ~21 kDa.

The G5 proteins in general were very unstable upon buffer exchange and during electro spray

ionization, an aggregation behavior could be observed when spiking the protein with Zn*

prior to buffer exchange, leading to loss of more than 90% of the sample. Also in electro

spray, G5 proteins frequently aggregated and clogged the capillary, which resulted in low

intensity signals and indicated a general instability of the protein. This instability could

further be observed upon partial unfurling, which if not an intrinsic property of this protein

occur during buffer exchange or conversion into the gas phase.
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MST data also showed no binding of Sbp with any of G5 constructs. The labeled G5 proteins
showed fluorescence in unbound state. The two models, Hill and Kd model, in-built- in

Nanotemper monolith failed to find a fitting curve of unbound and bound states of protein.

106001 106000 10001 10602 10601 106400
Uigand Concentation

Ligand concentration (M)

Figure 56: Panels (A), (B) and (C) represent the labelled fluorescent G5,EG5,EG5; G5,EG5, and
G5;E proteins respectively. The absence of a fit model showing the bound and unbound states of two

proteins confirmed the absence of interaction between G5 proteins and Sbp under specific described
conditions.
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5. DISCUSSION

Nosocomial pathogen Staphylococcus epidermidis proliferates by forming adherent biofilms
on biotic and abiotic surfaces and results in chronic implant-associated infections. Biofilm
communities rely on the production of a bacterial derived extracellular matrix, which serves
as an adhesive to maintain the architecture of bacterial biofilm (Schommer et al., 2011).
Small basic protein (Sbp) and Accumulation associated protein (Aap) are major and crucial
components of biofilm matrix. Along with other constituents, including the extracellular
matrix binding protein (Embp) and the polysaccharide intercellular adhesin (PIA), Aap plays
its dynamic role in promoting cell to cell adhesion, aggregation and, hence, stabilizing the
architecture of multilayered biofilm (Flemming and Wingender, 2010; Rohde et al., 2005).

Small basic protein

The spatial organization of Sbp suggests that it acts as a scaffold, which supports Aap and
PIA-mediated biofilm formation. Sbp is the first extracellular structural and functional
protein of S. epidermidis with considerable relevance to not only protein dependent biofilm
formation but also provides a scaffold for polysaccharide dependent biofilm formation
(Foster et al., 2011).

The sbp gene encoding for Sbp was already cloned in pDEST17 expression vector having 6 x
His tag upstream of sbp. There was a linker region of 18 amino acids between 6 x His tag and
sbp gene. In the present study, the expression of sbp in E. coli cells was optimized for large
scale purification. The advantage of 6 x His at N- terminus of the gene was taken to purify
the protein by immobilizing it on a high affinity metal matrix using affinity chromatography.
In the first step of successful affinity purification, the purity of Sbp was ~80 %. The high
purity of Sbp was obtained by purifying it by size exclusion chromatography (SEC). SDS
PAGE analysis revealed that Sbp is ~ 95 % pure with a molecular mass of 19.8 kDa. Once
the purification was done, it was highly challenging to solubilize and stabilize Sbp in
solution. Sbp proved quite unstable because it used to aggregate and readily precipitate in a
wide range of buffer conditions, varying in molar strengths of chemical components, pH and
temperature. The aggregation behavior, homogeneity and monodispersity of the protein were

studied using DLS. DLS measurements of Sbp showed severe aggregation in a wide range of
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buffers. At low concentration, Sbp was relatively less aggregated as compared to the
aggregation at higher concentrations. The aggregation of Sbp resulted into the inclusion
bodies formation. Inclusion bodies formation may result from three probable mechanisms;
aggregation of the unfolded part of protein, aggregation of native protein or aggregation of
intermediate states that are partially folded (Wetzel, 1996). However, an ideal buffer
condition for soluble and stable Sbp was optimized. Over a period of approx. 10 days, the
stability and homogeneity of the protein solution was examined by dynamic light scattering
(DLS) after removing aggregates by centrifugation in the ideal buffer 50 mM NaPO, and 150
mM NaF, pH=7.4. The hydrodynamic radius (Rh) of approx. 2.8 nm of a stable Sbp particle
confirmed the monodispersity of protein.

In vitro folding of a protein may not necessarily reflect its folding state in vivo; however, it
was necessary to see the secondary structure and folding state of Shbp before crystallization
experiments. Different homology models of Sbp were created by bioinformatics tools.
Although each model designed by a particular tool was different due to very low sequence
homology with proteins of already known structures, but all of them suggested the presence
of a high percentage of B-strands, some parts of a-helices and a large part consisting of coils.
The stability of Sbp in solution, in terms of folding state, was examined by CD spectrometry,
which revealed an overall partially folded protein with a composition of B-sheets (45 %),
helices (2 %) and random coil regions (51 %), according to Yang’s algorithm (Yang et al.,
2015). Reed’s algorithm (Greenfield, 2006) showed an approximation of 46 % [B-sheets, 6 %
a-helices and 33 % random coil. Both these references are not only in good agreement with
each other but also support the credibility of the secondary structure prediction by
bioinformatics tools to some extent. The aggregation behavior of Sbp can be correlated to the
fact that B-sheet rich proteins mostly involve more intermolecular interactions resulting in

aggregation of proteins (Fink, 1998)

High resolution X-ray crystallography provides structural details at atomic-resolution. In
order to produce crystals of pure Sbp, after confirming the homogeneity of protein solution, a
wide variety of crystallization conditions were used to screen a potential condition to obtain
crystals of Sbp. Different possible methods of crystallization were used, including vapour

diffusion sitting drop and hanging drop methods. Crystallization under oil method was also
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applied. Unfortunately, even after trying different batches of purified protein, no potential
condition for Shp crystal formation was identified.

The in solution methods, such as SAXS, prove beneficial in estimating the oligomerization,
flexibility and concentration dependent aggregation properties of proteins, so Sbp was
characterized using SAXS. Different concentrations (2 mg/ml, 3 mg/ml, 4 mg/ml and 5
mg/ml) of Sbp samples were used. The SAXS data showed an increase in the radius of
gyration (Rg), going from low to higher concentration of Sbp. Rg values observed for the
above described Sbp samples were 2.9, 2.8, 3.0 and 3.2 nm respectively. The scattering
intensities obtained from the 2 mg/ml sample were used to determine the model using
DAMMIF (Franke et al., 2009), out to a maximum scattering vector of s = 3.5 nm™.
DAMMIF calculated 10 ab initio models that were then spatially aligned and averaged using
the DAMAVER set of programs (Volkov and Svergun, 2003). The normalized spatial
discrepancy (NSD), which provides a measure of the spatial consistency between the
individual models, was 0.526. This NSD value indicated that all the individual bead models
of Sbp are similar to each other. Whereas, NSD < 0.7 represents a level of spatial consistency
among the individual models (Volkov and Svergun, 2003). The shape of Sbp obtained from
an ab initio model is elongated ellipsoid with a thick globular head and a small extended tail-
like region. The spatial alignment of I-Tasser predicted model of Sbp with a SAXS
calculated ab initio model fitted well to each other. The N-terminus of predicted model was
extended from the globular region to the tail-like region of the ab initio model. There was a
linker consisting of 18 amino acids, followed by a 6 x His tag at the N-terminus of Shp
upstream of the sequence of protein. The linker region and His tag, contributing to the

formation of the tail region of Sbp may play a role in hindering the formation of Sbp crystals.

Unfortunately, no cleavage site was available to cut the tag off from Sbp after purification to
obtain tag free Sbp, so the cloning of a new shp construct having a TEV protease cleavage
site was necessary. Successful cloning of sbp was done in a pDEST15 vector with
glutathione S-transferase (GST) tag at the N-terminus, but the potential expression of the
gene was not obtained. Sbp was highly insoluble and formed inclusion bodies. Several
methods, e.g. temperature change in bacterial growth culture, change in time points of

expression, different concentrations of inducer, media components and buffer conditions to
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lyse the cells, were tried to increase the solubility of Sbp. The expression level of sbp was not
improved, as most of the protein was detected in the cell pellet. Successful cloning of shp
gene in pDEST17 with a 6 x His tag at N-terminus and a TEV protease cleavage site also
resulted in a poor gene expression. The solubility of Sbp was so low that only 1 mg/ml of
protein was yielded from 6 | of culture sample. The cloning of sbp in the pET302 NT-His
vector with a TEV protease cleavage site expressed a soluble Sbp. 6 x His tag was cleaved
from Sbp using TEV protease. The stability of the construct was analyzed by DLS. The DLS
measurements showed an increase in Rh with increasing concentration of Sbp in solution. To
obtain the crystals to obtain an atomic resolution structure of Shp, crystallographic methods
were applied but the results were not different than those for the previous construct. Shp did
not crystallize, however, SAXS measurements of tag free Sbp were performed to see the
aggregation behavior of the construct and compare the ab initio model with the ab initio
model of the previous full length construct. Interestingly, there was also concentration
dependent, oligomerization/aggregation observed. The aggregation property observed here
also support the idea that Sbp acts a proteinaceous biofilm scaffold on artificial surfaces and
contribute to cell aggregation mechanisms of S. epidermidis (Decker et al., 2015). The tail-
like region of ab initio model was reduced as a result of removing tag and linker (18 amino
acids) from the N-terminus of Sbp in the new construct. Native mass spectrometry also

confirmed the non-specific oligomerization upon increase of protein concentration.

In short, the results obtained from CD spectrometry suggest the presence of a high proportion
of B-sheets, which are normally linked to intermolecular interactions in a protein. The
intrinsic flexibility property of a protein is linked to conformational changes in the protein,
which ultimately rearrange domains or smaller fragments of the protein (Marsh et al., 2014).
The partial folding of Sbp in CD spectrometry analysis also suggests that there is an intrinsic
flexibility in the protein, which does not allow it to form a crystal. Sbp tends to show
concentration dependent increase in Rh in DLS experiments, which is due to intermolecular
interactions. The ab initio model, representing the shape of Sbp, suggests that Sbp is an
elongated ellipsoidal shaped protein with a large globular head and a short tail-like extension
at the N-terimus. This short tail can be deduced as another reason of hindrance in Sbp crystal

formation. The models predicted from different bioinformatics tools show quite different
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models due to the lack of availability of a high homology search model. However, the model
predicted by I-Tasser fit best into the ab initio model of Shp. Keeping the tail region and
peptide bond length in consideration, the first 9 amino acids of Sbp from N-terminus should
be removed to get rid of the tail region. This could be a next step to follow in future to get
more insights into the structure of Sbp.

Interaction between sub domain G5 proteins of Aap domain B and Sbp

A physical contact between two or more proteins is termed as protein-protein interaction
(PPI). The interaction is established as a result of a biochemical event and/or electrostatic and
Van der Waals forces. The activity and function of a protein are affected and modulated by
the protein with which it interacts. Proteins can interact with each other based on different
parts of their composition. There could be interactions between different domains and
peptides i.e. domain-domain contacts or domain-peptide interaction. The interactions can be

stable or transient depending upon the nature of chemical interaction between proteins.

Based on the studies of co-localization of Aap domain B and Sbp in S. epidermidis biofilms,
it was hypothesized that Sbp and Aap may interact with each other. Later on, it was reported
that Sbp is a necessary co-factor for Aap mediated biofilm formation and the molecular
interactions between matrix components of biofilm and S. epidermidis promote biofilm
accumulation. Dose (concentration) dependent interactions between Sbp and Aap domain B
have been observed (Decker et al., 2015). Moreover, it has also been reported that Domain B
of Aap is a Zn** binding protein and Aap links bacterial cells together in the presence of Zn**
(Gruszka DT et al., 2012, Conrady et al., 2013).

In the present study, three constructs (G5;E, G5,EG5, and G5,EG5,EG5;) of sub-domain G5 of
Aap were cloned into pDEST17 expression vector and expressed in E.coli BL21 Al. To our
surprise, all the G5 proteins showed a band shift on SDS PAGE at higher molecular size than
expected (calculated from amino acid sequence). The protein constructs were purified,
utilizing the 6x His tag by affinity chromatography. The anomalous behavior of protein
constructs sustained during SEC and each construct eluted at a volume, specific for much
higher molecular weights than expected. The elution of each construct through superdex™

200 SEC column remained consistent to a defined volume, so a defined peak corresponding
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to a particular construct could be taken as a reference of that particular construct in further
studies. Although the sequencing of the clones along with start and stop codon confirmed the
in-frame cloning of the desired constructs and western blot analysis using antibodies against
the Aap domain B and histidine, separately, also confirmed the presence of Aap constructs,
yet it was thought that there could be some problem during protein translation as the
constructs are repetitive sequences of G5 and spacer E regions. Again, successful cloning of
all the three constructs was performed into pET302/NT-His expression vector and expressed
in E.coli BL21 Star cells. Interestingly, the results were consistent to the ones, obtained from

the previous clones.

Peptide digestion mass spectrometry based identification of Aap G5 constructs was done,
which suggested that all the identified peptide lie in the amino acid sequence of the
respective constructs. The anomalous behavior of proteins can be due to very large negative
charges at neutral pH, which resulted in poor binding of proteins to SDS and, hence, low
electrophoretic mobility through gel was experienced. This kind of anomalous behavior has
been reported in B-lactamases from Actinomadura R39 (Andre et al., 1991). The other reason
could be an unusual shape of SDS-protein complex, as some of the membrane proteins
aggregate in SDS, which slows down their electrophoretic mobility through gels and a band
shift is observed at higher molecular size than expected. However, the length of the complete
amino acid sequence was not explainable by the data obtained from peptide digestion MS.
Native MS determined the molecular masses of all three Aap G5 constructs accurately by
converting the protein solutions into gas phase on the principle of electrospray ionization.
The protein masses were in good agreement with the theoretical molecular masses calculated
from amino acid sequences. In short, the sequence integrity of each construct was

experimentally determined by native MS.

It has been reported that Aap accumulates bacterial cells together in the presence of Zn*".
Biofilm growth assays demonstrate that there is Zn** dependent dimerization of G5 domains
at physiological conditions (Conrady et al., 2012). The interaction between each G5
construct and Sbp was studied in the presence of ZnCl,, using SEC, native MS and MST
techniques. SEC studies of the possible complex formation (2:1 molar ratio of Sbp and each

G5 construct separately) showed that there was no interaction between Sbp and any G5
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construct, as both proteins eluted at their respective volumes though superdex™ 200 SEC
column in each case. The amount of ZnCl, was controlled from 0.1 to 1.0 mM. To see the
difference between the elution profiles in each case, SEC profiles of each construct and Shp
were set as reference in the presence and absence of ZnCl, separately. Native MS analysis of
possible complex formation (Sbp with each construct separately) also showed no interaction
in the presence and absence of 0.1 mM Zn (11) acetate. Each protein appeared as a separate
charged moiety at particular m/z value in its monomeric state. No peaks representing the
mass of the complex were detected. The G5 proteins in general were very unstable upon
buffer exchange and during electrospray ionization, an aggregation behavior could be
observed when spiking the protein with Zn®* prior to buffer exchange, leading to loss of more
than 90% of the sample. Also in electrospray, G5 proteins frequently aggregated and clogged
the capillary, which resulted in low intensity signals and indicated a general instability of the
protein.

Structural characterization of Aap G5 constructs

G5 proteins were further characterized to determine their shapes in solution using SAXS.
Before SAXS experiments, the pure solutions of G5 proteins were examined by DLS over a
suitable period of time. The Rh of G5,E, G5,EG5, and G5,EG5,EG5; were observed as 2.89, 3.38
and 4.63 nm respectively, showing monodisperse protein solutions. The CD spectrum of each
construct showed a single minimum at 198 nm, which confirms the presence of B-sheets. However,
the lack of a positive peak showed that each construct was only partially folded and had a
substantial unfolded part. This unfolding is the intrinsic property of G5 proteins, due to the
spacer region E between two consecutive G5 regions. Studies on the SasG protein, a
homologue of Aap G5 from S. aureus, report that E domain, in isolation or when preceded by
G5 region, is disordered (Gruszka et al., 2012). The SAXS data showed a regular increase in
Rg and Dpax, While going from small to large G5 construct, with step wise addition of G5.E
units. Rg and Dpax for G5,E were 3.0 nm and 11.3 nm, G5,EG5,; 4.2 nm and 16.5 nm and
G5,EG5,EG53; 6.0 nm and 26.9 nm. On the other hand, there was a very slight change
observed in the cross-section of each protein, which was 1.5 nm, 2.3 nm and 3.8 nm, while
going from lower to higher size G5 construct protein. All these parameters suggest that G5

proteins are highly extended and slightly bent or coiled with respect to their cross-sections.
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These results can be correlated to the reported facts about SasG proteins, that they are highly
extended thin fibrils visible using electron microscopy and attached to the cell wall of S.
aureus (Corrigan et al., 2007; Banner et al., 2007).

The monodisperse solutions of purified monomer G5 constructs were subjected to
crystallization set ups. After 7 weeks the first crystals of G5,EG5,EG5; were observed in A9
condition of Morpheus suite, which consisted of 0.1 M bicine/trizma base pH=8.5, 0.03 M
CaCl,, 0.03 M MgCl,, 10% w/v PEG 20,000 and 20% v/v PEG MME550. The crystal
diffracted up to 3.5 A resolution. The crystals appeared only in the crystallization set up,
where no ZnCl, was added into the buffer after purification. However, Zn?* mediated
dimerization of G5 constructs depends upon the C-terminal G5 domain sequence (Shelton et
al., 2017). After optimization of initial screening condition, a few more crystals were
obtained but it took almost same time as the previous one. Another data set was collected
from a different condition (E5 PACT suite) till 2.7 A at PETRA IIl beamline P13 (EMBL,
Hamburg) and initial processing was done. Initial processing of both data sets revealed the
same space group, which was 19 and more or less same unit cell parameters with slight

variations.

It is necessary to have phase information along with the coordinates to solve the structure of
the protein, therefore, it was tried to obtain phase information by Molecular Replacement
(MR) using programs Molrep (Vagin et al., 1997) and Phaser (McCoy et al., 2007) from
CCP4i suite (Collaborative Computational Project, Number 4, 1994). Three search models,
PDB ID: 4FUO (Conrady et al., 2013), 4WVE (Gruszka et al., 2015) and 3TIQ (Gruszka et
al., 2012), were selected based on the homology to amino acid sequence of protein. Different
strategies were applied to find phase information by molecular replacement. Each search
model was used as a reference model for MR separately. The residual replacement by poly-
alanines to avoid side chains was also tried but, unfortunately, the statistical values to obtain
the phases were not satisfactory. Inspite of the availability of the homologous structure, MR
failed to solve the structure of G5 till now. Hence, the solution of crystal structure by MR
was unsuccessful. Next step was to solve the phase problem by Single Anomalous Dispersion

(SAD) by introducing a heavy metal atom into the protein crystals. However, the diffraction
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data obtained from heavy metal (platinum and europium) soaked crystals did not produce
anomalous signal.

Initial processing of both data sets obtained from two different conditions revealed the same
space group and same unit cell parameters with slight variations. SAXS data also confirm the
twisting and bending of the linear shape of G5 proteins. Moreover, the diffraction data could
not be improved better than 2.7 A resolution. Keeping in consideration the time required to
grow crystals, quality of crystals and flexibility in the cross-section (probably side chains) of
protein, it is a quite challenging task to obtain the phases to solve the atomic structure of
G5,EG5,EG5; More studies are needed to solve the phase problem.
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Staphylococcus epidermidis is a nosocomial pathogen, which infects biotic and abiotic
surfaces by forming adherent biofilms. Biofilm is a multilayered microbial community
formed by the production of an extracellular matrix. The constituents of extracellular matrix,
consisting of proteins, polysaccharides and lipids, regulate different stages of biofilm
formation. Once a biofilm is matured, the infection becomes chronic especially in case of
implanted medical devices (IMDs). Among many other components of extracellular matrix,
small basic protein (Sbp) and accumulation associated protein (Aap) play key roles in biofilm
formation in S. epidermidis. Aap consists of two domains A and B. Domain B is reported to
be involved in biofilm formation and consists of glycine rich repeats called G5 domains. The
genes encoding for Sbp and three G5 domain constructs of Aap domain B (G5:E, G5,EG5,
and G5;EG5,EG53) were successfully cloned and expressed in E. coli. The concentration
dependent non-specific oligomerization/aggregation of purified Sbp was studied in solution,
using SAXS after improving the solubility and stability of protein. A low-resolution structure
ab initio model of Sbp monomer has been proposed to present its ellipsoidal shape using
bead modeling approach by applying the interpretation of SAXS measurements. X-ray
diffraction of G5;EG5,EG53 crystals, obtained by sitting drop vapour diffusion method,
revealed some initial leads, including unit cell parameters, symmetry and number of
molecules per asymmetric unit to solve the structure in future. The low resolution elongated
rod-like ab initio models of three G5 constructs have been generated. The SAXS data
showed a regular increase in Rg and Dmax, while going from small to large G5 construct
with stepwise addition of G5.E units. Based on native MS, MST and SEC data, it was further
suggested that there is no interaction observed between Sbp and G5 constructs under
particular in vitro experimental conditions. This work contributes towards the better
understanding of organization of proteins in the extracellular matrix produced during biofilm

formation in S. epidermidis.
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7. ZUSAMMENFASSUNG

Staphylococcus epidermidis ist ein nosokomiales Pathogen, das biotische und abiotische
Oberflachen durch die Bildung adharenter Biofilme infiziert. Biofilm ist eine mehrschichtige,
mikrobielle Gemeinschaft, die durch eine zum Teil selbsterzeugte extrazellulare Matrix
zusammengehalten wird. Die Bestandteile dieser extrazellularen Matrix sind Proteine,
Polysaccharide und Lipide, deren Synthese Einfluss in verschiedenen Stadien der
Biofilmbildung reguliert ist. Sobald ein Biofilm gereift ist, verlauft eine solche Biofilm-
assoziierte Infektion insbesondere bei implantierten medizinischen Geraten chronisch. Als
eine unter vielen anderen Komponenten der extrazellularen Matrix spielen das kleine
basische Protein(Sbp) und das Akkumulation assoziierte Protein (Aap) eine wesentliche
Rolle bei der S. epidermidis Biofilmbildung insbesondere bei icaAADBC-negativen Stammen..
AAP Dbestent aus zwei Domdnen A und B. Die Bedeutung der Domane B an der
Biofilmbildung konnte bereits hinreichend gezeigt werden. Die Doméne B besteht aus
Glycin-reichen Wiederholungen, die G5-Doméanen genannt werden. Die Gene, die fir Shp
und drei G5-Domanenkonstrukte von Aap-Doméane B (G5:E, G5,;EG5, und G5;EG5,EG53)
codieren, wurden erfolgreich kloniert und in E. coli rekombinant exprimiert. Die
konzentrationsabhédngige unspezifische Oligomerisierung / Aggregation von gereinigtem Shp
wurde in Losung untersucht, wobei SAXS nach Verbesserung der Léslichkeit und Stabilitat
der Proteine verwendet wurde. Ein ab-initio-Modell des Sbp-Monomers mit niedriger
Auflésung wurde erarbeitet, um seine ellipsoide Form unter Verwendung des
Wulstmodellierungsansatzes in dem die Interpretation von SAXS-Messungen angewendet
wird, darzustellen. Aus der Roéntgenbeugung von G5,EG5,EG5; Kristallen, die durch das
Tropfen-Dampf-Diffusionsverfahren entstanden sind, konnten erste Strukturdaten,
einschlielich der Elementarzellenparameter, der Symmetrie und der Anzahl der Molekiile
pro asymmetrischer Einheit gewonnen werden, um die Struktur in Zukunft l16sen zu kénnen.
Mithilfe nativer MS- und SEC-Daten konnte keine Interaktion von Shp- und G5-Konstrukten
unter den verwendeten in vitro-experimentellen Bedingungen nachgewiesen werden. Die
langgestreckten, stabférmigen Ab-initio-Modelle mit niedriger Auflésung von drei G5-
Konstrukten wurden erzeugt. Diese Arbeit tragt zum besseren Verstandnis der Organisation
von Proteinen in der extrazellularen Matrix bei, die wéhrend der Biofilmbildung in S.

Epidermidis produziert wird.
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9. RISK AND SAFETY STATESMENTS

9. RISK AND SAFETY STATEMENTS

9.1. Commercial crystallization solutions and kits

Name Supplier | Risk label Risk phrases Safety phrases
PCT Hampton - - -
R10, R45, R46, R60
. ’ ’ ’ ' | S20, S26, S45,
Classic Suite Qiagen T,N R61,R23/25,R36/37/3 S53. $36/37/39
8, R48/20/22, R51/53 ’
PACT premier DMO'eCU.'ar T R23/25, R52/53 | $20, $36, S45,
imensions 61
R10, R45, R46, R60,
Morpheus Molecular T,N R61,R63, R23/25, | S20, S26, S45,
Dimensions R36/37/38,R48/20/22,| S53, S61,
R51/53 S36/37/39
R10, R45, R23/24/25
: : R '| 13, 26, S45,
ComPAS Suite Qiagen T R36/38, gsg 26615 S45
R39/23/24/25, R51/53 $36/37/39.
R10, R45, R46,
Stura/Footprintl  Molecular R60,R61, S20, S26, S45,
Dimensions T, N R25, R36/37/38, S53, S61,
R48/20/22, R51/53 | S36/37/39
. R10, R21, R41, R45,
JCSG+ Suite Qiagen T, N R23/25, R37/38, | oo 920,526,
R51/53 45, 593,
S36/37/39
. R10, R25, R26, R45,
Qﬁggg‘gg Qiagen T+ N R46, S45, S53, S61,
R60, R61, R48/23/25,| S36/37.
R51/53
R10, R45, R46, R60,
Cryos Suite Qiagen T,N R61, S20, S26, S45,
R23/25, R36/37/38, | S53, S61,
R48/20/22, R51/53 | S36/37/39.
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9.2 Chemicals used (GHS classification)

. GHS Hazard Precaution
Compound CAS-No. Supplier Hazard statements ary
P280,
Acetic acid 64-19-7 | Chem-solute g:ggg H226, | P305+351+3
H314 38, P310
H301, H312, | P201, P280,
Acrylamide 30%| 79-06-1 Carl Roth GHS06 | H316, H317, | P301+310,
GHS08 | H319, H332, | P305+351+3
H340, H350, | 38,
H361f, H372 | P308+313
Agarose 9012-36-6 Serva - - -
P280, P261,
Ampicillin 69-52-3 Carl Roth GHS08 P302+P352,
H334, H317 | P342+P311
P280,
GHS03 H272, H302,| P305+351+3
APS 7727-54-0 Carl Roth GHSO07 H315, H317,| 38,
GHS08 H319, H334;| P302+352,
H335 P304+341,
P342+311
Coomassie
brilliant blue | 6104-59-2 Serva - - -
R250
H302, H315, |F902+352,
_ H319. H335 P305+351+33
DTT 578517 Applichem  |GHS07 ’ 8
EDTA 60-00-4 Sigma GHSO07 H319 P305+351+3
38
Ethanol 64-17-5 Carl Roth GHS02 |H225 P210
Hydrochloric
. 7647-01-0 Merck GHSO05, |H314, H335 |[P261, P280,
acid >25%
GHSO07 P310,
P305+351+3

38
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Imidazole H301; H314; P260, P281,
288-32-4 | Carl Roth | GHSO05,
GHS06, |H361 P303+P361+P353,
GHS08 P301+P330+P331,
P305+P351+P338,
P308+P313
IPTG 367-93-1 |Carl Roth |- - ;
Isopropanol 67630 | carl Roth | GHS02, | H225, H319, P210, P233,
GHS07 |H336 P305+351+338
GHS02
H225 H302, | P261, P280,
TEMED 110-18-9| Merck | GHS05 H314. | P305+351+338
GHSO07 ’
. P261,
Tris 1185-53-1| Fluka | GHS07 H31|5I,NI:I':319, D305.+3514338
Yeast extract | 8013-01-2| Serva - - .
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9.3. GHS, risk symbols and information about hazards

o) F+ Xi

Explosive Oxidizing Highly Flammable Toxic or Harmful or

-c -B N -R

Corrosive Biohazard Dangerous for the Radioactive
Environment

or Extremely Very Toxic Irritant
Flammable

Figure 55: Hazard symbols according to (http://www.sigmaaldrich.com) for formulations and

respectiverisk labels
<C> ‘6 <c> gy

GHSO01 GHS02 GHS03 GHS04 GHS05

SOLS©

GHS06 GHS07 GHSO08 GHS09

Figure 56:GHS pictograms according to (http://www.evansvanodine.com)- Evans Vanodine
International plc/ global Hygene Solutions/UK).
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