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Zusammenfassung

Zusammenfassung

Kohlenhydrat-Protein Interaktionen sind in der Natur weitverbreitet. Sie stellen die Grundlage
fiir viele biologische Prozesse dar, wie zum Beispiel Immunantworten, Wundheilung und
Infektionsprozesse von pathogenen Viren oder Bakterien mit einem Wirt wie dem Menschen.
Neben der Infektion von Menschen konnen aber auch Bakterien selbst durch so genannte
Bakteriophagen infiziert werden, welche fiir den Menschen ungefihrlich sind. Diese Infektion
involviert die spezifische Erkennung der pathogenen Bakterien, die Vermehrung der
Bakteriophagen und schlieflich die Abtétung der Bakterien. Dabei konnen die Mechanismen
der spezifischen Erkennung genutzt werden, pathogene Bakterien auf Lebensmitteln zu
detektieren oder die Diagnose von Infektionen zu vereinfachen.

Die spezifische Erkennung von Enteritis-erzeugenden Bakterien wie Escherichia coli,
Salmonella spp. oder Shigella flexneri durch Bakteriophagen der Familie der Podoviridae
erfolgt iiber die Bindung eines sogenannten tailspike proteins des Bakteriophagen an das aus
Kohlenhydraten-bestehende O-Antigen des Lipopolysaccharids von Gram-negativen
Bakterien. Das tailspike protein spaltet das O-Antigen um den Bakteriophage an die
Oberfliche des Bakteriums zu fithren, damit eine Infektion stattfinden kann. Die Affinitét des
tailspike proteins zum O-Antigen ist dabei sehr niedrig, um nach Spaltung des O-Antigens
das Spaltungsprodukt zu 16sen und wiederum neues Substrat zu binden.

In dieser Arbeit wurde ein tailspike protein des Bakteriophagen Sf6 verwendet (Sf6 TSP), das
spezifisch an das O-Antigen von Shigella flexneri Y bindet. Eine inaktive Variante des
Sf6 TSP wurde verwendet um einen hoch-affin bindenden Sensor fiir pathogene Shigella zu
entwickeln. Der Shigella-Sensor wurde durch Kopplung von unterschiedlichen
Proteinmutanten mit einem fluoreszierendem Molekiil erhalten. Dabei zeigte eine dieser
Mutanten bei Bindung von Shigella O-Antigen ein Fluoreszenz-Signal im Bereich des
sichtbaren Lichts. Molekulardynamische Simulationen wurde anhand der -erzeugten
Proteinmutanten als Methode zum rationalen Design von hoch-affin Kohlenhydrat-bindenden
Proteinen getestet und die resultierenden  Affinititsvorhersagen wurden iiber
Oberflichenplasmonresonanz-Experimente iiberpriift. Aus weiteren experimentellen und
simulierten Daten konnten schlieBlich Schlussfolgerungen {iiber die Urspriinge von
Kohlenhydrat-Protein Interaktionen gezogen werden, die eine Einsicht iiber den Einfluss von

Wasser in diesem Bindungsprozess lieferten.
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Summary

Summary

Carbohydrate-protein interactions are ubiquitous in nature. They provide the initial molecular
contacts in many cell-cell processes as for example immune responses, signal transduction,
egg fertilization and infection processes of pathogenic viruses and bacteria. Furthermore,
bacteria themselves are infected by bacteriophages, viruses which can cause the bacterial
lysis, but do not affect other hosts. The infection process of a bacteriophage involves the
specific detection and binding of the bacterium, which can be based on a carbohydrate-protein
interaction. The mechanism of specific detection of pathogenic bacteria can thereby be useful
for the development of bacteria sensors in the food industry or for tools in diagnostics.
Bacteriophages of the Podoviridae family use tailspike proteins for the specific detection of
enteritis causing bacteria as Escherichia coli, Salmonella spp. or Shigella flexneri. The
tailspike protein provides the first contact by binding to the carbohydrate containing
O-antigen part of lipopolysaccharide in the Gram-negative cell wall. After binding to
O-antigen repeating units, the enzymatic activity of tailspike proteins leads to cleavage of the
carbohydrate chains, which enables the bacteriophage to approach the bacterial surface for
DNA injection. Tailspike proteins thereby exhibit a relatively low affinity to the
oligosaccharide structures of O-antigen due to the necessary binding, cleavage and release
cycle, compared for example to antibodies.

In this work it was aimed to study the determinants that influence carbohydrate affinity in the
extended TSP binding grooves. This is a prerequisite to design a high-affinity tailspike protein
based bacteria sensor. For this purpose the tailspike protein of the bacteriophage Sf6
(Sf6 TSP) was used, which specifically binds Shigella flexneri Y O-antigen with
tetrasaccharide repeating units consisting of [—2)-a-L-Rhap-(1—2)-a-L-Rhap-(1—3)-a-L-
Rhap-(1—3)-B-D-GlcpNAc-(1—] at the intersubunits of the trimeric B-helix protein. The
St6 TSP endorhamnosidase cleaves the O-antigen at the o(1—3)-rhamnose linkage, which
leads to an octasaccharide as the main product. The binding affinity of inactive Sf6 TSP
towards polysaccharide was characterized by fluorescence titration experiments and surface
plasmon resonance (SPR). A dissociation constant in the nano- to micromolar range was
obtained for the polysaccharide complex. Moreover, several techniques for the covalent
immobilization of polysaccharide on the sensor surface were tested in order to evaluate
whether these surfaces may serve as a model of the bacterial cell surface for quantitative

binding experiments. Analysis of molecular contacts between oligosaccharide and protein in
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Summary

X-ray crystal structures of the inactive Sf6é TSP and in models obtained with molecular
dynamics simulations revealed that especially the rhamnoses at the nonreducing end of the
octasaccharide receptor are bound by hydrogen bonds and water bridges in the binding site of
St6 TSP.

Moreover, cysteine mutations were introduced into the Sf6 TSP binding site for the covalent
thiol-coupling of an environment-sensitive fluorescent label to obtain a sensor for Shigella
flexneri Y based on TSP-O-antigen recognition. This sensor showed a more than 100 %
amplitude increase of a visible light fluorescence upon the binding of a polysaccharide test
solution. From this, a detection limit for bacteria of ~400 cfu could be deduced. Further
improvements are thus needed to increase the sensitivity of the TSP sensor to the necessary
detection limit of infectious ten colony forming units of Shigella flexneri cells for example by
including an enrichment step prior to detection.

The detection limit of the sensor could also be improved by increasing the tailspike affinity
towards the O-antigen. Therefore molecular dynamics simulations evaluating ligand
flexibility, hydrogen bond occupancies and water network distributions were used for affinity
prediction on the available cysteine mutants of Sf6 TSP. The binding affinities were
experimentally analyzed by SPR. This combined computational and experimental set-up for
the design of a high-affinity carbohydrate binding protein could successfully distinguish
strongly increased and decreased affinities of single amino acid mutants.

A thermodynamically and structurally well characterized set of another tailspike protein
HK620 TSP with high-affinity mutants was used to evaluate the influence of water molecules
on binding affinity. Water was analyzed both in hydrogen bond networks and as individual
binding partner mediating carbohydrate-protein binding. The free enthalpy of HK620 TSP-
oligosaccharide complex formation thereby either derived from the replacement of a
conserved water molecule or by immobilization of two water molecules upon ligand binding.
Furthermore, the enthalpic and entropic contributions of water molecules in a hydrophobic
binding pocket could be assigned by free energy calculations. Here it was concluded that the
separation of water molecules from the residual water network in a binding site leads to a high
cost in enthalpy and entropy. The findings in this work can be helpful for the improvement of

carbohydrate docking and carbohydrate binding protein engineering algorithms in the future.
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Introduction

1 Introduction

Design is mostly connected with something aesthetic or artistic. The word ‘design’ originates
from the Latin word designare for ‘to draw’ or ‘to describe’. Products with exceptional design
would be granted with the international Red Dot Award, where they are judged depending on
their innovation, aesthetic quality, functionality, realization possibility and emotional content
meaning how much the user enjoys the product (red-dot.org, 26.04.2017). For protein design
or engineering, these aims also seem applicable, maybe except for the aesthetic quality as a
high-resolution technique would be mandatory to see it. Herbert A. Simon, who has been
awarded the Nobel Prize in Economics in 1978, wrote in “The Science of the Artificial” from
1969: “Everyone designs who devise courses of action aimed at changing existing situations
into preferred ones.” This thesis is about modifying a Sf6 bacteriophage tailspike protein to be
an improved binder and sensor and to advance the situation of Shigella flexneri pathogen

diagnostics and the general knowledge of carbohydrate binding.

1.1 Carbohydrate-protein interactions

Carbohydrate-protein interactions are a prerequisite for most cellular processes (Varki et al.,
2009). Carbohydrates depict the most diverse class of biological polymers due to their high
number of functional groups, which can be cross linked in multiple combinations (Zeng et al.,
2012). Therefore carbohydrate-protein interactions are involved in the recruitment of immune
cells (Lasky, 1992), fertilization (Sinowatz et al., 1998), signal transduction pathways
(Sacchettini et al., 2001) and infection process (Kline et al., 2009). Thus, carbohydrate protein
interactions fulfil tasks in and around eukaryotic cells (Fig. 1). In the cell, glycan processing
enzymes post-translationally modify proteins with N- and O-glycans. Therfore activated
nucleotide sugars are formed with the help of nucleotide-sugar glycosyltransferases in the
cytosol. The activated sugars are relocated via nucleotide-sugar transporters into the Golgi
apparatus and then transfered onto the glycan modifications by glycosyltransferases
(Coutinho et al., 2003). Outside the cell, glycosidases cleave mono- or oligosaccharides from
glycans for modification purposes (Rye and Withers, 2000) or in the process of virus
replication as for example the neuramidase of the Influenza virus cleaving sialic acids from

glycans for virus release (Wagner et al., 2002).
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Fig. 1: Carbohydrate-protein interactions

A eukaryotic cell is presented by the lipid bilayer (blue) surrounding a nucleus (brown) and a cartoon of the membrane-based
endoplasmic reticulum (ER), Golgi-apparatus and vesicles (blue). Proteins in the cellular membrane or in the ER/Golgi are
depicted in green and carbohydrate-binding proteins and enzymes are shown in purple. Glycans are depicted according to the
symbolic nomenclature for glycans as various forms of N- and O-glycans and bacterial lipopolysaccharides (Varki et al.,
2016). A bacterium is depicted in brown and a virus and a bacteriophage in black.

Carbohydrate processing enzymes are coupled to carbohydrate binding modules (CBM),
providing the binding independently from the enzymatic domain (Boraston et al., 2004).
Carbohydrate binding proteins without enzymatic activity as lectins provide the contacts
between cells for example in the nucleophile recruitment (Lasky, 1992) or are produced by
plants, bacteria or viruses for the binding on cell surface exposed glycans for infection
processes or as toxins (Lis and Sharon, 1998). Furthermore, bacteriophages infect bacteria by
binding to the bacterial surface carbohydrates by tailspike proteins (Broeker et al., 2017). In
contrast, the immune system produces antibodies with carbohydrate based antigens for the

recognition of virus and bacteria carbohydrates (Kosma and Miiller-Loennies, 2011).
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1.1.1 Lectins and antibodies

Lectins and carbohydrate binding antibodies constitute different strategies for the complex
formation. While lectins bind mono- to tetrasaccharides on shallow protein binding sites, the
carbohydrate binding sites on antibodies are buried in grooves with elongated oligosaccharide

ligands (Fig. 2) (Bundle and Young, 1992).

Fig. 2: Lectins and antibodies

(A) The Fava bean lectin is depicted as tetrameric protein (multicolored surface) with two Glc and two GlcNAc (blue sticks)
in shallow binding sites on the top and the side of the protein (pdbID: 2B7Y) (Reeke and Becker, 1986). (B) The FAB
fragment of the Shigella flexneri Y O-antigen antibody as dimer (green and cyan surface) with the pentasaccharide ligand
(blue sticks) in a deep binding groove on the intersubunit site of the protein as top and side view (pdbID: 1M7I) (Vyas et al.,
2002).
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Lectins are mostly built up as multidomain proteins (Lee and Lee, 1995). The carbohydrate
binding sites are thereby structurally related as some lectins exhibit the so-called lectin fold,
which consists of two antiparallel B-sheets with six or seven strands superimposed on each
other (Lis and Sharon, 1998). Ligand specificity might be restricted to one monosaccharide or
be broadened by selective binding of only O3 and O4 of the monosaccharide, which would
leave variabilities at O2 for example for glucose and mannose specific binders like
Concanavalin A (ConA) (Lis and Sharon, 1998). Monosaccharides are bound to lectins with a
low affinity in the millimolar range (Gabius, 2008). However multivalence is used to increase
affinity either by binding oligosaccharide fragments or by clustering multiple protein domains
(Lis and Sharon, 1998; Lundquist and Toone, 2002).

Carbohydrate binding antibodies can bind epitopes of oligosaccharides including one to seven
monosaccharides with affinities in the micro- to nanomolar range (Vyas et al., 2002). Thereby
small epitopes are bound in cavities and elongated epitopes in groove shaped sites (Padlan
and Kabat, 1988). Antibody sites do not bind a segment on each residue, meaning that some
carbohydrate moieties are solvent exposed as polysaccharides tend to form helical structures

(Evans et al., 1995; Vulliez-Le Normand et al., 2008).

1.1.2 Binding contributions

Albeit the importance of carbohydrate-protein interactions in nature, their processes and
driving forces are less well understood than for protein-protein or protein-carbohydrate
interactions (Lee and Lee, 1995). Reasons for this are the high flexibility and diversity of
carbohydrate structures, which makes the resolution in X-ray crystallography or nuclear
magnetic resonance (NMR) spectroscopy more challenging (DeMarco and Woods, 2008).
Moreover, the low binding affinities between proteins and carbohydrates in the milli- to
micromolar range complicate interaction measurements by isothermal titration calorimetry
(ITC), surface plasmon resonance (SPR) and fluorescence spectroscopy (Lee and Lee, 1995).

Carbohydrate-protein interactions are established by direct hydrogen bonds between polar
amino acids and mainly hydroxyl groups of the carbohydrate, via indirect hydrogen bonds
which involve a bridging water molecule and by CH,n-interactions of an aromatic ring side
chain of the protein and the apolar side of a sugar ring perpendicular to each other with CH
bonds pointing towards the aromatic ring (Fig. 3) (Lee and Lee, 1995). In plant legume lectins
and animal C-lectins also metal coordination with calcium or manganese ions can occur (Lis

and Sharon, 1998).
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The intermolecular hydrogen bonds are primarily formed by Asp, Asn, Glu, Arg, His, Trp,
Lys, Tyr, Gln, Ser and Thr (Liitteke and von der Lieth, 2009) which contribute with different
strengths to the binding affinity.

Aromatic residues (Phe, Tyr and Trp) mostly coordinate neutral sugars like glucose or
galactose or their N-acetylated forms (Muraki et al., 2002). These interactions are weaker than
direct hydrogen bonds and depend on the aromatic residue. A CH,rn-interaction accounts for
2-3 kcal/mol (Chavez et al., 2005).

Water molecules in the binding site provide stability for intra- and intermolecular connections
(Kadirvelraj et al., 2008). In the protein binding site water molecules occupy the hydroxyl
groups of the carbohydrate to pre-organize the binding site by orienting the residues involved
in binding (Saraboji et al., 2012). Thus upon binding the entropic loss is minimized and the
binding enthalpy is strongly negative due to the dynamic reorganization of water molecules
(Chervenak and Toone, 1994). The energy gain for a release of a highly ordered water
molecule accounts for ~2kcal/mol (Dunitz, 1994). However, carbohydrate-protein
interactions are governed by enthalpy-entropy compensation as the degrees of freedom of
torsion angles of glycosidic bonds in the carbohydrate ligand are strongly reduced upon
binding (Dunitz, 1995). This binding contributions and the involvement of water in binding
thermodynamics are mainly studied by X-ray crystallography and NMR (Roldés et al., 2011),
but also strongly rely on modeling techniques with explicit water molecules as in molecular

dynamics simulations (MD) (Clarke et al., 2001).

Fig. 3: Binding contacts between proteins and carbohydrates

Protein-carbohydrate interactions are depicted as CH,m-interactions (A), direct hydrogen bonds (B) and water mediated
hydrogen bonds (C) from the family 17 carbohydrate-binding module from Clostridium cellulovorans in complex with
cellotetraose (pdbID: 1J84) (Notenboom et al., 2001). The carbohydrate is depicted as blue sticks, water as red spheres and
protein residues are shown as cyan sticks. Hydrogen bonds (black dashes) have a maximal distance of 3.5 A. Gray dashes
indicate the distance between the aromatic tryptophan and the carbohydrate ring with 3.7 and 4.2 A
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1.2 The bacterium Shigella flexneri

Bacillus dysentericus, later on named Shigella dysenteriae, was first described in 1897 by
Kiyoshi Shiga in Japan (Yabuuchi, 2002). The taxonomic genus Shigella comprises Gram-
negative bacteria which belong to the family of the Enterobactericeae (Skerman et al., 1980).
They are divided into four subspecies with Shigella (S.) dysenteriae, S. flexneri, S. boydii and
S. sonnei and are closely related to the enteroinvasive Escherichia coli (EIEC) (E. coli) with
more than 90 % chromosomal DNA identity (Sasakawa, 1997). Shigella cause Bacillary
dysentery or Shigellosis and are a major cause of infancy death in tropical regions (Kotloff et
al., 2013). From these serogroups the main cause for Shigellosis infections in developing
regions is Shigella flexneri (Anderson et al., 2016). The symptoms are watery and bloody
diarrhea due to inflammation and ulceration of the colon. The infection can lead to severe
sepsis which causes hypoglycemia or a hemolytic uremic syndrome with kidney failure
(Sansonetti et al., 1999). Shigella cells are transmitted from person-to-person or by
contaminated drinking water and several classical antibiotic resistances complicate the
treatment of the infection (Anderson et al., 2016; Murray, 1986). Already a very small
number of 10-500 cells can cause an infection in adults (DuPont et al., 1989). Thus, the
bacteria developed an efficient mechanism for colonization and infection of the human host

(Sansonetti et al., 1999; Sasakawa, 1997).

1.2.1 The infection mechanism of Shigella

Most of the genes involved in the infection process of Shigella and EIEC are coded on a
virulence plasmid including the ipa, mxi and spa loci (Parsot, 2005). After ingestion of
Shigella cells, the bacteria pass the acidic environment of the stomach by expression of the
specific sigma factor ¢* resulting in improved resistance to acid (Small et al., 1994). The
bacteria colonize the colon by adherence and passage of the mucosal layer, which is the least
understood process of the infection. The two barriers in the colon are the natural microbiota
and the mucus layer (Anderson et al., 2016; Day et al., 2015; Xu et al., 2016). The natural
microbiota might be overcome by bacteriocin production (Calcuttawala et al., 2015). The
mucus layer can be disrupted by the expression of mucinases and neuramidases of the bacteria
and the passage to the epithelial cells is possible (Anderson et al., 2016; Henderson et al.,
1999).
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Shigella cells enter the epithelial cell barrier of the colon via M cells and internalization of
macrophages. The bacteria escape the macrophage digestion by disruption of the vacuole and
movement into the cytosol and the induction of macrophage apoptosis (Zychlinsky et al.,
1992). Apoptosis leads to the release of IL-1 cytokines which attract nucleophiles and induce
inflammation (Chen and Zychlinsky, 1994). Epithelial cells of the colon are invaded by
Shigella cells from the basolateral site by interaction with components of the extracellular
matrix like fibronectin, laminin and collagen type IV (Watarai et al., 1995). Mxi and Spa
proteins are secreted by the type III secretion system of the bacteria. These induce
polymerization of actin and the formation of protrusions in the epithelial cell membrane
leading to macropinocytosis of the bacteria within 5-10 min (Francis et al., 1993; Parsot,
2005). Shigella cells escape into the cytoplasm by disruption of vacuoles by IpaB and IpaC
(Agaisse, 2016). The intercellular spread between cells proceeds via the manipulation of the
actin cytoskeleton of the host cell (Welch and Way, 2013). The bacterial factor IcsA interacts
with N-WASP, the major actin nucleator, leading to actin nucleation at the bacterial pole. This
actin-based mechanism enables mobility and the spread to the neighboring cell by repeated
protrusion of the cell membrane (Agaisse, 2016). These processes provide the spread of

bacterial cells and the disruption of the epithelium.

1.2.2 Diagnosis and vaccination

The four subspecies of Shigella are further divided into 15-20 serogroups each for S. flexneri,
S. dysenteriae and S. boydii and one serotype for S. sonnei. The serotypes of Shigella are
based on the O-antigen structure of the lipopolysaccharide (LPS) in the Gram-negative cell
wall (see Chapter 1.3) (Allison and Verma, 2000). The O-antigen consists of a tetrasaccharide
built up by three rhamnoses and one N-acetylglucosamine (GIcNAc, NAG), which is the
backbone of the O-antigen and depicts the serogroup Y (Fig. 4) (Kenne et al., 1978).
Modifications by glucosylation and acetylation are induced by serotype converting
bacteriophages (see Chapter 1.4) leading to the variation of the serotypes (Allison and Verma,
2000; Gemski et al., 1975; Verma et al., 1991). This results in 15 serotypes for Shigella
flexneri with the same backbone except for serogroup 6, where L-Rhap is replaced by an
a(1-4) linked glucuronic acid (D-GlcpA). The S. flexneri serotypes are depicted in Fig. 4
based on Perepelov et al., 2012.



L-Rhap L-Rhap L-Rhap D-GlcpNAC
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Fig. 4: Shigella flexneri O-antigen repeating units
The 15 serotypes of Shigella flexneri are depicted as glycan structures according to the symbolic nomenclature for glycans
(Varki et al., 2016). The structures are taken from (Perepelov et al., 2012).

The serotypes are determined in diagnostics by antisera which are used in agglutination tests
(Carlin and Lindberg, 1983; Carlin et al., 1986). Furthermore, genotyping is employed for
diagnostics which target O-antigen modifying genes (Li et al., 2009; Sun et al., 2011) or
genes which are known for Shigella flexneri virulence as ipaH, cadA, setlB and ial, coding
for an invasion plasmid antigen, a lysine decarboxylase, an enterotoxin and an adhesion
protein, respectively (Frankel et al., 1989; Li et al., 2009).

Shigella flexneri infections are treated by the antibiotic ciprofloxacin, which is problematic
due to rising antibiotic resistances (Anderson et al., 2016). Infected patients develop serum
LPS and Ipa specific antibodies (Lindberg and Pal, 1993). Therefore vaccine development is
based on LPS-protein conjugates (Kampf et al., 2015; Passwell et al., 2010).



Introduction

1.3 The Gram-negative cell wall

The classification of the Gram-negative and positive cell walls of bacteria traces back to Hans
Christian Gram in 1884, who used crystal violet for the staining of peptidoglycan in the
bacterial cell wall. This resulted in a strong staining for Gram-positive bacteria due to the
thick peptidoglycan layer and to a weak staining of Gram-negative bacteria with a thin
peptidoglycan layer protected by an additional outer membrane (Popescu and Doyle, 1996).

The peptidoglycan is a polymer conjugate of N-acetylglucosamine and muramic acid
peptides, which is located in the periplasmic space between the inner and outer membranes of
the Gram-negative cell wall (Fig. 5) (Osborn et al., 1964). These membranes are constituted
of high amounts of proteins and phospholipids and are anchored to the peptidoglycan via
lipoproteins (Lindberg, 1973). Lipopolysaccharide (LPS) is anchored in the outer membrane
with up to one million molecules per E. coli cell. LPS is known as endotoxin which can cause
septic shock up to multiple organ failure (Raetz and Whitfield, 2002). The structure of LPS is

explained exemplified for Shigella flexneri Y in the following section.

Polysaccharide —

. Lipopolysaccharide

Fig. 5: The Gram-negative cell wall

The Gram-negative cell well is generally built up from the inner and outer membrane (blue) with a thin layer of
peptidoglycan in the periplasmic space (orange). Transport of molecules is achieved by pores in both membrane layers
(green). The outer membrane includes specific outer membrane proteins (Omp) with various functions (turquoise). In the
outer membrane, lipopolysaccharide is anchored via the lipid A and the polysaccharide is located in the extracellular space
(symbolic nomenclature for glycans, SNFG).
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1.3.1 Shigella flexneri Y Lipopolysaccharide

Shigella flexneri Y LPS consists of the hydrophobic lipid A membrane anchor, the inner and
outer core with a conserved carbohydrate sequence and the serotype specific O-antigen
repeating units (Fig. 6). Bacteria expressing lipid A with the complete inner and outer core
have a rough LPS phenotype (R-LPS). The addition of one O-antigen repetative unit (RU)
constitutes a semi-rough phenotype (SR-LPS), while LPS with a large number of O-antigen
RU results in the smooth LPS phenotype (S-LPS) (Simmons and Romanowska, 1987).

Lipid A is highly conserved among Enterobactericeae and consists of two phosphorylated
glucosamines with six linked acyl chains of 12 and 14 carbon atoms (Galloway and Raetz,
1990; Raetz and Whitfield, 2002).

Inner and outer cores are structurally less conserved compared to lipid A. The inner core in
most bacteria consists of two Kdo residues (3-deoxy-D-manno-oct-2-ulosonic acid), which are
added during lipid A biosynthesis and are required for a minimal LPS structure for in vitro
bacterial growth (Raetz, 1990). Additionally three L-glycero-a-D-heptopyranoses (L,D-Hep)
are included in the inner core. The inner core structure can be modified non-stoichiometrically
by phosphate, pyrophosphate, phosphoethanolamine and phosphocholine (Raetz and
Whitfield, 2002).

The E. coli R3 core type, which is also the core type of S. flexneri LPS, contains about 30 %
glucosamine on the branched L,D-Hep, but it is only present if the adjacent L,D-Hep is not
phosphorylated (Knirel et al., 2011; Miiller-Loennies et al., 2002; Simmons and
Romanowska, 1987). The phosphoethanolamine (PEtN) modifications can occur at the inner
core structure as single PEtN at the branched Kdo moiety (not shown in Fig. 6) or as a
pyrophosphoethanolamine (PPEtN) modification at the first heptose structure (in red in Fig.
6) (Droge et al., 1970; Lehmann et al., 1971). The amount of PEtN modification of the Kdo is
increased with 5-50 mM Ca®* ions in the growth medium (Kanipes et al., 2001). The PPEtN
modification of L,D-Hepl is catalyzed by the WaaP kinase and the EptC phosphoethanolamine
transferase for phosphate and PEtN coupling, respectively (Klein et al., 2013; Yethon et al.,
1998). PEtN seems to be required for outer membrane permeability and the modification is
especially prevalent under phosphate limited growth conditions and addition of Zn** (Klein et
al., 2013). Furthermore in Shigella flexneri, a plasmid encoded PEtN transferase Lpt-O was
found to modify various Shigella flexneri O-antigen repeating units by PEtN modification at

position 3 of the second rhamnose (RAMII) (Knirel et al., 2013; Sun et al., 2012).
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The outer core consisting of a pentasaccharide with an a(1-3) linked sequence of GIcNAc,
Gal and Glc with two a(1-2) branched glucoses at the galactose is conserved for S. flexneri
strains (except serotype 6) and based on the E. coli R3 type (Fig. 6).

The chain length of the O-antigen is bimodally distributed for S. flexneri and regulated by a
chromosomal chain length distributer gene wzz resulting in a length of 12-17 repetetive units
and a plasmid coded wzz gene regulating very long O-antigen chains up to 90 RU (Morona et
al., 1995; Stevenson et al., 1995). This distribution is hypothesized to be evolutionary

optimized for virulence (Morona, 2003).

O-antigen repeating Quter core Inner core Lipid A
unit (RU)

Fig. 6: Shigella flexneri Y lipopolysaccharide
Structure of Shigella flexneri Y LPS depicted according to the symbolic SNFG (Varki et al., 2016). Dashed lines and
asterisks indicate non-stoichiometric modifications (P=Phosphate, Ac=Acetyl-).

1.4 Bacteriophages

Exactly 100 years ago the term bacteriophage was first used by Felix d’Herelle and was
described as ultramicroscopic parasite of bacteria (Bradley, 1967). Nowadays bacteriophages
are recognized as bacterial viruses as they resemble eukaryotic viruses. Nucleic acids are
packed in a capsid which is connected with a tail region. Bacteriophages are distinguished
into temperate and virulent. Temperate phages inject DNA in the bacterium and the phage
genome is integrated into the bacterial chromosome. Due to an external trigger, formation of
phage particles within the cell is induced and the bacterium is lysed. In contrast, virulent
phages inject their DNA into a bacterium with direct lysis of the cell (Bradley, 1967). The
morphology of bacteriophages was determined mainly by electron microscopy and
bacteriophages were classified into six groups (Tab. 1).

11
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Tab. 1: Classification of bacteriophages

Group Morphology Taxonomy of Caudovirales
A contractile tail packed with dsDNA Myoviridae

B long noncontractile tail packed with dsDNA Siphoviridae

C short noncontractile tail packed with dsDNA Podoviridae

D large capsomer without tail packed with ssDNA Microviridae

E small capsomer without tail packed with sSRNA Leviviridae

F flexible filament packed with ssDNA Inoviridae

dsDNA = double-stranded DNA, ssDNA = single-stranded DNA, ssSRNA = single-stranded RNA; derived from Ackermann,
2011; Bradley, 1967 and Maniloff and Ackermann, 1998

Independently of their morphology, most bacteriophages are specific for bacteria of the
Enterobactericeae family (Bradley, 1967). The life cycle of the bacteriophages includes the
specific attachment on the cell, the injection of the nucleic acid, followed by replication of the
nucleic acids in the cell and the subsequent release of new phages. The attachment is driven
by specific polymeric molecules on the surface of Gram-negative and positive bacteria, which
have been identified as LPS or teichoic acid, respectively (Lindberg, 1973) for Group A to C
phages. Thereby the contact point was identified as the tail of the bacteriophage and group C
has been connected with an endoglycosidase activity which cleaves the LPS O-antigen
(Lindberg, 1973).

The most intensively studied and characterized candidate of the group C bacteriophages is
P22 infecting Salmonella. It gives the name to a group of related phages known as “P22-like”
(Maniloff and Ackermann, 1998; Parent et al., 2012; Zinder and Lederberg, 1952), for
example Sf6 infecting Shigella flexneri Y and HK620 infecting Escherichia coli H (Dhillon et
al., 1998; Gemski et al., 1975). The three named bacteriophages display a high genetic
identity with up to 90 % for Sf6 and HK620 (Casjens et al., 2004). Using electron microscopy
a complete P22 virion could be solved with a ~65-70 nm capsid head including the tail hub,
needle and six tailspike proteins (Fig. 7A) (Chang et al., 2006; Israel et al., 1967) with similar
observations also for Sf6 (Lindberg et al., 1978). For P22 and Sf6 bacteriophages an
endorhamnosidase activity has been identified, leading to the cleavage of O-antigen repetative
units used by the phage to approach the bacterial cell wall, which was speculated to derive

from the tailspike proteins (Lindberg et al., 1978).
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Fig. 7: Podoviridae bacteriophage with tailspike proteins
(A) Electron microscopy model of P22 bacteriophage with capsid, tail hub, needle and tailspike proteins (framed in green).
Tailspike proteins of the bacteriophages P22 (B), Sf6 (C) and HK620 (D) as trimeric proteins.

1.4.1 The Sf6 tailspike protein

In P22 and Sf6, the endorhamnosidase was attributed to the tailspike proteins (Fig. 7B-C)
(Baxa et al., 1996; Chua, 1999). Additionally, HK620 tailspike exhibits endo-N-

acetylglucosaminase activity (Fig. 7D) (Barbirz et al., 2008). Moreover, the tailspike proteins

of the respective bacteriophages are structurally conserved suggesting an evolutionary

relationship (Barbirz et al., 2008).
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Tailspike proteins have been extensively studied as a model system for protein folding
(Seckler, 1998). The carbohydrate binding protein constituted of a B-solenoid fold is stable to
heat, detergent and proteases and folds slowly facilitating the study of folding in
experimentally accessible time scales (Barbirz et al., 2009; Miller et al., 1998). The fold was
first identified in the pectate lyase C (Yoder et al., 1993) and has been associated to the
binding of elongated carbohydrates (Kajava and Steven, 2006).

A tailspike protein (TSP) consists of four domains comprising a capsid-head binding domain,
an a-helical N-terminal domain, a right-handed B-helix domain and a C-terminal B-sandwich
(Fig. 8A) (Miiller et al., 2008). The three tailspike proteins P22, HK620 and Sf6 were
crystallized as homo-trimeric proteins lacking the N-terminal capsid binding domain with
their respective O-antigen binding partners as oligosaccharide fragments (Barbirz et al., 2008;
Miiller et al., 2008; Steinbacher et al., 1997). The conserved protein folds without the N-
terminal capsid binding domain have a length of 12.7 nm and a diameter of 7 nm including
13 B-sheet rungs in a 7 nm long B-helix domain (Fig. 8B) (Barbirz et al., 2008). Each rung is
thereby constituted of three B-sheets B1, B2 and B3, which are separated by the three turns
T1, T2 und T3. T2 consists of two amino acids, while T1 and T3 range between five and ten
amino acids in the case of Sf6 TSP (Fig. 8C) (Miiller et al., 2008). The carbohydrate binding
sites and endo-glycanase activities of P22 and HK620 TSP have been identified to lie within
the intrasubunit cleft of one trimeric subunit, while for Sf6 TSP the binding site was identified
in the intersubunit cleft (Fig. 8D) (Barbirz et al., 2008; Miiller et al., 2008; Steinbacher et al.,
1997). Even though HK620 and Sf6 TSP are more similar regarding their structure, Sf6 and
P22 TSP both show endorhamnosidase activity and cleave the specific O-antigen receptor into
oligosaccharides of two repeating units (Barbirz et al., 2008; Miiller et al., 2008). The affinity
towards this oligosaccharide are in the milli- to micromolar range (Baxa et al., 1996; Broeker
et al., 2013; Kang et al., 2016). Thus, tailspike proteins depict highly stable O-antigen specific
carbohydrate-binding proteins with endo-glycosidase activity and medium to low binding

affinities towards oligosaccharide fragments.

14



Introduction

A B C
N-terminal 3 T
a-helixdomain B1
j'- B3
B2
o s’ 7 nm
N
.-'L'_'\ -
A Right-handed

B-helix domain

C-terminal
B-sandwich domain

Fig. 8: Sf6 tailspike protein

(A) Sf6 tailspike protein as homotrimer with a molecular mass of 56 kDa per monomer crystallized as N-terminally truncated
variant without capsid binding domain. The protein consists of an N-terminal a-helix domain and a C-terminal B-sandwich
domain. In between the three right-handed B-helix domains form a left-handed superhelical twist. (B) One subunit of the
homotrimer is shown. The protein has an overall length of 12.7 nm with the B-helix exhibiting the longest part of 7 nm. (C)
Cross-section of the B-helix fold motif with three B-sheets B1, B2 and B3 connected by three turns T1, T2 and T3. (D) The
trimeric protein shown from the N-terminus with six grooves with a wideness of 4.6 nm (intrasubunit) and 3.8 nm
(intersubunit). The structural models were derived from the pdbID 4URR (Kang et al., 2016).

1.5 Protein design

Protein design or engineering is a technique for the improvement of protein properties like
stability, enzyme activity or binding affinity (Pokala and Handel, 2001). Furthermore, de novo
design of proteins with certain planned geometries (Hocker et al., 2001) or changes for
binding specificity or enzymatic activity are achieved as so called scaffold design (Pokala and
Handel, 2001). The design can be either random, by a natural change of coding DNA
sequences by error-prone PCR or directed evolution (Arnold, 1998; Cirino et al., 2003) or it
can be rational, which mostly includes computational approaches (Marshall et al., 2003).
Random or rational derived sequence libraries coding for the protein of interest are tested in
high-throughput methods involving phage- or yeast-display approaches (Rhiel et al., 2014)
and the subsequent characterization of for example binding properties by SPR, NMR or mass
spectrometry (Pande et al., 2010). Furthermore computational derived de novo or altered
protein structures highly rely on experimental techniques allowing model deduction like X-

ray crystallography, NMR and cryo-electron microscopy (Das and Baker, 2008).
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To name some examples for carbohydrate binding protein design, phage-display is employed
for the design of antibodies against charged carbohydrate structures associated with tumor
cells (Mao et al., 1999; Schoonbroodt et al., 2008). In phage-display approaches, the peptide
sequences derived from DNA libraries are fused to a phage surface protein, which is more
precisely a filamentous M13 phage with the plIl coat protein. The displayed peptide chains
are consequently screened for binding affinity or specificity by biopanning. In biopanning the
ligand of interest is immobilized in a microtiter plate, phages are applied for binding, non-
bound phages are removed by washing and the residual bound phages are amplified and used
for further selection (Pande et al., 2010). As another example carbohydrate-binding proteins
are used as protein scaffolds due to their high stability as high-affinity ligand binders in
computational approaches (Morin et al., 2011). The most prominent example of
computational protein design is nowadays ROSETTA, which is a modelling software based
on Monte-Carlo simulations with protein side chain rotamer perturbations in implicit solvent
with the aim of energy-landscape minimization (Rohl et al., 2004). More computationally
expensive techniques, which in return allow a higher precision, are based on molecular

dynamics simulations (Baron, 2012).

1.5.1 Rational protein design of carbohydrate-binding proteins

Rational design of high-affinity binding proteins for protein-ligand or protein-protein
interactions is based on computational techniques. Thereby the design of protein-ligand high-
affinity binders depicts a special challenge compared to enzyme specificity improvement or
protein-protein interactions (Morin et al., 2011). Even though programs like
ROSETTALIGAND (Meiler and Baker, 2006), which are commonly used for other high-
affinity design purposes, are in the process to be optimized for protein-carbohydrate
interactions as ROSETTADOCK (Kilambi et al., 2013), this is not a commonly used strategy
for automated selection of mutations for design of high-affinity carbohydrate-binding proteins
yet.

However, several tools have been developed for the prediction of carbohydrate binding sites
on proteins and amino acids forming these binding sites (Kulharia et al., 2009; Malik et al.,
2010; Shionyu-Mitsuyama et al., 2003; Taroni et al., 2000; Zhao et al., 2014). The prediction
data set of these tools is thereby based on the protein-carbohydrate structures available in the

protein data bank PDB (Berman et al., 2002).
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Docking approaches are challenging for carbohydrates due to their high flexibility and the
incorporation of water molecules in the binding site (DeMarco and Woods, 2008; Samsonov
et al., 2011). Nevertheless, several approaches to incorporate scoring functions for
carbohydrates in docking programs have been made (Kerzmann et al., 2008, 2008; Nivedha et
al., 2014). Docking is mostly performed on small saccharide motifs from di- to
tetrasaccharides. For example, docking of the SfY pentasaccharide to the binding antibody
could not be performed successfully (Nivedha et al., 2014; Vyas et al., 2002).

An alternative to docking approaches is the calculation of alchemical binding free energies
from molecular dynamics simulations. The method has been shown to be more accurate than
Poisson-Boltzmann surface area methods (Gouda et al., 2003). Alchemical techniques have
been successfully used for the calculation of binding free energies of carbohydrates with an

error of ~4 kJ/mol (Mishra et al., 2015; Zacharias et al., 1993).

1.6 Aims of this study

St6 TSP as a specific receptor of the Shigella flexneri Y O-antigen was characterized as
highly stable trimeric protein with an endorhamnosidase activity and an estimated
dissociation constant to the octasaccharide O-antigen cleavage product in the millimolar
range. However, the dissociation constant of the protein had not been exactly determined due
to the low affinity. In contrast, simulations with Sf6 TSP were established, which successfully
predicted the octasaccharide binding state (Kang et al., 2016). These suggested the protein as
suitable for application of numerical tools for affinity prediction. Thus, on one hand Sf6 TSP
is a potential candidate for the application and modification as Shigella flexneri Y specific
bacterial sensor. On the other hand as a weak carbohydrate-binding protein, driving forces of
the interactions and their affinity improvement could be studied. The work was therefore
conducted with both experimental and computational based approaches.

For the characterization of the binding behavior of St6 TSP and the determination of the
dissociation constant of Sf6 TSP-oligosaccharide complexes several methodologies as
fluorescence spectroscopy or surface plasmon resonance were applied using Shigella flexneri
Y polysaccharide ligands to increase the avidity of the binding event. The immobilization of
the named polysaccharide was intended to achieve a mimic of the bacterial surface in a
surface-based interaction assay and thereby to also obtain more insight about the natural

binding architecture.
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The application of Sf6 TSP as a bacterial sensor should be tested by the introduction of an
environment sensitive fluorescent label in the binding site via thiol conjugation. Therefore the
faster purification of Sf6 TSP was to be achieved by the establishment of an affinity
chromatography based purification protocol to obtain cysteine mutants for fluorescent label
conjugation. Furthermore, computational approaches by MD simulation and free energy
calculations with the aim to obtain high affinity mutants of Sf6 TSP were to be tested.

The contribution of water molecules in carbohydrate-protein interactions 1in
thermodynamically well characterized HK620 TSP mutants was investigated by MD

simulation to gain more information about the enthalpic and entropic driving forces.
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2 Material and Methods

2.1 Materials

2.1.1 Chemicals

All chemicals if not mentioned otherwise were purchased from Roth (Karlsruhe) or Merck

(Darmstadt) including Sigma Aldrich (St. Louis, USA) with the purity of pro analysis.

Solutions were prepared with pure water (ddH,O) with conductivity lower than 0.055 uS/cm

by a ELGA Purelab flex Viola water system.

2.1.2 Materials

Materials

Company

Centrifugal concentrator Amicon Ultra

CMD200d Sensor chip
Dialysis tubes

Microtiter plates, 96well, Nunc MAXI-SORP

PD10 column

Plastic cuvettes UV-Vis
QIAquick Gel Extraction Kit
QIAquick PCR purification Kit
Reaction tubes 1.5 ml/ 2.0 ml

Roti®-Prep Plasmid MINI

Millipore (Schwalbach)
Xantec (Diisseldorf)
Spectrum Labs (Houston, USA)
Thermoscientific (Schwerte)
GE Healthcare (Freiburg)
Eppendort (Hamburg)
Quiagen (Hilden)

Quiagen (Hilden)
Eppendorf (Hamburg)
VWR (Darmstadt)

Roth (Karlsuhe)

Sterile filter FP 30 (0.2/ 0.45 pm) CA-S
Ultrafiltration membranes YM10, YM30
Western Blot Filter Paper 1Chr

Whatman (Dassel)
Millipore (Schwalbach)
Whatman (Dassel)

2.1.3 Buffer and media

Buffer Compounds

AP buffer 100 mM Tris/HCI pH 9.5; 100 mM NaCl; 5 mM MgCl,

BCA solution A 54 mg/ml Na,COs; 24 mg/ml NaHCOj3; 1.94 mg/ml Na*,-Bicinconinic acid salt (BCA)
BCA solution B 1.25 mg/ml CuSO4x5H,0; 1.25 mg/ml L-serine

Blotting buffer 48 mM Tris; 39 mM glycine

Buffer A 40 mM Tris/HCI, 200 mM NaCl; 50 mM imidazole

Buffer B 40 mM Tris/HCI, 200 mM NaCl; 400 mM imidazole

Coomassie stain

Coomassie destain
6x DNA loading buffer

HRP substrate solution
2.5x Laemmli buffer (Laemmli,
1970)

25 % (v/v) isopropanol; 10 % (v/v) acetic acid; 0.025-0.05 % (w/v) Coomassie Brillant
blue (Serva, Heidelberg)

10 % (v/v) acetic acid

0.25 % (w/v) bromophenol blue; 0.25 % (w/v) xylencyanol; 15 % (w/v) Ficoll Typ 400;
20 mM EDTA

1x PBS with 2 mg/ml o-phenylene diamine and 0.03 % H,0,

163 mM Tris/HCI pH 6.8; 250 mg/ml glycerole; 5 % (w/v) SDS; 0.1 mg/ml DTT;
0.25 mg/ml bromophenol blue
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Lysis buffer

PBS

PBST

Rotiphoresegel 30
SDS-PAGE running buffer
4x SDS-gel buffer 1

2x SDS-gel buffer 2
Silver stain developer
Silver staining

Silver stain fix solution 1
Silver stain fix solution 2

Silver stain stop solution

25 mM Tris/HCI; 0.01 mM EDTA; 0.9 % (w/v) glucose; 0.04 mg/mL lysozyme; pH 8.0
150 mM NaCl; 10 mM sodium phosphate buffer pH 7.6

0.1 % Tween 20 in PBS

30 % acrylamide mix: 29.2 % acrylamide, 0.8 % bisacrylamide

25 mM Tris/HCI pH 8.8; 192 mM glycine; 0.1 % (w/v) SDS

1.5 M Tris/HCI pH 8.8; 0.8 % (w/v) SDS

0.25 M Tris/HCl pH 6.8; 0.4 % (w/v) SDS

2.5 % (w/v) Na,COs; 0.04 % (v/v) formaldehyde

0.5 ml 29 % (w/v) AgNOs; 25 pl 37 % (v/v) formaldehyde in 100 ml dH20

30 % (v/v) ethanol, 10 % (v/v) acetic acid

0.4M sodium acetate; 0.5 % (v/v) acetic acid; 30 % (v/v) ethanol; 0.5 % (v/v)
glutaraldehyde, 0.1 % (w/v) Na,S,03

50 mM EDTA; pH 8.0

1x TAE 40 mM Tris/Acetate pH 8,0; 1 mM EDTA

1x Tris/NaCl 40 mM Tris/HC1 pH 8.0; 200 mM NaCl

1x TEC 40 mM Tris/HC1 pH 8.0; 200 mM NaCl, 2 mM EDTA

TEV buffer 25 mM Tris/HCI pH 8.0, 125 mM NaCl, 1 mM EDTA, 1 mM DTT
Media Compounds

AIM medium (Studier, 2005)

AlMamp

LB-agar
LBamp-agar

LB medium
LBamp

1000x Trace metals

1 % tryptone; 0.5 % yeast extract; 25 mM Na,HPO,; 25 mM KH,PO,; 50 mM
NH,CIL; 5 mM Na,SOy4; 2 mM MgSO,; 0.2x Trace metals; 0.5 % glycerol; 0.05 %
glucose; 0.2 % lactose (ZYM-5052-medium)

AIM medium with 0.1 mg/ml ampicillin

LB medium; 2 % (w/v) agar-agar

LB agar with 0.2 mg/ml ampicillin

1 % (w/v) tryptone; 0.5 % (w/v) yeast extract; 1 % (w/v) NaCl; pH 7.0

LB medium with 0.1 mg/ml ampicillin

50 mM FeCly; 20 mM CaCly; 10 mM MnCly; 10 mM ZnSO,; 2 mM  CoCly;
2 mM CuCly; 2 mM NiCly; 2 mM Na,MoO4; 2 mM Na,SeO;; 2 mM H3;BOj in
60 mM HCl

2.1.4 Enzymes and Molecular Mass Marker

Enzyme Company
Benzoase Novagen (Merck) (Darmstadt)
Pfu Plus! DNA Polymerase Roboklon (Berlin)

Proteinase K

QS5 polymerase

QS5 polymerase buffer
Restriction enzymes
Restriction enzyme buffers

Sigma Aldrich (St. Louis, USA)

New England Biolabs (Schwalbach)
New England Biolabs (Schwalbach)
New England Biolabs (Schwalbach)
New England Biolabs (Schwalbach)

T4 Ligase Stratagene (La Jolla USA)

Taq polymerase New England Biolabs (Schwalbach)
ThermoPol buffer New England Biolabs (Schwalbach)
Marker Company

1 kb DNA ladder
Color Prestained Protein Standard

10 pl per lane, New England Biolabs (Schwalbach)
Broad Range (11-245 kDa); 5 ul per lane, New England Biolabs (Schwalbach)

2.1.5 Primer

Name® Sequence Description

T7prom 5-TAATACGACTCACTATAGGG-3¢ Forward (fw) sequencing primer for pETIla vector
plasmid

T7term 5“GCTAGTTATTGCTCAGCGG-3¢ Reverse (rv) sequencing primer for pETIlla vector
plasmid
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Sfbseql 5‘-GATAGCGTAGAGGCTTATTGA-3*

Sfbseq2 5‘“AACCAATGCACATGGTCTCA-3¢

Sf6seq3 5-“AACACAGATCCTGTAA-3*

SK5 5‘-CGCCCAACGACCGAAAACCTGTATT
TTCAGGGTGCTAGCGACCCTGATC-3¢

SK6 5‘-GCCGCAATCGTGATGGTGATGGTGA
TGGTGATGCATATGTATATCTCCTTCTTAAA
GTTAAAC-3¢

SK7 5‘-TCCCTGCGAGCAACCAAGCGTGTGG
GTATATTGTTGGATCCA-3*

SK8 5‘-“TGGATCCAACAATATACCCACACGC
TTGGTTGCTCGCAGGGA-3*

SK9 5*-GTTAAGGCTGTCTTATGATTGTGAC
ACTATCGGCCGTTATCTGAG-3*

SK10 5‘-CTCAGATAACGGCCGATAGTGTCAC
AATCATAAGACAGCCTTAAC-3¢

SK11 5‘-GCATGTCAGGCTGGATGCTGTAGAG
TCGGTCTTC-3°

SK12 5‘-GAAGACCGACTCTACAGCATCCAGC
CTGACATGC-3¢

SK13 5‘-CCTGCCATTTCAGCAGAGGATGTTAT
TCTGCTGATGAAAGC-3*

SK14 5°-GCTTTCATCAGCAGAATAACATCCTC
TGCTGAAATGGCAGG-3¢

SK15 5‘-TATGGAACAACTGGATTTAGCTTGTT
GCGGCTCAACAGGCGTG-3*

SK16 5‘-CACGCCTGTTGAGCCGCAACAAGCT
AAATCCAGTTGTTCCATA-3¢

SK17 5‘-GAACGCCGACCTCATGCCAGTCACA
TAAAATTGTCAGTGGTG-3*

SK18 5‘-CACCACTGACAATTTTATGTGACTGG
CATGAGGTCGGCGTTC-3*

SK21 5‘-AAGTGGCGCCCCAACGACCGAAAAC

CTG-3¢

fw sequencing primer in the Sfé6 TSP sequence (bp 690-
709) (Barbirz, 2005)

fw sequencing primer in the Sf6 TSP sequence (bp 1095-
1114) (Barbirz, 2005)

fw sequencing primer in the Sf6 TSP sequence (bp 1511-
1530) (Barbirz, 2005)

Insertion primer (fw) coding Hisg-tag+TEV protease
cleavage sequence for plasmid vector 54 (see plasmids)
including the TEV protein cleavage sequence

Insertion primer (rv) coding Hisg-tag+TEV protease
cleavage sequence for plasmid vector 54 (see plasmids)
including start codon and Hise-tag sequence

Mutagenesis primer (fw) for Sf6 TSP dN V204C

Mutagenesis primer (rv) for Sf6 TSP dN V204C
Mutagenesis primer (fw) for Sf6 TSP dN S246C
Mutagenesis primer (rv) for Sf6 TSP dN S246C
Mutagenesis primer (fw) for St6 TSP dN T315C
Mutagenesis primer (rv) for Sf6 TSP dN T315C
Mutagenesis primer (fw) for Sf6 TSP dN N340C
Mutagenesis primer (rv) for Sf6 TSP dN N340C
Mutagenesis primer (fw) for Sf6 TSP dN Y400C with
D399A mutation

Mutagenesis primer (rv) for Sf6 TSP dN Y400C with
D399A mutation

Mutagenesis primer (fw) for Sf6 TSP dN T443C
Mutagenesis primer (rv) for Sf6 TSP dN T443C

Primer (fw) with Sfol cleavage site and TEV protease

cleavage sequence for the N-term. of Sf6 TSP dN in 54
vector plasmid

a Primer in italic were provided from former works in the lab.

2.1.6 Plasmids
No Name® Description
54  pETI11a-Sf6dN E366A D399A Sf6 bacteriophage tailspike protein (“Tail spike protein - Shigella phage

109

117

118

120

121

122

123

pET11a-Sf6dN E366A D399A_His

pET11a-Sf6dN E366A D399A
V204C_His
pET11a-Sf6dN E366A D399A
T315C_His
pET11a-Sf6dN E366A D399A
Y400C_His
pET11a-Sf6dN E366A D399A
N340C_His
pET11a-Sf6dN E366A D399A
T443C_His
pET11a-Sf6dN E366A D399A

Sf6 (Shigella flexneri bacteriophage VI),” n.d.) gene AFI128887.2
(1970 bp; aa: 1-623) (ENA European Nucleotide Archive, 2017)
truncated by the N-terminal domaine (aa: 1-109; bp: 1-327) with
introduced mutations for E366A (gaa->gca) and D399A (gat->gct) in
pETI11a with Amp resistance

Modification of plasmid 54: introduction of N-term. Hise-tag sequence and
TEV protease cleavage site by SK5/6

Modification of plasmid 109: introduction of mutated amino acid V204C
(gtt->TGt) by SK7/8

Modification of plasmid 109: introduction of mutated amino acid T315C
(aac->aTG) by SK11/12

Modification of plasmid 109: introduction of mutated amino acid Y400C
(tat->tGt) by SK15/16

Modification of plasmid 109: introduction of mutated amino acid N340C
(aat->TGt) by SK13/14

Modification of plasmid 109: introduction of mutated amino acid T443C
(acg->TGC) by SK17/18

Modification of plasmid 109: introduction of mutated amino acid S246C
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S246C_His

135 pPR-IBA102-Sf6dN E366A D399A

(tca->tGT) by SK9/10

St6 TSP gene from plasmid 109 reproduced by PCR with SK3/21, cleaved
with Sfol/EcoRI into cleaved plasmid vector pPR-IBA102 provides N-
terminal truncated Sf6 tailpike protein with N-term. Strep-tag®Il and the
mutations E366A D399A.

a The derived plasmids are based on the commercial available plasmids pET11a (Novagen, Madison, USA) and pPR-IBA102
(iba-lifescience, Gottingen). Plasmids in italic were provided from former works in the lab.

2.1.7 Bacteria Strains

Bacteria strain

Origin/Company

E. coli BL21

E. coli DH5a

E. coli XL1 blue

E. coli HTD 2158

Salmonella typhimurium 06-01900
Shigella flexneri Y 99-2001
Shigella flexneri Y 03-650

Shigella flexneri 2a 03-6557
Shigella flexneri 2a 08-7230

Novagen (iiber Merck, Darmstadt): F- ompT hsdSB (tB-mB-) gal dcm(DE3)
(Dubendorf and Studier, 1991)

Invitrogen (Karlsruhe): F- ¢80dlacZAM15A(lacZY A-argF) U169 recAl endAl
hsdR17(tk-,mk+) phoA supE44 \- thi-1 gyrA96 relAl.

Stratagene (La Jolla, CA, USA): recAl endAl gyrA96 thi-1 hsdR17supE44
relAl lac[F’ proAB laclg ZAM15 Tn10 (Tetr)]c (Bullock et al., 1987)

Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany) with DSM serial number 10809

National Reference Centre for Salmonella and other Bacterial Enterics, Robert
Koch Institute, Wernigerode, Germany

2.1.8 Instruments

Instrument

Name

Company

Absorption spectrometer

Agarose gel electrophoresis
Balance

CD spectrometer
Centrifuge

Centrifuge rotor

Clean bench
Fluorescence spectrometer
FPLC

French-Press

Gel documentation
Gelscanner

HPLC

Incubator

Lyophylle
Mass spectrometry

Chemstation (Typ 89090A)

Cary 50 UV-VIS

Pharmacia Biotech Ultraspec 1000
Novaspecll photometer

Agagel Mini

Mirco Scale B 120 S

Lab scale PB

J-815

5403; 5415C

Megafuge 16R; Biofuge pico; Pico 17
Sorvall Lynx 4000; Sorvall Discovery M150
F12-6 x 500 LEX, GSA, A27 8x50, F28/50,
GS3, TX-400, S55-A2

HERAsafe

Fluoromax 3

Akta FPLC

Akta Prime

Akta Purifier

UPC-900 monitor

P-920 pump

SLM-Aminco

Gel iX Imager

Imagescanner 111

SCL10A system

VP/LC10AD pump

SPD M10A absorption detector
RF-10A fluorescence detector
Innova 2300 platform shaker
Innova 42

VaCo 5/2

REFLEX™ 2

Agilent (Boblingen)

Varian (Darmstadt)

GE Healthcare (Freiburg)
Pharmacia (New Jersey, USA)
Biometra (Gottingen)

Satorius (Gottingen)

Kern (Ballingen-Frommen)
JASCO (Gro3-Umstadt)
Eppendorf (Hamburg)
Heraeus (Hanau)

ThermoFisher Scientific (Waltham, USA)

Sorvall (Buckinghamshire, UK)

Heraeus (Hanau)
Horiba Jobin Yvon (Unterhaching)
GE Healthcare (Freiburg)

Polytec (Waldbronn)

Intas Science Imaging (Gottingen)
GE Healthcare (Freiburg)
Shimadzu (Kyoto, Japan)

New Brunswick Scientific
USA)

Zirbus technology (Bad Grund)
BRUKER (Bremen)
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PCR Thermocycler
pH-Meter

Pipettes

Plate reader

Pure water supply
Refractometer

SDS-PAGE electrophoresis
Surface plasmon resonance

Thermoshaker
Ultrafiltration
Vacuum evaporator
Vacuum pump
Voltage source
Water thermostat

T Gradient, Tprofessional Trio
597

Finnpipette®

Epoch G5 spectrometer
PURELAB flex 3

OptiLab DSP

LKB 2050 MIDGET
Biacore™ J

SR7500DC

Amicon

Speedvac RVC 2-18
Trivac

Bio 105, PP4000
CC-K12/PilotONE

Biometra (Gottingen)

WTW (Weilheim)

ThermoFisher Scientific (Waltham, USA)
Epock, BioTEK, (Winooski, USA)
ELGA Labwater (Celle)

Wyatt Technology, Dernbach
Biorad (Miinchen)

BIAcore AB (Uppsala, Sweden)
Reichert (Diisseldorf)

Eppendorf (Hamburg)

Millipore (Schwalbach)

Christ (Osterode)

Oerlikon Leybold Vacuum (K&ln)
Biometra (Gottingen)

Huber, Offenburg

2.1.9 Software
Program Source/Company
Amberl12/ AmberTools13 Alma Rosa Agorilla; AMBER Software Administrator; MC2280; (San Francisco, USA) (Case

BIAevaluation3.1
GROMACS
4.5.5/4.6.3/5.0.2
LabScan v6.0

Mmass v5.5
MobyWat

PyMol 1.8.2.3
SerialCloner2.6
SigmaPlot v11.0/v13.0
SpectraManager
1.54.03/2.06.00
Swiss PDBViewer4.0
TraceDrawer 1.7
Unicorn 6

VMD 1.9.3

etal., 2013, 2012)

BIAcore AB (Uppsala, Sweden)
Gromacs (Uppsala, Sweden) (Abraham et al., 2015, 2015; Hess et al., 2008; Pronk et al.,
2013; Van Der Spoel et al., 2005)

GE Healthcare (Freiburg)

Strohalm (Strohalm et al., 2008)
Hetényi (Jeszendi et al., 2016, 2015)
Schroedinger LLC (Schrodinger, 2015)
Serial Basics

Systat Software (Chicago, USA)

Jasco (GroB3-Umstadt)

www.expasy.org/spdbv/ (Guex and Peitsch, 1997)

Reichert, Inc. (Diisseldorf)

GE Healthcare (Freiburg)

Theoretical and Computational Biophysics Group, NIH Center for macromolecular modeling
& bioinformatics (Illinois, USA) (Humphrey et al., 1996)

2.2 Molecular biological methods

2.2.1 Polymerase chain reaction (PCR)

Amplification PCR

PCRs were performed in a 50 pl reaction volume for the amplification of the Sf6 TSP AN
E366A D399A gene with N-term. cleavage sites for TEV proteases and Hise-tag (SK5/6) and

Sfol/EcoRI restriction enzymes (SK3/21). The PCR reaction mix included the following

components:
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5x QS5 buffer (NEB) 10 ul

10 uM dNTPs 1l

10 uM Primer sense/antisense 2.5 ul

Template DNA (5 ng end concentration) I

2 U/ul Q5 HF DNA Polymerase (NEB) 0.5 pul

ddH,O (autoclaved) 32.5ul
50 ul

For amplification the lid was heated to 99 °C and DNA was denatured before amplification
for 30 s at 98 °C. After the last cycle amplified PCR products were elongated for additional
S min at 72 °C and the DNA was stored at 4 °C in the instrument. The following program was

run with 25/35 cycles on a thermocycler for amplification.

Denaturation (98 °C) 10s
Annealing (60/65 °C) 30s
Elongation (72 °C) 3.5 min/45 s
Colony PCR

Colony PCRs were performed for verification of successful ligation of PCR products.
Therefore transformed bacteria were picked by an autoclaved toothpick from a LBamp-agar
plate and resuspended in 10 pl 0.96 % NacCl solution. The same toothpick was transferred into
a colony numbered master LBamp-agar plate. The colony number master plate was incubated
at 37 °C for ~3 h. For the colony PCR a reaction mixture of 10 ul was prepared with the

following components:

10x ThermoPol reaction buffer (NEB) 1l
DMSO (Roth) 0.3 ul
10 mM dNTPs 0.2 ul
5 U/ml Tag DNA polymerase 0.1 ul
10 uM Primer (T7prom/term) 0.2 ul
Bacteria suspension 1w
ddH,0O (autoclaved) 7ul
10 ul
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For amplification the thermocycler lid was heated on 99 °C and sample DNA was denatured
for 30 s at 95 °C. After the end of the cycling program amplified DNA was elongated for
10 min at 68 °C and the samples were stored at 4 °C in the instrument. The cycling program

was repeated for 26 cycles with the following program:

Denaturation (95 °C) 15s
Annealing (55 °C) 20's
Elongation (68 °C) 90 s

Mutagenesis-PCR

Mutagenesis PCR was performed for the introduction of single point mutation into the
amplified plasmid. Controls were run with plasmid and without primer or vice versa for each

combination. The reaction mixture included the following compounds:

10x Amplibuffer A (Roboklon) 2.5l
25 mM MgSOq 25 ul
10 mM dNTPs 1wl
10 mM Primer sense/antisense 1l
50 ng/ul Template DNA 0.3 ul
2 U/ul Q5 HF DNA Polymerase (NEB) 0.25 ul
ddH,O (autoclaved) 16 ul
25 ul

For amplification of the plasmid DNA, the thermocycler lid was heated to 99 °C and sample
DNA was denatured for 5 min at 95 °C. After amplification cycles the product DNA was
elongated for 10 min at 72 °C and stored at 4 °C in the instrument. The amplification cycle

was repeated 17 times with the following protocol:

Denaturation (95 °C) 30s
Amplification (55 °C) 1 min
Elongation (72 °C) 7 min
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2.2.2 Agarose gel electrophoresis

Agarose gel electrophoresis for the separation of DNA was performed with 1 % agarose gels
in 50 ml volume for a small chamber with Agarose Premium (Serva, Heidelberg). DNA stain
was added to the gel with either 1:10000 1 % ethidium bromide (Roth) or 1:20000 HD green
(Intas, Gottingen). DNA size was determined by the 1kb-DNA ladder from NEB.
Electrophoresis was run with 100 mA current for 30-60 min. Separated DNA was visualized

by UV light (312 nm) in the Intas Gel iX Imager.

2.2.3 DNA digestion and ligation

Restriction enzyme digestion for ligation and sequence verification was performed with
restriction enzymes and the corresponding buffers from NEB in 20 pl volume for 1 h at 37 °C.
For the digestions NEB buffer was used in a 1:10 ratio, 1 mg/mL BSA, ~500 ng DNA and an
enzyme concentration of about 5 U.

Amplified DNA from mutagenesis PCR was used in restriction digestion with Dpnl to
remove methylated template DNA with 1:10 NEB Cut smart buffer and 1:50 Dpnl (20 U/ul)
enzyme for 1 h at 37 °C.

DNA ligation in a 30 ul volume with 1:20 T4 ligase or Quick ligase and 1:2 of the
corresponding buffer (T4 ligase buffer/ Quick ligase buffer) was incubated for 30 min or
10 min at room temperature (RT), respectively. DNA was provided with 1:8 ratio of template

and insert in the ligation.

2.2.4 DNA purification, concentration measurement and sequencing

PCR product DNA was purified with QIAquick PCR purification Kit. Plasmid DNA was
purified with the Roti®-Prep Plasmid MINI. Elution from the anion exchange column was
performed with 50 pul ddH,O (autoclaved).

DNA concentration and purity were measured by absorbance at 260 and 280 nm and DNA
sequencing was performed on purified plasmid DNA with sequencing primers by GATC

(Konstanz).
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2.2.5 Transformation with E. coli BLL.21 and DH5a

Transformation was performed with chemical competent cell batches of E. coli BL21 for
protein expression and E. coli DH5a/XL1-blue for plasmid purification. Batches of 100 pl
bacteria suspension were mixed with ligation reaction samples or 1 pl of plasmid DNA and
incubated on ice for 20 min. Bacteria batches were heated on 42 °C for 45 s and immediately
cooled on ice for 2 min. The whole bacteria suspension was inoculated on a LBamp-agar plate

in two dilutions and incubated over night at 37 °C.

2.2.6 Storage and cultivation of bacteria

For liquid culture 5 ml LB medium (antibiotics) were inoculated with a colony from a LB-
agar plate (fantibiotics). Bacteria strains were cultivated in liquid culture for 6 h with
120 rpm at 37 °C until a visible turbidity. The bacteria suspension was mixed to a 17.4 %

glycerol end concentration and bacteria glycerol stocks are stored at -80 °C.

2.3 Protein biochemical methods

2.3.1 Overexpression of recombinant proteins in E. coli BL.21

Pre-cultures of 10 ml LBamp were inoculated from a cryo glycerol stock or a single colony
from a LBamp-agar plate from transformed E. coli BL21 and cultivated over night at 37 °C
with 120 rpm. 2 L AIMamp (Hise¢-tagged proteins) or 5 L LBamp (Strep—tagged®H proteins)
were inoculated 1:100 with pre-culture and cultivated at 37 °C and 120 rpm. Bacteria were
grown to an ODgg of 0.7-1.0, subsequently the cultivation temperature was lowered to 30 °C
and protein expression in LBamp was induced by 1 mM IPTG. Bacterial expression cultures

were incubated over night at 30 °C with 120 rpm.
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2.3.2 Harvest and lysis of bacteria

Bacterial liquid cultures were harvested by centrifugation with 5000 rpm (Rotor: F12 6x 500
Lex) at 4 °C for 15 min. Cell pellets were resuspended in 10 ml 1x Tris/NaCl with 0.25 mg/ml
AEBSF protease inhibitor. Cells were lysed under pressure with 1000 psi three times in a
French press cell. The supernatant of the cell lysate was separated from cell debris by

centrifugation at 18000 rpm (Rotor: F28/50) at 4 °C for 1 h.

2.3.3 Protein purification and storage

Affinity chromatography based protein purification for Hise-tagged proteins

Protein purification was performed on an Akta FPLC system (GE Healthcare). Affinity
chromatography columns (ProfinityTM IMAC resin, 30 ml column volume (CV), maximal
pressure 0.7 MPa) were loaded with metal ions by equilibration with 50 mM sodium acetate
buffer pH 4 with 0.3 M NaCl. Metal ions were loaded as 0.1 M NiCl, and residual ions were
removed by washing with sodium acetate buffer, ddH,O and buffer A in 5 CV each. The
soluble protein fraction was diluted 1:5 with buffer A and loaded on the column with a flow
of 1 ml/min and subsequently washed with 8 CV buffer A at 2 ml/min. 10 ml fractions were
collected throughout the whole washing process of unbound proteins in chromatography tubes
containing 100 ul 0.5 M EDTA pH 8 each. Proteins with affinity tag were eluted via a 10 CV
linear gradient of 50-400 mM imidazole (Buffer A to B) with 1 ml/min flow. The protein
content of collected fractions was monitored using absorption at 280 nm. Fractions containing
the protein of interest were pooled and the Hise-tag was proteolytically removed by TEV
protease cleavage with a molar protein-protease ratio of 1:100 overnight in TEV buffer at
room temperature under agitation. The chromatography step described above was repeated

with the cleaved protein solution.

Classical protein purification for Strep®Il-tageed proteins

The protein lysate was precipitated by 35 % ammonium sulfate for 1.5h at 4 °C under
agitation. The protein purification was performed on an Akta FPLC system via three
chromatography steps. The protein precipitate was diluted in 1x TEC with 200 mM
ammonium sulfate and loaded on a hydrophobic interaction chromatography column (HiPrep
Phenyl FF (High Sub) 16/10, CV=20 ml) using a flow rate of 1.5 ml/min. Proteins were

eluted using a linear gradient of 15 CV from 200-0 mM ammonium sulfate and fractions
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containing the protein of interest were collected and pooled. The obtained protein solution
was loaded on an anion exchange column (Q-sepharose activated with 2 M NaCl, CV=23 ml).
Protein fractions were eluted in a linear gradient from 0-200 mM NaCl with 4 ml/min in
8 CV. Collected protein fractions were separated on a size exclusion chromatography column
(HiLoad 16/60 Superdex 200, CV=120 ml) with 1 ml/min and an isocratic flow of 1x TEC
with 200 mM NaCl and 200 mM Urea.

Protein concentrations were determined using absorption at 280 nm. Purified protein solutions
were concentrated in 1x TEC (Amicon Filter; MWCO 30k) and stored as 35 % ammonium

sulfate precipitates at 4 °C.

2.3.4 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

For separation of denatured proteins a 10 % running and a 3 % stacking gel were prepared:

Compounds: Running gel (10 %): Stacking gel (3 %):
ddH,O 4.15 ml 1 ml

30 % Acrylamide mix 3.35 ml 0.5 ml

4x SDS-gel buffer 1 2.5ml -

2x SDS-gel buffer 2 - 1.5 ml

10 % ammonium persulfate (APS) 100 pl 60 ul
Tetramethylethylenediamine (TEMED) 6 ul 3ul

Samples were prepared by dilution of 2:3 with 2.5x Laemmli buffer and proteins were
denatured at 100 °C for 10 min. 10-20 pl protein samples were loaded per lane and protein
sizes were determined by comparing with 5 pul Color Protein Standard Marker per lane for
Coomassie staining and 2.5 pl for silver staining per lane. Electrophoretic separation was

performed for 20 min at 80 V and subsequently 60 min at 120 V.
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2.3.5 SDS-polyacrylamide-gel staining

Coomassie staining

Protein bands with concentrations >1 pg on SDS-polyacrylamide-gels were incubated
overnight on a shaker in Coomassie staining solution and destained in 10 % acetic acid for

two times 1.5 h. Developed gels were documented via the gelscanner.

Silver staining

Protein bands with concentrations >10 ng were detected using the silver staining method for
SDS-polyacrylamide-gels (Heukeshoven and Dernick, 1988). Gels were incubated with
135 rpm for 15 min in silver stain fix solution 1, followed by incubation in silver stain fix
solution 2 for 30 min. After three washing steps in pure water for 5 min each, gels were
stained in the silver stain solution for 30 min with 135 rpm. Residual silver stain solution was
removed by one washing step with pure water and SDS-gels were developed in silver stain
developer until protein bands were visible. The reaction was stopped by stop solution and

developed gels were documented in the gelscanner.

2.3.6 Western-Blot analysis

Blotting of proteins on a PVDF membrane (Immobilon™-P, Millipore) was realized with the
semidry blotting system from Biometra. All components and the anode and cathode platform
of the blotter were wetted with blotting buffer. Five thin filter papers (Whatman), the
nitrocellulose membrane, the gel and a second layer of five filter papers were stacked
(9x6 cm). Proteins were blotted by electrical force for 1 h with 2 mA/cm” membrane.

Blotted protein size standard was marked on the membrane by a pen. The membrane was
washed for 5 min under agitation with 1x PBS and blocked for 1 h at RT and 135 rpm or
overnight at 4 °C with 1 % (w/v) BSA in 1x PBST. After three washing steps of 5 min with
I1x PBST the first antibody (a-Hise (mouse) antibody (mlIgG) from Novagen (1:1000)) was
added to the membrane and incubated for 1 h at RT or overnight at 4 °C in PBST. The
membranes were washed three times for 5 min with PBST and subsequently incubated with
the secondary antibody (o-mouse (goat) antibody (mlgG) conjugated with alkaline
phosphatase from Sigma Aldrich (1:2000)) for 1 h at RT with 135 rpm. After two washing
steps of 5 min each with 1x PBST and 1x PBS the membrane was incubated for 10 min in AP

buffer.
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The membrane was developed with 33 ul BCIP and 17.5 ul NBT (both 50 mg/mL in 70 %
DMF) in AP buffer until protein bands were visible and development was stopped with

ddH,0. Developed membranes were documented by the gelscanner in reflective mode.

2.3.7 Fluorescece labeling of proteins

Cystein mutants of Sf6 TSP were labeled with an environment-sensitive fluorescent dye
(Name of the dye not named as the project is in the patenting process). Protein samples
(1 mg/ml) were reduced by 20 mM Tris(2-carboxyethyl)phosphine (TCEP) in 400 mM
sodium phosphate pH 7 at 4 °C overnight with 150 rpm after the samples were degassed for
10 min at room temperature. The reducing agent was removed by ultrafiltration of samples in
Amicon Ultra 4ml 30 K tubes for four times and 4000 xg. Reduced protein samples (1 mg/ml
in 50 mM sodium phosphate pH 7) were fluorescently labeled in the dark with 20 % (v/v)
10 mM fluorescence dye in DMSO for 1 h at 56 °C with 150 rpm. Free dye was removed by
size exclusion chromatography on a PD10 column in the dark.

The purity of labeled protein solutions was determined by size exclusion chromatography
with a Superdex 200 10/300 column (CV=24 ml) on a Shimadzu HPLC system with
absorption detector (PDA) between 260-300 nm and fluorescence detector (Detector A)
excitation at 492 nm and emission at 545 nm. Labeled protein samples (1 mg/ml) were
centrifuged for 20 min at 40000 rpm (SS-55-A2) and 50 pl sample was injected on the
column and eluted for 60 min and maximal pressure of 1.5 MPa in an isocratic flow of

50 mM sodium phosphate pH 7.0.

2.4 Carbohydrate biochemical methods

2.4.1 Purification of polysaccharides

Polysaccharide was purified from 10 L bacteria culture (LB medium over night at 37 °C) of
Salmonella typhimurium 06-01900 or Shigella flexneri Y 99-2001. Bacteria cultivation and
harvest was performed as described in section 2.2.6 and 2.3.2. LPS of Shigella flexneri Y was
provided by Nils Carlin (Scandinavia Biopharma). Due to impurities the LPS was purified
and cleaved to polysaccharide with the same protocol as described in the following for

bacteria.
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Bacteria pellets were washed twice with 10 mM Tris/HCl, 2 mM MgCl, pH 7.6 and twice
with water before cells or LPS were resuspended in 100 ml 10 % acetic acid. Bacteria or LPS
were hydrolyzed for 1.5 h at 99 °C and samples were cooled on ice. LPS hydrolysis samples
were frozen at -40 °C overnight. Hydrolysis batches were centrifuged at 4 °C for 20 min and
8000 rpm (A27-8x50). The hydrolysis process was repeated with the bacterial pellet. The
obtained pellet was washed twice with 1 % acetic acid and centrifuged supernatants were
collected together. Supernatants were dialyzed against running tap water for at least three
days or adjusted to pH 7.0 with 1 M NaOH. Precipitates in the supernatant were removed by
centrifugation with 8000 rpm at 4 °C for 20 min. Polysaccharide in the supernatant was
precipitated in 80 % ethanol at -40 °C for 2 h. Precipitates were centrifuged with 18000 rpm
at 4 °C for 30 min (F12-6x 500 LEX). Pellets were resolubilized in 10 mM Tris/HCI, 4 mM
MgCl, pH 7.8 and the remaining precipitates were removed by centrifugation. DNA
impurities were cleaved by 2 U/ul benzonase for 3h at 37 °C and subsequent protein
impurities were cleaved with 15 pg/ml Proteinase K for 3 h at 65 °C or overnight at 37 °C.
Ethanol precipitation was repeated until no pellet was formed after dilution of the precipitate
in water. Obtained polysaccharide samples were separated by anion exchange
chromatography from residual impurities either on a DEAE-sepharose column (CV=40 ml) or
on a Q-sepharose fast flow column (CV=35 ml).

Prior to loading on the DEAE column (activated with 2 M NaCl), polysaccharide was diluted
in 1x TEC after the last precipitation step. Elution was achieved with 4 CV 1x TEC.

Prior to loading, the Q-sepharose column was equilibrated with 10 mM ammonium sulfate.
Polysaccharide was diluted in 10 mM ammonium sulfate and loaded on the column. The
column was washed with 2 CV 10 mM ammonium sulfate and polysaccharide was eluted
with a linear gradient from 0-1 M NaCl in 2 CV. Incident polysaccharide was monitored by
changes in the refractive index using the OptiLab DSP refractometer.

Fractions from both chromatographic methods were precipitated with ethanol and the
precipitate was diluted in 1 ml ddH,O and freeze-dried. Polysaccharide was quantified by
mass and purity was determined for 1 mg/ml samples by absorption measurements at 260 and
280 nm. Samples were considered pure if absorption was smaller than 0.1 for both

wavelengths.
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2.4.2 Oxidation of polysaccharide for surface activation

Polysaccharide was activated for surface immobilization by oxidation using sodium periodate
with two different strategies. Shigella flexneri Y polysaccharide was prepared as 100 pl of
10 mg/ml solutions in ddH,O and subsequently diluted in 900 ul 10 mM sodium phosphate
pH 6.2 (sample 1) or 20 mM sodium acetate, 150 mM NaCl pH 5.0 (sample 2) and 100 pl
100 mM sodium periodate in ddH,O for oxidation (total volume 1 ml) (Gedig, 2008; Wolfe
and Hage, 1995). Samples 1 and 2 were incubated at 130 rpm for 30 min at 25 °C and 30 min
at 4 °C, respectively. The oxidation process was stopped with 250 ul ethylene glycol and
oxidized polysaccharide was directly separated from the oxidation products by size exclusion
chromatography on a PD10 column with elution using ddH,O. Activated polysaccharide
samples were concentrated using an Amicon 4 Ultrafiltration 4k tube with 4000 g to a volume

of 100 pl and stored at -20 °C.

2.4.3 Determination of reducing ends by the BCA method

The number of activated aldehyde or ketone groups on oxidized polysaccharides was
determined by the BCA method. As standard a concentration series of glucose with the
concentrations 0, 2.5, 10, 20, 30, 40 and 50 uM was used. BCA solution 1 and 2 were mixed
in a 1:2 ratio to obtain the BCA working solution which was stored in the dark. Carbohydrate
samples or glucose standard and BCA working solution were mixed in a 1:2 ratio and

incubated for 15 min at 100 °C. Absorption was measured at 560 nm.

2.4.4 Production of oligosaccharides

Shigella flexneri Y polysaccharide was diluted in 1x TEC and incubated with 50 pg/ml
Sf6 TSPwt overnight at RT at 120 rpm. The polysaccharide digest was freeze dried. Dried
samples were diluted in 50 pl ddH,O and loaded on a HiLoad 26/60 Superdex 30 column
(CV=300 ml) equilibrated with ddH,O. Oligosaccharides were eluted using an isocratic run
with ddH,O and were monitored via their refractive indeces. Fractions from different
populations were pooled and freeze-dried separately. Each fraction was chromatographed a

second time and freeze dried oligosaccharides were quantified by mass spectrometry.
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2.4.5 MALDI-TOF mass spectrometry for oligosaccharide characterization

Freeze dried oligosaccharide samples were dissolved in 6 pl 0.1 % trifluoro actic acid (TFA)
and 4 pl acetonitrile. A DHB/DMA matrix was used including 30 mg 2,5-dihydroxy
acetophenone (DHB) in 1 ml 50 % acetonitrile and 0.1 % TFA (Ropartz et al., 2011). A
mixture of 4 pl oligosaccharide sample and 4 pl matrix were spotted on the MALDI sample
tray and crystallized. Ionization was performed in the positive mode and mass spectra were

analyzed by Mmass.

2.5 Tailspike adsorption assay ELITA

The ELISA-like tailspike adsorption assay was developed by Schmidt et al., 2016. Bacteria
were grown in 10 ml LB medium until an ODgy of 0.7-1.0. Bacteria were harvested by
centrifugation (TX-400: 4000 g, 10 °C, 10 min) and washed twice with 1x PBS. Bacteria were
inactivated with 2 % glutaraldehyde for 1 h and washed twice with 1x PBS and finally
resuspended in 1x PBS with an ODgyy of 0.1. 200 pl bacteria suspensions were added to the
wells of a 96-well microtiter plate (Nunc F Maxisorp) and were incubated for adsorption
overnight at 4 °C. Supernatants were removed and adsorbed bacteria were washed twice with
210 pl 1x PBS. Each well was blocked with 220 ul 1 % BSA in 1x PBS for 2 h at RT and
washed once with 220 pl 1x PBS. Tailspike adsorption was achieved by incubation of each
well with 190 pl 30-80 nM Strep-tag®II TSP (inactive) for 20 min with 130 rpm. Unbound
tailspike proteins were removed by three washing steps with 200 pl 1x PBST for 4 min each.
For detection 190 pl HRP-Strep-Tactin® conjugate (IBA, Gottingen) (1:10000 in 1x PBST)
was incubated in each well for 15 min and 130 rpm. Unbound conjugate was removed by
three washings steps with 200 ul 1x PBST and one additional washing step with 210 pl 1x
PBS. ELITA assays were developed with 200 ul 1 mg/ml o-phenylenediamine with
0.03 % H>0; in 50 mM citrate buffer pH 6.0 per well for 5 min. The reaction was stopped
with 50 ul 2 M H,SOy4 per well and the adsorption was measured within 5 min at 492 nm in
the microtiter plate reader (Epoch, BioTek). Measured absorptions were measured in

triplicates and mean values with standard deviations were depicted.
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2.6 Biophysical methods

2.6.1 Fluorescence spectroscopy

Fluorescence spectroscopy steady state and kinetic measurements for monitoring changes in
intrinsic protein fluorescence were performed as described before (Kang et al., 2016). The
measurements were performed on a Fluoromax 3 spectrofluorimeter (HORIBA Jobin Yvon,
Bensheim, Germany). Full volume cuvettes (poly(methyl methacrylate) (PMMA)) were filled
with 3 ml 184 nM TSP in 50 mM sodium phosphate pH 7.0 (filtered by 0.45 pore size and
degassed). Measurements were performed at 10 °C with stirring at level 4. Protein samples
(1 mg/ml) were cleaned from particles by centrifugation with 40000 rpm for 20 min at 15 °C

(SS55-A2) prior to measurements.

Steady state measurements

Intrinsic protein fluorescence was excited at Ap,=280 nm or 295 nm and emission was
monitored between A=300-450 nm. Extrinsic fluorescence of the fluorescent label was excited
at Agx=492 nm and emission spectra were monitored between A=500-650 nm. In both cases
excitation and emission slit widths of 2.4 and 6.4 nm were used, respectively.

Polysaccharide solutions (10 mg/ml in ddH,O) were added in 1,3 or 10 ul volumes and
spectra were recorded after 3 min incubation time. Spectra were corrected for dilution and
fluorescence of polysaccharide impurities using control measurements with addition of
polysaccharide to buffer samples.

The same procedure was used for synthetic Sf2a oligosaccharide samples (provided by
Laurence Mulard, Institute Pasteur, France) without correction for oligosaccharide impurities
during data processing (limited sample amount). Emission maxima for oligosaccharide
titration were monitored at Agy=340 nm and binding constants were calculated using the

following formula (Baxa et al., 1996):

AFmax

AF =1+
GBI,

’ (KD + [B]ges + [L]O) - \/(KD + [B]ges + [L]O)Z —4- [L]O[B]ges )

AF is the quotient of the measured fluorescence and fluorescence of the unbound protein,
AFnax 18 the relative maximal fluorescence change in complex saturation, [B]ges is the total
concentration of tailspike protein binding sites and [L]y the total ligand concentration. The

dissociation constant Kp is derived by this equation.
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Kinetic measurements

Fluorescence changes of protein and label were used to monitor polysaccharide binding
kinetics at Agn,=336 nm and Ag,=540 nm, respectively. The slit width was 2.5 nm for
excitation and 5 nm for emission. Traces were monitored with a death time of 4 s. Kinetics
were fitted by a biexponential equation for the apparent rate constants kopsi2 and the maximal
responses amaxi/2:

f(x) = Qmax1* (1 - e""'kﬂbs'l) + Amax,2 * (1 — e_x'kobs,z) +1

Due to the heterogeneity of polysaccharide the molecular mass and dissociation constant of
the complex cannot be calculated. Therefore only the dissociation rate constant Kgiss could be
obtained from apparent rate constants kops2 plotted against the polysaccharide concentration.
The apparent rate kops is measured due to manual mixing. The described equation was used
for the linear fit with [P] and [L] for the protein and ligand concentration, respectively (Baxa

et al., 2001):
kobs = Kaiss + kdiss([P] + [L])

2.6.2 Circular dichroism spectroscopy

Near-UV circular dichroism (CD) spectra were recorded on a J815 Jasco CD
spectropolarimeter in a 5 mm pathlength quartz glass cuvette. Protein solutions (>2 mg/ml)
were separated from particles by centrifugation with 40000 rpm for 20 min at 15 °C (SS55-
A2). 50 mM sodium phosphate buffer (pH 7.0) was filtered (pore size 0.45 um) and degassed
prior to measurements. CD-spectra were recorded using protein concentrations of 2 mg/ml at
20 °C. Spectra were monitored from 350-250 nm with three accumulations with an increment
and band width of 1 nm each and a response time of 8 s. Spectra were corrected for buffer
signals.

The molar ellipticity [@mrw] Was derived by the described formula (Creighton, 1997) with ©
being the measured ellipticity, M,, being the protein molecular mass, ¢ being the protein
concentration in mg/ml, 1 being the cuvette thickness in cm and N, being the number of

amino acids:

6-100- M,
0 S
[Omrw] c-1-N,
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2.6.3 Surface Plasmon Resonance

Lipopolysaccharide-Chip preparation via hydrophobic interaction

Immobilization was performed on the BIAcore J instrument with filtered (0.45 pum pore size)
and degassed 50 mM sodium phosphate 4 mM MgCl, buffer pH 7.0. LPS was diluted in the
running buffer and extruded to homogeneously sized micelles for 21 turns at 45 °C
(MacDonald et al., 1991). Flow rates in the BIAcore J are not further quantified than low,
medium and fast by the instrument instructions. The used L1-Chip (BIAcore) was cleaned by
12 min injection of 40 mM CHAPS with a low flow rate at 25 °C. LPS was immobilized by
12 min. injection of extruded 5 mg/ml LPS in running buffer at low flow rate and subsequent
3 min. injection of 10 mM NaOH and 1 mM NaCl, followed by 2 min injection of 1 % BSA
to block free binding sites. SfY LPS and Salmonella typhimurium LPS were immobilized on

measurement and reference channel, respectively.

Polysaccharide-Chip preparation via phosphoethanolamine modifications

Immobilization was performed on the BIAcore J instrument with filtered (0.45 um pore size)
and degassed 10 mM sodium phosphate buffer pH 7.0 following the described protocol
(Gedig, 2008). For immobilization, the carboxymethyldextran surface chip CMD200d
(Xantec, Diisseldorf) was inserted into the instrument and the flow was put on low level at
25 °C. Freshly prepared activation solution of 0.05M NHS (N-hydroxysuccinimde) and
0.2 M EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) in 10 mM sodium phosphate
pH 7.0 was injected passing the sensor chip for 7 min. After a short buffer wash a 5 mg/ml
polysaccharide solution in ddH,O was injected for 5 min. Residual reactive groups on the

chip surface were inactivated with a 2 min injection of 1 M ethanolamine.

Polysaccharide-Chip preparation via activated carbohydrates

Immobilization with activated polysaccharide was performed on a Xantec SPR instrument
following the described protocol (Gedig, 2008). The running buffer of 10 mM sodium
phosphate pH 6.0 and all used solutions for the immobilization were filtered (0.45 um pore
size) and degassed. The carboxymethyldextran surface chip CMD200d from Xantec was
inserted into the instrument and the instrument was equilibrated at 25 °C. The surface was
cleaned for 10 min with a flow rate of 7 pl/min with 2 M NaCl/10 mM NaOH and washed
with buffer for 3 min. After each injection a pump wash was performed. For activation of

carboxyl groups on the chip a freshly prepared mixture of 0.05 M NHS/0.2 M EDC in 0.5 M
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MES (2-(N-morpholino)ethane sulfonic acid) buffer pH 5.5 was injected for 3 min with a
flow rate of 23 pl/min. The surface was washed with buffer for 1 min. For hydrazide
activation, 15 min injection of 0.1 M adipic acid dihydrazide hydrochloride pH 8.0 was
performed with 4 ul/min flow rate. After surface equilibration for 5 min with buffer, residual
NHS esters were quenched for 30 min with 1 M ethanolamine with 2 pl/min flow rate. The
surface was equilibrated with buffer for 10 min. Activated polysaccharide (10 mg/ml) was
injected for 20 min with a flow rate of 4 pl/min followed by 7 min washing and the reduction
of the formed bond for 20 min with 50 mM sodium cyanoborhydride in 0.1 M acetate buffer
pH 4.0 with the same flow rate. The surface was equilibrated with buffer until no signal drift

was visible.

Interaction measurements and analysis

Interaction experiments at the BIAcore J 2000 instrument were performed with a medium
flow rate at 25 °C with running buffer (50 mM sodium phosphate, 200 mM NacCl, 0.005 %
Tween 20 pH 7.0). Protein samples were dialyzed in running buffer and centrifuged for
20 min with 40000 rpm (SS55-A2) for removal of air bubbles and precipitates prior to
measurements. Several protein concentrations were injected for 3 min over the surface. After
equilibration of the dissociation signal of 2 min, the chip surface was regenerated with
100 mM sodium acetate pH 4.0 for 3 min and running buffer for 1 min. For LPS-covered
surfaces, an injection of 2 min with 1 % BSA solution was performed after each interaction
measurement. Sensograms were processed with the program BIAevaluation3.1 and
equilibrium data were fitted by a single ligand binding site model for the dissociation constant
Kp with the maximal response units RUp,x of the sensograms, the ligand concentration [L]

and the maximal binding concentration B :

Bmax [L]
Kp + [L]

RUpax =
Interaction experiments at the Xantec instrument were performed with 20 pul/min flow rate
and with 50 mM sodium phosphate pH 7.0 as running buffer. The instrument was equilibrated
at 25 °C. Protein samples prepared as stated above were injected for 3 min over the surface
and dissocation was equilibrated for 5 min. The surface was regenerated by a 4 min injection
with 100 mM sodium acetate pH 4.0 and 1 min of running buffer. Data were processed with
the program TraceDrawerl.7 or BlAevaluation3.1 and association and dissociation rate
constants were fitted based on models for bivalent and heterogeneous binding models

provided by the program (in detail with Fig. S 3 in the Appendix).
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2.7 Computational methods

2.7.1 Alignment of protein structures

The published crystal structures of HK620 TSP mutants (pdbID: 2VIJI, 2VJJ (Barbirz et al.,
2008), 2X6W, 2X6X, 2X6Y, 2X85, 4AVZ (Broeker et al., 2013), 4PAT, 4XKW, 4XKV,
4XLA, 4XL9, 4XLF, 4XLE, 4XLC, 4XMY, 4YEL, 4XLH, 4XM3, 4XN3, 4XNO, 4YEJ,
4XR6, 4XNF, 4XOR, 4XOP, 4XON, 4XOT, 4XQ7, 4XQH, 4XQI (Kunstmann et al., in
preparation) or derived structures from MD simulations were aligned with alignto to the WT-
apo structure as reference by Pymol (Schrodinger, 2015). Distances, angles and torsions
between amino acid side chains were determined with the measurement tool of Pymol.
Hydrogen bonds were defined by the distance tool with 3.5 A maximal distance and mode=2

selected for only polar groups as donor or acceptor.

2.7.2 Structure preparation for Molecular dynamic simulations (MD)

Structures of HK620TSP E372A were taken from crystal structures with one protein subunit
with penta- and hexasaccharide ligands (pdbID: 4XM3, 4XN3). Water molecules and ligands
were removed. Structures were parameterized with the AMBERO3 force field for proteins
(Duan et al., 2003) and the GLYCAMO6 force field for glycans (Kirschner et al., 2008).
Glycam parameters were processed into a Gromacs compatible format by glycam2gmx.pl
(provided by M. Wehle). The penta- or hexasaccharide ligand was fitted in the binding site by
superposition with the original ligand of the crystal structure by the script rotate_octamer.f90
(provided by Y. Kang). The complex was placed in an orthogonal box with side lengths of
approximately 70x80x150 A filled with ~25900-30000 water molecules of type TIP3P, TIP4P
or TIPSP (Tab. 2) (Jorgensen et al., 1983; Mahoney and Jorgensen, 2000). The system was

neutralized with 10 Na*-ions assuming a total negative charge of -10 using the genion routine.
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Tab. 2: Details of HK620 TSP MD simulations

W3 W4 W5 P3 P4 P5 H3 H4 HS5
Protein (pdbID) 4XM3  4XM3 4XM3 4XM3  4XM3 4XM3 4XN3 4XN3 4XN3
Ligand® - - - Pent Pent Pent Hex Hex Hex
No. atoms (system) 86828 112227 156007 86797 128158 155896 98320 127331 155652
No. atoms (protein) 8798 8797 8797 8797 8797 8797 8797 8797 8797
No. atoms (ligand) - - - 119 119 119 140 140 140
No. (water) 26003 25851 29440 25957 29808 29394 29791 29596 29341
No. (Na*) 10 10 10 10 10 10 10 10 10

Pent: -2)-a-L-Rha-(1-6)-a-D-Glc-(1-4)-[B-D-GlcNAc-(1-3)]-0-D-Gal-(1-3)-a-D-GlcNAc(1-
Hex: -2)-a-L-Rha-(1-6)-0-D-Glc-(1-4)-[B-D-GlcNAc-(1-3)]-a-D-Gal-(1-3)-[a-D-Glc-(1-6)]-a-D-GlcNAc(1-

Simulations with Sf6 TSP were based on two subunits with one binding site cleft of the
inactive mutant E366A D399A (EADA) (pdbID: 4URR) (Kang et al., 2016). Cysteine
mutations were introduced by atom name changes in the pdb-file before parametrization (Tab.
3). Dodecasaccharide geometry and parameters were provided by Y. Kang (Kang et al., 2016).
The simulation complex was placed in an orthogonal box with the dimensions
~140x100x120 A®. Protein structure and ligand preparation were carried out as described for

HK620 TSP with the TIP3P water model (Jorgensen et al., 1983).

Tab. 3: Details to Sf6 TSP MD simulations
EADA  EADAdod V204C S246C T315C N340C Y400C T443C  T443Cdod

Protein (pdbID) 4URR  4URR 4URR 4URR 4URR 4URR 4URR 4URR 4URR
Ligand Oct Dodeca Oct Oct Oct Oct Oct Oct Dodeca
No. atoms (system) 176007 176001 176015 176004 176001 176004 175999 176001 176013
No. atoms (protein) 15102 15102 15092 15102 15096 15096 15082 15096 15096
No. atoms (ligand) 177 264 177 177 177 177 177 177 264
No. (water) 53570 53539 53576 53569 53570 53571 53574 53570 53545
No. (Na*) 18 18 18 18 18 18 18 18 18

Oct: -[3)-0-L-Rha-(1-3)-a-D-GlcNAc-(1-2)-a-L-Rha-(1-2)-a-L-Rha(1]>-
Dodeca: -[3)-a-L-Rha-(1-3)-0-D-GlcNAc-(1-2)-a-L-Rha-(1-2)-0-L-Rha(1]*-

2.7.3 Energy minimization, equilibration and MD simulation

MD simulations were carried out using the GROMACS4.5.5 program package (Hess et al.,
2008; Pronk et al., 2013).

For HK620 TSP, after energy minimization to a maximum force smaller than 1000 kJ/mol/nm
(steep descent) the system was equilibrated in two simulations with 100 ps each. All
simulations were run under isothermal-isobaric (NPT) ensemble conditions with Parrinello-
Rahman barostat coupling (reference pressure of 1.0 bar and coupling time constant of 0.5 ps)
(Parrinello, 1981) and a Langevin thermostat (reference temperature 298 K and coupling time
constant 1.0 ps). Simulation time step was 2 fs. Hydrogen bonds and protein backbone were
constrained using the LINCS algorithm in GROMACS with 1000 kJ mol™" A (Hess et al.,
1997).The systems were simulated without ligand for 50 ns and with ligand for 100 ns.
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For Sf6 TSP, the protein backbone was constrained with 1000 kJ mol™ A except for turns
and coils, which were kept flexible. The energy minimization, equilibration and MD
simulation were performed as described for HK620 TSP with equilibrations for 1 ns and MD

simulations for 100 ns each.

2.7.4 Free energy calculations (FE)

FE calculations of distinct water molecules

Free energy calculations were based on the double-decoupling method from Hamelberg and
McCammon, 2004 and Samsonov et al., 2008. Nine crystal structures of HK620 TSP were
used for 10 ns simulations (Tab. 4). Ligands were removed from the crystal structure and the
protein was limited to the area of 12 A distance to the hexasaccharide ligand (pdblID: 2V])),
resulting in a fragment of amino acids 206-521 with constrained backbone, except for the loop
region from amino acid 469-472. Crystal water molecules were removed from the crystal
structure except for water molecules in superposition of Glc2 of the hexasaccharide ligand.
The protein was parametrized (Amber03), the parametrized ligand (GLYCAMO6) was
superimposed on the crystallographic ligand position. The complex was placed in a cubic box
with side length of 80 A filled with around 15600 TIP3P water molecules (Jorgensen et al.,

1983). The system was neutralized with 5-6 Na*-ions using the genion routine.

Tab. 4: Details of 10 ns MD simulations of HK620 TSP

WT-apo WT-pent WT-hex EQ-apo EQ-pent EQ-hex EA-apo EA-pent EA-hex

Protein (pdbID) 2VII 4PAT 2V]J 4AVZ 4XO0T 2X6W 4XNO 4XM3 4XN3
Ligand - Pent Hex - Pent Hex - Pent Hex
No. atoms (system) 51520 51528 51537 51500 51547 51514 51514 51534 51561
No. atoms (protein) 4616 4615 4616 4617 4617 4617 4610 4610 4610
No. atoms (ligand) - 119 140 - 119 140 - 119 140
No. (water) 15633 15596 15592 15626 15602 15584 15633 15600 15602
No. (Na*) 5 6 5 5 5 5 5 5 5

Pent: -2)-a-L-Rha-(1-6)-a-D-Gle-(1-4)-[B-D-GleNAc-(1-3)]-0-D-Gal-(1-3)-0-D-GlcNAc(1-

Hex: -2)-0-L-Rha-(1-6)-a-D-Gle-(1-4)-[B-D-GleNAc~(1-3)]-0-D-Gal-(1-3)-[a-D-Gle-(1-6)]-a-D-GlcNAc(1-

Energy minimization until 1000 kJ/mol/nm (steepest descent) with 500 kcal/mol A* harmonic
restraints on protein and ligand atoms was performed, followed by a NVT ensemble
(Langevin-thermostat) with a harmonic restraint of 100 kcal/mol A* on the protein-ligand
complex and another energy minimization (steepest descent) with 100 kcal/mol A? harmonic
constraints on the complex. Subsequently, the whole system with only backbone restraints
was equilibrated for 10 ps in the NVT ensemble (Langevin-thermostat) and 30 ps for the NPT

ensemble (Parrinello-Rahman barostat). MD simulations were carried out for 10 ns.
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Root mean square fluctuations of crystal water molecules were calculated from 1 ns
simulation by g_rms to determine the atomic fluctuation <RMSF> of the respective water
oxygen. Atomic fluctuations were converted into the harmonic potential k to constrain the
respective water coordinate using the following formula with R=8.134 10~ kJ mol” K™ and
T=298 K (Hamelberg and McCammon, 2004):

3RT

k= RMsF >z

The decoupling for single water molecules each was performed with 21 lambda (L) points
each for Coulomb, followed by van der Waals (vdW) interactions in forward and reverse
directions. Steps were separated between A=0 and A=1 in AX=0.05. To avoid end-point
singularities, vdW interactions were treated via soft-core interactions with a soft-core
parameter 0=0.5, an exponent of 1 and 6=0.3 nm. Integration was performed with the g_bar
(Bennett acceptance ratio) implementation of Gromacs/4.5.5 (Bennett, 1976; Pronk et al.,
2013). The free energy differences were calculated using: AAG=AG2(water in Water—AG1(Water in
protein)- Hereby AG, was derived from a separately conducted simulation with decoupling one
water molecule in a box filled with TIP3P water with the same size as for protein including
simulations. FE calculation of AG; for water from water resulted in 6.3 kcal/mol, confirming
results reported in literature (Ben-Naim and Marcus, 1984). AG; was calculated by the given

formula (Hamelberg and McCammon, 2004):

0U(A,14,75,(p,
AG1:f( ( rAazs {p,Ts)

+RTIn(;/872) + PO(V, — V1)

OaB

), dA — RTln ( ) + RTIn(CV))

040p

€]
The formula (1) is separated into five product terms. The first product term of the equation is
derived from the result of the FE calculations AGgg. The second term describes the symmetry
of water, which is assumed symmetrical with a symmetry number of 6g=2 and the whole term
results in 1.68 kJ/mol. The third term is influenced by the value of k. The standard
concentration C° for 1 mol/l resulted in 6.023 10* A, The standard volume V; was calculated

with the given constants using the following formula:

2nRT
Vi=( X

)3/2
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The fourth term results in zero as it describes the rotational space of the water molecule,
which is allowed to rotate freely. The fifth and last term describes the change in volume when
the water is decoupled from the system which is negligible in constant normal pressure
simulations (Gilson et al., 1997). In conclusion, AG; was calculated using the following

values in formula (1):

AGy = AGpg + 1.68 -2 + RT In[6.023 10*A=3 - 1 < RMSF >2)%/?]

FE calculation of side chain residues and ligand

The simulations were set up identical to the one for water molecule FE calculations.

The FE MD simulations were carried out with the same conditions and force fields as
described for the elongated MD simulation for 10 ns with constrained protein backbone. The
FE was performed with 21 lambda (L) points each for decoupling Coulomb followed by van
der Waals (vdW) interactions. These steps were separated between A=0 and A=1 in 0.05 steps.
To avoid end-point singularities, vdW interactions were treated via soft-core interactions with
a soft-core parameter a=0.5, an exponent of 1 and 6=0.3 nm.

Parameters for mutated residues GLU372->GLN, GLU372>ALA or GLN372>ALA were
adjusted within the FE regarding atom charge (Coulomb), bond, angle and dihedral (vdW).
Masses were kept stable. Atoms without counter atom in the target structure were changed to
uncharged dummy atoms with mass of the start atom. To avoid charge differences between
start and end structure for the mutation from GLU->GLN or GLU->ALA the nearby HIS374
was changed in charge simultaneously. The ligand was changed by replacing the Glc2->-OH
with the same strategy. Free energies were integrated by g_bar (Bennett acceptance ratio) of
Gromacs/4.5.5 (Bennett, 1976; Pronk et al., 2013). The AAG was derived by mutation of side
chains with and without ligand and by transformation of the ligand in the binding site and in a

water box.

2.7.5 Flexibility analysis

The RMSD of protein backbone atoms of residues 469-472 for the glucose binding groove lid
in HK620 TSP and binding site residues were calculated with the gmx rms tool. The binding
site residues were defined as all amino acids in a 5 A distance of hexa- or octasaccharide
ligand in HK620 TSP wild type (pdbID: 2V]J) or Sf6 TSP EADA (pdbID: 4URR),

respectively.
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The tools g_rmsf and g_cluster were used to calculate the fluctuations of the carbohydrate
ligands, the binding site residues and the glucose binding pocket for both proteins HK620 and
Sf6 TSP (manual.gromacs.org/archive/4.6.6/online; 22.2.2017).

2.7.6 Water network assignment

Conserved water assignment by the End point method

The End point method was based on (Kang et al., 2016). The trajectory of 50 ns and 100 ns
simulations were treated with the trjconv —pbc nojump implementation of Gromacs/4.5.5
(Pronk et al., 2013).

All water molecules crossing the simulation box barrier were treated without periodic
boundary conditions. The positions of water molecules in 5 A distance to the protein in the
last frame of the simulation were averaged with the protein with g_covar (Hess et al., 2008).

The resulting pdb-structure was again reduced by all water in 5 A distance to the protein.

Conserved water assignment by the Hydrogen bond based method

The hydrogen bond analysis was performed using the Visual Molecular Dynamics (VMD)
tool (Eargle et al., 2006; Humphrey et al., 1996). Hydrogen bonds were defined by a unique
donor-acceptor pair of only polar atoms O, N, S and F as donor with 3.5 A distance and an
angle of 40°. The analysis was performed for the protein-water interaction with defining the
binding site amino acids of HK620 TSP as donor or acceptor (G211, H212, Q242, F247,
P252, 1.282, T307, W308, T311, G313, W314, N315, D339, H340, S341, Y344, N346, C369,
E372, H374, Y393, V395, H397, A399, E400, 1426, L427,G 428, S429, D430, D466, G468,
P469, D470, N471, Q478 and R505) to all water molecules in the box. Water-water
interactions were determined as water within 5 A distance to the listed amino acids as donor
or acceptor to all water molecules in the box. Similar conditions were used to analyze protein-
glycan interactions and glycan-water interactions.

Hydrogen bonds with occupancies higher than 2 % were taken into account. Occupied water
positions on a donor/acceptor atom position were averaged with a maximal distance of 3.7 A
by compress.pl (provided by F. Miiller-Knapp). The positions were averaged with cpptraj
average from AMBERI14 (Roe and Cheatham, 2013) and placed on the averaged
protein/protein-ligand structure derived by g_covar (Hess et al., 2008). Water positions were
quantified by counting the different water molecule indices within a radius of 1.3 A divided

by the overall number of in total occupied frames leading to a quantification factor (Q-factor).
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Mobile water network determination by MobyWat

Water position analysis was performed using the implementation provided from MobyWat
(Jeszendi et al., 2016, 2015). Simulation trajectories of simulations were treated with gmx
trjcony for preparation of the trajectories to handle periodic boundary condition effects. The
system thereby is centered in the box and frames are fitted subsequently on top of the first
frame (as suggested by MobyWat manual 1.0; mobywat.com; 16.01.2017). Simulations were
analyzed in prediction mode with protein as target and all water molecules of the simulation
as water. Clustering and prediction tolerance were set to 1.0 and 2.5 A, respectively. The

maximal distance was set by default at 5 A.
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3 Results

3.1 Affinity studies of Sf6 TSP as a carbohydrate binding protein

The structure of Sf6 TSP was first solved for the wild type protein (Sf6 TSPwr) as a complex
with one tetramer repetative unit of Shigella flexneri Y O-antigen with the sequence [—2)-a-
L-Rhap-(1—2)-a-L-Rhap-(1—3)-a-L-Rhap-(1—3)-B-D-GlcpNAc-(1—] (Miiller et al., 2008).
Nevertheless, octasaccharides (2 RU) were found as the main product of dodecasaccharide

hydrolysis. The two acidic residues Glu366 and Asp399 were identified as part of the active

site and thus in spatial proximity to the reducing end of the octasaccharide. Mutagenesis

—w— studies showed that related non-charged
S amino acids (Gln and Asn) at these positions
led to a reduction of the hydrolytic activity
keae of S£6 TSP by 1000-100000 fold (Miiller

et al., 2008). As the two described mutations

5f6 TSPwt with octasaccharide

pdbiD: 2VBM (E366Q and D399N) still exhibited residual

2 B x 2 3

activity, double mutants of both residues to

Sf6 TSP EADA
pdbID: 4URR

L-tha L-Rha |L-Rha DleI:I*;I.Ac
Shigelia flexneri Y (SfY) the non-charged analogues were purified:

Fig. 9: Binding site of Sf6 TSPg,ps with octasaccharide
lissnd from SEY PS. E366Q D399N (Sf6 TSPggpn) as well as to

Thg trimeric ﬁ—_helix structure of the; St6 TSP was .crystal_lized alanine E366A D399A (Sf6 TSPgapa). The
as inactive variant Sf6 TSPgapa with two repetative units of

SfY polysaccharide resulting in an octasaccharide ligand Sf6 TSP mutant was  successfull
(pdbID: 4URR). The natural repetative unit of SfY O-antigen EADA Y

consists of three rhamnoses and one GlcNAc, which is cleaved : . :
’ crystallized with octasaccharide (Kang et al.,
at the Rha-(al-3)-Rha  glycosidic bond by the Y ( g

endorhamnosidase activity of Sf6 TSPwrz. The enzymatic 2016) (Fi
active residues E366 and D366 (spheres) are situated adjacent ) ( g 9)-

g‘t’ri‘;rze?;;é}‘%f;{‘;lgﬁfn octasaccharide in the wild type The dissociation constant of a Sf6 TSPwt-
octasaccharide complex was estimated to lie in the milli- to micromolar range (Kang et al.,
2016). Hence, measuring binding affinities with several methods in solution was challenging,
due to the large amount of oligosaccharide ligand needed in these experiments. As a
consequence, Shigella flexneri Y polysaccharide (SfY PS) was used in the present work for
affinity experiments. Polysaccharide preparations were easier to obtain and promising to show
an increased affinity based on their more elongated structure. Prerequisite for measurements

with SfY PS was the use either of Sf6 TSPgapa or Sf6 TSPggpn as inactive variants to

minimize cleavage of the ligand during the interaction experiments.
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3.1.1 Experimental characterization of the enzymatically inactive Sf6 TSPgapa

3.1.1.1 Fast Purification of Sf6 TSP

B SFETSP . X X X
EADA sf6 TSP As all proteins in this work are without N-
- T443C EADA
R . terminus, the AN will not be included further
Sf6 TSP AN EADA -; s 2 = 2
@ = m 1= ]
- 5£% 22% £ 22 inthe protein name. The purified Sf6 TSP is
AS g 222202 N shortened by the N-terminal capsid domain
I Sarpp2ePP s
3 Ss82888¢8 N resulting in Sf6 TSP AN. The protein was
24384 e
i§§i_ - - heterologously expressed in E. coli with an
o c 32
8 ¥ -
] 10 % SDS-PAGE, Coomassie stained ..
5 —mlme W 2 additional sequence of Met-Ala-Ser on the
4 135
3 e N-terminus followed by the amino acid
10 % SDS-PAGE, Silver stained 59 108 +1 623 .
id sequence  Lys "-Ile as  described
32 previously (Freiberg et al., 2003). This
aHisg-tag Western Blot
Fig. 10: Purification of Sf6 TSP with a His,-tag included classical protein purification

(A) The purity of Sf6 TSPgaps Was shown by a 10 % SDS-

PAGE with silver staining. Protein bands at 56 kDa were involving an ammonium Sulfate preCIPItatlon
assigned to the denatured monomer with a theoretical

molecular mass of 58 kDa after incubation at 99 °C. Protein gnd three Chromatography steps, name]y
without heat treatment are native trimeric proteins with a

theoretical molecular mass of 174 kDa detected as bands at hydI'OphObiC interaction, anion exchange and
120 kDa. Samples with cleaved Hisg-tag are labeled with

AHis. (B) Protein samples of puriﬁed Sf6 TSPEADA mutants Size exclusion Chromatography_ In Order to
were separated via 10 % SDS-PAGE with and without N-

terminal His-tag. (C) Western blot analysis: TSP monomers  gimplify this purification protocol, an
with Hiss-tag were detected at 56 kDa.

additional nucleotide sequence was cloned to the sf6 tsp gene, encoding six histidine residues
(Hise-tag) and a linker region including a TEV-protease cleavage site sequence at the N-
terminus. Expression of the modified sf6 tsp gene was possible after insertion into an
expression vector. The respective protein was purified by an ion metal affinity
chromatography. Subsequently, the N-terminal Hisec-tag was removed by a TEV-protease
digestion and a second affinity chromatography was done to separate the Sf6 TSP from the
cleaved His¢-tags and the Hise-tagged protease. Due to the recognition site of the TEV
protease, one additional glycine was added to the N-terminus, resulting in a changed amino

1% _1e%. The new purification protocol yielded 25 mg

acid sequence of Met-Gly-Ala-Ser-Lys
St6 TSP from one liter of bacterial culture with a purity higher than 99 % as determined by
SDS-PAGE with silver staining (Fig. 10A). Hise-tag removal was successful as no Hise-tag
was detected by Western Blot analysis after the TEV-protease digestion (Fig. 10B-C). Thus
the established protocol supplied pure protein of interest in a high yield and opened a route for

the fast and easy purification of a variety of Sf6 TSP mutants.
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3.1.1.2 Intrinsic protein fluorescence properties of Sf6 TSP mutants

The two inactive variants Sf6 TSPgapa and Sf6é TSPgopn were tested in fluorescence titration
binding experiments with polysaccharide ligands (Fig. 11A-B). For both proteins the
maximum of intrinsic tryptophan and tyrosine fluorescence with excitation at 280 nm was
detected at 339 nm. Upon addition of 33 pg/ml SfY PS an amplitude increase of 40 % for
Sf6 TSPeapa and of 6 % for Sf6 TSPggopn was observed. A hypsochromic shift of 3 nm
occurred for both proteins, whereas the signal of Sf6 TSPrapa was saturated by the addition
of 33 ng/ml StfY PS. However, the signal did not reach saturation for Sf6 TSPgqpn. The
fluorescence increase and the blue shift indicate a more hydrophobic environment around the
fluorescence emitting tryptophan residues in the binding site upon ligand binding. This results

possibly from the removal of water molecules from the binding site that were replaced by the

ligand.
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Fig. 11: Fluorescence binding experiments with the inactive variants of Sf6 TSP and SfY polysaccharide.

Intrinsic tryptophan fluorescence of Sf6 TSPgapa (A) or Sf6 TSPgopn (B) was excited at 280 nm and the fluorescence
emission was monitored between 300-400 nm. SfY PS was added sequentially which led to an increase of the intrinsic
fluorescence of the protein without ligand (black) and with 33 pg/ml (red) and 66 pg/ml SfY PS (purple). The addition of
polysaccharide without protein (blue) showed no signal.

The same intensity increase was observed upon addition of organic solvent in different
concentrations to Sf6 TSPgapa (Fig. S 1A-C). The protein solution was incubated for 3 h with
methanol, acetonitrile and DMSO at 25 °C. A fluorescence increase up to 20 % was observed
together with a 4 nm blue shift in these organic solvents. At organic solvent concentrations
higher than 20 % fluorescence amplitudes decreased and the respective spectra red-shifted,
suggesting a denaturation of Sf6 TSP under these conditions (Fig. S 1A-C). The stability of
the protein tertiary structure of Sf6 TSPgapa in 20 % organic solvent was confirmed by
near-UV CD-spectroscopy (Fig. S 1D).
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The differences in the intensity increase observed for both Sf6 TSPgapa and Sf6 TSPggpn
suggest that latter has a lower binding affinity than Sf6 TSPgapa. However, the surrounding
environment of the aromatic residues might be influenced differently in Sf6 TSPggpn
compared to Sf6é TSPrapa causing a smaller increase of the fluorescence signal during the
binding event. The fluorescence signal in proteins derives from the three aromatic residues
Phe, Tyr and Trp. However, the contribution of Phe can be seen as negligible due to the low
quantum yield of the amino acid. The excitation maxima of Tyr and Trp are at 274 and
280 nm, respectively. Tyr fluorescence has an emission maximum at 305 nm, which is mostly
quenched by an energy transfer to Trp or to an adjacent amide bond. Given this, Trp is
considered as the main fluorescence source. The emission maximum of Trp can range from
308-350 nm depending on the polarity of the surrounding environment (Ghisaidoobe and

Chung, 2014).
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Fig. 12: Deconvolution of emission spectra from Sf6 TSPgsps and Sf6 TSPggpy With excitation at 280 and 295 nm
Emission spectra were monitored from 305-400 nm with excitation at 280 (red) and 295 nm (blue). The 295 nm spectrum
was normalized at 400 nm (black) to the 280 nm spectrum and the difference shows the contribution of Tyr (dashed line).
The technique was applied on fluorescence data obtained for Sf6 TSPgapa (A) and Sf6 TSPgqpny (B) each without ligand and
for Sf6 TSPgapa (C) and Sf6 TSPggpy (D) with 66 pg/ml SfY PS.
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The contributions of Tyr and Trp to a fluorescence spectrum can be determined by
deconvolution of two obtained spectra with excitation at 280 and 295 nm. With the latter
wavelength almost exclusively Trp residues are excited (Bobone et al., 2014). Deconvolution
for Sf6 TSPrapa spectra indicates that there is a minor tyrosine contribution of about 10 % to
the spectrum at the maximum of 339 nm (Fig. 12A). Approximately the same distribution is
observed for Sf6 TSPggpn with 95 % Trp and 5 % Tyr contributions to the signal, respectively
(Fig. 12B). The maximum of the Tyr spectrum is at 305 nm. This maximum is shifted towards
325 nm with the addition of 66 pg/ml StY PS for both mutants (Fig. 12C-D). Additionally,
the spectrum contribution of Tyr increases proportionally with the ligand for both mutants.
Sf6 TSPeapa shows a partitioning of 85 % Trp and 15 % Tyr at the maximum at 336 nm,
whereas the spectrum for Sf6 TSPggpn is divided into 78 % Trp and 22 % Tyr. The
contribution of Tyr in the spectrum increases to a stronger extent upon the binding event for
St6 TSPggp.

Sf6 TSP is a trimeric protein with 17 Tyr and 5 Trp per monomer. Five Tyr residues are in
10 A distance to the ligand and two Tyr adjacent to the elongated binding groove (Fig. 13A).
Moreover, three Trp residues are found in 10 A distance to the ligand (Fig. 13B). A
comparison of binding site residue conformations in Sf6 TSPwr without ligand and
Sf6 TSPeapa with octasaccharide reveals only minor changes in side chain rotamers of
binding site residues upon complex formation and mutation (Fig. 13F). Precisely, Asn340 on
the middle left side of the binding site is shifted towards the ligand by 1.1 A upon binding and
Tyr400 at the lower left side by 0.7 A. For GIn280, two rotamers were resolved without
ligand, while GIn280 is exclusively found in one form with the amide group pointing towards
RAM3 upon binding. These minor changes in binding site residue conformations do not
explain the increase in the fluorescence in the oligosaccharide complex. However, the
fluorescence blue shift suggests a removal of water molecules from the binding site resulting
in an increased hydrophobicity around the fluorescent residues. The comparison of apo and
ligand crystal structure shows, that most of the water molecules in the groove are removed
from the binding site (Fig. 13C). Two Trp (304 and 421) and two Tyr (282 and 400) are
primarily affected by removal of water molecules from their site. The two tyrosine residues
exhibit hydrogen bonds to water molecules in the apo form, which are replaced by the ligand
upon binding. A closer look on the surrounding amino acids of the tryptophan residues
indicates, for example that for Trp304 (Fig. 13D), one Tyr, one His and two Gln are located in
next proximity, which are potential quenchers of tryptophan fluorescence (Chen et al., 1996).

Additionally, the negatively charged group of the enzymatically active Glu366 is in 7 A
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distance to the Trp304 indole ring. Negative charge is known to quench fluorescence of
tryptophan, whereas positive charge in spatial proximity to the indole ring would increase the
quantum yield (Callis, 2014). Neighboring residues with the same kind of properties are
found for Trp421 with three Asp, one Asn, one His and the mentioned Glu366 (Fig. 13E).
With its four charged residues, the surrounding environment of Trp421 is strongly negative,
due to the carboxylate groups of Asp390/397, which are pointing towards the peptide bond of
the tryptophan.

Previous studies with the single mutant Sf6 TSPpn (D399N) did not show any fluorescence
increase upon polysaccharide binding (Unplublished data by T. Scheidt). Contrary to this, the
double mutants Sf6 TSPeapa and Sf6 TSPggpn showed an increased fluorescence in the
polysaccharide complex in the present work. It can be assumed that the negatively charged
Glu366 quenches the fluorescence of Trp304 and 421 with the negative charge in 7 A distance
to the indole ring and only upon the change of Glu366 to Gln or Ala, the fluorescence of Trp
is accessible to environmental changes. To confirm this hypothesis, additional fluorescence
experiments with single point mutations (e.g. Sf6 TSP E366Q or E366A and Sf6 TSP D399A)
as well as wild type with and without ligand would be required. In conclusion, complex
formation of Sf6 TSPgapa and Sf6 TSPggpn to SfY polysaccharide can be measured by
intrinsic fluorescence titration experiments. In the following work the mutant Sf6 TSPgapa

was used as an inactive mutant for binding experiments.
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Fig. 13. Positions of fluorescent chromophores in the Sf6 TSP-oligosaccharide binding site

(A) Trimeric Sf6 TSPgapa protein (pdbID: 4URR) with white backbone and white protein surface bound to the
octasaccharide ligand (purple sticks) with Tyr residues as sticks (black). Tyr residues in 10 A distance to the octasaccharide
ligand (cyan) and adjacent to the elongated binding groove (pink) are colored differently. (B) Trp residues present in
St6 TSPeapa are depicted by the same color code as described in A. (C) The binding site of Sf6 TSPwt without ligand
(pdbID: 2VBK) and Sf6 TSPgaps with octasaccharide (white surface) with aromatic residues (cyan) within 10 A of the
octasaccharide ligand. Crystal water molecules within 5 A to the octasaccharide from the apo structure (gray) build hydrogen
bonds with two of the Tyr residues (gray dashes). Water molecules of the structure with octasacchairde (red) overlay with
water molecules from the apo structure (Labeled numbers describe the distance between the overlaid water molecules with a
threshold of 1.5 A). (D) Trp304 and (E) Trp421 (cyan) in the binding pocket are surrounded by the depicted residues (white)
and the octasaccharide ligand (pink). The carboxylate group of the enzymatic active residue E366 is in 7 A (red dash)
distance to Trp. (F) Binding site residues of Sf6 TSPwt without ligand (white) and Sf6 TSPgapa With octasaccharide (pink)
are superimposed in the protein binding site (white surface) including the ligand (pink lines). Residues that change their
conformation upon the binding are labeled.
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3.1.2 Structural characterization of the inactive mutant Sf6 TSPgpa in complex

with octasaccharide

The structure of Sf6 TSPgapa with octasaccharide was already briefly analyzed in the
evaluation of fluorescence contribution. In the following the binding contributions of the
protein to the carbohydrate will be evaluated based on the influences known for carbohydrate
protein interactions as hydrophobic CH,n-interactions, salt bridges, hydrogen bonds or water-
mediated bridges (Davis and Wareham, 1999; Ferndndez-Alonso et al., 2005). Four St6 TSP
structural models from X-ray crystallography are available in the protein data bank (PDB).
Three of these are of the wild type protein with the PDB codes 2VBK, 2VBE and 2VBM
(Miiller et al., 2008). However, the 2VBE selenium methionine variant will not be taken into
account in the present work. The model 2VBM includes one repetative unit of the SfY O-
antigen, a tetrasaccharide.

In the structure of the inactive mutant Sf6 TSPrapa (pdbID: 4URR) an octasaccharide ligand
as natural cleavage product is bound (Kang et al., 2016). The structure 4URR was therefore

chosen for comparison of experimental and simulated structures.

3.1.2.1 Contacts in the Sf6 TSPgapa-octasaccharide binding site found in the crystal

structure

The binding site of Sf6 TSPgapa is situated between two subunits of the Sf6 TSP trimer.
Twelve residues in chain A and eleven residues in chain B are in 5 A distance to the
octasaccharide ligand (Fig. 14A). These residues may form nine hydrogen bonds: seven in the
upper site (RU1) and two in the lower site (RU2). Six potential nonpolar bonds are equally
distributed over the binding site (Table S 2). In the Sf6 TSPgapa-octasaccharide complex, 26
water molecules are found within a 5 A distance of the ligand. Seven water molecules form
hydrogen bond bridges between protein side chain residues and the octasaccharide. Two water
molecules bridge between sugar hydroxyl groups (Fig. 14B, Table S 2). Twelve water-bridges
are located in the upper binding site and only two in the lower binding site. In contrast, in
St6 TSPwt-apo 63 water molecules are found in the binding site. These water molecules form
an extended hydrogen bond network (Fig. 14D). Half of the water molecules are retained
upon octasaccharide binding and half are replaced by the octasaccharide overlaying with the
ligand structure (Fig. 14C, Table S 2). Water molecules are replaced more in the lower part

(12 vs. 4), whereas retained water molecules are found more in the upper part (10 vs. 6).
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Fig. 14: Structural model of the Sf6 TSPg,p4-octasaccharide binding site (pdbID: 4URR) from X-ray crystallography
(A) Octasaccharide (white sticks) in the protein binding site (white surface) is surrounded with amino acids from chain A
(blue sticks) and chain B (orange sticks). The amino acid residues are labeled in black with mutated residues in red.
Carbohydrate moieties are labeled in green numbered from the non-reducing end of the carbohydrate (RAM for Rhamnose
and NAG for N-acetylglucosamine). Hydrogen bonds (red dashes) and nonpolar interactions (black dashes) are indicated.
(B) Structure 4URR with octasaccharide (blue lines): Water molecules in the binding site (blue spheres), water molecules
bridging between ligand and protein (pink spheres), Hydrogen bonds bridging between ligand, protein and water (dashes).
(C) Superimposed water molecules (spheres) from the apo (gray, black and red) and octasaccharide (blue and pink as in B)
structure of Sf6 TSP. Water molecules from the apo structure which are in 1.5 A distance to octasaccharide (blue lines) were
considered as directly replaced by the ligand (red). Non-replaced water molecules within 1.5 Aofa corresponding water
molecule (blue) in the ligand structure are shown in black. (D) Apo binding site with water molecules (same color code as C)

with hydrogen bonds (dashes) between protein side chains (white lines) and water molecules (orange dashes) and between
water molecules (yellow dashes).
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3.1.2.2 Binding contacts of Sf6 TSPrapa in MD simulation

So far the Sf6 TSPwr was simulated with octa- and dodecasaccharide ligand, even though a
structural model as octasaccharide complex was only obtained for Sf6 TSPrapa (Kang et al.,
2016). Thus, in this work, Sf6 TSPeapa with octa- and dodecasaccharide was simulated to
evaluate the differences to the crystal structure and published simulations. Simulations were
run with a rigid protein backbone for Sf6 TSPwr. However, side chain clashes were observed
with the incorporation of a dodecasaccharide ligand into the binding site. Therefore, a twist on
the glycosidic bond between the second and third repeating unit of the dodecasaccharide was
introduced, and loops of the protein backbone were kept flexible (Kang et al., 2016). This set-
up was used for Sf6 TSPgapa simulations that were performed for 100 ns with TIP3P water in
a box with periodic boundary conditions (Details in Chapter 2.7). The protein structure was
stable throughout 100 ns simulations without detachment of the ligand (Fig. S 2).

In Sf6 TSPrapa simulations, 20 hydrogen bonds for the octasaccharide and six additional
hydrogen bonds for the third repeating unit in the dodecasaccharide were identified in total
with occupancies higher than 10 %. For the Sf6 TSPwt simulations with rigid backbone and
octasaccharide, 14 hydrogen bonds with a distance smaller than 5 A were found. The third
repeating unit in the dodecasaccharide was bound by 13 hydrogen bonds in Sf6 TSPwt with
flexible loops (bonds without the two mutated residues E366 and D399 are counted only)
(Kang et al., 2016). The hydrogen bonds Arg364-NH2, Asn455-OD1, Asn508-OD1 and
GIn444-0O observed in Sf6 TSPwr-dodecasaccharide simulations were also reproduced for
St6 TSPeapa simulations. Compared to Sf6 TSPwr, measured distances increased in
simulations for Sf6 TSPrapa except for the bond Tyr4000H-NAG6N2, which showed a
higher distance for octa- and dodecasaccharide in Sf6 TSPwr (Fig. 15). The distances are
particularly increased for the dodecasaccharide bound to Sf6 TSPrapa between RAM3-8.
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Fig. 15: Hydrogen bond distances of Sf6 TSPw¢ and Sf6 TSPg,ps complexes in MD simulations
Average distances with one standard deviation as error bars of hydrogen bond pairs in MD simulations from Sf6 TSPgapa

with octa- (8mer) and dodecasaccharide (12mer) compared to simulations of Sf6 TSPwz with the same ligands (Kang et al.,
2016).

Apolar contacts between ligand and protein defined within a distance of 5 A were compared
between the experimental and MD simulation models of Sf6 TSPgapa (Tab. 5). Five of the six
apolar contacts defined by the crystal structure are also present in the simulation. The pair of
Thr315-CG2 and NAG2-C8 from crystal structures was not found in the simulation as the
measured average distance between these atoms was around 8 A. The contact between
Leu389-CD2 and RAMS-C6 is also increased up to 6 A, but a large standard deviation of
around 2 A suggests that these contacts exist temporarily over the simulation time. None of
the observed apolar contacts found for the first two repetative units in the crystal structure
were reproduced over the course of the simulation for the dodecasaccharide ligand, as all
measured distances increased to more than 5 A with large standard deviations. Only in the
starting structure of the simulation with the dodecasaccharide, seven of eight apolar contacts
were found. The apolar contact analysis for the dodecasaccharide ligand suggests that there is
a deviation from the starting position and a higher flexibility of the ligand in complex with

Sf6 TSPeapa in comparison to Sf6 TSPwt, similar to the hydrogen bond analysis.
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Tab. 5: Apolar contacts in crystal structure and MD simulation of Sf6 TSPgsps-octa- (8mer) and dodecasaccharide
(12mer) complexes

Apolar contacts Crystal (4URR) EADA-8mer EADA-12mer EADA-12mer start®
Protein Ligand Distance in A Distance in A Distance in A Distance in A
Ala203-CB RAMI1-C6 3.70 4.09+0.50 7.7243.24 3.76

Thr315-CG2 NAG2-C8 4.80 6.95+1.09 6.84+2.71 4.44

Thr248-CG2 RAM4-ring(C4) 4.30 4.38+0.35 11.32+3.68 3.96
Tyr400-ring(CE2) NAG6-C6 4.10 4.78+1.12 6.07+£1.23 4.43

Val327-CG1 RAM7-C6 4.30 4.56+0.91 11.79+2.68 4.66

Leu389-CD2 RAMS-C6 4.10 6.21+£2.25 9.20+1.81 7.54

Leu389-CD1 NAG10-C6 - - 7.57+1.55 4.40
Tyr525-ring(CE1) RAM12.C6 - - 6.08+1.45 3.70

a Structure file after equilibration as the starting point of simulation of Sf6 TSPgapa-12mer.

It was known from the Sf6 TSPrapa-octasaccharide crystal structure that the flexibility of the
ligand is increased towards the reducing end of the carbohydrate (Fig. 16B) (Kang et al.,
2016). The binding state of the octasaccharide in the Sf6 TSPgapa mutant in the simulation
with flexible loops can be well reproduced (Fig. 16A-C). The fluctuation of the
octasaccharide in the binding pocket ranges around a RMSD of 1.68+0.37 A (Fig. 16A). The
B-factor of every ligand atom is increased for the reducing end monosaccharide of the ligand
(Fig. 16B). The formation of clusters from simulated ligand conformations resulted in one
central structure of the octasaccharide, which nicely overlays with the crystal structure
conformation (Fig. 16C) and simulations of Sf6 TSPwr (Kang et al., 2016).

In contrast, for the simulated dodecasaccharide in the binding site of Sf6 TSPrapa the results
from the wild type were not reproduced (Kang et al., 2016). The dodecasaccharide exhibited
an increasing RMSD over time of the simulation with an average RMSD of 2.95+0.69 A (Fig.
16A). The flexibility was particularly increased at the two ends (RAM1 and RAM12), while
only RU2 showed similar fluctuations and displacements as found for RU2 during
octasaccharide simulations (Fig. 16B). The dodecasaccharide is shifted with the first and
second RU towards the left side of the binding groove and detachment events of RU1 can be
observed within a 100 ns simulation. Furthermore, the third repeating unit is not linearly
oriented and shows notable torsion angle deviations compared to the dodecasachharide pose
used at the beginning of the simulation. The torsion angle of the L-Rha9-0(1-3)-D-GlcNAc10
glycosidic bond is increased from -45° in the starting structure to -121° in the central
simulated structure (Fig. 16D). This twisted and shifted dodecasaccharide conformation seen
in Sf6 TSPgapa while keeping protein loops flexible in the simulation was observed for
Sf6 TSPwt only in simulation with rigid loops (Kang et al., 2016). In contrast, simulations of
St6 TSPwt-dodecasaccharide with flexible protein loops resulted in a linear conformation that
superimposed well with the octasaccharide position from the crystal structure. Thus, the
exchange of E366 and D399 from Sf6 TSPwt to alanine in Sf6 TSPgapa influences the
stability of the complete dodecasaccharide in simulation.
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Fig. 16: Flexibility of octa- and dodedacasaccharide in the binding groove from MD simulations

(A) Trajectories of root mean square displacements (RMSD) of octa- (black) and dodecasaccharide atoms (red) in the binding
site. The mean value is depicted as a solid line in blue (octasaccharide: 8mer) and dark red (dodecasaccharide: 12mer) with
dashed lines in the corresponding colors for one standard deviation. (B) Mean B-factor of six octasaccharides in the
St6 TSPeapa crystal assymetric unit (blue) and calculated B-factor values from simulation of octa- (black) and
dodecasaccharide (red). Numbers correspond to glycan monosaccharide building blocks. Yellow lines mark the glycosidic C1
as the start of a new glycan moiety and red lines indicate the end of one repeating unit. (C) The protein binding site (white
surface) with the octasaccharide ligand from crystal structure (yellow sticks) and the central conformation of the
octasaccharide (blue sticks, time frame: 91.63 ns) obtained by clustering the ligand conformations with a rmsdmin of 0.3 A
and a cutoff of 1 A. (D) As in C, the dodecasaccharide with the central conformation in simulation (blue sticks, time frame
27.58 ns) superimposed with the octasaccharide ligand from the crystal structure (yellow sticks) and the dodecasaccharide
starting structure (orange sticks). With the RMSD minimum and cutoff for clustering as in C, the dodecasaccharide resulted
in nine clusters in 100 ns simulation (green transparent sticks).

In the crystal structures (2VBK vs. 4URR) three amino acid residues changed the
conformation upon octasaccharide binding. The B-factors of binding site residues of
Sf6 TSPeapa-octasaccharide (X-ray) were increased for six residues in the elongated binding
site (dodecasaccharide binding site) (Fig. 17A). Four of which were located within the region
of RU3. In simulations with octasaccharide (Fig. 17B) flexibilities of protein side chains are
increased when compared to those of the crystal structure. In total 16 residues were found
with an increased flexibility, six of these are situated within the RU3 contact area. In contrast,
only 14 flexible residues were found in simulations with the dodecasaccharide ligand (Fig.

17C) and a reduced flexibility for four residues in the RU3 contact area was observed.
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Fig. 17: Binding site residue B-factors from crystal structure and simulation

Binding site residues of Sf6 TSPgaps are depicted from the octasaccharide crystal structure (A) and from simulation with
octa- (B) and dodecasaccharide (C) colored by the B-factor of the atoms with blue for a low B-factor < 20 A? and red for a
high B-factor > 50 A% The ligand is shown in gray thin sticks and residues with an increased B-factor are labeled.

For a comparison of the binding site residue conformations from simulation and crystal
structure, an average of the simulated structures had to be defined. The tools for processing
simulations provide the possibility to average given structures, but in case of Sf6 TSP,
artefacts of side chain structures are produced by these tools as for example, tyrosine rings
were reduced to coordinates of a straight bond (data not shown). Therefore, the tool for
clustering structures g_cluster by Gromacs/4.6.4 was used to derive one complete cluster of
the simulation. In this procedure, one simulation frame is defined as a central structure of the
simulation with the smallest average RMSD to every other structure. The central structure for
the two simulations of Sf6 TSPgapa Wwith octa- and dodecasaccharide were identified at
82.86 ns and 69.01 ns, respectively. A comparison of every binding site amino acid rotamer is
given in Table S 3. In total, only one amino acid rotamer change occurs in the
dodecasaccharide complex and none in the octasaccharide complex. In conclusion, the
binding site amino acid side chain conformations and flexibilities do not vary strongly
between the two different complexes, therefore no explanation can be found for the different
binding modes obtained in the simulations of Sf6 TSPgapa with octa- and dodecasaccharide

based on the protein variations.
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Water plays a crucial role as a binding partner in carbohydrate-protein interactions (Clarke et
al., 2001). MobyWat was chosen as a tool for water position analysis in simulations (Jeszendi
et al., 2015). Details of MobyWat usage will be given in more detail in Chapter 3.3. The
MobyWat analysis obtained binding site water molecules from 100 ns simulations. To
evaluate the best conditions for the MobyWat analysis, the trajectory was spliced in every,
every tenth and every hundreds frame and the four lists IDa, IDe, MER and POS were derived
by the tool. With every tenth frame, the best agreement rate of simulation and X-ray structure
could be achieved with an IDa list top 20 % cut-off. These parameters were used for the water
analysis of all performed simulations involving Sf6 TSP mutants.

For comparison of water positions, the structures were superimposed and 30 water molecules
were found in the crystal structure that lie within 5 A distance of the dodecasaccharide ligand
(Fig. 18A). From these 30 positions, the octa- and dodecasaccharide simulations could
reproduce 20 and 16 positions, respectively (Fig. 18 A-B). In the simulations, a large number
of water molecules were found in the binding site area, with 126 for octa- and 144 for
dodecasaccharide. The hydrogen bond network between these water positions shows a high
density of hydrogen bonds in the upper part (RU1 ligand area) and in the lower part (RU3
area) for the octasaccharide, whereas the middle part of the binding site (RU2 area) has a gap
in the water network. In contrast, the water network assigned to the dodecasaccharide
complex spans the entire binding site (Fig. 18D). Thus, there is a clear difference between

octa- and dodecasaccharide simulations.
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Fig. 18: Water molecule analysis of Sf6 TSPg,p, with octa- and dodecasaccharide

(A) Protein binding site (white surface) with crystallographic water molecules (red spheres) within 5 A of the
dodecasaccharide ligand starting structure. Potential hydrogen bonds are indicated as orange dashes. All labeled water
molecules could be reproduced by simulation with the St6 TSPgapa-octasaccharide with the indicated distances in A. (B) As
in A the water molecule position of the dodecasaccharide simulation which reproduced crystal water molecule positions with
the corresponding labeled distances. (C) Water network of octasaccharide-complex simulation (blue dashes). (D) Water
network of dodecasaccharide-complex simulation (orange dashes).
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In summary, the simulated octasaccharide in Sf6 TSPrapa can well reproduce the structure
and binding contacts of the crystal structure and previous wild type simulation (Kang et al.,
2016). Nevertheless, for simulations with the dodecasaccharide in Sf6 TSPgapa, the ligand
conformation found in simulations with wild type protein could not be reproduced: the
dodecasaccharide has a twisted and shifted conformation to the left side of the binding cleft.
Furthermore, the flexibility of the ligand is increased and detachment from the upper part of
the binding site can be observed during 100 ns simulation.

In this section, the possible contributions in the binding event of Sf6 TSPrapa were analyzed,
namely hydrogen bonds, apolar contacts, ligand flexibility, binding site flexibility and water
molecule distribution. Most of these analyses do not give a clear result as for example, apolar
contact occupancies and distances or binding site residue flexibilities can be diverse, what
makes a comparison complicated. Therefore in the following analyses of Sf6é TSP mutants,

only hydrogen bond occupancies, ligand flexibility and water structure will be investigated.

3.1.3 Surface plasmon resonance to determine binding affinity

For the comparison of mutants which differ in their affinity to a certain ligand, a reasonable
measurement set-up is necessary. The binding of Sf6 TSP to SfY polysaccharide could be
measured by titration fluorescence spectroscopy experiments as described in section 3.1.1.2.
However, polysaccharide is a heterogeneous mixture; the calculation of dissociation constants
is not possible as the molecular mass of polysaccharide can only be estimated. Furthermore,
the measurement of binding affinity by fluorescence titration experiment results in a
dissociation constant in solution. Considering the natural situation of the specific binding
event between bacteriophage tailspike protein and bacterial O-antigen polysaccharide, this
interaction takes place at a surface with a respective dissociation constant. Therefore, the
measurement of the interaction with a surface immobilized polysaccharide and the tailspike
protein in the mobile phase would resemble more closely the situation during phage infection.
Avidity and multivalence are known to increase the measured dissociation constant in surface
plasmon resonance experiments by the factor of 150 fold compared to dissociation constants
measured in solution (Lundquist and Toone, 2002). This amplification can be useful for the
differentiation of only minor affinity changes, as they may occur from single point mutations
that are probed in this work. SPR experiments with immobilized polysaccharide and tailspike
protein in solution are connected with certain challenges, as the immobilization of

polysaccharide for examples.
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3.1.3.1 Immobilization techniques for bacterial lipopolysaccharide

For immobilization of lipopolysaccharide (LPS) or polysaccharide (PS) on a gold sensor chip
several techniques are available, which are challenged by the heterogeneous properties of the
LPS/PS structure and its non-stoichiometric modifications. The purified LPS and PS, which
was used in this work, exhibits a bimodal distribution of O-antigen repeating units and the
most LPS species showed 15 O-antigen repeating units (Fig. 19E). The calculated molecular
mass of a S. flexneri LPS with 15 RU of O-antigen is 13.7 kDa. Without the core saccharide
(1905 Da) the molecular mass of SfY PS results in 11.79 kDa, hence 12 kDa will be used as

estimated molecular mass of SfY PS.
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Fig. 19: LPS structure of Shigella flexneri Y and immobilization techniques for LPS and PS

(A) SfY LPS sample on silver stained 15 % SDS-PAGE showed the classical LPS ladder with a bimodal chain length
distribution (The numbers indicate the number of repeating units). (B) Immobilization technique for LPS: Extruded LPS
micelles built hydrophobic alkyl-chain interactions with a modified carboxymethyldextran chip decorated with alkyl chains
of eight to twelve carbon atoms. (C) Amide coupling technique with potential non-stoichiometric phosphoethanolamine
modifications of the inner core LPS (1) (Gedig, 2008). (D) Aldehyde coupling technique with EDC/NHS assisted hydrazide
derivatization of carboxymethyldextran with adipic acid dihydrazide. The periodate oxidized reducing end glycan (Kdo) is
coupled to the hydrazide and stabilized by sodium cyano borhydrate reduction (2) (Gedig, 2008).
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For the immobilization of LPS or PS on a sensor chip three strategies were used in the present
work: hydrophobic interaction of alkyl chains with the acyl chains of lipid A; amide coupling
on a carboxymethyldextran surface via phosphoethanolamine residues of the core saccharide
of PS and aldehyde coupling on the same surface via oxidized reducing ends of PS (Fig. 19B-
D). The Pioneer® L1 chip from BIAcore is a modification of the carboxymethyldextran
surface (Lofas and Johnsson, 1990) with attached alkyl chains with eight to twelve carbon
atoms (Remmel et al., 2007). On a L1 chip vesicles can be captured intact (Cooper et al.,
2000) or as continuous bilayer (Erb et al., 2000), which can also be lipid dependent (Cooper,
2004; Hodnik and Anderluh, 2010). For an E. coli LPS a critical micelle concentration of
14 pg/ml and micelles with 190 nm in diameter above this concentration were reported
(Santos et al., 2003). Nevertheless LPS is also known to form multilamellar aggregates
(D’Errico et al., 2010). The use of LPS for immobilization on a L1 chip leads to the formation
of stable LPS surfaces, which could be used for interaction experiments between Sf6 TSP and
StY LPS before (Kang et al., 2016). The disadvantage of this immobilization variant is that
only a limited number of interaction experiments can be performed, as the surface is unstable
due to non-covalent attachment of the LPS solute (Fig. 20A).

In the amide coupling strategy a carboxymethyldextran surface without any further
modifications is used. The negatively charge carboxylates are activated by EDC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide), which forms an unstable O-acylisourea intermediate that
is further modified to react with NHS (N-hydroxysuccinimide) to form an NHS activated
ester, which then can react with primary amino groups. The stability and lifetime of this
activated ester is pH dependent for several seconds at pH 8-9 and hours at pH 4-5 (Gedig,
2008) (Fig. 19C). For the immobilization of PS the lipid A moiety of LPS can be removed by
mild acetic acid hydrolysis, and the remaining polysaccharide is expected to have a undefined
amount of non-stoichiometric phosphoethanolamine modification, which would serve as
primary amino groups. All attempts to use this immobilization technique with SfY PS were
not successful (data not shown), which suggests that not enough phosphoethanolamine
modifications are present on the given polysaccharide preparation. However, fresh
preparations of Salmonella typhimurium polysaccharide were successfully immobilized for

interaction experiments with the corresponding O-antigen specific P22 TSP (Fig. 20B).
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Fig. 20: SPR sensograms of TSP binding to LPS or PS surfaces

(A) StfY LPS immobilized as micelles on a L1 chip. The black curve indicates the first cycle of 100 pg/ml Sf6 TSPgapa Over
the surface and the red curve the twentieth cycle (same surface, same concentration). (B) Salmonella typhimurium
polysaccharide was immobilized via amide coupling to a carboxymethyldextran surface and interaction experiments could be
performed with P22 TSP, the natural receptor of Salmonella polysaccharide. P22 TSP was injected in a dilution series
between 8-1600 nM TSP subunits (red to black). The maximal response unit signal (RU,) at 118 s was taken as the
equilibrium signal for the interaction and a 1:1 binding isotherm resulted in a Kp of 80 nM. (C) Oxidized SfY PS
immobilized on a hydrazide-activated carboxymethyldextran surface was used for interaction experiments of Sft6 TSPgapa
with a serial dilution of 0.08-18 uM TSP(monomer) (red to black). Every interaction curve was monitored in triplicates for B
and C and the average is depicted. Error bars indicate standard deviation at every tenth value.

0

The coupling of aldehyde groups represents the third immobilization technique, and is based
on the same basic procedure used in the amide coupling. The carboxylates on the surface are
activated with EDC/NHS to active ester groups, which are modified with adipic acid
dihydrazide to reactive hydrazide groups on the surface. Via these hydrazide groups, aldehyde
of the reducing end of carbohydrates can be coupled via Michael addition and subsequent
stabilization by reduction with sodium cyanoborhydride (Gedig, 2008) (Fig. 19D). The
immobilization of unmodified SfY PS with the aldehyde coupling strategy was not successful
(data not shown). Therefore, a mild oxidation of the sugar residues with sodium periodate was
necessary (Gedig, 2008).

The oxidation of carbohydrates with sodium periodate is highly dependent on the chosen
conditions. With higher periodate concentrations and temperatures, cleavage of C-C bonds
becomes possible adjacent to hydroxyl groups (Hermanson, 2013). At approximately 8fold
concentrations of periodate to glucose for example, the carbohydrate would be oxidized to
formaldehyde (Avigad, 1983). SfY polysaccharide (10 mg/ml) was oxidized with 10 mM
sodium periodate at slightly acidic pH for 20-30 min at 4 °C and 25 °C, respectively. The
reaction was stopped with an excess of ethylene glycol and the resulting oxidized
polysaccharide showed a five-fold higher amount of reducing groups compared to the control.
In total ~1500 RU could be immobilized to a hydrazide-activated carboxymethyldextrane
surface for Sf6 TSP interaction experiments (Fig. 20C). The polysaccharide surface was
highly stable and more than 300 experiments were performed on one surface. So far, the
ligand density was not attempted to be regulated on the surface. Moreover, modifications of

the polysaccharide structure due to oxidation cannot be ruled out.
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3.1.3.2 Analysis of TSP-polysaccharide binding affinities in SPR at equilibrium

The immobilization of SfY PS was repeated with two oxidized samples, as described in the
previous section, which resulted in Chipl and Chip2. On both of these chips, interaction
experiments at different concentrations of Sf6é TSPgapa Wwere repeated twice
(Measurement1-4). For the determination of dissociation constant Kp from interaction curves
as shown in Fig. 20C, the reaction should reach equilibrium, which would be apparent in the
sensogram by a plateau area at the end of the injection. However, no horizontal plateaus were
observed in the sensograms. This continuous signal increase may occur from mass transport
effects (Schuck and Minton, 1996) or unspecific binding (Copeland, 2000). Mass transport
effects can be ruled out when the flow rate is increased. Furthermore, injection time can also
be elongated, as the interaction might not have reached the equilibrium yet. The comparison
of a series of injection times (Fig. 21A) between 1-10 min showed the same binding curve
shape independent of the changed flow rate. Additionally, no equilibrium was reached within
10 min of injection time. However, the sensogram curves display a plateau with the same
slightly positive slope during the injection for every concentration (Fig. 20C). Therefore, an
unspecific process must influence the curve progression to the same extent for every
concentration.

The equilibrium responses, which were measured at 178 s of injection, can be described by
binding isotherms (Fig. 21B). A 1:1 binding isotherm fit returned a dissociation constant of
1.05 uM, but the quality of the fit only resulted in R?=0.81. The quality of the fit was
improved up to an R*=0.99 by using a bivalent binding isotherm with two resulting
dissociation constants of Kp;=0.086 uM and Kp;=25.42 uM. As already described, the
concentration series of Sf6 TSPrapa was repeated four times on two SfY PS coated sensor
chips. The maximal responses of these interactions were not reproducible (Fig. 21D), as the
first measurements on each chip resulted in 400 response units higher than the second. The
dissociation constants of the four measurements fitted by a 1:2 binding isotherm vary in the
micromolar range (Tab. 6). As Sf6 TSP is a homotrimeric protein, a multivalent interaction
can be assumed, which would justify the use of a multivalent binding isotherm. However,
unspecific processes also can be involved. The Scatchard analysis of equilibrium responses

resulted in a curved scatchard plot speaking for multivalence or unspecificity (Fig. 21C).
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Fig. 21: Interaction analysis of Sf6 TSPgaps on immobilized SfY PS with surface plasmon resonance at equilibrium

(A) Sensograms of 0.8 uM Sf6 TSPgspa injected on immobilized SfY PS on carboxymethyldextran at different interaction
times and flow rates: 1 min>50 pl/min; 2 min—=>35 pl/min; 3 min=>20 pl/min; 4 min=>17 pl/min; 5 min—> 15 pl/min;
6 min=>11 pl/min; 7 min—> 10 pl/min and 10 min=>7 pl/min. (B) Maximal response (RU,,,,) of the curves presented in Fig.

20C (Chip1, Measurement2) at different protein concentrations (gray dots) shown as mean of three measurements with error
bars as one standard deviation. The maxima are fitted with 1:1 (dashed line) and 1:2 Langmuir binding isotherms (solid line).
(C) Scatchard Plot analysis of the data from B resulted in a curved, triphasic distribution. (D) Maximal responses as mean of
triplicate measurements with standard deviations as error bars against the protein concentration from the four measurements
of Sf6 TSPgapa on two different SfY PS surface chips with Chipl (circles) and Chip2 (triangles): Measurementl (black
circles), 2 (gray circles), 3 (black triangles) and 4 (gray triangles).

The measured affinities on Chip2 are more diverse than the affinities on Chipl. On Chipl and
Chip2, 1514 and 1495 RU of SfY PS were immobilized, respectively. The preparation
differed in the oxidation of the SfY PS for 30 min at 25 °C for the first preparation and 20 min
at 4 °C for the second preparation. In the first preparation the polysaccharide chains are
possibly more cross-linked due to a longer oxidation time (Maia et al., 2011). Between each
measurement, the chip surfaces were treated with in total 48 cycles of Sf6 TSP mutants; some
of which might have residual enzymatic activity (data not shown) and cleave the
polysaccharide chains on the surface. This would explain a decrease of the overall maximal

response, and an increase of the dissociation constant.
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Tab. 6: Dissociation constants for Sf6 TSPr.pa derived from Measurements1-4.

Chip Measurement Binding model Maximal response (RU,,,,) Dissociation constant (nM) Fit quality (Rz)

1 2 1:1 RU,.=423+52 Kp=1.050.48 0.8128

1 1 12 RU,, =603£79 Kp;=0.0850.037 0.9782
RU,0=125242491 Kp,=47.09+100

1 2 1:2 RU pa=180£11 Kp;=0.08620.019 0.9980
RU,0=713£145 Kpy=25.4249.41

2 3 1:2 RU,,,=211228 Kp;=0.037+0.023 0.9981
RU,p,0=632430 Kpy=6.15%1.33

2 4 1:2 RU 1 =32411 Kp;=0.2730.181 0.9989
RU,,,,=298+18 Kpo=11.75+2.87

In conclusion, the binding behavior of Sf6 TSPgapa was determined as a bivalent interaction
from equilibrium data with two dissociation constants of ~10*M and ~10°M on

carboxymethyldextran-immobilized oxidized SfY polysaccharide.

3.1.3.3 TSP-polysaccharide binding affinities from kinetic analyses of SPR-sensograms

In the last section, SPR response curves were evaluated based on their equilibrium responses.
The same data can also be adjusted to a kinetic model. The simplest model would be a 1:1
binding model, which leads to the Langmuir binding isotherm in equilibrium. As seen in the
last section, the Langmuir binding isotherm did not result in an acceptable fit of the
experimental data, therefore it can be concluded that additional parameters should be included
in the kinetic model. Interaction experiments using surface plasmon resonance are affected by
mass transport effects, as the diffusion of the analyte into the carboxymethyldextran layer is
limited. The mass transport effect would result in reduced association and dissociation rates.
On the one hand, the diffusion of the analyte from the bulk to the surface becomes rate
limiting, which influences the association rate. On the other hand, the dissociation rate is
reduced due to rebinding of the analyte (Schuck and Minton, 1996). Nevertheless in a
transport limited process the equilibrium data would also be described by a 1:1 Langmuir
binding isotherm (de Mol and Fischer, 2008). Thus, transport limitation cannot be the only
effect influencing Sf6 TSP-PS binding. The equilibrium data could be described by a bivalent
model, as the trimeric tailspike protein can bind to several ligands on the surface. The bivalent
kinetic model is predominantly used for antibody binding on surfaces (Cooper and Williams,
1999). For TSP, the bivalent binding model resulted in a global fit with a poor quality
quantified by Chi* of ~900 for Measurement2 (Fig. 22A). Therefore a bivalent binding model
did not describe the data. The polysaccharide ligand was immobilized as a heterogeneous
mixture on the surface, thus the multivalent binding behavior of the tailspike protein could

also originate from a heterogeneous PS distribution on the surface (de Mol and Fischer, 2008;
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Khalifa et al., 2001). A heterogeneous ligand parallel binding model (1:2 model) resulted in a
Chi* of ~220 for Measurement2, which is an improved description compared to the bivalent
model (Fig. 22B). The description of Measurementsl1, 3 and 4 within the respective model can

be found in Fig. S 3 together with a description of the used models.

>
wn
o
S

400

300

200 -

Response Units

100

0 100 200 300 400 500 0 100 200 300 400 500
Timeins Timeins

Fig. 22: Concentration series Measurement? of Sf6 TSPgsp4 binding to carboxymethyldextran immobilized SfY PS
The sensograms of Sf6 TSP concentrations between 0.088-18 pM (gray) as mean values of triplicate measurements (error
bars show standard deviations from every 10" point) were fitted (red) with a bivalent (A) and 1:2 binding model (B).

Kp derived from the four measurements on the two chip surfaces differ by 10-20 % within the
error between kinetics and equilibrium calculated dissociation constants (Tab. 7). In general,

the agreement of equilibrium and kinetics evaluation is better for Chip2 compared to Chipl.

Tab. 7: Dissociation constants for Sf6 TSPg,p, derived from a 1:2 heterogeneous ligand binding Kinetics fit

Kinetics® Equilibrium®

#  RUpnax1pRU)  Kogs1 (103M S)  Kaisio (10'3/ s)  Kpip (pM) Chi* RUpax 12 (RU) Ky i (M) R’

1 302.9+1.12 154.0+£73.8 1.50+£0.015 0.0097+0.0062 2155 | 603+79 0.085+0.037 0.9782
712.7£1.74 5.06+5.79 24.7£0.018 4.88+18 125242491 47.09+100

2 155.6+£0.21 58.50+£3.23 1.11£0.018 0.0190+£0.0014 222.3 | 180+11 0.086+0.019  0.9980
594.1+0.55 1.67+£1.53 29.7+0.004 17.8+100 713+145 25.42+9.41

3 176.0+0.51 157.0+13.6 3.09+£0.004 0.0197+£0.0018  381.5 | 21128 0.037£0.023  0.9981
630.0+0.32 5.07£1.59 27.3+0.004 5.38+1.87 632430 6.15+1.33

4 36.27+0.38 16.70+157 5.02+0.003 0.3010+£0.0324 20.48 | 32+11 0.273£0.181  0.9989
306.7+0.05 3.42+0.48 49.2+0.001 14.4+£2.04 298+18 11.75+2.87

a In each row: First line = RUmaxb kasslv kdissla KDI; Second line = RUmax29 kassZa kdissZ’ KDZ

As a comparison to the kinetic parameters obtained from SPR experiments, binding kinetics
were observed in solution by tracing protein tryptophan emission increase at 336 nm (see
section 3.1.1.2). The apparent rate constants derived from biexponential fits of the traces
resulted in two dissociation constants: Kgiss 1=0.0335 and Kgiss 2=0.0066 assuming a pseudo-
first order binding behavior. The second rate is considered to be unspecific due to manual
mixing in the experimental set-up (Fig. 23A-B). The dissociation rate from fluorescence

kinetics in an interaction experiment in solution agrees well with the dissociation rate derived
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from SPR experiments depicting interactions on a surface (Kgiss2~0.024-0.049/s) even though
the interaction experiments in solution were performed at lower temperatures. Dissociation
rates in SPR experiments can be influenced by mass transport limitation and bivalent binding,
which more likely occurs on a surface than in solution due to limited reaction volume.

In Fig. 23B, the apparent rate constants were fitted as a pseudo-first order relaxation process
with excess ligand. The data show a clear deviation from this simple model. The apparent rate
constants obtained from the fluorescence binding relaxation traces can also be used to
evaluate the binding mechanism of the Sf6 TSP-PS interaction (Fig. 23C). More precisely, the
binding mechanism can either follow the conformational selection model, where a
conformational change occurs prior to the binding event or the induced fit model, where the
conformational change occurs after binding (Paul and Weikl, 2016). Although data points at
low concentrations are sparse, it may be speculated from the more sophisticated fit that
Sf6 TSP-PS binding in solution is more accurately described by the conformational selection
model (R2=O.853) than by the induced fit model (R2=O.775). Derived rate constants and the

models are illustrated in Fig. S 4.
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Fig. 23: Relaxation rates of Sf6 TSPg,ps polysaccharide complex formation analyzed by intrinsic protein fluorescence
(A) Fluorescence traces of 184 nM Sf6 TSPgapa excited at 280 nm and monitored at the emission maximum of 336 nm.
Traces (black circles) were monitored for SfY polysaccharide concentrations from 0-16.4 pg/ml and were fitted with a
biexponential function (red). (B) From the biexponential fit, apparent rate constants ks were calculated and are represented
at the corresponding ligand concentrations. Fits with a pseudo-first order reaction describe a linear relationship as ks = kyiss +
kass ([P] + [L]), resulting in the y-intercept as K. The error bars represent the standard error on the given value from the
biexponential fit. The linear regression was only performed for ligand concentrations between 1.33-16.4 pug/ml excluding the
apparent rate constant for the lowest concentration due to the high standard error of this value. (C) All apparent rate constants
(including the lowest concentration) are plotted against SfY PS in molar concentrations calculated with an estimated average
molecular mass of 12 kDa for a PS molecule. The apparent rate constants were fitted by models describing conformational
selection (solid line) and induced fit (dashed line) binding models (Paul and Weikl, 2016).
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3.2 Sf6 TSP as a tool for detection of Shigella flexneri cells

Sf6 TSP is a highly specific binder of Shigella flexneri Y polysaccharide. This specificity
might allow using the protein as a sensor to detect the bacterium. Already as low as ten
colony forming units (cfu) of Shigella flexneri bacteria can cause an infection in the host,
which emphasizes the need to detect very small concentrations of this pathogen. A fast
detection tool would need to fulfill the following criteria: First, the potentially contaminated
sample can be applied in a test without further concentration or overnight cultivation and
second the tool should exhibit a high specificity so it would be applicable on bacterial

mixtures as the selection and isolation of bacteria takes additional time.

3.2.1 Detection of Shigella flexneri isolates by ELITA

Patients infected with Shigella flexneri in Germany are registered and stool samples need to
be sent to the National Reference Centre for Salmonella and other Bacterial Enterics in
Wernigerode, Germany. These samples are routinely characterized by immunologic
serotyping and biochemical characterization. Both methods can sometimes produce
ambiguous results, for example Shigella and E. coli species are difficult to distinguish (Lan
and Reeves, 2002; rki.de/DE/Content/Infekt/NRZ/Salmonellen, 05.04.2017). An alternative
approach is PCR-based species characterization of specific genetic markers (Li et al., 2009).

The application of P22 and 9NA TSP in ELISA-like tailspike adsorption (ELITA) has been
described for the characterization of phase variations in Salmonella typhimurium based on the
different TSP specificities for glucosylated or non-glucosylated Salmonella O-antigens
(Schmidt et al., 2016). In ELITA, bacteria grown to the stationary phase are adsorbed at
microtiter plate surfaces. Tailspike proteins modified with N-terminal Strep-tag®II are bound
to the O-antigen of immobilized bacteria depending on their specificity and affinity. The
amount of bound tailspike proteins can be quantified by a Strep-Tactin® labeled horseradish
peroxidase reaction. Based on the established protocol for Salmonella detection using ELITA
assays, Sf6 TSPrapa was modified with N-terminal Strep-tag®Il and used for the detection of
Shigella flexneri Y and 2a isolates. Four Shigella flexneri Y and 2a isolates were provided by
the Wernigerode collection, which were characterized before as Shigella strains by serotyping
and by PCR-based evaluation of the O-antigen gene polymerase (wzx gene) (Li et al., 2009)
(Tab. 8). Thereby, one of the Shigella flexneri 2a strains (08-7230) could not be characterized

unambiguously as Shigella strain.
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Tab. 8: Characterization of Shigella flexneri isolates by serotyping and PCR-based gene analysis.

Bacteria Isolate Serotyping for Y: 3,4; 2a: I, 3,4 PCR (wzx)=0-antigen polymerase
S. flexneri Y 99-2001 + +
S. flexneri Y 03-650 + +
S. flexneri 2a 03-6557 + +
S. flexneri 2a 08-7230 + -

+: positive; -: negative. Sera from the company Sifin were used for the serotyping. Shigella isolates are named based on the
classification system of the Wernigerode collection. Samples and data were provided by A. Fruth.
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Fig. 24: Detection of Shigella flexneri isolates by Strep-tagged®Il
S£6 TSPgapa

ELISA-like tailspike adsorption assay with four Shigella flexneri isolates from
the Wernigerode collection (numbers are according to the collection
classifications) were tested with Strep—tag®II—modified Sf6 TSPgapa and
P22 TSP D392N (inactive variant) including the controls BSA, E. coli H TD
2158 and Salmonella typhimurium 06-01900 for all samples in triplicates. For
Shigella flexneri Y99-2001 and 2a 03-6557 specificity tests were performed
with pretreated cells using active Sf6 TSPwr and purified SfY polysaccharide.

for Sf6 TSP the reaction was
negative (~0.1). In contrast, the
four Shigella isolates were
negative for P22 TSP. Detection
of E.coli and BSA was also
negative for both tailspike proteins (Fig. 24). Two of the isolates (Y 99-2001, 2a 03-6557)
were further tested regarding the O-antigen specificity by pretreating the bacteria with
enzymatically active Sf6 TSPwr to cleave of O-antigen chains from the bacteria. This indeed
reduced binding signals by 76 % on the Y strain and by 38 % on the 2a strain. Furthermore
the addition of purified free SfY PS together with Strep—tag®H—Sf6 TSP resulted in the
deletion of the signal. Therefore the specificity of the signal due to Shigella flexneri PS
binding was given. In conclusion, the ELITA protocol, which was established for Salmonella
detection, was successfully transferable for Shigella detection. The test provides a high

specificity, however over-night cultivation is a prerequisite.
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ELITA was also successfully for Shigella

120 flexneri 2a. Preliminary results had shown
// that Sf6 TSPwt can cleave S. flexneri 2a O-

1.1 | . antigen polysaccharides (Sf2a) with a

Ej - reduced enzyme activity compared to
it SfY PS (unpublished data by Tom Scheidt).

i In this work, the binding of Sf6 TSPgapa to a
1.00 - : - : chemically  synthesized icosasaccharide

0 20 40 60 80 100 120
¢(20-mer) in uM

synthesized Sf2a-icosasaccharide (20mer)

Fluorescence spectroscopy measured by excitation of 181 nM experiments and a dissociation constant of
Sf6 TSPgapa at 280 nm and emission detection at 340 nm.

Synthetic Sf2a-icosasaccharide was added and the increasing 186491 MM was obtained (Flg 25) Thus
fluorescence signal was fitted by the oligosaccharide binding ’

curve (Baxa et al., 1996). This resulted in a dissociation the binding affinity of Sf6 TSPgapa to Sf2a
constant of 18692 uM. Synthetic Sf2a oligosaccharide

fragments were provided by the group of Laurence Mullard at O—antigen oligosaccharide is by ~20fold

Institute Pasteur.
lower than for SfY PS measured in SPR.

(20mer) containing the Sf2a repeating unit

3.2.2 Cleavage products of Shigella flexneri polysaccharide

To further characterize the S. flexneri O-antigen structure, the isolate S. flexneri Y 99-2001
was chosen for polysaccharide and oligosaccharide preparation. In size exclusion
chromatography of oligosaccharides obtained from Sf6 TSPwr polysaccharide cleavage three
peaks were detected by changes in refraction indices at retention volumes of 171 (1), 184 (2)
and 193 ml (3) (Fig. 26A). MALDI-TOF MS of the isolated peak fractions confirmed masses
corresponding to octasaccharides for peak 3 (Fig. 26B-C), decasaccharides for peak 2 and
dodecasaccharides for peak 1 (Fig. S 5). Theoretical and detected masses are listed in Table S
4. Moreover, about 14 % of the SfY 99-2001 sample was acetylated, which was not the case
for the SfY polysaccharide used throughout this work. The analysis of the O-antigen

structures of the residual S. flexneri isolates still needs to be performed.
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Fig. 26: MALDI-TOF mass spectrometry from oligosaccharides isolated by size exclusion chromatography

(A) Size exclusion chromatogram of SfY 99-2001 polysaccharide after digestion over night with Sf6 TSPwt detected by
refractive index change (red). The tailspike protein can be detected by absorbance at 280 nm (black) at a retention volume of
100 ml. Oligosaccharide products were separated into three peaks depicting dodecasaccharides (1), decasaccharides (2) and
octasaccharides (3). Masses of the peak species determined by MALDI-TOF MS for SfY polysaccharide (B) and S. flexneri
Y 99-2001 (C). Peak 3 from the chromatogram represents the octasaccharide-sodium salt with m/z of 1323.7.

3.2.3 Detection of Shigella flexneri polysaccharide by a fluorescent sensor

For the detection of bacteria, the pre-concentration step could be overcome potentially with
the usage of a highly sensitive sensor. ELITA is based on absorbance. As fluorescence is
more sensitive, the incorporation of a fluorescent label in Sf6 TSP was intended. Therefore, a
cysteine mutant set with mutations in and around the oligosaccharide binding site was
produced for covalent labeling with an environment sensitive fluorescent dye with emission in
the visible light. Upon binding of SfY O-antigen a fluorescence increase is expected due to
increased hydrophobicity around the conjugated label. This production of a fluorescent

bacterial sensor for Shigella flexneri Y was successful. This sensor is in the patenting process,
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thus no further experimental details are
explained here and the fluorescent dye will
only be named as “label” in the following.

Cysteine mutants of Sf6 TSPrapa were thiol-
conjugated with the fluorescent label and
fluorescence emission spectra were recorded
at different SfY PS concentrations (Fig. S
6A). One of the six labeled cysteine mutants
thereby showed an increase of more than
100 % of fluorescence intensity at 540 nm
upon PS binding (Fig. 27A). The equation
for the calculation of dissociation constants
for oligosaccharide binding to TSP described
in (Baxa et al, 1996) was applied to
determine the half maximal concentration of
SfYPS at 176 pg/ml.  This  mass
concentration can be seen as detection limit
for SfY PS. Estimating the LPS mass on a
single bacterial cell resulted in about 4.45 fg
assuming that approximately 3.4 % of the
bacterial dry mass is LPS (Darveau and

Hancock, 1983; Loferer-Kro8bacher et al.,
1998). The 1.76 pg/ml SfY PS would
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Fig. 27: Fluorescence detection of SfY polysaccharide by
labeled Sf6 TSP.

(A) Labeled Sf6 TSP-Cys was excited at 492 nm and the
emission was measured between 500-650 nm. With increasing
SfY PS concentration, fluorescence increased to twice the
signal. (B) Rate constants from kinetic binding traces of
Sf6 TSPgaps probed by intrinsic fluorescence excited at
280 nm (see Chapter 3.1 Fig. 23) (black). As in A with
excitation of fluorescently labeled Sf6 TSP-Cys-Label at
492 nm and emission measured at 540 nm, kinetic binding
traces were obtained. The k,ps were derived by biexponential
fits and dissociation rates were calculated by k,,=Kgis+Kkess
([PI+[LD:  kyiss1(ST6 TSPEapa-Cys-label)=0.0068/s, kyiss1(St6
TSPraApa)=0.0059/s, Kgiss2(St6 TSPrapa-Cys-label)=0.0419/s,
kdissz(sf6 TSPEADA) =0.0335/s.

correspond to a PS content of 460 cfu/ml given a mean O-antigen chain length of 15 RU. This

detection limit would not be sufficient to detect in the necessary count range of 10 cfu/ml as

infectious level of Shigella flexneri. To confirm these numbers the sensor would need to be

tested on whole Shigella flexneri cells in fluorescence spectroscopy titration experiments. In

conclusion a specific sensor with an increased detection limit could be produced. However, a

pre-concentration of cells is still necessary. Thus, for the improvement of the detectable cell

counts, the design of a high-affinity Sf6 TSP is of interest as the pre-concentration of cells

could be achieved by binding to the protein for example in a flow through column system.

The given Sf6 TSP-Cys label kinetic binding traces (Fig. S 6B) with SfY PS showed

dissociation rates in the same range as for non-labeled non-mutated St6 TSPrapa (Fig. 27B),

which confirms that the binding affinity is not negatively affected by the fluorescent label.
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3.3 Approaches to the rational design of Sf6 TSP high-affinity mutants

As depicted in the last chapter, the design of a high-affinity Sf6 TSP would have several
advantages as it could improve the bacterial sensor detection limits and it could be applicable
as a scientific tool in ELISA-like approaches to replace LPS or PS antibodies as well as
facilitate specific surface immobilizations. The influence of mutations on the affinity towards
the SfY O-antigen ligand was analyzed by computational prediction and experimental
confirmation on the set of Sf6 TSP cysteine mutants from the thiol conjugation of the

fluorescent sensor.

3.3.1 Influence of single amino acid exchanges to cysteine residues on Sf6 TSP

binding affinity

Cysteines are normally excluded in design
approaches due to the possible formation of
disulfide bridges (Sharabi et al., 2013).
Moreover cysteines are usually not preferred
amino acids for participation in carbohydrate
binding sites (Kulharia et al., 2009; Taroni et
al., 2000). The interests in this work were
the mechanisms that participate in increasing
the affinity towards the polysaccharide

receptor. However, the available cysteine

mutants provided a test case for affinity
Fig. 28: S‘;6 TSP binding site with cysteine utations. analyses_ Flg 28 1illustrates the used mutant

Two subunits of Sf6 TSPgaps (gray backbone, cartoon) are

illustrated with octasaccharide ligand (white sticks) as RU1-2. set; all exchanged amino acid residues are
The area of the dodecasaccharide binding site is labeled with

RU3. All residues chosen for a cysteine mutation are shown as  ]gcated in loops adjacent to the elongated
yellow sticks with the corresponding label in red.

binding site.
The mutations V204C, T315C and T443C replace hydrophobic residues with cysteine as a
potential hydrogen bond donor or acceptor and S246C, N340C and Y400C influence the
binding as active hydrogen bond donor or acceptor in the non-mutated form. Thus, the

exchange to cysteine might elucidate the influence of these residues.
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3.3.1.1 MD simulations of Sf6 TSP cysteine mutants in complex with oligosaccharides

Sf6 TSPeapa carrying single amino acid exchanges to cysteine were run in 100 ns MD
simulations in TIP3P water with octasaccharide ligand (see Chapter 3.1.2). Moreover,
Sf6 TSPeapa T443C was simulated in presence of the dodecasaccharide. All simulations were
analyzed with respect to ligand flexibility, hydrogen bonds and water distribution in the

binding site to predict differences in binding affinity.

Ligand flexibility

Simulation traces of the simulated ligand in

the Sf6 TSPgapa cysteine mutant binding
site are shown as mean RMSD in Fig. S 7.
In Sf6 TSPgapa without cysteine mutation a
mean ligand flexibility RMSD of
1.68+0.37 A was found (Fig. 29). Cysteine

RMSD in A
e A

mutations led to a slight decrease of the

0 . T T . . o T ligand RMSD in four mutants. However, for
e £ £ £ 8 8 2 8 ¢
O B B BF B B 5 N Y400C the mean RMSD was increased to
< O O O O O O '
S 33555338 2.61+1.13 A (Fig. 29). Standard deviati
TS g p e : 61+1. (Fig. 29). Standard deviations
Fig. 29: Ligand RMSD traces over 100 ns simulation of ligand fluctuations are decreased in the

Time dependent fluctuations of RMSD were calculated with

g_rms (Gromacs). Red solid lines show the mean of RMSD. V204C  (0.25 z&) and S246C (0.31 A)

The upper, middle and lower black lines indicate 75 %, o .
median and 25 % of the fluctuation, respectively. Error bars mutants. This illustrates that in these cases

L?%Le; ?Jc?ﬁfnitr?n dad devation and black circles o outlers the ligand is less flexibly bound which may
result in increased binding affinity. By contrast, increased standard deviations of T315C and
N340C mutants may indicate a decreased affinity in comparison to Sf6 TSPgapa. Y400C also
has an increased RMSD standard deviation and the octasaccharide detaches gradually over the
simulation time of 100 ns (Fig. S 7), which strongly suggests a decrease in oligosaccharide
affinity for this mutant. T443C with octasaccharide ligand shows approximately the same
mean RMSD and standard deviation as Sf6 TSPeapa, however with dodecasaccharide the

mean RMSD and standard deviation are increased in comparison to EADA, which gives

ambiguous information about the binding behavior of this mutant.
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S246C N340C Y400C T443C

Fig. 30: MD simulation of Sf6 TSP cysteine mutant oligosaccharide complexes

Snapshots of oligosaccharide poses in the protein binding site (white surface) clustered from 100 ns simulation with a cutoff
of 1.1 A for octa- and 1.4 A for dodecasaccharides. The crystal octasaccharide ligand is shown in yellow and the most
populated central position of the simulated ligand in blue. Mutated cysteines are shown as black sticks. Additional ligand
clusters during simulations are depicted as green thin transparent sticks. (A) V204C-octa, (B) S246C-octa, (C) T315C-octa,
(D) N340C-octa, (E) T443C-octa, (F) Y400C-octa, (G) EADA-octa and (H) EADA-dodecasaccharide (in blue with green
side clusters) and T443C-dodecasaccharide (in orange).

In a cluster analysis of the simulated ligand (see Chapter 3.1.2), a cut-off was defined
resulting in five ligand conformer clusters each for EADA octa- and dodecasaccharide
complexes (Fig. 30G-H). Using the same cut-off, in V204C, S246C and T315C two clusters
were found that overlay well with the crystal structure ligand conformer (Fig. 30A-C).
N340C, Y400C and T443C had a larger set of clusters in which tilted conformations at the
reducing end occurred that bent away from the central binding groove (Fig. 30D-F).
Surprisingly, T443C-dodecasaccharide resulted in only one cluster with a straight orientation,
even though the mean RMSD and standard deviation of this complex was increased. Thus,
ligand flexibility analysis suggests V204C and S246C to be stronger binders and Y400C to be
a weaker binder. N340C, T315C and T443C are ambiguous in their predictions so far.
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Hydrogen bonds

In the hydrogen bond analysis of ligands and proteins, only occupancies above 10 % were
considered as a reliable interaction in 100 ns simulations (Tab. 9). Four conserved hydrogen
bond forming residues are found in all mutants but their occupancy varies (marked in green in
Tab. 9). Three of these four hydrogen bonds show high occupancies in the V204C and S246C
mutants. In the Y400C mutant the hydrogen bond between Asp247 and RAM3 is present
during most of the simulation time with 92 % occupancy. The sum of the total hydrogen bond
occupancy was taken as a measure for the “binding strength”. Sf6 TSPgapa was used as a
reference and set to a binding strength or relative occupancy of 1.00 and equivalent values
were found for T315C, N340C and T443C. For the other cysteine mutants, the relative
occupancies were increased up to 1.56fold for S246C.

Simulations of EADA and T443C with dodecasaccharide strongly vary in terms of hydrogen
bond pairs (Table S 5). The relative hydrogen bond occupancy is higher for EADA than for
T443C, which would suggest a decreased affinity for T443C.

Tab. 9: Occupancies of hydrogens bonds between Sf6 TSPy, cysteine mutants and octasaccharide ligand

Protein Ligand EADA- V204C- S246C- T315C- N340C- Y400C- T443C-
octa octa octa® octa octa octa octa

ALA203-O RAMI1-02 15.27 % 15.87 %

ARG230-NH1 RAM1-02 25.65% 5649 % 56.89 % 38.32 % 23.15 % 43.01 % 33.03 %

ARG230-NH2 RAMI1-02 16.67 % 10.18% 16.37 % 22.46 % 35.13 % 17.56 % 13.97 %

ARG257-NH1 RAMI1-02 12.87 % 12.48 %

GLU293-OE1 RAM1-02 2844 %  31.24 % 22.85 % 10.58 %

GLU293-OE2 RAM1-02 2804 % 6756 % 23.25 % 67.07 %

ARG230-NH1 RAM1-03 20.26 %

ARG230-NH2 RAMI1-03 14.07 %

ARG257-NH2 RAMI1-03 13.27 % 11.48 %

ARG230-NH2 RAMI1-05 10.08 %  26.05 % 10.98 % 18.16 % 11.88 %

SER246-O NAG2-06 10.48 % 18.36 % 30.44 %

ASP247-0OD1 RAM3-03 2974 % 8932 % 39.42 % 31.04 % 42.61 % 22.36 %

ASP247-OD2 RAM3-03 31.64 % 32.73 % 58.58 % 37.03 % 91.72 % 50.20 %

THR248-0G1 RAM3-04 1148% 11.28% 31.94%  21.66 % 11.48 %

SER246-O RAM4-03 73.65% 69.06% 7146 %  45.71 % 49.00 % 46.21 % 65.47 %

ASP245-0O RAM4-04 29.44 %

GLN280-NE2 RAM4-04 16.57 %

GLN280-NE2 NAG6-07 1707 % 61.58 % 68.76 %  44.61 % 32.44 % 18.46 % 32.34 %

TYR282-OH NAG6-07 10.48 %

SER337-0G RAM7-04 13.07 %

GLY339-N RAM7-04 18.66 %

GLN325-0OE1 RAM7-04 26.35 % 19.06 %

TRP421-NE1 RAMS-04 19.06 % 13.57 %

ASP397-OD2 RAMS-04 75.95 % 41.52 %

ASP397-OD1 RAMS-03 61.58 % 32.83 %

TYR400-OH RAMS-03 11.38 %

TYR400-OH RAMS-02 18.16 %

ASP425-OD1 RAMS-0O1 25.75 %

ASP425-0OD2 RAMS-O1 10.68 % 32.24 %

Relative Occupacy 1.00 1.34 1.56 1.03 1.08 1.42 1.01

Total number of H-bonds 14 10 11 13 12 14 13

a Hydrogen bonds in this mutant which are listed as Ser246 are formed by Cys246.
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Thus, the hydrogen bond occupancies suggest that V204C, S246C and Y400C have a higher
affinity than Sf6 TSPgapa. Ligand flexibilities in V204C and S246C mutants agree well with
this finding. However, the oligosaccharide bound to the Y400C mutant has more flexibility.
The T315C and N340C mutants might have the same affinity towards the carbohydrate ligand
as Sf6 TSPrapa according to the hydrogen bond analysis. In contrast, the hydrogen bond
pattern for octa- and dodecasaccharide bound to the T443C mutant is in favor for a decreased

ligand affinity as already seen by flexibility analysis.

Water network

The MobyWat tool (see Chapter 3.4.2.2) was used to determine mobile water molecule
positions on the protein surface during 100 ns MD simulations. From 30 crystallographically
determined water positions, 20 could be reproduced in Sf6 TSPgpapa in complex with
octasaccharide. Every cysteine mutant and Sf6 TSPgapa with dodecasaccharide resulted in a
reduced number of reproducable water positions compared to the crystal structure (Fig. S 8).
The total number of simulated water position was highest for EADA and T443C, while
V204C, T315C and Y400C had a reduced number of simulated water positions within the
binding site (Tab. 10).

Tab. 10: Sf6 TSP mutant simulation and derived water positions by Moby Wat

Protein mutant Number of Water by MobyWat Water in agreement with crystal
structure (30)
EADA-octa 126 20
V204C-octa 106 16
S246C-octa 117 15
T315C-octa 110 12
N340C-octa 114 16
Y400C-octa 111 14
T443C-octa 126 17
EADA-dodeca 144 15
T443C-dodeca 143 16

The distribution of derived water molecule positions from the simulations did not show large
differences between the mutants. The hydrogen bond network (Fig. 31) is separated into three
parts in Sf6 TSPgapa in complex with the octasaccharide (Fig. 31G). Two major
accumulation spots of high densities of hydrogen bonds are observable in the upper part of the
binding groove and in the middle left side (as indicated by green circles). No general rule
exists that by default assigns favorable or unfavorable contributions of water molecules to the
driving forces for ligand binding (Ladburry, 1996). However, the water network in the
Sf6 TSPrapa oligosaccharide complex contains dense hydrogen bond accumulation spots

which suggest that these spots are important for the binding. Therefore they should also
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appear in the mutant protein variants. On the contrary the appearance of dense hydrogen bond
spots at other positions is most likely unfavorable. In previous simulations of Sf6 TSP
mutants, it was observed that an increased number of molecules at the subunit interface might
interfere with proper packing of the protein chains and result in “swelling” of the intersubunit
binding site (unpublished data by Y. Kang). The dense hydrogen bond spot on the middle left
site of the Sf6 TSPrapa binding site can be observed in all cysteine mutants (Fig. 31), while
the hydrogen bond spot in the upper part can only be observed in V204C, S246C and T315C.
Hydrogen bond spots, which are not observed in Sf6 TSPgapa, were not found. The water
networks did not reveal strong effects of the cysteine mutations on binding site hydration.
Hydrogen bond cluster distribution may suggest that V204C, S246C and T315C are equal
binders as Sf6 TSPgapa.

$246C N340C Ya00C' T443c "

Fig. 31: Water networks from 100 ns simulation of Sf6 TSPg,ps cysteine mutants derived by MobyWat

Water networks were derived based on 100 ns simulation with MobyWar and the IDa list selection restricted to the top 20 %
in the prediction mode (see Chapter 2.7). Resulting structures were superimposed with the crystal structure of Sf6 TSPgapa
and all water within 5 A distance to the dodecasaccharide starting structures were selected. Networks are presented as dashed
lines showing hydrogen bonds with maximal 3.5 A distance. Networks in blue were derived from simulations with octa- and
in orange with dodecasaccharide ligand. Green circles emphasize dense hydrogen bond regions of Sf6 TSPgapa-
octasaccharide simulated networks.
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In conclusion, MD simulations suggest that the two cysteine mutants V204C and S246C may
exhibit an increased oligosaccharide affinity, whereas the Y400C mutant most probably is a
weak binder. No clear preference for increasing or decreasing affinities can be given for the

residual three mutants T315C, N340C and T443C.

3.3.1.2 SPR analysis of Sf6 TSP mutant affinities towards immobilized polysaccharides

For the experimental assessment of binding

. 100 —— EADA —— V204C —— N340C T443C —— Y400C

1200 ; 1 = I : o affinities of the cysteine mutant set, surface
g:zz I = H g HA 114 plasmon resonance interaction experiments
éé 500 : sriiiEea . L. e were performed. For these experiments, the

001 5 game  activated polysaccharide surfaces

202_ L»—-———L were used as described in Chapter 3.1.3.1.
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Fig. 32: Injection signal for Sf6 TSPg,p, cysteine mutants

signals of each injection were compared
(Jung et al, 2014), assuming that all

mutants exhibit the same non-specific signal

of around 4 % on the reference channel

(more details see Fig. S 9). The cysteine
mutants V204C, S246C, T315C and N340C

(A) Sensograms of 8 uM protein injections over the surface
with immobilized SfY polysaccharide (Chipl) of
Sf6 TSPgapa (black) and each of the cysteine mutants:
V204C (red), S246C (yellow), T315C (green), N340C (blue),
Y400C (purple) and T443C (cyan). (B) Maximal response
units at 178 s of injection with Sf6 TSPgapa cysteine mutants
measured as triplicates for protein concentrations of 0.08

showed a higher maximal response than
St6 TSPeapa (Fig. 32B), whereas Y400C
and T443C had a lower maximal response.

When the experiment was repeated on a

(blue), 0.8 (gray) and 8 uM (red). The horizontal lines mark
the maximal response of Sf6 TSPgspa in the respective
concentrations.

surface (Chip2), V204C and T443C showed a decrease and increase in maximal response

second newly prepared polysaccharide

compared to Sf6 TSPrapa, respectively (Fig. S 10B). Therefore, it is unclear from the
maximal response signals, if V204C and T443C have increased or decreased affinities
compared to Sf6 TSPgapa, while S246C, T315C, and N340C appear with increased affinities
and Y400C with a decreased affinity.

The dissociation rate from the polysaccharide surface is reduced for S246C, T315C, N340C
and T443C compared to EADA, V204C depicts approximately the same dissociation rate and
Y400C has an increased dissociation rate (Fig. 32A). The difference of the dissociation curves

was only accessed visually as a fit with bi- and triexponential curves or any dissociation
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model was not successful. Nevertheless, the association curves could be fitted with a
biexponential curve to evaluate differences between the mutants (Fig. 33A-B). Thereby the
results of both measurements agree with an increased apparent association rate for V204C and
Y400C and a decreased apparent association rate for S246C (Fig. 33C). T315C, N340C and
T443C apparent association rates are similar to the one of EADA with a slight increase

regarding Chipl and a slight decrease regarding Chip2.
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Fig. 33: Association curves of Sf6 TSPg,p, cysteine mutants

The association data of 8 pM were fitted with a biexponential equation for each Sf6 TSPgsp, cysteine mutant with measured
data shown as symbols and the fits depicted as lines for EADA (black), V204C (red), S246C (green), T315V (yellow),
N340C (blue), Y400C (purple) and T443C (cyan) on Chipl (A) and Chip2 (B) as the mean of measured triplicates. All fits
were calculated with R>=0.997 or higher. (C) Calculated kg,s with standard deviations from biexponential fits of data in A
and B.

As the dissociation constant is defined as quotient of off-rate and on-rate, a higher on-rate
would lead to a decreased dissociation constant. The observed rates from the fitted
associations still include both on- and off-rate. Therefore a direct calculation with the given
data would not be possible. However, EADA and V204C showed comparable off-rates in the
dissociation curves, while the on-rate from the apparent association rate for V204C is

increased compared to EADA, suggesting an increased affinity also for this mutant. T443C
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showed a slightly lower off-rate than EADA, but on-rates are ambiguous. Nevertheless strong
differences in on- and off-rates mostly only result in small affinity changes (Nakajima, 2001).
Thus, three of the six cysteine mutants (S246C, T315C and N340C) showed unambiguously
increased equilibrium signals in comparison to EADA in interaction experiments on a SfY
polysaccharide chip, while Y400C showed a strongly decreased signal. All results of
computational prediction and experimental affinity measurements are summarized in Tab. 11.
In conclusion, the S246C mutant was found to have a higher affinity towards surface
immobilized polysaccharides, in agreement with the predictions from MD simulations. In
contrast, Y400C could be identified as weaker binder computationally and experimentally.
Nevertheless, computational and experimental results remain ambiguous for the majority of

the analyzed mutant set.

Tab. 11: Comparison of simulated oligosaccharide behaviour and experimentally determined binding signals of
Sf6 TSPpspa cysteine mutants

Analysis® EADA Vv204C S246C T315C N340C Y400C T443C
ngand RMSD  1.68+0.37 1.54+0.25 1.21£0.31 1.56+0.43 1.55+0.81 2.61+1.13 1.48+0.38
(A)

Number of 5(octa) 2 2 2 4(bended) 3(bended) 7(bended)
ligand cluster 5(dodeca) 1

Relative H- 1.00 1.34 1.56 1.03 1.08 1.42 1.01
bond occupany

H-bond 14 10 11 13 12 14 13
number

RU,.x Chip1” 268.4+6.3 480.1£2.5 605.2£78.6  372.1+19.3  366.8+46.5 16.14£1.62  215.4+4.6
RU,;.ax Chip2 102.8+3.5 38.26+0.93 191.2437.5 158.5+25.7  228.2427.0  58.23+5.56 165.9+8.9

Association 0.132+0.004 0.210+0.004 0.115+0.004 0.148+0.007 0.151+0.004 0.885+£0.270 0.148+0.004
Chip1l

Association 0.123+0.002 0.161+0.006 0.077+0.002  0.092+0.002 0.091£0.002 0.426+0.013 0.117+0.017
Chip2

Conclusion Stronger Weaker

a Values colored in blue emphasize an increased binding propensity of oligosaccharides while values marked in red depict
weaker binding in relation to Sf6 TSPgapa.
b Maximal response units are listed for 0.8 uM Sf6 TSPgspa cysteine mutant interactions.

3.3.2 Computational tools for amino acid selection and binding affinity prediction

The application of relatively long MD simulations of 100 ns and the simple evaluation of
ligand flexibility, hydrogen bonds and water network revealed the affinity changes of two
mutants. Therefore, it is an acceptable tool for affinity prediction of carbohydrate binding
proteins. However, clear results are possibly only achieved for mutants with strong affinity
differences compared to the reference. Thus a more sensitive computational tool would be

needed together with a selection approach for amino acid exchanges.
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3.3.2.1 Comparison of Sf6 TSP with S. flexneri O-antigen antibody binding sites

SfY polysaccharide as natural ligand of Sf6 TSPgapa consists of 75 % a-L-Rhap and 25 %
B-D-GlcpNAc. A search for these respective glycan moieties in Glyvicinity using o-L-Rhap as
a ligand reveals 24 non-redundant pdb entries in comparison to B-D-GlcpNAc with 394 entries
(Rojas-Macias and Liitteke, 2015). From the 24 pdb entries with thamnose, four entries could
be identified beside Sf6 TSP structures, which bind to a Shigella flexneri O-antigen structure.
These are one antibody fragment (FAB) binding to Shigella flexneri 2a O-antigen penta- and
decasaccharide (pdbID: 3C6S, 3BZ4) (Vulliez-Le Normand et al., 2008) and a FAB in
complex with Shigella flexneri Y O-antigen tri- and pentasaccharide (pdbID: 1M7D, 1M7I)
(Vyas et al., 2002). The binding sites are groove shaped including cavities which bury the
branching Glc of the Sf2a oligosaccharide or the a(1-3) linked rhamnose for both O-antigens.
Even though the binding site of the Sf2a Fab fragment is shallower than for SfY, both ligands
are found in similar conformations when bound to the antibody fragment. If these conformers
were modelled into more extended polysaccharide, stretches of right handed helices resulted

(Vulliez-Le Normand et al., 2008; Vyas et al., 2002). However, these conformers do not seem

100 - to be stable and prevalent in solution as
90 | a-L-Rhap
R 8 I simulations  of  elongated fragments
£
s %07 containing four RU of SfY PS in absence of
S 20
% 10 1 a protein binding site also showed hairpin-
a 9 .
-10 | like structures (Kang et al., 2014).
-20 ;
532 3 % Z¢ = 53 % |°I_f £22 g FEDY Similarities of the binding sites of the
w— Glyvicinity w—Sf6 TSP 8mer antibodies and tailspike protein were
mmmm FAB Sf2a 10mer ©——— FAB SfY 5mer . L.
100 5-D-GlcpNAG compared with the results of the Glyvicinity
90 -
R 80 I tool (Rojas-Macias and Liitteke, 2015),
£
5 ;g: which was already used to depict frequent
ks . . :
3 12 ] and non-frequent amino acid residues close
2 o
-10 4 to a-L-Rhap or B-D-GlcpNAc (Kang et al.,
-20
5323 g TR S 2016) (Fig. 34). In the vicinity of rhamnose
Fig. 34: Amino acid residues in the vicinity of o-L-Rhap

and p-p-GlepNAc the amino acids Asn, Gln, His, Tyr and Trp

The percentile deviation of amino acid residues found in the
vicinity of the carbohydrate residues over all structure in the
PDB by Glyvicinity (black) in comparison with Shigella

flexneri O-antigen binding proteins Sf6 TSPgaps (pdbID: Ser, Ala, Val, CyS, Met, Phe, Leu and Ile are
4URR) (red) and FAB fragments binding Sf2a decasaccharide
(pdbID: 3BZ4) and SfY pentasaccharide (pdbID: 1M7I). The
deviation in % of the three proteins was calculated by the
frequency of the amino acid in 5 A distance to the sugar
moiety divided by the overall frequency in the protein.

are highly overrepresented. In contrast Arg,

underrepresented. The same over- or

underrepresentation is  observable for
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Sf6 TSPrapa and the antibodies for Ser, Tyr, Val, Cys, Trp, Phe, Leu and Ile. For GlcNAc
Asp, Asn, Arg, Tyr, Trp and Phe were found to be overrepresented in the globel protein set in
the PDB available, while otherwise the same residues as for rhamnose were underrepresented.
For Sf6 TSP and the antibodies the same distributions as in the global protein set were
observed for Gly, Ala, Cys, Met and Trp. In cases when all three proteins and the global
protein set resulting from Glyvicinity have the same distribution, the residues are mostly
underrepresented except for the aromatic residues, which are overrepresented for all four
options (Fig. 34). These residues being over- or underrepresented for all four selections depict
possible candidates to be introduced into the binding site. On one hand the natural binding
affinity in general is low therefore introducing underrepresented residues in the binding site
might lead to unexpected effects on the affinity. On the other hand aromatic residues, which
are overrepresented, are known to play a role in carbohydrate-protein interactions and the
inclusion of more aromatic residues might enhance the amount of CH-r interactions (Asensio

et al., 2013).

3.3.2.2 Computational assessment of the influence of amino acid exchanges on

oligosaccharide affinities

Besides the selection of single point

QG‘. ransformi

mutations to influence binding affinity, a
computer based technique to evaluate the
affinity changes is necessary. Thus

independent-trajectory thermodynamic

integration (IT-TI) (Lawrenz et al., 2012) was
tested on a different tailspike model as high-

affinity mutants and the corresponding

TSP with Hexamer TSP with Pentamer
experimental binding free energies were
AGD.n.:] 1 lI!“Sou'n:l 2
. available (More details to HK620 TSP are
2 I e B ” »>.0.0 M ' ' _
0 sy o given and discussed in Chapter 3.4). The
Hexamer in water Pentamer in water

Fig. 35: IT-TI cycle for side chain or ligand exchange set-up included two CarbOhydrate hgands, on

(A) The protein (white protein backbone) is simulated in a box
filled with explicit water molecules and with or without ligand
(shown as pentasaccharide in SNFG nomenclature) in the
binding site, while the side chain amino acid is mutated from
glutamine (orange) fo alanine (purple). (B) The protein prapched  glucose.  The  alchemical
variants (white surface) are simulated in a water box with
ligand exchange during the calculations from hexa- to
pentasaccharide. For the second term the ligand is exchanged
sole in a box filled with explicit water molecules.

a pentasaccharide and the second the

respective hexasaccharide with an additional

transformation of these two ligands in the
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protein binding site and in solution as shown in Fig. 35B resulted in a AAGr
of -1.21+4.31 kJ/mol. This corresponds well to the experimental difference of binding free
energies of the respective protein mutant with AAGirc=-2.1 kJ/mol. Nevertheless, the
usability of IT-TI for Sf6 TSP was hindered by the unavailability of two different ligands
resolved in the binding site. Therefore the alchemical transformation of side chains was
intended, which is used in the evaluation of protein stability and folding behavior of mutants
(Seeliger and de Groot, 2010). The used data set included mutations on one position between
glutamate as wild type or glutamine and alanine as high affinity mutants (Fig. 35A). The data
set was evaluated by implementation of available crystal structures, the change of the
ionization state of nearby histidine to counterpart the changed charge modification of
glutamate to non-charged residues, different protein restraints and TIP3P or -4P water.
However, none of the calculated free energy differences resulted in a reasonable
approximation of the experimental results. Therefore IT-TI was not applicable so far for the

complexity of a tailspike protein-oligosaccharide complex system.

Tab. 12: Free energy differences calculated by thermodynamic integration (TI) on a tailspike high-affinity test case

Mutated residue AAGry (kJ/mol) AAGyrc (kJ/mol) AAGry (kJ/mol) AAGyrc (kJ/mol)
(Pentasaccharide) (Pentasaccharide) (Hexasaccharide) (Hexasaccharide)
GIn 2 Glu (WT) *#63.06 £5.12 15.8 *39.15 £5.15 n. d.
*66.30 £2.88 *28.25 £2.94
*%43 .32 +4.15 *#%3]1.59 +7.28
#4447 35 £5.20
Gln 2> Ala *10.43 £2.95 -0.5 *#25.09 £2.07 2.1
*2.46 +2.57 *-1.06 £3.19
*-4,98 +£3.29 *12.56 +£1.94
HEHAD ] 36%2.37
Ala = Glu (WT) *24.87 £2.84 16.3 *33.68 £2.46 n. d.
#22.06 £6.28

*protein crystal structure, **protonation state His374, ***without backbone restraints, ****different water model TIP4P
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3.4 Computational analysis of solvent contributions to thermodynamics of

oligosaccharide complex formation in HK620 TSP

3.4.1 Description of the available structural and thermodynamic data sets

In the previous chapters, the attempt to design a high-affinity carbohydrate binding protein
was described based on a structural approach. However, for a rational design approach, it
would be useful to achieve a more general understanding on the driving forces leading to
complex formation between proteins and carbohydrates to improve the success rate of chosen
designs. In principle, this knowledge could then be implemented into a computer-based tool
to facilitate experiments of mutant production and high-affinity screening.

The tailspike protein from the bacteriophage

HK620 was investigated in earlier studies

4‘& (Barbirz et al., 2008; Broeker et al., 2013).

j _ 2%‘“‘; | The bacteriophage HK620 belongs to the
( ' » " ' Podovirideae family, as P22 and Sf6
bacteriophages (Dhillon et al., 1998; Israel et

. l[mc al., 1967; Lindberg et al., 1978), and infects

i -, .103u 3;“ the Gram-negative bacterium Escherichia

HI:dGbﬁjozljSP Bl B coli H. HK620 TSP has an endo-N-
eenia oI o ginac acetylglucosamidase function and produces

Fig. 36: HK620 tailspike protein with ligand

The homotrimeric HK620 TSP (shown as cartoon and white
surface) has three binding sites located on the flat surface of
each trimer subunit. HK620 TSP either binds pentasaccharide O18A or O18A1 bacterial O—antigen
repeating units from E. coli O18A antigen or hexasaccharides
from E. coli O18A1 with an additional branched glucose. The
branched glucose is located in a hydrophobic groove in the

binding site. The surface of the protein is colored depending 2013; Zaccheus et al., 2012) (Flg 36). The
on the hydrophobicity with white as polar and red as ’ v ) )

hydrophobic  (pymolwiki.org/index.php/Color_h, 10.03.17; hexasaccharide is bound with a dissociation
Eisenberg, 1984).

constant in the submillimolar range. The two catalytic residues were identified as Asp339 and

penta- or hexasaccharides from O-serogroup

preperations, respectively (Broeker et al.,

Glu372, the mutation of these residues to their non-charged amide equivalents or to alanine
resulted in a loss of hydrolytic function. A set of single and double mutants of these two
active site residues could be grouped according to their affinity range with a decreased
affinity for D339N (DN), a mildly increased affinity by 10fold for D339A (DA) and a
strongly increased tendency for complex formation by 1000fold in the mutants E372Q (EQ)
and E372A (EA). Moreover, all double mutants containing the E372Q and E372A mutation,
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i.e. D339N E372Q (DNEQ), D339A E372Q (DAEQ), D339N E372A (DNEA) and D339A
E372A (DAEA) showed also the 1000fold increased affinity towards hexasaccharides
(Broeker et al., 2013). All together, a complete thermodynamic data set measured by I'TC was
available for all high-affinity mutants for HK620 TSP in complex with two types of
oligosaccharides (Fig. 37).

m AG (pent) ==mm AH (pent) =mmm -TAS (pent)
=== AG (hex) mmm AH (hex) === -TAS (hex)
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Fig. 37: Thermodynamic data for HK620 TSP mutants derived by ITC

Results of ITC measurements of the complex formation between HK620 TSP wild type or indicated mutants with one
repeating unit of the E. coli O18A antigen (Pent) or the E. coli O18A1 antigen (Hex) at 25 °C. No data are available for the
wild type hexasaccharide complex due to its low affinity (For the hexasaccharide, data are published in (Broeker et al.,
2013)).

Structural models of the HK620 TSP-hexasaccharide complexes have been used to analyze
the origins of the differences in the thermodynamic data set between different mutants and
ligands (Broeker et al., 2013). In the crystal structures of WT and E372Q in complex with
ligands, no differences in amino acid side chain positions could be observed, only E372Q can
form an additional hydrogen bond to the ligand. However, in structures without ligand, the
mutated Q372 is rotated by 110° concerted by a rotation of Y344. Thereby H374 is shifted, a
salt bridge disrupted and an additional water site is formed, which in the WT binding site
would be occupied by the carboxylate residue. Therefore, it was concluded that the affinity
increase of 1000fold for E372Q derives from the combined side chain movements and from
the expelled water upon binding due to an increase of entropy and enthalpy (Broeker et al.,
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2013). These changes explained the affinity increase of E372Q mutants, but not in the E372A
mutants, as alanine cannot form hydrogen bonds and also would not provide a connection for
additional water positions. Furthermore, it remained unclear whether other binding modes
were present in the double mutants. To address these questions, all single and double mutants
were crystallized without ligand or with penta- or hexasaccharide before this work resulting in
27 structures for eight mutants and the wild type. Six of these structures were analyzes in
earlier work (Barbirz et al., 2008; Broeker et al., 2013). Thus together with a thermodynamic
data set provided for all mutants in complex with pentasaccharides, a complete experimental
description of the HK620 TSP binding site was available that will be summarized briefly in
the following (Kunstmann et al., in preparation).

Isothermal titration calorimetry (ITC) with penta- or hexasaccharide resulted in similar free
enthalpies of binding to HK620 TSP (AAGrc=2 kJ/mol) (Fig. 37). However, an enthalpy and
entropy difference between penta- and hexasaccharide binding was observed
(AAGirc=6 kJ/mol) for E372A single and double mutants as well as for the D339A mutant.
For E372Q single and double mutants, this difference increased to 14 kJ/mol. In both cases,
the binding of the pentasaccharide is more enthalpically driven than for the hexasaccharide.
Both effects might be assigned to solvent given the overall structures of the oligosaccharide
complexes. In the crystal structures, the additional glucose of the hexasaccharide is enclosed
in a hydrophobic binding groove (Fig. 36). If empty, i.e. without ligand or with
pentasaccharide bound, five distinct water positions were observed in this pocket. These water
molecules take the position occupied by glucose hydroxyl groups upon hexasaccharide
binding (Fig. 38). In the present work it was therefore aimed to study the influence of the
enclosed or replaced water in the glucose binding groove on the thermodynamic driving

forces of penta- or hexasaccharide binding (Kunstmann et al., in preparation).

Fig. 38: Oligosaccharide ligands in the HK620 TSP binding site

(A) The pentasaccharide of O18A serotype O-antigen (blue sticks) is bound in the binding pocket (white surface) with five
water molecules (orange) in a hydrophobic binding pocket, while the hexasaccharide from O18A1 O-antigen replaces four of
these water molecules (B). (C) Glucose hydroxyl groups overlay with the positions of the replaced water molecules.
Pentasaccharide represented by thick sticks, hexasaccharide represented by thin sticks.
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3.4.1.1 Analysis of binding site rearrangements upon ligand binding observed in the

crystal structures

P The side chains belonging to the binding
G211

H212 s 242 pocket were defined as all residues within

F247 Q"#‘ ) 5 A distance to the hexasaccharide ligand in
[ f ® = d the wild type crystal structure (pdblD:
P252 7R A 11 .; J‘-232 2X85). The residues of the binding site were
~, G313 L SW 08\, { AT307 compared and separated in an upper
3113 “ (residues 211-315), middle (residues 339-
400) and lower part (residues 426-505) (Fig.

.
w314
= NAG2-

39). Endo and exo conformations of P252 or
P469 were not taken into account, as the
pyrrolidine ring shows a high flexibility in
general (Deslaurier et al., 1974).

Most of the residues were populated in just
one or two rotamers, a bound and an
unbound position. The most populated
position for a specific side chain residue is
called the bulk state and if not stated
differently the WT-hexasaccharide

Fig. 39: Binding site residues of HK620 TSP

The protein binding site (white surface) with residues in 5 A (WT-hex) structure defined the bulk state
distance to the hexasaccharide (white sticks, green labels) )

were divided in upper (residue 211-315, green sticks), middle All chanees in side chain rotamers are listed
(residue 339-400, yellow sticks) and lower part (residue 426- g

502, blue sticks). The binding site residues are labeled in black i Table S 6 and Table S 7. An overview of
;;ll ir;grogen bonds can be found in Table S 8 and Table S 9. Five residues with the most
pronounced changes are described in the following.

The most diverse side chain positions in the upper part of the binding site were observed for
N315 with four different arrangements (Fig. 40A). DNEA-apo and EA-apo exhibited two
resolved forms; one of these twisted around 1 from -66.4° (WT-hex) to -150° and shifted by
1.8 A and 3.9 A for ND2 and ODI1 of the side chain, respectively. Additionally, the other
conformation of DNEA-apo and EA-apo overlaps with DAEA-apo with a 2 of 8-18° (-2.3°
for WT-hex). For the amide group this resulted in a twist by 24° from the bulk position. DA-
apo and the single and double mutations of E372Q in apo showed a turn of %2 of up to 9.8° to

the bulk. N315 builds three hydrogen bonds without ligand: N315N-N3150D1, N315ND2-

90



Results

A3990 and N3150D1-N346ND2. The latter is established in all variants upon every binding
state, while the bond between N315ND2-A3990 is only formed in the apo and not in the
bound states. In WT this bond is not formed in all three states. The first hydrogen bond
N315N-N3150D1 is only formed in the apo forms of DN, DA, EA, DNEQ and EQ.

In the middle part of the binding pocket, D339 is populated in four states (Fig. 40B),
including a bound and unbound state for aspartates and asparagines each (Alanine mutations
were not analyzed). The aspartate residues are turned by 25° upon binding at y2 versus the
lower part of the binding pocket resulting in a position between the two states of the amide
group of asparagine. The amide group is turned by 66° at x2 upon binding to the lower part of
the binding pocket. This twist did not occur in DN-hex, the amide stayed as unbound rotamer.
The second mutated residue 372 showed the same variation as residue 339 with four major
positions: two bound and unbound for glutamate and glutamine each (Fig. 40C). For WT-apo,
DN-apo, DN-hex and DA-apo the residue is turned around %3 by 20° upon binding of the
ligand, what results in a shift of the carboxyl group with up to 0.9 A. DN-hex again did not
change upon binding. The glutamine on position 372 is strongly turned upon binding with y2
80° and y3 120° consequently the amide group is shifted by 2 A. For EQ-pentasachharide
(EQ-pent) the amide group is turned by 180° around 3 compared to the other bound states,
which might be a wrong assignment of the electron densities. For E372 with hexasaccharide
only one direct hydrogen bond is formed between E3720E2-NAGI101, while with
pentasaccharide additionally E3720E1-NAG106 is formed. For Q372 with hexasaccharide
two hydrogen bonds are formed (Q3720EI-NAGIO1 and Q372NE2-NAGI10S5), with
pentasaccharide even three hydrogen bonds exist with Q372NE2 also bound to NAG106.
A372 in apo forms a hydrogen bond between A372N-S3410G.

H374 exhibits one of the strongest variations upon the 27 crystal structures with up to seven
different rotamers in the binding pocket with varying bound forms of the WT, DN and DA
(Fig. 40D). WT-pent, DN-pent/hex and DA-pent bound states were turned by 56° around y2
to the bound state of all E372A/Q mutants, which is the bulk state. Close to the WT-pent
rotamer, E372A mutants in apo are located with a turn by ¥2=75° to the bulk state. The apo
forms of DN/A were located in between with a ¥2 of 40° to the bulk state. DA-hex shared the
position with WT-hex as they are turned towards the bound positions of the E372A/Q mutants
by x2 of 20°. This bound state was placed parallel to WT-apo which was shifted towards
D339 by 0.6 A. The last rotamer of H374, E372Q mutants in apo exhibited an own position,
which was parallel to their bound state and shifted towards Y344 by 1.0 A. In the pentamer
bound state, DA, DNEA and all E372Q mutants built a hydrogen bond to NAG106.
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Fig. 40: Side chain rotamers found in different HK620 TSP crystal structures
The residues 315 (A), 339 (B), 372 (C), 374 (D) and 471 (E) depicted from the 27 crystal structures. The related color coding
describes the depicted structure.

The most changes in the lower binding site part are exhibited by N471 with seven populated
states (Fig. 40E). The bulk position is occupied by all pentasaccharide bound forms in
addition to WT, EQ and DNEQ in apo and DN-hex. All hexasaccharide complexes except for
the DN mutant show N471 positioned in a 2 of 20° to the bulk with the carbonyl group
pointing outwards of the glucose binding pocket and DN-apo shifted parallel outwards from
this position by 0.7 A. DAEQ-apo is turned at x2 by -40° with the carbonyl group pointing
inwards the glucose binding pocket, which would close the glucose binding pocket. In
contrast with an opening of the glucose binding pocket the apo structures of DA and DAEA
were turned by y1 of 40° and y2 of 85° and 40°, respectively, together with a shift of 1.2 A of
Cg. The complete opening of the glucose binding pocket N471 was exhibited by the apo
structures of DNEA and EA, as the whole residue is turned on %1 by 110° with a shift of the

side chain by 3.2 A pointing outwards.
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In conclusion, the conformational changes of the side chain rotamers can partly be grouped
into E372Q or E372A mutant related changes. However, the total number of hydrogen bonds
does not vary much and none of these arrangements truly explains the increased affinity for
the E372A mutant forms. As a consequence the observation of the “dry” binding pocket
surface did not give an explanation for the thermodynamic driving forces and the inclusion of

the crystalized water molecules is necessary for a further explanation.

3.4.1.2 Distribution of crystal water in the HK620 TSP binding site

The previous work showed that in the HK620 TSP E372Q mutant, Q372 is turned in apo
together with the two adjacent residues Y344 and H374 upon binding of the hexamer. The
glutamine residue expels a water molecule from the binding site. This water replacement was
accounted for 8-10 kJ/mol contribution to the free enthalpy complex formation (Broeker et al.,
2013) (Fig. 41A-B). The same area of the binding site when including the mutated residue
E372A exhibits less conformational changes upon the binding event. However, with an
alanine at position 372 in direct proximity much more water molecules could be resolved in
the crystal structure, which are diversely distributed for the apo form, but are more
concentrated on two specific positions for the ligand bound forms of E372A mutants (Fig.
41C). These two well localized water positions of E372A mutants are not present in a WT
ligand bound crystal structure because their positions would overlap with the removed
carboxylate oxygens (Fig. 41D).

Therefore, the binding leads to the immobilization of two water molecules in the central
binding site which are placed on positions of the former wild type glutamate carboxylate
oxygens. Immobilizing these water molecules would first of all result in an entropy loss.
However their position suggests a hydrogen bond bridge, which compensates for hydrogen
bonds lost by the mutation. The obtained space by the mutation to alanine is filled by water
molecules. Most double mutants with either E372A or E372Q background also had water
molecules at the described position (In Fig. 41 water molecules are depicted for EA/Q,
DNEA/Q and DAEA/Q). In conclusion, the affinity in E372Q mutants is derived from a
removal of one water molecule, while for E372A mutants the affinity is derived from a
fixation of two water molecules in the central binding site. For the high-affinity double
mutants DNEA, DNEQ, DAEA and DAEQ, the binding mode is not changed in the 372

residue area compared to the single mutants EQ and EA.
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E/Q37
H374 va} Y344

Fig. 41: Water arrangement around high-affinity mutated residues resolved from X-ray crystallography

(A) The mutated Q372 with the two adjacent binding site residues H374 and Y344 with hexasaccharide bound (white sticks)
in the E372Q-hex (black sticks) and the E372Q-apo conformation (blue sticks). Water molecules (crosses) from all crystal
structure with E372Q mutation are colored according to the binding state with apo=blue, penta-=red and
hexasaccharide=black. (B) The same residues as in A are depicted in black for E372Q-hex overlaid with the same residues
from the WT-hex structure (orange sticks). Water molecule positions from bound conformations of E372Q mutants
(penta-=red, hexasaccharide=black) are shown in combination with water positions from WT structure with ligand (yellow
crosses). (C, D) The mutated A372 is presented as in A and B with the same color coding and water positions from all
E372A mutants. For A-D, the right panel is turned by 180° perpendicular to the left penal. Green circles emphasize water
molecule positions discussed in the text. (E,F) The mutated N339 with the two adjacent binding site residues S341 and Y393
in comparison of apo to hexasaccharide form (E) and between WT and mutated forms (F). (G,H) The same is depicted as in
E and F for the A339 mutations. For E-H, the left panel is rotated by 90° to the right panel. The color coding stays the same
in all included figures.

The double mutation might influence the most the binding site area around the varying
residue 339. D339 is located adjacent to S341 and Y393 in the binding site. The
conformational changes of these residues upon ligand binding are minor. Only a slight shift of

the asparagine out of the binding pocket with ligand is observed in the crystal structures.
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Nevertheless water positions change upon ligand binding for N339 mutants: Without ligand,
water molecules preferably occupy positions which are replaced by the hydroxyl groups of the
oligosaccharide, a phenomenon often encountered in carbohydrate binding sites (Modenutti et
al., 2015). In presence of the oligosaccharide ligand, two positions of water clusters can be
identified which are bridging a potential hydrogen bond network above the ligand that would
lead to an enclosure of the ligand between protein binding site and water (Fig. 41E). From
these positions only one is specific for N339 mutants as it is not observed in the bound WT or
single mutations EA and EQ (Fig. 41F). In A339 mutants, the same effect upon ligand
binding can be observed, whereby the specific localization of the water clusters is not as
strong as for N339 (Fig. 41G). Thereby, an additional water position appears in A339 mutants
in ligand bound form which is positioned adjacent to the original position of aspartate
(WT/EA/EQ) or asparagine (DN/DNEA/DNEQ) (Fig. 41H). The entropic cost of the binding
increases from the single mutants EA and EQ to the D339A mutants to the D339N mutants
(Fig. 37). The water molecule distribution in the bound state of D339N mutants is more
ordered around N339 than observed for A339, which might explain this entropic cost. As an
alanine cannot form hydrogen bonds by itself, the more diverse distribution of water
molecules around it would be expected. However, the number of immobilized water clusters
is the same for D339N and D339A mutants. The removal of water around the charged residue
aspartate (D339) is connected with an entropic gain, but would be enthalpically expensive
(Biela et al., 2013). With an alanine mutant, the freedom of immobilized water positions upon
ligand binding is still moderate compared to water molecules fixed around the polar
asparagine. In conclusion, the thermodynamic contributions of the double mutants can be
partly encountered to the removed or present additional charge.

Five to six water positions can be observed in the glucose binding groove of pentasaccharide
bound crystals. The enclosure of these water molecules may account for the entropic penalty
found when the ligand is inserted into the
binding site. In hexasaccharide bound
complex structures these water molecules
are released. The difference between E372A

and E372Q mutants may therefore result

) ) a from a connection of the groove water
Fig. 42: Water molecules in the glucose binding groove

from crystal structure analysis . .. molecules with the residual binding site in
The glucose binding groove with hexasaccharide (thin white

sticks) and pentasaccharide (thick white sticks) with all FE372A mutants observed at the entrance of
crystallographic water positions (crosses) from E372A (A)

and E372Q mutants (B) in apo (blue), pentamer (red) and the groove (Fig. 42 A).

hexamer (black). One position is only occupied in two of the

three protein pentasaccharide variants each (yellow).
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In E372Q these connecting water molecules are not found in any of the ligand bound
structures as the glutamine is located at the entrance of the groove and can form a gate for
water exchange between the rather flat oligosaccharide binding site and the occluded glucose

binding groove (Fig. 42B).
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Fig. 43: Crystallographic water molecules in apo crystal structures.

Binding site surface (white) of various mutations and wild type of HK620 TSP depicted with all water molecules within 5 A
of the WT-hexasaccharide ligand. Water molecules are depicted as red spheres and black dashed lines indicate a hydrogen
bond with maximal 3.5 A distance.

In conclusion, the high affinity behaviour of EQ/EA derives from either a fixation or a
removal of water in the binding site. The connection or isolation of water molecules in a deep
hydrophobic pocket leads to different enthalpic and entropic contributions for the binding of
two oligosaccharide ligands. Therefore different solvation patterns play a crucial role in the
binding event. However, among the 27 crystal structures resolved for HK620 TSP, no water
network could be assigned in the mutants (Fig. 43) and not all double mutants confirmed the

discussed relevant water positions around residue 372 and 339.
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3.4.2 MD simulations for HK620 TSP binding site and water flexibility analyses

The static picture of X-ray crystallography can be overcome by using MD simulations.
Therefore, HK620 TSP wild type and the high affinity mutants EQ and EA without ligand and
with penta- and hexasaccharide were simulated for 10 ns in TIP3P water in a box with
periodic boundary conditions with HK620 TSP as a truncated form of one monomer including
only the amino acids 205-521: a 12 A cut around the oligosaccharide binding site to reduce
computational costs. In total, nine simulations were used for analysis of binding site and
ligand flexibility, for the assignment of water networks on the protein surface by MobyWat
and as the basis of free energy calculations of specific crystallographic water molecules.
Furthermore, for the evaluation of conserved water positions, elongated simulations of E372A
without ligand (50 ns) and with penta- and hexasaccharide (100 ns) were run for one complete
monomer of HK620 TSP in each TIP3P, -4P and -5P, as the water model has an influence on
carbohydrate-protein interactions in simulation (Fadda and Woods, 2011).

These 18 simulations showed a stable protein conformation over the simulation run time
without detachment of the ligand from the binding site. Truncated forms of the B-helix sheet
of HK620 TSP still exhibited the structural backbone conformation states after simulation, as

full monomer structures (Fig. S 11).

3.4.2.1 The ligand and binding site residue flexibility

The oligosaccharide ligand and amino acid side chains that constitute the binding site can
exhibit different levels of flexibility and movements, which can contribute to the overall
thermodynamic signature of complex formation. Comparison of the 27 crystal structures
showed major movements in the central part of the binding site (Section 3.4.1.1). From the
10 ns simulations of WT and EQ/EA in their three binding states, root mean square
fluctuations (RMSF) of every binding site residue were calculated. An error of 10 % on each
value was assumed to be a measure between the differences of the calculated RMSF. Residues
were considered as different in their flexibility when these 10 % errors did not overlap with
the RMSF calculated for the apo form of the residue. The resulting differential RMSF bar
diagram is derived by subtraction of the apo form RMSF (Fig. 44, the figure only contains
residues that markedly changed in flexibility during complex formation. All residues are

included in Fig. S 12).
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In the upper part of the binding site (residues 211-315) WT and EA are more flexible than
EQ. In WT-pentasaccharide (pent) H212 increased in flexibility and in WT-hexasaccharide
(hex) N315 decreased. For EQ only one strong decrease in flexibility can be observed for
N315 with pentasaccharide. For EA the flexibility increased for H212 and strongly decreased
for N315 for both ligands. Additionally, L.282 and W308 decreased in flexibility in EA.
Nevertheless, the upper part includes the smallest number of flexibility changes of the whole
binding site. The flexibility changes in the central part (residues 339-400) are the most
prominent. For WT-pent the flexibility of five residues increases, while for EQ-pent six
residues are increased and two residues are decreased upon binding. For EA-pent in total
seven residues have a decreased flexibility. In contrast for WT-hex, seven residue flexibilities
are decreased and V395 has an increased flexibility. EQ-hex shows the least flexibility
changes with an increase for Y344 and H397 and a decrease for V395 and E400. Five
residues in EA-hex are decreased in their flexibility and only S341 is increased. In the lower
part of the binding site (residues 426-505) for WT-pent only an increase of D430 and a
decrease for D470 are observed, while five residue flexibilities are decreased with
hexasaccharide. In EQ-pent L.427 and N471 are increased in their flexibility and D430 is
decreased. EQ-hex shows only two decreased flexibilities for S429 and D430. In EA 1427 is
increased and S429 is decreased in flexibility for both ligands. Additionally there is a decrease
of D430 and an increase of N471 in the pentasaccharide bound form.

These differences could also be derived by varying flexibility residues in the apo forms. By
comparison of these apo states (Fig. S 12), only differences in the central and lower part of the
binding site are observed. For the WT, in total four residues have an increased flexibility and
two are reduced, thus exhibiting the most changes compared to the mutations. For E372A, the
flexibility of the three residues Y344, H374 and Y393 changed, which are adjacent to the
mutated residue. For E372Q the residue Y393 is reduced in flexibility and H397 and D430 are
increased, which are oriented towards the lower part of the binding site between the glucose

binding groove and the mutation.
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Fig. 44: RMSF differences of residues in the ligand binding site.
RMSF were derived from 10 ns simulations for whole residues with g_rmsf (Gromacs) for all binding site residues. RMSF
differences were calculated by subtraction of the RMSF of the apo form. Error bars correspond to 10 % of the RMSF.
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In crystal structures, the lid of the glucose binding pocket (residue 471-472) appears closed
when a ligand is bound, based on the turn of N471 towards the protein surface (Fig. 46). The
closed lid is observed in WT and EQ-apo, while in EA-apo the lid is open in the crystal
structures with N471 turned outwards away from the protein surface. The fluctuation of root
mean square displacement (RMSD) of the glucose binding groove lid (residues 468-472) were
tracked during 10 ns of simulation, whereby the first nanosecond was excluded to ensure
proper equilibration (Fig. S 13). The mean of
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For EA the RMSD increased with Fig. 45: Flexibility of the glucose binding groove lid.

X . Time dependent fluctuations of RMSD were calculated with
pentasaCCharlde and remained unChanged for g_rms (Gromacs/4.5.5). One nanosecond at the beginning of

. . each simulation was removed to ensure proper equilibration of
apo and hexasaccharide. By clustering the fuctuations. Red solid lines show the mean of the RMSD.

. The upper, middle and lower black lines indicate 75 %,
movement of residues 471-472 from the median and 25 % of the fluctuation, respectively. Error bars

simulation, the lid opening and closure is L?ﬁf:?&czl;ii?dard deviation and black circle ail outliers
depicted (Fig. 46). Interestingly in simulations N471 is turned outwards away from the
protein surface in all main central populated conformations. For the apo and pentasaccharide
form, the WT glucose binding groove lid is opened to the greatest extent as the backbone O of
N471 is simultaneously shifted outwards from the binding site, while for EQ-apo this shift is
the smallest. EQ-pentasaccharide exhibits the most conformations, as N471 oriented outwards
is still able to form a hydrogen bond to the pentasaccharide. In contrast, the lid is more closed
for WT-hexasaccharide than for the other forms and the strongest opening is observed for
EQ-hexasaccharide. EA-apo and pentasaccharide agree with the crystal structure and
EA-pentasaccharide includes one conformational state, where N471 is turned towards the
binding site. Additionally EA-hexasaccharide forms a potential hydrogen bond from the
backbone O of N471 to Glc2. In conclusion, an open conformation of the glucose binding
groove lid was obtained from simulation in contrast to a closed conformation in crystal

structures. Nevertheless the differences between the protein variants and binding modes are

helpful to explain the thermodynamics.
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WT-hex

EQ-apo EQ-hex

EA-apo EA-pent

Fig. 46: Glucose binding pocket flexibility from 10 ns simulation with clustered conformations of residues 471-472.
Superposition of E372A/Q and WT crystal structures with frames of 10 ns simulations of the named structures with crystal
structure depicted in pink for apo, blue for penta- and green for hexasaccharide structures on the protein surface (white).
Depicted frames were selected by a cluster analyses with g_cluster (Gromacs) and a cutoff of 0.45 A. Selected frames are
colored in rose for apo, cyan for penta- and orange for hexasaccharide simulations. Thick sticks show the highest central
populated cluster and the reference crystal structure. Dashed lines represent hydrogen bonds with maximal distance of 3.5 A.
Number of depicted clusters: EA-apo=4; EA-pent=2; EA-hex=3; EQ-apo=6; EQ-pent=7; EQ-hex=2; WT-apo=2; WT-pent=4
and WT-hex=5.
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Beside protein flexibility, ligand flexibility within the binding site may also depict interaction
dynamics in different regions of the binding site. Therefore the RMSF of the ligand was
analyzed equivalently to the binding site residues for every atom (Fig. 47). Hereby a strong
increase of the flexibility for the pentasaccharide compared to the hexasaccharide is observed,
while this increase is the most apparent for the non-reducing end rhamnose. EQ showed the
most flexible ligand and the difference between penta- and hexasaccharide is the strongest,
while in EA the least flexible ligand could be found. As exception, Glc2 is most flexible in
EA and least flexible in WT.

Pentasaccharide Flexibility Hexasaccharide Flexibility
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Fig. 47: Flexibility of the ligand in the binding site.

RMSF were derived from 10 ns simulations with g_rmsf (Gromacs) for all atoms of the ligand. Atoms were sorted
equivalently for penta- and hexasaccharide. Solid lines are colored red for WT, gray for E372Q and blue for E372A. Yellow
vertical lines mark the border between to monosaccharide building blocks.

These observations can be visually confirmed by a cluster analysis of the ligand (Fig. 48). The
crystal structure of WT-hexasaccharide and the simulated central position overlay well. The
WT-pentasaccharide does not overlay well at RAM1 and NAG2. Also in agreement with the
high RMSF, the pentasaccharide bound in EQ exhibits the most conformations especially in
the region of RAM1 and GLC1, while the hexasaccharide in EQ is only strongly varying at
RAMI. The pentasaccharide in EA is in a good agreement with the crystal structure as only
three additional clusters could be calculated with a rotation of RAMI1. The EA-hexasaccharide
conformations are the least overlaid at GLC2 and RAMI. In total this showed the highest
flexibility of the pentasaccharide in the EQ and WT, which is strongly reduced for the

hexasaccharide. Almost equivalent ligand flexibilities occur in E372A.
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Fig. 48: Ligand flexibility in 10 ns simulations with cluster derived ligand conformations.

E372A/Q and WT crystal ligand conformers are superimposed with frames of 10 ns simulations of the corresponding ligand
with the crystal ligand in yellow. Depicted frames were selected by cluster analyses with g_cluster (Gromacs) and a cutoff of
0.48 A. The central position of the main populated cluster is indicated by blue thick sticks. Green transparent thin sticks show
low populated clusters. Number of depicted clusters: EA-pent=4; EA-hex=15; EQ-pent=46; EQ-hex=13; WT-pent=5 and
WT-hex=14.

3.4.2.2 Methodology of water molecule position determination on protein surfaces

The flexibility of oligosaccharide and binding site side chain residues derived from MD
simulation helped to obtain a more detailed view on the binding behavior of HK620 TSP WT
and EA/EQ. However, the thermodynamic contributions of complex formation could not be
explained without the consideration of explicit water molecules. Three methods were used for
the eluciation of explicit water molecule positions on the protein surface by MD simulation.

The MobyWat tool was used for a mobility based prediction of the hydration structure

(Jeszendi et al., 2015). The algorithm of the program uses either the identity or the position of
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water molecules for the generation of water pool lists. The resulting water positions on the
protein surface can be rated by the success rate SRy. The success rate indicates the number of
water positions which agree with the crystal structure water positions (cutoff 1.5 A), divided
by the total number of crystallographic water positions in percent. The developers of the
program showed that they achieved a reasonable success rate above 80 % with 10 ns
simulations (Jeszendi et al., 2015). Simulations were analyzed in the prediction mode and the
four derived lists were compared with the crystal structures: all-inclusive identity based (IDa),
elitist identity based (IDe), position based (Pos) and merged list (Mer). The overall achieved
success rate was evaluated in comparison with the agreement rate. The agreement rate
describes the number of MD derived water positions agreeing with a crystallographic water
position (cutoff 1.5 A) divided by the total number of MD derived water positions in percent.
The best compromise of a good success and agreement rate was found at the top 25 % of the
list for HK620 TSP (Fig. 49A). Additionally as already suggested (Jeszendi et al., 2015), the
identity based lists achieved the highest success rates with up to 86 % of the 25 % top list
(Fig. 49B).

The water molecule network derived by MobyWat includes a high number of relatively
mobile water positions. The water positions might be occupied during the whole simulation
even though there is a high exchange of different water molecules. Thus, two additional
methods were used to determine more stable or so called conserved water molecules by
elongated 100 ns simulations of E372A.

For the end point method, trajectories were treated with trjconv -nojump (Gromacs/4.5.5)
leading to a trajectory that is reduced every frame by every molecule that leaves the box of the
periodic boundary conditions. As a result, the last frame of the simulation only includes
molecules, which did not leave the simulation box. Thus, highly conserved water molecules
remain on the protein surface. This method was used on Sf6 TSP (Kang et al., 2016), which
resulted in a good agreement of crystal and simulated water positions.

For the hydrogen bond based method, positions of water molecules were located where a
hydrogen bond between binding site amino acid residues and water molecules was formed
with occupancies higher than 2 %. At this position the exchange of water would be
monitored, which was quantified by the Q-factor defining the number of water indices on a
given position divided by the number of frames that the position was occupied by a water

molecule. Finally the averaged position of these different occupied frames was calculated.
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Fig. 49: Validation of success and agreement rate by MobyWat derived water positions.

(A) Agreement rates in % (dashed lines, WT=red, E372A=blue, E372Q=gray) derived by the quotient of the number of
reproduced crystal water positions and the total number of produced water positions by MobyWat. Success rates in % (solid
lines, WT=red, E372A=blue, E372Q=gray) derived by the quotient of number of reproduced crystal water positions by
MobyWat and the total number of crystal water positions in the binding site. Water molecules were automatically sorted by
MobyWat depending on their mobility. Depicted values are the mean of four derived rates of IDa (all identity), IDe (elitist
identity), Pos (position) and Mer (merged) based lists. (B) Bar diagram illustrates success rates from the four lists derived by
MobyWat of the top 25 % of water molecules in the list. Top 25 % corresponds to 75 % on the left.
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3.4.2.3 Assignment of water networks and conserved water molecules by MD simulation

The water networks derived by MobyWat span the entire binding site (Fig. 50). Thus, the
extension of the networks decreases with increasing ligand size. The largest network is
observed in the WT-apo simulation. Here, the network is interrupted between the upper and
central parts of the binding site. This disconnection is not observed for the high affinity
mutants EA and EQ. With binding of the pentasaccharide this network gap is extended for all
protein variants. In the WT-pentasaccharide complex, a more extended network is apparent
within the glucose binding groove compared to the high affinity mutants. In the presence of
the hexasaccharide, the networks of WT and EQ become smaller and only span the area at the
entrance of the glucose binding groove, while for E372A the network remains the most

extended.
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Fig. 50: Potential water network from 10 ns simulations derived by Moby Wat

Binding site protein surface (white) with hydrogen bonds between water positions from the top 25 % IDa list are represented
in gray dashed lines with maximum 3.5 A distance. Water molecules (spheres) were colored depending on the number of
hydrogen bonds: O=green, 1=yellow, 2=orange, 3=red, 4=purple, 5=blue, 6=brown, 7=black.
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Fig. 51: Connectivity and net size of water networks
obtained in MD simulations.

(A) Mean of connectivity was determined by the maxima of
Gaussian curves fitted on the distribution of the number of
connecting water molecules from derived water networks.
Error bars depict one standard deviation of the Gaussian
curves. Statistical differences are indicated by stars and were
evaluated by Holm-Sidak-Test with P<0.001 and an overall
significance level of 0.05. (B) Continuous net size in percent
calculated from 10ns simulations with number of water
molecules in the continuous net: l=red; 2=orange; 3=light
green; 5-10=dark green; 11-25=cyan; 26-75=blue.

Results

The quantitative evaluation of networks is

generally complicated, therefore two
parameters were chosen for a comparison:
the connectivity and the continouos net size.
The mean connectivity was determined by
counting the number of hydrogen bond
partners for each water position of the
network (as colored in Fig. 50). The
distribution of the number of hydrogen bond
partners was fitted using a Gaussian curve,
in which the maximum of the curve
describes the mean connectivity of the
network (Fig. 51A). From previous visual
that the mean

inspection it is clear

connectivity decreases with increasing
ligand size from apo to hexamer for all three
protein variants. However, only HK620 TSP
E372Q showed a statistically significant
difference.

The continuous net size was determined by
the number of water positions within a
continuous network without interruptions
(Fig. 51B). The size of the net decreases
with increasing ligand size for the high

affinity mutants EA/Q whereas for WT the

smallest net is found for apo and the largest net for the pentasaccharide bound form. In

conclusion, the MobyWat analysis provided water networks spanning over the entire binding

site to different extents among HK620 TSP variants.

This mobile network has an impact on the binding site hydration but thermodynamics of

specific water molecules cannot be deduced so easily from it. E372A lacks the charged

carboxylate group found in the wild type central binding site. Thus binding thermodynamics

in E372A is possibly influenced differently by water molecules than for the other HK620 TSP

mutants.
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With the end point based method no conserved water molecule positions were obtained in
simulations of the E372A apo structures and only up to 4 water molecules could be stably
located on the protein surface binding site in the presence of the ligand (Tab. 13). Thus, this
method alone was not as suitable for the determination of conserved water molecule positions
on HK620 TSP E372A.

Next, the hydrogen bond based method was employed to find more mobile but still conserved
positions in the binding site. Here, the number of stable occupied water positions was on
average around twelve positions in the apo structure (Tab. 13). For pentasaccharide complex
simulations the number of positions increased for all three water models. In contrast, for
hexasaccharide simulations the number of water molecules is reduced in comparison to the
pentasaccharide complexes. TIPSP has been shown to be less mobile than TIP4P and -3P in a
carbohydrate binding site (Fadda and Woods, 2011). This observation cannot be drawn with

consistency from the obtained data obtained here.

Tab. 13: Number of conserved HK620 TSP binding site water positions

Protein Crystal End point method Hydrogen bond method Conserved Unique
TIP3P TIP4P TIP5P TIP3P TIP4P TIP5P

EA-apo 24 0 0 0 12 11 12 9 3

EA-pent 43 0 1 2 25 19 23 22 15

EA-hex 44 4 4 2 14 14 20 19 13

The end point and hydrogen bond based water positions from simulations using the TIP3P,
TIP4P and TIPSP water models, along with all positions experimentally defined in the crystal
structure, resulted in seven different sets of water positions for each binding state of E372A:
apo, penta- and hexasaccharide (Fig. 52). In overlays of these seven sets, water positions were
counted as conserved when at least two water molecules from different sets were found within
a distance of 1.5 A (Tab. 13). This resulted in nine conserved water positions for EA-apo,
whereof three positions are replaced by ligand binding (Fig. 52A). For the pentasaccharide
bound state 22 conserved positions were found, with more than the half of the positions not
present in the apo form (Fig. 52B). For the hexasaccharide the same effect is observed as for
the pentasaccharide (Fig. 52C). There is an increase of conserved positions upon ligand
binding. Two additional conserved positions were found for penta- compared to
hexasaccharide as Glc2 replaces these water molecules in the glucose binding groove. In
conclusion, the MobyWat analysis of mobile surface water molecules showed a decrease of
water molecules with the increasing size of the ligand, while the analysis of conserved surface
water molecules by end point and hydrogen bond based method showed an increase of

conserved water molecules with the increasing size of the ligand.
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The two water molecules found at the mutated A372 upon ligand binding could be reproduced
in simulations as well as the connecting water in front of the glucose binding groove. These
water molecules were observed in the crystal structures of E372A mutants. Thus, simulations

confirm the exchange of glucose binding groove water molecules with the residual binding

site.

B Pentasaccharide | 'C Hexasaccharide

lower central J upper

Fig. 52: Comparison of conserved water positions in the HK620 TSP E372A oligosaccharide binding site from crystal
structure and MD simulations

The binding site protein surface (white) is shown with crystal water positions as small spheres (blue). Hydrogen bond based
analysis led to water positions as small spheres for TIP3P (yellow), TIP4P (orange) and TIP5P (red). End point analysis
positions are indicated as small spheres for TIP3P (light gray), TIP4P (middle gray) and TIPSP (dark gray). Large transparent
spheres indicate positions of conserved water molecule positions which are occupied by at least two water molecules when
analyzed with hydrogen bond or end point based methods from simulations or with crystal structure based information. (A)
E372A-apo has marked water positions with a yellow frame for a position replaced by the hexasaccharide ligand and blue
framed positions, which are replaced by both ligands. (B) E372A-pent with black framed conserved water positions which
are immobilized upon binding of the pentasaccharide (purples sticks) (not present in apo). (C) E372A-hex with the ligand
(purple sticks) and yellow framed conserved water positions, which are not present in the apo form.

3.4.3 Free energy calculations of water molecule displacement from the glucose

binding pocket

Using the last two methodologies water networks and conserved water positions could be
assigned, which is a useful tool to evaluate the influence of the water molecules in the
hydrophobic glucose binding groove on the thermodynamic contribution of penta- and
hexasaccharide binding to HK620 TSP. The number of observed crystal water molecules in
the glucose binding groove of apo, penta- and hexasaccharide were numbered depending on
their positions from 0 to 4 (Fig. 53). As already described, upon hexamer binding, water
molecules 1-4 are removed and only water O remains in the binding groove in every
HK620 TSP variant (Fig. 53C). However, not every apo or pentasaccharide crystal structure
includes the same number of water molecules. From the apo structures only WT included the
described five water molecules, while the high affinity mutants only contain three (EQ
position 0, 1 and 3) or two water molecules (EA position 0 and 1) (Fig. 53A). For
pentasaccharide structures, E372A has an additional sixth water molecule in the glucose

binding groove (Fig. 53B indicated by the label “57).
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Fig. 53: Comparison of number of water molecules in the glucose binding groove.

Crystallographic water molecules in the glucose binding pocket of HK620 TSP WT (red), E372A (blue) and E372Q (grey)
from apo (A), penta- (B) and hexasaccharide structures (C). Water molecules are numbered according to their position. The
respective ligand is shown as white sticks.

The determination of conserved water molecules by simulation derived two water positions
for E372A-apo, as in the crystal structure. However, in the pentasaccharide form only three of
six crystal positions are identified in simulation. Water molecules derived by the hydrogen
bond based method were quantified with the Q-factor, with small Q-factors indicating more
stably bound water molecules. The higher the Q-factor, the more exchanges at this position
occurred. The Q-factors for the water molecules at position 0 from E372A-hexasaccharide
complex simulations resulted in a value of 0.1 for all water models, while in complex with the
pentasaccharide the Q-factor increased to 0.7 (TIP5P) and 3.92 (TIP4P) and without ligand to
0.81 (TIP5P) and 6.92 (TIP3P). Position 1 in the glucose binding groove is occupied in apo
with 53.8 (TIP3P) and in pentamer with 18.2 (TIP4P). For position 3 in the pentasaccharide
complex simulation, a water molecule with a Q-factor of 13.7 (TIP3P) and 20.3 (TIP4P) was
found. These quantified positions emphasize that the stability and conservation of water
molecules in the glucose binding groove of E372A-complex simulations decreases with
decreasing size of the ligand. Furthermore, the deeply buried position O in the groove was
more stably occupied than the more accessible positions 1 and 3.

In contrast, in the mobility based analysis all five positions known from the crystal structure
were correctly predicted. Thus the number of water molecules in the glucose binding groove
strongly varies and the impact in the complex binding thermodynamics of each single water
molecule cannot be concluded so far. To evaluate the thermodynamic influence and the
probable existence of the glucose binding groove water molecules, free energy (FE)
calculations as a statistical mechanics approach, which calculates chemical potentials in
solution via partition functions, was used on the described and numbered crystal water

molecules (Fig. 53) for comparison with experimental ITC data (Fig. 54A).
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Tab. 14: Free energy calculation data and water root mean square displacements (RMSD) during 1 ns simulation.

The depicted crystal structures with crystallographic glucose groove water molecules were simulated for 1 ns for RMSD
calculations. Free energy calculations were performed individually for each water molecule. Water molecules from
simulation in the glucose binding groove are in italic. Position 5 of E372A-pentasaccharide is shown in blue.

Crystal structure Water molecule residue’ RMSD in A AAGgg in kJ/mol  AAGgg sum in kJ/mol
WT-apo (2VJI) 0=1245 3.706 2.44+1.1 -28.65+3.59
1=1196 12.05 -3.3340.67
2 =1230 34.92 -12.17+0.59
3=1199 19.21 -8.14+0.73
4=1233 19.58 -7.44+0.5
WT-pent (4PAT) 0=677 0.430 13.8+1.29 60.46+6.01
1 =800 2.241 6.89+1.12
2=927 1.724 10.17+£0.71
3="787 0.614 16.79£1.78
4 =1023 0.879 12.82+1.12
WT-hex (2X85) 0=1010 0.570 16.3+3.56 16.3%£1.0
E372Q-apo (4AVZ) 0 = 705* 2.085 8.04+2.6 -0.60+3.11
1 =945 23.16 -8.64+0.51 -1.9945.39
2= 5825 2.373 7.36+1.08
3 = 5809 21.64 -7.3840.66
4=5795 9.724 -1.3740.54
E372Q-pent (4XOT) 0=0691 0.497 12.95+1.87 21.08+6.01
1=2820 7.371 2.10+0.97
2 =1002 1.795 8.41+1.24
3=759 28.56 -9.63+0.8
4=1167 2.593 7.25+1.14
E372Q-hex (2X6W) 0=1296 0.548 5.43+0.63 5.43+0.63
E372A-apo (4XN0) 0=0677 14.94 -3.70+0.74 15.89+2.08
1=2833 1.571 10.16+0.61 9.5643.1
2 = 5805 12.14 -2.13+0.51
3=812 1.054 9.43+0.74
4 =5832 10.59 -4.21%0.51
E372A-pent (4XM3) 0="775 8.215 -3.9240.86 11.84+4.99
1=720 1.722 8.72+1.07 4.21£5.59
2 =737 14.06 -4.1540.55
3=723 1.174 12.11£1.5
4=1028 20.51 -0.93£1.02
5=2805 10.12 -7.62+0.6
E372A-hex (4XN3) 0=0628 0.325 5.5020.69 5.5020.69

1 Crystal water molecules are named by their residue number and simulated water molecules are named by their resID.
2 The value for this water molecule was averaged from five FE calculations each for the test of convergence.

The free energy difference upon displacement of an individual water molecule from the
binding site was calculated by the double decoupling method (Tab. 14) (Hamelberg and
McCammon, 2004) with no restrictions on any other water molecules. Then, for each
complex type all AAGgg were summed up (Fig. 54B). The water molecule positions which
were not occupied in all of the three protein variants with apo, penta- and hexasaccharide
were added in the simulations and additional individual FE calculations were performed on
these water molecules (Tab. 14 and Fig. 54B). The derived sums of free energy difference did
not change within the error of the overall result. The error of the individual AAGgg on each
water molecule was estimated by five repetitions of the calculations on water position 0 of
E372Q-apo, which resulted in an error of +3 kJ/mol for a set-up with restrained backbone and
flexible glucose binding groove loop (Fig. S 14). In conclusion, the crystal structures include

all relevant water molecules for the binding thermodynamics in the glucose binding groove.
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For the interpretation of the calculated
EEE AGTC  EEEE AHTC = -TAS|TC

AAGEgg sums, it has to be considered that the

’ values are not directly transferable on
= . l AAGyrc values and more likely depict a
% 0 qualitative estimation. A AAGgg value stands
1 for the difference between the energy needed
“7 to remove a water molecule from the bulk
o S S S S versus the energy needed to remove the
5 e Prfznfomp'eé o water molecule from the glucose binding
80 = — groove. Therefore, a AAGgg<0 indicates that
60 - more energy is needed to remove these water
E w01 molecules from the protein surface than
E 20 | would be needed to remove it from the bulk.
éud ol ] % This results in favorable water positions. In
- » contrast, a AAGpg>0 depicts unfavorable
B water positions, as these water molecules
wr E3720 E372A

_ would easily diffuse from the protein surface
Protein complex

into the bulk and have to be held to stay on

Fig. 54: Free energy calculations on crystallographic water
molecules in the glucose binding groove . . .
(A) Results of ITCg measurementg fs shown in Fig. 37. (B) FE the surface. Thus, a harmonic potentlal 18
calculation data with the summed up free energy differences
of all crystallographic water molecules found in the glucose
binding groove for apo (black), penta- (dark gray) and
hexasaccharide (light gray). The individual result for each
water molecule is listed in Tab. 14. Calculated free energy
differences with additional water molecules with the corrected
AAGgg sums are included in bars for HK620 TSP complexes
without ligand (apo+: white striped) and with pentasaccharide
(pent+: gray striped).

applied on the water molecule to enable a
stable occupied position on the protein
surface and this force contributes as a
positive value to AAGgg (Chapter 2.7)
(Hamelberg and McCammon, 2004).

The calculated free energy differences for water displacement from the glucose binding
groove strongly vary between WT and high affinity mutants (Fig. 54B). While WT-apo has a
negative free energy, EQ has a value around zero or EA is strongly positive in the apo form.
For the pentasaccharide bound form AAGgg is positive for the three protein variants with the
highest value for WT, decreased for EQ and the lowest for EA. In the hexasaccharide bound
form the free energy differences are positive for WT with 16 kJ/mol and 5.5 kJ/mol for the
high affinity mutants. The comparison of the calculated free energy differences (Fig. 54B) and
the simulated water network structures (Fig. 50) with experimentally measured

thermodynamics (Fig. 54A) can therefore be interpreted with the following conclusions:
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For the apo-structures of HK620 TSP, the crystal structure and MobyWat analysis of WT-apo
have the most extended water network from all the protein variants. Furthermore, the water
molecules in the glucose binding groove are relatively tightly bound. Thus it is likely to cost
enthalpy to break these bonds and the free binding enthalpy cannot be determined in ITC
experiments due to a lack of heat release upon the binding event (Freire et al., 1990). In
EQ-apo the glucose binding groove water is almost “bulk-like”; therefore the entropy is
favorable to release this water. However, the enthalpy in EQ-apo is slightly unfavorable. In
EA-apo the water in the glucose binding groove is highly dynamic, thus no enthalpic cost
occurs upon ligand binding but also no entropic gain.

For the pentasaccharide complexes of HK620 TSP, MobyWat analysis depicts the largest gap
in front of the glucose binding groove for WT-pent compared to the high-affinity mutants,
which show a connected water chain in this area. For WT-pent, it requires a lot of energy to
disconnect the glucose binding groove water from the residual water binding site network,
which might be highly influenced by the charges on E372. This separation presumably also
leads to unfavorable entropy. In EQ-pent, the separation of the water from the residual
network by the pentasaccharide ligand costs less energy as the water is not as fixed, but still
an entropic cost is connected with the separation. In EA-pent, the bulk-like water might still
exchange freely with the binding site water network, as a connecting water chain can be seen
in crystal structures and MobyWat analysis and therefore neither enthalpy nor entropy are
affected by these water molecules.

For the hexasaccharide complexes of HK620 TSP, the same environment is given for the
residual water molecule in the glucose binding groove in WT, as in the high affinity mutants
EQ and EA. Thus, the AAGgg also results in the same value for EQ and EA, while it is
minimally higher for WT. This may be due to the additional charge in the WT binding site.

In conclusion the free energy calculations delivered a better understanding and interpretation
of the experimental data together with the water network distributions obtained for MD

simulations.
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4 Discussion

4.1 Sf6 tailspike protein as a specific binder of Shigella flexneri O-antigen

The complex formation of the inactive Sf6 TSPgapa to S. flexneri Y polysaccharide was
shown by fluorescence spectroscopy. The affinity was predominantly generated by the
formation of direct hydrogen bonds between protein and RU1 and RU3 of the ligand and
water replacement as suggested by crystal structure and MD simulations. These findings
nicely agreed between the simulated Sf6 TSPwt and Sf6 TSPgapa-octasaccharide complexes.
However, the dodecasaccharide in complex with Sf6 TSP showed different conformers in
simulations with either the wild type or the EADA mutant. Whereas it was straight and
elongated in the binding groove in Sf6 TSPwt, a bended conformation was found in complex
with Sf6 TSPgapa.

In the wild type complex, to achieve the straight dodecasaccharide conformation, the protein
backbone loops had to be kept flexible and the third repeating unit of the dodecasaccharide
was rotated into a high-energy starting conformation to avoid clashes within the protein (Kang
et al., 2016). However, exactly this high-energy conformer from Sf6 TSPwr did not result in a
stably bound position in Sf6 TSPgapa. The alanine residues at the mutated position 366 and
399 open up space in the binding groove and it would be worth a try to fit the non-rotated
low-energy conformer as an alternative starting structure into the Sf6é TSPgapa binding site
prior to simulation. SPR interaction experiments were performed on the same surfaces as
described in this work with Sf6 TSP single point mutants like E366A, E366Q, D399N,
D399A and the double mutant EQDN (data not shown). All these mutants showed strongly
decreased binding signals compared to Sf6é TSPgapa. This would suggest that the binding
affinity of Sf6 TSPgapa is already increased compared to Sf6 TSPwt and the single point
mutations and EQDN. Apparently, in EADA this rotation might not be necessary and due to
that the binding affinity is increased as the ligand can bind as a low energy conformation
(Ahmad et al., 2016).

The high-energy conformer of SfY dodecasaccharide might be necessary for the glycosidase
activity of Sf6 TSPwr. Glycosidase activity is classified into configuration retaining and
inverting mechanisms (Koshland, 1953). Both mechanisms require an oxacarbenium-ion-like
transition state and two carboxylic acids. For an inverting mechanism, these residues must

have a distance around 10 A as a water molecule is included in the transition state. In the
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retaining mechanism, the carboxylic acids are closer to each other with around 5.5 A and the
water molecule is only involved after the formation of the oxacarbenium adduct (Rye and
Withers, 2000). In Sf6é TSPwrz the distance between the two active site carboxylate residues
with 7.8 A lies between these two distances. Nevertheless a recent paper showed that the
distance of inverting enzymes is lower at around 8+2 A (Mhlongo et al., 2014), which would
classify Sf6 TSP as inverting a-glycosidase, which is generally known for a-L-rhamnosidases
(Zverlov et al., 2000). Glycosidase mechanisms use distortions of the substrate (Miyazaki et
al., 2016) or hydrogen bonding to the sugar-2-hydroxyl group to stabilize the transition state
with a contribution of 8-10 kcal/mol (Rye and Withers, 2000). This would exactly reflect the
energy needed for the high-energy conformer, which was used to fit the dodecasaccharide in
the Sf6 TSP binding groove. However, this is based on speculation and studies with reaction
intermediates like fluorinated or deoxy-oligosaccharides (Rye and Withers, 2000) and
QM-MM simulations (Mhlongo et al., 2014; Pan et al., 2013) would be needed.

The binding affinity of the Sf6 TSPgapa-polysaccharide complex was quantified by SPR
experiments as a bivalent heterogeneous binding process on immobilized polysaccharide with
two dissociation constants of ~0.01 and ~10 uM. A curved Scatchard plot was derived which
has been described for multivalent binding interactions (Hiyrinen et al., 2002; MacKenzie et
al., 1996). The bivalent and the heterogeneous binding model, which are provided by SPR
evaluation software (BIAevaluation3.1 or Tracedrawerl.7), describe a binding process in
solution. However, the binding process on a surface involves geometrical parameters and is
influenced by the ligand density of the surface (Miiller et al., 1998). In this model, the
reaction volume Vg and a probability factor for the multivalent binding event multifac; are
included, which results in four differential equations describing the monovalent and the
bivalent binding state for the first ligand and the bivalent binding state of the second ligand.
The model has been successfully used for the trivalent S-layer protein SbsB, which binds to a
carbohydrate coated surface with the secondary cell wall polymer (SCWP) of Geobacillus
stearothermophilus (Mader et al., 2004). Furthermore it has been extended for a
heterogeneous ligand (van Steeg et al., 2016). Therefore, using the Miiller model to describe
St6 TSP binding to polysaccharide coated surfaces could improve the here presented
interaction curves to the described bivalent and heterogeneous fits in solution.

Nevertheless, the use of polysaccharide activated by oxidation prior to chip coating is not the
optimal solution, as the alteration of the structure and the oxidiation level is hard to control so
far. Enzymatic cleavage experiments using St6 TSPwr and mass spectrometry characterization

of oligosaccharides obtained from periodate oxidized SfY polysaccharide are needed for a
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structural analysis. For a better control of the number and length of immobilized
polysaccharide chains, other immobilization strategies would be considerable for example via
biotinylated polysaccharides on streptavidin surfaces (Linman et al., 2008; Nilsson et al.,
1995). The more stable amine coupling could be used for example by increasing the PEtN
modifications of Kdo using Shigella flexneri bacteria cultivated with 5-50 mM Ca”* in the
medium for polysaccharide preparations (Kanipes et al., 2001). Furthermore, the
immobilization of defined chain lengths could be achieved with synthetic Shigella flexneri O-
antigen fragments. For example, in this work the Sf2a-icosasaccharide with conjugated
primary amino groups was used (Bélot et al., 2004) which are suitable for immobilization by
amide coupling (Gedig, 2008).

However, the multivalent binding behavior observed for Sf6 TSP on the activated SfY
polysaccharide surface probably resembles the natural Sf6 bacteriophage binding on a LPS
covered Shigella flexneri surface. Multivalent interactions are known to govern protein-
carbohydrate interactions and a lot of equivalent studies in SPR with carbohydrate-binding
proteins can be found (Brogioni and Berti, 2014; Héyrinen et al., 2002; Houser et al., 2015;
Nakajima, 2001). The bimodal chain length distribution of Shigella flexneri LPS further
suggests that a heterogeneous ligand surface is presented, which is evolutionary optimized for
bacterial virulence (Morona, 2003). Thereby it was observed that Sf6 TSP primarily cleaves
the very long-type O-antigen chains (Morona and Bosch, 2003), what would suggest that
different binding affinities are exhibited depending on the chain length due to the cluster
glycoside or chelate effect (Lundquist and Toone, 2002; Wittmann and Pieters, 2013).

Kinetic analyses with fluorescence spectroscopy of Sf6 TSPrapa determined a dissocation
rate of STY polysaccharide of 0.033/s in solution with a weak indication for a conformational
selection binding process. This binding process would fit to the suggestion that Sf6 TSP has a
progressive conformational binding model (Kang et al., 2016). Glycosidases have been
categorized into three general topologies: pockets or craters, clefts or grooves and tunnels
(Davies and Henrissat, 1995). The first are considered to cleave single monosaccharide
branches, which can be excluded for an endorhamnosidase like Sf6 TSP. However, Sf6 TSP
exhibits a mixture of the two latter topologies. The binding cleft of Sf6 TSP certainly has an
open structure like the other tailspike proteins HK620 TSP and P22 TSP (Barbirz et al.,
2008). However, in the intersubunit cleft, which distinguishes Sf6 TSP from the other
tailspike binding sites, the loops enclose the cleft partly forming a tunnel. Tunnel topologies
are known for releasing the product, while they stay firmly bound to the polysaccharide chain

for a processive cleavage action. Thereby the loops are the driving force of the enzyme
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motion (Davies and Henrissat, 1995). Due to the high flexibility of high-rhamnose containing
polysaccharides (Galochkina et al., 2016) the intersubunit cleft with the flexible loops might
be necessary to govern the flexibility of the ligand in contrast to the branched O-antigen
ligands in HK620 and P22 TSP, which are more easily bound and processed on a B-helix
sheet surface (Andres et al., 2013; Zaccheus et al., 2012).

The disconnection of one side of the carbohydrate ligand in carbohydrate-processing enzymes
has been observed before (Bras et al., 2008) and was also seen for the dodecasaccharide non-
reducing end in simulation with Sf6 TSPgapa. Tyrosines are known to assist in reorientation
of carbohydrate hydroxyl-groups in glycosidases and thereby facilitate the sliding of the
substrate in the active site cleft (Brés et al., 2008). Tyr400 adjacent to the active site residues
might assist in the sliding or contribute to the glycosidase activity (Jongkees and Withers,
2014). The mutation Y400C has a decreased binding affinity eventhough no CH,=n-
interactions are found in the crystal structure, what might support this hypothesis.

The enzyme processivity could be a prerequisite for the infection process of S. flexneri Y by
St6 bacteriophages. Although six tailspike proteins with three binding sites each resulting in
18 binding sites provide multivalent affinity for the attachment of the bacteriophage on the
bacterial surface, the affinity to the dodecasaccharide is still low. Thus the detachment of the
phage could occur especially if only short polysaccharide chains are present. In contrast to
P22, Sf6 needs the outer membrane proteins A and C (Omp) in the Shigella flexneri
membrane as a second receptor for the infection process (Parent et al., 2014). After the
polysaccharide chains have been shortened by the TSP, subsequently, the secondary receptors
take over the role of phage attachment and initiate the further steps in the infection cycle.

St6 TSP has proven to be applicable as a Shigella flexneri sensor in an absorption based
microtiter plate assay and as a fluorescent sensor. The signal observed in ELITA did not vary
between the four different Shigella strains, in contrast to ELITA tests with a Salmonella
library, where different strains showed different signal intensities (Schmidt et al., 2016).
However, only four strains were tested in this work. Therefore the sample size is not sufficient
for a conclusion. Other strategies with whole phages have also been developed for the
detection of Shigella, for example by a T4-like Shigella flexneri phage with an integrated
bacterial luciferase gene that transduces a bioluminescent phenotype of infected cells
(Schofield et al., 2014). Moreover, it has been shown that Shigella flexneri O-antigen
structures are involved in high-affinity glycan-glycan interactions with blood group A
glycans. Here, the Shigella flexneri O-antigen primarily interacts with fucose to provide the

contact for bacterial infection of the host (Day et al., 2015). Thus Sf6 TSP could also be used
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as active enzymes to cleave Shigella flexneri LPS or as enzymatically inactive multivalent
anti-adhesive agents that cover the surface of bacteria in vivo to prevent pathogen-host
interactions as a specific antibody-like compound (Chowers et al., 2007).
The data in previous works as well as in this work showed that Sf6 TSP can bind and cleave
Shigella flexneri 2a O-antigen with an additional branched RAMI B(1-4)-linked glucose
(Simmons and Romanowska, 1987). Sf6 bacteriophage is known to infect Shigella flexneri Y
and X (Casjens et al., 2004) but not Shigella flexneri 2a. In the crystal structure of Sf6 TSP-
octasaccharide, the glucose branch on a Sf2a-decasaccharide would point away from the
protein binding site and towards the solvent

when bound to O4 of RAM1 and RAMS.
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Fig. 55: Sf6 TSP binding site with potential glucose branch buried in an undeﬂylng groove (Flg . 55).
binding sites of Sf2a-oli harid . . ..
P O SO This might probably add to the affinity,

St6 TSPeapa-octasaccharide binding site (white surface) with
octasaccharide ligand (white sticks) are depicted with the
gand ( : P although the example of HK620 TSP

relevant monosaccharide names in green. The hydroxyl
oxygens O4 of RAM1 and RAMS are depicted as red spheres
as attachment points of the glucose branches in Sf2a O-

antigen repeating units. The green circle indicates the space in . .
the binding site around RAMS. branch did not contribute (see Chapter 4.2).

MALDI-TOF analysis on one of the S.flexneri Y isolates showed about 14 %

showed, that binding of an additional glucose

non-stoichiometric acetylation of the O-antigen. O-acetyl transferases for 03,4 O-acetlyation
on RAMIII and O-acetlyation on GIcNAc-O6 have been identified, which modify the S.
flexneri Y O-antigen in a non-stoichiometric manner (Perepelov et al., 2012; Sun et al., 2014;
Wang et al., 2014). Sf6 bacteriophage is a serogroup converting phage, which adds an O-
acetyl-group to the RAMI-O2 in the repeating unit and changes the serogroup into 3b (Allison
and Verma, 2000; Clark et al., 1991; Verma et al., 1991). The linkage of the O-acetyl groups
in the S. flexneri Y 99-2001 O-antigen could be elucidated by NMR experiments (Perepelov
et al., 2012).

The characterization of the inactive Sf6 TSPrapa and the use of the protein for detection of
Shigella flexneri isolates have brought more insights into the Sf6 tailspike binding
mechanism. This knowledge will hopefully be useful for further modifications and application

of Sf6 bacteriophages and tailspikes.
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4.2 The thermodynamic contributions of water molecules in carbohydrate-

protein interactions

The release of water molecules during protein and carbohydrate ligand complex formation is
one of the main driving forces of this binding event. However, it is not well understood.
Furthermore, crystallographic water positions are under strong discussion as they are highly
dependent on resolution of the X-ray structure (Finney and Eley, 1977), crystallization
conditions and refinement techniques (Afonine et al., 2013; Badger, 1997). Furthermore most
crystal structures of proteins are obtained at 90-120 K in a nitrogen gas cooled beam line
(Halle, 2004). Therefore, crystal structures deliver static averaged models which do not
include exchange and flexibility of water molecules. Crystallographic water molecules were
found favorable or unfavorable for the binding event and their pure appearance in the binding
site does not give an impact about their thermodynamic contribution (Beuming et al., 2012).
Thus, 27 crystal structures of HK620 TSP were analyzed based on structural differences of
the two binding partners penta- and hexasaccharide and the water molecules involved in the
binding. Thereby the high-affinity of the two mutants E372Q and E372A derived from the
removal of the glutamate from the binding site. The elimination of the charge increases the
affinity as the desolvation is less expensive (Biela et al., 2013). However, the other half
derived from either the favorable entropy of the removal of one water upon ligand binding in
E372Q (Broeker et al., 2013) or the favorable enthalpic fixation of two water molecules in
E372A. Thus, the water molecules resolved in the crystal structure were able to depict the
relevant water molecules for the binding event. Moreover these positions were confirmed by
MD.

Evaluation of the MD results were obtained for water molecules in the HK620 TSP-complex
with three different approaches based on water mobility, hydrogen bonding or water residence
time (Jeszendi et al., 2015; Kang et al., 2016).

The MD simulation based tool MobyWat assigned a mobile mutation dependent water
network to the HK620 TSP binding site, which included a high number of water molecules
and a complex hydrogen bond connection in and around the glucose binding groove. Hereby
the network complexity was decreased with the increasing size of the ligand. This means that
the mobile network is extended over the binding site in the ligand free form. However with
the ligand binding event, the mobility of water is decreased as their conservation increases if
the mobile and conserved MD-based networks are considered together. Nevertheless the

derived networks are complex and the analysis by visual observation and calculation of mean
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connectivity and continuous net size is not sufficient to extract the differences of the networks
easily. In their more recent paper the developers of MobyWat introduced an improved method
for the exploration of water networks at target-ligand interfaces which resulted in a high
reproducibility of the networks (Jeszendi et al., 2016). Additionally a NetDraw mode is
available now that results in a network graph with the mobility of the water assigned to it. The
derived networks can be divided into a static and dynamic subnet. Moreover a network can be
described by the shortest path length, which together with the mean of connectivity, would
maybe characterize water networks as a small world network. With this small world concept
the global effects of the binding event could be evaluated by respective algorithms (Taylor,
2013). In case of HK620 TSP-oligosaccharide complexes, the MobyWat tool was first used
for evaluating calculated positions of protein-carbohydrate interfacial binding water. The tool
was successfully applied with a 20-25 % top cut-off with all-inclusive based IDa list to
predict a mobile water network on tailspike proteins.

Two additional methods were used to determine conserved water molecules in the binding site
of E372A. The endpoint method only identified a low number of highly conserved water
positions in the binding site with TIP4P and -5P water. A B-sheet as in the HK620 TSP
binding site is a hydrophobic binding surface. This hydrophobicity is even increased upon the
mutated alanine (Beuming et al., 2009) and therefore the B-sheet dominated binding site of
HK620 TSP is unfavorable for water compared to the loop-based binding site of Sf6 TSP for
example (Beuming et al., 2012; Kang et al., 2016).

The usage of hydrogen bond direction for the reproduction of crystallographic water positions
is an old idea (Vedani and Huhta, 1991) and has been used in the AcquaAlta tool for docking
(Rossato et al., 2011). Furthermore there are more tools like GRID (Goodford, 1985),
WaterMap (Abel et al., 2008) or WatSite (Hu and Lill, 2014), which even may give estimates
on the thermodynamic contributions of hydration sites (Lazaridis, 1998). This would make the
combined use of several tools to determine water networks and free energy calculations
redundant. However, in most hydration site determination studies protein-protein and protein-
ligand interactions are analyzed in a restrained manner, which does not include
conformational changes of receptors or ligands upon binding (Yang and Lill, 2016).
Carbohydrate ligands on the contrary are highly flexible and therefore treating receptor and
ligand with only protein backbone restraints is more meaningful.

Different numbers of crystallographic and simulated water positions were found enclosed in
the glucose binding groove. Free energy calculations of selected water molecules were

performed with a double-decoupling approach (Hamelberg and McCammon, 2004). These
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resulted in a qualitative agreement of ITC and FE data and helped in developing a model that
explains the thermodynamic driving forces, except for a probable overestimation of positive
AAGgg values (Barillari et al., 2007) (Fig. 56). HK620 TSP WT-apo had the most crystal
water molecules in the glucose binding groove and also the free energy of this water resulted
to be negative. This suggested a strongly connected water network in the binding site, which
would also be supported by the charged E372 in the central part of the binding site. Upon
pentasaccharide binding the glucose binding groove network is interrupted from the residual
water in the binding site, which leads to an enthalpic and entropic loss. This enthalpic loss is
even increased for the hexasaccharide binding, but the entropic contribution is more
favorable. This is in contrast with the ligand flexibility as the pentasaccharide is more flexibly
bound than the hexasaccharide in the WT binding site. The same is valid for binding site
residues, but not for the glucose binding groove lid. The lid is more open in the
pentasaccharide bound form but low in flexibility compared to the hexasaccharide bound
form which is closed but as flexible as in the apo form. On one hand, this suggests that the
relatively tight water network in WT-apo imposes an enthalpic penalty to desolvation,
explaining the overall lower binding free enthalpy compared to the high affinity mutants. On
the other hand the conformational space sampled by the glucose binding groove lid and the
water in the groove is reduced. This speaks for a relatively high entropic cost compensating
the entropy of released water from the overall water network. In the hexasaccharide complex,
the enthalpic gain obtained from ligand binding is almost fully compensated for by the release
of the water network. Therefore the binding is probably dominantly entropy driven as water is
released to a greater extent than for the pentasaccharide and the glucose binding groove lid
stays flexible (Fig. 56A).

By the mutation from glutamate to glutamine in E372Q the same side chain geometry without
charge is achieved. The water network in and around the glucose binding groove appears to
be more loosely bound resulting in a AAGgg=0 kJ/mol for the removal of water molecules
from the apolar groove. With the pentasaccharide bound, the enclosure and separation of the
groove water molecules lead to a low enthalpy loss but potentially the same entropic prize as
in the wild type. With the hexasaccharide bound, the enthalpy cost again is less and the same
entropic gain is expectable as in the wild type. The flexibilities of the side chains are the same
for both ligands including increased and decreased flexibilities upon binding. However, for
ligand flexibility a strong difference between penta- and hexasaccharide is apparent with a
higher flexibility for the pentasaccharide. The glucose binding groove lid as well is the most

flexible for the pentasaccharide bound case. Additionally, the relatively closed apo form
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opens up in both cases. In conclusion, the water molecules in the glucose binding groove in
E372Q act like in the wild type for penta- and hexasaccharide with the difference that the
enthalpic cost is lower due to the missing charge in the central part of the binding site.

The pentasaccharide binding, mostly enthalpically driven, is achieved by replacing a flexible
water network with a flexible ligand and almost no changes in the positions of the amino acid
side chains occur. Additionally, the glucose binding groove lid is opened up gaining more
degrees of freedom compared to the apo state. The entropic gain counterparts the entropic cost

of the enclosed water molecules in the glucose groove (Fig. 56B) (Broeker et al., 2013).
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Fig. 56: Scheme for the entropic and enthalpic binding contributions

ITC data are depicted as bar diagrams with a suggested distribution of enthalpy and entropy for WT-hexasaccharide (6mer) in
dark red for AG, rose for AH and red for —-TAS. Arrows explain the contribution of enthalpy (blue) and entropy (red) to the
binding event by the named binding partner influences. Arrow up = enthalpic/entropic favorable, Arrow down,
enthalpic/entropic unfavorable.
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In the E372A mutant charge and geometry of the side chain are altered. The water network in
this high-affinity mutant seems to be the most exchangeable. In the penta- and hexasaccharide
complex enthalpy and entropy of water molecules in the groove are almost unchanged, as
there is probably still an exchange between binding site and glucose binding groove. In the
derived MobyWat network an additional water molecule can be found in the glucose binding
groove next to water O in the hexasaccharide complex. Therefore we can conclude that E372A
binding affinity is the least dependent on the glucose binding groove water molecules.
Nevertheless the water molecules are present in crystal structures, what would emphasize the
pre-formation of the glucose binding groove by the water with a high occupancy exchange
(Jeszendi et al., 2016; Saraboji et al., 2012). Also the flexibility of the two ligands and the
side chains is the same for both ligands. The only difference is observed in an increased
flexibility for the glucose binding lid in the pentasaccharide compared to an unchanged
flexibility in the hexasaccharide complex compared to apo. The increased flexibility of the lid
in the pentasaccharide complex hereby derives from the closing of the lid, which is only
observed in simulations in this variant. Thus, the enthalpy of E372A binding comes from
replacing a highly flexible water network and of binding two ligands, which still allow the
exchange of water molecules around it (Fig. 56C).

In summary, the same distribution of driving forces contribute to the binding of penta- and
hexasaccharide in WT and E372Q mutant, while the high affinity for the latter derived from
the replacement of a highly conserved water molecule from the -sheet (Beuming et al., 2009)
and a looser bound water network in apo (Chen et al., 2008). In E372A, in contrast, the
driving forces for the binding derive from a relatively stiffly bound ligand in the most
populated solution conformer (Zaccheus et al., 2012), what would emphasize that no
conformational changes disfavor the binding process (Ahmad et al., 2016). Furthermore, a
loose water network (Clarke et al., 2001) drives the binding, even though an entropic loss is
observed for the immobilization of water upon the binding event. To prove our interpretations
further kinetic evaluations by MD simulation of relaxation time of water molecules (Tiwary et
al., 2015), entropic contributions or side chain residues (Schauperl et al., 2016) would be
necessary. The computational based finding would need to be confirmed by NMR relaxation
dispersion experiments to evaluate side chain and water dynamics (Saraboji et al., 2012;

Tzeng and Kalodimos, 2012).
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4.3 Technical challenges in the design of high-affinity carbohydrate binding

proteins

The design of a high-affinity carbohydrate binding protein was probed in this work on the
base of Sf6 TSP cysteine mutations with computational prediction and experimental
validation. The computational prediction was based on 100 ns simulations of the mutants and
the analysis of ligand flexibility, hydrogen bonds and water network distribution. Thereby two
candidates were identified as binders with an increased affinity due to decreased ligand
flexibility and increased total hydrogen bond occupancy. From the two candidates only one
could be identified unambigouosly as a binder with an increased affinity: S246C. This residue
participates in the hydrogen bond contacts to the carbohydrate ligand via the backbone
oxygen and the hydrogen bond occupancy increased for cysteine compared to serine.
Cysteines primarily form hydrogen bonds with carbonyl groups and intraresidue hydrogen
bonds of C=0-"H-S have been observed to lead to constraints in the backbone and reduce
flexibility (Pal and Chakrabarti, 1998), which might influence the ligand binding.
Furthermore one could claim the hypothesis that the electronegativity of sulfur (y=2.4) is
reduced in comparison to oxygen (y=3.5) and the higher the electronegativity, the stronger the
hydrogen bonds. The backbone oxygen in a cysteine residue would therefore have a higher
negative partial charge than in a serine as the counter action of the thiol group is lower than of
the hydroxyl group, what would increase the hydrogen bond strength of the backbone oxygen
in the cysteine case. However, the effect is probably weak as the two functional groups are
separated by two carbons.

Beside the chemical nature of the hydrogen bonds formed by cysteines, the residue also tends
to from disulfide bonds leading to aggregation of several Sf6 TSP trimers (data not shown).
Although the formation of a disulfide bridge between two C246 residues would probably
block the two respective binding sites for ligand binding, the number of binding sites on a
dimeric Sf6 TSP-trimer would still increase to four. With further aggregation the number of
sites would result in (n+2)-binding sites with n as the number of tailspike trimers. This
multimerization would therefore increase the binding due to the avidity (Lis and Sharon,
1998; Shinohara et al., 1997).

Avidity could also be achieved in a more controlled way by engineering a dimer of Sf6 TSP
trimers. This strategy has been shown to increase carbohydrate binding affinity in CBM by
six to eleven fold, when two CBM were linked by a twelve amino acid linker (Ribeiro et al.,

2016). However, tailspike would require a certain architecture, where the two trimers are
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parallel with their binding sites to each other as in the phage tail, so the two trimers could
bind neighbouring polysaccharide strains on the cell surface. Therefore N-to-N fusion would
be appealing by a sortase-click chemistry mechanism (Witte et al., 2012).

The mutant design approach in this work was computationally based. However the alchemical
free-energy calculations could not be developed to an agreeable level of reproducibility of
experimental data so far. Alchemical free energy calculations have been shown to be reliable
in peptides of 20 amino acids for protein stability analysis with a web server for the
alchemical set-up now also available (Gapsys and de Groot, 2017). However protein-protein
interaction energies involving amino acid binding site alchemical changes have shown to be
more challenging and especially the transformation of amino acids from uncharged to charged
states like in the transformation of glutamate to glutamine or alanine are linked with a higher
error (Gapsys et al.,, 2016). As computational power improved, alchemical free energy
calculations are more affordable and the undersampling problem connected with this method
can be overcome more easily (Kutzner et al., 2015). Additionally docking algorithms could be
improved and the application of docking on fragments up to undecasaccharides was
successful as well as the docking of the SfY pentasaccharide on a FAB fragment (Nivedha et
al., 2016). Rosetta has been extended to include carbohydrate moieties on glycoproteins and
glycan ligand docking (Labonte et al., 2017). However for a reasonable carbohydrate binding
protein design it would be necessary to combine it with an explicit water approach (Li et al.,
2015).

Despite the computational design approaches, the combination of the latter with an
experimental approach to generate a higher number of potential high-affinity binders by error-
prone PCR or directed evolution would probably increase the success rate in the finding of a
high-affinity Sf6 TSP (Rosenfeld et al., 2016; Sun et al., 2016). For that, also the ELITA
approach can be used as a form of display assay of the derived mutants, as the Strep-tag®Il
tailspikes can already be detected in crude cell extracts (data not shown).

The here presented approach for the design of a high-affinity carbohydrate binding protein
resulted in a bacterial sensor for the detection of Shigella flexneri cells. Furthermore the
obtained insights of carbohydrate-protein interactions might help to improve carbohydrate

binding drugs in the future.
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Fig. S 1: Fluorescence spectra of Sf6 TSP with organic solvent.
Tryptophan fluorescence of 184 nM Sf6 TSPgapa excited at 280 nm and emission monitored between 300-400 nm with
different amount of organic solvent in volume percent for acetonitrile (AcN) (A), DMSO (B) and methanol (MetOH) (C). (D)
Near-UV CD spectra monitored between 350-250 nm of 36 uM Sf6 TSPgspa in 50 mM sodium phosphate buffer pH 7 or
with 20 % volume percent of organic solvent in the repesctive buffer.

280 300 320 340

Wavelength in nm

Table S 1: Wavelength of spectra maxima of Sf6 TSP with organic solvent in the corresponding volume percent.

Solvent% (v/v) AcNmax in nm MetOHmax in nm DMSOmax in nm
0 340 340 340
10 336 338 337
20 339 339 335
30 337 340 334
40 336 340 339
50 336 339 343
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Fig. S 2: Trajectories of Sf6 TSPgsp, (4URR) simulation with octasaccharide ligand
(A) Root mean square deviation (RMSD) calculated for all protein atoms over 100 ns simulations. (B) Trajectory of the
number of hydrogen bonds formed between protein and octasaccharide ligand within 100 ns simulation.
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Table S 2: Contributing binding partners of Sf6 TSPg,p, with octasaccharide ligand in crystal structure 4URR

Hydrogen bonds Protein Ligand Distance in A Water bridges Partnerl Partner2 Hbonds in A #water
Upper site Arg230-NH2 RAM1-05 3.30 Upper site RAM1-04 RAMI1-03 2.7;3.4 1
Arg230-NH1 RAM1-02 2.90 Asp247-OD1 NAG2-N2 2.7,3.0; 2.8 2
Arg230-NH2 RAM1-02 3.00 Asp247-OD2 NAG2-N2 2.8;3.0;2.8 2
Glu293-OE2 RAM1-02 2.70 Arg257-NH2 NAG2-N2 34;29;2.8 2
Ser246-O NAG2-06 3.00 Glu293-OE2 NAG2-N2 2.6;2.9;2.8 2
Thr248-0G1 RAM3-05 3.00 RAM3-05 RAM3-02 3.2;3.1 1
Ser246-O RAM4-03 2.60 Asp245-0 RAM4-04 2.8;2.7 1
Lower site GIn280-NE2 NAG6-0O7 3.10 Asp247-O RAM4-04 2.9;2.7 1
Tyr400-OH RAMS-03 2.90 11e278-0 RAM4-04 33;3.2 1
Nonpolar interactions Protein Ligand Distance in A GIn280-0OE1 RAMA4-04 2.8;3.2 1
Upper site Ala203-CB RAMI1-C6 3.70 Asp245-0 RAM4-04 2.9;2.7;3.2 2
Thr315-CG2 NAG2-C8 4.80 GIn280-N RAM4-04 3.0;2.7;3.2 2
Thr248-CG2 RAM4-ring 4.30 GIn280-O RAM4-04 34;2.7;3.2 2
Lower site Tyr400-ring NAG6-C6 4.10 Lower site Asp397-OD1 RAMS-O1 3.2;2.8 1
Val327-CG1 RAM7-C6 4.30 Asp397-OD2 RAMS-0O1 3.1; 2.8 1
Leu389-CD2 RAMS-C6 4.10
Replaced water Ligand Water Distance in A Conserved water Water_apo Water_8mer Distance in A
Upper site NAG7-06 HOH2224 0.8 Upper site HOH2183 HOH2110 0.2
RAM6-03 HOH2645 1.1 HOH2120 HOH2193 0.6
RAMS5-02 HOH2223 1.2 HOH2235 HOH2138 0.4
RAMS5-0O5 HOH2135 1.0 HOH2180 HOH2348 0.7
Lower site NAG3-0O7 HOH2282 0.9 HOH2219 HOH2084 0.2
NAG3-C8 HOH2283 0.6 HOH2341 HOH2179 0.3
NAG3-06 HOH2105 1.1 HOH2087 HOH2230 0.4
NAG3-C6 HOH2187 0.9 HOH2229 HOH2006 0.4
RAM2-02 HOH2106 0.7 HOH2280 HOH2007 0.9
RAM2-C1 HOH2203 1.3 HOH2164 HOH2005 0.7
RAM2-0O5 HOH2379 1.1 Lower site HOH2184 HOH2004 1.3
RAM2-04 HOH2182 0.8 HOH2185 HOH2010 0.7
RAM1-02 HOH2400 1.1 HOH2375 HOH2129 0.6
RAMI1-C3 HOH2399 0.4 HOH2417 HOH2205 0.4
RAMI1-C2 HOH2398 1.0 HOH2423 HOH2224 0.6
RAMI1-0O5 HOH2649 0.8 HOH2122 HOH2319 0.3
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Table S 3: Conformational changes of binding site residues between X-ray and MD simulation

Binding site residues Crystal vs. 8mer® Crystal vs. 12mer® 8mer® vs. 12mer”
Distancein A Diff. Angle  Distance in A Diff. Angle  Distance in A Diff. Angle

Ala203 - - - - -

Arg230

Thr259

Thr315

Glu373 OE23.3 ¥2 -105° OE23.2 x2 -112°

Ala399 - - - -

Trpd21 - - - -

Hisd53 - - - -

Ala457 - - - - CB 1.6

Thr485 - - - -

Asn508 OD1 4.1 yl -85° OD1 4.5 xl1 -95°

Asp245 OD1 3.6 x1 104° OD1 2.8 x1 112°

Asp247

GIn280

x2 66° NE2 1.6 ¥2 76°

Trp304

Val327

Leu389

CD1 1.7 yl 113°

Gly413 032 vyl -143° 03.6 yl-174° -

GIn444 OE1 2.9 x2 -92° - - OEl 3.1 %2 -105°

Phe476 - - - - - -
a Frame considered by cluster analysis as the average conformation from a 100 ns simulation at time 82.86 ns
b Frame considered by cluster analysis as the average conformation from a 100 ns simulation at time 69.01 ns
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Fig. S 3: Sensograms of Sf6 TSPg,p, binding to immobilized SfY polysaccharide

The obtained sensograms (gray) were measured as triplicates and the average is depicted with standard deviation as error bars
at every 10™ point. The curves were monitored on two chips in four independent measurements (as numbers in the figure).
The data were fitted by a heterogeneous ligand parallel binding model (red). Obtained parameters are listed in Tab. 6.

Bivalent binding model:

d[B
pes i e S = ~(alAIB) ~ kal4BD ~ (el 4B1IB] ~ kA5
d[AB
ors e o = (a[A10B) ~ ks [AB]) — (ko ABIIB] — ks [ABE])
2 d[ABB]
dt = (ka2[AB][B] — k4,[ABB])
Heterogeneous binding:
d[AB] _ _
e 22— (ka4 = kear)[AB]
Ky d[AC]
K,» dt = (ka1 [A] — kdl)[AC]
A+C —//—m—=> AC
Kaz Y = [AB] + [AC] (Recorded signal)

Formulas are reproduced from TraceDrawer Handbook Vers1_6.
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4

Conformational selection:

k. K,

Induced fit:

k. K,
Fig. S 4: Schematic description of conformational selection and induced fit binding.
The presentation was adapted from Paul and Weikl, 2016.
Fitted parameters k. (s™) k, (s k. (s k. @M'sh Ky (uM) R’
Conformational 0.14+£0.056  11.03+1354 0.0038+0.0046 - 6.71%10°+9.57%10°  0.853
selection
Induced fit 0.112+5241  0.0009+7602 0.1556+2361 0.577+1.78  1.34%10°#3.19%10%  0.775
Induced fit:
1 1
kobs = ke + kr + E]/ - E\/]/z + 4k_kr
y=—k,—k,+k_+k,(6—Ky)
§ =/(ILlo = [Plo + Ka)? + 4[PoK4
X k_k,
d~= 7 71, 11~
ki(ke + ky)
Conformational selection:
Kops = ko +~t — T
= B
obs e 2 2 ﬂ
k_((2ke + k)6 + k- ([L]o — [Plo — Ka))
a=k,—k,+
2k K,
k_(6—1|L]y + [P
5 2k 2k — k. — Ko Lo [Pl
Kq
k_(ke + k)
7 kik,

With [P]p=184 nM of Sf6 TSPgapa and [L]o as the molar polysaccharide concentration
estimated from an average molecular mass of 12 kDa. The model with figure and formulas

was adapted from Paul and Weikl, 2016.
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Shigella flexneri Y Polysaccharide

from Scandinavia Biopharma Shigella flexneri Y 99-2001
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Fig. S 5: MALDI TOF mass spectra from Peak 1 and 2 of size exclusion seperation of SfY oligosaccharides.

Digestion products were separated in size exclusion chromatography resulting in three peaks as in Fig. 26A. Peak 2 was
analyzed in MALDI-TOF MS, which resulted in the depicted peaks for SfY polysaccharide from Scandinavia Biopharma in
(A) and from S. flexneri Y 99-2001 in (B). The same was performed for Peak 1 with the corresponding origins in C and D.
Masses which were calculated to correspond to the expected cleavage products are listed in Table S 4.
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Table S 4: Molecular formula of SfY oligosaccharides for exact mass calculation

Appendix

Oligosaccharide Variation Formula Theoretical mass m/z
Octasaccharide C52035H88N2 1300.52

+ Na+ C52035H88N2Na 1323.51 1323.79

+ K+ C52035H88N2K 1339.48 1339.68
Octasaccharide-Ac (42) C54036H90N2 1342.53

+ Na+ C54036H90N2Na 1365.52 1365.70

+ K+ C54036H90N2K 1381.49
Decasaccharide (+2 Ram) C64043H108N2 1592.63

+ Na+ C64043H108N2Na 1615.62 1615.83

+ K+ C64043H108N2K 1631.60 1631.99
Decasaccharide-Ac C66044H110N2 1634.64

+Na C66044H110N2Na 1657.63 1657.93

+K C66044H110N2K 1673.61
Decasaccharide-2Ac C68045H112N2 1676.65

+Na C68045H112N2Na 1699.64

+K C68045H112N2K 1715.62

+ACN C68045H112N2(CH3CN) 1717.68 1717.93
Dodecasaccharide C78052H131N3 1941.77

+ Na+ C78052H131N3Na 1964.76 1965.25

+ K+ C78052H131N3K 1980.73 1981.21
Dodecasaccharide-Ac C80053H133N3 1983.78

+Na C80053H133N3Na 2006.77 2007.07

+K C80053H133N3K 2022.74
Dodecasaccharide-2Ac C82054H135N3 2025.79

+Na C82054H135N3Na 2048.78

+K C82054H135N3K 2064.76

+ACN C82054H135N3(CH3CN) 2066.82 2067.08
Tetrakaidecasaccharide C90060H151N3 2233.89

+Na C90060H151N3Na 2256.88 2257.16

+K C90060H151IN3K 2272.85
Tetrakaidecasaccharide-Ac C92061H153N3 2275.90

+Na C92061H153N3Na 2298.89 2299.18

+K C92061H153N3K 2314.86
Tetrakaidecasaccharide-2Ac C94062H155N3 2317.91

+Na C94062H155N3Na 2340.90

+K C94062H155N3K 2356.88

+ACN C94062H155N3(CH3CN) 2358.93 2359.20

Masses are calculated by sisweb.com/referenc/tools/exactmass.html, 12.07.16.
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A
250
No SfY PS
— 4.9 pg/ml
200 1 —— 9.8 ug/ml
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Fig. S 6: Fluorescence titration experiments with Sf6 TSP-Cys label

(A) Sf6 TSP-Cys-Label (181 pM) excited at 492 nm and emission messured between 500-650 nm with several SfY PS
concentrations in the respective colors. (B) Kinetic traces of binding relaxations monitored at 540 nm between St6 TSP-Cys-
Label with the respective SfY polysaccharide concentrations in pg/ml were fitted by a biexponential equation, which resulted

in kobs.
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Fig. S 7: RMSD traces over 100 ns MD-simulation with octa- and dodecasaccharide ligand

Root mean square deviation of the ligand for octa- (8mer) and dodecasaccharide (12mer) for the various cysteine mutants of
Sf6 TSP EADA with V204C (A), S246C (B), T315C (C), N340C (D), T443C (E), Y400C (F), EADA (G) with
octasaccharide or EADA (black,H) and T443C (blue, H) with dodecasaccharide. The red solid line depicts the mean RMSD
with the red dashed lines for one standard deviation (in cyan for T443C-12mer). Numbers depict the mean of the RMSD with
one standard deviation.
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Table S 5: Hydrogen bond occupancies of dodecasaccharide 100 ns simulations with Sf6 TSPg,p, and T443C

Protein Ligand EADA-12mer T443C-12mer
ARG230-NH1 RAM1-02 13.87 % 43.11 %
ARG230-NH2 RAM1-02 10.98 % 19.76 %
GLU293-OE1 RAMI1-02 23.05 % 39.62 %
GLU293-OE2 RAMI1-02 24.85 % 52.89 %
ARG230-NH1 RAM1-03 14.77 %

GLU293-OE1 RAM1-03 16.37 %

GLU293-OE2 RAM1-03 28.64 %

ARG230-NH2 RAM1-05 19.76 %
ASN340-ND2 NAG2-07 11.88 %

ASP247-0D1 RAM3-03 30.74 %
SER246-0 RAM4-03 77.15 %
ASN340-0OD1 RAM4-03 11.48 %

SER246-O RAM4-04 13.77 %

GLY339-0 RAMS5-04 35.03 %

TYR400-OH NAG6-N2 46.71 %

GLN280-NE2 NAG6-07 45.81 %
ASN455-0D1 NAG10-N2 21.76 %
ARG364-NH2 NAG10-04 27.54 %

ARG364-NH2 NAG10-06 11.78 %

ASN412-ND2 RAM11-03 11.28 %
GLN444-0 RAM11-03 10.38 %

ASN455-0D1 RAM11-03 41.12 %

GLY413-N RAM11-04 10.68 %
CYS443-0 RAM11-04 10.28 %
SER445-0G RAM11-04 11.78 %

ASN455-0D1 RAM11-0O4 63.87 %

ASN508-0OD1 RAM12-01 19.36 % 10.38 %
GLN444-O RAM12-03 64.57 % 36.83 %
GLN444-O0 RAM12-04 65.17 % 29.94 %
ASN508-ND2 RAM12-05 16.37 %

Relative occupancy 1.00 0.79
Total number of hydrogen bonds 22 15
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Fig. S 8: Water molecule positions derived by Mobywat for cysteine mutants of Sf6 TSP EADA

Simulated water positions from 100 ns simulations with octa- (blue balls) or dodecasaccharide ligand (orange balls) in
comparison with crystallographic water positions (yellow balls) depicted with the given distances of water molecules, which
could be reproduced by the simulation. The cut-off for superimposed water molecules was chosen at 1.5 A.

154



Appendix

A 300

250

200

150

RUmax

100

0 100 200 300 400 500

B Timeins
250

s Meassurement
—= Reference

200

150 -4
100
50 - |
0 - I o o | I =

EADA V204C S246C T315C N340C Y400C T443C

Fig. S 9: SPR sensogram of measurement and reference channel

(A) Sensograms are depicted of Sf6 TSPgapa injections in three concentrations: 0.08 pM (blue), 0.8 uM (gray) and 8 uM
(red) measured as triplicates on the second chip prepared with oxidized SfY polysaccharide. The upper curves correspond to
the measurement channel and the lower curves to the reference channel, where no immobilization was performed. The
percent of unspecific signal ranges for 0.08 M concentrations around 12 %, for 0.8 uM at 4 % and for 8§ uM at 24 % for all
St6 TSPeapa cysteine mutants except for Y400C, where the percent is higher. (B) The maximal responses measured at the
end of 3 min. injections on the second chip are depicted for all Sf6 TSPgapa cysteine mutants on the measurement channel
(black) and the reference channel (gray). The unspecific signal on the reference channel ranges around 4 % for all protein
variants except for Y400C, where the reference is increased to 20 %. However, the total signal on the measurement channel
is lower for Y400C compared to most of the other cysteine mutants.

RUmax
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Fig. S 10: Cysteine mutant interaction curves and response unit maxima on Chip2

(A) Sensograms of 8 uM protein injections over the surface with immobilized SfY polysaccharide of Sf6 TSPgapa (black)
and each of the cysteine mutants: V204C (red), S246C (yellow), T315C (green), N340C (blue), Y400C (purple) and T443C
(cyan). (B) Maximal response units at the end of 3 min injection runs with Sf6 TSPgapa cysteine mutants injected in
triplicates for each protein concentration with 0.08 (blue), 0.8 (gray) and 8 uM (red). The horizontal lines mark the maximal
response of Sf6 TSPgapa With the respective concentrations.
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Table S 6: Binding site residue side chain conformations analyzed by superimposed crystal structures (Part 1)
Residues #conf. Bulk® 2nd WT D339N D339A D339N E372A D339A E372A E372A

D339N E372Q D339A E372Q E372Q

His212

GIn242

Thr311

339 Apo/6mer %2 55.5° Apo 52 55.5°
5 OD2/ND2 1.6 A OD2/ND2 1.6 A

Ser341 2

Tyr344 3

Asn346 2

372 Apo x1102°  Apoyl102°  Apoyl 102°
5 OE2/NE2 3.6 A OE2/NE2 3.6 A OE2/NE2 3.6 A

Apoy272.5°  Apoy272.5°  Apoy2 72.5°
7 CD2'1.5 A CD21.5 A CD21.5 A

6mer 2 17° 6mer y2 17°
CD2 0.8 CD20.8 A

a The conformational changes are measured from the bulk state. The highest torsion angle change is listed together with the longest distance of corresponding atoms.

His374

Val39s5
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Table S 7: Binding site residue side chain conformations analyzed by superimposed crystal structures (Part 2)

Residues # conf. Bulk® 2nd WT D339N D339A  D339N E372A D339A E372A E372A D339N E372Q D339A E372Q E372Q
. Apo x1 8.8° Apo y1 8.8°
His397 CE10.7 A CE10.7 A

Smer y2 -8.6° Smer y2 -8.6° Smer y2 -8.6°

Apo 3 42°
OEI 1.6 A

Apo x1 85.6°

Apo 2 -65.5° Apo 2 58.5°%
Asnd7l ND2'1.9 A ODI 1.4 A

a The conformational changes are measured from the bulk state. The highest torsion angle change is listed together with the longest distance of corresponding atoms.
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Table S 8: Potential hydrogen bonds derived from crystal structure comparison between binding site side chains and the carbohydrate ligand with distances in A.

Appendix

Hydrogen bonds WT WT DA- DA DN- DN- DNEA- DNEA- DAEA- DAEA- EA- EA- DNEQ- DNEQ- DAEQ- DAEQ- EQ- EQ-
-6 -5 6 -5 6 5 6 5 6 5 6 5 6 5 6 5 6 5
H212ND1-RAMO4 2.7 2.7 27 27 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7
Q242Nd2-RAMO4 3.0 3.1 3.1 3.1 3.0 3.1 3.1 3.1 3.1 3.1 3.2 3.0 3.1 3.1 3.1 3.1 3.1 3.0
W308NE1-NAG107 29 3.0 29 29 3.0 3.0 29 29 3.1 3.0 3.0 3.1 3.0 3.1 2.9 3.0 3.0
N3150D1-NAG203 2.6 2.6 27 26 2.7 2.6 2.7 2.7 2.6 2.6 2.6 2.7 2.6 2.6 2.7 2.6 2.7 2.7
N3390D1-NAG101 3.5 3.5 3.4 3.5 3.0
N3390D2-NAG1N2 3.0 2.9 2.9 2.9 2.9 2.9
N339ND2-NAG101 3.0 34
S3410G-NAG101 3.4 3.4 3.2 2.8 2.6 3.2 3.0 3.2
S3410G-NAG107 33 3.0
Y3440H-GALO2 3.1 3.0 3.0 3.0 3.1 3.0 2.9 2.8 2.9 2.9 3.0 2.9 2.9 2.9 2.9 2.9 2.9 2.9
N346ND2-NAG204 2.8 2.8 28 28 2.9 2.8 2.9 2.7 2.8 29 2.9 2.8 2.9 29 2.9 2.9 2.9 29
E3720E2-NAG101 2.6 2.6 25 24 2.6 3.1 2.6 2.7 2.8 2.7
E3720E1-NAG106 2.8 2.8 2.8 2.8
E372NE2-NAG105 33 3.2 3.4 3.4 3.2
E372NE2-NAG106 24 2.6
H374NE2-NAG106 33 2.9 3.0 3.0 3.0
H397Ne2-NAG104 2.8 2.6 27 26 2.5 2.7 2.6 2.8 2.5 2.8 2.7 2.6 2.7 2.7 2.7 2.7 2.7
H397NE2-NAG106 33
E4000E2-NAG2N2 29 2.8 30 29 2.9 29 2.9 29 2.8 29 2.8 29 2.8 2.8 2.8 2.9 2.9 29
D4300D2-GLC206 2.8 2.8 2.7 2.8 2.7 2.7 2.8 2.8
G4680-GLC204 3.0 3.0 2.8 2.8 29 29 2.8 2.7
P4690-GLC203 2.7 2.7 2.9 2.9 2.8 2.8 2.9 2.9
N471ND2-NAG104 29 2.8 30 238 2.8 3.0 2.8 29 3.0 29 2.8 3.1 29 29 2.8 32 2.8
Total number 16 13 13 12 6 12 13 12 13 10 15 11 16 14 15 14 14 14
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Table S 9: Potential hydrogen bonds within the binding site residues with distances in A

Appendix

Hydrogen bonds WT-apo WT-6 WT-5 DA-apo DA-6 DA-5 DN-apo DN-6 DN-5 EA-apo EA-6 EA-5 EQ-apo EQ-6 EQ-5

H2120-Q242NE2 3.1 3.1 3.1 3.1 3 2.7 3.1 3.1 2.8 3.1 3.1 2.8 3.1 3.1

Q2420E1-N284ND2 3.2 32 3.1 3.2 3.2 3.2 3.2 3.2 33 32 3.1 3.1 3.1

N284ND2-T3110G1 2.9 3.1 33 2.9 32 32 2.9 32 33 3.1 32 33 3.1 33 33

T3110-T3110G1 2.9 2.9 2.9

T3070-S341N 29 2.9 2.8 3.0 2.9 2.8 2.9 2.9 2.8 2.9 2.9 2.9 2.8 2.9 2.9

N315N-N3150D1 2.9 2.9 2.8 2.9

N315ND2-A3990 32 35 3.5

N3150D1-N346ND2 3.5 34 33 3.5 33 3.2 3.5 33 33 33 33 33 33 3.2 33

N346ND2-E4000E2 3.2 34 34

E4000E2-Y3440H 2.5 2.6 2.6 2.4 2.6 2.6 2.6 2.5 2.6 2.6 2.5 2.6 2.3 2.6 2.6

Y3440H-H374ND1 3.1 3.1 3.1 3.2 3.1 3.1 3.2

H374NE2-E3720E1 2.6 2.6 2.6 2.5 2.6 2.7 2.6 2.6 2.7 2.8

E3720E2-S3410G 2.6 2.5 2.5 2.5 2.6 2.6 2.5 2.5 2.6 2.6 2.8 2.7

S3410G-H3400 3.3 33 3.2 33 33 33 3.2 34 33 33

H340N-D3390D1 2.8 3.0 3.0 3.1 3.1 3.0 2.9 29 29 2.9 2.9

H3970-E400N 3.0 2.8 2.8 2.8 2.9 2.9 2.7 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9

L4270-G468N 32 3.0 3.2 32 3.0 32 32 32 32 32 3.0 3.1 3.1 3.0 3.2

N4290-Q478NE2 3.5 32

Q4780E1-Q478N 2.7 2.8 2.8 2.7 2.8 2.7 2.6 2.8 2.7 2.7 2.8 2.8 2.7 2.8 2.8

Total number 14 14 13 17 13 11 16 13 13 12 12 12 15 12 13
Hydrogen bonds DNEA- DNEA- DNEA-5 DAEA- DAEA-6 DAEA-5 DNEQ- DNEQ-6 DNEQ-5 DAEQ- DAEQ-6 DAEQ-5

apo 6 apo apo apo

H2120-Q242NE2 2.8 3.1 3.0 2.9 3.0 3.1 3.5 3.1 3.1 2.9 3.1 3.1

Q2420E1-N284ND2 33 3.1 3.1 33 3.1 3.1 32 3.1 35 32 3.1

N284ND2-T3110G1 3.0 33 33 3.1 33 33 3.5 33 3.2 3.1 3.3 3.2

T3110-T3110G1 29 2.8 2.8

T3070-S341N 2.9 29 2.9 3.0 2.9 2.9 2.9 2.8 2.8 2.8 2.8 2.8

N315N-N3150D1 2.9

N315ND2-A3990 34 3.5 34

N3150D1-N346ND2 35 33 32 34 33 3.2 3.5 33 33 3.5 33 33

N346ND2-Y3440H 33

E4000E2-Y3440H 24 2.5 2.5 24 2.5 2.6 2.8 2.5 2.6 2.1 2.5 2.6

Y3440H-H374ND1 3.1 3.1 33 3.2 3.1 3.2 3.1 3.2

E3720E2-S3410G 2.5 2.6 2.7 2.6 2.7

S3410G-H3400 3.5 3.2 3.5 34 33 34

H340N-D3390D1 2.9 3.0 2.9 2.9 2.9 3.0

H3970-E400N 3.0 2.9 2.8 2.9 2.9 2.9 3.0 2.9 2.8 2.8 2.9 2.8

L4270-G468N 33 3.1 32 32 3.0 3.1 3.1 3.0 3.2 3.2 3.0 32

N4290-Q478NE2 3.2

Q4780E1-Q478N 2.6 2.8 2.6 2.6 2.7 2.7 3 2.8 2.7 2.7 2.7 2.7

Total number 14 12 11 12 11 10 13 12 12 15 11 11
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Fig. S 11: Trajectories of HK620 TSP from 10 and 100 ns simulations

(A) Overlay of HK620 TSP wild type hexasaccharide complex crystal structure (black backbone) with the end frames of a
100 ns simulation (cyan) and the truncated structure from the end frame of a 10 ns simulation (pink). (B) Hydrogen bonds
between protein and ligand during 10 ns simulation and 100 ns simulation (C). Root mean square deviation is shown for all
protein atoms without hydrogens during 10 ns (D) and 100 ns simulation (E).
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Fig. S 12: RMSF of all binding site amino acid residues comparing the mutations.
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Fig. S 13: Time-dependent fluctuation of RMSD of the glucose binding pocket (residues 469-472) of 1-10 ns
simulation.

RMSD were calculated with the g_rms tool of the Gromacs/4.5.5 package. One nanosecond at the beginning of each
simulation was removed to ensure proper equilibration of fluctuations. Red solid lines show the mean of RMSD with red

dashed lines at one standard deviation.

Simulation set-up

AAGFE in kJ/mol
——
—

——

restraint backbone -

restraint backbone flexible lid -

flexible bakcbone -

163

Fig. S 14: Evaluation of free energy calculation
simualtion set-ups

The free energy calculations on the water molecule
position O of E372Q-apo were repeated in five
replicates for the three conditions: completely
restrained backbone, a restrained backbone, where the
lid of the glucose binding groove was kept flexible or
a completely flexible backbone without any restraints.
The standard deviation of this five replicate
measurements resulted in the depicted error bars.



Abbreviations

aa

AcN
AEBSF
AIM
amp
AP
APS
BAR
BCA
BCIP
B-factor
BSA
CadA
CBM
CD

cfu
CMD
ConA
(6\Y%

DA

Da, kDa
DAEA
DAEQ
ddH20
DEAE
DHB
DMA
DMF
DMSO
DN

AN
DNA
DNase I
DNEA
DNEQ
dNTP

Angstrgz)m 10" m
amino acid

acetonitrile

4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride

auto induction medium
ampicillin

alkaline phosphatase
ammonium persulfate
Bennett acceptance ratio
bicinchoninic acid
5-bromo-4-chloro-3-indolyl phosphate
Debye—Waller factor

bovine serum albumin
inducible lysine decarboxylase (E. coli)
carbohydrate binding module
circular dichroism

colony forming unit
carboxymethyl dextran
Concanavalin A

column volume

HK620 TSP D339A

Dalton g/mol

HK620 TSP D339A E372A
HK620 TSP D339A E372Q
pure lab water
diethylaminoethyl
2,5-dihydroxybenzoic acid
N,N-dimethylaniline
dimethylformamide

dimethyl sulfoxide

HK620 TSP D339N
N-terminally truncated form of tailspike proteins
deoxyribonucleic acid
Desoxyribonuklease I
HK620 TSP D339N E372A
HK620 TSP D339N E372Q

deoxynucleoside triphosphate
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dsDNA
DTT
E. coli
EA
EADA
EDC
EDTA
e g.
EIEC
ELISA
ELITA
EptC
EQ
EQDN
ER

et al.
FAB
FE
Fig.
fw

Gal
Glc
GIcA
GlcNAc
HPAEC
HD
HK620
HK620 TSP
HPLC
HRP
ial
IcsA
IDa
IDe
IL-1
ipa
IPTG
ITC
IT-TI
kb
kcal

double-stranded DNA

dithiothreitol

Escherichia coli

HK620 TSP E372A

St6 TSP E366A D399A
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
ethylenediaminetetraacetic acid

example given

enteroinvasive Escherichia coli

enzyme-linked immunosorbent assay
ELISA-like tailspike adsorption
phosphoethanolamine transferase

HK620 TSP E372Q

St6 TSP E366Q D399N

endoplasmatic reticulum

inter alia

fragment antigen binding

free energy

figure

forward

D-galactose

D-glucose

D-glucuronic acid

D-N-acetylglucosamine

high performance anion exchange chromatography
high definition

Podovirus HK620

tailspike protein of HK620

high performance liquid chromatography
horseradish peroxidase

invasion-associated locus gene

outer membrane protein autotransporter in Shigella
all-identity based prediction list

elitist-identity based prediction list

Interleukin-1

invasion plasmid antigen genes

isopropyl B-D-1-thiogalactopyranoside
isothermal titration calorimetry

independent trajectory thermodynamic integration
kilo bases

kilocalorie, 4.2 kJ
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Kear

Kb

Kobs
Kass/Kaiss
Kdo
L,D-Hep
LB

LPS
LptO
MALDI-TOF
mAU
MD
MER
MES
MetOH
mlgG

MWCO
Mxi
NAG
NaP
NBT
NEB
NHS
NMR
NPT
NVT
N-WASP
OD
Omp
P22
P22 TSP
PBS
PBST
PCR
PDB
pdbID
PEIN
PMMA
POS
PPEN

catalytic rate constant

dissociation constant

apparent rate constant
association/dissociation rate constant
3-deoxy-D-manno-oct-2-ulosonic acid
L-glycero-D-mannoheptose

lysogeny broth

lipopolysaccharide

outer membrane protein
matrix-assisted laser desorption/ionization-time of flight
milli absorbance units

molecular dynamics

merged-based prediction list
2-(N-morpholino)ethane sulfonic acid
methanol

mouse Immunoglobulin G

molecular mass

molecular mass cut off

component of the Type III secretion machinery in Shigella

D-N-acetylglucosamine

sodium phosphate buffer

nitro blue tetrazolium

New England Biolabs
N-Hydroxysuccinimide

nuclear magnetic resonance
isothermal-isobaric ensemble
canonical ensemble

Neural Wiskott Aldrich Syndrome protein
optical density

outer membrane protein
Podovirus P22

tailspike protein of P22
phosphate buffered saline
phosphate buffered saline with Tween
polymerase chain reaction
Protein Data Bank

Protein Data Bank identity code
phosphoethanolamine
poly(methyl methacrylate)
position based identity list

pyrophosphoethanolamine
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PS

psi
PVDF
QM-MM
RAM
Rha
R-LPS
RMSD
RMSF
RNA
rpm

RT

RU

RU
RUax
rv

S.
SCWP
SDS
SDS-PAGE
setlB
Sf2a
Sf6

Sf6 TSP
SfY
S-LPS
SNFG
Spa
spp-
SPR
SR-LPS
ssDNA
ssSRNA
Tab.
TAE
TCEP
TEC
TEMED
TEV
TFA

TI

polysaccharide

pound-force per square inch, 6895 Pa
polyvinylidene fluoride

quantum mechanics-molecular mechanics
L-thamnose

L-rthamnose

rough lipopolysaccharide
root-mean-square deviation
root-mean-square fluctuation
ribonucleic acid

revolutions per minute, 1/60 Hz
room temperature

repeating unit (for LPS);

response unit (for SPR)

maximal response unit (for SPR)
reverse

Shigella

secondary cell wall polymer

sodium dodecyl sulfate

sodium dodecyl sulfate polyacrylamide gel electrophoresis

enterotoxin 1 gene

Shigella flexneri 2a O-antigen
Podovirus St6

tailspike protein of Sf6
Shigella flexneri Y O-antigen
smooth lipopolysaccharide

symbolic nomenclature for glycans

component of the Type III secretion machinery in Shigella

species pluralis

surface plasmon resonance
smooth rough lipopolysaccharide
single-stranded DNA
single-stranded RNA

Table

tris-acetate-EDTA
tris(2-carboxyethyl)phosphine
tris-EDTA-sodium chloride
tetramethylethylenediamine
Tobacco etch virus
trifluoroacetic acid

thermodynamic integration
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TIP3P, 4P, 5P
Tris
TSP

U

UDP
UV-Vis
vdW
VMD
vIv)
WaaP
wt
(w/lv)
Wzx
Wzz

Appendix

water models in molecular dynamics simulations
tris(hydroxymethyl)aminomethane

tailspike protein

enzyme activity unit, 1 pmol of substrate per min
uridine diphosphate

ultraviolet—visible light

van der Waals

Visual Molecular Dynamics

volume volume percent

Lipopolysaccharide core biosynthesis protein, Heptosyl-1-kinase
wild type

weight volume percent

polysaccharide polymerase

polysaccharide chain length determinant protein

Amino acids are given as three and one letter code. Abbreviations are unified for singular and

plural. Protein variant names are described within the text if not listed here.
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